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Abstract
A Microwave Power Stabilization Setup for Controlling Spin Dynamics
in a Bose-Einstein Condensate

This thesis presents the setup and testing of a microwave power stabilization utilized for
an increased level of control over the spin dynamics in a 87Rb Bose-Einstein condensate
in the F = 1 hyperfine manifold where the magnetic sublevels constitute a spin-1 system
with ferromagnetic interactions. By applying off-resonant microwave dressing, we are able
to tune the effective quadratic Zeeman shift and obtain an experimental control parameter
for the spin dynamics. To achieve a long-term stable operation of the control parameter, we
construct a power stabilization for the microwave signal, aiming to reduce fluctuations in the
short-term up to ∼ 10 kHz and slow drifts in the long-term. Here, we report on the setup of
this stabilization and benchmark its performance in a test setup as well as with the stability of
Rabi oscillations in the Bose-Einstein condensate. The setup accomplishes a power stability
of 10−4 over short time scales (< 1 h) and reaches a stability of ∼ 4 · 10−4 over longer time
frames (∼ 1 day).

Zusammenfassung
Ein Aufbau zur Stabilisierung der Mikrowellenleistung für die Kontrolle
über die Spin-Dynamik in einem Bose-Einstein Kondensat

Diese Arbeit präsentiert den Aufbau und Tests einer Stabilisierung der Mikrowellenleistung.
Diese wird verwendet für eine bessere Kontrolle über die Spin-Dynamik in einem 87Rb Bose-
Einstein Kondensat im F = 1 Hyperfeinstruktur-Niveau, wo die magnetischen Sub-Level
ein Spin-1 System mit ferromagnetischen Wechselwirkungen bilden. Durch nicht-resonantes
Mikrowellen dressing können wir den effektiven quadratischen Zeeman-Effekt beeinflussen
und erhalten somit einen experimentellen Kontrollparameter für die Spin-Dynamik. Um
eine langzeitig stabile Operation des Kontrollparameters zu erreichen, haben wir eine Stabil-
isierung für die Leistung des Mikrowellensignals konstruiert, welche schnelle Fluktuationen
bis zu ∼ 10 kHz und langsame Drifts reduzieren soll. Hier erläutern wir den Aufbau dieser
Stabilisierung und überprüfen dessen Funktionsweise in einem Testaufbau sowie durch die
Stabilität von Rabi Oszillationen in dem Bose-Einstein Kondensat. Der Aufbau erreicht eine
Stabilität von 10−4 über kurze Zeitskalen (< 1 h) und ∼ 4 · 10−4 für längere Zeitskalen
(∼ 1Tag).
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1 Introduction

Initiated by the first realization of a Bose-Einstein condensate (BEC) in a dilute ultra-cold gas
[1] [2], the experimental study of quantum many-body behavior has seen tremendous progress.
In these systems, many interesting phenomena can be investigated which are, among others,
superfluidity, quantum vortices, entanglement and the development of quantum technologies.
Particularly desirable is a system in which every parameter occurring in the Hamiltonian can be
modified, much like in the concept of a quantum simulator, hence allowing to study synthetic
quantum systems.

Our experimental system is a spinor BEC of 87Rb occupying the F = 1 hyperfine manifold
where the magnetic sublevels constitute a spin-1 system featuring ferromagnetic interactions.
Interatomic spin-changing collisions can redistribute pairs of particles between the magnetic
substates and induce quantum correlations in the system. The occurrence of these spin-spin in-
teractions depends on the energy shift of the internal levels. We employ off-resonant microwave
dressing to tune this energy shift and therefore obtain an experimental control parameter for
the spin dynamics in our system. Given this experimental platform, a variety of quantum
many-body phenomena can be explored. For instance, quenching the system over a quantum
phase transition thereby driving it far from equilibrium leads to the emergence of self-similar
behavior [3]. Furthermore, the spin-changing collisions can be used to generate multipartite
entanglement [4]. Independently of the phenomenon that is investigated, a robust operation
of the entire experimental apparatus has to be ensured. A stable microwave dressing is of
particular importance.

In this thesis we present the setup and characterization for an power stabilization of a
microwave signal which aims for long-term stability. The setup is independent of the microwave
source. We start by introducing some important theoretical concepts in chapter 2, before an
overview of the experimental system is given in chapter 3, where we also discuss the properties
of the many-body spin-1 system in more detail and show the typical experimental procedure. In
chapter 4, the microwave system is described and the stabilization setup of the microwave signal
is discussed in detail and its performance is analyzed by directly measuring the microwave
power and by observing fluctuations of the Rabi coupling in the condensate. In chapter 5 we
demonstrate how the microwave dressing affects the internal state of the many-body system by
examining the spin dynamics in dependence of this control parameter. Finally, we conclude
with a brief outlook in chapter 6.
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2 Theoretical background

In this chapter we want to discuss some basic theoretical concepts which will be useful
throughout this thesis. We start by reviewing the interaction of a two-level atom with an
electromagnetic field, before we take a look at the description of spin-1 particles.

2.1 Two-level system in the dressed atom picture

The interaction of a two-level atom with a radiation field is frequently discussed in the literature
with various approaches. Here, we want to use the dressed atom picture as given in [5] where
the Hamiltonian of the system is

Ĥ = Ĥa + Ĥf + Ĥaf (2.1)

where Ĥa and Ĥf are the energies of the atom and the field respectively, while Ĥaf describes
the atom-field interaction. We consider a simple two-level atom consisting of a ground state |g⟩
and an excited state |e⟩ which are split by the energy difference ∆E = h̄ω. When we define
the energy of the ground state to be zero, Ĥa is given by

Ĥa = h̄ω |e⟩ ⟨e| (2.2)

Further, the field is introduced in a fully quantized version where only a single mode of the
electromagnetic field with frequency ωl is considered such that the field Hamiltonian is

Ĥf = h̄ωl

(
â†â+

1

2

)
(2.3)

with â† being the creation and â the annihilation operators. The field is then conveniently
expressed in terms of the Fock state |N⟩, where N is the number of photons in the mode ωl.

Bare States

For the beginning, we neglect the interaction term (Ĥaf = 0). The Hilbert space then simply
contains the atomic as well as the electromagnetic field states, which makes it convenient
to express them in a combined product state of the form |e/g,N⟩.The energy scheme of the
product states is shown in Fig. 2.1 a). In the case of small detuning |δ| = |ω − ωl| ≪ ω the
ground state with N + 1 photons |g,N + 1⟩ is almost degenerate with the excited state with N
photons |e,N⟩. We group those two states together in the manifold Σ(N).

8



2.1 Two-level system in the dressed atom picture 9

Figure 2.1 Dressed-atom level strucutre. a) Neglecting the atom-field interaction yields the bare states.
These represent a product states of the atomic and the field state and can be grouped into manifolds
Σ(N). b) When we take the interaction into account, the energy splitting of the two states within a
manifold is increased. We find the new eigenstates |1(N)⟩ and |2(N)⟩ which are called dressed states.
c) The energy of the bare and the dressed states are shown in dependence of the detuning. Through the
interaction, the level-crossing of the bare states at δ = 0 turns into an avoided crossing for the dressed
states.

Dressed States

Now, we introduce the atom-field interaction in the electric dipole approximation where we
assume that the field is uniform over the entire atom. The interaction Hamiltonian is then

Ĥaf = −D̂ · Ê (2.4)

with the electric dipole operator

D̂ = d (|g⟩ ⟨e|+ |e⟩ ⟨g|) (2.5)

where d = er is the atomic dipole moment and r is the position vector of the electron. The
electric field at the position of the atom is

Ê =

√
h̄ωl

2ϵ0V
ϵ̂l
(
â+ â†

)
(2.6)

Substituting eq. (2.5) and (2.6) into the interaction Hamiltonian yields

Ĥaf = g
(
|e⟩ ⟨g| â+ â† |g⟩ ⟨e|

)
(2.7)

where we defined the coupling constant g = −ϵ̂ld
√

h̄ωl

2ϵ0V
. The first term describes the excitation

of the atom from the ground to the excited state combined with an annihilation of one photon,

9



10 2 Theoretical background

while the second term describes the opposite process. In eq. (2.7) we have neglected the terms
|e⟩ ⟨g| â† and |g⟩ ⟨e| â which describe the process in which the atom is excited and a photon is
created and the opposite. Both terms do not conserve energy and neglecting them corresponds
to making the rotating-wave approximation.

We find that the atom-field interaction term leads to a coupling of the two states within each
manifold Σ(N)

⟨e,N | Ĥaf |g,N + 1⟩ = g
√
N + 1 (2.8)

Now, we further assume that the photon number N is very large and fluctuations of it can
be neglected. This effectively introduces a classical field E which allows us to express the
coupling in eq. (2.8) independent from N [6]. The two-level system given in each manifold
Σ(N) can then be described by the following Hamiltonian

Ĥ =
h̄

2

(
−δ Ω0

Ω0 δ

)
(2.9)

where we defined the Rabi frequency Ω0 = −d · E/h̄. Through diagonalization of this
Hamiltonian, we obtain the eigenstates of the system consisting of the atom dressed with the
photons and including the interaction. We label these eigenstates dressed states and find them
to be linear combination of the bare states

|1(N)⟩ = sin θ |g,N + 1⟩+ cos θ |e,N⟩
|2(N)⟩ = cos θ |g,N + 1⟩ − sin θ |e,N⟩

(2.10)

where tan 2θ = −Ω0/δ. The energy difference between the dressed states is given by the
generalized Rabi frequency Ω = h̄

√
δ2 + Ω2

0 as shown in Fig. 2.1 b). When we plot the energy
of the states against the detuning (Fig. 2.1 c)) we find that level crossing of the bare states turns
into an avoided crossing when we take the interactions into account by means of the dressed
states. Far from resonance, the deviation from the dressed states to the bare states corresponds
to the AC Stark effect.

2.2 Spin-1 system

Our experimental system, a 87Rb BEC, is generated in the electronic ground state and most of
the experiments are carried out in the F = 1 manifold which forms a spin-1 system. In order
to describe the behavior and the dynamics of our system, we start by setting up a theoretical
framework for the spin-1 system. First, we consider a single spin-1 particle before we extend
our description towards an interacting ensemble in the many body limit.

