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Abstract

Quantum mechanics has played a pivotal role in the evolution of both
the fundamental understanding of physics and technological advance-
ments in the recent century. As science and technology progress, sys-
tems with yet greater complexity are tackled. Ultracold dilute gases
and Bose–Einstein condensates (BECs), first realized in 1995, provide
a highly controlled platform for investigating many-body quantum
phenomena. However, increasing demands on experimental precision
place stringent requirements on probing techniques. Conventional ab-
sorption imaging after time-of-flight expansion avoids the complexity
of atom–light interactions in dense media but is typically destructive
and subject to systematic errors arising from cloud expansion model-
ing, imaging moving clouds, and the pressure from the imaging light.

This thesis addresses both free-expansion and in-trap probing of
ultracold atoms. First, the expansion of partially condensed clouds is
modeled with high accuracy, incorporating interatomic interactions,
and the systematic errors arising from neglecting these effects are
quantified. Second, a general model of in-trap probing is developed,
accounting for spatially dependent absorption and phase shifts for ar-
bitrary probe detunings. The model reveals complex spectral features
in dense clouds and is shown to yield quantitative agreement with es-
tablished methods, while enabling less destructive measurements and
increased sensitivity.

To realize these advances experimentally, a new detection setup
with high flexibility and sensitivity was constructed and benchmarked
against conventional approaches. The system achieves high measure-
ment accuracy and enables extended measurement protocols. To-
gether, these developments provide a foundation for probing complex
quantum behavior in ultracold gases.





Resume

Kvantefysikken har spillet en afgørende rolle i udviklingen af både den
fundamentale forståelse af fysik og de teknologiske fremskridt i det
seneste århundrede. Efterhånden som videnskab og teknologi udvikler
sig, undersøges systemer med stadig større kompleksitet. Ultrakolde
gasser og Bose–Einstein-kondensater (BEC’er), som første gang blev
realiseret i 1995, udgør en højt kontrollerbar platform til at undersøge
mange-partikel kvantefænomener. En stigende eksperimentel præci-
sion stiller imidlertid skærpede krav til måleteknikker. Konventionel
absorptionsafbildning efter time-of-flight ekspansion undgår komplek-
siteten i atom–lys-interaktioner under høj tæthed, men er typisk de-
struktiv og udsat for systematiske fejl forbundet med modelleringen
af ekspansionen, afbildning af skyer i bevægelse of trykket forårsaget
af afbildningslyset.

Denne afhandling behandler både målinger efter ekspansion og in-
trap probing af ultrakolde atomer. For det første modelleres ekspan-
sionen af delvist kondenserede skyer med høj nøjagtighed, idet in-
teratomare vekselvirkninger inddrages, og de systematiske fejl ved at
ignorere disse effekter kvantificeres. For det andet udvikles en generel
model for in-trap probing, som tager højde for den rumligt afhængige
absorption og faseskift ved vilkårlige probefrekvenser. Modellen afs-
lører komplekse spektrale strukturer i tætte skyer og viser sig at være
i kvantitativ overensstemmelse med etablerede metoder, og muliggør
mindre destruktive målinger samt øget følsomhed.

For at realisere disse fremskridt eksperimentelt er et nyt detek-
tionssystem med høj præcision, fleksibilitet og følsomhed blevet kon-
strueret og sammenlignet med konventionelle tilgange. Systemet op-
når forbedret målenøjagtighed og muliggør mere avancerede målepro-
tokoller. Samlet set danner disse udviklinger grundlag for at undersøge
komplekse kvantemekaniske fænomener i ultrakolde gasser.





Preface

My PhD journey began in September 2022, when I joined Jan Arlt’s
group on ultracold bosonic gases in the Lattice Lab experiment. I en-
tered with a primarily theoretical background, having worked on QFT
simulations in my bachelor’s project [1] and on quantum computing
error-correction algorithms during my master’s project. At that time,
my interest in physics was starting to wane, and I was facing a minor
life crisis about my future direction. I realized, however, that I wished
to engage with something more technical, and I took the gamble of
pursuing an experimental PhD. Three years later, I can now say the
gamble paid off. Throughout this project, I have acquired a wealth
of new skills, both in physics and more generally, I have met many
inspiring people, and regained my passion for the field.
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later as a PhD student, and as Toke shifted his focus to writing his
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experiment, which is now about 20 years old, gradually revealed a
pressing need for extensive maintenance. Consequently, both Laurits
and I spent significant portions of our PhDs troubleshooting and com-
pletely rebuilding worn-out sections of the setup. While this inevitably
resulted in fewer immediate scientific results than we might have hoped
for, it also led to a renewed experiment that is now well-equipped to
run for many years to come. In hindsight, I believe this challenge was
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Chapter 1

Introduction

When Satyendra Nath Bose and Albert Einstein published a theoret-
ical paper predicting a new, purely quantum state of matter at ultra-
cold temperatures [2], now called Bose-Einstein condensation (BEC),
based on Bose’s initial predictions about photon statistics [3], it was
seen mostly as a theoretical curiosity of statistical quantum mechanics.
Fast forward to modern physics, BEC has proven to be an important
experimental platform to investigate complex many-particle quantum
systems, with both high precision and high controllability. Addition-
ally, as the field of ultracold atoms has matured, technological appli-
cations are coming within reach [4], such as quantum metrology [5–8],
quantum simulators [9, 10], and quantum computing platforms [11].

As applications of ultracold atoms develop, the required precision
and diversity of probing methods follow. To achieve the best possible
results, it is imperative to have access to a variety of different high
precision detection tools, such that the optimal methodology can be
chosen in each scenario. Developing and optimizing such techniques
is an on-going scientific process, with detailed investigations into the
widely adopted absorption imaging method [12], and the appearance
of novel detection schemes with multiple cameras working together to

1



2 Chapter 1. Introduction

reconstruct the 3-dimensional propagation of light fields [13].
This dissertation revisits the free fall expansion model of partially

condensed ultracold clouds, which is used to extract information such
as the number of atoms and the temperature. By including the re-
pulsive forces between atoms inside the trap, an important source of
inaccuracy can be removed. Since the measurement of parameters in
cold clouds is important for a significant amount of experiments this
has the potential to increase accuracy in a wide range of scenarios.

The main outcome of this thesis is the development of an entirely
new method of detecting ultracold clouds non-destructively, with po-
tentially significant increase in bandwidth compared to any methods
implementing cameras, and for a broad range of optical densities.
Instead of measuring the spatial distribution with cameras, a time-
resolved spectrum is recorded with a sensitive single photon detector.
It was found that intricate spectroscopic details emerge and carries
the information of the cold clouds.

To my knowledge, the only implementation of spectra to mea-
sure the fundamental properties of ultracold clouds was in hydrogen
BECs [14], by detecting the shift in energy caused by interactions in
the BEC on a narrow linewidth transition. Our new approach is fun-
damentally different, and extracts the cloud parameters from spectral
structures arising solely as a consequence of spatial variation in optical
densities.

While the newly developed spectral detection method works well
at extracting cloud parameters, it also enables measurements of var-
ious interesting physical phenomena in mesoscopic atomic ensembles.
The refined spectral model leads to sensitivity to any deviations from
the predicted spectra, which can be exploited as a tool to measure
the underlying effects. One such example could be the light induced
dipole-dipole interaction between neighboring atoms causing a broad-
ened natural linewidth. This effect occurs at high densities of atoms,
and a measurement is therefore likely to be accompanied by high op-
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tical densities. Analysis of such spectra requires the incorporation of
the effects described in this model to yield meaningful results.

The experimental setup developed to detect the spectra has the ad-
ditional benefit of allowing for time-resolved measurements. This can
be used in a number of novel experiments, and will benefit from the
detailed description of spectra. Measurements of optical Rabi oscilla-
tions can be a tool to observe several many-particle effects, such as sub-
and superradiance, or even as a complementary measurement of the
light induced dipole-dipole broadening. Experimental parameters can
be extracted substantially quicker with time-resolved measurements,
and real-time detections of evolving parameters can be performed.

Production, manipulation, and probing of BECs is a complicated
process. A part of this thesis deals with the maintenance of equipment
and addition of new setups in the experiment. After many years of
reliable BEC production, the experiment was in need of an overhaul.
This has been completed, and the experiment is once again performing
well. The cycle time of the experiment has been significantly improved,
which is important for faster scientific progress.

Structure of the thesis

Chapter 2, the first chapter after the introduction, covers the stan-
dard knowledge on ultracold gases in harmonic traps.
Chapter 3 investigates the expansion model for partially condensed
clouds in detail by estimating the consequences of repulsive inter-
atomic forces.
Chapter 4 introduces the theory of light propagation in ultracold
clouds, and develops a detailed spectroscopic model.
Chapter 5 describes the experimental setup used to produces BEC,
and includes detailed descriptions of all the new additions to the ex-
periment during this project.
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Chapter 6 is split in two parts. The first part includes the main re-
sults from deploying the newly developed spectroscopic measurement
technique to extract the cloud parameters non-destructively. The sec-
ond part illustrates how the time-resolved measurements can poten-
tially be utilized.
Chapter 7, the final chapter, concludes the thesis and provide an
outlook.



Chapter 2

Ultracold atoms

This chapter describes the physics of ultracold bosonic clouds and the
interesting phenomenon of Bose-Einstein condensation (BEC). It was
first predicted theoretically by Satyendra Nath Bose and Albert Ein-
stein in the 1920s [2], but due to the extremely cold temperatures
required to produce it, about 70 years would pass before an experi-
mental observation of BEC was made. The observations took place in
three groups separated in time by only a few months [15–17].

The chapter is split into two sections. First, Section 2.1 covers the
in-trap shapes of ultracold clouds, followed by Section 2.2 which deals
with the expansion of a released, free-falling cloud. The chapter is
based mainly on [18, 19].

2.1 Cloud distributions

Statistically, there exist two kinds of particles: distinguishable parti-
cles and indistinguishable particles. Distinguishable particles require
each permutation to be considered separately, while indistinguishable
particles only care about the total number of particles occupying each

5



6 Chapter 2. Ultracold atoms

Distinguishable

State 1 State 2

Indistinguishable

State 1 State 2

B

B

B F

Figure 2.1: Particle statistics in a system with two particles and two available
states. There are two main columns: distinguishable and indistinguishable par-
ticles. The system with distinguishable particles has 4 different possible states,
while the indistinguishable particle system has either 3 possible states for bosons
(indicated with a ”B” letter in the top left) or only 1 possible state for fermions
(indicated with a ”F” letter in the top left).

state. Indistinguishable particles can be split into two sub-categories,
named bosons and fermions. Bosons can have several particles in the
same state, while fermions can have at most one particle in each state.

