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A B S T R A C T

This thesis reports on the first experimental realization and study
of homogeneous ultracold two-dimensional (2D) atomic Fermi gases.
The atoms are confined radially by a ring potential which is gener-
ated using a novel optical setup consisting of three axicons. With the
ability to imprint arbitrary potentials using a digital micro mirror de-
vice (DMD), the 2D samples can be manipulated locally, allowing to
measure the equation of state (EOS), and thus the temperature, of a
homogeneous ideal Fermi gas. For the measurement of the EOS the
development of a new and robust method to calibrate high intensity
absorption imaging was crucial.

The in-situ density measurements were complemented by investi-
gating the momentum distribution of 6Li Fermi gases in the crossover
ranging from the Berezinskii-Kosterlitz-Thouless-phase to Bardeen-
Cooper-Schrieffer-superfluidity. This was facilitated by the implemen-
tation of a procedure to map momentum-space to position-space for
both, non-interacting and interacting gases, using matter wave focus-
ing. For a non-interacting Fermi gas, Pauli blocking was directly wit-
nessed in the unity occupation of single particle momentum states,
while a strongly interacting gas of bosonic 6Li2 dimers featured a
macroscopic occupation of low momentum modes. The ability to ac-
curately measure both, the position- and the momentum-space dis-
tribution, represents an ideal starting point for further investigations
such as the study of Cooper-pair correlations in momentum space.
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Z U S A M M E N FA S S U N G

Diese Arbeit dokumentiert die erstmalige Erzeugung und Untersu-
chung von homogenen, ultrakalten, zwei-dimensionalen (2D) atoma-
ren Fermi-Gasen. Eine notwendige Voraussetzung für die Erzeugung
homogener 2D Systeme war die Entwicklung eines optischen Ring-
Potentials, welches die Atome in radialer Richtung einschließt und
mit Hilfe von drei Axikonen erzeugt wird. Die Fähigkeit, quasi belie-
bige optische Potentiale mittels eines digitalen Mikrospiegel-Arrays
auf die Atome zu projizieren, eröffnete die Möglichkeit, die Zustands-
gleichung eines homogenen, idealen Fermi-Gases und damit seine
Temperatur zu messen. Für die präzise Messung der Zustandsglei-
chung war die Entwicklung einer neuen Methode zur Kalibrierung
von Absorptionsabbildungen bei hoher Abbildungsintensität ausschlag-
gebend.

Die Untersuchung der in-situ Dichteverteilungen dieser Systeme
wurde ergänzt durch Messungen der Impulsverteilung von 6Li Fermi-
Gasen im Übergangsbereich von Berezinskii-Kosterlitz-Thouless (BKT)-
Superfluidität zu Bardeen-Cooper-Schrieffer (BCS)-Paarung. Dafür wur-
de eine Technik genutzt Materie-Wellen zu fokussieren, um eine ein-
deutige Abbildung des Impulsraumes auf den Ortsraum zu ermög-
lichen. Die Pauli-Blockade in einem nicht wechselwirkenden Fermi-
Gas konnte direkt in der Einfachbesetzung von Einteilchen-Zuständen
im Impulsraum beobachtet werden. Im Gegensatz dazu wurde für
ein stark wechselwirkendes Gas aus 6Li2 Dimeren, die einen boso-
nischen Charakter haben, eine makroskopische Population von Mo-
den mit niedrigen Impulsen gemessen. Die Möglichkeit sowohl die
Orts- als auch die Impulsverteilung der 2D Gase zu messen ist der
ideale Startpunkt für weitere Studien wie z. B. die Untersuchung von
Cooper-Paar-Korrelationen im Impulsraum.
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1
I N T R O D U C T I O N

Strongly correlated fermionic quantum systems feature a variety of
striking physical phenomena with far-reaching implications. Hallmark
examples are the emergence of high-TCsuperfluids [1] or the existence
of universality [2–4] which allows to draw a close connection between
the seemingly disparate fields of dilute atomic gases and dense mat-
ter in neutron stars1 [5, 6]. Thus, strongly correlated fermionic sam-
ples can be seen as systems connecting research fields as diverse as
solid-state physics, high energy physics and atomic physics at low
temperatures [7–9].

Of particular interest are two-dimensional systems (2D), where the
third direction of motion is frozen out. They are of high technolog-
ical relevance and at the same time pose fundamental challenges to
our understanding [10]. The potential technological relevance touches
many subjects in solid-state physics. These range from the under-
standing of interfaces in 2D geometries [11], atomtronics [12] and
2D electron gases [13] via the realm of high-temperature supercon-
ductivity [14] to layered organic superconductors [15], just to name
a few. However, in such 2D samples, the influence of quantum fluc-
tuations is strongly enhanced and thereby any long-range order at
finite temperatures is prohibited [16, 17]. The combination of these
quantum fluctuations and strong correlations renders the theoretical
description of striking effects such as superconductivity particularly
challenging [18].

While there has been significant effort put into the study of 2D
many-body pairing phenomena in solid-state physics [19], a full un-
derstanding of the fundamental processes is still lacking [20]. The
explicit goal to deepen this understanding led to the establishment of
the emerging field of quantum simulation [21]. Where classical math-
ematical approaches failed due to the complexity of the subject, a
new approach was suggested: The emulation of a complex quantum
many-body system, whose full understanding is out of reach, by a
simpler quantum many-body system over which the researcher has
a high degree of control over and whose Hamiltonian captures the
essential structure of the system of interest.

This thesis presents the first experiment which allowed to gener-
ate, manipulate and investigate ultracold homogeneous quasi-2D Fermi
gases with tunable interactions on length scales comparable to the
inter-particle spacing. Previous experiments, designed to investigate

1 Interesting in this context is Bertsch’s Many-Body challenge in 1999: “What are the
ground state properties of the many-body system composed of spin 1/2 fermions
interacting via a zero-range, infinite scattering length contact interaction.”
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2 introduction

strongly interacting 2D matter, led to the observation of fascinating
phenomena [22–24]. One striking example is the observation of an in-
teraction driven phase transition, the transition from a normal state to
a topologically ordered Berezinskii-Kosterlitz-Thouless (BKT)-superfluid
[25, 26] with algebraically decaying phase correlations.

Fig. 1.1: Density
distribution of a 2D
Fermi gas generated

with the new
apparatus (for

details and scales see
Sec. 5.3.1)

However, so far, all experiments worked with harmonically trapped
gases. There, the underlying trapping potential not only alters the
density of states (DOS) of the sample, but as a consequence leads to
an inhomogeneous density distribution. This makes the observation
of critical phenomena with diverging correlation length and exotic
phases such as the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [27–
30] difficult. Furthermore, it complicates the interpretation of nonlo-
cal quantities such as correlation functions and the momentum distri-
bution, which can only be extracted as trap-averaged quantities.

In this thesis it is shown how these issues can be overcome: To this
end a new experimental setup [31, 32] was substantially extended
to be able to trap and study homogeneous 2D Fermi gases in a box
potential. This is achieved by the development and implementation
of a potential landscape tailored to trap 6Li atoms in the center of
a repulsive, very steep ring wall. The corresponding techniques that
were already used for the creation of uniform box potentials in 3D
[33–36] were adapted and refined to be applicable to 2D geometries.

The successful investigation of such samples requires a high degree
of control over all relevant system parameters such as the atomic
density, the temperature, the inter-atomic interaction and the num-
ber of populated 2D layers. In this experiment, the interactions can
be precisely tuned by making use of a broad Feshbach resonance
[37, 38]. This allows to investigate the full crossover from bosonic to
fermionic quantum systems and the strongly interacting regime in be-
tween. Whereas this tool used to tune interactions is well-established,
a new method had to be implemented to resolve the number popu-
lated 2D layers. This new method makes use of matter wave optics
and allows to determine and optimize the number of atoms per 2D
layer in a single shot measurement with high accuracy [39]. Moreover,
a new calibration method for high-intensity absorption imaging was
developed and realized which is validated to result in reliable density
measurements [40].

Given the constant density in the prepared samples, these homoge-
neous atomic gases are uniquely suited to study non-local quantities
such as the momentum distribution or e. g. density-density correla-
tions [41]. This ability was used in the measurement of the momen-
tum distribution of Fermi gases for different interactions. Thereby, an
ideal Fermi gas directly revealed the Pauli exclusion principle in the
observed unity occupation of single particle momentum states. On
the contrary, the momentum distribution of a homogeneous bosonic
gas of tightly bound 6Li2 dimers was found to feature a macroscopic
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occupation of low momentum states. This indicates the existence of
a state with quasi-long range order, even though true condensation
is predicted to be absent in any homogeneous 2D system at finite
temperature [16, 17, 42].

Following a complementary route, the analogy to quasi-2D electron
gases can be pushed further if one is able to locally manipulate the
2D potential landscape. This would allow to e. g. imprint potentials
which act much like gates on top of the emulated 2D electron system
to realize conducting channels or quantum point contacts [13, 43].
With the implementation of a spatial light modulator (SLM) the ability
to imprint arbitrary potentials onto the 2D sample was established.
This versatile tool is used to study a textbook example of quantum
physics: the equation of state (EOS) of an ideal ultracold Fermi gas [39].
Without any modification, the SLM can be easily used to locally excite
the system to a non-equilibrium state. This is due to the inherent
flickering of the projected light pattern that can, potentially, be used
to e. g. excite heat waves to map out second-sound in 2D Fermi gases
[44, 45] or to study transport in out of equilibrium clouds without net
mass flow. However, this flickering is detrimental in most cases and
thus a hardware modification was developed [46] to suppress this
kHz-frequency switching noise.

These investigations are completed by proof of principle measure-
ments and studies investigating whether it is possible to detect Friedel
oscillations in fermionic quantum gases [47] or to study localization
phenomena with this experimental apparatus. These preliminary stud-
ies and proposals will allow to further contribute to open questions in
the intriguing field of highly correlated quantum systems in reduced
dimension in the future.

outline

This thesis is outlined as follows: Part i focuses on the theoretical
description of fermionic quantum gases in 2D. Special attention is de-
voted to the differences between homogeneous and inhomogeneous
gases (Sec. 2.1 and Sec. 2.2), the subtle but important distinction be-
tween the term “2D” and “quasi-2D” (Sec. 2.3) and the question of
how the description of tunable interactions in 3D is altered in 2D
geometries (Sec. 2.4).

Part ii introduces the experimental apparatus (Ch. 3) and discusses
in detail how the 2D regime is reached (Ch. 4). The design and im-
plementation of the box trap, used to prepare homogeneous atom
samples, is described in Ch. 5. In Ch. 6 a spatial light modulator is
introduced as a versatile tool, used to locally alter this box potential.

Part iii presents an in-depth study of high intensity absorption
imaging of ultracold atoms and introduces a new technique used to
perform a calibration of all required imaging parameters.



4 introduction

The Parts iv and v are somewhat complementary and describe the
measurement of the equation of state of an ideal 2D Fermi gas and
the measurement of its momentum distribution, respectively. Both
parts are accompanied by introductions to the respective measure-
ment techniques which were developed and refined in the course of
this project. Finally, a conclusion and an outlook are presented in
Part vi.



Part I

F E R M I O N S I N 2 D : A B I R D ’ S E Y E V I E W

This chapter presents a concise summary of the theory
of two-dimensional Fermi gases. The focus is put on the
fundamental differences between homogeneous and inho-
mogeneous Fermi gases and shall provide an initial mo-
tivation for the experimental realization of homogeneous
atomic samples in the quantum degenerate regime. In the
second half of this chapter, the peculiarities of inter-atomic
scattering in 2D are briefly reviewed and compared to the
well-established 3D behavior.
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T H E O RY O F 2 D F E R M I O N I C Q U A N T U M G A S E S
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Fig. 2.1: Sketch of
fermion occupation
of energy states in a
harmonic potential
at zero (blue) and
finite (red)
temperature.

The standard model divides the constituents of our world into two
different families, into bosons and fermions. At room temperature
they can be described as classical particles which follow the Maxwell-
Boltzmann statistics regardless of their family affiliation. They most
only reveal their true differences when entering the quantum regime.

 h Reduced
Planck’s
constant

m Particle mass

kB Boltzmann’s
constant

T Temperature

n Density

D Dimension

µ Chemical
potential

When lowering the temperature and the thermal deBroglie wave-
length λdB =

√
2π h2/(mkBT) is on the order of the inter-particle

spacing n−1/D the difference between bosons and fermions with their
integer or half-integer spin, respectively, become noticeable. At this
point, where the phase space density nλDdB becomes of order unity,
quantum statistics starts to matter and – in the case of fermions – the
Pauli exclusion principle becomes relevant. The occupation of energy
eigenstates with energy Ei is governed by the Fermi-Dirac distribu-
tion

fFD(Ei, T) =
1

e(Ei−µ)/kBT + 1
. (2.1)

For T = 0, this distribution dictates unity occupation for all states
up to Ei = µ = EF. The corresponding energy EF is referred to as the
Fermi energy. This energy can be conveniently expressed in units of a
temperature as the Fermi temperature TF = EF/kB. For temperatures
T 6= 0, the discontinuity in the occupation at the Fermi edge washes
out and thermally activated occupation of states with energies higher
than EF appears.

How does the Fermi-Dirac distribution influence the actual density
distribution of fermionic particles in a box potential? This question
will be elaborated on in the next section where the ideal Fermi gas
in a homogeneous 2D geometry will be discussed. In the ensuing
section 2.2 the case of a Fermi gas trapped in a harmonic oscillator
potential will be introduced. Section 2.3 is devoted to the question
to what extent an experimentally achievable quasi-2D system can be
mapped onto a true 2D system, in which the particles’ motional de-
gree of freedom is strictly confined to two dimensions. Finally, an
introduction to low-energy scattering theory in 3D, 2D and quasi-2D
will be given in Sec. 2.4.

2.1 2d homogeneous fermi gases

Here, we discuss the characteristics of the fermionic density distribu-
tion in a 2D box potential are. To this end, the first step is to relate

7



8 theory of 2d fermionic quantum gases

fFD(E, T) to a particle number N in a 2D trapping area. This, however,
requires knowledge about the number of available states per energy
interval, which depends on the dimensionality of the problem. This
relation between the energy and the number of available quantum
states is given by the density of states.

2.1.1 Density of States

The density of states g(E) can be deduced from the total number of
phase space states available up to a certain energy G(E)1. This, in
turn, can be calculated by dividing the total number of energetically
accessible states by the area of one quantum state in phase space
which is given by (2π h)2 for a 2D system. The particles with the
highest energy E in the system posses momentum p =

√
2mE and

limit the size of the energetically accessible area πp2. Therefore, the
number of states in an area L2 for which the energy is below or equal
E is given by

G2D(E) = L
2 πp2

(2π h)2
= L2

mE

2π h2
. (2.2)

As the density of states is defined as the derivative of the total number
of available states with respect to the energy, it is calculated to be

g2D(E) =
dG(E)

dE
= L2

m

2π h2
. (2.3)

This immediately shows a peculiarity of homogeneous 2D systems,
namely that the density of states becomes independent of energy
which is contrasted to the general case of homogeneous gases in D di-
mensions, where the density of states (DOS) scales as g(E) ∝ ED/2−1.

Calculation of the total particle number becomes possible by sum-
mation over all energy states considering the Fermi-Dirac distribution
2.1 and the DOS of a homogeneous 2D gas given in Eq. 2.3:

N =
∑
E>0

fFD(E, T)g2D(E). (2.4)

As long as the spacing of different energy levels is much smaller than
the thermal energy of the system, the sum can be replaced by an
integral:

∑
E>0 →

∫∞
0 dE.

At T = 0, the upper integration limit shifts from ∞ to EF, because
states with higher energy are unoccupied while all states below EF
show unity occupation. The integration then yields:

NT=0 =

∫∞
0

fFD(E, 0)g2D(E)dE =

∫EF
0

g2D(E)dE = L2EF
m

2π h2
. (2.5)

1 This discussion of the density of states follows the calculations presented in [48].
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2.1.2 Density Distribution and Equation of State

Calculation of the Fermi energy in dependence of the density is now
as simple as rearranging Eqn. 2.5, resulting in

EF,2D =
 h2

2m
(4πn2D), (2.6)

where n2D = NT=0
L2

is the 2D density and the index 2D was intro-
duced for clarification. From this, the definition of the Fermi wave
vector kF becomes apparent as kF =

√
4πn2D. This definition of the Density n2D:

2D Density of a
single spin
component.

Fermi wave vector kF is not only used for T = 0, non-interacting
Fermi gases. It is rather a general scale to which gases at finite tem-
perature or even interacting systems can be mapped to for compar-
ison. The atom number N and the density n2D always refer to the
respective quantities of fermions in one spin state.

The simple relation between the Fermi energy and the density
given in Eqn. 2.6 is only valid at T = 0. At finite temperature the
Fermi-Dirac distributions codomain changes from the discrete {0, 1} to
the continuous [0, 1] interval. Thus, the integration of Eqn. 2.5 yields
the finite temperature density equation of state

n(µ, T) =
∫∞
0

fFD(E, T)g2D(E)
L2

dE =
m

2π h2
kBT ln

(
1+ e

µ
kBT

)
, (2.7)

which is quickly rewritten in terms of the phase-space density

n(µ, T)λ2dB = n(µ, T)
2π h2

mkBT
= ln

(
1+ e

µ
kBT

)
. (2.8)

By combining Eqn. 2.6 and Eqn. 2.7 a relation between the Fermi
temperature and the chemical potential can be found:

µ(T ,EF) = kBT ln
(
eTF/T − 1

)
. (2.9)

These fundamental observables characterize the non-interacting, ho-
mogeneous Fermi gas at finite temperatures. This hallmark textbook
example of quantum mechanics is experimentally investigated in the
Parts iv and v of this thesis. For comparison, it is instructive to swiftly
review the findings for the inhomogeneous case in the following sec-
tion.

2.2 2d inhomogeneous fermi gases

In case the atoms are trapped in a harmonic potential [49], the con-
siderations made above have to be extended to properly incorporate
the spatially varying potential energy term. This energy is in general
assumed to be well described by the harmonic oscillator potential

VHO(x,y) =
1

2
m(ω2xx

2 +ω2yy
2). (2.10)
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The corresponding energy levels E(nx,ny) of a particle with principal
quantum numbers nx/y = [0,∞] ∈ Z in this potential is then given
by

E(nx,ny) =
(
nx +

1

2

)
 hωx +

(
ny +

1

2

)
 hωy. (2.11)

2.2.1 Density of States and Particle Number

The underlying harmonic oscillator potential has to be taken into ac-
count if we are interested in calculating the number of states G(E)
with energy less than E analogous to Sec. 2.1.1. In a semi-classical
approximation, where the energy is approximated to be a continuous
variable and the zero-point energy is neglected G(E) is calculated to
be, see [48],Index ih:

The index ih
signifies quantities

of an
inhomogeneous,

harmonically
trapped system.

G2D,ih(E) =
1

 h2ωxωy

∫E
0

dEx

∫E−Ex
0

dEy =
E2

2 h2ωxωy
. (2.12)

Again, the derivative with respect to the energy returns the density
of states

g2D,ih(E) =
dG(E)

dE
=

E
 h2ωxωy

=
E

 h2ω̄2
, (2.13)

which is energy dependent, in sharp contrast to the homogeneous

case. Here, the mean trap frequency ω̄ =
(∏D

i=1ωi

)1/D
was intro-

duced to improve the readability.
The integral 2.5 is exactly solvable in the T = 0 case

NT=0,ih =

∫∞
0

fFD(E, 0)g2D,ih(E)dE =

∫EF
0

g2D,ih(E)dE =
E2F

2 h2ω̄2
,

(2.14)

enabling to express the Fermi energy of a harmonically trapped gas
in dependence of the particle number N in the trap

EF,2D,ih =  hω̄
√
2NT=0,ih. (2.15)

2.2.2 Density Distribution and Equation of State

In a trapped sample, the density distribution becomes spatially in-
homogeneous and the integration over the Fermi-Dirac distribution
and the DOS has to be carried out in phase-space over all momentum
states. This is analytically possible in the semi-classical Thomas-Fermi
approximation when the energy is considered to be a continuous vari-
able. We can then write the Fermi-Dirac distribution in terms of the
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conjugate variables momentum ~p = (px,py) and position ~r = (x,y)
instead of energy E

fFD(~r,~p) =
1

e

(
~p2

2m+VHO(~r)−µ0

)
/kBT + 1

. (2.16)

The integration over all momentum states

n(~r) =

∫
p

d2~p

(2π h)2
fFD(~r,~p) (2.17)

yields the local density at position~r in a harmonically trapped sample
with temperature T and chemical potential µ as

n(~r) = λ−2dB ln
(
1+ e(µ0−VHO(~r))/kBT

)
, see [50]. (2.18)

When comparing the spatially inhomogeneous equation of state (EOS)
with the homogeneous case in Eqn. 2.8 the definition of the local
density approximation becomes apparent: Each infinitesimal interval
d~r in space is approximated in the local density approximation (LDA)
to be fully described by the physics of a homogeneous gas with the
local chemical potential µ(~r) = µ0 − VHO(~r).

However, it is important to note that the LDA only accounts for local
density variations induced by the underlying potential. Long range
correlations or non-local phenomena are not captured and can thus
not be expected to be well described in the framework of the LDA.

2.2.3 Fermi Radii

Once more, it is instructive to consider the T = 0 situation to estimate
the extent of the atomic cloud in a harmonic trapping potential and
to calculate a zero temperature EOS:

lim
T→0

n(µ, T) =
m

2π h2
(µ(~r) − VHO). (2.19)

This allows to define the extent of a zero temperature Fermi gas as
the point where µ(~r) −VHO = EF−VHO = 0 which is – for a harmon-
ically trapped system – given by the Fermi energy and the relevant
trapping frequency as RF,i =

√
2EF
mω2i

. This radius is called Fermi ra-

dius in the following.

2.3 is the third direction really frozen out?

So far we have assumed to deal with a perfect 2D system where the
third direction does not influence the systems’ behavior in any way.
For that to hold true, two requirements have to be fulfilled. First, the
systems’ DOS must obey the 2D form and second, the inter-particle
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scattering behavior has to be purely two-dimensional. The intermedi-
ate case in which the DOS is still that of a 2D system while the scatter-
ing processes have final states in 3D will be referred to as quasi-2D.

Quasi-2D:
The DOS shows 2D

features while the
scattering is

three-dimensional.

This section reviews the requirements for a 2D description to be
valid and introduces a basic level of scattering physics which becomes
relevant in the subsequent parts of this thesis.

2.3.1 Requirements for 2D Kinematics

The probably most fundamental requirement which allows to call a
system two-dimensional lies in the motional degree of freedom of
particles. As soon as this motional degree of freedom is confined to
a plane, the description in terms of the 2D DOS introduced above
becomes valid. For a weakly interacting system this regime can be
reached if the motion along one direction2 is frozen out, meaning
that all relevant energy scales, such as the chemical potential µ and
the thermal energy kBT of the sample need to be smaller than the
harmonic oscillator level spacing  hωz along this direction [51, 52].

This argument allows – in the limiting case of T = 0 – the calcula-
tion of a critical number of non-interacting fermions below which the
system becomes kinematically 2D. This critical atom number Ncrit2D

depends on the geometry of the system. For the radially symmetricCritical Particle
Number Ncrit2D :
Critical particle

number per spin
component for 2D

kinematics.

and inhomogeneous case it is calculated by equating the Fermi en-
ergy EF with the harmonic oscillator level spacing in z-direction

ωi Trapping fre-
quency in di-
rection i.

 hωz
!
= EF =

√
2Ncrit2D,ih

 hωr

⇒ Ncrit2D,ih =
1

2

(
ωz

ωr

)2
. (2.20)

This is different in the homogeneous case, where the system size
is solely defined by the area A the atoms are confined to and the
corresponding critical atom number thus becomes

 hωz
!
= EF =

 h2

m

2πNcrit2D

A

⇒ Ncrit2D =
ωzmA

2π h
. (2.21)

At this point it becomes apparent that the critical atom number in
an equal trapping area3 is significantly higher in the homogeneous
case which is due to the fact that in the homogeneous case, the Fermi
energy equals the mean energy in the system while in the trapped
case the Fermi energy is equal to the maximum energy at the point
of the highest density.

2 Without loss of generality this axis is chosen to be the z-direction, the axis of gravity.
3 For the trapped case, the trapping area is taken to be bounded by the Thomas-Fermi

radius.
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As soon as considerable inter-atomic interactions are present in the
system these criteria are not sufficient any longer, as interactions can
lead to transverse excitations and thus cause a departure from pure
2D kinematics [53].

Whether a system is in the kinematic 2D regime can be decided on
by measuring the transverse width wz of an atom cloud with particle
number N shortly after the z-confinement was abruptly switched off.
By suddenly removing the harmonic confinement in the transverse
direction, the excess kinetic energy in that direction leads to a faster
expansion. The energy available to drive this expansion is governed
by the transverse energy of the harmonic oscillator states as well as
by interactions. In the weakly or non-interacting case the atoms only
populate the ground-state in z-direction as long as N < Ncrit2D . This
causes the expected width after time of flight (TOF) not to depend on
the particle number N. However, as soon as the first excited state is
populated the width will be significantly increased due to the higher
kinetic excess energy available [52]. Such a measurement is presented
in Ch. v.

2.3.2 Scattering Physics in 3D, Quasi-2D and 2D: A Brief Overview

Up to this point it was mainly assumed that the atomic systems con-
sidered here were non-interacting. This section introduces the basic
concepts of scattering physics in ultracold atomic gases close to a
Feshbach resonance which are relied on in the following parts of the
thesis.

2.3.2.1 The Basics: 3D Scattering

This part follows the arguments presented in [54] and [50]. For a more de-
tailed description see e. g. [55].
To gain a first insight into the question of which quantities are impor-
tant in the description of scattering in 3D cold atom experiments we
start with a simple energy and length scale argument: There are typ-
ically three length scales in 3D fermionic quantum gases which have
to be compared, namely the spatial extent R0 of the van der Waals
interaction potential, the thermal deBroglie wavelength λdB and the
inverse Fermi wave vector k−1F . Both, λdB and k−1F are significantly
larger than the finite range interaction length scale R0 in an ultra-
cold Fermi gas, signifying the low energy character of the scattering
events. This allows to limit the following consideration to the case of
s-wave scattering where only the spatially symmetric scattering term
with zero angular momentum needs to be considered.

Moreover, when dealing with fermionic atoms, the antisymmetry
of the wave function forbids scattering between particles with equal
spin and interaction is only possible between particles with different
spin orientation.
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This interaction can be quantified by calculating the angular θ and
momentum k dependent scattering amplitude f(k, θ) by solving the
Schrödinger equation[

~p2

2mr
+ Vint(~r)

]
ψ(~r) = Eψ(~r) (2.22)

for relative motion between the scatterers, where ~p and ~r are the rela-
tive coordinates and mr = m1m2/(m1 +m2) is the reduced mass.

A generic ansatz which solves Eqn. 2.22 is given by the superposi-
tion of an incoming plane wave φin and an outgoing spherical wave
φout

ψ(~r) ∝ φin(~r) +φout(~r) ∝ eikinx + f(k, θ)
eikoutr

r
, (2.23)

where kin/out signify the wave vector of the incoming and outgo-
ing wave, respectively. The scattering amplitude can be determined
by performing a partial wave expansion in the angular momentum.
However, as we limit ourselves to the spherically symmetric case of s-
wave scattering, only the l = 0 case has to be considered here leading
to an to an f(k) independent of the angle θ:

f(k) =
1

−k cot[δ0(k)] + ik
, (2.24)

where δ0(k) is the s-wave phase shift. Expansion of −k cot[δ0(k)] in k
leads to a single parameter dependent scattering amplitude

f(k) ≈ −
1

−a−13D − k2R0/2+ ik
, (2.25)

where the 3D scattering length a3D ≈ tan[δ0(k)]/k was introduced.
This finding leads to two distinct scattering regimes: For the weakly
interacting regime, where k|a3D|� 1 the scattering amplitude is fully
governed by the scattering length a3D. This is contrasted by the uni-
tary regime – in which the scattering length diverges – for which a3D
drops out and the only relevant length scale left in the system is k.

The characteristic length-scale of the interaction potential R0 is
much smaller than all other relevant length scales in the investigated
systems. Thus, the exact form of the van der Waals interaction poten-
tial can not be resolved by the scatterers and the interaction can be
modeled by a contact interaction potential Vc(~r) with an interaction
strength g as a rather lengthy calculation carried out in [50] shows:

Vc(~r) = gδ(~r), with g =
4π h2a3D

m
. (2.26)

2.3.2.2 The Artificial: Real 2D Scattering

Following the same ideas as in the 3D case, the low energy scattering
amplitude for a true 2D system can be calculated. The 3D results are
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altered by the fact that the dimensionality and number of accessible
final quantum states after a scattering event are reduced. The rigorous
calculation presented in [10] calculates the s-wave scattering length to
be

f2D(k) =
−4

cot[δ0(k)] − i
. (2.27)

Again, expansion in k leads to a single parameter scattering ampli-
tude

f2D(k,a2D) ≈
−4π

2 ln(ka2D) − iπ
, (2.28)

from which the 2D scattering length can be deduced. Analogous to
the 3D case an scale free interaction parameter can be defined which
in the 2D case is given by ln(ka2D). For a fermionic gas it is natural to
characterize the system by the Fermi momentum kF as only close to
the Fermi surface free states exist which allow for scattering events to
happen. Thus, ln(kFa2D) will be used in the following to parametrize
the interaction in 2D.

However, it is important to keep in mind that Eqn. 2.28 only holds
for true 2D systems. The next section thus covers the quasi-2D regime
which are typically realized in experimental setups.

2.3.2.3 The Reality: Quasi-2D Scattering

In a realistic experimental setup, the 2D regime is entered by freezing
out the motional degree of freedom in z-direction (see Sec. 2.3.1). The
atoms perform zero point motion in the vibrational ground state in
vertical direction and the extent of their wavefunction equals the har-
monic oscillator length lz =

√
 h/mωz. However, the typical length

scale of the van der Waals interaction potential R0 is much smaller
than lz and therefore the microscopic scattering process has to be de-
scribed in three dimensions. Only the available final scattering states
are altered by the 2D confinement and it becomes possible to de-
scribe the scattering physics in terms of a quasi 2D scattering length
aq2D = F(a3D) as a function of a3D. This functional dependency Quasi-2D

scattering
length aq2D:
Quasi-2D scattering
length for a system
with true 2D DOS
and final scattering
states which are
altered by the 2D
confinement.

will be calculated below. This regime, where the DOS is 2D while the
microscopic scattering process still needs to be described in 3D is re-
ferred to as quasi-2D regime. In the following, the steps required to
calculate the quasi-2D scattering length in dependence of the corre-
sponding microscopic 3D quantity a3D will be outlined. For that, the
scattering amplitude of a kinematic 2D system will be equated with
the true 2D scattering amplitude defined in Eqn. 2.28. Solving this
equation for the 2D scattering length will lead to the desired analytic
expression aq2D = F(a3D). The following calculation is based on the
arguments given in the supplementary material of [56].
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The scattering amplitude for a 3D gas confined to the harmonic
oscillator ground state along one direction reads according to [56–58]

fq2D(k,a3D, lz) =
4π√

2πlz/a3D +w(k2l2z/2)
. (2.29)

Here, the function w(ξ) reads

w(ξ) = lim
J→∞

√4J
π

ln
(
J

e2

)
−

J∑
j=0

(2j− 1)!!
(2j)!!

ln(j− ξ− i0)

 , (2.30)

where ()!! denotes the double factorial operation. The w(ξ) function
significantly simplifies for ξ � 1 which is identical to the condition
k2l2z � 1. This is true, if the relevant momentum scale k of scatter-
ing particles is small compared to the harmonic oscillator length lz.
Eqn. 2.30 then reduces to

w(ξ� 1) = wlim(ξ) ≈ − ln(2πξ/A) + iπ (2.31)

with A = 0.905. This limit converts Eqn. 2.29 into the usual form

flimq2D(k,a3D, lz) =
4π√

2πlz/a3D + ln(πk2l2z/A) + iπ
(2.32)

which is typically used in case the many-body momentum scale of
the system  hk =

√
2mµ∗ [58] and thus k2l2z = 2µ/ hωz is small com-

pared to 1 [59, 60]. Here, µ∗ = µ − EB/2 is the chemical potential,
which does not include the contribution of the binding energy EB of
a two-body bound state (see Sec. 2.4.3). For this case, the 2D scattering
length alimq2D can be calculated by equating the scattering amplitude
Eqn. 2.32 of a quasi 2D system in the limit of low momentum scatter-
ing with the f2D(k,a2D) for a true 2D system, calculated in Eqn. 2.28.
This leads to an expression for alimq2D which describes the scattering2D scattering

length alimq2D:
Quasi-2D scattering

length valid at low
chemical potential
2µ∗/ hωz � 1.

events in a quasi-2D system with low chemical potential:

alimq2D = lz

√
π

A
e
−
√
π/2 lz

a3D . (2.33)

This description breaks down as soon as the kinetic energy of two
scatterers becomes significant on an energy scale given by the har-
monic oscillator splitting in transverse direction. This is e. g. the case
for non-interacting Fermi gases where scattering processes can oc-
cur with energies as large as the Fermi energy. Then, the validity
of Eqn. 2.31 breaks down and the full expression for the scatter-
ing, given in Eqn. 2.29, must be considered when calculating the
quasi-2D scattering length. This gives rise to a correction term to
alim2D which is most conveniently written by introducing the scale
∆w(ξ) = w(ξ) −wlim(ξ):

aq2D = alimq2De
− 1
2∆w(k2l2z/2) (2.34)

= lz

√
π

A
e
−
√
π/2 lz

a3D e−
1
2∆w(k2l2z/2) > 0. (2.35)
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This general definition of the quasi-2D scattering length is valid for
all interaction strengths a3D and chemical potentials and thus will be
used throughout this thesis.