2.2.1 Single particle description

In order to describe a spin-1 system we can extend the well known formalism of the spin-1/2
system. Instead of a two-level system we are dealing with a three-level system which is given in

10



2.2 Spin-1 system 11

our case by the three magnetic substates |mF ⟩ with mF ∈ {−1, 0,+1} of the F = 1 manifold.
With those basis states, a pure single-particle state is given as

|Ψ⟩ = √
c+1 e

iϕ+1 |+1⟩+
√
c0 e

iϕ0 |0⟩+√
c−1 e

iϕ−1 |−1⟩ (2.11)

where the prefactors ci give the probability of finding the particle in state |i⟩ and are normalized
with

∑
i ci = 1. Since the absolute value of the phases ϕi cannot be measured, we neglect the

overall phase and only consider the relative phases by

|Ψ⟩ =

 √
c+1 e

iϕL/2

√
c0 e

iϕS

√
c−1 e

−iϕL/2

 (2.12)

where we used the vector notation. Here, the phase difference between the states |±1⟩ is defined
as the Larmor phase ϕL = ϕ+1 − ϕ−1, while ϕS = ϕ0 − (ϕ+1 + ϕ−1) is defined as the spinor
phase. The free parameters of the spin-1 particle, gives rise to a set of unitary transformations
which are covered by the Lie group SU(3). To parameterize the transformations we define a
basis for the hermitian operators of the Lie algebra su(3). One choice for such a basis is given
by the set {

F̂x, F̂y, F̂z, Q̂xz, Q̂yz, Q̂xy, Q̂xx, Q̂yy

}
(2.13)

where the first three, defined in analogy to the spin-1/2 system, are the spin-1 dipole operators
given as [7]

F̂x =
1√
2

0 1 0
1 0 1
0 1 0

 , F̂y =
1√
2

0 −i 0
i 0 −i
0 i 0

 , F̂z =
1√
2

1 0 0
0 0 0
0 0 −1

 (2.14)

Contrary to a spin-1/2 particle, we require additional operators to fully specify the wavefunction,
for which we choose the quadrupole operators defined as [8]

Q̂ij = F̂iF̂j + F̂jF̂i −
4

3
δij13 i, j ∈ {x, y, z} (2.15)

where δij denotes the Kronecker delta. With the set of operators (2.13) we can decompose the
density matrix of any state by [9]

ρ̂ =
1

3
13 +

∑
i

fiF̂i +
∑
j

qjQ̂j (2.16)

The operators (2.13) are the generators of SU(3) and can be used to describe any unitary
transformation of a spin-1 state.

11



12 2 Theoretical background

2.2.2 Many-body limit
In a single experimental realization we probe the spin dynamics of at least ∼ 104 interacting
atoms. In order to describe this system, we have to extend the single particle spin-1 formalism
to the many-body limit. As our system is a Bose-Einstein condensate of identical atoms, the
particles are indistinguishable and the many-body state has to reflect this property by being
symmetric under the exchange of any two particles. It is thus no longer practical to ask for the
state of each individual particle, but rather one should determine by how many particles each
state is occupied. This approach is realized in the second quantization formalism where the
many-body basis state is given by the Fock state

|ψ⟩ = |N+1, N0, N−1⟩ (2.17)

where Nm is the number of atoms in the respective magnetic substate. In eq. (2.17) we applied
the single-mode approximation, where we assume that all magnetic substates occupy the same
spatial mode. We can express the set of spin-1 operators (2.13) in the second quantization
formalism using the Jordan-Schwinger map [10]

Ô =
(
â†+1, â

†
0, â

†
−1

)
Ô1st

â+1

â0
â−1

 (2.18)

where Ô1st denotes an operator in the matrix notation and â†m and âm are the creation and
annihilation operators of the magnetic substate m. The number of atoms in the state m is given
by the number operator

N̂m = â†mâm (2.19)

In section 3.3 we will use this formalism to describe our spin-1 system, where we also will
include the interactions between the atoms.

12
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3 Experimental system

In this chapter a brief overview of the experimental platform, a spinor Bose-Einstein condensate
(BEC) of 87Rb, is given. After describing the condensation process, we detail on the internal
level structure of 87Rb. Then, we take a look at the interactions and how we control them
experimentally, before presenting the typical mode of operation of the experiment.

3.1 BEC generation and trapping potential

The geometric setup and the BEC production is already described in plenty of previous
theses [9] [11] [12], so we will only summarize the key elements here. The condensate is
produced in ultra-high vacuum conditions with a sequence of cooling and trapping techniques.
Each experimental run starts by confining 87Rb atoms in a magneto-optical trap (MOT).
Following a short sub-Doppler cooling cycle, the atoms are transferred to a magnetic trap in the
time-orbiting-potential (TOP) configuration where further cooling is achieved by evaporative
cooling. Subsequently, the atoms are loaded into a optical dipole trap created by two far-red
detuned (1030 nm) focused laser beams referred to as XDT and waveguide (WG). Here, further
evaporative cooling is induced by reducing the power in the laser beams thereby letting the
hotter atoms escape, leading to a BEC of up to ∼ 105 atoms. After the evaporation the XDT
beam is ramped down, while the waveguides intensity is ramped up slightly leading to a very
elongated dipole trap with trapping frequencies (ω∥, ω⊥) ≈ 2π× (1.6, 170)Hz. The geometric
configuration of the dipole trap beams and the glass cell is sketched in Fig. 3.1 a). The cooling
cycle takes around 37 s and yields the condensed 87Rb atoms in the (F,mF) = (1,-1) hyperfine
state, which is the starting point for all our experiments.

Trapping potential

In the optical dipole trap of the WG beam, the radial extension of the atomic cloud is small
enough, such that typically no spin excitations emerge in this direction. Therefore, we
investigate in the dynamics of a quasi-one-dimensional spin system. The atomic density,
however, adjusts itself to the trapping potential and is hence inhomogeneous. This leads to a
generally unwanted spatial dependency of the spin-spin interaction, since they are influenced
by the density. To circumvent this, we confine the atoms to the central part of the dipole
trap where the density only varies slightly. This is achieved by shining in two blue-detuned
laser beams (λ ≈ 760 nm) symmetrically around the harmonic trap center, which generate a
repulsive potential. The position of these beams is controlled with a setup of two acusto-optic
deflectors (AODs) [13]. In these devices, a laser beam is deflected by a crystal, through which
a sound wave is traveling perpendicular to the beam’s direction of propagation. The acoustic
frequency determines the deflection angle and thus enables spatially controlling the laser beam.

13



14 3 Experimental system

Figure 3.1 a) Experimental configuration. Sketch of the glass cell in which the BEC is generated
under ultra-high vacuum conditions. In the crossed optical dipole trap consisting of the XDT beam and
the WG beam, condensation is achieved by evaporative cooling. Also shown are the two coils used to
drive radio-frequency transition and the microwave antenna. Fig. a) is adapted from [9]. b) Box-like
trapping potential. After adiabatically turning off the XDT beam, the atomic cloud expands into the
elongated quasi-one-dimensional trapping potential of the WG beam. In order to achieve an atomic
density profile along the cloud which is as homogeneous as possible, the trap is further confined with
blue detuned laser beams on each side. The resulting atomic density profile resembles a one-dimensional
box, i.e. it is quite homogeneous with steep edges. The width of the box can be set to any desired value,
as we have full control over the location of the two beams.

With one AOD regulating the deflection in horizontal direction and a second AOD regulating
the vertical deflection, we have full spatial control over the laser beam and can steer it to
overlap with the atomic cloud at any point. By constraining the quasi-one-dimensional trap on
both sides as illustrated in Fig. 3.1 b), we generate a box-like trapping potential. In the cooling
sequence, when the XDT beam from the crossed dipole trap is ramped down after the final
evaporative cooling cycle, the atomic cloud expands into this harmonic potential of the WG
constrained by the blue detuned beams.

Furthermore, an important feature for modifying the spatial structure of our system is
given by the possibility to generate an optical lattice potential [12]. For this, two laser beams
are crossed under a shallow angle which forms a one-dimensional lattice in the longitudinal
direction of the cloud. The angle and the wavelength of the laser beams determine the spacing
of the lattice wells [14]. As it is energetically favorable, the atoms are forced towards the
minima of the lattice potential and hence the homogeneous atomic cloud is divided into many
small clouds, which are separated from each other. In the current setting, the single large BEC
confined in the box-like potential is transformed with the lattice into ∼ 20 independent small
BEC’s.

3.2 Level structure
The 87Rb atoms are trapped in their electronic ground state 52S1/2, where the coupling between
the nuclear spin I = 3/2 and the valence electron’s spin S = 1/2 results in the emergence of
two hyperfine manifolds F = 1, 2. The frequency splitting between these hyperfine manifolds

14



3.2 Level structure 15

Figure 3.2 Level structure of 87Rb in its electronic ground state. a) The two hyperfine manifolds
F = 1 and F = 2 with a frequency splitting of ∼ 2π × 6.8GHz are shown. The magnetic substates are
shifted due to the linear Zeeman effect. b) When transforming into the rotating frame of the Larmor
frequency of F = 1, the linear Zeeman effect vanishes and the quadratic shift is revealed where the
(1,0) level is shifted relative to the (1,±1) levels by ∼ 2π× 72 Hz/G2.

is ωhfs = 2π · 6.835GHz [15]. During the experiments, a magnetic bias field of B = 0.894G
is applied along the z-direction which we also define as the quantization axis. This lifts the
degeneracy of the 2F + 1 magnetic sublevels of each manifold, as their energy is shifted due
to the Zeeman effect. Throughout this thesis we will use the notation (F,mF ) to refer to the
magnetic substates. As given in [9], the linear and the quadratic shifts are

Ez = g1,FmF h̄B + g2,F (4−m2
F )h̄B

2 (3.1)

where h̄ is the reduced Planck constant and the first- and second-order g-factors are

g1,F ≈
{

−2π × 700 kHz/G for F = 1
2π × 702 kHz/G for F = 2

g2,F ≈
{

−2π × 72Hz/G2 for F = 1
2π × 72Hz/G2 for F = 2

(3.2)

Interestingly, the magnitude of the Zeeman shift is almost the same for both hyperfine manifolds,
however the g-factors have a different sign, leading to the level structure shown in Fig. 3.2 a).
In F = 1 the energy splitting of the linear Zeeman effect results in the Larmor precession of
the spin around the z-axis with the frequency ωL = 2π × g1,1B.

Looking at the g-factors, it is clear that at the employed magnetic field strength the quadratic
Zeeman effect is significantly smaller. A transformation into the frame co-rotating with the
Larmor frequency though, removes the linear shift and presents the effect of the quadratic shift
shown in Fig. 3.2 b). According to eq. (3.1), the second order term shifts the zero mode (1,0)
relative to the mF = ±1 states by qB = −2π× 72Hz/G2×B2, which results in a spinor phase
evolution. The F = 1 hyperfine manifold gives access to a spin-1 system, in which most of

15



16 3 Experimental system

our experiments are conducted. Here and throughout this thesis, we will refer to the mF = ±1
states as side modes.

3.3 Interactions in a spin-1 system
In the following we briefly review the theoretical description for a many-body system composed
of interacting spin-1 particles. We describe each magnetic sublevel with a bosonic field operator,
which we combine in the vector

Ψ̂(r) =

Ψ̂+1(r)

Ψ̂0(r)

Ψ̂−1(r)

 (3.3)

We expand the field operators with a set of basis functions ϕmi(r) as

Ψ̂m(r) =
∑
i

ϕmi(r) âmi

SMA
= ϕC(r) âm

(3.4)

where âmi is the annihilation operator for the magnetic quantum number m and the spatial
mode i. For a homogeneous Bose-Einstein condensate, we further can apply the single-mode
approximation (SMA) where we assume that all particles occupy the same spatial mode ϕC(r).
The Hamiltonian describing our system, can be divided into three parts

Ĥ =

∫
dr

(
Ĥ0 + ĤB + Ĥint

)
(3.5)

where the single particle term Ĥ0 describes the kinetic energy and the potential energy due to
the confinement in the optical trap

Ĥ0 = Ψ̂†(r)

(
h̄2∇2

2M
+ Vtrap(r)

)
Ψ̂(r) (3.6)

where h̄ is the reduced Planck constant and M the atomic mass. Since the experiments are
carried out in the presence of a magnetic bias field, we include the energy shifts of the magnetic
substates due to the Zeeman effect with

ĤB = h̄pBF̂z(r) + h̄qB

(
N̂+1(r) + N̂−1(r)

)
(3.7)

where pB = g1,1B and qB = −g2,1B2 give the linear and the quadratic shift respectively
(compare to eq.(3.1).