Figure 2.1 illustrate the different types of particles in a system with
2 particles and 2 possible states to occupy. The distinguishable parti-
cles have 4 possible states, the indistinguishable bosonic particles have
three different possible states, and the indistinguishable fermionic par-
ticles have only one possible state. Notice how the bosonic particles
have a higher chance of existing in the same state (2

3 in this exam-
ple) compared to all other types, simply due to statistics. This is,
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ultimately, the mechanics behind BEC. The rest of the chapter deals
with trapped indistinguishable boson gases only.

2.1.1 Bose-Einstein statistics
For non-interacting bosonic particles in a grand-canonical ensemble,
it can be shown [19] that a system with temperature T and chemical
potential µ follows the Bose-Einstein distribution

Ni = 1
e(Ei−µ)/kBT − 1 , (2.1)

where Ni is the average number of particles in state i with single
particle energy Ei. When the exponent (Ei − µ)/kBT becomes large,
the distribution approaches the Boltzmann distribution. In this limit,
Ni is small, which happens either if the total number of particles in
the system is small or if the particles are spread over many states at
high temperature.

The particles in an ultracold experiment are neither non-interacting
nor is the ensemble grand-canonical. It is rather micro-canonical since
there is limited exchange of particles or energy with the surroundings.
However, the non-interacting, grand-canonical case is far simpler to
deal with. By requiring the total energy E and the total number of
particles N to be held constant in eq. 2.1 it is possible to get results
that agree with the micro-canonical description

E =
∑

i

EiNi and N =
∑

i

Ni. (2.2)

These equations determine the temperature and chemical potential of
the system. This approach only works to some extent, however. If the
same method is used to calculate the fluctuation in particle numbers,
the result diverges to infinity at low temperatures [20–22].
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When the exponential in the denominator approaches one, the dis-
tribution starts to differ significantly from the Boltzmann distribution.
The consequence is that a macroscopic number of particles fall into the
ground state of the system. It therefore makes sense to distinguish be-
tween the particles in the ground state, which will be called ”condensed
particles” and all other particles, henceforth called ”thermal particles”.
Section 2.1.2 explores the thermal particles and Section 2.1.3 explores
the condensed particles.

2.1.2 Thermal clouds
In all trapping potentials V (r), the energy levels are discrete, but
the thermal particles are distributed over enough energy levels to
approximate the distribution as continuous. This is equivalent to
approximating the distribution as non-quantum, giving the energies
E = p2

2m2 +V (r). The distribution in eq. 2.1 is multiplied by a density
of states g(r,p) = 1

(2πℏ)3 to get a probability density distribution ρth
of thermal particles

ρth(r,p) = 1
(2πℏ)3

1

e
(

p2
2m2 +V (r)−µ

)
/kBT

− 1
. (2.3)

The spatial distribution can be found by integrating over all momenta
and gives

ρth(r) =
∫
ρth(r,p)dp (2.4)

=
(
mkBT

2πℏ2

)3/2

g3/2
(
e−(V (r)−µ))/kBT

)
, (2.5)

where the polylogarithm function gγ(x) is

gγ(x) =
∞∑

i=1

xi

iγ
. (2.6)
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In a harmonic trap V (r) = 1
2m

∑
ω2

i r
2
i , and the distribution is called

the Bose-enhanced distribution. It resembles a Gaussian distribution
except it is more concentrated in the center. When the exponent in the
ρth distribution is large and the distribution approaches the Boltzmann
distribution, the exponent in eq. 2.4 is small, at the polylogarithm
function can be taken to first order

ρth(r) ≈
(
mkBT

2πℏ2

)3/2

e−(V (r)−µ))/kBT , (2.7)

which is now a true Gaussian distribution. The takeaway is that at
high temperatures or low particle numbers, the thermal particles are
spatially distributed like a Gaussian distribution, and when the cloud
gets cold enough, the particles start to fall towards the center to a
greater extent than would be expected by distinguishable (or classi-
cal) particles. This effect is sometimes described as an attractive force
between bosonic particles, which is a useful way to picture the compli-
cated statistical effects. There is no attractive force1, however, and the
gathering of particles in the center is purely a consequence of bosonic
statistics.

2.1.3 Bose-Einstein condensates
This section focuses on the particles in the ground state of the system,
and it is now necessary to treat the particles quantum mechanically.
The interactions between particles can no longer be ignored since a
macroscopic number of particles gathered in the lowest energy state
will lead to a substantially higher particle density than that of the ther-
mal particles. In a mean-field approximation, the point-like, S-wave
scattering between particles leads to an effective additional potential
Uρ0(r), U = 4πℏ2a

m
where a is the scattering length, ρ0(r) = |ψ(r)|2

1The description so far still assumes no interactions between particles.
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is the ground state particle density, and ψ is the wave function of
the ground state but normalized to the number of ground state parti-
cles N0 rather than 1. The Schrödinger equation for the ground state
becomes [18, 23–25](

− ℏ2

2m∇2 + V (r) + U |ψ(r)|2
)
ψ(r) = µψ(r). (2.8)

This equation is called the Gross-Pitaevskii (GP) equation. The non-
linear interaction causes the distribution of condensed particles to dif-
fer from that of the potential V (r) alone.

2.1.3.1 Thomas-Fermi approximation

The three terms on the left side of eq. 2.8 is, from left to right, the
kinetic energy of the system, the external potential energy of the sys-
tem, and the effective interaction energy of the system. Assume now
the interaction is repulsive. At low enough temperatures and enough
particles for the macroscopically large ground state to form, the ki-
netic term becomes relatively small compared to the potential terms.
To reach an approximate solution to the non-linear GP differential
equation, which is otherwise complicated to solve, the kinetic term
can be neglected, giving(

V (r) + U |ψ(r)|2
)
ψ(r) = µψ(r). (2.9)

Since only the kinetic term contains derivatives, the solution is now
given simply by solving the algebraic expression

ρ0(r) = |ψ(r)|2 =
{ 1

U
(µ− V (r)), µ− V (r) ≥ 0

0, µ− V (r) < 0 (2.10)

The repulsive interaction has forced the distribution away from the
ground state of the trap and into the reverse shape of the potential.
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The approximation is called the Thomas-Fermi (TF) approximation.
In a harmonic trap, the cloud is a reversed parabola and can be written
in a more convenient form

ρ0(r) = 15
8π

N0

R1R2R3
max

(
0, 1 − x2

1
R2

1
− x2

2
R2

2
− x2

3
R2

3

)
. (2.11)

The radii of the cloud Ri, i = 1, 2, 3 are when µ− V (r) = 0 and for a
harmonic trap are

Ri =
√

2µ
m

1
ωi

, (2.12)

and are called the Thomas-Fermi radii. Integrating over the cloud
gives the relation between the chemical potential and the condensed
particle number

N0 = 1
15
aHO

a

(
µ

ℏω

)5/2
, (2.13)

where aHO =
√
ℏ/mω is the harmonic oscillator length. The TF ap-

proximation is remarkably robust considering how extreme the sim-
plification is.

2.1.3.2 Critical temperature

To find the temperature where the particles start to gather in the
ground state, it is useful to rewrite eq. 2.3 into a continuous function
of energy rather than phase-space coordinates

ρth(E) = g(E) 1
e(E−µ)/kBT − 1 . (2.14)

The density of states in a harmonic trap is now g(E) = E2

2(ℏω)3 where
ω = (ω1ω2ω3)1/3 is the geometric mean of the trap frequencies. Ac-
cording to the TF approximation (eq. 2.10), the particles start to fall
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to the ground state when µ crosses from negative to positive. The
critical temperature Tc must therefore be the temperature at µ = 0
that fulfills the condition that the number of all particles N is still
thermal

N = Nth =
∫ ∞

0

E2

2(ℏω)3
1

eE/kBTc − 1dE (2.15)

= ζ(3)
(
kBTc

ℏω

)3

, (2.16)

where ζ is the Riemann zeta function. The critical temperature is
therefore

Tc = ℏω
kBζ(3)1/3N

1/3. (2.17)

The formulas used here assumed no particle-particle interactions and
that the lowest energy level is truly zero. In a harmonic oscillator, the
lowest energy level is instead 3

2ℏω and µ should be set to this value
instead of 0 to find Tc. Correcting for this gives a shift ∆Tc in the
critical temperature [26]

∆Tc

Tc

= −0.73 ω

⟨ω⟩
N−1/3, (2.18)

where ⟨ω⟩ is the mean of the trap frequencies. The correction due to
interactions is

∆Tc

Tc

= −1.33 a

aHO
N1/6. (2.19)

Further discussion on critical temperature can be found in [27, 28].
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2.1.4 Semi-ideal model and bimodal clouds
The two previous sections dealt with thermal and condensed clouds
separately. However, the interactions shaping the condensed cloud
into the shape of the reversed potential also happen between thermal
and condensed particles. In [29], this is taken care of by adding the
mean field potential from the condensed cloud Uρ0(r) to the external
potential in eq. 2.4 which becomes

ρth(r) =
(
mkBT

2πℏ2

)3/2

g3/2
(
e−|V (r)−µ)|/kBT

)
. (2.20)

The result is a dip in the middle of the thermal distribution and an
increased thermal density around the condensed cloud. Since the ther-
mal cloud density is much lower than the condensed cloud, the effect
of the thermal particles on the condensate is ignored, leaving the TF-
distribution unchanged. This model is called the semi-ideal model.

The only free parameters in the model are the temperature and
the chemical potential. The chemical potential directly gives the con-
densed number of particles through the TF-approximation, while the
thermal particle number comes from the integral of eq. 2.20 and is
given by both the temperature and the chemical potential. Since the
number of thermal particles depends on the chemical potential, it is
not possible to express the condensed fraction N0/N in terms of tem-
perature alone. Approximate expressions for this are given in [29],
with the most precise being an equation that has to be solved numer-
ically

N0

N
= 1 −

(
T

Tc

)3
− η

ζ(2)
ζ(3)

(
T

Tc

)2 (N0

N

) 2
5
, (2.21)

where

η = 1
2ζ(3) 1

3

(
15N 1

6
a

aHO

) 2
5
. (2.22)



14 Chapter 2. Ultracold atoms

2.2 Cloud expansion - analytical
expressions

One of the most used techniques to acquire data about cold clouds is
to rapidly turn off the trap and take images after a given duration of
free fall, called time-of-flight (TOF). The distributions after TOF are
related to a combination of the spatial and momentum distributions
in-trap and can be used to measure temperature more easily than
imaging the very small in-trap clouds. To do this, it is necessary to
have expressions for the expansion of the clouds. Section 2.2.1 deals
with the free fall expansion of pure thermal clouds and Section 2.2.2
with the expansion of pure condensates. There are no analytical ex-
pressions for the expansion of a bimodal cloud. One way to approxi-
mate the expansion is to use the expressions for pure thermal clouds
and condensates separately, which is the standard method. Chapter 3
delves deeper into this question via numerical simulations.