2.4 tuning interactions

In the previous sections, it was shown that the scattering physics
which is relevant in ultracold quantum gases can be described by one
single parameter, the scattering length. Further a functional relation
was established which relates the experimentally relevant scattering
length aq2D to the 3D scattering length a3D. This section will extent
the picture by introducing Feshbach resonances which are typically
used to tune the scattering length a3D [37]. Furthermore, the conse-
quences of a tunable scattering length will be discussed. The descrip-
tion will be kept very brief as there is excellent literature available
which comprehensively reviews the underlying physics [3, 38].

2.4.1 Feshbach Resonances

A magnetic scattering resonance allows to tune the 3D scattering
length by applying an external magnetic offset field. Such a resonance
is typically called Feshbach resonance and the variation of the scatter-
ing length with the applied magnetic field B can be modeled to first
approximation by

a3D(B) = abg

(
1−

∆B

B−B0

)
. (2.36)

Here, abg is the background scattering length, ∆B the width of the
resonance and B0 its position. The mechanism which drives the vari-
ation in a3D lies in the resonant coupling of a free atomic state with
a bound molecular state. While the free atomic state is energetically
accessible, this does not hold for the molecular state which has a
continuum energy above the free atomic state. These two states are
therefore referred to as open- and closed-channel, respectively. If the
kinetic energy of the scatterers coincides with an energy level of the
molecular-channel, the interaction probability is resonantly enhanced
and the scattering length diverges.

If the open- and the closed-channel posses different magnetic mo-
menta, the energy difference between energy levels of the closed-
channel and the continuum energy can be tuned by employing the
Zeeman effect. This in turn allows to tune the degree of enhancement
of the interaction probability which leads to tunable interactions.

This thesis describes experiments with ultracold 6Li atoms in the
22S1/2 ground state manifold. We typically work with equal spin
mixtures of atoms in the lowest two hyperfine states which are re-
ferred to as |1〉 and |2〉 (see Fig. a.2). For these states, the 3D scattering
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Figure 2.2: 3D Scattering length and binding energy: The inter-atomic 3D
scattering length a3D is plotted for different magnetic field
strengths for interactions between different hyperfine states |X〉−
|Y〉 (blue solid, yellow dash-dotted and red dashed line, respec-
tively). As all experiments in this thesis are performed with the
lowest two states, the binding energy is only plotted for these
(purple, dotted line). The vertical dashed line indicates the posi-
tion of the |1〉− |2〉 resonance of 832G. The vertical dash-dotted
line is drawn at the zero crossing of the |1〉− |2〉 scattering length,
where a non-interacting Fermi gas can be created. The three ar-
rows indicate different field ramps, used to produce a weakly
attractive BCS-system (I), a strongly interacting BEC (II) or a non-
interacting Fermi gas (III). These systems are described in the
respective experimental chapters in more details.

length was recently measured to high precision via radio-frequency
(RF)-spectroscopy [61] and the resonance position was found to be
at B0 = 832.2G. The results of this measurement are presented in
Fig. 2.2. It becomes apparent from that data that the scattering length
is negative for magnetic fields above the resonance. This corresponds
to an attractive mean field energy (see Eqn. 2.26). In the region re-
stricted by the two vertical lines in Fig. 2.2, which stretches from the
zero crossing of the scattering length at 527G up to the resonance, the
scattering length is positive and the corresponding mean field has a
repulsive character.

2.4.2 The BEC-BCS crossover in 3D

The Feshbach resonance, at which the 3D scattering length diverges
and changes sign, is perfectly suited to study the BEC-BCS crossover.
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This crossover smoothly connects the three paradigmatic regimes of
Bose-Einstein condensation, resonantly interacting Fermi gases and
BCS type superfluidity [62].

In the repulsive regime, at magnetic field values below the Fesh-
bach resonance, a two-body bound state becomes energetically favor-
able [50]. Fermions in different spin states can form dimers with a BEC-Regime:

a3D → +0binding energy of

EB,3D =
 h2

ma23D
. (2.37)

These dimers are bosonic in character and allow for Bose-Einstein con-
densation below the critical temperature TBEC provided the phase
space density is sufficient [48, 50, 63, 64]. The interaction between
these dimers is repulsive and the corresponding dimer-dimer scatter-
ing length is reduced by a factor of 0.6 as compared to the atom-atom
interaction [65]. Unitary-Regime:

a3D →∞The bound state ceases to exist at the point where a3D diverges
and the interactions become scale invariant [4, 6]. BCS-Regime:

a3D → −0Beyond the resonance, the atoms may form Cooper pairs in momen-
tum space [50], which condense below the critical temperature TBCS
into a BCS-superfluid. This crossover behavior, from tightly bound
bosonic dimers to weakly paired fermionic atoms is depicted in the
insets in Fig. 2.2.

2.4.3 Confinement Induced Bound States

The BEC-BCS-crossover behavior is strongly influenced in a 2D sys-
tem. Most notably is the existence of an energetically favorable bound
state for arbitrarily small attractive interactions [50]. This leads to a
competition between the weakly bound Cooper pairs in momentum
space and the confinement induced bound state in real space [66]. As
pointed out by Levinsen and Parish [10], the 2D two body binding
energy can be defined analogously to the 3D case as

EB,2D =
 h2

ma22D
. (2.38)

With a2D being monotonous and bound to the interval ]0,+∞[, the
2D binding energy is EB,2D 6= 0 in the full crossover region.

As always, the differences between a true 2D system and the exper-
imentally accessible quasi-2D regime are subtle but non-negligible.
The tight confinement in transverse direction introduces the addi-
tional length scale lz of the harmonic oscillator into the consideration.
There are quite generally speaking two different approaches used in
the literature to calculate the influence of the confinement on the bind-
ing energy EB > 04 [3, 10, 56–58].

4 A rigorous calculation reveals that this idealized statement is only true, if the con-
finement in z-direction is truly harmonic. In case the confinement is realized by a
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Figure 2.3: Comparison between 2D and 3D scattering lengths and binding
energies: The divergence of the |1〉− |2〉 scattering length (blue
solid line) does not occur in 2D, where the different ansatzes
for the low momentum limit (red dashed line) and the gen-
eral result, considering the Petrov-w function lead to very dif-
ferent estimates for the 2D scattering length. The resulting bind-
ing energies are plotted in units of  hωz on the right y-axis.
The 3D bound state energy (solid purple line) ceases to exist
at lz/a3D = 0. Here, the 2D bound state approaches the uni-
versal value 0.244 hωz (red cross). Still, the available calculation
strategies for the binding energy lead again to strongly differing
results. Corresponding references: ElimB,q2D (green dotted line) [56,
58], EB,q2D (light blue dashed line) [60, 68] and EB,cInd (purple
dash-dotted line) [3, 10]. The 2D binding energies are offset by
the zero-point motion of the vertical confinement  hωz/2.

Both state the problem in principle in terms of intuitive geometrical
arguments: For small positive scattering length, where lz/a3D � 1,
the tightly bound dimer of size ≈ a3D is small compared to the har-
monic oscillator length and the influence of the confinement on the
molecular state is small. On the other side of the Feshbach resonance,
where lz/a3D � −1, the opposite holds true. The size of the dimer is
equal or even bigger than the size of the ground state wave-function
which affects the dynamics of the molecular bound state significantly.
These two limiting cases are connected by the universal intermediate
value of EB = 0.244 hωz at the 3D resonance (red cross in Fig. 2.3)
[10].

The first approaches to calculate a binding energy with appropriate
limiting behavior is to equate the scattering amplitudes of the real-

lattice potential, the situation is slightly complicated [67]. Still, for our experimen-
tally accessible settings, the bound state is expected to exist.



2.4 tuning interactions 21

and quasi-2D case (see Eqn. 2.29) and deduce the binding energy
according to Eqn. 2.38 [56–58] which leads to

EB,q2D =
 h2

ma2q2D
=
A h2

πml2z
e
√
2π lz

a3D · e∆w(k2l2z/2). (2.39)

The second approach follows an energy argument according to
which the binding energy is dominated by a confinement induced
bound state. The strength of the bound state is given by solutions of
the transcendental equation (see [3], [10] and [66] for details)

lz

a3D
= f2

(
EB,cInd

 hωz

)
, with

f2(Ω) =

∫∞
0

du√
4πu3

(
1−

e−Ωu√
(1− e−2u)/(2u)

)
. (2.40)

The binding energies calculated from Eqns. 2.39 and 2.40 do not
coincide in general and capture the desired limiting behavior only to
a certain extent as can be seen in Fig. 2.3. For small binding energies,
both approaches lead to results which are in close agreement with
each other in the low momentum limit. However, at stronger binding
energies, the resulting energies differ strongly and Eqn. 2.40 leads to
a large overestimation of the mean field contribution to the energy
[66]. Therefore, following the works [56] and [58] Eqn. 2.39 will be
used in the following.





Part II

E X P E R I M E N TA L R E A L I Z AT I O N

This part discusses the experimental apparatus to trap,
manipulate and investigate ultracold two-dimensional ho-
mogeneous Fermi gases with tunable interactions. The first
chapter presents the changes made to the experimental
setup as compared to the status described in [32] and [31].
The second chapter describes in detail how the atoms are
brought into the 2D regime. This is realized by loading
them into layers of a standing wave trap. A new method
to determine the number of populated 2D layers will be
presented in the following. This method allows to deter-
mined the number of atoms per layer to high precision in
a single shot measurement.

With the realization of such well defined 2D samples, an-
other extension to the experimental setup is described next:
The hybrid trap, designed and set up to trap the atoms
in a box potential enabling for the generation of homoge-
neous 2D systems. To be able to not only observe but also
manipulate the atoms locally, the integration of a spatial
light modulator (SLM) to the experimental apparatus is dis-
cussed in the last part.
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P R E PA R AT I O N O F U LT R A C O L D 3 D F E R M I G A S E S

Fig. 3.1: High
resolution
microscopes above
and below the
science chamber
with very good
optical access.
Figure adapted from
[31].

The aim of this chapter is to make the reader familiar with the cooling
sequence employed in this experiment, which allows for the genera-
tion of ultracold 3D Fermi gases. At the same time, the experimental
apparatus is introduced step by step. To do so, a typical experimen-
tal cycle will be described. Before starting with this description, the
fundamental design goal of the experimental setup will be briefly
described. This design goal is threefold and embraces the study of
two-dimensional systems with tunable interactions on length-scales com-
parable with the inter-atomic spacing, which requires a high detection
and manipulation resolution:

two-dimensional systems The experimental setup is targeted
at the investigation of 2D atomic samples. Thus, it should provide
sufficient confinement along the z-direction to freeze out the motional
degrees of freedom along this direction. This shall bring the atomic
samples into the kinematic 2D regime [51, 58].

tunable interaction The atomic species should be chosen such
that the inter-atomic interactions are tunable by means of a Fesh-
bach resonance [38]. This not only allows to tune interactions but also
to study fundamentally different regimes, ranging from Berezinskii-
Kosterlitz-Thouless (BKT)-type superfluidity via the strongly interact-
ing regime to the realm of Bardeen-Cooper-Schrieffer (BCS)-like pair-
ing [25, 69]. The magnetic field strengths should suffice to access the
full crossover region.

high detection and manipulation resolution The atomic
samples shall be investigated on microscopic length scales. These
length scales are defined by the inter-atomic distance, the Fermi wave-
length or the healing length, respectively. Thus, a high resolution
imaging system is required, featuring an optical resolution of below
1µm. Furthermore, the experiment should provide the ability to not
only locally probe but also locally manipulate the atomic samples
with optical dipole potentials [70, 71].

The combination of these three goals results in one experimental ap-
paratus being in the position to contribute to open questions in the
quest for the further understanding of 2D quantum systems.

In order to get to know the different parts of the experiment, a
typical experimental sequence will be presented in the following text.

25
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Figure 3.2: The ultra high vacuum (UHV) setup of the apparatus can be bro-
ken down in four functional sections (1− 4): The cycle starts at
the oven-chamber (1). After being slowed down in the Zeeman
slower (2), the atoms are captured and precooled in the magneto-
optical trap (MOT) (3). From there, they are transferred into a res-
onator enhanced dipole trap (REDT) and further cooled by forced
evaporation. To guarantee good optical access to the atomic sam-
ple, it is transported from the main chamber to the science cell
(4), where the atoms are transferred to a highly elliptic trap (red
shaded horizontal region in the inset) and finally transferred into
a single node of a blue detuned 1D optical lattice in z-direction
(turquoise crossed shades in inset). Figure adapted from [31].

A reader who is already familiar with the experiment – which is de-
scribed in-depth in [32], [31] and [72] – might only want to read the
Fast-Track as a reminder, skip the sections thereafter and continue
to read in Ch. 5 on page 51 where the transfer of the atoms into the
2D regime is described in detail.

fast-track Starting at the oven (720K)1, the atoms are deceler-
ated in a Zeeman slower (1K), captured in a magneto-optical trap
(MOT) (100mK) and transferred to and precooled in a resonator en-
hanced optical dipole trap (ODT). After loading the precooled atoms
into the transport far off resonant dipole trap (FORT) (100µK), another
evaporation cycle [73] follows before the transport, which in turn is
followed by yet another evaporation step at large inter-atomic scatter-
ing rates (10µK). Transferring the atoms from the FORT to the highly
elliptic squeeze trap, in which one more evaporative cooling step fol-
lows (200nK), leaves the experimenter with an ultracold 3D atomic
sample. This cycle is schematically presented in Fig. 3.3.

1 The temperatures in this paragraph are approximate numbers, given here for rough
orientation.
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Figure 3.3: Cooling sequence scheme: The atoms are cooled from 720K to
quantum degeneracy in about 15 s. One third of the time is used
to load the MOT. Other significant time steps are represented by
the forced evaporation in the resonator enhanced dipole trap
(1.6 s) and the atom transport from the main chamber to the
science cell (1.4 s). The three insets on the right (a-c) depict the
transfer from the FORT (a) to the highly elliptic squeeze trap (b)
in which the atoms are preshaped such that they can be loaded
into a single layer of an 1D optical lattice along the z-direction
(c). Figure adapted from [31].

3.1 the experimental cycle

3.1.1 Trapping an Atom Beam in a MOT

About every 15 s a new experimental cycle starts at the oven chamber.
Inside the oven, a chunk of 6Li is typically heated to an operating
temperature of 720K. A fairly collimated atom-vapor beam leaves the
oven chamber at mean velocities of about 1600ms−1.

This atom-beam is transversely slowed down in a Zeeman slower
with decreasing field configuration: In there, a laser beam, which
is near-resonant to a specific velocity class, counter propagates the
atom-beam and thus decelerates the atoms as the laser beam trans-
fers a net-momentum onto the atoms. The decreasing magnetic field
is required to keep the decelerated atoms in resonance with the laser
beam by tuning the Zeeman splitting of the electronic level structure
(see Fig. a.2) according to the momentary Doppler shift.

This Zeeman slower loads a 3D-MOT in which six red detuned laser
beams form an optical molasses, capable of cooling the atoms down
to the Doppler limit [49]. The restoring force, required to trap the
atoms, is realized by application of magnetic field gradients which
increase from the center of the MOT volume. The loading rate of the
MOT typically saturates after 5 s. After this time, the frequency de-
tuning of the optical molasses beams is ramped closer to the atomic



28 preparation of ultracold 3d fermi gases

base-plate

in-couple
mirror

concave
mirrors

plane
mirrors

(b)(a) (c) (d)

Figure 3.4: Sketch of the resonator enhanced dipole trap (REDT): (upper
panel) the four mirrors, which span the resonator volume are
mounted on custom-made mirror mounts [74, 75] which them-
selves are screwed onto a rigid steel base-plate. The two incou-
pled laser beams form a standing wave pattern inside the res-
onator. (a) The atoms (gray dot) are transferred from the MOT

to the REDT at a trade-off position between MOT-REDT-overlap-
volume and REDT-depth. (b) The MOT power is ramped down and
the atoms are fully captured in multiple pancakes of the attrac-
tive standing wave potential. (c) Lowering the resonator power
leads to forced evaporative cooling after a magnetic field of 300G
is applied to increase the thermalization rate of the atoms. (d) Fi-
nally, the atoms are transferred from the REDT to the about 500µK
deep far off resonant dipole trap (FORT). Figure adapted from
[31].

resonance frequency in order to increase the light pressure and thus
compress the atomic cloud. After these first two cooling stages, the
compressed cloud of atoms is transferred to a resonator enhanced
dipole trap (REDT) which will be described in greater detail in the
next section.

3.1.2 Cooling Inside a Resonator

The main purpose of the resonator enhanced dipole trap is to provide
a very deep dipole potential with large trapping volume without re-
quiring lasers powers of several 100W [68]. While the deep dipole
potential is needed to increase the density, which allows for efficient
evaporative cooling, the large mode volume is required to maximize
the transfer efficiency from the MOT into the REDT. Here, it is informa-
tive to make some considerations about the character of the dipole po-
tential. Generally speaking, the dipole potential which a laser beam
exerts onto an atom is caused by the interaction between the atom’s
dipole moment, which is induced by a strong external electromag-
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netic field, and this electromagnetic field itself [76]. This description
is valid as long as the frequency of laser beam ωL is far detuned from
the atom’s resonance ωA and thus the scattering rate

ΓAL(~r) =
3πc2

2 hω3A

(
ωL
ωA

)3(
Γ

ωA −ωL
+

Γ

ωA +ωL

)2
I(~r) (3.1)

is small. Then, the induced conservative dipole potential can be writ-
ΓAL Atom-light

scattering
rate

ωA Atom
resonance
frequency

ωL Laser
frequency

Γ Natural
linewidth

I(~r) Laser
intensity

c Speed of light

ten as

Udip(~r) = −
3πc2

2ω3A

(
Γ

ωA −ωL
+

Γ

ωA +ωL

)
I(~r). (3.2)

Here, it becomes apparent that both the potential depth and the scat-
tering rate scale linearly with the laser intensity. However, while the
potential depth reduces inversely with the detuning ∆ = ωA −ωL,
the scattering rate drops much faster and scales like ∆−2. As every
scattered photon will heat up the atomic sample by the recoil energy
of one photon, the scattering rate should be as low as possible. It
is thus always a trade off between deep optical potentials and scat-
tering induced heating. The intra-cavity power enhancement of the
resonator enhanced dipole trap is a great way to realize extremely
deep dipole potentials with far detuned light, keeping the scattering
rate at a minimum.

In this experiment the REDT is realized in a bow-tie setup which is
placed inside an UHV chamber as depicted in Fig. 3.4 and 3.2. This ge-
ometry allows to independently control the power and the frequency2

of the laser beams coupled clockwise and counter-clockwise into the
resonator. These beams can thus either form a standing wave pattern
or, when they are frequency-detuned with respect to each other, a
slowly varying running wave trap which might be used to transport
the atoms inside the resonator [32, 75].

A detailed description of the geometrical and optical design of the
resonator may be found in [32] and [75]. The text will proceed with
the description of the experimental cycle. A reader interested in the
technical realization of the resonator’s frequency stabilization and the
changes performed to the setup compared to the state described in
[32] might want to read the detailed description given on page 35ff.

3.1.3 Atom Transport and 2D Loading Initialization

After performing the first evaporative cooling step in the resonator
enhanced dipole trap, the atoms are transferred into a running wave
optical dipole trap. This trap is used to transport the atoms from the
MOT-chamber to the science chamber and will be referred to in the
following as the far off resonant dipole trap (FORT). The transport is

2 Limited by the linewidth of the resonator.
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Figure 3.5: Beam-path of the FORT: The light for the red detuned trans-
port trap is provided by a 25W laser3 with a wavelength of
λ = 1064nm. This light is transported from the laser table to
the main table by a photonic crystal fiber4. The LPC is realized
by an analog feedback loop on an AOM in front of the fiber and
a logarithmic photodiode after the outcoupler. The position of
the trap focus can be actively controlled by a two-axis piezo mir-
ror. The position is monitored by a quadrant photodiode (QPD)
which provides the error-signal for the position stabilization. Af-
ter the beam is expanded and collimated, it passes through a
fFORT = 1m lens which realizes the trap focus. The lens is
mounted on a floating linear stage which allows transporting
atoms, trapped in the focus, from the main-chamber to the sci-
ence cell. Figure adapted from [31].

realized by mechanically moving the last lens, which defines the focus
of the FORT after transferring the atoms into that focus as shown in
Fig. 3.5.

This lens has a focal length of fFORT = 1m and focuses the beam
down to a radially symmetric waist close to 26µm. With a wavelength
of λ = 1064nm and available beam powers of up to 10W, the cal-
culated achievable trapping frequencies are 10.9 kHz in radial and
100Hz in axial direction. The trap depth is hence calculated to be
570µK. The laser light required to power the FORT is generated by a
narrow linewidth solid state laser5. The laser power is guided from
the laser-preparation table to the main experiment by a polarization
maintaining single-mode photonic crystal fiber6.

Before performing the transport over a distance of 340mm in 1.4 s
(see Fig. 3.5), a second evaporation step is performed by ramping
down the FORT power to 1.5W in 500ms. After ramping the power
back up to its initial value, the optical transport takes place, transfer-
ring the atoms from the MOT- to the science-chamber.

5 Innolight Mephisto MOPA laser system, 25W, linewidth < 10kHz
6 NKT aeroGUIDE POWER-15-PM-A 5m, one end with SMA-905 connector, other

end with FC/APC connector. 3mm loose tube cable. The FC/APC connector on
the outcoupling side sets an upper limit for the power guided with this fiber. The
specified maximum dissipated power in a standard FC/APC connector is 500mW,
considering a back reflection of 4% at the fiber-to-air transition, the max. power
handling is consequently limited to 12.5W.
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After the transfer, the magnetic offset-field used to tune the scat-
tering length, is rapidly ramped up. Usually, this is achieved using
the Feshbach coil pair [31]. A sketch of the coil assembly is shown in
Fig. 3.6 and Fig. 3.7. The initial field is typically chosen such that

cloverleaf

jump

levitation

Feshbach

Helmholtz

Fig. 3.6: Coil
package placed
around the science
cell. Figure adapted
from [31].

Feshbach

Helmholtz

jump

levitation

Fig. 3.7: Cut
through the coil
package placed
around the science
cell. Figure adapted
from [31].

the inter-atomic scattering rate is maximized to allow for effective
evaporation at high thermalization rates. For samples in the BEC-BCS

crossover, the initial field is set to approximately 832G which corre-
sponds to the 3D unitary point. For the generation of non-interacting
Fermi gases, a starting field of 300G is chosen.

A subsequent series of chirped radio-frequency (RF) pulses is em-
ployed to balance the spin population between state |1〉 and |2〉. In a
next step, the spin balanced atomic sample is further evaporatively
cooled by an exponential reduction of the FORT power in 500ms

down to 100mW. Before finally ramping down the FORT to zero
power, a highly elliptic, red detuned dipole trap is ramped on. This
trap will be referred to in the following as the squeeze-trap, as it
is being used to preshape the cloud into a disk geometry which
later on allows the transfer into the 2D regime. This trap features
beam waists of wy ≈ 400µm and wz ≈ 10µm. Together with the
wavelength of λ = 1064nm this results in a Rayleigh length in x-
direction of wx,R = 295µm. The maximum available beam power is
about 1W, which allows for trapping frequencies of ωx = 2π · 75Hz,
ωy = 2π · 100Hz and ωz = 2π · 4000Hz. Details about the beam ge-
ometry can be found in [31, 32, 72]. The transfer to the 2D regime will
be described in detail in the next chapter starting on page 39.

However, readers interested in a detailed description of the tech-
nical realization of the resonator’s frequency stabilization and the
changes performed to the resonator setup compared to the state de-
scribed in [32] might want read the following section. The purpose
of this section is to provide a status quo documentation of the res-
onator’s control electronics which might be useful for future doctoral
candidates working on the experiment.
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Figure 3.9: Error-signal generation for the REDT locking scheme: The light re-
flected off the incoupling mirror is monitored with a fast photodi-
ode. After amplification and filtering, the amplitude is equalized
by a VVA (see paragraph Automatic Gain Control). This equal-
ized signal is mixed with a local oscillator to generate the PDH

error-signal which is fed to the PID-LockBox as well as the fast
proportional feedback loop. The dash dotted line represents the
attenuated signal output of the coupler.
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diagrams.

The power enhancement of a resonator is solely caused by interfer-
ence effects between the light field impinging onto the incoupling
mirrors and the light field inside the resonator. Only if the phase-shift
between the input beam and the intra-cavity field after one round-trip
is 2π, a resonator enhanced light field can build up. Thus, the round-
trip length lrt of the resonator needs to satisfy the relation lrt = Nλ/2
with N ∈ Z. This condition can be fulfilled either by adjusting the
length of the resonator or by tuning the wavelength of the light. In
this experiment, the resonator length is left fixed and not stabilized,
whereas the fast tunability of the laser light is employed to match the
resonance condition.
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To stabilize the laser frequency to meet the resonance criterium
with an electronic circuit, the first requirement is the generation of an
error-signal (see Fig. 3.9). This error-signal provides a figure of merit
and is typically chosen such that it is zero in case the target value of
the feedback loop is reached and nonzero otherwise. In this setup a
Pound-Drever-Hall (PDH)-lock scheme is employed [77].

Amplifier
ZFL-500HLN+

EOM

bDDS 1_2

67.04567 Mhz
-10.5 dBm

Fig. 3.10: RF-setup
to modulate
sidebands onto the
laser carrier via an
EOM.

This PDH-method deduces the error-signal from the phase-shift be-
tween sidebands, which are modulated onto the carrier signal (see
Fig. 3.10), and the carrier signal itself, after reflection off the incou-
pling mirror. The amplitude of this error-signal is then minimized by
providing feedback onto the actuator in the control loop.

In this setup, three different actuators are used to compensate for
frequency instabilities on different time scales:

fast : The fast feedback is performed by a pure P-gain feedback
loop which utilizes the AOMs (see Fig. 3.11) to control the laser fre-
quency. These AOMs are used to variably shift the frequency of the
incoupled light and furthermore to control the intra-cavity power.

medium : This feedback is generated by an improved version of
our standard lock box (see below) which implements a PI-feedback
loop. The bandwidth of this loop is limited by an output low-pass
filter with a 3 dB point of 42 kHz. The output signal is amplified and
used to drive the piezo in the laser-head to tune the laser frequency.

slow : Long term temperature drifts can be compensated for by a
very slow feedback loop which acts on the temperature of the laser
crystal.

Fig. 3.11 presents a full overview over the feedback loop, employed
to perform the frequency stabilization.

The resonator is also used to perform forced evaporative cooling
of the atomic sample. This requires the intra-cavity power to be low-
ered during the experimental cycle. Furthermore, the power has to be
switched off completely after the evaporation to allow for the transfer
of the atoms from the REDT into the FORT (see Sec. 3.1.3). Therefore,
the frequency stabilization must operate in a manner that it is largely
independent of the resonator input power and that enables it to auto-
matically re-lock in the next cycle.

The frequency stabilization is furthermore complicated by the me-
chanical design of the setup. This design happens to feature a strong
mechanical resonance at 299.3Hz with a full width at half maximum
of only 3.7Hz. The shape of this resonance was mapped out by acous-
tically driving the resonator while observing the amplitude of the
power transmission through the resonator. Since this frequency lies
in the typical frequency spectrum of the human voice and is at the
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same time too low to be well damped by heavy materials such as an
optical table, the only possibility is to set up a control loop which
is capable to stabilize the frequency even in the presence of such a
resonance.

Given these introductory remarks and the basic description of the
working principle, a detailed list of technical changes and additions
as compared to the setup described in [32] follows.

3.2.1 Changes in the Resonator Stabilization Scheme

42 kHz Low Pass
680 Ohm  5.6 nF

LockBox

Mephisto MOPA
Piezo PZT

100 kHz bandwidth

Experiment
Control

Lock Block 2.0

Slow Photodiode
Primay

PDH Error Signal

High Voltage Amplifier
Gain: 10

Fig. 3.12: Schematic
representation of the
electronics used to
perform feedback on
the laser piezo and to
realize the automatic
re-lock.

rf-source The RF-source which generates the base frequency for
the AOMs and the mixing frequency (see Fig. 3.13) was replaced by
a table-top frequency source7 and a newly developed direct-digital
synthesizer (DDS) source. This frequency source, referred to as bDDS
in the following, is based on the AD99598 DDS chip. The full bDDS
features eight phase stable channels whose phase, amplitude and fre-
quency can be controlled by the Experiment Wizard software suite.

automatic gain control In the former RF-setup, an automatic
gain control (AGC) system was used to keep the amplitude of the
error-signal constant during changes of the laser power. These changes
are required to perform forced evaporative cooling in the REDT. This
AGC detected the input power and made use of an inverting oper-
ational amplifier circuit, which controlled a voltage variable attenua-
tor (VVA), to keep the output power at a previously defined level. This
solution, however, introduced an additional phase-shift to the error-
signal and was prone to errors due to its additional feedback loop.
Thus, it was replaced by a simpler approach. The new setup consists
only of a VVA9 used in a feed forward configuration. This simple
approach allows to adjust the RF-power of the PDH-photodiode by
the experiment control computer. As a consequence it is possible to
compensate for a laser power reduction in the REDT by lowering the
RF-attenuation in the same way as the laser power is reduced.

fast adder circuit The fast adder box10 is used to add a vari-
able frequency offset ∆ν onto a selected base frequency. This fast tun-
ability of ∆ν is used to perform fast feedback on the laser frequency
via an AOM. This functionality is provided by a high bandwidth VCO11.
The adder box provides a buffered and adjustable base voltage which
is added to the buffered input signal (error-signal, see Fig. 3.13). The

7 Rigol DG Function Generator.
8 DDS chip by Analog Devices featuring 4 phase locked channels with 500 MSPS and

10-bit digital to analog converters (DACs)
9 Mini Circuits, ZX73-2500-S+

10 QO-EL-1027 Fast Adder Box
11 Mini Circuits, ZX95-200A-S+, 144MHz to 200MHz, 3 dB modulation bandwidth
75MHz, 33mA operation current.
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Figure 3.13: Frequency generation for the REDT locking scheme: The fre-
quency and the power of the two AOMs which direct the laser
light onto the resonator incoupling mirrors is controlled by an
advanced RF-setup. This setup controls the frequency of the
laser light such that the resonance condition for the REDT is
fulfilled. This is realized by using a fast proportional feedback
loop (top right) which deduces the control signal for the fast
adder box (see below) from the PDH-error-signal. The AOM fre-
quency is the difference frequency between the fast VCO out-
put (145± ∆νMHz) and the 36.5MHz provided by a function
generator. The intra-cavity power of the resonator can be con-
trolled by a pair of voltage variable attenuators attached to a
laser power control feedback loop. Figure adapted from [32].
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amplitude of the input signal and thus the P-gain is adjusted via a
potentiometer controlled voltage divider. All operational amplifiers
inside the box are LM6181 type amplifiers which feature high speed
and unity gain stable operation.

lock box The PID-lock box used to deduce the feedback signal
from the error-signal is modified from its standard design12. The
modifications concern the speedup and the stability against oscilla-
tory behavior. To this end the existing input instrumentation ampli-
fier (INA114) was replaced by a faster version (INA217). Furthermore,
most of the operational amplifiers (OPA27) were replaced by faster
counterparts (OPA37) with higher unity gain stability13. The band-
width limiting capacitors in the feedback loop of all operational am-
plifiers (22nF) were replaced by 1 pF capacitors. These modifications
significantly reduced the net time delay of signals being processed in
the lock box. However, stable locking of the resonator only became
possible by addition of a 42 kHz (R = 680Ω, C = 5.6nF) first order
low-pass at the output. This limits the bandwidth of the piezo feed-
back loop and thus leads to less overlap in the frequency domain
with the high gain region of the fast P-feedback. Finally, it is impor-
tant to note that the – typically not used – P-input port of the lock
box is very susceptible to electronic noise. It is therefore highly rec-
ommended terminating this input with a 50Ω resistor.

position of photodiodes The position of the slow photodi-
odes14 which are used to monitor the intra-cavity power was changed.
These diodes are now placed at the transmission ports of the curved
mirror (see Fig. 3.11). This replacement was needed as the former
geometry made use of dielectric mirrors which featured a strong po-
larization dependence. These mirrors could not be replaced due to
space constraints. However, they caused the power calibration to be
strongly dependent on the polarization of the incoupled light which
rendered the polarization optimization impossible. Furthermore, the
new photodiode mounting position eases the beam alignment and
the overall maintenance.

3.2.2 Stability of the new Setup
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Fig. 3.15: Particle
number stability in
the REDT over two
hours. There is no
single failed shot in
the data set.

The stability of the updated REDT locking scheme is best illustrated by
two measurements. One figure of merit is the lifetime of atoms tapped

12 Original design by T. Scheich, Universität München, Sektion Physik, Lehrstuhl Prof.
Hänsch.

13 Still, the box tends towards oscillation. This is especially severe if the “total gain”
switch is set to its center position. This causes the first op-amp to be operated near
unity gain.