Interactions
The interesting dynamics that we want to study are induced by the interactions between the
atoms. For alkali atoms in the electronic ground state long-range interactions, like the dipole-
dipole interaction, are very weak and can be neglected. Short-range interactions on the other

16



3.3 Interactions in a spin-1 system 17

hand, are sufficiently described with only two-body scattering events, as three or more-body
scattering is highly unlikely in our very dilute system. Further, in the ultracold gas s-wave
scattering is by far the dominant scattering channel.

Due to the symmetry of the many-body wave function under the exchange of two particles
and due to the conservation of the total spin in binary collisions, only the two spin channels with
F = {0, 2} are allowed, where F is the total spin of the two interacting particles. Following
the derivation in [16], this results in the interaction Hamiltonian

Ĥint =
c0 χ

2
: N̂2(r) : +

c1 χ

2
: F̂

2
(r) : (3.8)

where :: denotes normal ordering, N̂ =
∑

m N̂m =
∑

m â
†
mâm is the total density operator and

F̂ = (F̂x, F̂y, F̂z)
T the vector of the spin-dipole operators. Here, χ =

∫
drϕ2

0ϕ
∗
+1ϕ

∗
−1 describes

the mode overlap. Due to the single mode approximation in eq.(3.4), all states occupy the
same spatial mode and we obtain χ =

∫
dr|ϕC(r)|4. The first term in 3.8 describes an overall

energy shift due to interactions depending on the atomic density, while the second part is spin
dependent. The coupling constants of these two interactions are

c0 =
4πh̄2

M

a0 + 2a2
3

c1 =
4πh̄2

M

a2 − a0
3

(3.9)

where a0 and a2 are the s-wave scattering lengths of the corresponding spin channels and their
values can be found in [16]. It is however important to note that in the F = 1 manifold of 87Rb
the coupling constant c1 is negative. Thus, it is energetically favorable for the spin of all atoms
to align resulting in the ferromagnetic characteristic of the interactions in our system. To get a
better understanding of the spin-spin interactions, we plug the operators in second quantization
in the spin dependent part of eq. (3.8) and expand it to [9]

Ĥspin =
c̃1
2

:
(
F̂xF̂x + F̂yF̂y + F̂zF̂z

)
:

= c̃1N̂

+ c̃1

(
N̂0 −

1

2

)(
N̂+1 + N̂−1

)
+
c̃1
2

:
(
N̂+1 − N̂−1

)2

:

+ c̃1

(
â†0â

†
0â+1â−1 + â†+1â

†
−1â0â0

)
(3.10)

where we used the modified coupling constant c̃1 = c1χ. With the spin Hamiltonian written
out in this formulation, it is easy to identify the physical meaning of the different parts. While
the first term yields an overall energy shift, the second one shifts the energy of the (1,0) state
relative to the side modes. The third line shows that an imbalance in the population of the side
modes is energetically favored. But since the z-component of the spin is conserved during
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18 3 Experimental system

collisions, the imbalance in the side mode population cannot be altered by the interactions. All
experiments discussed here have no magnetization in z-direction when integrating over the
entire system, so this term vanishes. The last term is essential for the internal dynamics as it
gives rise to so called spin-changing collisions. These are scattering events where two atoms,
initially occupying the state (1,0), are transformed into an atom pair where one particle is in
the mF = +1 and the other one in the mF = −1 state. This process also occurs the other way
around and generally leads to highly entangled states.

Now, we have specified the different parts in the Hamiltonian (3.5). We are, however, espe-
cially interested in the internal spin dynamics, hence we will identify the relevant contributions.
For this purpose, global energy shifts and finite magnetization effects can be neglected. As
collisions fulfill conservation of the spin’s z-component, the linear Zeeman splitting is also
irrelevant. In the case of spin-changing collisions, where a pair of atoms in (1,0) is transferred
into the side modes (1,±1), one can notice that the initial and final pair states have the same
energy according to the first order Zeeman splitting. The quadratic Zeeman effect, on the other
hand, shifts in particular the energy of the side modes relative to the mF = 0 level. As a result,
the internal dynamics are described by the Hamiltonian

Ĥ = q
(
N̂+1(r) + N̂−1(r)

)
+
c̃1
2

:
(
F̂ 2
x + F̂ 2

y + F̂ 2
z

)
: (3.11)

Besides the ferromagnetic behavior, the energy splitting between the mF = 0 state and the
side modes plays an important role for the internal behavior. In the experiment we tune this
splitting, given by q, to obtain a control parameter over the internal dynamics.

3.4 Internal control

High control over the internal state of the atoms is essential throughout the experiment. In order
to study the dynamics of our spin-1 BEC, it is particularly necessary to reliably prepare an
initial state, induce spin-changing collisions and readout different observables. An important
tool for achieving this is applying linearly oscillating magnetic fields which couple distinct
hyperfine states of the level structure where microwave (mw) frequencies couple states of
different manifolds and radio-frequencies (rf) couple the substates within a manifold. These
fields are generated with a microwave coil and two radio frequency coils respectively which
are installed directly next to the glass cell as sketched in Fig. 3.1.

Microwave and radio-frequency pulses

The mw pulses are used to drive transitions between the two hyperfine manifolds with the
purpose of transferring atoms between two substates. This can be described as a coupled
two-level system (see Sec. 2.1), where the population will carry out Rabi oscillations. By pre-
cisely controlling the duration of a pulse, we can determine the exact amount of the population
that will be transferred. With the Rabi frequency typically on the order of a few kHz, a total
inversion of the population in form of a π-pulse takes a few hundred microseconds. Since
the energy splitting of the magnetic substates is nearly the same in both manifolds, one has
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Figure 3.3 Microwave dressing. a) The quadratic Zeeman shift qB gives the relevant level structure for
the internal spin dynamics. At the employed bias field, however, qB is way larger than the interaction
energy of the spin-changing collisions and they are not resonant. b) Microwave dressing allows to tune
the splitting to the effective value q, by off-resonantly coupling to the (1,0) ↔ (2,0) transition. Figure
adapted from [9].

to be careful not to accidentally drive multiple transitions simultaneously. For instance when
driving the transition (1,0) ↔ (2,1) one automatically also couples (1,1) ↔ (2,0), due to the
very similar transition frequencies. Further, the selection rules restrict us to mw transitions with
a change in the magnetic quantum number of ∆mF = m2 −m1 = {0,±1}. The microwave
setup is discussed in more detail in Ch. 4.

The rf pulses couple all states within a manifold to each other. For the three sublevels in
F = 1, this coupling leads to a Rabi oscillation which can be interpreted as a spin rotation on
the spin-1 sphere. This process is described in detail in [9] [17]. Most importantly, however,
this allows us to map different operators onto the quantization axis.

Microwave dressing

In Sec. 3.3 we discussed the interactions in our spin-1 system and found that the internal spin
dynamics are determined by eq. (3.11), where the energy difference between the (1,0) state
and the side modes, given by q, is an important parameter. Intuitively this makes sense, when
we think of the spin-changing collisions, where two atoms initially occupying the mF = 0
state are transferred to a final state where one atom is in the magnetic sublevel with mF = −1
and the other one is in mF = +1. The energy difference between the initial and the final state
depends on q and consequently this parameter determines whether the spin mixing process is
energetically favorable or not. At the typically applied magnetic field strength, the quadratic
Zeeman effect has an extent of qB ≈ 2π× 58 Hz. The coupling strength of the spin-spin
interactions, on the other hand, is only on the order of 2π× 2 Hz. In this setting (see Fig. 3.3
a)) spin-changing collisions are strongly suppressed and do not occur.

In order to enable and control the spin dynamics we need to adjust the energy mismatch
between the initial and the final state of the atom pair in the spin-changing collisions. For this
purpose, we employ so-called microwave dressing [18]. In this technique, an off-resonant
microwave field is used to couple the states (1,0) ↔ (2,0). This induces an energy shift of the
(1,0) state due to the ac-Stark effect which is given by
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∆E =
h̄Ω2

mw

4δmw
(3.12)

where δmw = ωhfs −ωmw is the detuning of the microwave frequency to the transition frequency
of the hyperfine splitting. In the resonant case, the Rabi frequency is usually on the order of
Ωmw ≈ 2π · 7.7 kHz. To shift the energy of the (1,0) state, we employ mw dressing with a
detuning of about δmw ≈ 2π· 150 kHz, so the probability of transferring atoms to the (2,0)
state is only η = Ω2

mw/(Ω
2
mw + δ2mw) < 0.3%. The microwave dressing leads to an effective

frequency splitting given by

q = qB + qmw with qmw =
∆E

h̄
=

Ω2
mw

4δmw
(3.13)

We can tune q by changing either the Rabi frequency or the detuning, whereof we typically
choose the latter in our experiments. In fact, we have high control over the microwave
fields, making q the optimal experimental parameter for controlling the internal dynamics.
In particular, we can quench the system by suddenly switching on the dressing field or by
changing the detuning.

Due to the multilevel structure, there is also off-resonant coupling to other magnetic substates,
so the true value of q is slightly different. For the employed bias field, other transitions are at
least off-resonant by ∼ 2π× 450 kHz and are thus neglected in the calculations here. In the
experiment, however, it is crucial to set the exact value correctly, which is why we adjust q
relative to a spectroscopy measurement.

3.5 Mean-field phase diagram
To investigate in the dynamical behavior of our spin-1 system, it is beneficial to know how
the ground state of our system is characterized, especially in dependence of the experimental
control parameter q. In the following we will determine this in the mean-field description,
where we also can construct the corresponding phase diagram. Here we will merely state some
results, while a detailed derivation for obtaining a mean-field picture is given in [16].