2.2.1 Thermal clouds

Assume the particles move ballistically after the release of the trap.
The momenta in the in-trap phase-space distribution of pure thermal
clouds (eq. 2.3) can then be used to find the distribution of particles
after a duration t of TOF, ρ(r,p, t), by integrating over the momenta
and using rin-trap = r − p/m

ρ(r,p, t) =
∫
ρth(r − p/m,p, t = 0)dp. (2.23)
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In a harmonic oscillator, there is an analytical expression for the inte-
gral [30]

ρ(r,p, t) = Nth

(2π)3g3(z̃)
∏
wi

g3/2
(
z̃e−

∑
r2

i /(2w2
i )
)

(2.24)

z̃ = eµ/kBT , wi =
√
kBT

m

√
1 + ω2

i t
2. (2.25)

Interestingly, the cloud shape stays the same and only the widths
wi change with time. This can be approximated to first order in
the polylogarithm function for temperatures that are not close to or
below the critical temperature for condensation and gives a Gaussian
distribution with the same widths as in the equation above.

2.2.2 Bose-Einstein condensates
Just like pure thermal clouds, an expanding condensate also keeps
its shape while the radii change [31]. Write the radii after TOF as
Ri(t) = λiRi,0, where Ri,0 are the in-trap TF-radii from eq. 2.12. The
radii during TOF then obey a differential equation

λ̈i = ω2
i

λiλ1λ2λ3
. (2.26)

A condensate does not expand ballistically but is instead governed by
quantum mechanics. A smaller in-trap spatial distribution means the
momentum distribution must be wider and therefore contain higher
momentum components, resulting in a faster expansion and a larger
cloud after TOF. This is true for each dimension separately. The result
is that a cloud which is initially smaller in one direction than another
will expand into the opposite scenario, such that the small axis turns
into the large axis after TOF.

These equations still hold in the semi-ideal model since that model
assumed no effect on the condensate from the thermal cloud.





Chapter 3

Expanding cloud simulations

In many ultracold atom experiments, information is gained from ab-
sorption imaging. However, the in-trap optical densities are too high
for any meaningful amount of light to penetrate the cloud. Conse-
quently, the standard procedure is to release the cloud in free fall for
a short period, resulting in the expansion of the cloud and thus a
reduction in optical density.

To extract information from such images, it is necessary to model
the expansion of ultracold atom clouds. This is a relatively simple
problem to solve analytically for ideal gas clouds (released from a har-
monic trap potential) [12, 32], which is a good approximation in many
cold atom experiments since the densities of the clouds are low enough
for interactions to be negligible. However, when a gas approaches de-
generacy and obtains a BEC component, a macroscopic number of
atoms fall into the same ground state, resulting in a sharp increase in
density. The consequence is that both the ideal gas assumption and
classical physics break down.

In a mixed state of BEC and thermal atoms, the thermal component
can be approximated as an ideal gas, and any interactions between the
two components is typically be ignored, thus decoupling the BEC and

17
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thermal atoms.
However, the high-density BEC atoms, which break the ideal gas as-

sumption, interact with all atoms, including the thermal atoms. This
leads to a more complicated system where an analytical solution to the
free expansion has not yet been found. A numerical model is therefore
used to estimate what effect the presence of BEC atoms will have on
the thermal cloud and specifically what the consequential errors on the
estimation of the two key parameters, temperature, T , and thermal
atom number, Nth, is when this effect is ignored.

The chapter is structured as follows. Section 3.1 discusses the sim-
ulation of the expansion of partially condensed clouds. The errors
which occur in a typical image analysis are discussed in Section 3.2
based on the model. Section 3.3 show that the model can be used
to fit experimental data and extract more accurate temperatures and
atom numbers.

3.1 Expanding partially condensed Bose
gases

Due to the high density, the BEC atoms will affect the distribution of
thermal atoms. This can be modeled by a mean-field approximation,
which leads to an extra term in the potential energy. Consequently,
the in-trap densities of BEC and thermal atoms become coupled [26,
33]

ρ0 = µ− V − 2U0ρth

U0
Θ(µ− V − 2U0ρth), (3.1)

ρth = Nth

(2π) 3
2σ1σ2σ3

1
g3(z̃)

g 3
2

(
z̃e−(V +2U0(ρth+ρ0))/kBT

)
. (3.2)

Here, V is now the external trap potential and U0 = 4πℏ2a/m is
the interaction energy. The Heaviside step function Θ is used in the
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condensed distribution. Since the density of thermal atoms is much
smaller than that of condensed atoms, the effects on the BEC are
neglected, as well as the 2U0ρth term in the exponential in the thermal
distribution.

The expansion of a released thermal cloud given this initial distri-
bution is found by ignoring the interactions after the trap is turned
off, resulting in ballistic motion. In reality, the interactions between
the two components will quickly decrease as they expand rather than
suddenly disappear.

The time-dependent thermal cloud profile is again given by inte-
grating over the momentum space

ρth(r, t) =
∫ d3p

(2πℏ)3
1

e(p2/2m+Veff(r,p,t))/kBT − 1 ,

Veff(r,p, t) = V (r − p/m · t) + 2U0ρ0(r − p/m · t) − µ

= |µ− V (r − p/m · t)|, (3.3)

but this time, the integral cannot be solved analytically. Here, t is the
TOF.

To estimate the errors from ignoring the repulsion from the BEC,
the thermal distribution after TOF is calculated with eq. 3.3 and then
fitted with the non-interacting model from the previous chapter.

To calculate the distribution after TOF, the physical parameters
N = N0 + Nth, T , and t are chosen in a trap with frequencies ωi.
Then, an n×n×n grid in space on which to calculate the cloud profile
after TOF is defined, called the spatial grid. The range of that grid is
defined to be 4 times the width of the thermal cloud calculated with
the non-interacting model. Another m×m×m grid in space around
the in-trap cloud at t = 0 is defined, called the momentum grid, with
the range again given by 4 times the in-trap non-interacting thermal
width.
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Figure 3.1: Illustration of how to calculate the thermal cloud profile after TOF.
The initial cloud, as well as the momentum grid, is illustrated in green (small).
The final cloud, as well as the spatial grid, is shown in grey (large). A black
point in the spatial grid is highlighted. To calculate the density of atoms at this
point, the probability of starting at a specific momentum grid point and with the
correct momentum to end up at the black point is calculated for each momentum
grid point and then added. This is done for all spatial grid points to get the
distribution. The grids and clouds shown here are not representative of those used
in the real calculations, but are used only as an illustration of the method. The
clouds are not assumed to be spherical, and the calculations are performed in 3
dimensions.

For each point in the spatial grid, the required momentum to have
originated from each point in the momentum grid is calculated. Eq. 3.3
is then used to calculate the density at that spatial point, by summing
over the momentum grid. This step is illustrated in Figure 3.1. Inte-
gration along x3 is done to obtain column densities.

The grid finesses n and m are found by repeating the calculations
with varying values on the most demanding clouds investigated later,
with the parameters N = 106, T = 0.3Tc, t = 3 ms, ωx = 2π · 10 Hz,
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Figure 3.2: Scanning the value of n with m = 60 held constant and for the cloud
parameters specified in text. Exponential fits are plotted on top. Green ✖-markers
show the error in atom number, and red •-markers show the temperature error.

and ωy,z = 2π · 100 Hz. The scan for the spatial finesse n is shown
in Figure 3.2 with m = 60 held constant. The results show clear
convergence in both the atom number and temperature estimation
errors, and the chosen value was n = 40.

Figure 3.3 displays the result of the momentum finesse scan with
n = 40 held constant. There is again clear convergence in the results,
and the chosen value was m = 60. Both of these choices can be relaxed
if speed is to be optimized.

The complexity of the calculations scales quickly as O(n3 · m3).
Therefore, calculations are performed in parallel on a GeForce GTX
1050 Mobile graphics card.
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Figure 3.3: Scanning the value of m with n = 40 held constant and for the cloud
parameters specified in text. Exponential fits are plotted on top. Green ✖-markers
show the error in atom number, and red •-markers show the temperature error.

It is possible to avoid calculating every spatial point by exploiting
the symmetry of the system. If the trap geometry is assumed to be
at least cylindrically symmetric, meaning that at least two out of the
three trap frequencies are equal, it is possible to do the calculation
of the cloud profile in 2 dimensions and then exploit the rotational
symmetry around the axis with a different trap frequency to get the
3-dimensional distribution. This assumption is used here, and typical
cigar-shaped clouds from experiments fall within this assumption.

There are three categories of cloud shapes within this assumption:
a cigar-shaped cloud if the two equal frequencies are larger than the
last frequency, a spherical cloud if all frequencies are the same, and a
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Figure 3.4: Thermal column densities in a symmetrical trap configuration with
N = 200 k, T/Tc = 0.2, ωi = 2π · 100 Hz, and N0/N = 0.97, for two different
TOFs, normalized to the highest column density. The top has t = 1 ms and the
bottom has t = 30 ms. A slice through the center of the simulated column densities
is shown in green, and a slice through the center of a Bose-enhanced fit to the
simulated data, fitted outside the BEC region illustrated by vertical dashed lines,
is included in red. Inserts in both figures show the simulated column densities.
The BEC is not plotted, and the grids used here are not the same as in the later
simulations.

pancake-shaped cloud if the two equal frequencies are lower than the
last frequency. It is only necessary to calculate the distribution in the
positive quadrant (xi ≥ 0, i = 1, 2, 3).

The results of such a simulation are shown in Figure 3.4 for a very
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cold, partially condensed cloud with total atom numbers N = 200 k,
T/Tc = 0.2, and ωi = 2π ·100 Hz which results in a condensed fraction
of 97% according to the semi-ideal model [29]. The top has t = 1 ms
and the bottom t = 30 ms. The figure shows cuts through the center
of both simulated and Bose-enhanced fitted thermal column densities
normalized to the highest value. The Bose-enhanced fit is performed
in a region outside the BEC region illustrated by vertical dashed lines
and with the method described in Section 5.6.1.1 which fits the ther-
mal and condensed atom numbers, as well as the temperature in both
the horizontal and vertical directions. The temperatures of both di-
rections are averaged to get an estimate of the cloud temperature.
The fit is performed twice; first to get the ROIs and then to extract
the parameters. The thermal fit is performed outside 1.2 times the
BEC radii. The BEC is not plotted, and the x-axis has been rescaled
between the two plots.