14 BPX-65 RT diodes in a bootstrapped trans-impedance amplification circuit featuring
1MHz bandwidth
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Figure 3.14: Lifetime in new REDT setup: Number of atoms trapped in the
REDT as a function of the hold time in the trap (blue circles). An
exponential function is fit to the data to extract the lifetime of
the atoms (red solid line). The upgrade of the RF-setup increased
the lifetime of atoms in the REDT from a few seconds to > 70 s.

in the REDT. A long lifetime, the 1/e time that an atomic cloud can be
trapped in a dipole potential, clearly indicates a stable frequency lock.
Such a lifetime measurement is shown in Fig. 3.14. The measured 1/e
lifetime of 70 s exceeds the measured values of the first generation
setup by at least a factor of 20. Another indicator for a stable configu-
ration is given by the number of missing shots on a longer timescale.
While in the past approximately one in ten shots was a failed shot due
to instabilities in the REDT frequency stabilization, Fig. 3.15 shows a
significant improvement. Here not one single shot is missing in 460
shots.



4
C R E AT I N G A S I N G L E L AY E R 2 D G A S

In 1996, the Nobel Prize in Physics was awarded to three researchers
[78, 79], who – after a long quest – had managed to provide the des-
perately awaited evidence for a superfluid phase in 3He. Their find-
ings finally provided the missing piece of evidence that even neutral
fermionic atoms can undergo a phase transition to a superfluid state,
as was predicted by Bardeen-Cooper-Schrieffer (BCS)-theory as early
as 1957. With that finding, the foundation for a new class of emula-
tion experiments in physics was strengthened. What if one could use
the rather well controlled 3He to emulate the behavior of supercon-
ducting electrons in a solid? This idea was pushed further in the 80s
and is most prominently presented in the work by Richard Feynman
[21].

An important area of physics research is the quest for the under-
standing of high-TC superconductivity [20]. Already as early as 1964 High-TC Super-

conductivity:
Superconducting
phase with
unusually high
critical temperature
TC [20].

Ginzburg et al. raised the question if superconductivity exists in 2D
and if it might occur at elevated temperatures [80]. This question was
addressed in the new light of the discovery of superfluidity in 3He:
The flow properties of a thin film of 3He were investigated in the 2D
regime and initial findings suggested a critical temperature TC twice
as high as in the 3D regime [81].

However, these initial studies were not able to pinpoint the cause
for the unusually stable superfluid phases as the thin films were,
though simple at first sight, complex in their microscopic structure.
The 2D films were always prepared on surfaces, which triggered the
question if the observed behavior was induced by surface effects be-
tween the film and the bulk. This is were ultracold atoms are proving
to be an invaluable tool. Only in such experiments, samples closest
to the isolated 2D quantum system envisioned by Ginzburg et al. can
be realized and have beautifully proven the existence of a superfluid
phase in 2D [26]1.

This chapter introduces the experimental setup which allows for
the generation, manipulation and probing of highly correlated, ultra-
cold 2D Fermi gases to high precision. This system provides the en-
vironment needed to study the outstanding question of the existence
of a superfluid phase in strongly interacting 2D Fermi gases.

There is a variety of well-established methods available to reach
the 2D regime, where all relevant energy scales of the system, such
as the chemical potential µ, the Fermi energy EF and the thermal

1 This experiment was carried out with a bosonic system. Experimental evidence for
superfluidity in a strongly correlated 2D Fermi gas has not yet been observed.

39
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θ = 10.4°

(a)

(b)

Figure 4.1: Sketch of the SWODT generation: Two beams with a wavelength
of 532nm interfere with each other when overlapping them us-
ing a lens (left part of (a)). This gives rise to a repulsive 1D stand-
ing wave optical potential along the z-direction which is located
between the upper and the lower microscope objective. The red
shaded part depicts the squeeze trap which is used to load the
atoms into the nodal planes of the SWODT.

energy kBT are smaller than the level spacing  hωz of the harmonic
confinement in z-direction. Options include e. g. the confinement in
the central dark part of a blue detuned TEM01 mode [23] or the use of
a 1D attractive lattice [68]. In the present experiment, the kinematic
2D regime is reached by loading the atoms into a blue detuned and
thus repulsive 1D lattice along the z-direction.

The following text discusses the transfer sequence of atoms from
the strongly elliptic squeeze trap into the standing wave optical dipole
trap (SWODT), thereby reaching the kinematic 2D regime. To be able to
bring the atoms from the squeeze trap into a well-defined number of
2D layers, precise geometrical alignment between the squeeze and the
SWODT is required. Therefore, strategies to align the two traps with
respect to each other are discussed. Only a very well aligned setup
allows for preparation of single layer 2D gases. Under which condi-
tions this is possible is explained in the following, and the procedure
how to load one single 2D layer or two adjacent layers is outlined.
Lastly a new method to validate this single or double layer loading
by determination of the number of atoms in different populated 2D
layers is presented.

4.1 single layer loading

The first and most evident requirement to enable the transfer of all
atoms from the squeeze trap into one single layer of the SWODT is
that the extent of the cloud in z-direction RF,z needs to be smaller
than the lattice spacing llatt = 2.9µm (see Sec. 4.2.1) in this direction
during the transfer. This requirement can be met by recompressing
the atom cloud along the vertical axis by adiabatically ramping up
the power of the squeeze trap right before the transfer. The vertical
extent of the recompressed cloud can be estimated by calculating the
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Figure 4.2: Fermi-radius in vertical direction: The Fermi-radius of a non-
interacting gas is plotted in blue (solid line). For a system with
unitary interaction, the radius (red dashed line) is rescaled by
the fourth root of the Bertsch parameter ξ = 0.376± 0.005 [6].
The behavior of the Fermi-radius has to be compared to the lat-
tice spacing (yellow dotted line) to decide whether single layer
loading is possible.

3D Fermi-radius along the z-direction2 RF,z =
√
2EF,3D/(mωz). With

an available power of 1W for the squeeze trap and given the beam
waists (see Tab. d.1) the trapping frequencies can be estimated to be
ωx = 2π · 62Hz,ωy = 2π · 92Hz andωz = 2π · 3.68 kHz. The resulting
Fermi-radii for different particle numbers is plotted in Fig. 4.2. The
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Fig. 4.3: Sketch of a
single layer loading
configuration.
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Fig. 4.4: Sketch of a
double layer loading
configuration.

figure suggests that – for temperatures T � TF,3D – up to 2× 104
particles per spin state can be transferred into one single layer when
performing the transfer from the squeeze trap to the SWODT in the
unitary regime. This statement, however, is only valid if the traps
are perfectly well aligned which is not an assumption one wants
to rely on. It is therefore recommendable to transfer samples with
particle number below 1× 104 particles per spin state. Furthermore,
the atoms should be as cold as possible in the unitary regime or at
lower magnetic fields where correspondingly the chemical potential
is smaller and thus also the Thomas-Fermi (TF)-radii.

Even under such idealized conditions, the vertical alignment be-
tween the squeeze tap and the SWODT is crucial as is illustrated in the
sketch on the right. Here the lattice potential is depicted in green and
the cloud which is to be loaded into the lattice is drawn in red.

When misaligning the squeeze trap by llatt/2 with respect to the
SWODT, the considerations discussed above will always fail and it is
impossible to transfer all atoms into a single layer. Still, this apparent
issue can be turned into a feature as it allows preparing dual layer
systems with well-defined atom number per layer by will, provided
the squeeze trap can be moved in z-direction in a well controlled

2 For temperatures T/TF � 1 this estimate is fully justified, for higher temperatures
the temperature broadening should be considered.
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fashion. This condition is satisfied as the squeeze trap beam can be
tilted with respect to the global x-axis by a piezo mirror3.

Here, it is important to keep in mind that the lattice spacing of
llatt = 2.9µm (see Sec. 4.2.1) is large compared to typical inter-atomic
interaction length scales and that the tunneling rate between two lay-
ers is on the order of 5mHz at a typical lattice power of 250mW per
beam. In a double layer system the individual layers are therefore
isolated quantum systems without inter-layer interaction.

With these considerations in mind it becomes plausible that single
layer loading is possible. The fidelity of this single layer loading can
be tested by measuring the population of atoms in different layers.
A new method to measure the atom population in different layers
will be presented in Sec. 4.3 and contrasted to the method typically
employed in cold atom experiments. In the next sections, however,
the actual experimental transfer procedure will be described and a
detailed description of the SWODT will be given.

4.1.1 The Transfer Sequence

To transfer the already cold atoms from the squeeze trap into the
repulsive standing wave potential of the SWODT, first the cloud is
adiabatically recompressed by ramping up the squeeze power to 1W
in 65ms. This ensures a vertical extent of the cloud on the order of
the lattice spacing of the SWODT (see below). Afterwards, the power of
the SWODT is ramped up to 250mW per lattice beam in 100ms. The
transfer is completed by ramping down the squeeze power to zero
in 200ms. This transfer protocol is optimized for minimal heating
by minimizing the temperature of the resulting 2D gas while tuning
the transfer parameters. After the transfer, the repulsive character of
the SWODT requires that an additional radial confinement must be
provided. This is realized either by the curvature of a magnetic field
– which is the standard in our experiment – or by other means, e. g.
by other optical potentials as will be pointed out in Ch. 5 Next, the
lattice potential which provides the 2D confinement will be described
in greater detail.

4.2 1d confinement for 2d physics

4.2.1 The Standing Wave Optical Dipole Trap (SWODT)

The SWODT is an 1D optical lattice in z-direction formed by the in-
terference pattern of two elliptical laser beams which intersect under

3 NewFocus PicoMotor 8885. The angular resolution of the piezo actuated mirror
mount is 1.5µrad. The distance between the position of the atoms and the mirror is
150mm. Thus, it follows a resolution of 0.226µm per piezo tick at the atom position.
This results in 13 ticks per llatt.
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Figure 4.5: Beampath of the SWODT: Photograph of the beampath to gen-
erate the SWODT shortly before integration in the main setup.
Clearly, the two λlatt = 532nm lattice beams, which intersect
at the future position of the atoms, can be seen. Figure adapted
from [72].

an opening angle of θlatt = 10.4° and propagate along the x-direction.
With a wavelength of λlatt = 532nm the resulting lattice period is
llatt = 2.9µm (see Fig. 4.6). A sketch of the setup to generate the
SWODT is presented in Fig. 4.1. There, the lens is shown which is used
to bring the two lattice beams into their convergent geometry. This
lens is mounted on a linear piezo actuated linear positioning stage4

to shift the crossing point of the two lattice beams in x-direction. An
illustrative photograph of the actual implementation is presented in
Fig. 4.5. The polarization of the two lattice beams is chosen to be hori-
zontal. Given the intersection angle of the lattice beams, beam waists
of wz = 40µm and wy = 310µm result in a beam geometry which
realizes a nearly radially symmetric potential. The design criteria for
this trap are discussed in details in the author’s master’s thesis [72].
Due to the blue detuned nature of the lattice beams, the SWODT causes
an anti-confinement in the radial direction. A slight misalignment of
the lattice beams, present in the actual setup, causes the trapping fre-
quencies to differ from their design values5. They are measured to be
ωy = 2π · i(9.5± 1.2)Hz and ωx = 2π · i(12.6± 0.8)Hz measured at a

4 Newport Linear piezo translation stage 25 AG-LS25. Watch out, this stage is highly
magnetic.

5 The design was targeted at the generation of a radially symmetric potential of ωr ≈
2π · i19Hz, see [72].
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Figure 4.6: Cut though the SWODT focus: The intersecting SWODT beams
with a waist of wy = 310µm and wx = 40µm generate a stand-
ing wave pattern in z-direction at the focus position with a lat-
tice spacing of llatt = 2.9µm. The atoms are trapped in the nodal
planes of this lattice. The focus position can be optimized as the
focus generating lens is mounted on a linear piezo actuated trans-
lation state.

power of 250mW per lattice beam. These frequencies were measured
by the excitation a center of mass mode in radial direction with small
amplitude in the presence of a well-known additional confinement.
The difference of those measured frequencies to the design value is a
result of a misalignment in the beam preparation. Only, if the design
waist size of wz = 35µm and wy = 350µm is met, the condition of a
radially symmetric anti-trap potential can be realized.

The harmonic oscillator level spacing in z-direction was measured
by loading a non-interacting Fermi gas into the SWODT. Subsequently,
a sloshing and compression mode was excited by flashing on the
squeeze trap. Using a non-interacting Fermi gas thereby avoids sys-
tematic errors, which might otherwise be caused by inter-atomic inter-
actions. This measurement results in a level spacing between the ze-
roth and the first harmonic oscillator state of  hωz = h · (12.39± 0.01) kHz
for a single beam SWODT power of 250mW.

Up to 23W of 532nm light can be generated in an intra-cavity
second harmonic generation (SHG) setup where 1064nm light from
a fiber amplifier6 is doubled in frequency [82]. The light is split up
after the frequency doubling setup into different beam paths. A large
fraction of the light is directed through an acousto-optical modulator
(AOM) and coupled into an optical fiber capable of handling high
powers7.

Furthermore, details about the optical setup to generate the 2D con-
finement can be found in the author’s master’s thesis [72] as well as
in the doctoral theses [31] and [32].

6 Nufern NuAmp, 50W maximum output power.
7 OzOptics, PMJ-A3AHPCA3HPC-633-4/125-3AS-2-1, 2m long, 3mm OD stainless

steel armored cable, 633nm, 4/125µm PM fiber patchcord, Ref. Quote 98226.
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Figure 4.7: Shifted lattice potentials: The upper three panels (a-c) show
sketches of the combined trapping potentials (blue lines) of the
magnetic field curvature generated by the Feshbach coils (red
lines) and the SWODT (green lines) in x-direction and the position
of atoms (gray shaded ellipses) trapped in the resulting poten-
tial. Panels (a) and (c) represent the cases where the traps are
displaced with respect to each other while in (b) the traps are
well aligned. Panel (d) reflects the shifted position of the atoms
with respect to the magnetic field center for different positions
of the SWODT.

4.2.2 Aligning Squeeze and SWODT

For a successful transfer, a good overlap between the different traps
and especially the magnetic field center needs to be ensured. Since
the blue detuned SWODT causes radial anti-confinement for the atoms,
the alignment procedure is less straight forward than for an attractive
trap. While for an attractive trap the position of atoms imaged in-situ
directly reflects the position of the trap, the situation is more subtle
for an anti-trap.

Let us assume the following setting: The atoms were transferred
into the SWODT and the radial confinement was provided by the mag-
netic field of the Feshbach coils. This situation is sketched for three
different configurations in Fig. 4.7. In panel (a) and (c) the center of
the lattice potential (green line) is displaced with respect to the mag-
netic field potential (red line), resulting in a shift of the cloud away
from the maximum of the lattice potential. This simplified picture
might help to understand how to optimize the pointing of the lattice
with respect to the magnetic field center. The alignment is good, if the
cloud center (gray ellipsis in Fig. 4.7) of atoms loaded into the SWODT

equals the cloud center position in the magnetic trap only.
The alignment in z-direction is conceptually simpler: The position

of the atom cloud in z-direction after time of flight (TOF) is recorded
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and plotted as a function of its radial width. The width changes ac-
cording to the strength of the radial anti-confinement of the SWODT

which reaches its maximum value in the center of the SWODT.
So far, it was implicitly assumed that all atoms end up in one single

layer of the SWODT. In the next section a new detection method will be
discussed which allows testing how well this assumption is met. This
method allows to detect the population of atoms in different 2D layers
in a single shot measurement with high signal to noise ratio (SNR).

4.3 single layer detection

The typical strategy to quantify the population of atoms in different
layers in 2D cold atom experiments is to utilize a radio-frequency (RF)-
tomography technique. In this chapter a brief review of this slic-
ing technique will be presented. This will motivate why another ap-
proach was chosen in this experiment which will be elaborated on in
the second part of the section.

4.3.1 Review: RF-Tomography

Given the lattice spacing of the SWODT of only llatt = 2.9µm and the
radial cloud extent of about 200µm it is impossible to resolve atoms
in different layers by imaging them from the side8. Therefore, other
tools need to be employed to resolve the number of atoms in each
2D layer. An often employed option is an RF-tomography technique
which relies on a position dependent shift of mF sublevels which are
shifted by a linear magnetic field gradient in z-direction (see appendix
Fig. a.2). Such a position dependent shift in the transition frequency
between different Zeeman sub-levels can then be used to selectively
transfer atoms in one certain 2D layer into an auxiliary state which
can subsequently be imaged by absorption imaging to determine the
number of atoms in that specific slice in z-direction.

To be more specific and to raise the reader’s attention to certain
requirements and challenges of this method the example of 6Li in
a field configuration feasible in the experiment will be worked out
here:

example calculation for rf-tomography The required lin-
ear magnetic field gradient in z-direction can for example be pro-
duced by the Feshbach coils (see Sec. 3.1.3 and [31], Tab. 4.3). The
maximally achievable gradients in this setup are on the order of
∂z~B = 1Gcm−1A−1. With a lattice spacing of 2.9µm this results in a
layer to layer magnetic field difference of ∆~B(2.9µm) = 58mG at an
offset field of 1000G. However, the current stability of the power sup-

8 This is due to the radial extent of the cloud of 200µm and the Rayleigh length of
40µm which a 671nm laser beam has which is focused down to llatt = 2.9µm.
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Figure 4.8: Absorption images of spatially separated different layers: The
population of different layers is not resolvable in absorption im-
ages along the x-axis (a). Only after matter wave separation, the
double-layer occupancy becomes visible (b). When optimizing
the overlap between the squeeze trap and the SWODT, a single
layer loading situation can be reached (c). The insets depict the
schematic trap overlap. Note that the residual number of atoms
in adjacent layers in the single-layer configuration can be reduced
by lowering the atom number and thus decreasing EF.

ply driving the Feshbach coils9 is rated to a precision of 10× 10−5 on
the full output current of 200A. With a conversion ratio of 7.92GA−1

the maximally achievable field stability is therefore 158mG render-
ing the attempt to resolve different layers via such an RF-tomography
very challenging without increasing either the magnetic field stability
or the achievable gradients significantly. It is worthwhile, however, to
note that this technique is successfully implemented in another 6Li
2D experiment where the requirements are met due to higher mag-
netic field stability, larger linear gradients and a larger lattice spacing
[68].

4.3.2 The Kick and Probe Technique

This challenge posed by the required magnetic field stability for suc-
cessful RF-tomography lead to the development of a new technique to
resolve the population in different layers which comes with the addi-
tional benefit that it features a high SNR in a single shot10. The general
idea is to accelerate the atoms in adjacent layers in opposite directions
such that they are spatially separated after sufficient TOF. This allows
to optically resolve the number of atoms in different layers after TOF

when taking absorption images along an axis perpendicular to the

9 Delta Elektronika, SM30-200 in CC mode.
10 There is a third method available which employs a slight angular miss-alignment

between the squeeze trap and the SWODT. This method is described in [32] and [31]
in detail.
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Figure 4.9: Spatial separation of different 2D layers in phase space represen-
tation: At t = 0 (a) a double layer system with a layer spacing of
llatt is prepared. The matter wave layer separation is started with
a short TOF of time duration t1 which causes a time evolution in
phase space (b). At time t1, a harmonic potential in z-direction is
flashed on for the duration t2 acting as a matter wave lens and
causing the two adjacent layers to perform a rotation in phase
space (c). After rotating the system such that the two layers are
transformed into two momentum classes, the system is released
from the harmonic potential and performs another free time evo-
lution, after which the two layers are spatially well separated (d).

axis of the 2D confinement. Absorption images of such a scenario
are shown in Fig. 4.8. In panel (a) of Fig. 4.8, an absorption image of
the in-situ density distribution of a 2D system along the x-axis can
be seen which does not reveal any features regarding the number of
atoms per layer. After accelerating the different layers with respect to
each other and waiting for 1ms TOF, the image presented in Fig. 4.8
(b) was taken. It clearly shows a double peak structure resembling the
population of atoms per layer. The image in panel (c) of Fig. 4.8 shows
the atomic population after the alignment between the squeeze trap
and the SWODT was optimized for single layer loading. For that im-
age, the squeeze trap was adjusted in z-direction such that only one
layer was populated significantly. The residual population in adjacent
layers can be further reduced by lowering the total atom number and
thus the extent of the cloud in z-direction.

So far it was implicitly assumed that different 2D layers can actually
be accelerated individually. In the following, the technique to achieve
this will be explained.
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4.3.2.1 The Kick

It is illustrative to describe the time evolution of the “Kick and Probe”
method in (pz, z)-phase space. This time evolution can be divided in
three different parts. The first part is a short free time evolution dur-
ing an initial TOF of 50µs. During this time, the initial example phase
space distribution of a double layer system, depicted in Fig. 4.9 (a), un-
dergoes a short free time evolution (b), the clouds expand rapidly in
z-direction and the density drops. This short free expansion is needed
to reduce the density and thus collisions during the following time
evolution. Next, the squeeze trap is flashed on for a short time of
17.8µs with a power of 1W. This forces the atoms to perform a rota-
tion in phase space11. Such a rotation is depicted in Fig. 4.9 (c). The
important part here is to observe that the former spatial separation
of the two individual layers transfers into two well-defined momen-
tum classes which can be separated again spatially in another free
time evolution. This separation occurs during the subsequent time of
flight of 1ms as can be seen in the illustration in Fig. 4.9 (d). Finally,
the number of atoms per layer is recorded by performing absorption
imaging along the x-direction. This has the advantage of line of sight
integration over the radial extent of the cloud which in turn greatly
enhances the signal to noise ratio.

The clear separation of the different layers together with the fact
that this method works as a single shot measurement led to the de-
velopment of a feedback system which can automatically adjust devi-
ations from single layer loading which might occur during extended
runs due to e. g. thermal drifts of the system.

However, it is worthwhile noting here that the typical single- or
double-layer loading stability is very stable over timescales of typical
measurements. This can be seen in Fig. 4.10 where the number of
atoms per layer in a single layer configuration (a) and a double layer
system (b) is recorded for longer time spans without applying any
feedback corrections.

4.4 summary : 2d loading

In this chapter the experimental ability to prepare single and double
layer harmonically trapped 2D systems was presented. Furthermore,
a new method to probe the number of atoms per 2D layer with high
fidelity in a single shot measurement was presented. Now that the
experimental system to prepare such systems is established, the ques-
tion arises how the transition from a harmonically trapped system to
a homogeneous one is realized. This question will be addressed in
the next chapter.

11 The orbit of this rotation is defined by the harmonic trapping frequencies of the
squeeze potential and the initial position and momentum of the atoms.
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Figure 4.10: Single/Double layer loading stability: The number of atoms in
the central layer (Nc), the upper (Nu) and the lower (Nl) ad-
jacent layer is recorded for extended times to quantify the sta-
bility of the loading procedure and the trap alignment between
the squeeze trap and the SWODT. In the upper panel (a) the data
for a single layer system is shown. In (b) the data for a double
layer system with equal population in the upper and the lower
layer is plotted.
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F R O M I N H O M O G E N E O U S T O F L AT 2 D G A S E S

So far, ultracold 2D Fermi gases have always been studied in har-
monic trapping potentials. As pointed out in Sec. 2.2.1, such a trap-
ping potential qualitatively changes the density of states (DOS) and
gives rise to an inhomogeneous density distribution. This might hin-
der the observation of critical phenomena with diverging correlation
length and exotic phases such as the Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) state [27–30]. Furthermore, the inhomogeneous density distri-
bution complicates the interpretation of non-local quantities such as
correlation functions or momentum distributions, which can only be
extracted as trap-averaged quantities [25, 60]. These issues can be
overcome by creating homogeneous gases in box potentials whose
walls are formed by repulsive optical dipole potentials.

In the following section, the extension of the experimental setup
which enables for trapping atoms in a homogeneous 2D disk geome-
try will be described.

5.1 fundamental requirements and “nice to haves”

In contrast to harmonically trapped atomic gases, the generation of
homogeneous samples requires the confining potential to have a box
like shape with hard walls. In a two-dimensional context, this means
that the system needs to be confined in the xy-plane by a wall which
is as steep as possible. The vertical confinement in z-direction is pro-
vided by the optical lattice potential which features a level spacing
 hωz � T ,µ. This statement can be cast in more formal requirements
which already define the parameters of the new trapping system to
a large extent. First, in order to be able to trap atoms, the potential
height of the potential barrier must exceed all relevant energy scales
of the atom sample to be trapped, e. g. the chemical potential µ or
the Fermi energy EF. Furthermore, it is advantageous to provide this
confinement by a far detuned repulsive optical potential in order to
render photon scattering of the trap light negligible. To later on allow
for efficient evaporation out of the box potential, the barrier height
should be as uniform as possible across the atomic sample. Here,
such a hybrid and versatile potential landscape is generated by a com-
bination of a repulsive optical ring potential, the aforementioned 1D
optical lattice for z-confinement and tunable magnetic traps allowing
to shape the bottom of the box. In the following, the optical setup
for the generation of the ring potential will be presented in depth.
Then, different combinations of potentials, forming the bottom of the
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̀

Plane Wave Bessel Region Ring Region

Figure 5.1: Working principle of an axicon: The top part shows a sketch of
the basic behavior of an axicon together with its defining geomet-
rical properties. The lower panel shows resulting intensity distri-
butions at different positions along the beam path. The incom-
ing plane wave is diffracted by the conically shaped surface of
the axicon with a half angle of θ. Interference between diffracted
parts of the beam propagating under an opening angle of ϕ give
rise to a Bessel like beam profile in the near field behind the axi-
con tip. In the far field, a distance l after the axicon-tip, a ring
beam with diameter dring forms.

trap will be discussed. Lastly, the quality of the box potential will be
quantified.

5.2 realization part i : the repulsive ring potential

The repulsive optical ring potential is generated by a cascaded setup
of axicons and lenses which reshape a Gaussian beam into the form
of a ring beam. The axicon itself is a conical optical element able to
generate Bessel like beams in the near- and ring shaped beams in
the far field [83]. For completeness and clarity the behavior of a laser
beam propagating through an axicon will be briefly discussed in the
following.

5.2.1 The Axicon

Axicon:
Conically shaped

optical element.
In the most ideal setting the plane wave (blue lines in Fig. 5.1), en-
tering the plane surface of the axicon (dark gray body in Fig. 5.1),
propagates through the glass body of the axicon and is refracted at
the conically shaped glass-air transition which features a cone an-
gle of θ as defined in Fig. 5.1. The refracted parts of the beam, now
propagating under an approximate angle of ϕ ≈ 2θ(nglass − 1) with
respect to the principal optical axis, overlap in the near field behind
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Gaussian Beam Bessel Beam Ring Beam

Axicon

Figure 5.2: Gaussian beam diffraction after an axicon: The intensity distri-
bution of a light field with a Gaussian intensity envelope after
passing through an axicon is shown. Then intensity is calculated
by solving the Helmholtz equation for the incoming field at dif-
ferent positions in space. Cuts through the intensity distribution
at different positions are shown in the insets. The gray lines in-
dicate a line cut through the underlying green shaded intensity
distribution. The three different regions of Gaussian-, Bessel- and
ring-beam can easily be distinguished. Further, the non clean in-
ner edges of the ring can be observed.

the axicon-tip with nglass being the refractive index of the axicon. In-
terference between those two beam parts leads to the formation of
a Bessel like beam profile. Propagating the beam even further, the
far-field will be reached at some point. There, the geometrically split
parts of the beam barely overlap giving rise to a pure, diverging ring
beam. The divergence angle of this ring beam ϕ is easily calculated
from Snell’s law: nglass sin(θ) = sin(θ+ϕ/2), which directly allows
to calculate the ring diameter dring = 2l tan [(n− 1)θ] at a distance l
after the axicon-tip.

The transformation from a Bessel to a ring beam can be observed
in Fig. 5.2 where a central cut through the beam profile of such an
optical setup can be seen. This simulation is carried out by solving
the Helmholtz equation of a Gaussian beam propagating through an
axicon [84].

In contrast to what was assumed so far, the wavefront in the sim-
ulation presented in Fig. 5.2 was not a simple plain wave but rather
given by the propagation of a Gaussian beam. This, together with the
unavoidable residual imperfection of the axicon-tip will add some
subtleties and complexity to the simplistic picture presented above.
These influences will be discussed in the following.
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5.2.2 Simple Approach: Two Axicons

After what was presented in the last paragraphs, the most simple
solution one might come up with to generate an optical ring poten-
tial might be the one shown in Fig. 5.3. There, a collimated Gaussian
beam propagates through two axicons positioned on the optical axis
with their tips facing each other. The first axicon splits the Gaussian
beam into a ring beam in the far-field. The second axicon collimates
the geometry of the ring. Here, it is important to define the two dif-
ferent divergences which will be referred to in the following. First,
there is the beam divergence which describes the effect of a diverging
Gaussian beam caused by e. g. a lens in the beam-path. Second, the
geometry of the ring beam might be divergent as well. This might be
caused by e. g. the usage of two axicons with different opening angles
as indicated by the dashed lines in Fig. 5.3. This definition of beam-
and geometry-divergence will be used throughout the following text.

Beam-divergence:
Non collimated
Gaussian beam.

Geometry-
divergence:

Ring size changes
along optical axis.

Now that the simple setup presented in Fig. 5.3 is established to
produce a collimated ring geometry with a collimated beam some
potential drawbacks of this configuration will be discussed. First of
all it becomes easily apparent that the low intensity wings of the for-
mer Gaussian beam end up pointing towards the center of the ring
beam, causing the steepness of the wall to be limited by the initial
beam shape of the Gaussian beam. Moreover, this axicon configura-
tion is rather susceptible to imperfections of the axicon tip which are
inherently present in any real optical element [85]. This imperfection
predominantly leads to residual stray light with angular components
< φ. This region, however, should be as dark as possible. So far, these
issues were accounted for in other experimental setups by placing
a disk shaped aperture stop in the beam path (dashed red line in
Fig. 5.3) with blocks the central unwanted part of the ring beam [36,
86]. This, however, comes at the cost of losing the possibility to change
the ring size without changing the aperture size. Therefore, a slightly
more involved setup – featuring three axicons – which will be dis-
cussed in the next paragraphs which overcomes these issues.

5.2.3 Next Level: Three Axicons

The slightly more involved setup to generate an optical repulsive ring
potential consists of two lenses and three axicons with different focal
length and opening angles, respectively (Fig. 5.4). This addition of
one more lens and one more axicon – compared to the simple setup
depicted in 5.2.2 – adds another degree of freedom to the system
which allows to tune the geometry of the ring independently from
the beam focus. The two lenses (fR1 and fR2 in Fig. 5.4) focus the
beam onto an intermediate image plane, which is then imaged onto
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the atoms using a high resolution objective, while the geometry of
the ring is mostly defined by the combination of the three axicons
and the second lens. The first axicon still splits the slightly divergent
Gaussian beam into a Bessel beam which transforms into a ring beam
in the far field. Together with the lens fR2, the second axicon leads to
an optical inversion of the ring beam such that the steep part of the
split Gaussian beam faces towards the center of the ring (see insets
in Fig. 5.4), resulting in a highly non-Gaussian profile. This optical in-
version ensures that no residual light – which is usually present due
to imperfections of the axicon-tip – remains in the inner part of the
ring. This has the advantage that the above mentioned aperture stop
becomes unnecessary. Finally, the third axicon collimates the geome-
try of the ring such that it fits within the numerical aperture (NA) of
the imaging system that projects the ring onto the atoms. Otherwise
the angular components of the geometrical divergence might not be
covered by the finite NA of the imaging system. Moving this last axi-
con along the optical axis allows for the size of the ring to be easily
changed.1 Care has to be taken during alignment to ensure that the
fiber tip depicted in Fig. 5.4 (left side) is properly imaged onto the
image plane by the two lenses fR1/2 otherwise the center part of the
ring might not be fully dark.

The ring shaped intensity distribution generated with the lens and
axicon setup described above is imaged with 80-fold demagnifica-
tion onto the atom sample by an optical setup consisting of a tele-
photo lens and the upper microscope objective. The telephoto lens
was designed to realize a diffraction limited 80-fold demagnification
in combination with the upper microscope objective while taking
advantage of the full NA of the objective (NA = 0.62) for a central
wavelength of 532nm. Given the microscope’s effective focal length
of fM,eff = 26.2mm [87] the effective focal length of the telephoto
lens needs to be fTPH1,eff = 2096mm to achieve a demagnification of

mR = fTPH1,eff/fM,eff
!
= 80. Furthermore, the back focal length of the

telephoto lens should be as short as possible in order to save space
on the optical breadboard. These requirements are met by a combi-
nation of two commonly available lenses with fTPH1,1 = −100mm

and fTPH1,2 = 400mm placed with a spacing of 311mm from each
other on the optical axis. This lens combination results in a tele-
photo lens with effective focal length fTPH1,eff = 2303mm while
keeping the back focal length fTPH1,BFL = 585mm relatively short.
With a calculated total on-axis peak-valley wavefront error of only
PV = 0.09 < 0.25 the resulting image at the position of the atoms
is fully diffraction limited [32, 88]. A complete list of all optical el-
ements used to generate the ring beam is given in the appendix in
Sec. 2.

1 A movement of 1mm in positive direction increases the ring diameter by 1µm.
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Figure 5.5: Steepness of the ring potential: The intensity distribution (a) of
the ring at the position of the atoms is imaged onto a camera
using the lower microscope objective. To model the behavior of
the potential, a power-law is fitted (red line in (b)) to a cut (white
line in (a)) through the potential (b).

5.2.4 Characterization of the Ring-Potential

The intensity distribution of the repulsive optical ring potential at the
position of the atoms can be directly imaged with the lower micro-
scope objective. This allows for a direct quantification of the quality
of the ring potential generated with the optical setup presented in
Sec. 5.2.3. There are four main parameters of importance which char-
acterize the ring potential, namely the steepness of the potential wall,
the residual ellipticity of the ring potential, its potential height in
terms of the chemical potential of the system to be trapped and fi-
nally the uniformity of the potential height along the ring potential
wall.