In mean-field theory, the field operators are replaced by their expectation value. Hence, we
evaluate the expectation value of the Hamiltonian (3.11) to receive an energy functional for
the internal dynamics of the system. Therefore, we consider a uniform system with a fixed
number density n =

〈
N̂(r)

〉
where we define a normalized spinor ξm = Ψm/

√
n and the

spin expectation value per particle f = 1/n ⟨F ⟩. The energy per particle is then given by the
energy functional

ϵ =
∑
i

q m2|ξm|2 +
1

2
c1n|f |2 (3.14)

where the spin-spin interaction constant is defined in eq. (3.9) and describes the ferromagnetic
behavior (c1 > 0). The ground state can be identified as the state that minimizes the energy
functional. For the parameter space (q, c1) this yields different ground states shown in the
phase diagram in Fig. 3.4. The ferromagnetic regime (c1 < 0), in which the F = 1 manifold
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Figure 3.4 Mean-field phase diagram. In dependence of the parameters q and c1, the spin-1 system
exhibits different mean-field ground states leading to different phases. Figure adapted from [11].

of 87Rb falls, exhibits three ground states depending on q. The different phases intuitively
make sense when considering that q is the energy splitting between (1,0) and the side modes.
For large q, the (1,0) state is energetically considerably lower then the side modes and the
ground state in this case is therefore given by a global occupation of mF = 0, which is called
the polar state and results in ξ = (0, 1, 0). For q on the order of the spin interaction, one finds
the easy-plane ferromagnetic phase instead, where the ground state is given by the spinor

ξ = (sin θ/
√
2, cos θ, sin θ/

√
2)T where sin θ =

√
1

2
+

q

4nc1
(3.15)

This describes a magnetization in the transversal plane where all directions in the plane are
equally likely. In each realization, this symmetry around the z-axis is spontaneously broken as
one direction is chosen randomly. Finally, for q < 0 the ground state is either ξ = (1, 0, 0) or
ξ = (0, 0, 1) whereof both are fully polarized and require finite magnetization.

3.6 Typical experimental run
Each experimental run follows a similar routine consisting out of the following steps

1. Initial state preparation

2. Time evolution

3. Readout

The cooling cycle results in a condensate with all atoms occupying the (1,-1) level. As
starting point of our experiment a well-defined initial state is required. This is accomplished
by controlling the internal state with the mw and rf pulses. We will outline this process for one

21
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particular initial condition, namely the polar state where all atom are in (1,0). To prepare this,
two mw π-pulses are applied where the first one drives the transition (1,-1) ↔ (2,0) thereby
transferring all atoms into (2,0) and the second one drives (1,0) ↔ (2,0) which already results
in the polar state. To get rid of any remaining population in the states (1,±1) we shortly apply
a strong magnetic field gradient to remove these atoms from the trap.

Now, we usually want to initiate some interesting dynamics. This can be achieved by
quenching the system to a different q by suddenly turning on the mw dressing and thereby
driving the system over a phase transition. Another possibility to initiate dynamical behavior is
to create topological excitations by locally generating pairs of three-component solitons [19].
Subsequently, the dynamics may develop for a desired duration which corresponds to the time
evolution under the Hamiltonian (3.5).

We measure the state obtained after the time evolution with hyperfine selective absorption
imaging. We can also choose which observables we measure, by applying rf spin rotations
prior to the readout. The measurement process is however destructive, as the imaging light
strongly heats the atomic cloud and eliminates the condensate. Thus, the ability to repeat an
experimental run many times without a change of any parameters is highly important.

3.7 Readout

The final state of the condensate is measured by high intensity absorption imaging [20]. This
is accomplished by shining light resonant with the transition to an excited electronic state
(D2 line) onto the atoms. The light is partly scattered and consequently has reduced intensity
behind the cloud, which is imaged with a CCD camera and allows to determine the spatially
resolved atomic densities. In fact, we apply two 15 µs light pulses where the first images the
F = 2 and the second one the F = 1 hyperfine manifold. Prior to that, we turn off the trapping
beams and use a Stern-Gerlach magnetic field gradient in z-direction, which physically moves
the atoms according to their mF state such that the magnetic sublevels can be distinguished
on the image. The readout method is thus capable of measuring the spatially resolved density
profiles Ni(y) of all eight magnetic substates. A typical absorption image is shown in Fig. 3.5.

Without applying any additional rf or mw pulses prior to the readout, the F = 2 manifold
will be unoccupied and from the F = 1 states we can directly calculate the z-component of the
spin along the cloud with

Fz(y) =
N+1(y)−N−1(y)

Ntot(y)
(3.16)

where Ntot(y) is the total atom number and Fz(y) is the spin projection in z-direction along
the cloud in a single realization. Due to the fixed geometric setup, only projections onto
the z-direction can be measured. Thanks to the high control over the internal state of the
condensate though, it is possible to map other spin projections onto the z-axis.

The simplest option is imaging one transveral spin projecton. This is implemented with a
resonant rf π/2-pulse which rotates one transversal spin projection (i.e. Fx or Fy) onto the
z-axis where it can be measured and determined just like the Fz(y) in eq. (3.16). Furthermore,
we can also employ a more advanced readout protocol, where multiple spin observables are
detected simultaneously [21]. For this, the initially empty F = 2 hyperfine levels are used
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Figure 3.5 Absorption image. The images shows the spatially resolved atomic densities in the different
magnetic sublevels measured in a single realization. Prior to the readout, a magnetic field gradient is
applied to spatially separate the magnetic sublevels. The upper absorption image shows the F = 2
manifold which is imaged separately from the F = 1 image shown below. In the particular single
realization shown here, the initially empty F = 2 manifold is utilized to measure multiple observables
simultaneously. Therefore, a part of the population is transferred to F = 2 using mw pulses and the
internal state is rotated with rf pulses.

as auxiliary states for the readout. Prior to the imaging pulses, we transfer a fraction of the
populations into the F = 2 manifold where we can readout different spin-1 observables.
With the five additional substates we even can measure noncommuting observables like Fx,Fy

and Fz simultaneously. For the realization in Fig. 3.5 these three observables are measured
simultaneously, such that all 8 sublevels are occupied.
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4 Microwave stabilization

4.1 Motivation

In order to investigate in the dynamics of a spin-1 BEC, high control over its spatial shape
and over the internal state of the atoms is necessary. The internal dynamics are, among
other techniques, controlled by the use of microwave magnetic fields which drive transitions
in between the hyperfine manifolds of the electronic ground state and are used to control
and initiate dynamics, as they can tune the effective quadratic Zeeman shift q through mw
dressing. Due to the probabilistic nature of quantum mechanics, it is of great importance, that
all parameters which influence the system are stable over long time scales, because we have to
measure many single realizations to draw conclusions about the dynamics.

To achieve operations under long-term steady circumstances (days, preferably even weeks),
many parts of the experiment are actively stabilized. Especially, a robust setting of the
experimental control parameter q is important, which depends on the magnetic bias field and
on the power and frequency of the mw dressing (see eq. 3.13). The magnetic field is measured
with a magnetic flux gate sensor to reduce the fluctuations to less than 0.1 mG. Additionally,
we conduct a Ramsey sequence once every hour to compensate for drifts of the magnetic
field. While the microwave frequency is highly stable, the microwave power on the other hand
shows larger fluctuations and drifts. This directly influences the Rabi frequency and thus q.
When we operate at q ≈ 0 a change in the Rabi frequency of 2π × 50Hz shifts q by 2π×
1 Hz which already is a significant change, when we consider that the width of the easy-plane
ferromagnetic phase is only a few Hz. This change corresponds to a relative stability of q of
∼ 17 · 10−3. To prevent such changes in q, we aim for a significantly better microwave power
stability. For this reason we employ an stabilization technique for the microwave power. The
setup applied for this purpose and its performance are discussed in detail in this chapter.

4.2 Microwave system

The experimental system for generating and controlling microwave signals, to which the
ultracold atoms are exposed to, is shown in Fig. 4.1. The magnetic fields oscillating at a
microwave frequency of ∼ 2π× 6.8 GHz couple the F = 1 and F = 2 hyperfine manifolds,
which enables us to carry out two important processes. The first is the transfer of atoms between
magnetic substates of the hyperfine manifolds by applying short pulses, whose duration has to
be precisely adjustable, as this determines the fraction of the population being transferred. The
second function is tuning the experimental control parameter q through microwave dressing
which, as illustrated in section 4.1, requires a highly stable microwave power in order to
robustly set q. The microwave setup is designed to fulfill these two puposes.
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The employed system consists of two microwave synthesizers for generating a signal which
passes through a series of amplifiers, attenuators and other rf-components before reaching the
antenna located directly next to the glass cell. The antenna is a single loop of the solid copper
core of the coaxial cable bent to a circle of ∼ 14mm diameter. In order to use two synthesizers
with only one antenna we have to merge their signal paths, which is done by a combiner, and
forward the resulting signal to the antenna. It is however not intended to use both microwave
generators at the same time and the combiner merely allows us to use either one of the two
without rewiring. The synthesizers are connected to the experimental control system where the
frequency and power level of the output is set. For our purposes a robust frequency is crucial
and hence the the synthesizers are frequency stabilized to a 10 MHz reference from an GPS
disciplined ovenized quartz oscillator. We will now take a closer look at the generation of the
short pulses.

Pulse generation

During a typical experimental sequence several pulses are necessary to transfer the population
to specific magnetic substates, mostly used for the initial state preparation and for the readout.
As pulses with different transition frequencies have to be generated sequentially with as
little time in between them as technically feasible, the microwave generator with a frequency
switching time of ∼7 ms is too slow for our purposes.

Therefore, we operate the synthesizer on a fixed carrier frequency and the fine-tuning is
achieved with an IQ mixer, where the in-phase and quadrature components of the input signal
can be modulated separately. To do so, we use the two channels from an Keysight 33612A
80 MHz arbitrary waveform generator (AWG). The AWG has a sufficient bandwidth to drive
all transitions and furthermore exhibits a high sampling rate of 660 MSa/s allowing very fast
switching of the frequency and precise setting of the pulse duration. To further ensure that no
unwanted signal gets through, a switch is located behind the mixer which only is closed during
the pulse sequence. The components used for the pulse generation are shown in the green
shaded box in Fig. 4.1. We utilize the signal of "MW 1" as carrier for the pulse generation
before we combine the signal path with the one from "MW 2". In order to obtain sufficient
power, we amplify the output signal of the combiner before we send it to the antenna.

4.2.1 Power stabilization

To achieve the required high stability of the power level of the microwave signal, we employ
an external control loop (red shaded box in Fig. 4.1). This generally works by branching off a
small portion of the signal in front of the antenna, measuring its power and comparing it to
the desired value (set point). Knowing the deviation from the set point, we can compensate
for it by adjusting the setting of a variable attenuator (PIN modulator) and thereby controlling
the microwave power with this feedback mechanism. In the following, we will discuss the
components of the stabilization loop in more detail:

Detector: As power detector we use the HP 423B, a low-barrier Schottky diode covering the
frequency range between 10 MHz and 12.4 GHz. The input for the feedback loop is taken from
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Figure 4.1 Block circuit diagram of the microwave system. Either one of the two microwave
synthesizers can be used to generate a signal that is amplified and forwarded to a single loop antenna
next to the glass cell. Before the two signal paths are combined, we mix the output of MW 1 at an IQ
mixer with two sine signals provided by an AWG. This part, shown in the green shaded box, is used
to generate short pulses of precise duration and it allows for very fast switching of the frequency. The
signal paths is then combined with MW 2 and subsequently passes through two amplifiers such that
enough power reaches the antenna. In front of the antenna we utilize a directional coupler to take out a
small part of the signal and use it as input for a control loop, which is responsible for actively stabilizing
the power level. There, the current power level is measured with a power diode and compared to a
set point. A PI-controller corrects the deviation to the set point by adjusting the attenuation of the
PIN-modulator.
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the signal proceeding to the antenna, where we branch off ∼1 % with a directional coupler.
This signal is further reduced in its power with an 8 dBm attenuator before being applied as
input for the detector. In doing so we also ensure that the input power does not exceed the
maximum of 23 dBm (≈200 mW). The diode converts the mw signal oscillating at ∼ 6.8 GHz
into a DC voltage proportional to the input power. The detector is particularly chosen due to
its low noise level which is essential for reaching high stability. The power level on which we
want to stabilize our setup results in an power diode output of ∼200mV.