The repulsive effect of BEC is most clearly seen in the short TOF
figure, where a dip in the thermal column density in the center occurs,
and while the Bose-enhanced fit to the wings is good, it disagrees
greatly in the center and overestimates the temperature by a factor of
7.2% and the atom number by 64.5%. The temperature is fitted to be
higher because of the broader wings from the repulsive BEC, and the
atom number is fitted much higher because the fit cannot ”see” the dip
in density in the center. After 30 ms TOF, some of the thermal cloud
has fallen into the hole in the middle, and the cloud now has a slightly
higher peak column density than the Bose-enhanced distribution. The
error in the fit is now -1.3% for temperature and -16.9% for atom
number. The sign of the estimation has reversed because the simulated
distribution is now more peaked than the Bose-enhanced distribution.
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3.2 Analysis of Atom Number and
Temperature Errors

In the following, the errors in thermal atom number and temperature
determination that occur when the BEC repulsion is ignored are dis-
cussed. These errors are obtained by comparing the input parameters
of the simulation with the results of a fit similar to the one shown
in Figure 3.4. The errors are defined as ∆Nth = Nth − Nth,s and
∆T = Tth − Tth,s, where the subscript s indicates the input values of
the simulation.

Figure 3.5 shows the error in the thermal atom number determina-
tion for various cloud and trap parameters. The relative error ∆Nth/N
is shown for for three different trap geometries (cigar shaped trap with
ωx = 10 Hz, ωy,z = 100 Hz; spherical trap with ωx,y,z = 100 Hz; pan-
cake shaped trap ωx = 1000 Hz, ωy,z = 100 Hz) and two different TOFs
(t = 3 ms; t = 30 ms) as function of the total atom number and the
reduced temperature. Positive values of the error indicate an overes-
timation by the Bose-enhanced fit function. The errors are zero at Tc

as expected when no BEC is present.
The two columns in the figure illustrate the difference between short

(left) and long (right) TOF. A longer TOF generally reduces the mag-
nitude of the errors; however, it does not approach zero. At t = 30 ms,
the errors are at most ±10%. The sign of the errors reverses from short
to long TOF because the thermal cloud goes from flattened to peaked
compared to a Bose-enhanced fit, as was also seen in Figure 3.4.

The errors are weakly dependent on atom numbers. The effect
comes from the fact that the thermal distribution widths are indepen-
dent of the number of atoms, while the BEC will grow in size with
more atoms. Thus, the errors of a large cloud are equal to the errors
of a smaller cloud at a colder temperature. Since the size of a BEC
scales proportionally to N1/5

0 , this is a small effect.
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Figure 3.5: Errors in thermal atom number estimation as a function of reduced
temperature and total atom numbers for different trap configurations and TOFs.
The left column has a TOF of 3 ms and the right column has a TOF of 30 ms. The
top row is cigar shaped with ωx = 2π · 10 Hz and ωy,z = 2π · 100 Hz, the middle
row is spherical with ωx,y,z = 2π · 100 Hz, and the bottom row is pancake shaped
with ωx = 2π · 1000 Hz, ωy,z = 2π · 100 Hz.

The temperature is more directly related to the size of the BEC
than the number of atoms and will therefore have a much larger ef-
fect. Additionally, falling temperatures will decrease the thermal cloud
width, making the overlap between the two components even larger.

At long TOF, the errors in a spherical cloud are worse than in
both asymmetrical clouds. One explanation could be the following.
The volume of a BEC at a given temperature and atom number is
relatively fixed at different trap geometries. Therefore, the spatial
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Figure 3.6: Errors in temperature estimation as a function of reduced temper-
ature and total atom numbers for different trap configurations and TOFs. The
parameters are the same as in Figure 3.5, specifically: the left column has a TOF
of 3 ms and the right column has a TOF of 30 ms. The top row is cigar shaped
with ωx = 2π · 10 Hz and ωy,z = 2π · 100 Hz, the middle row is spherical with
ωx,y,z = 2π ·100 Hz, and the bottom row is pancake shaped with ωx = 2π ·1000 Hz,
ωy,z = 2π · 100 Hz

extent in the weak trap directions in asymmetrical clouds must be
larger than the spherical cloud radius. A larger radius will expand
more slowly, and the thermal fit can be performed in a region closer to
the center, allowing it to catch the volume of the cloud more precisely.
The opposite happens at short TOF since the asymmetrical BECs are
now larger than the spherical ones.

Figure 3.6 shows the errors in the temperature estimation for the
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Figure 3.7: Errors in thermal atom numbers and temperature (average of both
directions) for different temperatures. The simulations are done in a spherical
trap at N = 3 · 105 and t = 30 ms. The green ✖-markers show the error in atom
numbers, and the red •-markers show the error in temperature.

same parameters as Figure 3.5. For all parameters simulated here, the
temperature errors lie within ±10%.

The temperature errors are weakly dependent on atom number in
the same way as atom number errors. The temperature dependence
is also generally similar. An exception is the spherical short TOF
example, which shows a reversal in the sign of the error at low tem-
peratures. The reason is the same as the reversal in sign explained
with Figure 3.4. t = 3 ms is enough to reverse the sign of the error for
moderately low temperatures, but for the coldest clouds, more TOF
is needed before the reversal happens. Interestingly, this means there
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Figure 3.8: Errors in thermal atom numbers and temperature for different TOFs
from a spherical trap. The simulations are done at N = 3 · 105 and T/Tc = 0.5.
The green ✖-markers show the error in atom numbers and the red •-markers show
the error in temperature.

are regions with no errors. The same effect can also be seen in the
spherical long TOF plot, where t = 30 ms is not enough to fully reverse
the error for the very coldest clouds.

The behavior at different trap geometries is the opposite of that
seen for atom number errors. This is because a larger fit region allows
the fit function to access more of the central region where the cloud
is deformed. While this gives a better estimate of the area under the
curve and thus lower atom number errors, it will require the Bose-
enhanced function to adapt the temperature more to fit the sharpness
of the peak. Spherical clouds are thus the best for estimating cloud
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Figure 3.9: Errors in thermal atom numbers and temperature (average of both
directions) for different aspect ratios in the trap, but with a constant geometrical
mean of the aspect ratios. The simulations are done at N = 3 · 105, T/Tc = 0.5
and t = 30 ms. The green ✖-markers show the error in atom numbers and the red
•-markers show the error in temperature.

temperatures.
The errors in atom number and temperature were explored further

for a selected range of parameters. In the long TOF, spherical shape
panels of Figures 3.5 and 3.6 a trajectory at a constant number of
3 · 105 atoms (solid line) is shown. Fig. 3.7 shows the errors in atom
number and temperature as a function of temperature along this line.
The thermal atom number underestimate grows for low temperatures,
reaching ≈ 7%. Similarly, the temperature is underestimated, but
reaches a maximal underestimation by ≈ 6% for T/Tc = 0.8. This
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corresponds to the general behavior of the temperature error.
The dependence of the atom number and temperature errors on

the TOF is explored in further detail in Figure 3.8 for the parameters
indicated by a cross in the long TOF, spherical shape panels of Fig-
ures 3.5 and 3.6. The atom number errors converge faster than the
temperature errors. This is in agreement with the behavior seen in the
long TOF, spherical shape panel of Figure 3.6, where the temperature
error is still reversing for low temperatures while in the same panel of
Figure 3.5, the atom number error sign reversal has fully occurred at
t = 30 ms. The errors do not converge to zero for long TOF because
the BEC alters the energy levels populated by the thermal atoms, and
thus the distribution of momentum. This affects the expansion of the
cloud for all TOFs and, consequentially, the estimation of parameters.

Finally, the effect of the trap geometry is investigated from a cigar
to a pancake-shaped cloud with 30 ms TOF at otherwise the same pa-
rameters as in Figure 3.8. This once again shows how the spherical
cloud is best suited for atom number estimation but not for tempera-
ture estimation, as was also discussed above.

3.3 Bimodal fits of partially condensed
clouds

The simulation of the expansion in TOF can be used within a fitting
routine to obtain the thermal atom number and temperature more
accurately from experimental data. The fit follows the same steps
as explained in Section 5.6.1.2, which fits the thermal and the BEC
component separately, once to extract ROIs and a second time to
extract cloud parameters. The thermal cloud is fitted outside 1.2
times the BEC radii, and the thermal distribution comes from the
simulation instead of the Bose-enhanced function.
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Figure 3.10: BEC fraction as a function of reduced temperature. The results of an
analytic fit with the Bose-enhanced distribution are shown as green data points,
and the fit with the simulated distribution is shown in red. The black dashed line
shows the BEC fraction predicted by the semi-ideal model [29]. Each point is an
average of 6 to 8 fits.

The experimental apparatus to produce partially condensed BECs
for the dataset presented here was previously described in detail [34]
and differs slightly from the current implementation since it used a
QUIC trap instead of a crossed dipole trap. Briefly, 87Rb atoms are ini-
tially cooled by radio-frequency (RF) evaporation in a Ioffe-Pritchard
type magnetic trap. To stabilize the production of ultracold clouds,
the cooling process was interrupted at a temperature of ∼ 14 µK, and
the atomic clouds were probed using minimally destructive Faraday
imaging [35, 36]. Based on the outcome, the atom number was cor-
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rected by removing excess atoms. Subsequently, the magnetic trap
was decompressed to obtain radial and axial trapping frequencies of
ωρ = 2π × 93.4 Hz and ωz = 2π × 17.7 Hz. Finally, BECs were pro-
duced by applying an RF sweep that led to the desired average BEC
occupation.

The partially condensed clouds were probed using absorption imag-
ing after a 27.5 ms TOF. To accurately detect the density distribution
of dense clouds, the imaging system was calibrated following [37, 38]
and an intensity I = 2.3 Isat was used.

The fit routine for both the simulated clouds and the Bose-enhanced
fit minimizes the sum of the squared differences for each pixel and thus
obtains the parameters N0,Nth, and T . A fit with the simulated dis-
tribution after TOF takes about 10 minutes to complete, and thus the
fits were performed on a small dataset with 6 to 8 images at 5 different
final RF frequencies. The Bose-enhanced fits were also performed at
3 RF frequencies above condensation. Figure 3.10 shows the results
of the simulated (red) and Bose-enhanced (green) fits in a BEC frac-
tion vs. reduced temperature plot and are compared to predictions
from the semi-ideal model [29]. The negative temperature error from
using the Bose-enhanced fit results in those points lying below the
expected curve, while the simulated fit shows better agreement with
the semi-ideal model. The simulation ignores the interactions during
TOF, which might explain some of the remaining discrepancies.





Chapter 4

Light in high-density media

This chapter describes the phenomenon of light propagating through
”dense”1 atomic clouds. The chapter begins with an introduction to
light propagation in a medium in Section 4.1. Section 4.2 deals with
the resulting spectra after the light has passed through a full atomic
cloud, which is described for both bright field and dark field setups.
Finally, Section 4.3 uses the results from the previous sections to dis-
cuss the absorption of light in a three-level atom in the presence of a
second light field.