The steepness of the potential wall is obtained by evaluating a
cut through an intensity image of the ring: A ring with diameter of
dring = 182µm is shown in Fig. 5.5. To obtain a measure for the steep-
ness and gain a model for the shape of the intensity distribution, a
power law of the form V(x) = Axξ is fitted to one half of the cut
where A and ξ are left as fitting parameters. Such a fit results in a
scaling of V(x) = Ax87±4. The wall-steepness of the ring potential
presented here exceeds the values reported so far by a factor of five
[36] or by an order of magnitude [89], respectively.

The residual ellipticity can equally easily be evaluated by fitting an
ellipsis to the intensity maxima of the intensity distribution shown in
Fig. 5.5. As the image already suggests, the fitted ellipticity has to be
rather small. Indeed, the fit results in a deviation from a perfect circle
of only l1/l2 = 181.4µm/183.5µm = 1.1% where l1/2 are the minor
and the major axis length of the fitted ellipsis respectively.

With those results at hand, the uniformity of the ring wall height
can be investigated. For that, the distribution of intensities along the
contour of maxima in Fig. 5.5 is evaluated in a histogram. The width
of the resulting probability of occurrence reflects the uniformity of
the wall height. A fit of a normal distribution to the histogram data
gives an upper bound for deviations from the mean of ±12%.
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The potential height of the ring wall can be estimated by measur-
ing the atom number in the ring while changing the ring height. If
one then measures the chemical potential of the sample (see Sec. 8.3)
it is easy to estimate the ring power in absolute numbers. Such an
estimation shows that the ring wall height by far exceeds chemical of
the gases with the highest density of about µ0/kB = 300nK.

5.3 realization part ii : the uniform central region

The repulsive 1D lattice potential in z-direction realizing the 2D con-
finement not only affects the atoms in z-direction but also gives raise
to an anti-confining potential in radial direction as pointed out in
Sec. 4.2.1. This radial anti-confinement can – apart from the ellip-
ticity – be compensated for by applying a radial magnetic confine-
ment generated by the Feshbach-coil set (see Fig. 3.6 and [31]). Using
this magnetically generated radial confining potential allows to tune
the radial potential landscape from an anti-confinement of ωx,opt ≈
2π · i(9.5± 1.2)Hz and ωy,opt ≈ 2π · i(12.6± 0.8)Hz in the “all op-
tical” case to a mean radial confinement of ωr,mag = 2π · 34Hz in
case the magnetic confinement dominates. What do these trapping
frequencies imply for the flatness of the resulting density distribu-
tions? This question will be addressed in the next section. Before dis-
cussing the in the next section, another magnetic field configuration
will be introduced which can be generated by adding a linear field
gradient to the above mentioned magnetic trapping potential. This
linear gradient can be generated by four pairs of racetrack coils in
a cloverleaf configuration, able to generate field gradients of up to
7.2mG/(A ·mm). For further details see [31], Ch. 4, Tab. 4.4. Appli-
cation of such a field gradient to a homogeneous system breaks the
homogeneity in one axis and combines – to some extent – the advan-
tages of a homogeneous and an inhomogeneous system: while there
are still large regions with equal density available along the unper-
turbed trap axis, the density along the gradient will vary according
to the system’s equation of state (EOS) which thus again becomes ac-
cessible in a single shot measurement [36].

5.3.1 Flatness of the Central Part

When trying to quantify the flatness of a potential it is important to
first identify the relevant energy scale to which the potential’s flatness
needs to be compared to. In the case of the 2D box trap presented
here, the relevant energy scale is given by the chemical potential µ of
the atomic system trapped inside the box potential: All corrugations
in the confining potential should be much smaller than the chemical
potential of the system in order not to affect the physics of the system.
However, when working in the crossover from attractively interacting
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Figure 5.6: Flatness for different chemical potentials: Averages over 75 ab-
sorption images at different interaction strength are shown in
the left column. The right column presents horizontal (blue)
and vertical (red) line cuts through these density profiles re-
spectively. Different rows correspond to different interaction
strengths whose value is given in units of lz/a3D on the left
vertical axis. The visible offset stems from residual leak light of
the ring beam on the camera.

fermions to deeply bound bosonic dimers interactions, and likewise
the chemical potential, vary significantly. This is illustrated in Fig. 5.6
where the density distribution of clouds with three different interac-
tion strengths are shown. Naturally, systems with low chemical poten-
tial will be more susceptible to corrugations in the trapping potential
than their counterparts featuring a higher µ. This can be seen when
comparing the upper panel of Fig. 5.6 with the lowest one. In the
first case, the magnetic offset field is tuned such that a tightly bound
molecular state exists and the system thus becomes bosonic in char-
acter. In this case, the chemical potential is reduced compared to the
more fermionic samples (Fig. 5.6 central and lower panel) [56] and the
potential corrugations translate into large fluctuations of the atomic
density.

A measure for the flatness of the box potential is given by the vari-
ation of the density n2D(~r) with respect to the mean density n̄2D in-
side the ring. To measure this, a series of images is taken and the
probability of occurrence P(n2D(~r)/n̄2D) for each normalized density
n2D(~r)/n̄2D [36] is calculated. Since in a low density 2D sample the
fluctuations caused by a corrugated potential can be masked by the
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Figure 5.7: Flatness of the box potential: An average over 75 in-situ ab-
sorption images of atom samples with equal mean density of
n̄2D = 3.8µm−2 are shown in (a). In order to quantify the
flatness, the probability of occurrence of a certain normalized
density n2D/n̄2D is calculated (b). The distribution is peaked
around unity as expected and has a standard deviation of 8.6%.
The data is taken at a magnetic offset field of 970G.

inherent quantum fluctuations of the atomic density as well as the
photonic shot noise inherent in the imaging process, averaging over
a sufficient number of images is required. For the measurement pre-
sented here an average over 75 density images with constant den-
sity is taken, for which the signal to noise ratio (SNR) due to photon
shot noise is calculated to be approximately 30 [47]. While this makes
shot noise negligible, artifacts caused by imperfections of the imag-
ing beam still contribute to the measured fluctuations. These lead to
spatially varying saturation of the imaging transition which can only
partly be accounted for. This effect will be discussed in more depth in
Sec. 7.5.3. The averaged density distribution together with the corre-
sponding probability distribution P(n2D(~r)/n̄2D) is shown in Fig. 5.7.
The behavior of the resulting distribution is well captured by a nor-
mal probability distribution. By fitting a normal distribution to the
data, a standard deviation of the probability distribution of 8.6% is
obtained which poses an upper bound to the inhomogeneity of the
sample caused by corrugations of the box potential.

5.4 summary : the 2d box potential

This section elaborated on the opening question of how to generate
the box potential necessary to trap ultracold fermionic atoms in a
homogeneous 2D geometry. Summing up, it can be said that the main
ingredient is the repulsive optical ring potential which provides the
radial confinement and which is generated by an extended axicon
setup. The cylindrical trap volume generated with this ring needs to
be sliced into 2D layers. This task is performed by a 1D optical lattice
along the ring propagation direction. Finally, the central part of the
resulting box potential can easily be tuned from an anti-confining to a
confining potential. In a first set of measurements it was shown that



5.4 summary : the 2d box potential 61

the production of atom samples at different interaction strengths is
possible while keeping the density constant. This will allow exploring
new regimes in the 2D phase diagram.

The natural next step would be to manipulate such homogeneous
quantum gases locally. This is possible since a spatial light modula-
tor (SLM) was integrated in the experimental setup which allows gen-
erating arbitrary potential structures. The working principle, along-
side general considerations and details about the specific experimen-
tal implementation, will be presented in the next chapter.





6
L O C A L M A N I P U L AT I O N O F T H E Q U A N T U M G A S

The transition from the observation of global quantities towards lo-
cal and microscopic properties of a physical system seems to be the
natural path of physics research programs. A paradigmatic example
of this progression is the description of the ideal gas. First, theories
capturing the thermodynamic limit of infinitely large systems with in-
finitely many particles were developed leading to the formulation of
the ideal gas law. Only later on the microscopic behavior of the inter-
particle interaction between the gas constituents was approached.

In ultracold atom experiments, this transition from accessing global
thermodynamic quantities like temperature or pressure towards prob-
ing local phenomena like density or spin fluctuations [90, 91] or in-
teractions with an impurity [92] has already begun and quickly gains
speed. This is driven by the high spatial resolution recently achieved
in quantum gas microscope experiments [93–96]. By now structures
on the order of the typical inter-atomic distance can be resolved giv-
ing rise to unprecedented possibilities in the observation of funda-
mental physical properties [97–99]. But not only the local measure-
ments opens up a rich new field of physical insights, the same holds
for local manipulation of system parameters including local interac-
tion quenches, local heating and local density manipulation, just to
name a few.

A notable example of local manipulation is the local tuning of inter-
actions in a bosonic quantum gas by employing an optical Feshbach
resonance in 133Cs [100]. Furthermore, the dynamic properties of a
fermionic system were mapped out by laser stirring in a 3D sample in
the BEC-BCS crossover [87, 101] and in a Bose gas in reduced dimen-
sions [26]. Those local manipulation experiments always employed
tightly focused optical potentials with a Gaussian beam shape. How-
ever, this limits the versatility of the manipulation to a certain ex-
tent as the perturbation potential varies spatially. This restriction was
lifted in recent years by the growing accessibility of spatial light mod-
ulators (SLMs) and other means of manipulation.

This chapter gives a concise introduction to the subject of SLMs in
a quantum gas context and then focuses on the implementation of
a real space digital micro mirror device (DMD) in the experimental
setup.

63
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Figure 6.1: Working principle of digital micro mirror device (DMD) and liq-
uid crystal display (LCD): Single pixels of a DMD (left panel) and
an LCD (right panel) are shown. A DMD works in reflection. Each
pixel consists of a small mirror mounted on a hinge which can
be pivoted around the hinge axis by typically ±12°. The state of
the mirror is set by applying voltage to the SRAM cell beneath the
mirror. A LCD is typically used in transmission. The incoming
light is polarized and blocked by a second polarizer which is ro-
tated by 90° with respect to the first one. This effectively blocks
the light transmission. Only, if no electric field is applied to the
liquid crystal in between the polarizer foils (left), the polarization
of the light field is rotated such that a defined fraction of light
can pass the pixel. Figure reproduced from [102].

6.1 the concept of light modulators

Generally speaking, a SLM locally modulates the properties of a light
field. This modulation can affect either the phase or the amplitude –
and in some specific cases both – of coherent or incoherent light. One
very well-known technological application of such a SLM is a digital
light processor (DLP) projector in which millions of micro-mirrors
form individually controllable pixels allowing projecting images and
videos onto a screen. These devices work reflectively in a binary man-
ner, meaning that the intensity on a single pixel can only be switched
between 0% and 100% in one step. The working principle is depicted
in the left panel of Fig. 6.1.

In contrast, the liquid crystal display (LCD) technology – as an
equally well-known example – follows a transmissive approach, ev-
ery single pixel locally rotates the polarization of the illuminating
light source by a certain controllable degree. In combination with a
polarizer this makes an SLM able to modulate the amplitude with a
number of gray levels (right panel of Fig. 6.1).

Both technologies have certain benefits and drawbacks which are
listed in a non-exhaustive list in Tab. 6.1. However, a more fundamen-
tal and conceptually influential consideration might be where the SLM

is actually placed. The two most common options will be discussed
in the following.
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property SLM Technology

dmd lcd

Action principle Binary mirror flipping
(amplitude modulation)

Discrete polarization ro-
tation

Contrast Very high Rather low

Switching speed Up to 50 kHz Typically 200Hz at max.

Gray levels Binary; Gray levels by
oversampling

Typically 8 bit

Power handling Temperature limited Absorption limited

Price Lower Higher

Table 6.1: DMD vs. LCD: Non-exhaustive comparison of two widely used
SLM technologies.

6.1.1 Real- vs. Fourier-Space Modulators

When using a SLM to manipulate ultra cold atoms there are typically
two different approaches available. The first and conceptually easier
to grasp approach is to place the SLM in real space and directly im-
age it onto the atoms. Such a setup is depicted in Fig. 6.2. To further
understand the advantages and limitations of this configuration it
is instructive to recall that the dipole potential Udip is directly pro-
portional to the light intensity I(~r) at the position of the atoms (see
Eqn. 3.2 and [76]). Thus, the manipulated atoms are not sensitive to
the phase of the light field and the SLM is purely used as an amplitude
modulator. One single pixel in the on-state is directly imaged onto the
atoms and locally increases (decreases) the potential energy for a blue
(red) detuned manipulation beam. It therefore becomes easy to real-
ized complex potential landscapes if a sufficient number of pixels is
available.

Here, it is important to note that the overall power yield strongly
depends on the size of the imprinted potential landscape. To illustrate
this, consider the smallest achievable spot. This is naturally given by
enabling only one single pixel. For a uniformly illuminated full-high
definition (HD) SLM this results in a power yield of 1 px2/(1920 px ·
1080 px) = 0.000 05%1. This immediately illustrates why a SLM in the
imaging plane is ideally suited for spatially large patterns where a
significant amount of pixels is set to their on-state. With these basic
considerations at hand the only remaining task is to find a proper
mapping of one pixel of the SLM to a position at the atoms. As soon
as this mapping is established, it becomes easy to address and manip-
ulate specific regions of the atom cloud [103].

1 This is an optimistic estimate as one has to consider the effective grating structure
of the surface when using refractive SLMs. This leads to a further reduction in total
power yield as the diffracted power is distribution over several diffraction maxima.
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Figure 6.2: Scheme of a DMD in real-space: The DMD surface is illuminated
and directly imaged onto the atoms. This allows to freely chose
an appropriate demagnification or magnification scale. The fig-
ure illustrates that this setup is of limited use to generate small
potential structures as the power throughput scales linearly with
the number of pixels in the on-position. Figure adapted from
[102].

� �

image plane DMD in Fourier plane

incoming beam

��

Figure 6.3: DMD in Fourier-space: The single lens connects the image plane
and the DMD plane via a Fourier transform. This configuration
is best suited to create very small structures. Figure reproduced
from [102].
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property SLM placement

real space fourier space

Implementation Conceptually simple More advanced

Action principle SLM surface is imaged
onto the atoms

Holographic approach

Structure size High power throughput
for larger structures

High power throughput
for smaller structures

Power yield Power limited by overall
transmission

For the holographic ap-
proach power limited by
diffraction efficiency of
SLM

Aberration com-
pensation

Very limited To high degree possible

Table 6.2: Real Space DMD vs. Fourier DMD: Pros and cons of placing an
SLM in the imaging- or Fourier-plane.

The second position at which a SLM enables the experimenter to
generate almost arbitrary potential landscapes with high controllabil-
ity is the Fourier plane which is sketched in Fig. 6.3. Since Fourier-
space and real-space are linked by the Fourier transform, the pattern
on the SLM has to exactly this: the Fourier transform of the target
pattern. Hence, in this configuration, local manipulation of the phase
of the light field has an effect on the light intensity distribution I(~r)
at the position of the atoms. The full capacity of this configuration
is employed when making use of holographic methods which allows
compensating for a variety of aberrations thus creating ultra precise
optical potentials at the position of the atoms. This was beautifully
demonstrated in [102] and [104].

Considerations concerning the total power yield turn out to be
the opposite of the direct imaging technique presented above. From
Fig. 6.3 is becomes clear that this configuration results in the highest
power yield when generating the smallest potentials. Again, a simple
example will illustrate this reasoning: Consider a delta-distribution
as the smallest imaginable structure which one would want to project
onto the atoms. The corresponding Fourier transform results in a flat
distribution which translate to putting all pixels in the on-state and
thus resulting in the maximum power yield.

These two briefly presented methods have an additional set of
drawbacks and benefits adding to the question whether a DMD or
a LCD type modulator should be employed in the experiment. A sum-
mary of the considerations relevant to our specific use case is pre-
sented in Tab. 6.2.
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6.1.2 Choosing the Right Modulator

There are many different light modulators available on the market
targeting a vast range of use cases. However, choosing the right DMD

chip for the specific purpose of our experiment was facilitated given
a number of constraints:

Atoms

DMD

80-fold
magnification

���

Pixel

Fig. 6.4: Principle of
oversampling:

Multiple pixels on
the DMD are imaged
onto one resolution

limited spot (RLS) at
the atoms.

high resolution, full hd if possible The higher the resolu-
tion, the more pixels make up one resolution limited spot (RLS). The
size of this resolution limited spot is solely defined by the numerical
aperture (NA) of the imaging system and the wavelength of the light
used to draw the potential landscape. This leads to an effective in-
tegration over a certain number of DMD-pixels. Thus, switching on
two adjacent pixels would in this case not increase the spot size but
double the intensity of the imaged spot. By this even a binary SLM

can effectively feature different gray levels depending on the number
of pixels per resolution limited spot. For clarity the relevant numbers
for the presented experiment with a DMD in real space configuration
will be mentioned here. The DMD in use has a clear aperture of about
8mm× 14.5mm and the linear pixel size is 7.56µm. The atom trap-
ping volume which should be illuminated with the DMD has a size
of about 180µm× 180µm. With an 80-fold demagnification, the long
axis of the DMD is well-matched to the trapping volume and the linear
size of one pixel becomes xP = 7.56µm/80 ≈ 95nm. The resolution of
the upper demagnification optics only allows to resolve patters with a
length scale of the diffraction limited resolution of the imaging optics.
This resolution limit can be calculated making use of the Rayleigh cri-
terion which states that the highest achievable resolution – given the
NA and the wavelength λ of the light source – is rR = 0.61λ/NA
which is in our case rR = 0.61 · 532nm/0.62 = 523nm. Thus, the im-
age of the DMD at the position of the atoms has an oversampling of
about xP/rR = 5.5 pixels per diffraction limited spot giving rise to
effective super pixels made up of (xP/rR)

2 ≈ 30 pixels. High over-
sampling and thus high resolution is desirable as this oversampling
can be used to emulate different gray levels. In the example presented
here, about 30 different gray levels can be accessed.

fast mirror switching for time averaged potentials If
the shape of a potential changes on time scales much faster than the
time scales corresponding to the relevant energy scales of the trapped
atom sample, e. g. µ/h and kBT/h, the atoms cannot follow adiabat-
ically and start to feel an effective time averaged potential [105]. To
keep this as a future option, the switching time between different
patterns should be as fast as possible.
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low optical losses The overall optical performance of an DMD

is given by the product of mirror reflectivity, filling factor and protec-
tion window. Here, the filling factor accounts for the fact that there
is a small pitch between adjacent mirrors and the rims of the mirrors
do cause some stray light not being reflected in the proper forward
direction.

anti-reflection-coating in the visible range There are
DMDs for a variety of different wavelengths available. In our specific
case the wavelength of the manipulation beam (λ = 532nm) should
be covered by the anti-reflection (AR)-coating of the protection win-
dow.

easy to implement computer control The communication
with the SLM controller should be as simple as possible. Ideally there
should be an application programming interface (API) available which
is accessible in a common programming language as C++.

external trigger ability In order to timely synchronize the
projection of a certain pattern with the experimental cycle it is neces-
sary for the SLM to have a trigger option to switch from one pattern
to another at a specific point in time.

These constraints are mostly met by the Texas Instruments (TI)
EVM6500 LightCrafter evaluation platform. This kit offers an easy
to use and easy to mount DMD chip. The chosen chip offers 1920 px×
1080 px resolution with a linear pixel size of 7.56µm. The switching
speed is as fast as 9.2 kHz and the filling factor of the mirrors is 92%.
Considering the anti reflection coating of the protective glass window
(97% single pass transmission) and the mirror reflectivity of 88% one
ends up with an overall optical efficiency of 76% [106].

The C900 control chip implemented in EVM 6500 development kit
allows for arbitrary triggering of different actions like switching the
mirrors on and off, inverting the image, displaying the next pattern
in the pattern list, etc. pp. [107].

All this comes at a very reasonable price of about 2000 USD. The
main caveat is represented by the available software implementation
which lacked important features and up to now, there is no easily ac-
cessible API available for the kit. This restriction has been tackled by
the implementation of a Matlab class which handles the communica-
tion and is easily extended with additional features 2.

2 The source code is available via https://github.com/deichrenner/DMDconnect

(Matlab).

https://github.com/deichrenner/DMDconnect
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6.2 the integration of a dmd into the experiment

After having decided which DMD to use a somewhat connected ques-
tion is where to place it in the experiment. The intended use cases
for the DMD range from leveling out residual inhomogeneities in the
homogeneous 2D gases to compensating for the magnetic harmonic
confinement used to perform matter wave measurements. This ap-
plication therefore calls for rather large projected patterns. Further
the complexity of implementation was decided to be kept low. Those
considerations led to the decision to place the DMD in real space and
directly image it onto the atoms. For demagnification the same beam-
path is used as for the repulsive ring potential, which was introduced
in Sec. 5.2.3 is used. The light coming from the DMD and the light
from the ring generation setup feature orthogonal polarization and
are combined via a polarizing beam splitter cube (PBS).

The DMD offers different modes of operation to display patterns or
video streams. The two modes used in the following are the “normal
video mode” and the “pattern on the fly” mode. In “normal video
mode” the DMD just acts as a standard video sink streaming image
data via the high definition multimedia interface (HDMI) or Display-
Port interface of the EVM 6500. This mode allows displaying and
changing patterns with a high framerate. In contrast, the “pattern on
the fly” mode uses a low level human interface device (hid) universal
serial bus (USB) protocol to transfer images and control data. Due
to the fact that the data throughput of a hid device is very limited
the transfer of an uncompressed full HD pattern can take about one
minute. Hence, the EMV 6500 offers two different compression algo-
rithms namely run length encryption (RLE) and enhanced run length
encryption (eRLE) to render the USB connection usable. In the “pattern
on the fly” mode different trigger options are available and allow the
user to trigger the transition to the next displayed pattern. However,
after testing the device it was found that there is an inherent mirror
flickering present during all times with a repetition rate of 105µs.
This is detrimental to our samples which typically feature Fermi en-
ergies or chemical potentials in the range of EF = h10 kHz. In the
following a strategy will be presented which allows to prevent this
flickering in a versatile fashion.

6.3 how to generate truly static patterns

The following section is published in K. Hueck, et al. “Note: Suppression
of kHz-frequency switching noise in digital micro-mirror devices”. Rev. Sci.
Inst. 88.1 (2017), p. 016103 [46], and is reproduced here with minor modifi-
cations and additions.
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Figure 6.5: Reflection signal of the DMD with applied MCP (blue line) and
with the MCP pulled to ground (red line). In the latter case, the
mirrors are not switched back to their flat-state every 105µs and
the generation of time stable light fields becomes possible. The
inset shows one single switching event where additional spuri-
ous mirror ringing is visible.

The micro-mirror devices available on the market cover a vast range
of features and characteristics, but most are oriented towards video
projection applications. Since most DMDs are not specifically designed
to be used in a quantum optics context, nearly all devices lack essen-
tial features for the quantum optics end user e.g. the option to control
the timing of the mirror switching.

6.3.1 Switching Noise in DMDs

DMDs typically consist of one to four million mirrors mounted on
microscopic torsion springs above a SRAM cell. Each mirror can be
pivoted by typically 24° about a central support post via two elec-
trodes which keep the mirror in either its on- or its off -position. The
endpoints of the states are fixed by landing pads which provide a
well-defined stop to the switched mirror. The state of the mirror is
governed by the state of the SRAM bit beneath it. When a mirror MCP

addresses a particular pixel group, every pixel in this group is re-
leased, and subsequently settles to the state of the SRAM within 3µs
to 5µs. The state of the mirrors when they are released during the
MCP is termed the flat-state. Flat-State:

The state of the
mirrors when they
are released during
the MCP.

If the mirrors remain in the on- or off -state too long, the mirrors
can either get stuck on the landing pads due to surface adhesion, or
deform due to the applied stress. For these reasons, DMD manufactur-
ers usually implement a switching cycle which applies the MCP every
clock cycle, even if the SRAM has not been updated, forcing the mir-
rors to enter the flat-state and then immediately switch back to the on-
or off -state.
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Figure 6.6: Loss rate of an ultra cold cloud of 6Li atoms due to DMD

flickering. a) The Fermi gas with a Fermi energy EF of about
EF/h = 10 kHz is trapped radially by a repulsive dipole poten-
tial created by 532nm light reflected off a DMD. b) The lifetime is
enhanced by a factor of 47 (blue circles) when the flicker of the
DMD mirrors with 9.5 kHz is disabled as compared to the case
where the mirrors flicker (red triangles).

This switching becomes apparent when a 532nm laser beam is
reflected off the DMD with all pixels set to the on state, and moni-
tored by a photo-diode3. The measured power as a function of time
is shown by the blue solid line in Fig. 6.5. The DMD under test is
a TI DLP6500FYE [106]. Chips of this type are commonly used for
quantum optics and quantum gas experiments as well as for spectral
line-shaping of ultra-short light pulses.

As is shown in Fig. 6.6, the influence of this kHz-frequency mirror
switching has detrimental effects in a quantum gas context: atoms
trapped in a dipole trap formed by the reflection off the DMD surface
are heated out of the trap due to the modulation of the dipole trap
caused by the switching. In the following we show how a simple
hardware modification makes it possible to disable this switching,
increasing the available trapping time by a factor of 47.

6.3.2 Suppression of DMD Switching Noise

Two strategies are available to suppress the switching noise. The first
is to apply a modification to the firmware of the TI DLPC900 se-

3 Thorlabs PDA10A with 150MHz bandwidth.
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quencer chip controlling the DMD or replace this chip with a field-
programmable gate array (FPGA) with custom firmware. The latter
route has been taken by different companies4. It either requires ac-
cess to the source code of the sequencer chip or considerable exper-
tise in programming FPGAs. Though possible, this route is challeng-
ing because the DLPC900 firmware is not freely available, and suffi-
ciently high performance FPGAs are expensive. The alternative route,
followed in this chapter, is to access the desired signals at the hard-
ware level in order to control the mirror switching.

To do this, the MCP is interrupted between the sequencer chip and
the actual DMD, effectively freezing the DMD mirrors in their present
position. To load the next pattern from the sequencer chip to the DMD,
the MCP is restored for a short time. This strategy is implemented us-
ing a simple external circuit interrupting the MCP, but only when
instructed to do so by a readily available output-trigger of the se-
quencer. This output-trigger indicates when new patterns are about
to be loaded and when loading is finished. A block diagram of the
setup is shown in Fig. 6.8.

The external circuit interrupts the MCP by pulling it to ground
when needed. This is realized by a MOSFET with low on-resistance
(e.g. BSS138CT-ND) connecting the strobe pin DADSTRB/AF5[107]
of the DLPC9005 to ground. The DLP6500FYE loses the MCP and the
mirrors freeze in their previous state (later on referred to as stop).
When the ground connection is released, the MCP is routed towards Stop:

MCP is interrupted,
no mirror refreshing
takes place

the DMD again and the mirrors can switch freely (later on referred to
as go). The sequencer’s behavior is not affected by the fact that the

Go:
MCP is routed
towards DMD, the
mirror refresh
normally

DMD is missing its MCP during stop phases. In principle, shorting a
signal to ground can pose an electrical danger to the integrated cir-
cuits. Since the MCP trigger pulses are only nanoseconds long, the
effective mean current shorted to ground is minute.

The control signal which sets the stop and go could be provided
by any suitable logic signal. Here the “Trigger Out 1” signal of the
sequencer chip is used: the DLPC900 allows to define its timing and
polarity such that immediately after the sequencer displays a new
pattern, the trigger is pulled high (stop) and only returns to a low (go)
state 20µs before a new pattern will be displayed (see Fig. 6.7). There-
fore, the sequencer is capable of updating the pattern since during
that time the MCP is routed towards the DMD.

As there is no data publicly available regarding the level of degra-
dation of the DMD with exposure times longer than 4 s, an adjustable
interlock circuit has been added to the system6. It monitors the time-
span during which the state is set to stop. If this time-span is longer
than a certain interval the MCP is routed back to the DMD for at least

4 For example Vialux and BBS-Bildsysteme offer corresponding products.
5 This signal is available via the circuit test point TP14 on the EVM 6500 control board.
6 See Supplemental Material at . . . for the full circuit diagram of the device as well as

the Gerber files and the microprocessor source code.
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Figure 6.7: Timing pattern of the clock thief: The clock thief is enabled by
pulling the steal clock trigger to high. A new pattern is loaded
onto the SRAM-cells as soon as the trigger 1 in is activated and the
subsequent pixel clock pulse causes this pattern to be displayed.
The trigger 1 out fires 50µs after that MCP and causes the clock
thief to interrupt the MCP until 20µs before the end of the set
display time span the trigger 1 out is pulled low again and the
MCP is routed back towards the DMD.

two MCP cycles. This precaution avoids freezing the mirrors for dan-
gerously long times. The scheme outlined above should be adaptable
to DMDs other than the Lightcrafter EVM 6500 used here.

6.3.3 Lifetime Enhancement

The effectiveness of the presented hardware modification of the EVM
6500 board is demonstrated by measuring the atom loss rate in a
quantum gas experiment. High loss rates are detrimental as they limit
the available trapping time and introduce decoherence into the sys-
tem.

The hardware modification has a huge impact on the ability to
trap atoms in arbitrary potentials, as demonstrated by measuring the
atom loss rate in a state-of-the-art quantum gas application: A cloud
of 20× 103 6Li atoms is radially confined in an arbitrary box type
trapping potential. To do so, the DMD displaying a ring pattern is
illuminated with 532nm light. The resulting intensity distribution is
imaged onto the atoms with 80-fold demagnification, see upper panel
of Fig. 6.6, resulting in a repulsive dipole potential. Axial trapping is
provided by either a highly elliptical dipole trap [87] or an optical
lattice potential. Two measurements are carried out to quantify the
effect of the mirror flickering. First, the mirrors are not frozen and
the MCP is routed towards the DMD every 105µs (red triangles in
Fig. 6.6) and atom numbers are measured via absorption imaging af-
ter a variable hold time. In the second measurement, the mirrors are
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Figure 6.8: Schematic of the hardware extension used to interrupt the MCP.
The MCP can be pulled to ground via a MOSFET (red dashed-
dotted line). The exact timing is determined via the “Trigger Out
1” signal generated by the DLPC900 (red dashed line). Whether
the MCP should be pulled to ground can be further controlled by
an additional TTL signal coming e.g. from the control computer
(gray dotted line). The photograph in the inset shows the actual
hardware implementation.
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frozen (blue circles in Fig. 6.6). The solid lines represent fits of the
form f(t) = exp(−t/τ) to the two data-sets. The extracted lifetimes τ
of the samples are (0.18± 0.03) s and (8.59± 1.36) s for the flickering
and the not flickering DMD respectively where the latter is limited by
other factors.

This measurement demonstrates that the elimination of the unde-
sired switching noise leads to a 47 fold increase in the lifetime of the
atomic sample of 6Li atoms trapped in a dipole potential created with
a DMD.

6.3.4 Static DMD Patterns: Summary

In this chapter the successful development and implementation of
a simple circuit which enables the experimentalist to suppress the
switching noise in a DMD device was presented.

The experimental versatility of this device is further enhanced by
the release of two open source implementations of control software
packages for the EVM 6500 written in Matlab and Python respec-
tively7 and allow for easy integration of the DMD into already existing
environments. This paves the way for the successful, yet easy integra-
tion of this device into experiments within the ultracold atoms and
the broader quantum optics communities, whenever time stability of
the projected patterns is of utmost priority, while affordable devices
with small pixel size and high resolution are required.

Even though no detrimental effects have been observed on the DMD

chip after daily use over the course of six months, it has to be noted
that this hardware modification will void the warranty and can lead
to reduced performance over extended timescales.

6.3.5 New Possibilities Ahead

The implementation of the DMD into the experimental setup gives
rise to a multitude of new experiments. Among those are e. g. the
controlled generation of vortices in the gas by imprinting a 2π phase
gradient onto the system [108] (see Fig. 6.9).

Fig. 6.9: 4π phase
gradient to be

imprinted onto the
atoms.

Other options include transport measurements by e. g. imprinting
a well controlled disorder potential on an expanding 2D system to
explore localization phenomena or otherwise by projecting a well-
defined constriction onto the atoms.

Here, I want to propose another application of a real space DMD,
namely a configuration analogous to a Hartmann-Shack wavefront
sensor [109]. The basic idea is to project an optical lattice with large
lattice constant onto an ultra cold homogeneous 2D quantum gas.

7 The source code is available via https://github.com/deichrenner/DMDconnect

(Matlab) and https://github.com/mazurenko/Lightcrafter6500DMDControl

(Python).

https://github.com/deichrenner/DMDconnect
https://github.com/mazurenko/Lightcrafter6500DMDControl
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Each lattice well acts as a matter wave lens and after time evolution
of a quarter of a trapping period of the lattice well, the local phase in-
formation will be mapped into position space information and can be
directly imaged. Such a measurement might allow for accessing the
local phase of a Berezinskii-Kosterlitz-Thouless (BKT) type superfluid
in a direct imaging technique.

The toolset is further expanded by the ability to locally produce
well-defined and controlled density depletions (see Fig. 6.10). This
method will be used to measure the equation of state of a non-interacting
Fermi gas in Part iv. However, most of the outlined methods rely on

Fig. 6.10: Local
density depletion
caused by the DMD.

precise knowledge of the atom density which is observed in such
experiments. Therefore, the next part is dedicated to exactly the ques-
tion of how to reliably determine the density in a 6Li quantum gas
experiment.





Part III

C A L I B R AT I N G H I G H I N T E N S I T Y A B S O R P T I O N
I M A G I N G O F U LT R A C O L D AT O M S

This part will shed light on the question of how to reliably
determine the density of a cloud of 6Li atoms by employ-
ing the principles of absorption imaging. Special attention
will be devoted to the peculiarities the light mass and the
broad Feshbach resonance present in 6Li pose to the task
of reliably imaging the atoms.