Amplification: The set point of our stabilization loop is given by the ∼ 200 mV on which
we want the output of the detector to be. We thus try to minimize the deviation of the actual
detector output to the set point. Accomplishing a high stability of 10−4 would mean that on our
200 mV signal we get fluctuations with a standard deviation of only 20 µV. This is a very weak
error signal and it is necessary to amplify it, so that the signal to noise ratio is increased. For
this purpose, we amplify the deviation from the set point with the precision instrumentation
amplifier AD524. This integrated circuit amplifies the voltage difference between its two
inputs by a factor of G = 1000. The output signal generated by the power diode serves as one
of the inputs while the other one is the set point of the control loop and is given by a voltage
reference (AD588) tuned to 200 mV. Then, the resulting output will be the amplified deviation
from the set point, giving us exactly the quantity that we want to minimize in order to stabilize
the microwave power. The complete electronic circuit with all components is given in Fig. A.1.

Since our goal is to reach a high level of stability, it is important to remember that all of
the used components are not ideal and introduce additional noise sources. This includes of
course the power diode itself, but also the the amplifier noise as well as fluctuations of the
voltage reference are critical as they are strongly amplified and can not be filtered out. For
this reason, we choose components exhibiting very low noise and low drifts. Critically for the
long-term operation are in particular slow temperature drifts. While the power detector shows
the strongest dependence on temperature, the amplifier and the voltage reference show also a
slight dependence.

PI-controller: The output of the instrumentation amplifier is the deviation from the set point,
also called the error signal, which has to be minimized in order to stabilize the microwave power.
To do so, we use a PI-controller whose output sets the PIN modulator, a variable attenuator,
thereby closing the feedback loop. The PI-controller constantly calculates the correction
needed for the error signal to become zero. The correction is computed as a combination of
one term that is proportional to the current error signal and a second term which also factors in
the previous values by integrating the error signal over time.

The simplest implementation of a PI-controller is given by a single operational amplifier
combined with some resistors and a capacitor as sketched in Fig. 4.2. In our case, the input
signal Uin is given by the error signal and the output Uout is applied as correction to the
attenuator. To check whether the circuit is functioning as desired, we can take a look at the
transfer function which shows how the output voltage is influenced by the input voltage

T =
Uout

Uin

= −
1

iωC
+R2

R1
(4.1)
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Figure 4.2 Implementation of an analog PI-controller. The circuit diagram shows a PI-controller
consisting of a single operational amplifier. The error signal is applied as Uin at the inverting input while
the non-inverting input is connected to ground. The output yields the correction required to minimize
the error signal and due to the arrangement of the resistors and the capacitor, the output combines a
term that is proportional to the current value of the input signal and a second term that is proportional to
the integral of the input signal over time.

=⇒ Uout = −R2
R1

Uin −
1

iωCR1
Uin (4.2)

The first term in eq. (4.2), consisting of the ratio of the two resistors, describes the proportional-
ity of Uout towards Uin, while the second term describes the integration of the input voltage over
time. The dimensioning of the resistors affect how strong the proportional and integral parts
are represented, while the capacity determines the time constant of the integration. The optimal
values have to be determined experimentally since they depend on the particular setup in which
the feedback loop is used. Here it is important to prevent the control loop of oscillating while
trying to get a fast response of the output in the case that fluctuations occur in the error signal.

PIN modulator: The PIN modulator is a passive component which attenuates the mw signal
which is passing through it. The strength of the attenuation is determined by the voltage level
applied to its bias port, where 0 V causes the minimal attenuation of ∼ −2 dB. The output of
our PI-controller can a be positive or negative voltage signal, the bias port is however only
sensitive to positive voltages. For this reason, we add a DC offset onto the PI output, thereby
shifting the signal completely into the positive voltage range. This is implemented on a circuit
board where we also constructed a TTL switch, which allows us to put 0 V onto the bias
port at any time, thereby causing the minimal attenuation. This enables us to switch off the
power stabilization, which is important for the short pulses where we want the most power
available, hence the smallest attenuation, and also we want to avoid the transient response of
the controller during the pulses. The circuit responsible for the offset adding and the switching
is given in Fig. A.2.
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Figure 4.3 Aluminum box for temperature stabilization. To achieve better performance in the
power stabilization feedback loop, its most critical components are placed in an temperature controlled
aluminum box, which is custom-made for our purposes (see Fig. A.4 for technical drawing). Good
thermal contact between the power diode and the box is assured by sliding the diode into a hole which
can be narrowed by tightening a screw, thereby clamping the diode. The circuit board of the microwave
power stabilization responsible for the error signal generation and the PI-controller are mounted into
the box such that the housing of the voltage reference IC and the instrumentation amplifier IC are in
good thermal contact with the box. During usage, the box is closed with a lid and the Peltier element is
pressed against it. Also, the whole box is wrapped in hard styrofoam to isolate it from the surroundings.

4.2.2 Temperature stabilization

The previously described power stabilization setup is well suited to reduce noise over short
time frames. For us, it is however just as important to prevent slow drifts happening over
the time frame of hours and days, which often originate from temperature changes leading to
voltage offsets and a slightly varying performance of certain components. The most crucial
parts are the power diode, the voltage reference providing the set point and the instrumentation
amplifier, as they generate and amplify the error signal. On the other hand, a slow performance
change of any component that is located in front of the directional coupler in the microwave
signal path should be irrelevant since the feedback loop is compensating for it.

Hence, to prevent the long-term drifts we have to focus on the components generating the
error signal. For the voltage reference and the amplifier it was possible to select devices
exhibiting a low drift, the power diode output on the other hand is quite temperature dependent.
Therefore, we use a temperature stabilized aluminum box containing the detector as well as the
circuit board with the amplifier and the PI controller. The temperature of the box is controlled
by employing a second feedback loop that constantly performs the following three tasks:

1. Measuring the current temperature

2. Calculating the required correction
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3. Heating or cooling the box

For the temperature measurement a thermistor, a resistor whose resistance changes strongly
with temperature, was built into the aluminum box and was wired to a circuit board outside of
the box. There the thermistor is connected to other resistors in a Wheatstone bridge, which
allows an accurate measurement of the box’s temperature. The set point is then defined by the
values of the other resistors in the Wheatstone bridge and the received error signal is amplified
and shifted into the voltage range between 0 V and 5 V.

In contrast to the power stabilization in section 4.2.1, the calculation of the correction is not
received from an analog PI controller, but instead we calculate it digitally with a microcontroller.
We use the "Arduino Uno Rev3" board which converts our analog error signal into a digital one
and forwards it to the microchip which we programmed as a PID-controller, where the output
also features a contribution that is proportional to the derivative of the error signal, additionally
to the proportional and integral part.

The temperature of the box is regulated with a Peltier element which is pressed against the
outside of the aluminum box with one side, while its other side is touching a heat sink. The
direction of the current flow through the Peltier elemet determines if it is heating or cooling,
while the value of the current controls the strength of the heat transfer. The Arduino has
multiple digital outputs which are used to drive the Peltier element. But in order to control
the box’s temperature, we have to be able to apply sufficient heating power corresponding to a
current of up to ∼2 A. Since the Arduino board cannot provide that, we use it to control the
current strength and direction of an external voltage supply instead, where the digital Arduino
outputs are used to switch several MOSFETs and Darlington transistors. The actual circuit
diagram of the current control and also of the temperature measurement is shown in Fig. A.3.

By combining these three parts, the control loop is ready to regulate the temperature of
the aluminum box. It is important, that the power diode and the other power stabilization
components are in good thermal contact with the box. Hence, the box was fabricated especially
such that these components can be clamped into the box as shown in Fig. 4.3. A technical
drawing of the aluminium box is included in Fig. A.4. During operations, the box is closed
with a lid and we place it inside hard styrofoam to isolate it from its surroundings, with only
the heat sink looking out.

Estimating the best parameters for the PID controller manually, by improving the feedback
loop’s reaction to a sudden change of the temperature set point, can become impractical
due to the slow time frame of temperature changes. Luckily, there are various loop tuning
methods available which speed up this process, where especially the relay based tuning scheme
described in [22] is suitable for us. Within that method, the PID is temporarily replaced
by a simple relay such that the box is heated or cooled with fixed power, depending on its
temperature being below or above the set point. The temperature of the box will then start to
oscillate whereby the amplitude and the frequency are characteristic for the individual loop
and can be used to calculate the optimal PID parameters. The parameters determined with this
technique lead to the response of the stabilization shown in Fig. 4.4.
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Figure 4.4 Transient response of the temperature stabilization. The PID parameters of the tem-
perature stabilization were optimized using a relay based tuning scheme. The determined parameters
lead to the transient response of the temperature stabilization shown here, where the blue curve is the
temperature inside the box measured with the thermistor. Here, we suddenly changed the set point at
t = 0, as indicated by the dashed line.

4.3 Noise analysis in a test setup

In order to find out which stability level we can actually reach with the power stabilization,
we built a simple testing setup, shown in Fig. 4.5 a), consisting of one microwave synthesizer
whose output is fed directly into the PIN modulator. Instead of the directional coupler, we
then use a splitter to divide the signal into two equal parts whereof one is utilized for the
correction loop while in the other part we only want to measure the microwave power with a
sensitive detector. The power detection is implemented as inside the regulation loop, namely
by amplifying the output of a power diode with an instrumentation amplifier relative to a fixed
reference point by a factor of G = 1000. Thus the second detector and allows us to measure
the microwave power independently and outside of the feedback loop, which is needed to
evaluate the performance of the loop.