4.1 The complex refractive index
This section covers the basic theory of light propagation through a
medium and is based on standard textbook knowledge, e.g. [39]. Let
the light field have angular frequency ω and wavenumber k = ω/c with
c being the speed of light in vacuum, and let the propagation direction
be along +z. Assume a continuous incoming wave with no temporal

1The exact meaning of dense is specified in Section 4.1, and the atoms are, in
fact, very dilute.

35
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variation in amplitude. The following calculations are applicable in a
sufficiently small region along z such that any diffraction of the wave
does not need to be taken into account, analogous to the thin-lens
approximation.

This is typically the case for light waves propagating through cold
clouds, which are somewhere around 1µm to 100µm in size. A back-
of-the-envelope calculation shows the length scale on which it breaks
down by setting the Rayleigh length equal to the waist, giving λ/π =
250 nm. While the clouds are not that small, some of the phase mod-
ulation patterns of moderately detuned light going through the cloud
can be.

The complex E-field is described by

E(t, x, y, z) = A(x, y, z)eiϕ(t,x,y,z), ϕ = zk − ωt, (4.1)

where A is the complex field amplitude, ϕ is the phase, and the actual
E-field is the real part of the complex E-field. The time-averaged
intensity of the light wave is I = 1

4cϵ0|A|2.
In a medium, the propagation speed of the light wave can be altered

to any value2 v. Now introduce the refractive index n = c/v. The
equation for the phase of the E-field becomes

dϕ = nkdz − ωdt. (4.2)

The amplitude can decrease while the light moves through a medium.
This can be described by rewriting the complex amplitude as dA =
−κAdz where κ describes the amount of absorption caused by the
medium. The z-dependence of A can now be moved to the phase in
eq. 4.2 by making the refractive index complex

ñ = n+ iκ, dϕ = ñkdz − ωdt. (4.3)
2It can even become faster than c; however, this superluminal speed cannot be

used to transfer information and is therefore not contradicting relativity.
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The propagation of light through a small atomic cloud can be achieved
by choosing an appropriate spatial dependence for ñ(x, y, z). In this
model, the only parameter to be calculated is the total complex phase
change ∆ϕ throughout the cloud relative to the phase change of vac-
uum with ñ = 1

∆ϕ(x, y) =
∫ ∞

−∞
(ñ(x, y, z) − 1)kdz. (4.4)

The value of ñ in a homogeneous medium of two-level atoms with
resonance ω0 and FWHM linewidth Γ is given by

ñ =
√

1 + χ, (4.5)
where the polarizability χ is [39]

χ = σ0ρ

k

−1
2δ̃ + i

1
1 + Ĩ

(4.6)

= σ0ρ

k

−2δ̃
4δ̃2 + 1

1
1 + Ĩ

+ iσ0ρ

k

1
4δ̃2 + 1

1
1 + Ĩ

, (4.7)

with δ̃ = (ω − ω0)/Γ being the normalized detuning, Ĩ = I/Isat the
normalized intensity to the detuning dependent saturation intensity
Isat = ℏωΓ/(2σ0)

(
1 + 4δ̃2

)
, ρ the number of atoms per volume, and

σ0 = 6π/k2 the resonant cross section3. It is assumed that |ω−ω0| ≪ ω
for the RWA.

Because an atomic cloud is not a continuous medium, the electric
field experienced by each atom will be modified. The Lorentz-Lorenz
model [40, 41] approximates the situation by placing each atom in a
sphere of vacuum surrounded by a polarized medium, which leads to
an enhancement of the electric field, and the resulting refractive index

ñ =
√

1 + χ

1 − 1
3χ
. (4.8)

3In a multi-level system the expression for the cross section gets more compli-
cated. See Section 5.1.1 for details in 87Rb.



38 Chapter 4. Light in high-density media

This approximation ignores the bosonic statistics of the atoms, which
can lead to a myriad of other effects (see [42]) due to the bunching
nature of bosons. It can be accounted for by extra correction terms
to the index of refraction [43], but is not included in our models.

It is often the case in cold atom experiments that the product σ0ρ/k
is much smaller than one, such that eq. 4.8 can be expanded to first
order

ñ ≈ 1 + 1
2χ (4.9)

The density will be called ”high” whenever this approximation does
not hold for all detunings, although that happens at a very low den-
sity compared to most everyday objects or even air at atmospheric
pressure.

At low density, the phase shift caused by the real part of ñ is zero on
resonance. But at high density, when the square root in the refractive
index cannot be approximated to first order, the real and imaginary
parts of χ start to mix, and there is a non-zero phase shift even on
resonance.

4.1.1 Absorption

It is necessary to calculate the time average over one period to go from
complex E-fields to intensities

I = cϵ0

2

∫ 2π/ω

0
(Re(E))2 dt (4.10)

Assume the light has acquired a complex phase change ∆ϕ after pass-
ing through a cloud. Inserting this into the expression for the E-field
in eq. 4.1 gives the intensity Iout after having passed through that



4.1. The complex refractive index 39

medium

Iout = cϵ0

2 |A|2
∫ 2π/ω

0

(
Re

(
ei(∆ϕ−ωt)

))2
dt (4.11)

= 2Iin

∫ 2π/ω

0
e−2 Im(∆ϕ) cos2 (Re(∆ϕ) − ωt) dt, (4.12)

The value cϵ0
2 |A|2 is twice the incoming intensity Iin. Im(∆ϕ) is only

dependent on space, not time, and can thus be taken outside the
integral. Re(∆ϕ) is time-independent, and the integral over a full
period of cos2 will therefore give 1

2

Iout = Iine−2 Im(∆ϕ). (4.13)

This is the general expression for the absorption of light through a
thin medium, but ∆ϕ has to be calculated numerically for arbitrary
clouds.

4.1.1.1 Normalized transmission

In an experiment, it is necessary to block the background signal around
the atom cloud with a small pinhole of area4 A to get a better signal-
to-noise ratio. The power making it through this pinhole without the
presence of atoms is Pin = IinA.

With atoms present, assume the intensity distribution of light just
after the cloud is I(x, y). The power P is then given by

P =
∫

pinhole
IdA (4.14)

4Since it is not possible to place a pinhole just after the atoms, it is placed in
the intermediate image, and the area must be scaled according to any magnification
taking place in the optical setup.
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From this, a very useful quantity called the normalized transmission
can be defined

T = P

Pin
(4.15)

Many results in the thesis is presented in the form of the normalized
transmission.

4.1.1.2 Low density resonant absorption

On resonance and in the low density approximation from eq. 4.9, there
is a simple relation between the absorbed light and the number of
atoms. These conditions are typically applicable to imaging of a cloud
after TOF expansion, but the density of a BEC in-trap is too high for
the low-density approximation to hold.

Let I(z) denote the intensity along the z-direction and let δ̃ = 0.
Then

I(z) = Iine−2 Im(∆ϕ(z)), (4.16)

with

2 Im(∆ϕ(z)) = 2k
∫ z

−∞
Im(ñ)dz (4.17)

≈ k
∫ z

−∞
Im(χ)dz (4.18)

= σ0

∫ z

−∞
ρ

1
1 + Ĩ

dz. (4.19)

Differentiating both sides of eq. 4.16 with respect to z gives

dI
dz = Iine−2 Im(∆ϕ) · d

dz (−2 Im(∆ϕ)) (4.20)

= −Iσ0ρ
1

1 + Ĩ
(4.21)
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This differential equation can be solved by gathering all terms depen-
dent on I on the left side and integrating

−
∫ Iout

Iin

1 + I
Isat

I
dI = σ0

∫ ∞

−∞
ρdz. (4.22)

The integrals give

ln
(
Iin

Iout

)
+ Iin − Iout

Isat
= σ0ρ̃, (4.23)

where the integral of the atom density along z is called the column
density of the atoms and is denoted with ρ̃. The product σ0ρ̃ is called
the optical density or od. This relation between absorbed light and
od is called the Beer-Lambert law. In the limit of I ≪ Isat, the law
reduces to a simple exponential decay of intensity.

For reference, the column densities of a Bose-enhanced (BE) distri-
bution, a Gaussian (G) distribution (for higher temperatures), and a
TF-distribution (see Appendix A in [30]) are

ρ̃BE = Nth

2πwxwyg3(z̃)
g2
(
z̃e−x2/(2w2

x)−y2/(2w2
y)
)

(4.24)

ρ̃G = Nth

2πwxwy

e−x2/(2w2
x)−y2/(2w2

y) (4.25)

ρ̃TF = 5
2π

N0

RxRy

max
0,

(
1 − x2

R2
x

− y2

R2
y

)3/2
 , (4.26)

where the imaging direction is taken to be z.
The BE column density above is normalized to a specific atom

number, while the only true parameters are the temperature and the
chemical potential. If those are to be fitted instead, the following BE
column density can be used

ρ̃BE =
√

2πwz(0)
λ3

Tβxβy

g2
(
z̃e−x2/(2w2

x)−y2/(2w2
y)
)
, (4.27)
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where wz(0) =
√

kBT
mω2

z
is the in-trap width in the imaging direction z,

βi =
√

1 + ω2
i t

2 are the expansion factors of the cloud after TOF in
each direction, λT =

√
2πℏ2

mkBT
is the thermal de Broglie wavelength, and

wx,y =
√

kBT
mω2

x,y
βx,y are the cloud widths are TOF in the x, y-directions.

4.2 High density spectra

This section investigates the spectra that result from high-density
clouds. From now on, the assumption will always be that I ≪ Isat
since this analysis will be applied to single photon measurements. The
analysis is split into two parts, Section 4.2.1 for bright field and Sec-
tion 4.2.2 for dark field. Bright field and dark field are two comple-
mentary ways of extracting information from the light field that has
passed through a sample. Where bright field measures the transmitted
light field directly, dark field applies some sort of special preparation
of the incoming light field or post-processing of the transmitted light
field to remove the part of the light field that has not interacted with
the sample.

There are countless ways to apply both the bright field and the dark
field techniques, and each method requires its own analysis and has
its own advantages and disadvantages. On top of standard bright field
imaging, novel bright field techniques include, but are not limited to,
frequency modulation imaging [44], dual-port Faraday imaging [45],
bright field partial-transfer absorption imaging [46], phase contrast
imaging with a phase spot [41], off-resonant defocus-contrast imag-
ing [47], and inverse holography [48]. Similarly, there are countless
different dark field techniques, such as dark field scalar imaging, which
have been used on resonance [49, 50] as well as far-off resonance to
achieve phase contrast imaging [51–54], spatial heterodyne dark field
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imaging [55], and dark field Faraday imaging [35, 36, 45]. In principle,
many of the bright field techniques could be used in a dark field setup,
and similarly, the dark field methods could be used in bright field. All
the dark field methods listed here use some kind of post-processing
of the light, but it is also possible to shape the incoming light beam
such that the resulting image becomes dark ground. I am not aware of
any such techniques used in the field of cold atoms, but it is possibly
the most common technique used in other fields such as nano-science,
chemistry, and microbiology (see, for example [56]).