Large parts of the text are published in K. Hueck et al. “Cali-
brating High Intensity Absorption Imaging of Ultracold Atoms”
Opt. Exp. 25 7 (2017) [40], and are reproduced here with minor
modifications and additions.





7
H O W T O M E A S U R E T H E D E N S I T Y

7.1 introduction

Ultracold atoms have added a completely new toolset to the study of
quantum many-body systems by allowing direct imaging of density
and momentum distributions. This led to the observation of striking
features such as the bimodal momentum distribution signifying the
onset of Bose-Einstein condensation [110, 111] or vortex lattices in ro-
tating superfluids [112, 113]. Ultracold atoms have also been used for
precision measurements such as the extraction of the equation of state
[6, 90] from an accurate measurement of the density distribution of
the system. The most common method to measure such density distri-
butions is absorption imaging: the atoms are illuminated with a short
pulse of resonant light and the shadow cast by the atoms is imaged
onto a camera. The fraction of light transmitted through the system
decreases exponentially according to the Beer-Lambert law, provided
the atomic transition is not saturated. In this case the single spin den-
sity distribution integrated along the imaging direction n2D can be
extracted from a relative measurement which compares images with
and without atoms. Hence, no knowledge of the absolute intensities
is required.

However, absorption imaging with intensities well below the satu-
ration intensity has clear limitations. One prominent issue is the imag-
ing of optically dense clouds, where the number of photons transmit-
ted through the sample and hence the signal-to-noise ratio becomes
very small. This can either be solved by using techniques such as
phase contrast imaging [49] or by simply saturating the transition so
that more photons are transmitted [90, 114, 115]. Imaging in the satu-
rated regime is also helpful when a high spatial resolution is desired.
To this end, it is essential to minimize the motion of atoms caused
by the recoil from scattered photons during the imaging pulse. The
motional blurring is minimized by utilizing short imaging times with
high intensities.

For absorption imaging with higher intensities a new scale appears:
the saturation intensity Isat. This implies that the column density can
no longer be determined from a purely relative measurement of two
intensities. Rather, the absolute intensities transmitted with and with-
out atoms present have to be known in order to extract an atomic
density. However, determining the imaging beam intensity I at the
position of the atoms is prone to systematic errors. Additionally, im-
perfect polarization of the imaging light can lead to a reduced scatter-

81
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ing cross-section and hence an increased effective saturation intensity
Ieffsat.

In the following sections, a novel technique is presented which al-
lows for a precise and robust calibration of high intensity absorp-
tion imaging. It is based on measuring the momentum transferred
to the atoms by the imaging pulse which is directly proportional to
the number of scattered photons. The beam intensity I for which the
transferred momentum and hence the photon scattering rate is equal
to half its maximum value corresponds to the effective saturation in-
tensity Ieffsat. Measuring the momentum transfer also allows to deter-
mine the polarization purity of the imaging light at the position of
the atoms as well as the detuning ∆.

7.2 high intensity imaging

In the following, the reader is provided with a short summary of
the theory of resonant saturated absorption imaging, relevant to the
understanding of the subsequent chapters.

When the saturation of an optical transition becomes relevant, the
Beer-Lambert law is modified to

dI(x,y, z)
dz

= −n(x,y, z)σeff
1

1+ I(x,y, z)/Ieffsat
I(x,y, z), (7.1)

where n(x,y, z) is the atom density and I(x,y, z) the intensity at po-
sition (x,y) of the imaging light propagating along the z-direction
[114]. σeff = σ0

α and Ieffsat = αIsat are the effective cross-section and
effective saturation intensity. Here, a parameter α > 1was introduced
to capture effects of non-perfect polarization or magnetic field orien-
tation which reduces the cross-section and saturation intensity in a
two-level system from its ideal values σ0 = 3λ2

2π and I0sat =
π
3
hcΓ
λ3

[116].
Here, h is Planck’s constant, c the speed of light, λ is the wavelength
and Γ the natural linewidth of the imaging transition. Integration of
Eq. (7.1) along z then yields the optical column density

od(x,y) = σeffn2D(x,y) = σeff
∫∞
−∞ n(x,y, z)dz

= − ln
(
Iout(x,y)
Iin(x,y)

)
︸ ︷︷ ︸

Log-Term

+
Iin(x,y) − Iout(x,y)

Ieffsat︸ ︷︷ ︸
Lin-Term

, (7.2)

with Iin and Iout being incident and transmitted intensities, respec-
tively. When the intensities are small compared to the saturation in-
tensity the linear term can be neglected and we recover the simple
Beer-Lambert law which only depends on relative intensities. How-
ever, for higher intensities the linear term becomes significant and
the intensities have to be known in units of the effective saturation
intensity.
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Furthermore, the intensities Iin(x,y) and Iout(x,y) read out from
a pixel (i, j) of the camera are given in units of count rates, which will
be denoted Cin(i, j) and Cout(i, j) in the following. The count rate is
related to the intensity by

C =
IApix/M

2

hc/λ
× T ×QE×G, (7.3)

where Apix is the area of a camera pixel, M the magnification of the
imaging system, T the transmission through the imaging system, QE
the quantum efficiency and G the conversion factor between counts
and photo-electrons of the camera. Expressing Eq. (7.2) in counts C
leads to

σeffn2D(i, j) = − ln
(
Cout(i, j)
Cin(i, j)

)
+
Cin(i, j) −Cout(i, j)

Ceffsat
. (7.4)

It becomes apparent that with an independent measurement of Ceffsat
there is no need to know T , QE and G. The problem hence reduces to
finding the number of counts Ceffsat on the camera corresponding to
the effective saturation intensity and the effective cross-section σeff.
Knowledge of σeff is also necessary for low intensity imaging.

7.3 experimental setup

This section is reproduced from [40]. The reader who is already familiar with
the experimental setup might want to skip this section and continue reading
on page 85.

The experimental setup is designed to produce, manipulate and im-
age two-dimensional superfluids of 6Li atoms with high spatial reso-
lution [87]. The imaging system along the z-direction has a numerical
aperture of 0.62 and thus a very limited depth of field of about 2µm.
Hence, short imaging pulses are required to minimize the motion
along the optical axis as well as the random walk in xy-plane dur-
ing the imaging process in order to avoid motion blurring. In our 6Li
experiment we typically use 5µs imaging pulses with s0 = 1. This
causes motional blurring of about 1.5µm [49]. Under this condition
it is therefore advantageous to use high intensity imaging to maxi-
mize the number of scattered photons, since the signal-to-noise ratio
in absorption imaging is typically limited by photon shot noise. The
quantization axis for the atoms is given by a magnetic field parallel to
the optical axis. Therefore, the absorption cross-section on the 2S1/2,
F=1/2 to 2P3/2, F=3/2 imaging transition is maximal for circularly
polarized light.

The imaging laser light is generated by a frequency stabilized nar-
row linewidth diode laser which is frequency shifted by an acousto-
optical deflector (AOD) in double pass configuration. This AOD setup
enables chirping the imaging frequency with high ramp rates exceed-
ing 5MHzµs−1 using a direct-digital synthesizer (DDS) frequency
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Figure 7.1: Sketch of the experimental setup: a) Absorption imaging of
a cloud of ultracold atoms trapped inside a vacuum chamber.
Imaging of the cloud is possible along two axes, the main axis
(z-axis) and an auxiliary imaging axis (x-axis). By flashing on the
main imaging beam, the atoms accelerate in z-direction. After
some time of flight, their position is recorded with the auxiliary
imaging. b) Density distributions after 80µs time of flight im-
aged along the auxiliary imaging direction. The flight distances
shown in c) are extracted from the images and plotted as a func-
tion of the intensity of the imaging pulse, which is measured
on the main imaging camera. From the saturation of the flight
distance we can determine the count rate on the main imaging
camera which corresponds to the effective saturation intensity.
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source. The imaging light intensity is controlled via a sample and
hold feedback loop.

For the measurements presented in the following, we work with
about 60× 103 atoms per spin state in the two lowest hyperfine states
of 6Li at a magnetic offset field of 950G. The atoms are magneti-
cally trapped in the radial direction (trapping frequencies νx ≈ νy ≈
27Hz). The tight confinement in z-direction is realized by a highly el-
liptic dipole trap featuring a trapping frequency of about 0.5 kHz. In
order to avoid multiple scattering effects during the calibration mea-
surements the optical density od(x,y) along the z-direction as well as
the atomic density n(x,y, z) is chosen to be low. We note that optically
thin samples od(x,y) < 1 are only required for calibration. Once the
effective saturation count rate Ceffsat is known, optically thick samples
can be imaged by using high intensities to saturate the imaging tran-
sition. However, to avoid collective scattering effects during the imag-
ing, the condition that the inter-particle spacing 1/n(x,y, z) has to be
larger than the imaging wavelength λ still has to be fulfilled[117].

7.4 method

7.4.1 Previous Work

There exist two closely related approaches to determine Ieffsat or Ceffsat
in the literature [60, 114, 118], which rely on taking absorption images
of clouds with constant atom numbers while scanning over a wide
range of imaging intensities Iin. For an assumed value of α = σ0

σeff

the total atom number N(Iin,α) for each intensity can be determined
by evaluating Eq. (7.2) or (7.4) for all pixels and integrating over the
atomic density distribution.

Ries et al. [60] and Horikoshi et al. [118] determine Ceffsat by requir-
ing N(Iin,α) to be independent of Iin. α is still a free parameter and
has to be determined by an independent measurement, e.g. by com-
paring the measured equation of state to a theory prediction [118].

Reinaudi et al. [114] calculate the intensity of the imaging beam Iin
at the position of the atoms from measurements of the imaging beam
power and the transmission of the imaging system. The parameter α
is found by requiring N(Iin,α) to be independent of Iin.

7.4.2 A New Approach

The method described in this work neither requires a power mea-
surement of the imaging beam nor a constant atom number during
the calibration process. The basic principle is depicted in Fig. 7.1. We
accelerate the cloud of atoms in z-direction by illuminating it with
a short pulse from the main imaging beam after the dipole traps
are switched off. The momentum transferred to each atom during
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Figure 7.2: Flight distance vs. laser detuning: The resonance frequency of
the imaging laser is found by varying the detuning and thereby
maximizing the flight distance of the atoms after illumination
with a 1µs long imaging pulse. A Lorentzian fit (solid lines) to
the data gives the center frequency as well as the width of the
imaging transition, which shows power broadening for high in-
tensities. The saturation parameter s0 = I/Ieffsat for the different
curves is extracted from the fits. The red dashed line indicates the
theoretically expected position of the maxima which are affected
by the accumulated Doppler shift during the imaging pulse. The
x-axis is offset by the fitted resonance frequency.

the pulse is proportional to the number of scattered photons. Subse-
quently, the transferred momentum is determined by recording the
flight distance of the accelerated cloud after some time of flight with
an auxiliary imaging system along an orthogonal direction. The mo-
mentum transferred to the atoms saturates with increasing intensity
Iin since the resonant photon scattering rate γ saturates according to

γ(s0) =
Γ

2

s0
1+ s0

. (7.5)

Here, Γ is the natural linewidth of the imaging transition and s0 =
Iin
Ieffsat

= Cin
Ceffsat

denotes the on resonant saturation parameter which is
given by the ratio of the imaging beam intensity to the effective satu-
ration intensity. The intensity for which the atoms traveled half their
maximum flight distance corresponds to Ieffsat. Hence, the magnifica-
tion of the auxiliary imaging system drops out of the determination
of the effective saturation intensity and therefore does not need to
be known. Note that Eq. (7.5) only holds true if the imaging beam is
resonant with the atoms.

7.4.3 Detuning Determination

To determine the resonance frequency we apply imaging pulses with
different detunings and maximize the transferred momentum to the
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atoms. A 1µs long pulse of imaging light along the z-direction is ap-
plied to accelerate the atom cloud and after 80µs time of flight, the
position of the atom cloud is recorded using the auxiliary imaging.
Then, the center of mass of the atom cloud is found by performing a
Gaussian fit to the recorded density profile. The resulting center posi-
tions are plotted in Fig. 7.2 for different detunings and imaging inten-
sities. The functional form is expected to be captured by a Lorentzian
curve resembling the resonance behavior of the atomic transition. A
fit of the form

z(νL, s) = z0 + η
Γ

2

s0

1+ s0 +
(
2∆
Γ

)2 (7.6)

yields the detuning ∆ = νL − νA between the atomic resonance fre-
quency νA and the laser frequency νL. Here, η is the conversion from
position difference on the camera to the scattering rate and is left
as a fit parameter as well as the saturation parameter s0, and z0 is
the initial position of the atoms and Γ the linewidth of the imag-
ing transition. As shown in Fig. 7.2 the results are well described
by Eq. (7.2). For higher saturation parameters s0 the resonance is
blue-shifted since the atoms accumulate a Doppler shift during the
acceleration (see Sec. 7.4.4). However, for imaging intensities s0 6 1

and illumination times t 6 1µs the shift of the fitted detuning is
smaller than the fitting error. The fitting error of the detuning is typi-
cally below 200 kHz which is less than 4% of the linewidth of the 6Li
D2 line.

Our method has two clear advantages over the common method
of finding the resonant laser frequency by maximizing the apparent
atom number as determined by Eq. (7.2). It is independent of fluc-
tuations in the atoms number. Furthermore, it is not influenced by
effects such as lensing in a dense atom cloud imaged off-resonance
which can systematically shift the apparent atom number maximum
away from the correct resonance frequency.

7.4.4 Doppler Shift Compensation

For 6Li the small mass causes the atoms to acquire a significant
Doppler shift of Γ/2 in only 2.5µs when imaging with saturation in-
tensity. To be able to scatter more photons and hence increase the
signal-to-noise ratio we compensate for the Doppler shift by perform-
ing a frequency chirp on the imaging laser frequency during the
imaging. To find the chirp rate m which exactly compensates for the
Doppler shift we adjust the chirp rate such that we maximize the
momentum transferred by the imaging pulse to the atoms. A typi-
cal chirp rate required for 6Li is on the order of 1.5MHzµs−1 for
I/Ieffsat = 1.

We verify the measured chirp rate by accelerating the cloud of
atoms with an imaging beam pulse with varying lengths up to 15µs
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Figure 7.3: Chirp efficiency: Velocity of the atom cloud after accelerating
it with the z-imaging beam with different illumination times
at Iin = 3.75Ieffsat. The effect of chirping the imaging beam fre-
quency to compensate for the Doppler shift is clearly visible. In
the unchirped case (red triangles), the scattering rate decreases
with illumination time and therefore the increase in cloud ve-
locity becomes nonlinear. In the chirped case (blue open circles)
acceleration is constant. The lines indicate the theoretically ex-
pected cloud velocity for the unchirped (red solid) and chirped
case (blue dashed). The error bars indicate the systematic error
estimated for the magnification of the auxiliary imaging.

and an intensity of Iin = 3.75Ieffsat. The velocity of the cloud after
the acceleration is determined from position measurements after two
different times of flight. The experimental result as well as a theory
calculation is shown in Fig. 7.3. Without chirping the laser frequency
the atoms are Doppler shifted out of resonance during the illumina-
tion, the scattering rate decreases and the increase in velocity becomes
nonlinear (red triangles). In the chirped case (blue circles) this effect
vanishes and the increase in velocity scales linearly with the illumina-
tion time, which indicates a constant photon scattering rate. In both
cases the accumulated velocity is in excellent agreement with the the-
oretical expectation (dashed and solid lines).

Here, it is worthwhile to note that the Doppler shift can be com-
pensated for by pure calculus, given the exact knowledge of imaging
beam intensity at the position of the atoms. This path was chosen
by Mukherjee, et al. [36]. In order to infer a relation between the true
atom number and the measured one in an un-chirped image, it is con-
venient to introduce a time dependent saturation parameter s(t, z).
Then, a set of two coupled ordinary differential equations of the form

∂s(z, t)
∂z

= −nσ0
s(z, t)

1+ s(z, t) + (2kv(z, t)/Γ)2
(7.7)



7.4 method 89

0 100 200 300 400 500 600 700 800
0

10

20
b)

Count Rate Cin [(µs px)−1]

I/
Ie
f
f

s
a
t

Data

Fit f(Cin) = Cin/C
eff
sat

0 100 200 300 400 500 600 700 800

0

20

40
a)

Count Rate Cin [(µs px)−1]

Fl
ig

ht
D

is
t.
δ

z
[µ

m
]

Data

Fit f(Cin) = ηΓ2
1

1+Csat/C

Csat

Figure 7.4: Determination of the effective saturation count rate Ceffsat: a)
The difference in position for two times of flight (∆t = 10µs)
is shown as a function of imaging beam intensity and hence
Cin. The velocity of the cloud saturates for higher imaging
beam intensities and the saturation counts are determined by
fitting Eq. (7.5) to the data. The resulting effective saturation
count rate is Ceffsat,k = (32.7± 0.6) (px µs)−1. b) The saturation
parameter s0 extracted from a Lorentzian fit to the power broad-
ened spectra presented in Fig. 7.2 is plotted as a function of
the count rate Cin on the main camera. The error bars rep-
resent the Lorentzian fit error. A linear fit to the data yields
Ceffsat,s = (31.5± 1.3) (px µs)−1.

∂v(z, t)
∂z

=
 hkΓ

2m

s(z, t)
1+ s(z, t) + (2kv(z, t)/Γ)2

(7.8)

needs to be solved simultaneously. Here, v(z, t) is the atom velocity
and k = 2π/λ the photon momentum. This model properly accounts
for time dependent reduced scattering rate due to the Doppler shift.
However, it is important to note that it does not account for systematic
uncertainties regarding the calibration of the imaging beam intensity
I or the effective cross-section σeff.

7.4.5 Effective Saturation Count Rate

Here, we present two independent methods to determine the effective
saturation count rate Ceffsat. For both methods we utilize the measure-
ment of momentum transferred from the imaging beam to the atoms.
The first method is based on the saturation of the photon scattering
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rate for higher imaging beam intensities, while the second relies on
the power broadening of the optical transition. Both methods feature
errors below 5% and are in agreement to each other. Furthermore, the
first method has also been used successfully in an experiment using
ultracold 133Cs [90].

For the first method the position difference after two times of flight
of the atom cloud is measured for a pulse duration of 5µs and differ-
ent imaging beam intensities (see Fig. 7.4 upper panel). Two different
times of flight are used in order to determine the mean velocity of
the cloud after the momentum transfer. This ensures that only rel-
ative times and flight distances are compared and potential timing
offsets cancel out. Fitting the measured flight distance using Eq. (7.6)
with the detuning fixed to ∆ = 0 and Ceffsat,k and η as free parameters
yields the saturation count rate for the system to high precision. In
addition, the fitted value for η can also be used to extract the magni-
fication of the auxiliary imaging system.

For the second method, Ceffsat is determined from the power broad-
ening of the imaging transition. To do this we use the fitted saturation
parameters s0 from the detuning measurements shown in Fig. 7.2. We
plot the values for s0 against their corresponding counts Cin on the
main camera in the lower panel of Fig. 7.4. A linear fit to the values
for s0 directly results in Ceffsat,s. In the following we use the mean

value Ceffsat =
(
Ceffsat,s +C

eff
sat,k

)
/2 of the two measurements.

7.4.6 Polarization Purity

Since we image on a σ−-transition along the magnetic field axis, any
deviation from perfectly circularly polarized light reduces the effec-
tive absorption cross-section. To check the purity of the polarization
we use the orthogonal polarization σ+, for which σeff should be zero.
First, we adjust for σ+-polarization1 by minimizing the residual accel-
eration at a high beam intensity of I+ = 25Ieffsat. This residual acceler-
ation is directly proportional to the number of scattered photons. We
then set the polarization back to σ− and find the value of the imaging
beam intensity I− for which we scatter the same amount of photons.
The purity of the polarization is now simply given by the ratio of
the two intensities p = I−/I+. This results in a lower bound for the
polarization purity of p > 99.6%. This includes a possible mismatch
between the magnetic field axis and the propagation direction of the
imaging light. Hence, it is valid to approximate α = 1.

The effective scattering cross-section can alternatively be determined
by comparing the spatial extent of the sample and the measured atom
numbers to a theoretical prediction e. g. an appropriate equation of

1 Instead of actually rotating the light polarization an easier solution could be to invert
the magnetic field by changing the polarity of the coils in use.
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Figure 7.5: Proof of validity and optimization of signal-to-noise ratio: a) Ex-
tracted atom number as a function of imaging beam intensity
using the modified (blue circles) and unmodified (red squares)
Beer-Lambert law. Each data-point is an average of about ≈
70 measurements. The error-bars are smaller than the size of
the symbols. When evaluating the data with the modified Beer-
Lambert law the atom number does not depend on the imaging
intensity. This validates our method to determine the value of
the effective saturation intensity Ieffsat. For low imaging intensities
the result from the unmodified Beer-Lambert law approaches the
correct atom number. b) The signal-to-noise ratio evaluated on a
single pixel basis is maximized for intensities of I = 1.5Ieffsat. The
blue line is a guide to the eye.

state (EOS) [90, 118, 119]. This requires a precise knowledge of the po-
tential the atoms are trapped in and is thus susceptible to systematic
errors.

7.4.7 Validation

Finally, we validate the effective saturation count rate Ceffsat against the
experiment. For that, we take density images of identically prepared
clouds with different imaging beam intensities and extract atom num-
bers according to Eq. (7.4) using the previously determined values of
Ceffsat and α. If Ceffsat was determined correctly, Eq. (7.4) should result
in constant densities regardless the imaging beam intensity used. We
find the extracted atom number to be independent of Iin as can be
seen in the upper panel in Fig. 7.5. This validates our method of de-
termining Ceffsat.

Furthermore, we evaluate the signal-to-noise ratio of the absorption
images by evaluating the single pixel standard deviation for 70 subse-
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quently taken images (Fig. 7.5, lower panel, blue triangles). The signal-
to-noise ratio is maximized for intensities around Iin ≈ 1.5Ieffsat.

7.5 further effects to take into account

So far, this chapter dealt with the question of how to calibrate the ef-
fective saturation count rate Ceffsat and the parameter α which rescales
the scattering cross-section. The knowledge about other important
key figures as e. g. the magnification was assumed to be given. This
restriction will be lifted in the following paragraphs where different
effects which can influence the measured atom density are briefly
discussed.

7.5.1 Effects of a High numerical aperture (NA) on Absorption Imaging

Absorption imaging is based on the assumption that photons scat-
tered by an atom will not be captured by the imaging system. How-
ever, in systems with a high NA, a significant fraction of the scattered
photons can be recaptured by the imaging system [120]. To correct
for this effect, an overall density scaling factor Ω is introduced which
is given by Ω = 2π[1− cos(θ)]/4π. Here, θ = sin−1(NA) is the open-
ing angle defined by the NA of the imaging system. This correction
factor can be as large as 10% for the largest accessible NA of 0.62.
For a more precise estimate, the angular distribution of the light re-
emmited by the atoms with circular polarization should also be taken
into account.

7.5.2 Compensating for the Influence of a Bound State

When imaging atoms on the bosonic side of the Feshbach resonance,
the atom-light scattering behavior is altered by the presence of a
tightly bound molecular state whose binding energy increases for
lower magnetic fields. This effect can be corrected for by introduc-
ing a reduced scattering cross section σ?0(B) for the magnetic field
range from 680G to 832G where the two-body bound state exists
[56]. This correction to the scattering cross-section is determined by
imaging samples with constant atom number at different magnetic
fields. The apparent number of atoms is then related to the number
of atoms measured at magnetic fields above the Feshbach resonance.
This relation directly yields the required correction factor.

7.5.3 Non-Closed Imaging Transitions

Another effect which needs to be taken into account is that the 2S1/2,
F=1/2 to 2P3/2, F=3/2 optical transition used for imaging the atoms
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Figure 7.6: Detected atom number NCP in the central region of the cloud
in absorption images (inset) as a function of illumination time:
The apparent atom number drops with longer illumination times
as the imaging transition is not fully closed and therefore the
number of atoms taking part in the scattering decreases with
time (blue open circles). A linear fit (red dashed line) results in a
correction factor which can be used to compensate for the decay
rate into dark states.

is not fully closed. This is due to the residual hyperfine-mixing of the
ground state manifold [91]. In that case, the resonant scattering rate
γ(s0) (Eqn. 7.5) becomes time dependent. While this effect is small for
magnetic fields above 800G [91], it becomes significant at lower mag-
netic fields. For e. g. measurements of non-interacting Fermi gases at
527G, one can therefore take a reference measurement for different
imaging durations (see Fig. 7.6) and correct the measured density ac-
cording to a linear interpolation to zero illumination time.

This approach leads to a global correction factor which can be used
to compensate for the non-closed imaging transition. However, it is
important to keep in mind that the intensity of the imaging beam
varies spatially2. To incorporate this additional effect, one would have
to introduce a local correction factor which accounts for the inhomo-
geneous intensity distribution of the imaging light. This would be
especially important when analyzing correlations in atomic samples
at low magnetic fields. One elegant way to map out this local correc-
tion factor is presented in the supplementary material of [119].

7.5.4 Magnification Determination and Focusing

To relate the optical density measured via absorption imaging to the
atomic density n2D(~r) one needs to know the magnification of the
imaging system. To measure the magnification Kapitza-Dirac scatter-
ing is performed on a lattice potential, which is generated by retro-
reflecting the squeeze trap [121]. This imparts a well-known momen-
tum onto the atoms, which allows to calibrate the magnification by

2 This effect is taken to be a second order correction and thus neglected in the follow-
ing text.
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Figure 7.7: Imaged cloud width at different microscope z-positions: To find
the focus position, the measured width wr of a very small tar-
get is minimized by changing the z-position of the lower micro-
scope objective. The measured minimum in wr corresponds to
the microscopes focus position, which we determine by an in-
verted Gaussian fit to the data (not shown).

measuring the position of different momentum classes after different
times of flight. Here, the magnification is determined to be 30.8± 0.3.

The magnification is measured after the z-position of the lower mi-
croscope is adjusted such that the atoms reside in the focal plane of
the imaging system. This focusing is optimized and validated by two
methods.

recompression-method The first method is based on the idea
of imaging an object which has a size on the order of the resolution
limit. Then, minimizing the object’s extent by adjusting the z-position
of the microscope is sufficient to focus the system. Such an object
can be created by means of our far off resonant dipole trap (FORT).
A small atom sample is generated by forced evaporation out of the
FORT3. Then, the FORT power is abruptly increased to 0.2W for 420µs.
During this time the atoms perform one quarter of the oscillation
in the transverse direction of this recompressed trap. This leads to
a focussing of the atomic sample in transverse direction with a final
diameter that is on the order of the imaging resolution. For details
regarding this matter wave focussing approach see Sec. 9.1.

noise-correlation-method A complementary method which
is employed to verify the optimized focus position is presented in
[122]. The working principle is based on the detection of correlations
which are imprinted by a defocused imaging system. To understand
this, consider a non-interacting Fermi gas whose noise spectrum4 is
essentially flat [91]. When imaging such an atom sample with a de-

3 Final power value of the FORT is 0.5mW.
4 The noise spectrum – up to a numerical factor – is calculated by taking the absolute

square value of the Fourier transform of a normalized absorption image [41].
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focused imaging system, the non-perfect point-spread function (PSF)
of this system will be convoluted onto the data. This effectively in-
troduces correlations in the noise spectrum which are absent in case
the atoms are in focus. Thus, minimizing correlation signatures in the
noise spectrum of a non-correlated sample by varying the microscope
position will lead to a determination of the focus position.

These two methods are measured to be in very good agreement
with each other. The simplicity of the recompression method is the
main reason for its establishment as standard method in our experi-
ment.

7.6 summary

In this chapter a novel technique to calibrate all parameters necessary
to measure atomic densities using high intensity absorption imaging
was presented. These parameters include the detuning ∆, the effec-
tive saturation count rate Ceffsat, the polarization purity p and hence α
and finally the chirp rate required to compensate for Doppler shifts
during the imaging. This allows for an intensity independent determi-
nation of the atomic column density n2D. Thus, the intensity can be
set freely to a value which maximizes the signal-to-noise ratio. The
presented method only relies on relative measurements of the mo-
mentum transferred to the atoms by illuminating them with a reso-
nant laser beam which makes it robust against systematic errors. This
makes the kick and probe method a valuable tool for precision mea-
surements of ultracold gases, especially as it was already successfully
applied in another experiment [100] using 133Cs as atomic species.





Part IV

E Q U AT I O N O F S TAT E O F A
N O N - I N T E R A C T I N G 2 D F E R M I G A S

This part covers the experimental investigation of the equa-
tion of state (EOS) of a non interacting, homogeneous Fermi
gas. To this end, a new method to obtain the temperature
and the chemical potential of a homogeneous 2D system
is presented. This method is validated against the assump-
tion of scale invariant behavior of a 2D fermionic quantum
gas.

Parts of the following text are published in K. Hueck et al. “Two-
Dimensional Homogeneous Fermi Gases”. ArXiv e-prints (Apr.
20, 2017) [39], and are reproduced with minor modifications
and additions.





8
L O C A L M A N I P U L AT I O N A N D T H E R M O M E T RY O F
A H O M O G E N E O U S 2 D F E R M I G A S

So far, this thesis focused on the technical realization of an experi-
mental apparatus which is capable of trapping and manipulating ul-
tracold Fermi gases with tunable interactions in a homogeneous 2D
geometry. In a first experiment this new set of tools will be used to
investigate a paradigm of textbook physics, namely the density equa-
tion of state of a non-interacting 2D Fermi gas [55]. This will allow
to determine the temperature and the chemical potential of a quan-
tum gas trapped in a box potential from an in-situ measurement for
the first time. Given the fact that the theory of non-interacting Fermi
gases is fully understood, these measurements represent a valuable
benchmark for the calibration of the experimental setup.

The chapter is structured as follows: Section 8.1 briefly recapitu-
lates the relevant theoretical background presented in Ch. 2. Sec. 8.2
presents the methodological approach to measure the density equation
of state (EOS) in a box potential. Finally, Sec. 8.3 is devoted to the ex-
perimental results which allow for a precise temperature determina-
tion.

8.1 reminder : the density equation of state

The equation of state (EOS) of a thermodynamic system is a relation
between a set of state variables which fully describe this system’s ther-
modynamic behavior in a certain phase of matter. This very general
statement will be substantiated by considering the EOS of an ideal
Fermi gas: One complete set of state variables which are necessary
to describe the thermodynamic behavior of the non-interacting Fermi
gas is given by the temperature T , the atom density n and the chem-
ical potential µ [55]. It was pointed out in Sec. 2.1.2 that these state
variables can be set in an analytic relation of the form g(n, T ,µ) = 0.
For the case of the non-interacting 2D Fermi gas, this functional rela-
tion is given by Eqn. 2.8 and can be rewritten as

g(n, T ,µ) = ln
(
1+ e

µ
kBT

)
−n(µ, T)λ2dB = 0. (8.1)

For the limiting cases of very low and very high temperatures, this
EOS simplifies to the quantum degenerate Thomas-Fermi and the clas-
sical Boltzmann limit

g(n, T ,µ) =

 µ
kBT

−n(µ, T)λ2dB = 0 for kBT � µ

e
µ
kBT −n(µ, T)λ2dB = 0 for kBT � µ,

(8.2)
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Figure 8.1: Cut through the intensity distribution (blue circles) of the VSP:
The steepness of the potential step can be modeled for reference
by fitting a function of shape A exp(−0.5(x − x0)2/w2) to the
rising part of the step, up to its maximum value (red dashed line).
The fit results are: A = 104.5, w = 1.62µm and x0 = 119µm.

respectively. Given these relations, the theoretical foundation to treat
the ideal 2D Fermi gas is laid out. This not only benchmarks the ex-
perimental apparatus but also provides a well-defined starting point
for the exploration of interacting systems.

8.2 method : the variable step-potential (vsp)

The typical approach to experimentally access the density EOS is to
take an in-situ absorption image of a harmonically trapped atom
sample. This data is fitted with an appropriate theoretical model by
presupposing the local density approximation (LDA) introduced in
Sec. 2.2.2 [6, 36, 54, 56, 123, 124]. This technique, however, depends
on precise knowledge of the underlying trapping potential.

In a homogeneous system the density variation due to the under-
lying potential is non-existent by definition. Therefore, the approach
mentioned above, which requires a harmonic trapping potential, is
not applicable in this case. Here, a new technique is presented to lo-
cally produce a density depletion by imprinting a well-defined step
potential with tunable potential height. To map out the EOS, the den-
sity depletions caused by different potential heights in samples with
different temperatures are recorded in order to map out f(n, T ,µ).

This VSP is generated by a blue detuned laser beam with a wave-
length of λ = 532nm. This beam is shaped and reflected off the sur-
face of the digital micro mirror device (DMD) and projected onto the
atoms via the upper microscope objective (see Ch. 6). The quality of
this potential step can be monitored by directly imaging the intensity
distribution with the lower microscope. A cut through the intensity
distribution of the variable step-potential can be seen in Fig. 8.1. The
experimental setup offers versatile control over the shape and the in-
tensity of the VSP by means of the DMD and a laser power control,
respectively.

The repulsive potential causes a disk shaped density depletion in
the center of the cloud which covers about 10% of the trapping area.
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Examples of depleted clouds are shown in the insets in Fig. 8.3. The
density EOS is mapped out by imprinting potential-steps with dif-
ferent height V onto the gas while recording the density depletion
∆n(V) = ndisk

2D − ncenter
2D (V) caused by this potential-step. Here, ndisk

2D
and ncenter

2D correspond to the single layer density in the undisturbed
and depleted parts of the trap, respectively. This procedure gives ac-
cess to the EOS, provided the density as well as the potential-step
height are known to high precision1. A robust method to determine
the atom density was discussed in Ch. 7. The following part thus fo-
cuses on the question of how to determine the height of the potential-
step at the position of the atoms.