Now, while actively stabilizing the microwave power, we read out the power signals at the
outputs of the two amplifiers with a digital oscilloscope. In Fig. 4.5 b) a single measurement of
these two signals is plotted over time. The output of the power diodes can be described as the
combination of a steady offset level and some fluctuations, or noise, on top of it. To estimate
how robust the signal is we can compare the magnitude of the fluctuations to the magnitude of
the offset level, which is defined as the stability

S =
PNoise

PSignal

=
σ

VRef

(4.3)

Since we are measuring the amplified deviation of the microwave power to a fixed reference
level, the noise can be calculated from the standard deviation σ of this signals while the offset
level is directly given by the voltage reference. To get a good estimate of the noise we took a
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Figure 4.5 Stability measurements in a test setup. The setup shown in a) has the purpose of testing
the performance of the control loop. For this, the generated microwave signal is split into two with a
power divider, whereof one output is fed into the feedback loop while the other output is measured with
an external detector allowing us to determine the microwave power outside of the control loop. In the
detector, the mw signal is measured with a power diode and amplified with an instrumentation amplifier
(G = 1000). Panel b) shows a single measurement of the microwave power over 5 ms with a time
resolution of 2µs. The two curves correspond to the microwave power inside (black curve) and outside
(blue curve) of the control loop, where in each case the output of the instrumentation amplifier was
recorded. Thus, the curves show the amplified deviation of the microwave power from a fixed set point.
The power inside the feedback loop is centered around zero, as the PI controller tries to compensate for
any deviation. The externally measured power, on the other hand, is compared to a fixed but slightly
different set point, resulting in an overall offset of the blue curve which is irrelevant. Instead we focus
on the fluctuations to determine the stability. In c) the noise level measured at the external detector is
shown in dependency of the absolute power of the microwave signal, which can be adjusted by changing
the set point with the voltage reference. As expected, the noise increases with increasing microwave
power, however the relative size of the fluctuations and thus the stability level improves. The rightmost
data point surpasses the stability level of 10−4 which is shown by the dotted line.
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Figure 4.6 Frequency spectrum to examine the performance of the control loop. Measuring at
the external detector with a time resolution of 2µs, we compare the actively stabilized signal with the
unstabilized signal. For this, we opened the feedback loop by disconnecting the signal from the PIN
modulator and replacing it with a constant voltage, such that the output power is on the same level as in
the stabilized scenario. For both cases 1000 measurements were taken and for each one the frequency
spectrum was calculated with a fast Fourier transform (FFT) algorithm. The mean of the 1000 spectra
is plotted in each case, which is the reason for the smoothness of the curves. One can observe several
peaks at frequencies which are multiples of 50 Hz, but the stabilization is able to reduce the noise within
the entire considered frequency range.

large number of single measurements, where each one was recorded over 200 ms with a time
resolution of 2µs, and calculated the average standard deviation. The noise determined in
this way is plotted in Fig. 4.5 c) in dependency of the total microwave power of the signal,
which was varied by changing the value of the voltage reference. We observe that although the
noise level is increasing with microwave power, the stability level is improving and eventually
reaches the target level of 10−4.

We would like to further analyze how much the control loop is contributing to the short-term
stability achieved in the test setup. For this, we measure the power at the external detector once
while actively stabilizing and a second time without stabilizing the power level. To compare
these two measurements, we take a look at their frequency spectrum which is plotted in Fig.
4.6, where the spectrum is calculated for many single measurements and the average is plotted
in each of the two cases. The feedback loop is able to reduce the noise across the whole
frequency range. At several multiples of 50 Hz there appear peaks, which are the result of
coupling of the line frequency into the electronics, for example through cables which pickup
the 50 Hz oscillation from nearby devices (e.g. voltage supply) connected to the power grid.
By minimizing the length of the cables we already reduced these peaks.
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Allan deviation

The Allan variance is widely applied for characterizing the frequency stability of an oscillator.
Here, we will shortly introduce the Allan variance, before we apply it for our noise analysis.
Let us consider a time-dependent signal y(t), for which we introduce the time average over a
duration τ as

ȳk(τ) =
1

τ

∫ (k+1)τ

kτ

y(t)dt (4.4)

where k is used to index the averaged values. The Allan variance is then defined as the
expectation value over all k of the variance of two consecutive time-averaged segments [23]

σ2
y(τ) = E

{
1

2
(ȳk+1 − ȳk)

2

}
(4.5)

Taking the square root of the Allan variance yields the Allan deviation

σy(τ) =
√
σ2
y(τ) (4.6)

For the noise analysis, the Allan deviation is typically evaluated as a function of the averag-
ing time τ . We can develop an intuitive understanding on how to interpret the Allan deviation
by thinking of differently shaped signals. For instance, a signal given by a some fluctuations
around a constant value which are on average zero, would result in an Allan deviation which
is ever decreasing for larger averaging times τ . In this case, a longer averaging time brings
the ȳk closer to the constant value, such that their difference gets smaller and with it the Allan
deviation. When the signal, however, consists of fluctuations around a value that performs
a random walk or slowly drifts away, it is reflected in the Allan deviation as an increase for
larger values of τ . In this manner one can identify on which timescales such features appear
which is insightful for the analysis of the different noise sources contributing to the signal.

Thus far, our analysis only covered the short term behavior of the setup, as we considered
single measurements taken over 200 ms. The duration as well as the time resolution may
however play a substantial role for the analysis, as noise can be of different extent for different
time scales and, especially for the long-term performance, slow drifts can deteriorate the
reached level of stability. The Allan deviation is a good tool to investigate the behavior on the
various time scales. While stabilized, we recorded the power level at the external detector over
long time frames with two different measurements using a digital oscilloscope. The first was
taken with only one very long trace ( ∼2.8 h) with high time resolution of 500µs, while for the
other one we constantly took short traces which were recorded in well-defined time intervals
over teh course of 2 days. From each of these measurements we calculated the Allan deviation
and plotted it against the averaging time in Fig. 4.7. The two curves cover the Allan deviation
over a broad range and show a reasonable agreement in the area where they overlap. While
this allows us to analyze the noise contributions on different time scales in the test setup, we
cannot transfer this knowledge to the stabilization in the final microwave setup (Fig. 4.1). This
is due to some measurement limitations discussed in the following.
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Figure 4.7 Allan deviation of the microwave power signal. At the external detector the power was
measured over large time frames with two different procedures. For the first method, corresponding to
the light blue markers, a single trace with high resolution was recorded, while for the second method
many short traces were recorded over a long time frame resulting in the Allan deviation plotted with
dark blue markers. In the averaging time segments covered by both curves, they agree reasonably with
each other.

Measurement limitations: The test setup discussed in this section is useful to get an
estimate for the performance of the control loop. But within the process of measuring the highly
stable microwave signal, there is a significant limitation, namely the fact that the components
of the external detector are noise sources themselves. Thus, during the readout of the signal
an additional noise term is created, which might distort our measurement. Whether this is
restricting us or not depends of course on the stability level that we want to examine, which on
the other hand is ultimately restricted by the noise generated by the detector and by the finite
correction capabilities of the PI-controller. Especially, since a similar combination of a power
diode and an instrumentation amplifier that is used in the control loop is also used for the
external detector, it is possible that the actual noise level of the signal is of similar magnitude
as the readout noise that is created during the measurement. Ideally we would measure with
a detector that adds a negligible noise level, however if such an excellent detector would be
available to us, we would use it for the feedback loop in the first place.

More importantly, the external detector in the test setup is not temperature stabilized. Hence,
with a change in ambient air temperature the external detector’s output will drift, while the
temperature stabilized detector in the feedback loop is insensitive to that. Especially the
behavior of long-term measurements is affected by this. We believe the increase in the Allan
deviation for long averaging times is mainly caused by temperature drifts, so here the drifts of
the external detector are probably the dominant factor.

In the next section we will investigate the noise in the final temperature stabilized setup
directly. For this, the output signal is fed to the microwave antenna in the BEC experiment,
where the ultracold atoms can be used as an extremely precise detector.
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4.4 Stability measurement with Rabi oscillations

After assuring in the previous section that the basic working principle of the microwave
stabilization is functioning, we are now ready to build the feedback loop into the microwave
system of the actual BEC experiment as illustrated in Fig. 4.1. Here, the stabilized microwave
signal is forwarded to the antenna where oscillating magnetic fields are generated at the position
of the atoms. During normal operation, the microwaves are a tool for manipulating the internal
state of the BEC. For now, however, we reverse the roles and use the atoms as a precise detector
to benchmark the accomplished stability. In order to obtain a sensitive measurement, the
microwave fields are used to alter a specific, initial state of the atoms such that the readout
yields a strong dependency on the microwave power.

A straightforward way to implement that is by Rabi oscillations (see Sec. 2.1), where the
microwaves are used to resonantly couple two magnetic substates of the F = 1 and F = 2
manifolds. Starting with all atoms occupying a single magnetic substate, the microwaves
induce the transfer to the coupled state, resulting in the oscillation of the population at the
Rabi frequency Ωmw between the two states. As the square of the Rabi frequency Ω2

mw is
directly proportional to the power of the microwave signal, we can draw conclusions about
the performance of the feedback loop by measuring the stability of the Rabi frequency. For
our purposes we chose to drive the transition between the states (F,mF) = (1,0) ↔ (2,0), due
to the advantage of being maximally insensitive to the magnetic field as these states show no
linear Zeemman shift. The disturbance of our measurement from magnetic field fluctuations
are thus strongly suppressed.

The experimental sequence starts with all atoms occupying the (1,-1) state due to the trapping
and cooling procedure. For the experiments described here, we also employ the optical lattice
potential, which divides the atomic cloud into ∼ 20 individual BEC’s, each consisting of
roughly ∼ 1200 atoms. For the analysis we always considered only a single lattice site, unless
it is stated otherwise. We prepare the atoms in the (1,0) state by applying two microwave
π-pulses. During these pulses the power stabilization is turned off with the TTL-switch.

Now, the power stabilized microwave field shall be used to drive the Rabi oscillation. But
a sudden activation of the control loop, would lead to a short (< 1ms) transient response of
the PI controller resulting in some power fluctuations. To circumvent this, we exploit the fact
that the coupling between atomic levels is highly dependent on the microwave frequency while
the power diode on the other hand detects within a wide frequency range, such that the output
power only weakly changes with frequency. Hence, it is possible to initially let the feedback
loop stabilize itself on a frequency slightly shifted away from resonance such that the atoms
are not affected and subsequently switch back to the transition frequency. Fortunately, the
combination of the IQ mixer and the AWG in our setup gives high control over the frequency
allowing us to easily shift the signal by 10 MHz for the first milliseconds, before we switch
the already stabilized microwave signal to resonance. After driving the Rabi oscillation for a
specific duration, the microwave signal is turned off and the usual absorption imaging method
is used to read out the atom numbers N10 and N20 of the substates (1,0) and (2,0). From those
populations we can determine the current state of the Rabi oscillation. Therefore we define the
imbalance as

Imb(t) =
N20(t)−N10(t)

N10(t) +N20(t)
= − cos(Ωt) ∈ [−1, 1] (4.7)
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Figure 4.8 Rabi oscillation for the microwave power stability analysis. The transition (1,0) ↔
(2,0) was resonantly coupled for a long duration, so that up to ∼ 270 Rabi cycles were driven. The
oscillating imbalance is plotted against the Rabi coupling time and for presentation purposes we show
four temporal sections here. The solid black line is a single cosine fit going through all plots with a
Rabi frequency fit parameter of Ω = (7.7015± 0.0003) kHz. The residuals corresponding to the fit are
also shown for each time section.

where t is the duration of the resonant coupling and the initial state is Imb(t = 0) = −1.
The employed readout method is destructive, meaning that each experimental run the state

of the atoms can be probed only once as this process simultaneously destroys the state. As
a result, we cannot follow the Rabi oscillations in a single run but rather have to repeat the
same sequence many times while varying the coupling duration to study the dynamics. The
oscillation plotted in Fig. 4.8 was recorded by scanning the coupling time up to 35 ms which
roughly corresponds to ∼ 270 Rabi cycles. We were able to fit all of the 270 cycles with a
single cosine function, which matches the data points reasonably.