All the imaging techniques referenced here use either on-resonant
or far off-resonant probe light. The following sections will bridge the
gap between the two methods by focusing on the entire spectrum.

4.2.1 Bright field
In bright field, the transmitted light is imaged directly onto a camera
or a detector, and the signal is given by eq. 4.13 with the spatial distri-
bution of atoms described in Chapter 2. The normalized transmission
is

T = 1
A

∫
pinhole

e−2 Im(∆ϕ)dA. (4.28)

Thermal clouds have two degrees of freedom: the number of atoms
and the temperature. Figure 4.1 illustrates in a range of scenarios
how the transmission of the light wave looks. An effective in-trap
pinhole radius of 75µm is used and trap frequencies in all directions
are 2π · 100 Hz. The top of the figure shows the intensity distribution
from eq. 4.13, the integrand of eq. 4.28, through a pinhole with effec-
tive radius just in front of the cloud equal to 75µm for varying atom
numbers and temperatures. The bottom part of the figure shows the
normalized transmission from eq. 4.28 for the same atom numbers and
temperatures plotted above.
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Figure 4.1: Examples of the bright field signal through different thermal clouds.
Top left: the light field intensity after passing a cloud with temperature T =
5000 nK for different numbers of thermal atoms and with δ̃ = 0 and δ̃ = −2.
Top right: the light field intensity after passing a cloud with N = 2000 k for
different temperatures and with δ̃ = 0 and δ̃ = −12. Bottom left: the normalized
intensity spectra corresponding to the plots above. The atomic number increases
from black to green, corresponding to the same colors in the x-axis labels above.
Bottom right: the normalized intensity spectra corresponding to the plots above.
The temperature increases from black to green, corresponding to the same colors
in the x-axis labels above.
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On the top left, it can be seen that the center of the cloud quickly
becomes totally opaque at resonance. Any more atoms added to this
central region will not affect the resonant part of the spectrum. In the
extreme case, the opaque region of the cloud is larger than the pinhole
itself and blocks all light, which results in a flattened spectral signal
around resonance.

At detunings close to resonance, the normalized transmission de-
creases with the number of atoms in the cloud in a complicated non-
linear fashion because of this saturation. At far-detuning, where not
even the cloud center is able to block all the incoming light, the ab-
sorption approaches a linear response to atom numbers. That is, the
exponent in eq. 4.28 becomes much less than 1 everywhere. The in-
trap thermal cloud density is low enough to use the approximations
from Section 4.1.1.2, that Im(ñ) = 1

2 Im(χ). For far detuning, the
intensity through the thermal cloud is

Iout ≈ Iin

(
1 − σ0

∫ ∞

−∞
ρ

1
4δ̃2 + 1

dz
)

(4.29)

= Iin

(
1 − σ0ρ̃

1
4δ̃2 + 1

)
, (4.30)

where Ĩ = 0 has been used as an approximation for low intensity light
fields. The normalized transmission of a cloud with N atoms, and
assuming the entire cloud is within the pinhole, is then

T = 1
Pin

∫
pinhole

Iin

(
1 − σ0ρ̃

1
4δ̃2 + 1

)
dA (4.31)

= 1
Pin

(
Pin − Iinσ0N

1
4δ̃2 + 1

)
(4.32)

= 1 − Iinσ0N

Pin

1
4δ̃2 + 1

(4.33)

= 1 − Iinσ(δ̃)N
Pin

, σ(δ̃) = σ0
1

4δ̃2 + 1
. (4.34)
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The result can be understood as follows. In this regime, the probability
of a photon seeing an atom in the cloud is small, so the probability
of a photon getting absorbed is given by the probability of getting
absorbed by one atom (Iinσ(δ̃)/Pin) times the total number of atoms
in the cloud. The consequence is that for any cloud entirely contained
within the pinhole and with the same number of atoms but different
temperatures or trap frequencies, the spectra will always converge to
the same values at far enough detuning.

This can be seen in the right column in Figure 4.1. At δ̃ = −12, the
three lowest spectra have already converged, but the highest spectrum
is still slightly different. Looking at the corresponding intensity at
δ̃ = −12 and T = 600 nK, the center of this cloud is still somewhat
saturated, which means the approximations break down for this cloud
specifically. For the three other clouds, the intensity distributions vary
greatly, but the spectra are the same.

Only in the regime where all of the approximations above hold does
the spectrum take the shape of a Lorentzian function for all detunings.
This is typically the case after TOF, but rarely the case in-trap.

From the considerations above, it can be seen that the spectra
around resonance are sensitive to temperature because of the conse-
quential variation in the size of the cloud interacting with the incom-
ing light. In the bottom right of Figure 4.1 the spectra show a sharp
response to temperature changes close to resonance and a minimal re-
sponse far off-resonant. The spectra are also sensitive to the number
of atoms for obvious reasons, but at far detuning, the spectra become
sensitive only to the number of atoms. Because of this variation in rel-
ative sensitivity to atom number and temperature, the full spectrum
can be fitted to obtain both values independently.

Bimodal clouds also have two degrees of freedom, the chemical
potential directly related to the number of BEC atoms N0 through
the TF-approximation and the temperature, which together with the
chemical potential gives the number of thermal atoms. Figure 4.2
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Figure 4.2: Examples of the bright field signal through different bimodal or purely
condensed clouds. Top left: the light field intensity after passing a pure condensate
cloud for different numbers of atoms and with δ̃ = 0 and δ̃ = −10. Top right: the
light field intensity after passing a bimodal cloud with N0 = 50 k for different
condensate fractions and with δ̃ = 0 and δ̃ = −2, indicated with vertical dashed
lines below in different shades of blue. Bottom left: the normalized intensity
spectra corresponding to the plots above. The condensed atom number increases
from black to green, corresponding to the same colors in the x-axis labels above.
Bottom right: the normalized intensity spectra corresponding to the plots above.
The condensed fraction decreases from black to green, corresponding to the same
colors in the x-axis labels above.
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shows a similar result as Figure 4.1 does for pure thermal clouds, but
now for bimodal clouds. The effective in-trap pinhole radius is 25µm
and the trap frequencies in all directions are 2π · 100 Hz.

The left side of the figure shows different pure BEC clouds. Starting
at the top, it can be seen that the number of atoms now alters the
size of the cloud. This does not happen for thermal distributions.
On resonance, the od of the BEC is enormous (several hundreds) and
essentially the entire cloud is saturated, no matter how few BEC atoms
there are in the cloud. This also leads to a much broader spectrum,
and the clouds are still clearly visible (and even saturated for the two
larger clouds) at δ̃ = −10.

On the right side, the number of BEC atoms is set to N0 = 50 k and
the condensed fraction (or the temperature) is varied from 1 to 0.5. At
δ̃ = −2, the BEC part is essentially unchanged, but the thermal atom
absorption has decreased significantly. At even higher detunings, only
the BEC would be visible.

The result of the vastly different spatial distributions of a BEC
and a thermal cloud is a bimodal spectrum. Contrary to the spatial
bimodal distribution with a narrow but high BEC peak in the cen-
ter surrounded by a broad and low thermal tail, the spectral bimodal
shape is turned around. It is now the BEC which is broad because of
the high od, but shallow because of the small extent spatially, mean-
ing a smaller fraction of the incoming light hits the BEC and gets
absorbed. The thermal cloud is large, and at resonance absorbed
much more light than the BEC; however, the low od means the large
dip quickly disappears at relatively small detunings.

The bimodal shape of the cloud means that it is possible to fit
all relevant cloud parameters in-trap from a spectrum instead of an
image. Additionally, it is much easier to compensate for low resolution
in the optical setup, because only the total power of the signal has to
be adjusted.

Perhaps one of the largest benefits of this method is the enhanced
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sensitivity to thermal atom numbers at very high BEC fractions. Stan-
dard TOF imaging techniques typically start to struggle with separat-
ing the two components at a BEC fraction around 70%. But looking
at the bottom right panel in Figure 4.2, it can be seen that the spec-
trum is highly sensitive to the presence of thermal atoms well into
the 90’s. The spectral method also does not require the release of
atoms, and with a sensitive single-photon detector, the measurements
can therefore be performed non-destructively.

Ironically, the main drawback must be the low sensitivity to the
number of BEC atoms, since the amount of absorption is so small.
Luckily, this can be fixed by using dark field techniques in combination
with the spectrum acquisition, or by combining spectral and TOF
imaging data.

4.2.2 Dark field

This section describes the light intensities and spectra seen in a scalar
dark field setup similar to those used in [49–53]. The results will
differ from other dark field setups. Interestingly, however, none of
the methods seem to be vastly superior or inferior to the others [35]
except perhaps in very specific cases. The formula for dark field signals
is derived in [57]. It is summarized again here.