8.2.1 Calibration of the VSP

To calibrate the height V of the step-potential, the low temperature
limit of Eqn. 8.2 is applied to the data where EF = µ. Following the
approach presented in [56], a linear Thomas-Fermi fit is performed
to the density depletion at small V (see Fig. 8.2). To do so, the local
Fermi energy difference between the depleted and the outer part is
calculated as

∆EF(V) =
 h24π

2m

(
ndisk

2D −ncenter
2D (V)

)
. (8.3)

According to the low temperature limit of Eqn. 8.2, this difference
in local Fermi energies directly reflects the change in local chemical
potential. The linear fit (see Fig. 8.2) therefore results in a calibration
factor relating the controlled step height [V] = arb. to an actual po-
tential height [V] = nK. This calibration completes the set of tools
needed to measure the density depletion as a function of the variable
step-potential height V .

8.3 results : measuring the eos of an ideal fermi gas

The first step to measure the equation of state of an ideal Fermi gas
is the preparation of such a system. To do so, the inter-atomic scatter-
ing length needs to be tuned to zero after evaporatively cooling the
gas to the quantum degenerate regime. This is achieved by following
the experimental cycle described in Secs. 3, 4 and 5. In summary, the
main evaporation is performed well below the Feshbach resonance
at a magnetic offset field of B = 320G where the gas is weakly in-
teracting with a 3D scattering length of a3D = −290 a0. After evap-
orative cooling, which is performed by slowly decreasing the height

1 The total atom number is conserved in the investigated atomic clouds. Hence, a local
density depletion leads to an increase in density elsewhere in the trap. This effect,
however, is estimated to be negligible as long as the density depletion covers less
than 10% of the trapping area. Then, the according systematic error is estimated to
be on the order of the uncertainty in the density determination.



102 local manipulation and thermometry of a homogeneous 2d fermi gas

0 2 · 10−2 4 · 10−2 6 · 10−2 8 · 10−2 0.1 0.12 0.14
0

50

100

150

Potential Step Height V [arb.]
∆
E
F
/
k
B

[n
K

]

Data
Linear Fit

Figure 8.2: Calibration of the VSP: A linear fit in Thomas-Fermi approx-
imation relates the units of the step height from arbitrary
units to the actual SI units. This fit results in a calibration of
(714.9± 33.0)nK/arb., where the error is given by the 1σ confi-
dence interval of the fit.

of the confining ring potential, the magnetic field strength is ramped
to B = 527G. This field value is close to the zero-crossing of the 3D
scattering length and thus the desired non-interacting Fermi gas is
prepared. Samples with varying chemical potential and temperature
can be created by changing the final power of the ring potential dur-
ing the evaporation step.

To extract the temperature and the chemical potential of those dif-
ferent samples, the density depletion for varying step-potential heights
V is recorded and fitted with ∆n(µ0, T ,V) = n2D(µ0, T) − n2D(µ0 −
V , T), where µ0 and T are left as free fit parameters. Here, the theoreti-
cal EOS n2D(µ, T) = λ−2dB log[1+ exp(µ/kBT)] for a non-interacting 2D
Fermi gas is used (see Sec. 2.1.2) [125]. A series of such measurements
for samples with different T and µ0 alongside the corresponding fits
is presented in Fig. 8.3. The chemical potential µ0 in the outer part
of the trap is approximated to be constant for all step heights2 and is
taken as an upper bound for the fitting routine to increase the robust-
ness of the fit.

For the coldest data-sets presented in Fig. 8.3, a temperature of
T/TF = 0.14± 0.02 is obtained, where the Fermi temperature TF is
calculated3 from T and µ0 using TF = T log[1+ exp(µ0/kBT)].

8.3.1 Validation of the EOS Measurement by Testing Scale Invariance

A non-interacting, low temperature 2D Fermi gas is scale invariant
as the Fermi energy scales linearly with the density: EF ∝ k2F ∝ n2D.
Here, scale invariance refers to the observation that a dilatation in
the spatial coordinate x → λx leads to a scaling behavior H(λx) →

2 This is correct up to a systematic error of about 1%, considering the size of the
density depletion.

3 This equation is found by solving the 2D EOS for µ0, taking the T = 0 limit, yielding
TF = n2D 2π h2/(mkB) and reinserting the EOS for n2D



8.3 results : measuring the eos of an ideal fermi gas 103

0 0.1 0.2 0.3 0.4 0.5 0.6
0

0.2

0.4

0.6

Step Height [arb.]

D
en

si
ty

D
ep

le
ti

on
∆
n

[µ
m

−
2

]

T/TF = 0.27
T/TF = 0.14
T/TF = 0.15

0
0.1
0.2
0.3
0.4

0
0.1
0.2
0.3
0.4

Figure 8.3: Density EOS of non-interacting homogeneous 2D Fermi gases:
The EOS is mapped out for different densities and temperatures
by imprinting a repulsive potential step onto the atoms. This
causes a density depletion ∆n in the center of the cloud (a,b).
Measuring this density depletion ∆n as a function of the step
height directly yields the density EOS of the system. By fitting
the data with the EOS of a non-interacting Fermi gas, the tempera-
ture T and the chemical potential µ0 for each data-set is extracted.
Each data-point is an average over 20 absorption images.

H(x)/λ2 in the Hamiltonian H(x). Such a scale invariant behavior
plays an important role in a variety of physical phenomena ranging
from high energy physics to the description of systems near critical
points [4, 90, 126, 127].

The validity of the results presented in the previous Sec. 8.3 can be
verified by testing for the scale invariance of the data. To this end, the
dimensionless, scaled forms of density ñ = n2Dλ

2
dB and chemical po-

tential µ̃ = (µ− µ0)/kBT are introduced. In a scale invariant system,
these two dimensionless quantities feature a unique relation of the
form ñ = F(µ̃), where F is a generic function [90].

This scale invariance is confirmed by rescaling the data presented
in Fig. 8.3 by their respective fit results for µ0 and T (see Fig. 8.4). The
different data-sets all collapse onto a single curve and are in excellent
agreement with the theoretical expectation. This strongly supports
the validity of the measurement technique.

8.3.2 Review

This chapter presented a new technique to measure the density equa-
tion of state of a homogeneous non-interacting Fermi gas. Here a
critical comparison between this new technique and the established
methods is given. The first difference that should be mentioned is the
number of images required to map out the EOS. In this regard, an



104 local manipulation and thermometry of a homogeneous 2d fermi gas

−4 −2 0 2 4 6

0

2

4

6

µ̃ = (µ− µ0)/kBT

ñ
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Figure 8.4: Scale invariance of a 2D homogeneous ideal Fermi gas: Using
the fit results for T and µ0 from Fig. 8.3 to rescale the data and
plotting the dimensionless quantity ñ = n2Dλ

2
dB causes the dif-

ferent data-sets to collapse onto a single curve as expected for a
scale invariant system. The data shows excellent agreement with
the prediction for a non-interacting 2D Fermi gas (solid purple
line). In the limiting cases for high temperature (red dash-dotted
line) as well as for low temperature (blue dashed line) the data is
also in excellent agreement with the theoretical models covering
the respective regimes (see Eqn. 8.2).

underlying trapping potential has advantages over the VSP-method
as all densities up to the central density are probed in a single shot.
Azimuthal averages in a radially symmetric trapped sample thus re-
veal the full n2D → µ mapping of the EOS in a single shot with high
signal-to-noise. However, this is only accurate as long as the under-
lying trapping potential is known to high precision. The VSP-method,
where the chemical potential is altered locally in a very controlled
fashion, is based on less assumptions. Still, other sources of error
might diminish this advantage since every single absorption image
only maps out one density and one chemical potential. Thus, the re-
construction of the full EOS requires the acquisition of many subse-
quent images and therefore the measurement is susceptible to long
term drifts in the alignment of the experimental setup.

The VSP-method reveals its potential when dealing with homoge-
neous atomic gases or when investigating weakly-interacting Fermi
gases. In the latter case, the densities in harmonically trapped 2D
systems become very low and the cloud radii very large. This sig-
nificantly reduces the signal-to-noise ratio. Furthermore, this might
cause the wings of the cloud to extent to regions in the trap which
are not well described by a parabolic potential any longer. In the
VSP-method, the density can be controlled independent of the inter-
atomic interaction instead, which gives greater control over the mea-
surement. Regarding the thermometry of homogeneous atomic sam-
ples, the VSP-technique is the only method know to the author which
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is able to reliably deduce the temperature of a homogeneous in-situ
sample while not affecting the density of states (DOS) of the sample
under study.

Hence, it can be concluded that the VSP-method is advantageous for
the study of weakly-interacting and homogeneous atomic samples,
whereas the in-situ measurement in harmonic traps is most suitable
for samples which are small compared to the trap dimension and
feature a high density.





Part V

M O M E N T U M D I S T R I B U T I O N S O F
H O M O G E N E O U S 2 D F E R M I G A S E S

The measurement of thermodynamic quantities, such as
temperature and chemical potential, is complemented by
a measurement of the momentum distribution of homo-
geneous 2D gases at different interaction strengths. These
measurements pave the way for the investigation of cor-
relations in momentum space on a microscopic scale. Fur-
thermore, the approach presented in this part forms the
foundation for the momentum selective manipulation of
quantum gases.

The schematic images in the lower right corner form a flip-
book of one full phase space rotation of a non-interacting
Fermi gas in a weak radial harmonic confinement. This
phase space rotation is explained in details in Sec. 9.1.2 in
detail. The gray scale images are averages of three absorp-
tion images each.

Parts of the following text are published in K. Hueck et al. “Two-
Dimensional Homogeneous Fermi Gases”. ArXiv e-prints (Apr.
20, 2017) [39], and are reproduced with minor modifications
and additions.
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One of the fundamental principles in physics is the Pauli exclusion
principle or, in a broader context, the spin-statistics theorem. Both
state that, as a consequence of the antisymmetry of the fermionic
wavefunction, any two particles with half integer spin are not allowed
to occupy an identical quantum state.

While this has no apparent influence on the macroscopic density
distribution of a homogeneous quantum gas, the picture drastically
changes if one contrasts density-density correlations of bosonic and
fermionic systems or measures the occupation of quantum states in
the momentum distribution.

This chapter presents such measurements of the momentum distri-
bution of fermionic and bosonic 2D quantum systems. As presented
in Sec. 9.2.1, the Pauli blockade is directly observed in the unity oc-
cupation of single-particle momentum states. This is contrasted by
the findings for a bosonic system, presented in Sec. 9.2.1, where a
macroscopic occupation of low momentum modes is observed.

However, knowledge about the momentum distribution n(k) of a
2D quantum gas not only illustrates the strikingly different quantum
statistics of bosons and fermions. It also paves the way for the ob-
servation of e. g. phase transitions [25] or the investigation of pair
correlations in momentum space and might e. g. allow to provide ev-
idence for the existence of exotic phases of matter such as the Fulde-
Ferrell-Larkin-Ovchinnikov (FFLO)-phase [30]. Furthermore, informa-
tion about the short range two-body physics, captured by the univer-
sal behavior of Tan’s-contact, might become accessible [128].

Apart from fundamental insights the measurement of the momen-
tum distribution of an ideal Fermi gas provides the experimenter
with valuable knowledge about the experimental setup. A measure-
ment of the Fermi momentum kF provides a rigorous benchmark for
the density calibration with very low systematic errors.

The approach typically followed in order to map the in-situ den-
sity distribution into momentum space is to let the system undergo
free time evolution after all traps have been switched off [50]. Such a
measurement is typically referred to as time of flight (TOF) measure-
ment. However, as pointed out below, this technique suffers from a
dependence of the measurement outcome on the in-situ distribution.
To circumvent these issues another approach is being followed in this
part which is based on the matter wave optics approach presented in
[129].

109
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The foundations of this method will be presented in Sec. 9.1. In the
section following thereafter (Sec. 9.2), the results obtained by applica-
tion of this matter wave optics approach will be presented.

9.1 access to fFD(k) : matter wave optics

9.1.1 Time-of-Flight Evolution

The route typically followed to extract the momentum distribution of
a trapped gas in cold atom experiments is to switch off all trapping
potentials and let it perform free time-evolution [49, 50, 54]. After
some free evolution time t, the position of atoms is recorded. An
atom, which was located at point ~r0 in the in-situ system and which
was measured at point~r after the time evolution, must have possessed
a momentum of ~p = m(~r−~r0)/t which can thus be deduced from
the TOF images in principle. This statement is true, as long as the
atom performs a ballistic motion, meaning that inter-atomic scatter-
ing must be negligible during the time-evolution.

However, it becomes easily apparent that one would either need to
trace the exact trajectory of every single atom in order to determine
its momentum or otherwise wait for an infinite time t→∞ until the
atom distribution converges to the actual momentum distribution in
the far field. This behavior is depicted in a phase-space representa-
tion in Fig. 9.1. The available wait time t is limited by experimental
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Fig. 9.1: Phase-space
rotation and

stretching during
free TOF. The

momentum
distribution is only
mapped to position

space at t ′ = ∞.

constraints and thus the exact reconstruction of the momentum dis-
tribution of a bulk system is hardly feasible with this method.

Here, it is instructive to call upon an optics analogy, as the ballis-
tic expansion of the atom sample can be interpreted in terms of the
far field limit in Fourier optics [129]. Then, this far-field limit repre-
sents the Fourier transform of the initial field distribution and thus
connects the conjugate variables ~x and ~p =  h~k. The analogy can be
driven further: In Fourier optics, the far-field limit (t → ∞) can be
brought to finite distances (t → t ′ � ∞) by simply placing a lens
in the beam path. The matter wave lens employed to perform this
transformation will be discussed in the next section.

9.1.2 Matter Wave Focusing

A limiting constraint of the classical TOF method is the infinite amount
of time needed to map the in-situ distribution into momentum space.
This limitation, however, can be circumvented by letting the system
undergo its time evolution in a weak harmonic potential instead which
constitutes the matter wave lens. This is depicted in a classical picture
in Fig. 9.2.
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Fig. 9.2: Classical
trajectory of two

particles in a
harmonic oscillator

potential after
t = τ/4.

Each particle with momentum  h~k = 0 will, after a quarter of the
trapping period t = τ/4 = 2π/4ωr, end up in the center of the trap,
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independent of their initial position1. However, atoms with  h~k ′ 6= 0

will be offset from the center position2 by ~x ′ =  h~k ′/mωr after t =

T/4. Each atom therefore performs a rotation in phase space as is
depicted in Fig. 9.3, provided the axes are suitably rescaled. Hence,
the momentum distribution ñ(~k) can be directly extracted from the
density distribution n(~r, t) at t = τ/4 via ñ(~k) = ( h/mωr)

2 · n(~r =
 h~k/mωr, τ/4).
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Fig. 9.3: 90°
phase-space rotation
during matter wave
focusing.

9.1.3 Matter Wave Imaging

This technique can also be used to matter wave image the initial den-
sity distribution. To do so, the time evolution has to be extended to
half a trapping period (t = τ/2). The underlying reasoning becomes
clear in a picture of a classical trajectory in the harmonic oscillator
potential and in a phase space image (Fig. 9.4). This 180° phase space
rotation causes the initial density distribution to reappear inverted
around the center of the trap, i. e. n(~r, τ/2) = n(−~r, 0).
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Fig. 9.4: 180°
phase-space rotation
during matter wave
imaging.

Comparing the matter wave imaged distribution at t = τ/2with the
initial distribution provides a measure for the quality of the matter
wave lens formed by the radial potential, which can be affected by
anharmonicities of the potential. This effect, together with a further
unwanted mechanism which might distort the resulting momentum
distribution, is discussed in the following section.

9.1.4 Imperfections: Scattering and Anharmonicity

Naturally, this matter wave focusing technique is susceptible to sys-
tematic errors. This section highlights the most relevant sources of
error and presents strategies how to minimize their contribution to
the measurement outcome.

9.1.4.1 Anharmonicity

In the same way in which aberrations distort images in classical op-
tics, a non perfect matter wave lens will affect the measurement re-
sults. The figure of merit for a high quality matter wave lens is its har-
monicity. In this experimental setup, the radial confinement, which
constitutes the lens, is mainly provided by the curvature of the mag-
netic offset field. The typically high degree of harmonicity of mag-
netic traps can be verified by performing a matter wave image se-
quence on a homogeneous, non-interacting 2D gas. In a perfectly har-
monic trap, the matter wave imaged system would be only inverted

1 Without loss of generality, the harmonic confinement is chosen to be one-
dimensional, providing confinement in the radial plane.

2 Whereas the notation in this text is kept simple and intuitive, a rigorous argument
of the time evolution, including the proper quantum field formulation, can be found
in [129].
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in a point with respect to the initial sample without any additionally
introduced distortions. The severeness of the distortions provides a
measure for the harmonicity of the underlying trap.

9.1.4.2 Scattering During Expansion

The second potentially severe source for distortions of the measure-
ment result is represented by elastic inter-atomic scattering during
the time evolution in case an interacting system is investigated. Each
scattering process will lead to an isotropic redistribution of momen-
tum. This immediately leads to a loss of information about the ini-
tial momentum distribution. It is therefore necessary to minimize the
number of scattering events per atom during the time evolution.

There are different strategies available to reduce the number of scat-
tering events during time evolution in a 2D system. The most evident
path to follow is to quench the interactions of the system to a3D = 0

by performing a jump in the magnetic field. In 6Li the 3D scattering
length only vanishes at field values below the Feshbach resonance
(see Fig. 2.2). Thus, this field jump comes with the drawback that
the initial states are projected onto deeply bound dimers instead of
non-interacting atoms which then undergo the time evolution. This
effectively probes the pair- instead of the atom-momentum distribu-
tion [60]. Furthermore, those deeply bound dimers are susceptible
to three-body losses and light-induced collisions which significantly
reduce the lifetime of the sample3.

Another approach is based on rapid density reduction in order to
reduce the number of scattering events per atom. In a quasi-2D ge-
ometry, such a density reduction can be realized by simply switching
off the 2D confinement. The tightly confined states in z-direction are
projected onto free-space and the available excess energy leads to a
rapid expansion of the atom sample in the direction of the former
confinement [129]. The reduction of the inter-atomic scattering rate

n3D 3D density

σaa Atom-atom
scattering
cross-section

v̄ Mean
velocity

Γaa caused by this density reduction can be calculated by4

Γaa = σaan3Dv̄, see Appendix B in [129]. (9.1)

Here, σaa ≈ 4πa23D5 for low energy scattering [50]. The mean veloc-
ity can be approximated by the Maxwell-Boltzmann mean velocity
v̄ =

√
8kBT/πm. Finally, the 3D density is deduced from the typi-

cally realized 2D densities by considering the extent of the harmonic-
oscillator wave function lz in z-direction: n3D ≈ n2D/

√
πlz where

the factor 1/
√
π is a result of the Gaussian shape of the ground state

3 This fundamental restriction is accompanied with a technical issue: Due to the pres-
ence of conducting materials around the science-cell, the eddy-currents induced dur-
ing a field jump cause the magnetic field to settle only on ms timescale.

4 The classical expression for the elastic collision rate is applicable, as the system
expands and scatters into a continuum of states [52].

5 This scattering cross-section is enhanced by a factor of 2 for the bosonic case.
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Figure 9.5: Scattering during time evolution: The number of scattering
events during the rapid expansion in transverse direction sat-
urates during the initial phase of the time evolution. However,
for typical experimental parameters, the scattering rate is non
negligible. Simulation parameters for all data-sets: Temperature
T = 160nK, transverse trap frequency ωz = 2π 12.4 kHz. Varying
parameters: (Blue solid line) n2D = 1µm−2, a3D = 3800 a0, (red
dashed line) n2D = 2µm−2, a3D = 3800 a0, (yellow dash-dotted
line) n2D = 1µm−2, a3D = 2600 a0.

wavefunction in transverse direction. To calculate the accumulated
mean number of scattering events per atom, the dynamic reduction
of density due to the increasing extent in z-direction has to be consid-
ered.

By assuming the simplest case of ballistic expansion, the increasing
extent in z-direction follows a scaling law, where the density distribu-
tion at time t after the release follows

n3D(~r, t) =

[∏
i

bi(t)

]−1
n3D

(
x

bx(t)
,
y

by(t)
,
z

bz(t)
, t = 0

)
, (9.2)

where bi(t) is a scaling function of the form bi(t) =
√
1+ω2i t

2 [50].
The number of scattering events during the expansion is then given
by

Naa(t) =

∫t
0

Γaa(t
′)dt ′ =∫t
0

4πa23D
n2D√
πlz

√
2kBT

m

1√
1+ω2zt

′2
dt ′. (9.3)

The resulting behavior of Naa(t) for typical experimental param-
eters is shown in Fig. 9.5. It becomes immediately apparent that
the expected scattering events of about one scattering event per atom
must lead to a significant distortion of the resulting atom distribution
after time evolution.

This assessment allows to draw the following conclusion: The den-
sity reduction due to the rapid expansion of the cloud in transverse
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direction is not sufficient if the experimental aim is to accurately re-
construct the momentum distribution after time evolution.

9.1.4.3 Scattering During Expansion: Solution

The two methods mentioned above are hence not sufficient to result
in the required reduction of scattering events during the time evolu-
tion. Therefore, yet another method must be employed to accurately
map the momentum distribution onto the real space density distribu-
tion. To do so, the scattering is suppressed by quasi instantaneously
projecting the interacting gas onto a non-interacting system. This aim
is reached by ejecting the second spin component from the trapping
volume by application of a short light pulse that is resonant only with
one spin state. During this 2µs long light pulse with I = Ieffsat every
atom resonant with the light pulse scatters on the order of 17 pho-
tons. This accelerates the atoms in state |1〉 such that already after
1ms the separation between the two spin states exceeds all relevant
length-scales such as the harmonic oscillator length lz or the scatting
length by far.

Care has to be taken not to influence the momentum distribution of
the atoms in the remaining spin state during the ejection pulse. This
subject will be further discussed in Sec. 9.2.2.1 of this part, where the
experimental results are discussed.

9.2 momentum distributions of homogeneous 2d systems

The previous section focused on the methodological approach which
allows measuring the momentum distribution of non-interacting as
well as of interacting quantum gases. This section takes the next step
and presents the results of such measurements. In Sec. 9.2.1 the mo-
mentum distribution of a non-interacting Fermi gas is measured as a
reference. This provides a well-defined starting point for the investi-
gation of interacting systems, which are investigated in Sec. 9.2.2 and
9.2.3.

9.2.1 The Non-Interacting Fermi Gas

preview This section presents the first direct measurement of the
momentum distribution of a homogeneous, non-interacting Fermi
gas in 2D (see Fig. 9.6). This measurement is realized by mapping
the momentum distribution into real space by performing a t = τ/4

time evolution. Before these results are discussed, the text will briefly
focus on the generation of the non-interacting sample and the quality
of the matter wave lens.

The preparation of non-interacting Fermi gases closely follows the
experimental cycle described in the previous part. The atoms are
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Figure 9.6: Momentum distribution of a non-interacting 2D Fermi gas: To
measure the momentum distribution, we switch off the confin-
ing ring potential and let the gas evolve in a weak harmonic
potential. A free time evolution t for a quarter of the trap period
τ performs a rotation in phase space by 90° as sketched in (d,e),
causing the momentum distribution of the gas to be mapped
into real space. Averaged images (51 - 62 realizations) and cor-
responding azimuthal averages of the density and momentum
distribution are shown in (a,b) and (g,h) respectively. After a free
time evolution of half a trap period, the in-situ density distribu-
tion is mapped back to real space (c); the azimuthal averages at
t = 0 (red triangles) and t = τ/2 (blue dots) are almost identical
(i). A diagonal cut through the momentum distribution (b) re-
veals the occupation fFD(k) of the system (j), which shows close
to unity occupation around k = 0 and drops off at the Fermi
wave vector kF = (1.93± 0.02)µm−1 (gray dash dotted lines). A
fit with a Fermi distribution (red dashed line) yields a tempera-
ture of T/TF = 0.31± 0.02.
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evaporatively cooled at a magnetic field of 300G which is then adia-
batically ramped to 527G, close to the zero crossing of the 3D scatter-
ing length. However, in contrast to the experimental cycle explained
previously, an underlying harmonic potential in radial direction is
needed to perform the matter wave optics approach introduced above.
This confinement is realized by a combination of Helmholtz and Fes-
hbach fields which is chosen such that a maximal field curvature is
generated. The radial magnetic trap frequency in that field configura-
tion is set to a value of ωr = 2π · (33.3± 0.5)Hz. Hence, the density
distribution of the prepared sample is not fully uniform. However,
it will be argued later on, that the influence of this residual inhomo-
geneity is small.

In a first step, the quality of the matter wave lens is assessed. To do
so, the matter wave imaged atom distribution is compared to the in-
situ distribution. In order to record the matter wave imaged system,
the atoms must undergo a time evolution in the radial harmonic trap
of t = τ/2. During this time evolution, the atoms are kept in the depth
of field of the imaging system by maintaining a reduced confinement
in z-direction6.

The recorded in-situ (t = 0) and matter wave imaged (t = τ/2) den-
sity distributions are virtually indistinguishable (Fig. 9.6 (a,c,i)). For
this non-interacting system, distortion during the time evolution is ex-
pected to be mainly caused by anharmonicities of the radial trapping
potential (see Sec. 9.1). Therefore, the high quality of the matter wave
imaged distribution allows to conclude that a matter wave focusing
experiment at t = τ/4 should result in an accurate measurement of
the momentum distribution.

The results of this measurement of the momentum distribution of a
non-interacting 2D Fermi gas is presented in Fig. 9.6 (b,h). The figures
present the recorded density distribution and an azimuthal average,
respectively.

To extract the occupation fFD(k) = Ak · ñ(k) from the momentum
distribution ñ(k), the k-space area Ak = 16π/D2 of a single k-mode
in a box potential with diameter D is used. This allows to directly ob-
serve Pauli blocking in a non-interacting Fermi gas, which manifests
itself in a unity occupation of k modes around k = 0, followed by a
drop in the occupation at the Fermi wave vector kF (Fig. 9.6 (j)).

Next, this knowledge of the momentum distribution is used to
quantitatively determine the chemical potential and the temperature

6 The depth of the lattice providing the z-confinement is ramped down from 500mW

to 100mW at the initial stage of the free time evolution. This reduces the influence of
the radial anti confinement of the standing wave optical dipole trap (SWODT) while
maintaining sufficient confinement in vertical direction.
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of the gas. To this end, a diagonal line-cut through the data (Fig. 9.6 (j))
is fitted with the Fermi distribution

fFD (k) =
ζ

1+ exp
[
β
(

 h2k2

2m − µ0

)] .

The free parameters of the fit are the temperature T , the chemical
potential µ0 and an overall amplitude ζ which accounts for system-
atic errors in the determination of ñ(~k) and Ak. The fit is in excellent
agreement with the data (Fig. 9.6 (j)) and yields a chemical potential
µ0 = kB(148.8± 2.6)nK, a temperature T = (46.7± 2.2)nK and ζ =

1.05± 0.06, where the errors denote 1σ-confidence intervals of the fit.
Dominant sources of systematic errors on the amplitude of fFD(k) are
identified to be the 2% uncertainty of the radial trap frequency ωr,
the 7% uncertainty in the density calibration and the 4% uncertainty
in the determination of the ring diameter D from the in-situ images.
The fit results translate to T/TF = 0.31± 0.02, µ0/ hωz = 0.250± 0.005,
and a Fermi wave vector kF = (1.93± 0.02)µm−1. This is in very good
agreement both with the Fermi wave vector deduced from the mean
in-situ density kF,n̄ =

√
4πn̄2D = (1.86± 0.08)µm−1 and the tem-

perature and chemical potential obtained for a similar evaporation
depth7 in the EOS measurement shown in Fig. 8.3 (red solid line).

It is worth noting here that the fitted temperature is an upper
bound, affected by fluctuations in the particle number and the inho-
mogeneity of the density distribution, which is smaller than 11% of
the mean density (see Sec. 5.3.1). This value includes both the actual
density inhomogeneity due to the presence of the harmonic potential
used for the matter wave focusing and artifacts due to imperfections
of the imaging beam.

summary The measurement of the momentum distribution of an
ideal Fermi gas presented here lays the foundation for the investi-
gation of interacting many-body systems. The technique allows to
measure the occupation fFD(k) per unit cell in momentum space to
high precision and enabled the direct observation of Pauli blocking
witnessed in the unity occupation of momentum states. Furthermore,
the measurement of kF provides a rigid crosscheck for the density
calibration in absorption imaging. The temperature deduced from fit-
ting the Fermi-Dirac distribution to the data gives an additional tool
to extract the temperature of a homogeneous quantum gas.

7 Here, the evaporation depth is chosen to yield a kF that is small enough that the
full momentum distribution is captured by the field-of-view of the imaging system.
The coldest relative temperatures T/TF according to the equation of state (EOS) mea-
surement shown in Fig. 8.3 are reached for higher densities, where the momentum
distribution exceeds the field-of-view.
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Figure 9.7: Influence of the interaction quench on a non-interacting Fermi
gas: The influence of the ejection of state |1〉 on the remaining
atoms in state |2〉 is investigated by comparing the momentum
distributions of the cases with ejection pulse (inset (b)) and with-
out (inset (a)). Line-cuts through the two images (main figure)
show that the influence of the ejection pulse on the remaining
atoms is marginal.

9.2.2 The Attractive Fermi Gas

preview Next, the focus is laid on interacting systems. To be able
to measure fFD(k) of such systems, interactions during the time evo-
lution have to be suppressed. This is achieved by ejecting one spin
state from the trap before performing the matter wave focusing. The
influence of this ejection on the momentum distribution is investi-
gated and the condition for 2D kinematics is revisited from an ex-
perimentalists point of view. With these pre-considerations at hand,
finally the momentum distribution is mapped out (see Fig. 9.10 (e,f)).

9.2.2.1 Projection onto a Non-Interacting System

To eliminate the influence of collisions, one of the spin components is
removed, thereby effectively projecting the system onto a free Fermi
gas [130, 131]. This is accomplished by illuminating the atoms in state
|1〉 with a resonant 2µs long light pulse with an intensity of I = Isat

before performing matter wave focusing. This removes the atoms in
state |1〉 with a 1/e time constant of τ1 ≈ 150ns. Due to the frequency
splitting of about 80MHz between state |1〉 and |2〉, the atom-light
scattering rate of the spin-state remaining in the trap is negligible.
Thus, state |2〉 has a much longer lifetime of τ2 ≈ 70µs8.

The next task is to verify that this state-selective ejection does not
alter the momentum distribution of the remaining spin component.

8 This lifetime is measured while the atom cloud is constantly illuminated with the
ejection beam.
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Figure 9.8: Influence of interactions on the τ/4measurement: The upper row
show absorption images of attractively interacting Fermi gases
t = τ/4 after switching off the vertical confinement. The systems
were projected onto a non-interacting gas after an evolution time
tk. If the interactions were quenched to zero at times tk < 3ms
(gray dash-dotted line), the central occupation in fFD(k) is not al-
tered as shown in the lower panel. For higher tk the interaction
leads to a significant redistribution of radial momentum into the
transverse direction, leading to an apparent increase in occupa-
tion of low momentum modes. The red dashed line corresponds
to the measured f(k = 0) of a sample with attractive interaction
(see Fig. 9.10).

This is done by using a non-interacting Fermi gas as a reference
system: The momentum distribution of state |2〉 is not significantly
altered by the ejection light pulse which is resonant with state |1〉
(Fig. 9.7). The only observable difference is a minimally reduced occu-
pation number in the central part. Thus, the off-resonant atom-photon
scattering has only negligible influence on the measured momentum
distribution. This does not come as a surprise when considering the
relevant momentum scales and scattering rates. The calculated off-
resonant scattering rate for state |2〉 at a detuning of 80MHz and
I = Isat is as small as 7.2× 10−4 µs−1. This results in a mean aver-
age number of less than 0.002 scattered photons per residing atom in
state |2〉 during the ejection pulse and can thus be safely neglected in
the following.

This ejection method is applied to an interacting system at B =

1020G. The influence of interactions on the momentum distribution
is mapped out by switching off the z-confinement at time t = t ′ and
removing state |1〉 after different expansion times t = t ′ + tk. Dur-
ing this time tk collisions may take place, as both interacting spin
states are present in the sample. When increasing the time tk beyond
3µs, the apparent occupation of lower momentum modes increases
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(see Fig. 9.8). This apparent increase in low momentum modes is at-
tributed to collisions which transfer momentum from the radial into
the transverse direction. The plateau in the occupation number for
tk < 3µs clearly indicates that the mapping of the momentum dis-
tribution of an interacting- onto a non-interacting Fermi gas is unam-
biguous.

In case of the non-interacting Fermi gas, the matter wave imaged
density distributions after t = τ/2 provided a reliable tool to judge
the quality of the matter wave lens. This, however, does not hold true
for the interacting gas. Even though the matter wave imaged system
can resemble the in-situ distribution to a high degree, the momen-
tum distribution, imaged after t = τ/4 can be significantly affected
by inter-atomic collisions. The explanation for the small influence of
the collisions observed on the τ/2 image lies in the largely different
time scales associated with the scattering and the free time evolution.
When considering the behavior of the atom-atom scattering rate (see
Fig. 9.5) it becomes apparent that the scattering rate quickly drops to
negligible values on a time scale of 200µs. Already after such short
times the momentum distribution can thus be altered significantly.
However, the density distribution in radial direction did not have
time to adjust as the characteristic time scale in this direction is gov-
erned by the trapping frequency of νr ≈ 30Hz. Therefore, the matter
wave image is an image of the system with significantly changed mo-
mentum possessing the density distribution of the in-situ system.