Instead of estimating the stability of the Rabi frequency from the accuracy of the fit, we
measure the imbalance multiple times after a fixed coupling time t and determine the microwave
stability from the width of the obtained imbalance distribution. In this way we are able to
measure the shot-to-shot stability, since we repeat the same sequence. As the short-term (< t)
fluctuations of the microwave power average out over the coupling time, we measure the
average Rabi frequency in each shot. The shot-to-shot fluctuations, i.e. different average Rabi
frequencies in different shots, lead to the distribution of imbalance values measured after the
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Figure 4.9 Stability estimation of the Rabi frequency. In the context of the Rabi oscillation displayed
in Fig. 4.8 we measured the imbalance distribution for certain coupling times. Here, the width of these
distributions is plotted against the coupling time, such that the slope of the linear fit is the fluctuation of
the Rabi frequency and according to eq. (4.8) we calculate the stability level to be S = 1.91 · 10−4.

same coupling time. The width of this distribution is estimated from the average size of the
imbalance fluctuations, which is given by the standard deviation σ. The fluctuation of the Rabi
frequency is then calculated with

σΩ =
σ(acos(Imb(t)))

t
(4.8)

Assuming different average Rabi frequencies from shot-to-shot, the width of the imbalance
distribution should increase linearly with the coupling time t. Hence, we expect σΩ in eq. (4.8)
to be time independent. For the noise analysis we have to choose the duration t sufficiently
large such that the fluctuations of the imbalance values can be resolved properly. On the other
hand, since the distribution of the imbalance broadens with increasing time, it will eventually
stretch over the complete imbalance range, such that one cannot clearly identify to which
oscillation period a data point belongs to. Hence, there is also an upper limit for the coupling
time. Given these constraints, the range between 5 ms and 50 ms turned out to be suitable. We
have chosen some coupling times t within this range and measured them with high statistics.
For these values the numerator of eq. (4.8) was computed and plotted against t in Fig. 4.9.
Since the gradient of the linear fit is σΩ, we can determine the stability of the Rabi frequency
to be S = 1.91 · 10−4. This stability corresponds to a long-term measurement, as the data
points were measured over the course of several hours. Compared to the short-term stability
measured in the test setup, the stability determined here is worse. In the following we will
discuss possible effects which could limit the reached performance.
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Figure 4.10 Slow drift of the Rabi frequency. Over a time period of ∼14 hours, Rabi oscillations
between (1,0) ↔ (2,0) were driven and the imbalance value was measured after a fixed coupling time of
t = 5.03ms and plotted against the daytime. Apparently, the imbalance and thus the Rabi frequency is
drifting over the course of multiple hours.

4.4.1 Long-term drifts

In the context of the stability analysis, the time frame of the measurement is a crucial factor.
Fluctuations measured from shot-to-shot with a time difference of roughly 40 s may be of
different extent and origin compared to fluctuations between data points that are taken hours or
days apart. Unfortunately, we discovered that the microwave power seems to exhibit slow drifts
over the course of multiple hours and days as it is shown in Fig. 4.10. Here, one can notice that
the magnitude of the fluctuations over ∼1 h are significantly smaller than the magnitude of the
slow drifts. Of course, this feature is also reflected in the stability analysis. There, we observe
that data points taken within one hour typically lead to a stability considerably better than
10−4, but with increasing duration of the measurement, the slow drifts dominate and impair the
stability level.

Origin of the slow drifts

Finding the origin of the long-term drifts in the complex setup is nontrivial. Nevertheless, we
will go through the setup and try to identify possible sources for the slow drifts. Firstly, we
probably can rule out the PI controller in the feedback loop, since it is operating on an entirely
different timescale. Temperature changes, on the other hand, do happen on these timescales,
but we already keep the most critical components inside the temperature controlled box. To
estimate whether the performance of the temperature stabilization for this box is not sufficient
and could be causing the drifts, we measured the imbalance after a fixed coupling time while
changing the temperature set point. We then can observe, how the changing temperature
affects the imbalance as shown in Fig. 4.11. From this measurement we can estimate, that
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Figure 4.11 Temperature sensitivity of the microwave power stabilization. The imbalance was
measured at a fixed Rabi coupling time of t = 5.04 ms, while the temperature of the power stabilization
components was changed by adjusting the set point of the temperature stabilization.

the temperature change needed to shift the microwave power to such extend is on the order of
∼0.5 K and is therefore way larger than the typical temperature fluctuations of the stabilized
box which are < 4mK. The temperature stabilization was functioning properly during all
measurements, so it is unlikely that this has been causing the drifts.

Going through the setup on the lookout for the cause of the slow drifts we notice again, that
any component located in front of the directional coupler in the microwave setup should be
irrelevant as the feedback loop is stabilizing the power at this point. Having said that, there is
an important distinction one has to take into account, namely the fact that the detector measures
the power of a signal over a large frequency range (0.01 to 12.4 GHz), hence the feedback
loop keeps the microwave power, integrated over this whole range, constant. In contrast to
that, the atoms are only influenced by microwave fields within a narrow range around the
transition frequency given by the line width. For the power detected in the control loop, the
strongest contribution by far is the oscillation at the atomic transition frequency, but there are
also several sidebands due to mixing the initial carrier with the AWG signal at the IQ mixer.
If the ratio between the power contained in the main peak compared to the power in the side
peaks would change, for example due to some temperature dependent behavior of the IQ mixer,
the feedback loop would still draw the overall power towards the set point. The shifted ratio,
however, would result in a different amount of power contained within the line width of the
atomic transition. In order to avoid this as much as possible, we adjusted the amplitude of
the AWG signal to achieve a maximal sideband suppression of ∼28 dB. Nevertheless, even
when the stabilization loop is working flawlessly the microwave power seen by the atoms can
still vary due to a changing power fraction contained in the sidebands or due to the directional
coupler branching off a slightly different amount of the signal.
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It would also be possible, that the microwave signal reaching the antenna is actually stable
and the observed drifts in the Rabi frequency have yet another origin. Here, physical vibrations
of the experimental setup come to mind which could shift the antenna relative to the atoms. To
check whether this explanation is reasonable, we physically pushed on the mount on whose end
the antenna is attached to and observed the influence on the imbalance. It turned out that the
relative change of the Rabi frequency due to physical displacement of the antenna is roughly
7×10−6 1/ µm, so this also seems to be an unlikely source of the slow drifts. For the sake of
completeness we should also mention, that a fluctuating frequency is of no concern, as the
phase noise of the microwave synthesizers is on the order of 10−11 [12]. Finally, one can also
rule out the fluctuations of the magnetic field, as this shows drifts on the order of 50µG per
hour [9], and since the magnetic field only affects the energy of the states with the quadratic
Zeeman effect, this would lead to a 1.5·10−6 relative change of the Rabi frequency over an
hour.

After discussing all kinds of possibilities for the cause of the long-term drifts, we can
conclude that they are most probably driven by the change of the power ratio in the microwave
spectrum. As a matter of fact, we most recently discovered a peak in the microwave spectrum
at ∼ 6 GHz, which originates from the synthesizer. Using a bandpass filter it is possible to
suppress this unwanted sideband, which leads to a considerable improvement of the achieved
stability level. This was only discovered after this thesis was carried out, so it is not reflected
in the data shown here.

4.4.2 Microwave gradient
So far, we always considered a single lattice site of the standing wave trapping potential.
However, the same experimental procedure is executed in all lattice sites. By analyzing all
sites, we can access the spatial variation of the microwave fields along the extension of the
cloud. Here, we measure the imbalance for each lattice site along the cloud and evaluate it by
determining the Rabi frequency. We compare the relative change of the Rabi frequency between
the lattice sites in Fig. 4.12 where we plot some single realizations and the corresponding
mean. One can assume, that the variation of the Rabi frequency is caused by the form of the
microwave gradient.
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Figure 4.12 Form of the microwave gradient. By measuring and comparing the imbalance in all
lattice sites, we can analyze how the Rabi frequency varies along the extension of the cloud. We
determine the relative change of the Rabi frequency for the different lattice sites, by calculating the
change relative to the 12th lattice site. In a), we plot several single shots indicated by the different colors.
In b), the corresponding mean together with its error is plotted.
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5 Impact of q on the spin dynamics

In this chapter we demonstrate the role of the experimental control parameter q on the basis of
two measurements. These will show the impact of q on the internal dynamics of our spin-1
BEC.

5.1 Spectroscopy

First, we will discuss the spectroscopy measurement, where we observe the effect of different
q values on the atoms, allowing us to infer the actual value of q. This measurement serves as
a calibration of the q parameter and is used in all experiments as reference, relative to which
we set q. In the spectroscopy measurement we use the fact that the internal spin dynamics are
strongly dependent on q, to identify the positions of phase transitions of the mean-field phase
diagram shown in Fig. 3.4. A theoretical calculation of q with eq. (3.13) in contrast, only
gives a rough estimate of the true value, as coupling of the mw dressing to other transitions are
neglected.

The knowledge over the absolute value of q and its position in the phase diagram is required
for all experiments in which the mw dressing is utilized. For instance, the quench experiments
where we initiate dynamics in the system by quenching q over a phase transition, requires the
knowledge over the position of the phase boundaries. In the following, we will discuss two
different spectroscopy measurements.

Spin-changing collisions spectroscopy

Here, we use the occurrence of the spin-changing collisions as a resonance feature to identify
the transition between the polar phase and the easy-plane ferromagnetic phase. For this purpose,
we prepare the condensate in the polar state i.e. all atoms are in (1,0). For this measurement,
the BEC is confined in the quasi one-dimensional box-like trapping potential (no standing
wave potential). Initially the mw dressing is turned off, such that q ∼ 2π× 58 Hz and the
spin-dependent interactions are strongly suppressed. We then quench the system to a different
value of q by suddenly switching on the mw dressing. Subsequently, we let the system evolve
for 4 s while we keep the value of q fixed. With an interaction strength of ∼ 2π× 2 Hz,
the typical time scale of spin-spin interactions is ts = 0.5 s and the evolution time is with 8
ts sufficiently long for spin dynamics to emerge. We probe this by measuring the relative
population in the mF = ±1 states.

We carry out this sequence multiple times while quenching to different values of q. As
result we observe, that a large-scale population of the mF = ±1 states occurs below a certain
value of q. This can be identified as the phase transition between the polar phase and the
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Figure 5.1 Spin-changing collisions spectroscopy. After preparing the system in the polar state, we
quench q by switching on the mw dressing and let the system evolve for 4 s before reading out the
populations of the hyperfine states in the z-projection. We plot (N+1 +N−1)/Ntot against qcalc, the
value calculated with eq. (3.13). We observe a steep increase in the population of the mF = ±1 states
when quenching to smaller values of q. This indicates the phase transition between the polar and the
easy-plane ferromagnetic phase, where the spin-changing collisions start to become resonant leading
to a redistribution of the population. The purpose of this measurement is to determine the shift of the
calculated qcalc to the true value of q and therefore calibrate the experimental control parameter.

easy-plane ferromagnetic phase at q = −2nc1, where n denotes the total density. At this value
the spin-changing collisions start to become resonant leading to the steep increase in the side
mode population. In the experiment, we set q through the strength of the magnetic bias field
and the Rabi frequency and detuning of the mw dressing. From these values we can calculate
a value qcalc based on eq. (3.13). This calculated value qcalc is set in the experiment. It is
however shifted to the true value of q and the purpose of this measurement is to determine
this shift. In Fig. 5.1 the relative population of the mF = ±1 levels is plotted against qcalc,
where the colors indicate different total atom numbers. We observe, that the phase transition
shifts towards larger q with increasing total density which is consistent with the mean-field
predictions. Therefore, the spin-changing collisions spectroscopy allows us to identify the
right edge of the easy-plane ferromagnetic phase at q = −2nc1.