Assume the electric field of the incoming light is linearly polarized
and that the atoms form a 2-level system. Later, it is shown that the
same equations hold up for circularly polarized light. The probe field
would have the wavefront electric field just after the position of the
cloud Ein(x, y, t) if no interactions had taken place. Denote the actual
electric field after the cloud as E(x, y, t), which can be described as
the untouched field Ein plus an extra diffraction field emitted by the
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atoms5 Ediff

E = Ein + Ediff. (4.35)

A dark field setup can sort away only Ein leaving behind Ediff = E−Ein
going to the detector or the camera (see Figure 4.3 for a simple example
of how it can be achieved), leaving behind the time-averaged diffracted
intensity

Idiff = Iin
∣∣∣ei∆ϕ − 1

∣∣∣2 , (4.36)

where Iin is the time-averaged intensity of the incoming field Ein. Split-
ting ∆ϕ into the real and imaginary components gives

Idiff = Iin

∣∣∣∣e− Im(∆ϕ)
(

cos
(

Re(∆ϕ)
)

+ i sin
(

Re(∆ϕ)
))

− 1
∣∣∣∣2 (4.37)

= Iin
(
e−2 Im(∆ϕ) + 1 − 2 cos

(
Re(∆ϕ)

))
. (4.38)

Here, exp
(
−2 Im(∆ϕ)

)
is the transmission of the intensity (see eq. 4.13)

and is denoted T . Then

Idiff = Iin

(
T + 1 − 2

√
T cos

(
Re(∆ϕ)

))
, (4.39)

and at resonance where there is no phase shift (Re(∆ϕ) = 0)

Idiff = Iin
(
1 −

√
T
)2
. (4.40)

The power P is the integral over the pinhole with area A

Pdiff =
∫

pinhole
IdiffdA, (4.41)

5This is more than just a smart trick. Maxwell’s equations contain only source
terms and no ”absorption” terms. The only way to absorb light is to emit new
light out of phase, which is exactly what happens when the atomic dipoles are set
into oscillation by the incoming light.
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Figure 4.3: A bright field setup compared to a simple scalar dark field setup. A
large waist probe field (red) is sent onto a small target. The diffracted electric field
Ediff (blue) expands much faster than the probe field because of the smaller waist.
A focal length away, a lens collimates the diffracted field and focuses the probe
field. Top: A second lens focuses the diffracted field onto a camera (or a detector)
through a pinhole (not shown). The diffracted field interacts with the probe field
and results in a dark spot. Bottom: a focal length away from the first lens, the
now small probe field hits a small obstruction target while the large diffracted field
passes by. The diffracted field is focused onto a camera (or a detector) through a
pinhole (not shown) by a second lens, resulting in a bright spot.

and the normalized transmission (eq. 4.15), where Pin = IinA is in-
coming power, is

Tdiff = 1
A

∫
pinhole

T + 1 − 2
√
T cos

(
Re(∆ϕ)

)
dA, (4.42)

and it represents the transmission through both the cloud and past
the dark field target.
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Now consider circularly polarized light. Eq. 4.36 gives the time-
averaged diffracted intensity in terms of the incoming time-averaged
intensity and the norm of the complex electric field difference. The re-
lation between field amplitude and time-averaged intensity is different
for circularly polarized light and leads to a factor of two for circularly
polarized light compared to linear polarization. However, this factor
of two is absorbed into Iin and the equation remains the same. This is
not surprising since circularly polarized light is a superposition of two
perpendicular light fields, and all the results are stated relative to the
incoming intensity.

The equations do not include the Faraday rotation, however, and
this can affect linearly and circularly polarized light differently. Fara-
day rotation happens if the light field couples to more than one ex-
cited state, such as linearly polarized light in a magnetic field along
the propagation direction or circularly polarized light in a magnetic
field perpendicular to the propagation direction.

It is worth considering the result in eq. 4.42 in a few simple cases.
When there are no atoms, and bright field would give a full signal,
dark field gives zero signal since T = 1 and Re(∆ϕ) = 0. The oppo-
site case is when the atoms block all signals and T = 0, resulting in
Tdiff = 1. From this, it can be seen that dark field and bright field are
reversed, although the relation between the two is not linear. An im-
mediate benefit of this is that for small Tdiff, the signal-to-noise ratio is
significantly improved compared to bright field. In practice, Tdiff will
always be small, unless the pinhole is approximately the size of the
cloud or smaller, and this is rarely a good idea since the edge of the
pinhole can induce complicated focus effects, and since such a setup is
very dependent on the exact position of the center of the cloud relative
to the pinhole.

The more surprising scenario is when T = 1 but Re(∆ϕ) ̸= 0. In
this case, bright field also gives full power and therefore no sign of
atoms because it cannot detect phase shifts. Dark field, however, can
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detect phase shifts, even though there is no interference occurring on
the detector or camera. This is because the phase shift is spatially
dependent and works akin to a lens. If the phase shift was global, an
interference setup would indeed be necessary. The normalized trans-
mission becomes

Tdiff,T =1 = 2
A

∫
pinhole

1 − cos
(

Re(∆ϕ)
)
dA, (4.43)

which varies between 0 signal when there is no phase shift, and

Tdiff,T =1 = 4, (4.44)

when the phase shift is exactly π everywhere. In this case, Ediff =
−2Ein and the signal is four times the incoming power.

How is it possible that four times the incoming power is hitting the
detector? The explanation lies in how the Ein field is removed from the
setup. Consider again Figure 4.3. The setup works by exploiting the
different waists of the two fields Ediff and Ein to block only the latter.
It is therefore necessary that Ein is much larger than the target. The
”missing” energy comes from the part of Ein passing around the cloud
and diffracting around the obstruction target after the first lens. An
equivalent explanation is that just before the obstruction target the
diffracted field interacts destructively with the focused original field.
The change in electric field amplitude is small, but since the focused
electric field has a huge amplitude and intensity scales as field ampli-
tude squared, the change in intensity is large. This missing absorption
is what goes to the detector.

An important case to study is the far-detuned region where |χ| ≪ 1
and |∆ϕ| ≪ 1. Then

χ ≈ σ0ρ

k

(
− 1

2δ̃
+ i 1

4δ̃2

)
(4.45)

ñ ≈ 1 + 1
2χ. (4.46)
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The complex phase change in this region is

∆ϕ ≈ od
(

− 1
4δ̃

+ i 1
8δ̃2

)
, (4.47)

where od = σ0ρ̃ is the resonant optical density. The transmission is
then

T = e−2 Im(∆ϕ) ≈ 1 − od
1

4δ̃2 (4.48)
√
T ≈ 1 − od

1
8δ̃2 . (4.49)

The last term in the expression for Tdiff (eq. 4.42) is cos
(

Re(∆ϕ)
)

which can be approximated to

cos
(

Re(∆ϕ)
)

≈ 1 − 1
2 Re(∆ϕ)2 ≈ 1 − od2 1

32δ̃2 . (4.50)

Inserting these into the expression for Tdiff gives

Tdiff ≈ 1
A

1
32δ̃2

∫
pinhole

od2dA. (4.51)

The contributions for T have canceled, and only the effect of the phase
shift is left. Interestingly, the signal is proportional to od2, which
means higher optical densities can lead to a much more far-detuned
signal.

The absorption, which indicates the amount of destruction, is 1−T ,
which scales as δ̃−2, similar to the scaling of the signal. Therefore, the
signal-to-destruction ratio approaches a constant in the far-detuned
limit. Define the normalized destruction D similar to T as

D = 1
A

∫
pinhole

1 − TdA. (4.52)
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Figure 4.4: The signal to destruction ratio for a pure condensed cloud (top) and a
pure thermal cloud (bottom) with T = 500 nK, both with N = 100 k, ωi = 100 Hz
and the 87Rb linewidth of Γ = 6.065 MHz.

Figure 4.4 shows the ratio T /D for a pure condensed cloud in the
top panel and a pure thermal cloud at T = 500 nK at the bottom
panel both with N = 100 k atoms as a function of detuning with
Γ = 6.065 MHz and ωi = 100 Hz. Even better ratios can be achieved
with cigar-shaped clouds and more compressed clouds to increase od.
The condensed cloud reaches much higher signal-to-detection ratios
due to the high od, and the far-detuned region requires much more
detuning than a thermal cloud. The figure also shows that the constant
signal to destruction approached in the far-detuned limit is higher than
any values closer to resonance.

Eq. 4.51 shows that the parameter to optimize the signal in the
far-detuned regime is od. The od can be changed by minimizing the
trap frequency along the light propagation direction to shape the cloud
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Figure 4.5: Examples of the dark field signal through different thermal clouds. Top
left: the light field intensity after passing a cloud with temperature T = 5000 nK
for different numbers of thermal atoms and with δ̃ = 0, δ̃ = −1, and δ̃ = −3. Top
right: the light field intensity after passing a cloud with N = 500 k for different
temperatures and with δ̃ = 0, δ̃ = −4, and δ̃ = −10. Bottom left: the normalized
intensity spectra corresponding to the plots above. The atomic number increases
from black to green, corresponding to the same colors in the x-axis labels above.
Bottom right: the normalized intensity spectra corresponding to the plots above.
The temperature increases from black to green, corresponding to the same colors
in the x-axis labels above.
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like a cigar, making the signal-to-destruction essentially limitless. In
practice, the limit will come from how much the trap frequencies can
be pushed and still keep a condensed cloud, as well as the imaging
optics, which now have to catch the light coming from an extremely
small cross-section. At some point, the thin-lens approximation will
stop working as well. For bright field, the signal-to-destruction ratio
will always be 1.

The focus now turns to the complicated results closer to resonance.
When the phase shift becomes greater than π in some areas of the
cloud, the signal will decrease again. Going from outside the cloud
and towards the middle, the signal magnitude can, in principle, change
from low to high to low multiple times, resulting in ring structures in
the dark field intensity. Figure 4.5 shows the dark field intensities
and the spectra for pure thermal clouds at different atom numbers,
temperatures, and detunings, as well as the full signal spectrum. The
effective in-trap pinhole radius is 75µm and the trap frequencies in all
directions are 2π · 100 Hz. Notice the colorbar in the top now maxes
out at 4 instead of 1 as it did for bright field. Intensities above 1 is
indicated with green colors, while anything in between 0 and 1 is in
gray scale.

Start by looking at δ̃ = 0. On the top left, as more atoms are
introduced, more of the light is blocked, and the middle of the clouds
starts to reach saturation at Ĩ = 1 when all light is absorbed. On the
top right, the cloud increases in size when the temperature increases,
resulting in more signal on resonance.

When the detuning increases to δ̃ = −1 on the top left, the low-
est atom number clouds start to dim. However, the largest actually
increases in signal compared to the signal at resonance. It is also pos-
sible to spot a ring in the intensity profile. For this cloud specifically,
δ̃ = −1 is close to the optimal detuning for signal (but not signal
to destruction ratio), because here the maximum effect of the phase
shift, where Re(∆ϕ) = π happens in a radius that also maximizes the
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Figure 4.6: Examples of the dark field signal through different bimodal or purely
condensed clouds. Top left: the light field intensity after passing a pure conden-
sate cloud for different numbers of atoms and with δ̃ = 0, δ̃ = −10, and δ̃ = −50.
Top right: the light field intensity after passing a bimodal cloud with N0 = 50 k
for different condensate fractions and with δ̃ = 0, δ̃ = −2, and δ̃ = −10. Bot-
tom left: the normalized intensity spectra corresponding to the plots above. The
condensed atom number increases from black to green, corresponding to the same
colors in the x-axis labels above. Bottom right: the normalized intensity spectra
corresponding to the plots above. The condensed fraction decreases from black to
green, corresponding to the same colors in the x-axis labels above.
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cross-sectional area.
A detuning if −1 is not large enough to remove a significant amount

of absorption, and the maximum intensity never reaches the highest
possible of 4. The cloud od, even for the largest cloud, is not large
enough to cause more than one full rotation in phase, and the result
is a single shoulder on each side of the resonance. At even larger
detunings, all clouds start to lose signal.