9.2.2.2 Requirements for 2D Kinematics Revisited

The dimensionality of the system has a profound impact on the mo-
mentum distribution. This becomes immediately apparent when e. g.
comparing the definitions for the Fermi momenta of a 2D and a 3D
system

kF,2D =
√
4πn2D, kF,3D =

(
6π2n3D

)1/3
(9.4)

respectively. It is therefore important to revisit the requirements for
2D kinematics and validate the experimental results against them.

Since the momentum distribution is sensitive to the dimensional-
ity of the system, it may be used as an indicator: For low densities,
the prepared systems are in the 2D regime and the central occupa-
tion f(k = 0) remains constant as the density is increased. At the
same time, the width of the momentum distribution and thus kF
grows, see upper panel of Fig. 9.9. As the density surpasses a value of
n̄ ≈ 0.7µm−2, f(k = 0) begins to increase which is attributed to the
population of higher transverse states (see Fig. 9.9 (upper and central
panel)). The data presented in this section is taken in the interacting
regime at 1020G. In order to project the interacting atomic samples
onto a non-interacting Fermi gas, the optical ejection technique pre-
sented above is applied to the samples.
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Figure 9.9: Experimental verification of 2D kinematics: The momentum dis-
tribution of samples with different atom numbers are investi-
gated (upper row). In the 2D regime only the width of ñ(k) and
thus kF increases, while the central occupation f(k = 0) (blue
diamonds in central panel) stays constant. For atoms number
above the critical atom number Ncrit, the apparent occupation
of low momentum modes increases (central panel, gray dash-
dotted line) and the system departs from pure quasi-2D kine-
matics. The onset is determined by a bilinear fit (red dash-dotted
line, central panel). This measurement is supplemented with a
measurement occupied states in transverse direction which man-
ifests itself in a change in transverse width of the cloud after TOF

(blue circles, lower panel) which again is fitted with a bilinear fit
(red dash-dotted line).
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This interpretation is supported by a measurement of the trans-
verse widthwz of the cloud after 500µs TOF, similar to the experiment
described in [52]. As long as the atoms only populate the ground state
of the transverse confinement, the transverse width of the cloud is not
expected to change, independent of the atom number in the trap. This,
however, changes as soon as the first exited state is populated. In a
harmonic oscillator potential, this state has twice the kinetic energy
and the higher kinetic energy contribution leads to a rather abrupt
increase in the transverse width as can be seen in the lowest panel
in Fig. 9.9. Here, wz starts to increase at a density of n̄ ≈ 0.7µm−2,
signaling the beginning of the crossover to a 3D system. This mea-
surement is therefore fully compatible to the results deduced from
the apparent central momentum occupation discussed above.

9.2.2.3 Momentum Distribution

For this measurement, a single layer attractive homogeneous 2D Fermi
gas at B = 1020G is prepared. The density is set to 0.62µm−2 by evap-
oration in the ring potential (see Fig. 9.10 (d)). This density is well
below the 2D-3D threshold and thus suffices the purpose of inves-
tigating the momentum distribution of a homogeneous, attractively
interacting 2D Fermi gas.

This momentum distribution is recorded by performing a τ/4 time-
evolution as before. The only difference is that the interacting system
is mapped onto a non-interacting system by the spin ejection method
described above. This is done in order to avoid inter-atomic scat-
tering during the τ/4 time-evolution. In contrast to previous exper-
iments, which measured the pair momentum distribution [60], this
experiment therefore measures the momentum distribution of the in-
dividual atoms [132]. The resulting momentum distribution as well
as the occupation fFD(k) of such an interacting system can be seen
in Fig. 9.10 (e, f). When comparing these results to the qualitative
shape of the momentum distribution of the non-interacting gas, little
difference can be seen. The most apparent difference is the reduced
occupation of central momenta. In the next paragraphs the question
will be addressed, whether this reduction is caused by the interac-
tions present in the system.

At magnetic fields of 1020G, the 3D scattering length is a3D =

−3900 a0. With a mean density of 0.62µm−2, this yields an 2D in-
teraction parameter of ln(kFa2D) ≈ 2.4. The other scale of interest
is given by the temperature. In a zeroth-order approach the temper-
ature might be estimated by fitting the Fermi-Dirac distribution to
the data. Such a fit results in temperatures far above the Bardeen-
Cooper-Schrieffer (BCS) transition temperature, which for our system
parameters is calculated to be [24]

TBCSC = 0.16
√
EF hωze

−
√
π
2

lz
|a3D| ≈ 34nK. (9.5)
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Since T � TBCSC , it follows that the theoretical description of the data
is expected to be best captured by a Fermi-liquid ansatz [24, 133, 134].
In this framework, the mass of quasi-particles, formed by the inter-
acting fermions is rescaled by a factor m/m∗ The letter stems from
an effective dressing of excitations which influences the kinematics
in presence of interactions. Here, m∗ is referred to as the effective
mass. Furthermore, the k-space occupation features a discontinuity
at the Fermi surface whose magnitude corresponds to the so called
quasi-particle residuum Zk.

Already in 1975 Paul Bloom [133] calculated the relation between
the 2D interaction parameter ln(kFa2D) and Zk at T = 0 for 3He thin
film systems. This calculation provides a useful relation for Zk:

Zk = 1−
0.26

ln(kFa2D)2
. (9.6)

For the parameters of this measurement, this results in Zk = 0.96
rather than 1 for a non-interacting system.

This shows that the Fermi edge is expected to be only marginally
influenced by the attractive interactions and the broadening of the
momentum distribution shown in Fig. 9.10 (e) has thus to be mainly
attributed to thermal excitations.

summary This section presented a measurement of the momen-
tum distribution of an attractively interacting 2D Fermi gas. A spin
ejection method employed to quench the interactions was described
and implemented. Furthermore, experimental evidence was provided
that the prepared quantum gases indeed feature 2D kinematics.

9.2.3 The Dimerized Fermi Gas

preview The Feshbach resonance allows to increase the attractive
interactions even further. In the regime where ln(kFa2D) � 1, the
two-body bound state features binding energies EB exceeding all en-
ergy scales of the system. Thus, fermions in opposite spin states pair
up and form tightly bound dimers which are bosonic in character.
In a 3D system, this parameter range allows to treat the sample in a
bosonic framework, the dimers can macroscopically occupy the low-
est momentum states, off-diagonal long range order is possible and
thus they can condense into a Bose Einstein condensate (BEC). How-
ever, the differences to a 2D system are striking, as off-diagonal long
range order is precluded by the enhanced role of quantum fluctua-
tions [42]. Here, a brief review of the theory describing this 2D regime
will be given. Afterwards, the measurement results will be discussed
in light of this theory.
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Figure 9.10: Momentum distribution of strongly interacting systems: The
images show in-situ density and momentum distributions av-
eraged over 10 - 100 realizations. The occupations fFD(k)

shown in panels (c, f, i) are extracted from diagonal cuts through
the corresponding momentum distributions. A non-interacting
Fermi gas has a flat momentum distribution (b, c) governed by
Pauli blocking, which drops off at the Fermi wave vector kF (red
lines in (b, c)). For intermediate attractive interactions, the distri-
bution (e, f) remains qualitatively similar. Furthermore, increas-
ing the attractive interactions leads to the formation of deeply-
bound bosonic dimers, whose momentum distribution is much
narrower and shows a macroscopic occupation of low momen-
tum modes (h, i). We note that for panels (d, e, f), the field of
view has been adjusted to capture the tail of fFD(k) and that
the peak in (h, i) is broadened by the imaging system.
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9.2.3.1 A Glimpse on Berezinskii-Kosterlitz-Thouless-Theory

This brief review closely follows the arguments given in [3, 32, 42]. The
reader is referred to the excellent review [42] for a detailed discussion of the
2D Bose gas and the Berezinskii-Kosterlitz-Thouless (BKT)-transition.

Before the BKT-phase will be described, it is illustrative to first de-
velop an understanding for the theoretical finding that no BEC exists
in a homogeneous 2D system at finite temperature. The fundamental
reason for this was pointed out by Mermin, Wagner and Hohenberg
[16, 17] who found that a continuous symmetry cannot be broken
in 2D systems at finite temperatures. This especially precludes off-
diagonal long range order which is a fundamental requirement for
the formation of a coherent many-body state.

A more hand-waving argument is based on the EOS of a bosonic
2D system. In this argument macroscopic ground state occupation is
taken as an indication for condensation instead of long-range phase
coherence. Following the lines of Sec. 2.1.2 it is possible to calculate
the density equation of state of a non-interacting 2D Bose gas9. This
leads to an analytic expression for the EOS in close analogy to the
Fermi system discussed above:

2D Bose Gas 2D Fermi Gas

n2Dλ
2
dB = − ln

(
1− e

µ
kBT

)
n2Dλ

2
dB = ln

(
1+ e

µ
kBT

)
In order to observe the peculiarities of the 2D system a comparison
to the 3D density EOS is reasonable, which is:

3D Bose Gas

n3Dλ
3
dB = g3/2

(
e

µ
kBT

)
=

∑∞
n=1

e
n
µ
kBT

n3/2

These equations of state dictate a relation for the temperature T and
the chemical potential µ. In the 3D case, where a BEC exists, the phase
transition to an ordered state occurs at the point where exactly this
relation breaks down as it does not properly incorporate the possibil-
ity for a macroscopic occupation of the ground state. For phase space
densities exceeding n3Dλ3dB ≈ 2.612 no solution exists for µ and T
fulfilling the equation of state. In 2D, however, no such upper limit
for the phase space density exists where the excited states cannot ac-
commodate all atoms. Thus, it can be concluded that no macroscopic
ground state occupation appears. This striking difference between
three- and two-dimensions is caused by the different scaling of the
density of states in the respective systems.

Still, in Fig. 9.10 (h, i) we observe exactly such a situation where
the occupation of low momentum modes is drastically enhanced com-
pared to the Fermi gas.

9 The bosonic density of states and the corresponding Bose-Einstein distribution have
to be considered for that calculation.
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Figure 9.11: Schematic representation of the BKT transition: For tempera-
tures below TBKT , vortices exist only as bound pairs, effectively
reducing the phase fluctuations in the system. This allows for a
superfluid state to exist which ceases to exist at higher temper-
atures, where vortices proliferate and thus induce a 2π phase
winding per vortex. This figure is adapted from [31].

This is caused by the appearance of a new, interaction driven phase
which allows for the existence of a quasi-condensate, the BKT-phase
[135, 136]. The wavefunction of such a quasi-condensate can be intu-
itively approximated by Ψ(~x) =

√
n2D(~x)e

i[φ(~x)+∆φ(~x)], where ∆φ(~x)
introduces a fluctuating phase contribution. At high temperatures the
2π phase winding of free vortices is the dominant source of phase
fluctuations. In the limit of low temperatures, below the transition
temperature TBKT , this fluctuating term is instead dominated by long
wavelength phonons. There is an intuitive argument to calculate this
transition temperature TBKT [42]. This argument is based on minimiz-
ing the free energy of a single vortex and leads to the finding, that a
system free of single vortices is energetically favorable for a 2D quan-
tum system below the transition temperature TBKT = π h2ns/2mkB,
where ns is the superfluid density.

In the low temperature regime, vortices thus only exist in vortex-
anti-vortex pairs 9.11. Such pairs are formed by vortices with oppo-
site 2π-phase winding around the vortex core. Thus, the net phase
winding around those pairs is zero at distances much larger than the
vortex pair size. This effectively reduces the total phase fluctuations
and stabilizes the BKT-state. Here, phonons are the main contribution
to the phase fluctuation and the first order correlation function g(1)

[137] can be shown to decay algebraically

g(1)(~x) = 〈Ψ(~x)Ψ(0)〉 ∝ ~x−η, (9.7)

rather than approaching a constant, non-zero value as in a system
exhibiting off-diagonal long range order. An atomic sample featuring
such an algebraically decaying correlation function is said to show
quasi-long range order. The full calculation, leading from the fluctu-
ating ansatz for the wavefunction Ψ(~x) to the algebraically decaying
first order correlation function, is presented e. g. [42]. This algebraic
decay in phase correlations is expected to persist up to the critical tem-
perature TBKT , above which the first order correlation function decays
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exponentially. These fundamental coherence properties of g(1) are of
utmost interest to the community and are subject to active investiga-
tion [25, 26, 69, 90, 119, 138–140].

To this end, it is beneficial to recall the relation between the first
order correlation function and the systems’ momentum distribution
[42]:

g(1)(~x) =
1

(2π)2

∫∞
0

n~ke
i~k~xd2~k,

with n~k =
1

e(E~k−µ)/kBT − 1
and E~k =

 h2~k2

2m
. (9.8)

This essentially states that the first order correlation function equals
the Fourier transform of the system’s momentum distribution. There-
fore, precise knowledge of a system’s momentum distribution allows
extracting information about the decay of phase coherence [25, 141].

An alternative route to follow is the transformation of phase fluctu-
ations into density modulation by letting the gas expand for a short
time of flight in an external harmonic potential. This method is de-
scribed in [142], first preliminary results were presented in [143]. Fur-
thermore, it will be the main subject of the doctoral thesis of Jonas
Siegl (to appear soon).

9.2.3.2 Momentum Distribution

To measure the momentum distribution of a dimerized gas of 6Li2
atoms, an ultracold, single layer atom sample at B = 710G is pre-
pared. A short wait time after the preparation, the z-confinement is
abruptly switched off, which leads to the already explained rapid
expansion in z-direction. As the 3D dimer-dimer scattering length
in this case is only about aDD3D = 0.6a3D = 1100 a0 [65], leading
to a mean number of scattering events of about 0.3 per atoms, the
scattering influence during the time evolution is assumed to be neg-
ligible10. The bosonic character of the atoms allows to characterize
the inter-atomic interaction by the reduced coupling constant g̃ =√
16πaDD3D /lz = 1.15 [56].
When performing matter wave focusing with this molecular gas,

the dimers remain bound as the z-confinement is switched off and the
pair momentum distribution of the system is measured (Fig. 9.10 (h)).
This pair momentum distribution is peaked around k = 0, which
directly shows the macroscopic occupation of the low momentum
modes. This is in striking contrast to the Fermi-pressure dominated
momentum distribution of a Fermi gas and strongly suggests the
presence of a BKT superfluid.

10 Even though this frequency of scattering events might distort the momentum dis-
tribution, the influence is neglected for now, as the data is only interpreted qualita-
tively.
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Given the simple relation between the momentum distribution and
the first order correlation function (see Eqn. 9.8) one might be tempted
to extract g(1) from the data presented in Fig. 9.10 (i, j). This, however,
requires significant additional effort due to mainly three limiting fac-
tors. First, the previously mentioned inter-atomic scattering during
the time evolution might distort the recorded momentum distribu-
tion. Especially as the 3D density of such a peaked distribution can
be on the order of 60× 1012 cm−3, the above mentioned calculation of
the number of scattering events might underestimate the real number
of scattering by far. The second complication is given by the imag-
ing system. The high spatial resolution dictates a limited depth of
field. However, the extent of the cloud in z-direction after the free τ/4
time evolution is about 1mm and thus significantly larger than the
depth of field. This effectively broadens the recorded peak at small
momenta. Lastly, such a dense sample can only be reliably imaged
with very high imaging saturation. This in turn causes the atoms to
be quickly pushed out of the focal plane. Furthermore, the low den-
sity parts of the very narrow peak feature a heavily decreased signal
to noise ratio (SNR). These issues are actually addressed and will be
discussed in detail in the doctoral thesis of Jonas Siegl (to appear soon).
This thesis will focus on the evaluation of such data sets by investi-
gating the behavior of the Fourier transform of this momentum dis-
tribution which directly yields the first order correlation function.

possibilities arising Assuming that the solution of these tech-
nical challenges is feasible in the long run, a brief outlook on the
possibilities arising is given here. The beautiful results presented in
the work by Murthy et al. [25] which indicate the presence of a BKT-
phase in a trapped 2D gas provide a strong motivation to perform
a complementary measurement in a homogeneous system. The alge-
braic scaling exponent η measured in [25] is significantly higher than
one would expect for a homogeneous system. Such an overestima-
tion in the scaling exponent can be caused by the modification of the
density of statess (DOSs) due to the presence of a harmonic poten-
tial as a recent Quantum Monte Carlo (QMC)-study pointed out [141].
This complication in the interpretation could be lifted by performing
these measurements in a homogeneous 2D Fermi gas.

Homogeneous 2D gases are furthermore uniquely suited to inves-
tigate non-equilibrium quantum dynamics, since a quench in the in-
teraction does not lead to a net mass flow. Hence, the present exper-
imental apparatus is well prepared to investigate e. g. the emergence
of coherence in a 2D atomic sample. In a possible measurement, the
interaction could be quenched such that the transition temperature
TBKT after the quench is higher than the systems temperatures T . In-
vestigating the time evolution of the first order coherence function
would then directly reveal the correlation spreading in 2D interacting
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quantum gases. Moreover, the influence of interactions or a change
in the system’s dimensionality on g(1) could be investigated and the
relation between the superfluid density ns and the total 2D density
n2D could be investigated to high precision.

summary In this section a brief introduction to the main ideas of
the BKT pairing mechanism and it’s consequences on the coherence
properties was given. This shall be understood as a teaser and as
a collection of relevant literature for readers who are interested in a
more detailed description. Finally, a measurement of the pair momen-
tum distribution of a strongly interacting gas of bosonic dimers was
presented.
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C O N C L U S I O N S

The main result of this thesis is the first realization of a homogeneous,
fermionic 2D quantum gas with tunable interactions. The homogene-
ity of the atomic samples paved the way for a number of quantitative
non-local measurements. In particular, it allowed to study the momen-
tum distribution of non-interacting as well as interacting Fermi gases.
These measurements led to the direct observation of Pauli blocking
witnessed in the unity occupation of single particle momentum states
in a non-interacting Fermi gas. Furthermore, measurements of the
atom momentum distribution of attractively interacting Fermi gases
could be realized which are expected to be in the Fermi-liquid regime.

These measurements were contrasted with the investigation of the
pair momentum distribution of bosonic samples which were created
by making use of the Feshbach resonance present in 6Li. For those
strongly interacting bosonic samples a macroscopic occupation of low
momentum modes was observed which can be interpreted as an indi-
cation for a system in the Berezinskii-Kosterlitz-Thouless (BKT)-phase.

These results are not only interesting in their own but can be un-
derstood as a starting point for the in-depth investigation of strongly
interacting 2D quantum systems which still pose many fundamental
yet unanswered questions.

Furthermore, several techniques and tools were developed and in-
tegrated into the experimental setup. These include an optical setup
to achieve unprecedentedly steep ring potentials, a new method to
calibrate high intensity absorption imaging, an optical spin ejection
sequence which quenches interactions to zero, a matter-wave imag-
ing and focusing procedure and the successful implementation of a
digital micro mirror device (DMD) into the experimental apparatus.
The ability of this DMD to create arbitrary repulsive potentials was
used to measure the equation of state of an ideal Fermi gas in a box
potential by locally changing the chemical potential µ . This measure-
ment provides a well controlled tool to perform thermometry in ho-
mogeneous samples and represents a cross-check to validate the cali-
bration of the density measurement. This calibration was performed
by making use of a new technique which was developed in collabo-
ration with L. Clark and C. Chin. It is based on a direct measurement
of momentum transferred from the imaging beam onto the atoms.
It only requires knowledge of relative quantities to determine the re-
quired calibration constants which renders the method robust against
systematic errors. Thus, “this method is likely to become a new stan-

133
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dard for the calibration of high-intensity imaging in ultracold atom
experiments”1.

The preparation of 2D samples in a standing wave optical dipole
trap always raises the question of how many adjacent layers in this
trap are actually populated [68, 144] as this may introduce a large
systematic error into the measurements. To this end we developed a
new technique which allowed to determine this population to high
accuracy in a single shot measurement. This technique makes exten-
sive use of the method of matter-wave optics and also enabled the
generation of double layer samples. Even though due to the small
inter-layer tunneling rate double layer samples do not allow for the
investigation of dual layer atomic system with inter-layer interaction,
they provide a useful tool to increase the signal-to-noise ratio and to
study phase coherence between two quasi-2D quantum systems.

The successful establishment of this toolbox allows exploring ho-
mogeneous 2D Fermi gases in an unique manner. The next section is
meant to provide ideas for future research projects which exploit the
full potential of the experimental setup established in this thesis.

10.1 outlook

Ultracold 2D Fermi gases in the crossover from BKT-type quasi-con-
densation to Bardeen-Cooper-Schrieffer (BCS) superfluidity allow to
study a variety of different topics. They range from the investigation
of fundamental properties like the equation of state (EOS) [56, 124,
125] or the momentum distribution of gases with variable interactions
[25, 119, 129] via the study of spin-imbalanced phases [145], to the
exploration of transport [43], collective excitations or superfluid [26]
and coherence properties of such systems [45, 142]. In the following
some of these examples will be highlighted and presented in the light
of their respective viability in the present apparatus.

10.1.1 Fundamental Properties: Interacting Fermi Gases

This thesis focused on the investigation of homogeneous and mostly
non-interacting systems. A new option concerns the study of the
quasi-particle character of excitations in a Fermi liquid. To this end
one could attempt to detect the quasi-particle residuum Zk in the dis-
continuity at the Fermi momentum kF in the momentum distribution
fFD(k, T) [133, 146].

The challenge in the realization of such an experiment would be
to prepare cold and strongly interacting samples which satisfy the
criteria for 2D kinematics [52]. Following the arguments of P. Bloom
[133] the quasi-particle residuum is only of relevant magnitude for
−lz/a3D ∈ [0, 0.4] which coincides with the strongly interacting regime

1 Citation from the referee report.
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Figure 10.1: Density distribution of non-interacting fermions at T = 0

around a scattering impurity in a one-dimensional and oth-
erwise constant potential. Experimentally feasible parameters
of impurity amplitude A = 11EF and width w = 2µm have
been chosen (blue dashed line). Friedel oscillations with a wave-
length of λFO ≈ 4µm emerge symmetrically around the impu-
rity (red line).

in 3D. In this regime the magnitude of Zk lies in the interval of
[0.45, 0.75]. The density modification in this interval is such, than a
detection seems feasible. For such strong interactions, however, fur-
ther investigations are required to evaluate the applicability of the
established optical spin ejection method. This is required to quench
the interaction before the τ/4 time evolution to zero and thus image
the actual momentum distribution after τ/4.

10.1.2 Local Observation: Friedel Oscillations

The unique experimental feature to study homogeneous Fermi gases
on length-scales comparable to the inter-particle spacing could be
brought to use in the study of Friedel oscillations. These density os-
cillations originate in non-interacting Fermi gases from the coherent
superposition of single particle wave functions whose origin is fixed
by an impurity.

While the non-interacting case can be solved analytically, there is an
ongoing debate on how interactions affect these fundamental signa-
tures of quantum mechanic behavior. The theoretical expectation for
such an oscillation in a 1D ideal Fermi gas at zero temperature and
otherwise achievable experimental parameters is shown in Fig. 10.1.
This figure is part of a feasibility study which was carried out by K.
Riechers during his masters project [47, 121]. The author co-supervised
this study. It sheds light on the question if Friedel oscillations can ac-
tually be observed in the present apparatus. The focus is put on a
consideration of the relevant length-scales and the achievable signal
to noise ratio ratio of the oscillations.
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The main findings of the study are that, even though challeng-
ing, the observation of Friedel oscillations should be possible in the
present experimental apparatus. This would be especially interesting
in the context of interacting Fermi gases. Furthermore, interaction be-
tween different impurities could be studied by the deformation of
Friedel oscillations due to the coherent superposition of incommen-
surate single particle states. However, the challenging demands re-
garding both the optical resolution and the detection efficiency have
not to be underestimated. The full publication which summarizes the
relevant results is presented in App. b.

10.1.3 Momentum Space: Coherence and Correlations

In Sec. 9.2 it was explained, how the momentum space mapping can
be used to not only measure the momentum distribution, but also
access the first order correlation function of a quasi-condensate of
bosonic dimers. The prospects and complications of such a measure-
ment were already pointed out in Sec. 9.2.3.2.

Here, a different application of the momentum space mapping is
proposed. It was pointed out in Sec. 9.2.1 that the τ/4 time evolution
can be extended to τ/2 to map the momentum distribution back to
real space. In principle, this allows to perform a momentum selec-
tive manipulation of the atomic sample. In combination with a DMD

selected momentum classes can be removed from the trapping vol-
ume after τ/4. This e. g. allows to create a hole excitation in the Fermi
sea. After τ/2 the atomic cloud can be recaptured for a specific hold
time. The diffusion velocity of the hole through the Fermi sea cloud
be investigated by subsequently performing another phase-space ro-
tation to momentum space. This would be especially interesting in
the presence of interactions.

Further possibilities arise from the study of Cooper-pair correla-
tions. These, however, require more elaborated investigation and ma-
nipulation techniques to allow interaction free mapping to momen-
tum space without removing the second spin component from the
trapping volume.

10.1.4 Local Manipulation: Transport and Localization

A third research-route could lead to the further investigation of local-
ization phenomena in 2D samples. Both, the question of the origin of
many-body localization [147] and the ongoing attempt for a measure-
ment of the smoking gun signature of Anderson localization in 2D
[148] have provoked considerable interest in recent years [149–151].
In a cold atom context, these questions are typically approached by
shining a speckle potential onto a coherent atom sample and study-
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Figure 10.2: Width of cloud after time evolution in a disorder potential: The

left panel shows the width of the homogeneous 2D cloud af-
ter different in-plane times of flight (the 2D confinement was
still present). The expansion of the cloud is strongly damped
in the presence of the disorder (red squares) for times of flight
larger than 1ms. This is in strong contrast to the expansion of
an undisturbed cloud (blue circles). The right panel shows az-
imuthal averages of the recorded density distributions for the
last data points in the left panel, respectively. This data is fit-
ted with a generic rounded step function to deduce the width
(dashed and dash-dotted lines).
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ing the system’s time evolution in the presence of this disorder [152,
153].

While the subject of localization stands out in terms of prominently
ranked articles, a clear distinction between percolation in 2D and ac-
tual quantum or interaction driven localization remains elusive [154].
Here, the term percolation refers to the movement of a liquid through
a porous material. The debated question concerns the threshold in the
porosity from which on movement of the liquid is blocked classically.
In 2D systems this percolation threshold crucially depends on the
actual characteristics of the disorder potential [154].
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In a proof of principle measurement, a non-speckle disorder poten-
tial, generated with a salt-and-pepper pattern on the DMD, was pro-
jected onto a homogeneous strongly interacting 2D Bose system. This
gas was prepared at a magnetic field of 712G which corresponds to
an interaction parameter of a3D/lz = 0.28 or g̃ =

√
16π(0.6a3D)/lz =

1.19. The characteristics of this disorder potential were chosen such
that the potential height was strictly smaller than 50% of the systems
chemical potential µ (see Fig. 10.3). The auto-correlation of the disor-
der potential yields an e−

1
2 width of w0 = 0.375µm (see Fig. 10.4).
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The disorder potential was linearly ramped up in 200ms. Directly
after this ramp the confining ring potential was switched off while the
2D confinement was still present. In a preliminary data evaluation,
the time evolution of the cloud width was heavily influenced by the
presence of the disorder potential. This can be seen in the left panel
of Fig. 10.2.

This proof of principle study reveals the potential suitability of the
experimental setup to study non-interacting and interacting quantum
gases in the presence of disorder. However, it is important to keep
in mind that the question of percolation in 2D is an ongoing chal-
lenge and thus the next step should be to investigate the possibility
of finding signatures which differentiate between classical trapping
and localization in Anderson’s sense.

The availability of the DMD in the setup moreover allows imprint-
ing gate-like potential structures onto 2D Fermi gases. This opens
up the possibility to study transport phenomena and particle flow in
multiple coupled quantum channels [43].

10.1.5 Dynamics: First and Second Sound in 2D or the “Invalidation of
Huygen’s Principle”

In 1678 Christiaan Huygens summarized his conceptual findings about
the propagation of light in a phenomenological essay he simply called
“Traité de la Lumière” [155]2. This essay is the basis of a principle
which every freshman in physics will come across at least once: the
Huygens’ Principle. It claims that every wave-front of a light wave

2 This essay was only published in 1690 by the editor and publisher Pieter van der Aa.
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at time t + ∆t can be constructed by the coherent superposition of
wavelets which are emitted from every point on the wave-front at the
prior instant t [155, 156]. The typical illustration which is deemed to

Wavefront at time �

Wavefront at time

��∆�
Wavelet

Fig. 10.5: Huygens’
Principle depicted as
usually in 2D.

depict this principle best is shown in Fig. 10.5. This simple illustration
allowed Huygens to derive the basic laws of reflection and refraction.
This, principle is well-established nowadays as Gustav Kirchoff was di-
rectly able to derive Huygens’ Principle from the Maxwell equations
of wave propagation.

So far, there is no surprise. However, what is often not kept in mind
is a peculiarity in the solution of the general wave equation

∂2

∂t2
u(x, t) = ∇2u(x, t) (10.1)

in even and odd spatial dimensions. For every odd dimension this
wave equation provides convenient and well-known solutions such
that u(x, t) ∝ f(x− t), which tells that the wave propagates in time
t with phase velocity 1. This is best illustrated by an everyday life
experience: a person in the distance would see a 1 s long light flash
if one were to switch on a light bulb for 1 s. This behavior is well
captured and described by Huygen’s Principle.

However, this 1 s lasting transmission would not have happened in
an even dimension. For an even dimension, the solutions u(x, t) of the
wave equation turn out to depend on all times up to time t [156, 157]:
A light-flash would always have an infinitely long afterglow. For this
it is actually also possible to find an example, even though it might be
more subtle. When tossing a pebble into a pond, Huygens would pre-
dict that exactly one wave-front would travel concentrically outwards
with the sound velocity vs. However, we know that a series of ripples
or surface waves travel outwards from the center as time progresses
[158, 159]. This beautifully depicts the breakdown of Huygens’ Prin-
ciple in even dimensions and questions whether the two-dimensional
illustration in Fig. 10.5 truly captures the essence of exactly this prin-
ciple.

This disparity of Huygens’ Principle in even and odd dimensions
could be cleanly demonstrated in a matter wave context in the present
experimental setup: A sound wave with momentum ks, excited in a
2D gas, should be followed by an continuous tail of excitations with
momenta k ∈ [0,ks]. The matter wave focusing technique presented
above is uniquely suited to investigate this behavior to great precision.
Even though, the ripples on a pond already show this invalidation, a
2D quantum gas reaches closer to a sample featuring true 2D kinemat-
ics. Moreover, the experiment allows to investigate the crossover from
an even to an odd dimension by tuning the confinement in z-direction.
This would contribute to the ongoing discussion from which point on
dynamical phenomena in quantum gas experiments can be regarded
as 2D [160].
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However, the simultaneous excitation of all momentum classes up
to ks does not hinder the investigation of first sound vs =  hks/m in
interacting 2D Fermi gases, as the speed of sound is still well defined
in terms of the highest velocity vs. Such a study could be comple-
mented by e. g. the observation of second sound – heat transport by a
wave-like motion [44, 45, 161–163] – or a measurement of the critical
velocity [26, 87].