F⊥-spectroscopy

Alternatively to the technique described above, we can also determine the position of the phase
transitions with a different measurement, which we call F⊥-spectroscopy. Here, we use the
build-up of the transverse spin by the spin-changing collisions to obtain an reference for the true
value of q. However, instead of measuring the Fz-projection, we measure the spin length in the
transversal plane (x-y-plane). Therefore, we read out the Fx and Fy operators simultaneously
and define the spin projection in the transversal plane as F⊥ = Fx+iFy . For this measurement,
we also prepare the system in the polar state and quench q by switching on the mw dressing.
Following an evolution time of 30 s, we readout the two transversal spin projections. Even
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Figure 5.2 F⊥-spectroscopy. Similar to the spin-changing collisions spectroscopy, we prepare the
polar state and quench q. Here, we let the system evolve for 30 s followed by a readout of the spin
projection in the transversal plane. We plot the transversal spin length |F⊥| against q, where we are able
to recognize the easy-plane ferromagnetic phase due to its excited spin in the transversal plane.

though the system does in general not reach its final ground state, the transversal spin length
already qualitatively resembles the expectations given by the mean-field ground states after
30 s of evolution time [11]. The ground state varies for the individual phases, which is reflected
in the transversal spin length |F⊥|. While for the polar state the expectation value of |F⊥| is
zero, the ground state of the easy-plane ferromagnetic phase exhibits a magnetization in the
transversal plane. In Fig. 5.2 we plot the transversal spin length |F⊥| against qcalc and we are
able to recognize the easy-plane ferromagnetic phase by the excitation of the transversal spin
length.

5.2 Gap measurement

As already mentioned in section 5.1, the system is usually not in its final mean-field ground
state. Especially after quenching q over a phase transition, dynamics are initiated and the
system is far from equilibrium. To describe weak excitations and fluctuations from the mean-
field ground state we can utilize Bogoliubov theory. There, the basic idea is to express the field
operators as the the mean-field result Ψm together with fluctuations δΨ̂m around it.

Ψ̂m = Ψm + δΨ̂m (5.1)

For a spatially homogenous system, one usually expands the field operators in momentum
space using a Fourier transformation. For our one-dimensional system we apply
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46 5 Impact of q on the spin dynamics

Figure 5.3 Gapped mode oscillations. We excite the gapped quadratic mode at k = 0 by globally
rotating the spinor phase with two mw π-pulses. Following this perturbation, we observe an oscillation
in the fractional population n0 = N0/Ntot. The different colors indicate the different values of q. This
measurement is also discussed in [24].
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Ψ̂m(y) =
1√
L

∑
k

âk,me
i2πky (5.2)

where L is the length and âk,m is the annihilation operator of a boson with momentum k
in the magnetic substate m. The Bose-Einstein condensation occurs in the highly occupied
zero mode (k = 0), while the âk ̸=0,m describe the fluctuations. The ansatz (5.1) for the field
operators is inserted into the Hamiltonian 3.5, which can be diagonalized using the Bogoliubov
transformations. The full calculations are rather involved and can be found in [16], so we
will only state some of the results which are important for our measurement. We focus on
the system in the easy-plane ferromagnetic phase, where different types of excitations are
described by different Bogoliubov modes. Next to Goldstone-like modes with linear dispersion
at low k our system also features a Higgs-like mode, which we want to examine here. This
mode exhibits a quadratic dispersion and is gapped, i.e. in the energy spectrum of this mode
there is a gap at k = 0, such that a finite amount of energy is required to excite the mode even
at k = 0. The theoretical expectation of the gap is given by [25]

∆ =
√

4n2c21 − q2 (5.3)

The gap is dependent on q and vanishes at |q| = 2nc1 which marks the transition to the polar
phase. The gapped mode is related to fluctuations of the transversal spin length and can be
excited by globally changing the spinor phase [11]. Experimentally we prepare the polar state,
quench over the phase transition to the easy-plane ferromagnetic phase and let the system
evolve for 30 s. At this time, excitations in the transversal spin length have settled down. Now
we excite it, however, by changing the phase of the mF = 0 component using two microwave
π-pulses between (1,0)↔(2,0). The first pulse simply transfers the population of (1,0) to the
previously empty (2,0) state, while the second pulse which transfers the atoms back to (1,0), is
changed by a phase ∆ϕ. This induces a global rotation of the spinor phase. Subsequently, an
oscillation in the relative population of the mF = 0 hyperfine level emerges. In Fig. 5.3 we
show the dynamical evolution following the spinor phase excitation for different values of q.
We observe that the oscillation frequency as well as the average fractional occupation of the
(1,0) state is dependent on q. Theoretically, the q-dependence of the oscillation frequency is
given by the gap eq. (5.3). For the relative population in the m = 0 state, on the other hand,
we expect [24]

n0 =
N0

Ntot
=

1

2
− q

4nc1
(5.4)

Due to the conservation of the total spin in z-direction during the collisions and with the polar
state as initial condition, we can assume that the side modes are equally occupied (N+1 = N−1)
during the complete evolution. In this case the theoretical predictions can be extended in
the easy-axis phase for −2nc1 < q < 0. In Fig. 5.4 we compare the extracted oscillation
frequencies and the ground state population with the theoretical expectations given by eqs.
(5.3) and (5.4). Here, we assumed nc1 = 2π×1.3Hz which defines the width of the easy-plane
ferromagnetic phase. The fractional population n0 and the oscillation frequency are then in
good agreement with the theoretical expectations plotted as the gray line. The oscillation
frequency at q = −2π × 3.4Hz shown by the blue marker disagrees with the theory prediction
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Figure 5.4 a) Fractional population n0 and oscillation frequency For the measurement of the gapped
mode (see Fig. 5.3) we extract the average fractional population of mF = 0 and the frequency and plot
them against q. The solid gray line represents the theoretical expectation as given by eqs. 5.3 and 5.4
where we assumed nc1 = 2π × 1.3Hz. This measurement is also discussed in [24].

but this can probably be ignored, as the corresponding oscillation in Fig. 5.3 has such a small
amplitude that the fit has limited significance.
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6 Outlook
Throughout this thesis we have discussed the importance of q for our spin-1 system. Since
this parameter describes the energy splitting between the mF = 0 state and the side modes in
the F = 1 hyperfine manifold, it is essential for the level structure of our system, and hence
also determines whether the spin dependent interactions are in resonance or not. Depending
on q we find different ground states within the mean-field prediction which results in separate
phases. The microwave power stabilization presented in this thesis helps to achieve long-term
stable operation of q.

The experimental platform allows for investigating various, physically interesting questions.
Here, we will mention some of the experiments that have already been carried out and we give
an outlook over some new possibilities which are available due to the better long-term stability
and the increased level of control over q.

For instance, entangled particle pairs can be created by tuning the spin-changing collisions
to resonance. This leads to squeezed states, where the uncertainty in one observable is reduced
below the standard quantum limit, while the uncertainty of the conjugate observable is increased
[8]. The entangled states can be generated in a single spatial mode and through expansion of
the cloud, they can be distributed to spatially distinct regions, creating nonlocal entanglement.
This was verified using the Einstein-Podolsky-Rosen steering criterion [4]. Experimentally
generating and detecting entanglement requires measuring with high sensitivity such that the
fluctuations below the shot-noise limit can be detected. Just as important is a high fidelity,
meaning that over many repetitions the exact same initial state is prepared and the applied rf
and mw fields are stable. This includes the stability of the mw dressing, as a small change of q
would already worsen the ability to detect squeezing [9]. With the improved long-term stability
of the microwave power, one might measure more extreme squeezing with lower fluctuations.
Further, the absence of slow drifts would allow to measure over longer time frames, enabling
to perform more realizations and hence measure with improved statistics.

The experiment enables also to investigate the dynamics occurring far from equilibrium in a
spatial multimode scenario. To implement this, the system is quenched over a phase transition
by suddenly switching on the mw dressing and thereby changing q. The ensuing dynamical
evolution features self similar behavior signaling the emergence of universal dynamics, as
reported in [3]. So far, we only quenched q by suddenly switching on the microwave dressing
and kept it constant at a specific value for the entire evolution time. With the microwave
setup described in chapter 4 , however, we can also adjust the microwave dressing during the
evolution time. This is made possible by changing the detuning which is controlled with an
AWG. Thus, one can easily program q to change during the evolution time. This could be
used to keep q in the center of the easy-plane ferromagnetic phase over the entire evolution
time. The width of this phase depends on the total atomic density n which decreases over
time. When we employ very long evolution times of up to 50 s, we loose around 60 % of the
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atoms that were initially in the condensate. The phase transition to the polar phase at q = 2nc1
shifts together with the density. When quenching to the center of the easy-plane phase, one
still might end up close to the phase transition to the polar phase after long evolution times
due to the significant reduction of the atom number. By constantly adapting the detuning, it
would be possible to get rid of this drift towards the phase transition. Alternatively to adjusting
q to stay at the same position within the phase diagram, one could also utilize the high control
to actively drive the system over the phase diagram in an arbitrary manner. Instead of the so
far realized instantaneously fast quenches, q could also be driven adiabatically over a phase
transition as in [26] to deterministically generate entangled states.
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A Additional figures

51



52 A Additional figures

Figure A.1 Circuit diagram of the microwave power control. The output of the power diode and the
signal from a voltage reference (AD588) are used as inputs for the instrumentation amplifier(AD524) to
generate the error signal. This is forwarded to a PI-controller consisting of a single operational amplifier
(TL071P).

Figure A.2 Circuit diagram for adding an offset to the control signal and to implement a TTL
switch. The signal from a voltage reference (REF01E) is adjusted with a potentiometer and combined
with the output of the PI-controller (Signal IN). In the upper part we realized a TTL switch.
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Figure A.3 Circuit diagram for the temperature measurement and the Peltier current control.
At the bottom left, one can see the thermistor (NTC) which is connected to other resistors in the
Wheatstonebridge formation. The temperature signal is amplified and forwarded to the Arduino PIN
A0. The zener diode circuit at PIN 13 implements a switchable noise source which can be used to dither
the input and effectively increases the ADC resolution after averaging several samples. With the digital
output signals of PIN 6 and PIN 7 we determine the direction of the current flow through the Peltier
element. PIN 9 and PIN 10 on the other hand are PWM modulated output channels and are used to
determine how much currents flows. PIN 10 is attenuated by a factor 256 for increased resolution.
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Figure A.4 Technical drawing of the aluminum block used for the temperature stabilization.
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