3

3 From Flatland: A Romance of Many Dimensions by Edwin Abbott Abbott (London,
1884, Seeley & Co.).
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F E R M I G A S E S : G E N E R A L P R O P E RT I E S A N D
D E F I N I T I O N S
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Table a.1: Comparison of Fermi systems in 2D and 3D for reference. Lin is
the poly-logarithm of grade n. For a detailed calculation of the
different quantities in 3D see e. g. [164] and [165]

6li properties

property value

Mass 6.0151214u

Natural abundance 7.6%

Total electronic spin S 1/2

Total nuclear spin I 1

Total nuclear gI-factor −0.0004476540

2P fine structure splitting 10.053 044GHz

22S1/2 hyperfine ground state splitting 228.2MHz

Vacuum Wavelength λD1 670.992 421nm

Natural linewidth ΓD1 2π× 5.8724MHz
Vacuum Wavelength λD2 670.977 338nm

Natural linewidth ΓD2 2π× 5.8724MHz
Saturation intensity Isat of D2-line 2.54mW/cm2

Table a.2: Atomic properties of 6Li [164].
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Figure a.1: Level scheme of 6Lithium at zero magnetic field: The 22S1/2
ground state manifold and the exited P states are shown. Here,
F is the total angular momentum. Is depicted by the 4.4MHz ar-
row in the 22P3/2 manifold, the fine structure splitting is smaller,
than the linewidth (see Tab. a.2) and thus the excited state level
structure can not be resolved. Imaging is typically performed on
the D2 transition. This figure is adapted from [31].
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Figure a.2: Breit-Rabi level splitting of the 22S1/2 ground state manifold:
Usually all experiments described in this thesis are performed in
the lowest two hyperfine states |1〉 and |2〉. The magnetic moment
leads to a high field scaling of the level splitting of 1.4MHzG−1.



b
D E T E C T I N G F R I E D E L O S C I L L AT I O N S I N
U LT R A C O L D F E R M I G A S E S

The following text appeared first in K. Riechers, K. Hueck et al. “Detecting
Friedel oscillations in ultracold Fermi gases”, ArXiv e-prints (2017) [47]
and is a result of the master’s thesis of Keno Riechers which the author co-
supervised.

abstract

Investigating Friedel oscillations in ultracold gases would comple-
ment the studies performed on solid state samples with scanning-
tunneling microscopes. In atomic quantum gases interactions and ex-
ternal potentials can be tuned freely and the inherently slower dy-
namics allow to access non-equilibrium dynamics following a poten-
tial or interaction quench. Here, we examine how Friedel oscillations
can be observed in current ultracold gas experiments under realistic
conditions. To this aim we numerically calculate the amplitude of the
Friedel oscillations which a potential barrier provokes in a 1D Fermi
gas and compare it to the expected atomic and photonic shot noise in
a density measurement. We find that to detect Friedel oscillations the
signal from several thousand one-dimensional systems has to be av-
eraged. However, as up to 100 parallel one-dimensional systems can
be prepared in a single run with present experiments, averaging over
about 100 images is sufficient.

introduction

Disturbing a homogeneous Fermi gas with an impurity gives rise
to Friedel oscillations [166, 167]. The density distribution close to
the impurity shows a spatially oscillating structure which decays
with increasing distance and whose periodicity is given by half the
Fermi wavelength. Friedel oscillations occur e.g. in metals when the
free electron gas is disturbed by the potential associated with impu-
rity atoms. They mediate long range interactions between individual
impurities, which can give rise to the formation of ordered super-
structures in adsorbates [168, 169] and are relevant for the interac-
tions between magnetic impurities [170]. Using scanning tunneling
microscopy (STM) Friedel oscillations have been observed in two-
dimensional and one-dimensional electron gases at surfaces of solids
and have served as a tool for the measurement of bandstructures and
Fermi surfaces [171–175].
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While Friedel oscillations in non-interacting systems are fully un-
derstood, the precise impact of interactions remains an open issue.
Theoretical and experimental results suggest an enhancement of the
oscillation amplitude for repulsive interactions [173, 176, 177], but
systematic experimental studies remain to be done. Furthermore, all
observations so far have reported on static Friedel oscillations since
STM cannot resolve the dynamics of electronic systems. Ultracold
Fermi gases [3, 50, 54] have the potential to contribute to both as-
pects of the topic: Interactions can easily be tuned via Feshbach res-
onances and the dynamics of these systems can be resolved due to
their much longer intrinsic timescales. Yet so far, Friedel oscillations
in ultracold gases [178–180] have not been observed. Motivated by
recent advances in the generation and study of ultracold Fermi gases
we investigate the feasibility of observing Friedel oscillations in a one-
dimensional gas of ultracold non-interacting fermions [39, 95, 97–99,
181–183].

density distribution around an impurity potential

In homogeneous non-interacting fermionic systems the one-particle
eigenstates of the Hamiltonian are given by plane waves character-
ized by a well defined momentum  hk. When inserting a localized
impurity potential the plane waves are scattered, giving rise to stand-
ing wave patterns in each single-particle wavefunction. Close to an
abrupt potential change the standing waves corresponding to differ-
ent occupied momenta are in phase and add up to an oscillatory
modification

δn(r) ∝ sin(2kFr+ η)
rD

, (b.1)

of the many-body density with respect to the unperturbed density.
Here, kF denotes the Fermi vector and D the dimensionality of the
system. The phase shift η depends on the precise shape of the impu-
rity potential and the dimensionality. Since the decay of Friedel oscil-
lations is weakest in one dimension we restrict our investigations to
this case.

As a first step it is instructive to see how Friedel oscillations emerge
for the simplest case, i.e. in a box potential of length L bound by
infinitely high walls for T = 0. Filling N fermions of identical spin
into the lowest N eigenstates yields:

n1D(x) =
2

L

N∑
j=1

sin(πjx/L)2 =
2N+ 1

2L
−

sin(π (2N+1)
L x)

2L sin(πx/L)

= n̄1D −
sin(2kFx)
2L sin(πx/L)

,

(b.2)

where n̄1D is the mean density far from the impurity and kF = πn̄1D.
This formula allows to determine the maximum amplitude of Friedel
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oscillations in a non-interacting system. The peak-valley amplitudes
of the first and second Friedel oscillation as defined in Fig. b.1 are
Θ1 = 37% and Θ2 = 16%.

However, due to the finite slope of the impurity potential in an
experimental realization the plane waves with different momenta are
reflected with different phase shifts. The standing waves are hence
not in phase even close to the impurity and the amplitude of the
Friedel oscillations is decreased. In order to quantify this effect we
perform a numerical study for a Gaussian impurity potential V(x)
having a height A and a 1/e2-radius w:

V(x) = A · exp
(
−
2 x2

w2

)
. (b.3)

This barrier is placed at the center of a finite size system which is
limited by narrow and high potential walls outside the region of in-
terest. We obtain the one-particle orbitals φk by numerically solving
the discretized Schrödinger equation. The expectation value for the
particle density operator of a Fermi gas at temperature T and chemi-
cal potential µ is given by [121]

〈n̂(x)〉 =
∑
k

f(εk, T ,µ)|φk(x)|2. (b.4)

Here, f is the Fermi distribution function and εk the energy of the
orbital φk with wavevector k.

According to equation (b.2) the wavelength of the Friedel oscilla-
tions λFO = 1/n̄1D is given by the inverse density and therefore
equals the average particle distance. Because Friedel oscillations on
scales below the resolution R of the imaging system cannot be ob-
served the maximal density in a possible experiment is constrained.
Accordingly we ensure that the Friedel wavelength is 4 times larger
than typical resolutions of R = 1µm by choosing the chemical poten-
tial µ such that the average density is n̄1D ≈ 0.25µm−1.

Figure b.1 shows the density distribution around a gaussian bar-
rier at zero temperature calculated with the approach outlined above.
The peak-valley amplitudes of the first and second oscillation with
respect to the average particle density are Θ1 = 32% and Θ2 = 15%,
respectively.

Since an observation of at least two density maxima is crucial for
an experimental determination of λFO we study the impact of the
impurity potential height A and 1/e2 radius w on Θ2. As shown in
Fig. b.2 the results range from the absence of significant Friedel os-
cillations for A . EF to Θ2 = 15% for w = 1.5µm ≈ 0.375 λFO and
A & 12 EF, where EF = h · 454Hz is defined as the Fermi energy of
the unperturbed system with a density n̄1D ≈ 0.25µm−1. The ampli-
tude of the oscillation is larger the more abrupt and pronounced the
change in the potential is. Very narrow barriers allow for tunneling
and therefore do not provoke strong Friedel oscillations.
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For an experimentally achievable temperature of T/TF = 0.1 the
calculation yields Θ2 = 9%.



150 detecting friedel oscillations in ultracold fermi gases

In the second step of our analysis we quantitatively study the in-
fluence of finite temperature. An increase in temperature is accompa-
nied by a loss of coherence and therefore a decrease in the amplitude
of the Friedel oscillations is expected. In Fig. b.3 results on the temper-
ature dependence are shown for the parameters w = 2µm and A =

11EF used also for Fig. b.1. As expected Θ2 decreases monotonously
with increasing temperature. For a temperature of T/TF = 0.1 that
can reliably achieved in quantum gas experiments Θ2 has decreased
to 9%. Hence, the expected peak-valley amplitude of the Friedel oscil-
lations in current experiments will most likely be limited by the finite
temperature rather than the finite barrier width and height.

experimental scenario

The experimental observation of Friedel oscillations in ultracold Fermi
gases requires the ability to create impurity potentials as well as to
image the atomic density with a resolution on the order of half the
Fermi wavelength. This has become possible in recent years with the
introduction of high resolution imaging using microscope objectives
[95, 98, 99, 182, 183]. Quantum gas microscopy has already enabled
the study of 1D fermionic lattice systems with single atom sensitivity
[97].

In the following we describe a promising experimental scenario
in which Friedel oscillations should be observable. A 2D Fermi gas
of e.g. several hundred fermionic atoms (e.g.6Li, 40K or 171Yb) is
prepared in a single 2D layer, which is sliced into about one hundred
1D tubes by imposing an optical lattice. The distance d between the
1D tubes is given by the lattice spacing. A repulsive barrier can then
be projected onto the atoms using a repulsive optical potential shaped
by means of spatial light modulators (see e.g. [40, 104, 184]) providing
diffraction limited feature sizes below 1µm. It will remain a technical
challenge to keep density deviations caused by imperfections in the
potential landscape significantly smaller than the amplitude of the
Friedel oscillations.

expected signal to noise ratio

As shown in Sect. b the observation of Friedel oscillations in ultracold
Fermi gases requires the detection of signal amplitudes as small as
5% of the 1D density. This is only possible if the signal to noise ratio
(SNR) of the density measurements exceeds 20. The two most impor-
tant sources of noise in density images are the atomic shot noise and
the detection noise. In the following we first focus on the atomic shot
noise, and consider only a single one-dimensional system in order to
discuss the signal to noise ratio in single atom sensitive fluorescence
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imaging. Finally, we calculate the signal to noise ratios achievable in
absorption imaging.

In order to be able to resolve the Friedel oscillations spatially, the
number κ of detection bins per Friedel wavelength should be larger
than 4, otherwise the wavelength cannot be determined. The linear
size of the bins is given by

l =
λFO
κ

=
1

κn1D
. (b.5)

As the average interatomic distance equals the wavelength of the
Friedel oscillation, the average number of atoms located within the
area of a single bin is 〈N〉 = 1/κ. The atomic shot noise σN is ap-
proximately σN =

√
〈N〉 1, yielding a relative atomic shot noise per

bin of σN/〈N〉 =
√
κ which is independent of the density. Even for

a minimal number of bins of κ = 4 and no further noise sources
the relative noise would be 200%. This shows that suppressing the
atomic shot noise to a relative level of 5% requires an average over
1600 measurements from individual 1D systems. For state of the art
fluorescence imaging no further significant detection noise is added.
Here, a very deep optical lattice is used to pin the atoms to one site
during detection and single atom, single site sensitive detection is
achieved [97–99, 182, 183]. We note that for this detection method the
mean interparticle distance along the tubes must be at least κ times
larger than the optical pinning lattice spacing of typically 0.5µm in
order to be able to spatially resolve the Friedel oscillations. Since in
the proposed experimental setup up to 100 parallel tubes can be pre-
pared and imaged in each realization, only data from 10 to 100 sep-
arate runs would have to be averaged. Density measurements with
such sensitivity have already been performed by averaging over 1000
tubes in a bosonic quantum gas microscope setup [186].

Most quantum gas experiments rely on measuring two-dimensional
column densities via absorption imaging. Here, the detection noise
becomes relevant and is mainly caused by photon shot noise. In the
following we perform a calculation of the signal to noise ratio includ-
ing photon shot noise. We find that the major limitation is still given
by the atomic shot noise and that photon shot noise reduces the signal
to noise ratio by at most a factor of 1.25.

In absorption imaging the 2D density n2D = n1D/d is measured
rather than the 1D density. For the calculation we choose the detection
bins to be two-dimensional pixels with pixel lengths l along the tube
direction and d perpendicular to it, where d is the distance between
tubes. This ensures that effectively only one 1D system is measured
per row of pixels, despite the fact that the tube structure proposed
in Sect. b cannot be resolved for typical lattice spacings d ≈ 0.5µm

1 The suppression of atomic shot noise for low temperature Fermi gases due to anti-
bunching [185] is only significant for detection volumes larger than the correlation
length, which is not the case here.
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between the tubes. Enlarging the pixel size perpendicular to the tube
direction would be analogous to averaging over several parallel 1D
systems. The average number of atoms per pixel is 〈Npix〉 = n2Dld =

κ−1 6 1/4 and the atomic shot noise approximately σNpix = κ−1/2

yielding σn2D = κ−1/2/ld per pixel.
In absorption imaging the 2D density is measured indirectly by

determining the number of photons psc scattered by the atoms

psc = pref − pa = pref − pinT . (b.6)

Here pa denotes the number of photons transmitted by the atoms
when illuminated by pin photons and pref is the number transmit-
ted in the absence of atoms. pin and pref originate from identically
prepared laser pulses and have the same mean value, but are stochas-
tically independent with σpin,ref =

√
pin. The transmission coefficient

T = exp(−βn2D) can be a approximated as T ' 1− βn2D in the limit
of low optical densities βn2D � 1 which is relevant here. β denotes
the scattering cross section of the corresponding atomic transition.

Eq. b.6 shows that it is convenient to regard the number of scattered
photons psc ≈ pinβn2D as the relevant signal and to compare it with
the corresponding standard deviation σsc to determine the signal to
noise ratio of the density measurement SNR = psc/σsc. Gaussian error
propagation yields

σ2sc = σ
2
pref

+ (1−βn2D)
2σ2pin

+ p2inβ
2σ2n2D

= pin + (1−βn2D)
2pin + p

2
inβ

2σ2n2D

(b.7)

for the variance of the scattered photons. The signal to noise ratio
then reads

SNR ≈ pinβn2D√
(2− 2βn2D)pin + p

2
inβ

2σ2n2D

. (b.8)

For very high numbers of incoming photons - i.e. in the limit of
vanishing relative photon shot noise - the SNR is ultimately limited
by

lim
pin→∞ SNR =

n2D

σn2D

=
Npix

σNpix

=
1√
κ

(b.9)

and hence limited by atomic shot noise as in the case of single atom
sensitive fluorescence imaging.

It is therefore desirable to work with high intensities I and long il-
lumination times t. However, the number of photons that can be scat-
tered by an individual atom is limited by motional blurring. When
scattering photons for an extended time t at an intensity I an atom
performs a random walk in momentum space. This leads to a mo-
tional blurring δx(t, I) of its position with respect to its original posi-
tion. To ensure that the density distribution is not altered significantly
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Figure b.4: Signal to noise ratios achievable for a density measurement on
a single pixel with absorption imaging as a function of the one-
dimensional density n1D and the imaging saturation s0 for 6Li
and a lattice spacing of d = 0.5µm. The imaging time has been
adapted to optimize the SNR for each s and n1D and the pixel
length chosen such that a Friedel oscillation extends over 4 pixels.
In the displayed region the SNR increases for both, increasing
density and saturation. The saturation was limited to s0 < 1

since the approximations made in the calculation fail for higher
saturation.

during the imaging process the condition δx(t, I) 6 l should be ful-
filled. The full calcuation [118] yields an upper bound tmax for the
illumination time

t 6 3

(
l λm

2h

√
1+ s0
Γs0

)2/3
≡ tmax. (b.10)

Here the saturation parameter s0 = I/Isat is used where Isat refers
to the saturation intensity and m to the atomic mass. Γ , λ and ν are
the linewidth, wavelength and frequency of the atomic transition. The
optimal signal to noise ratio is achieved for the maximal illumination
time tmax and its dependence on n2D, s0 and κ can be calculated by
using Eq. (b.8) and

pin =
s0Isat

hν
l d tmax. (b.11)

We evaluate the optimal signal to noise ratio for an experimentally
accessible configuration, i.e. for 6Li atoms, a lattice spacing of d =

0.5µm and κ = 4. The results for varying density and saturation
are presented in Fig. b.4. For any saturation the signal to noise ratio
improves with increasing density but care must be taken that the 1D
density is such that the Friedel wavelength remains κ times larger
than the optical resolution. Within the parameter range considered
here a maximal SNR per pixel of SNR ≈ 0.39 can be achieved for a
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light atom such as 6Li. For heavier atoms such as 40K the signal to
noise ratio approaches the atomic shot noise limit of SNR = 1/

√
κ =

0.5.

conclusion

In this article we study the feasibility of observing Friedel oscillations
in ultracold one-dimensional Fermi gases. We numerically calculate
the amplitude of the density oscillations for a suitable experimental
setup and find that for currently achievable temperatures of T/TF =

0.1 it is on the order of 10% of the total density. We then calculate
the expected noise for a density measurement on a single 1D system,
which is limited by atomic shot noise and exceeds the amplitude of
the Friedel oscillations by a factor of 20. Nevertheless, since many
1D systems can be observed in a single run the noise amplitude can
be sufficiently reduced by averaging over 100 images. Therefore we
conclude that an observation of Friedel oscillations is experimentally
feasible. This would open up the possibility to investigate their non-
equilibrium dynamics and to use them to probe Fermi liquids with
attractive and repulsive interactions.
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In order to be able to fully exploit the Feshbach resonance in 6Li,
quantum gas experiments with this element require rather high mag-
netic fields on the order of 1000G. Such high fields demand for high
currents. In this experiment, maximum currents of 400A can be ex-
pected. Due to the finite resistance of the copper wire which makes
up the coils producing the magnetic fields, the amount of power dis-
sipated close to the vacuum chamber is significant. Thus, hollow core
copper wire is used which can be actively water cooled [31]. However,
if the cooling fails for one reason or the other, an interlock system
should be in place to prevent the experiment from overheating.

Such an interlock system was designed and brought to operation.
The system is based on an initial design by Torben Müller [71]. The
foremost design goal was the development of a long term reliable
and fail-safe system. Thus, a mostly analog design approach with a
minimized number of components was followed.

The heart of the system is a four-line transistor-transistor logic
(TTL)-bus system. This system acts as health monitor for the exper-
iment status. Each element of the interlock system can listen and/or
write on a selectable subset of bus lines. This principle is depicted in
Fig. c.1. Input modules can pull down certain bus lines (failure) while
output modules read out the state of the bus lines and set their output
state accordingly.

This system is further equipped with a self holding fail-safe control
layer. This means that an interlock state can only be cleared, if the user

Figure c.1: Main interlock bus scheme: The interlock system provides a bus
which can be addressed by different user devices to read or write
the actual system status. The function of the different bus-lines
is described in the main text.
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presses the active-button after the cause for the interlock was resolved
and the triggering component itself was reset.

This principle of function dictates a certain order for enabling and
re-enabling the interlock system which will be listed below. Before
these details are given, another element has to be introduced which
is essential to the operation of the system as a whole.

pump controller logic

The pump control is the only module which is allowed to carry out
read as well as write operation on the TTL-bus. This is because, the
pump should only be allowed to run in case e. g. no leak is detected.
Still, if the pump is inactive, the full interlock system should be
set to its alarm state and the power supplies should not be able to
be used. This extended logic is realized by a set of complementary
metal-oxide-semiconductor (CMOS) gates which deal with the under-
lying TTL-logic. The output of these logic gates is then processed by
a PIC181 micro controller. The logic implemented in this controller is
depicted in the flow-diagram in Fig. c.2.

enable and re-enable the interlock system

This section walks the reader through the process of enabling and
re-enabling the interlock system step by step.

1. In order to enable the interlock system, first, the power supply
needs to be switched on (left module in Fig. c.3). This will set
the system to the alarm state, as no water is supplied in this
moment.

2. Next, the pump needs to be started by pressing the red button
of the pump controller (second to left module in Fig. c.3) for 3 s.
The pump controller will count down this time span. This starts
the pump and overwrites the TTL-lines for another 5 s.

3. During this time span, the self-holding control layer needs to
be enabled by pressing the red button on the readout module
(third to left module in Fig. c.3).

4. This should bring the system to normal operation.

In case the interlock system was triggered, the alarm state can be
cleared by taking the following steps:

1. In order to re-enable the interlock system, first, the source of
error needs to be cleared.

1 Picaxe 18M2 controller with 16 digital input/output (DIO) pins and 10 analog-digital
converter (ADC) pins with 10 bit resolution.
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Figure c.2: Pump controller logic: When the start button is pressed, the
pump is started after a 3 s delay. Furthermore, all TTL-buses are
overwritten with high for 5 s to allow the system to start. After-
wards, the system proceeds as normal and monitors the pump
controllers internal parameters (min. water flow, flow difference
between inlet and outlet, temperature threshold) as well as the
state of the external TTL-bus. If one of the internal parameters or
one of the activated TTL-buses triggers an interlock state, a set of
selected TTL-lines is pulled to low and the pump is stopped.
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(1)  (2)                            (3)    (4)    (5)    (6)    (7)    (8)    (9)    (10)

Figure c.3: Photo of the main interlock system: Function of rack-chassis from
left to right: (1) Main power supply with power indicator LEDs. (2)
Pump control module with adjustment potentiometers, pump-
start button and status display. (3) Readout module with self-
holding control layer reset button. (4-6) Input modules. (7-8) Out-
put modules. The principle of operation as well as a description
of the different components function is given in the main text.

2. In case the pump was shut down, the experimenter should fol-
low the “enable procedure” from step 2 onward.

3. In case the pump is still active, the self-holding control layer can
be directly cleared (see above).

Further details about the temperature interlock part of the system
can be found in the bachelor thesis by Florian Jacobs [187] which the
author supervised.
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T E C H N I C A L D E TA I L S

trap geometries

Table d.1 presents a list with technical details of all optical dipole
traps which are used in the experimental cycle.
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D E S C R I P T I O N O F D E V E L O P E D C O D E

This doctoral project lead to the development of some code frag-
ments which might be helpful in the future. This collection of scripts
will be swiftly presented in the next few lines. The interested reader
might be referred to the documentation of the code packages which
can be found in the respective repositories. A large part of the code
snippets are especially useful in conjunction with the Matlab tool-
box QMLi. This toolbox is designed to evaluate large image data-sets
in the context of quantum gas experiments. To be found in https:

//github.com/las-m/QMLi.

dmdconnect

Matlab class to connect to the Texas Instruments (TI) EVM6500 devel-
opment platform. This code uses a low level C hidapi implementation
for the universal serial bus (USB) communication with the digital mi-
cro mirror device (DMD) which is transparently provided to Matlab
via Matlabs own loadlibrary dll loading capability. To be found in
https://github.com/deichrenner/DMDConnect.

simimli

A simple numerical simulation tool to simulation near-resonant atom-
photon scattering. The tool is closely integrated in the QMLi toolbox.
To be found in https://github.com/las-m/SimImLi.

picomotorcontrol

A high level implementation of a serial socket connection. This im-
plementation is fully object oriented and provides a Matlab object to
control the PicoMotor piezo controlled mirror holders provided by
NewFocus. This class is used in conjunction with the SinglicityFeed-
back script implement feedback on the position of an optical dipole
trap. To be found in https://github.com/deichrenner/DMDConnect.

livedata

This script essentially monitors a selected folder via a loopless .NET
implementation. If a new *.csv file, generated by the CameraCon-
trol tool (part of the Experiment Wizard code base used to control
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162 description of developed code

quantum gas experiments), is detected, the content is loaded and a
plot is updated with the new data. This allows performing live rep-
resentation of data while the experiment is running. To be found in
https://github.com/las-m/LiveData.

selectdataset

This tool provides the front-end of a larger database system. This
system is used to keep track of all experimental runs and is highly
integrated into the ExperimentControl/CameraControl environment.
The selectDataset tool is thereby used to generate a boilerplate code
base which can be used for further data analysis and thereby circum-
vents tedious rewriting of code. To be found in https://github.com/

las-m/selectDataset.

singlicityfeedback

Matlab toolkit to actively align the suqeeze trap with respect to the
SWODT such that one single layer is loaded. To be found in https:

//github.com/las-m/SinglicityFeedback.

exportlabbook

PowerShell implementation of a backup solution for the OneNote lab-
book. To be found in https://github.com/las-m/ExportLabbook.

beamprofiler

Native Matlab beam profiler to be used with PointGrey cameras such
as the Chameleon. The script takes images in fast succession and fits a
two-dimensional Gaussian to the selected part of the recorded image.
To be found in https://github.com/las-m/beamProfiler.
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Constants

Γ Natural linewidth of the imaging transition in Hz

 h Reduced Planck’s constant  h = h/2π

λ Imaging transition wavelength

σ0 Ideal atom-light interaction cross-section σ0 = 3λ2

2π

c Speed of light

h Planck’s constant

I0sat Saturation intensity for 6Li: Isat = 2.54mW cm−2

kB Boltzmann’s constant

m Particle mass

List of Lenses

fFORT Melles Griot Achromat, f = 1000mm LAO813/073

fM,eff Microscope effective focal length

fTPH1,1 First lens of upper telephoto lens. f = −100mm. Thorlabs
A-coated N-BK7 negative miniscus lens: LF1822-A

fTPH1,2 Second lens of upper telephoto lens. f = 400mm. Melles
Griot N-BK7/N-SF5 Achromat 01LAO690/073

Variables
Non-exhaustive list of multiply used variables

α The atom-light interaction cross-section is reduced by the pa-
rameter due to e. g. non perfect polarization

ω̄ Mean trapping frequency
(∏D

i=1ωi

)1/D
∆ Detuning between atoms transition frequencyωA and the laser

frequency ωL

ΓAL Atom-light scattering rate.

λdB Thermal deBroglie wavelength
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164 list of symbols

µ Chemical potential

νr,mag = ωr,mag/(2π) Mean radial trap frequency caused by the mag-
netic potential

νx,opt = ωx,opt/(2π) Trap frequency caused by the optical potential
in x-direction

νy,opt = ωy,opt/(2π) Trap frequency caused by the optical potential
in y-direction

ωA Atom resonance frequency of a certain transition ωA = 2πνA

ωL Laser frequency ωL = 2πνL

ωX Trapping frequency in rad s−1 where X ∈ {x,y, z} indicates a
spatial coordinate

σeff =
σ0
α Effective atom-light interaction cross-section

~r Position vector

D Dimensionality

dring Ring diameter at the position of the atoms

E Energy

EF Fermi energy  h2k2/2m

EF,2D 2D Fermi energy

fFD(E, T) Fermi-Dirac distribution

G(E) Number of available phase space states

g(E) Density of states

g2D(E) 2D density of states

I Imaging beam intensity.

I(~r) Laser intensity

I(x,y, z) Spatially varying imaging beam intensity

Ieffsat = αIsat Effective saturation intensity

kF Fermi momentum kF =
√
2mE/ h

L Linear system size

llatt SWODT lattice spacing, here: llatt = 2.9µm

lrt Resonator round trip length

n(~r) Spatially varying atom density
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n2D 2D density

nglass Refractive index of a material

od(x,y) Line of sight integrated optical column density

p Momentum

PV Peak-valley wavefront error

RF,i Fermi-radius of the cloud in direction i ∈ {x,y, z}

T Temperature

TC Critical temperature for a certain phase transition

TF Fermi temperature EF/kB

Udip(~r) Depth of laser induced dipole potential

VHO(x,y) Harmonic oscillator potential





L I S T O F F I G U R E S

Figure 1.1 Density distribution of a 2D Fermi gas gener-
ated with the new apparatus (for details and
scales see Sec. 5.3.1) 2

Figure 2.2 3D Scattering length and binding energy 18
Figure 2.3 Comparison between 2D and 3D scattering lengths

and binding energies 20
Figure 3.1 High resolution microscope objectives placed

above and below the science chamber which
features very good optical access. 25

Figure 3.3 Cooling sequence scheme 27
Figure 3.4 Sketch of the REDT 28
Figure 3.5 Beam-path of the FORT 30
Figure 3.9 Error-signal generation for the REDT locking

scheme 32
Figure 3.11 General overview over the REDT locking scheme 34
Figure 3.13 Frequency generation for the REDT locking scheme 36
Figure 3.15 Particle number stability in the REDT over two

hours. There is no single failed shot in the data
set. 37

Figure 3.14 Lifetime in new REDT setup 38
Figure 4.1 Sketch of the SWODT generation 40
Figure 4.2 Fermi-radius in vertical direction 41
Figure 4.3 Sketch of a single layer loading configuration. 41
Figure 4.4 Sketch of a double layer loading configuration. 41
Figure 4.5 Beampath of the SWODT 43
Figure 4.6 Cut though the SWODT focus 44
Figure 4.7 Shifted lattice potentials 45
Figure 4.8 Absorption images of spatially separated dif-

ferent layers 47
Figure 4.9 Spatial separation of different layers 48
Figure 4.10 Single/Double layer loading stability 50
Figure 5.1 Working principle of an axicon 52
Figure 5.2 Gaussian beam diffraction after an axicon 53
Figure 5.3 Simplest ring beam generation 55
Figure 5.4 Generation of the ring potential 55
Figure 5.5 Steepness of the ring potential 57
Figure 5.6 Flatness for different chemical potentials 59
Figure 5.7 Flatness of the box potential 60
Figure 6.1 Working principle of DMD and liquid crystal

display (LCD) 64
Figure 6.2 DMD in real-space 66
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Figure 6.3 DMD in Fourier-space 66
Figure 6.4 Principle of oversampling 68
Figure 6.5 Reflection signal of the DMD with applied mirror

clocking pulse (MCP) and with the MCP pulled
to ground 71

Figure 6.6 Loss rate of an ultra cold cloud of 6Li atoms
due to DMD flickering 72

Figure 6.7 Timing pattern of the clock thief 74
Figure 6.8 Schematic of the hardware extension used to

interrupt the MCP 75
Figure 6.9 4π phase gradient to be imprinted onto the

atoms. 76
Figure 6.10 Local density depletion caused by the DMD. 77
Figure 7.1 Sketch of the experimental setup 84
Figure 7.2 Flight distance vs. laser detuning 86
Figure 7.3 Chirp efficiency 88
Figure 7.4 Determination of the effective saturation count

rate 89
Figure 7.5 Proof of validity and optimization of signal-to-

noise ratio 91
Figure 7.6 Correction for a non-closed imaging transition 93
Figure 7.7 Imaged cloud width at different microscope z-

positions 94
Figure 8.1 Intensity distribution of the variable step-potential 100
Figure 8.2 Calibration of the variable step-potential 102
Figure 8.3 Density EOS of non-interacting homogeneous

2D Fermi gases 103
Figure 8.4 Scale invariance of a 2D homogeneous ideal

Fermi gas 104
Figure 9.1 Phase-space rotation and stretching during free

time of flight (TOF). The momentum distribu-
tion is only mapped to position space at t ′ =∞. 110

Figure 9.2 Classical trajectory of two particles in a har-
monic oscillator potential after t = τ/4. 110

Figure 9.3 90° phase-space rotation during matter wave
focusing. 111

Figure 9.4 180° phase-space rotation during matter wave
imaging. 111

Figure 9.5 Scattering during time evolution 113
Figure 9.6 Momentum distribution of a non-interacting

Fermi gas 115
Figure 9.7 Influence of interaction quench on a non-interacting

Fermi gas. 118
Figure 9.8 Influence of interactions on the τ/4 measure-

ment. 119



Figure 9.9 Experimental verification of 2D kinematics 121
Figure 9.10 Momentum distribution of strongly interact-

ing systems: 124
Figure 9.11 Schematic representation of the Berezinskii-Kosterlitz-

Thouless (BKT) transition 126
Figure 10.1 Friedel oscillations of non-interacting fermions

at T = 0 135
Figure 10.2 Width of cloud after time evolution in a disor-

der potential 137
Figure 10.3 Histogram of occurrence of disorder strength

in units of the chemical potential µ. 138
Figure 10.4 Normalized intensity auto-correlation function

of the disorder potential and the correspond-
ing Gaussian fit. 138

Figure 10.5 Huygens’ Principle depicted as usually in 2D. 139
Figure a.1 Level scheme of 6Lithium 144
Figure a.2 Breit-Rabi level splitting 144
Figure b.1 Friedel oscillations of non-interacting fermions

at T = 0 148
Figure b.2 Visibility of Friedel oscillations 148
Figure b.3 Friedel oscillations of non-interacting fermions

at T > 0 149
Figure b.4 Signal to noise ratios for dilute samples of 6Li 153
Figure c.1 Main interlock bus scheme 155
Figure c.2 Pump controller logic 157
Figure c.3 Photo of main interlock system 158
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Table 6.1 DMD vs. LCD 65
Table 6.2 Real Space DMD vs. Fourier DMD 67
Table a.1 Comparison of Fermi systems in 2D and 3D 143
Table a.2 Atomic properties of 6Li [164]. 143
Table d.1 Trap Geometries and Dimensions 160
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ADC analog-digital converter 156

AGC automatic gain control 35

AOD acousto-optical deflector 83

AOM acousto-optical modulator 44

API application programming interface 69

AR anti-reflection 69

BCS Bardeen-Cooper-Schrieffer 134

BEC Bose Einstein condensate 123

BKT Berezinskii-Kosterlitz-Thouless 169

C++ general-purpose programming language

CMOS complementary metal-oxide-semiconductor 156

DAC digital to analog converter 35

DDS direct-digital synthesizer 83

DIO digital input/output 156

DLP digital light processor 64

DMD digital micro mirror device 161

DOS density of states 128

EOM electro-optical modulator

EOS equation of state 134

eRLE enhanced run length encryption 70

FFLO Fulde-Ferrell-Larkin-Ovchinnikov 109

FORT far off resonant dipole trap 94

FPGA field-programmable gate array 73

HD high definition 65

HDMI high definition multimedia interface 70

hid human interface device 70

LCD liquid crystal display 167

LDA local density approximation 100

LED light emitting diode

LPC laser power control

MCP mirror clocking pulse 168

MOSFET metal oxide semiconductor field-effect transistor

170
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MOT magneto-optical trap

MSPS mega samples per second

NA numerical aperture 92

ODT optical dipole trap 26

PBS polarizing beam splitter cube 70

PDH Pound-Drever-Hall

PI proportional-integral

PID proportional-integral-differential

PSF point-spread function 95

QMC Quantum Monte Carlo 128

QPD quadrant photodiode

REDT resonator enhanced dipole trap

RF radio-frequency 46

RLE run length encryption 70

RLS resolution limited spot

SHG second harmonic generation 44

SLM spatial light modulator 63

SNR signal to noise ratio 128

SRAM static random access memory

SWODT standing wave optical dipole trap 116

TEM transverse electromagnetic

TF Thomas-Fermi 41

TI Texas Instruments 161

TOF time of flight 168

TTL transistor-transistor logic 155

UHV ultra high vacuum

USB universal serial bus 161

VCO voltage controlled oscillator

VSP variable step-potential

VVA voltage variable attenuator
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