Some of the clouds on the top right, showing the temperature de-
pendence, have higher od than the clouds on the top left. The result
is that more than one full rotation in phase shift is taking place and
can be seen at δ̃ = −4. The result is more than one shoulder ap-
pearing in the spectra. Whenever a new ring of high intensity enters
the cloud radius, the power increases. The effect is strongest for the
lowest temperature clouds as they have the highest od. Since the de-
tuning is larger here than on the top left, the absorption is starting
to wane, resulting in stronger intensities caused by the phase shift. It
also makes the spectra broader in general. Notice how the high tem-
perature cloud spectrum peaks at a higher value than the other clouds
around resonance because of the large cross section, but how the lower
temperature clouds have higher intensities at large detunings because
of their higher od.

Figure 4.6 is similar to Figure 4.5 but now shows pure condensates
and bimodal clouds. The effective in-trap pinhole radius is 25µm and
the trap frequencies in all directions are 2π ·100 Hz. The important ef-
fect of a BEC is its extremely high od resulting in even broader spectra
with signal remaining beyond even δ̃ = 100 and much more detailed
ring structures and consequently more shoulders in the spectra. Simi-
lar to bright field, the thermal component of the bimodal clouds adds
a narrow but tall peak in the spectra around resonance. Contrary
to bright field, however, the difference in spectral features between
thermal and BEC is much greater in dark field as a consequence of
the phase shift. Because dark field has no background signal, it is
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Figure 4.7: Illustration of the cause of linewidth. From left to right: more decay
channels are added causing shifts in energy and increase in linewidth. Nearby
atoms can function as decay channels and cause broadening.

much easier to get high-quality measurements of the BEC component
in dark field compared to bright field.

4.2.3 Dipole-dipole broadening
Any orbital of an atom is an eigenstate of the Hamiltonian and should
therefore have an infinite lifetime. This system is illustrated on the
left in Figure 4.7 where the black dot is an atom, and with the spec-
trum of a single transition below. However, the atom exists in a bath
of quantum field fluctuations, adding extra terms to the Hamiltonian.
Consequently, the orbitals are no longer eigenstates of the full Hamil-
tonian of the system and will therefore have a finite lifetime, or equiv-
alently, an uncertainty in the energy of the state. The mean energy
will also be shifted due to the interactions, called the Lamb shift.
This is illustrated in the middle of Figure 4.7, where the gray arrow
symbolizes interactions with the red waves, which are the quantum
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electromagnetic field. The interaction happens via the exchange of
photons.

Adding any other channels for interaction will have a similar effect
to the presence of the quantum electromagnetic field background. In a
cloud with more than one atom, one such channel could be the direct
exchange of photons between atoms. The right side of Figure 4.7 il-
lustrate these two channels, and how the spectrum will be broadened
further and shifted in energy as a consequence. This will be called
light-induced dipole-dipole broadening or simply dipole-dipole broad-
ening. Unlike the broadening and shift due to the background, this
effect will depend on the density of atoms and on the intensity of light
sent into the cloud.

The main obstacle to overcome when trying to measure this effect is
to achieve a high enough atom density. It is also necessary to perform
the measurements in-trap, and the signal will therefore most likely be
affected by the high OD of the cloud, which will disturb the apparent
linewidth in a spectrum. Previous measurements were performed in
very tight dipole traps, which could achieve a high atom number den-
sity with only hundreds of atoms and therefore keep the od low [58–60].
Other investigations have considered the impact of the light-induced
forces on the distribution of condensed atoms and found non-trivial
effects [61].

One of the goals of this PhD has been to measure the broadening
directly via spectroscopy of 87Rb-clouds and compare results with sim-
ulations done by Jan Kumlin, who is currently working as a postdoc
at Technische Universität Wien. It has proven to be more complicated
than initially estimated, and the work so far has instead managed to
lay the groundwork for performing such measurements by understand-
ing the many spectroscopic structures arising from high-density cloud
spectra in detail.
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4.3 Electromagnetically induced
transparency

Adding a third level and a second light field to the system can lead
to interesting effects that can be exploited experimentally to increase
control and precision. One of the consequences is called electromag-
netically induced transparency (EIT) and is the focus of this section.

Consider a system with three energy levels |g1⟩, |g2⟩, and |e⟩, where
the first two levels are much lower in energy than the third level and
act like separate ground levels. The probe field, which is still the
measured field after having passed through the cloud, goes from |g1⟩
to |e⟩. A second field, called the coupling field, is now added from |g2⟩
to |e⟩. It is assumed that neither of the fields interacts with the wrong
ground state level, but |g2⟩ can still experience decoherence relative to
|g1⟩.

The left side of Figure 4.8 shows the energy levels and light fields
and is called a lambda scheme. The probe field intensity is assumed
to be very low and might not have a well-defined Rabi frequency. Its
detuning from the two-level transition resonance is δp. The coupling
field has Rabi frequency Ωc and detuning from its two-level resonance
δc. The two-photon detuning δ = δp − δp gives the detuning of the
transition |g1⟩ → |g2⟩ via a two-photon process.

Since the coupling field is much stronger than the probe field, a sim-
ple model of the system can be found by ignoring the probe field effects
and considering only the effects of the coupling field. The system of
two levels {|g1⟩ , |e⟩} plus a coupling between them can be described
by an interaction Hamiltonian HI , which for Rabi oscillations is (see
any book on atomic physics, e.g. [62])

HI =
(

0 Ωc

2
Ωc

2 δc

)
. (4.53)
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Figure 4.8: The three-level lambda scheme used for EIT (left) and the effective
energy levels seen by the probe (right). The coupling laser is detuned by δc and
leads to a set of dressed states separated by the generalized Rabi frequency Ωc and
centered on half the coupling laser detuning (black, dashed line). The probe laser
is detuned by δp and the two-photon detuning is δ = δp −δc. When the probe laser
frequency is scanned across the dressed states, it will encounter the polarizability
from eq. 4.55 plotted across the dressed states on the right as a solid black curve.
Transparency occurs at the coupling detuning (dashed blue line) when δ = 0.

The eigenvalues of this Hamiltonian are

E± = 1
2δc ± 1

2Ωc, Ωc =
√

Ω2
c + δ2

c , (4.54)

where Ωc is the generalized Rabi frequency. The excited level |e⟩
and the ground level |g2⟩ together with the coupling field have been
transformed into two photonically dressed states |1⟩ and |2⟩ with en-
ergies relative to |e⟩ given by the eigenenergies in eq. 4.54. The low-
power probe field can couple to both |1⟩ and |2⟩ without disturbing
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the structure. Importantly, the same photon polarization can couple
to both states, which means the interactions can interfere6. The off-
set in eigenenergies 1

2δc is often not included in dressed state energies
since there is no outside observation of the energy offset in a two-level
system.

The right side of Figure 4.8 depicts the dressed state picture of the
lambda scheme. The full derivation of the polarizability experienced
by the probe field can be found in [63–66] and is

χ = iΓ̃2 + 2δ̃
Ω̃2

c + (Γ̃2 − i2δ̃)(1 − i2(δ̃c + δ̃))
, (4.55)

where Γ̃2 = Γ2/Γ is the normalized dephasing rate of state |g2⟩, δ̃ =
δ/Γ is the normalized two-photon detuning, and δ̃c = δc/Γ is the
normalized coupling detuning, and where Γ is the decay rate of the
excited state |e⟩. Like previously, all linewidths refer to the FWHM
linewidth. The real part of χ gives the absorption and is also plotted on
the right side of Figure 4.8 on top of the dressed states. All equations
expressed in terms of χ from Section 4.1 and Section 4.2 can still be
used with this χ.

The system returns to a two-level system when the coupling field
is not present (δc = Ωc = Γ2 = 0 and δ = δp), which can easily be
seen by plugging these values into eq. 4.55. It also returns to a two-
level system in the limit of the coupling field being infinitely detuned
(δc → ∞ and δp ≪ δc), but now in terms of the probe detuning δp

(̸= δ) specifically

χδc→∞ = −1
2δ̃p + i

. (4.56)

6This is in contrast with two closely separated magnetic mF states, which
require different polarizations for interaction and can therefore not interfere.
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What happens here can also be seen on the right side in Figure 4.8.
When the coupling field gets detuned, both the offsets of the dressed
states move in the same direction by 1

2δc. In the far detuned limit,
Ωc = δc, and one of the dressed levels lies at the same energy as |e⟩,
while the energy of the other dressed level diverges. Intuitively, a far
detuned coupling field no longer interacts with the system7.

When δ = 0, the probe field is on the two-photon resonance and
the polarizability becomes

χδ=0 = iΓ̃2

Ω̃2
c + Γ̃2(1 − iδ̃c)

. (4.57)

The consequence is most clear in the ideal case of zero dephasing
Γ2 = 0, where χ = 0, and thus, there is no interaction with the cloud
(absorption or phase shift) at the two-photon resonance. For δc = 0,
this is the case on the single photon resonance where absorption is
usually strongest. This induced transmission is what gives the name
to EIT. What happens is that the absorption from states |1⟩ and |2⟩
cancel exactly on the two-photon resonance. Alternatively, it can be
explained by the sum of two amplitudes. One is the probe photon
being absorbed, and the other is the probe being absorbed followed
by one Rabi cycle to |g2⟩ and back to |e⟩, which gives a minus sign to
the wave function. These two amplitudes thus perfectly cancel in the
ideal system.

The effects of EIT can become extremely narrow compared to the
natural linewidth. This can lead to a very steep slope in the real part of
the polarizability, and consequently, an extremely slow group velocity
for a light pulse propagating through the medium. Additionally, the
absorption is zero on the EIT resonance (if there is no dephasing of the
second ground state), and this combination allows the light pulse to

7Unless the probe becomes equally detuned, in which case the system can
experience narrow stimulated Raman transitions [67].
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propagate undisturbed. An observation of this unusual phenomenon
was made in BEC by Lene Hau in 1999, where she and her group
managed to slow light8 down to 17 m/s [68]. Other interesting effects
derived from EIT can be found in [64, 69–72].

8While propagating in the cloud, it is more correct to describe it as a super-
position of photons and excited internal states of atoms, called polaritons.



Chapter 5

The experiment

After a long period of taking data prior to my PhD project, the exper-
iment needed some restoration. Additionally, the research was taken
in a new direction at the start of my PhD. Consequently, during my
PhD, the experiment underwent many changes, and rather than de-
scribing all the changes made, I will instead present the experiment in
its current form.

The chapter is split into four sections, starting with an overview
of the experimental setup in Section 5.1, followed by a summary of
the laser systems in Section 5.2, a short description of the vacuum
chamber in Section 5.3, the magnetic traps, and the magneto-optical
trap in Section 5.4, the control setup in Section 5.5, and finally an
overview of the different detection setups in Section 5.6.

5.1 Overview

In 2003, the experiment was initially built by PhD students Jesper
Fevre Bertelsen and Henrik Kjær Andersen [73, 74] under the supervi-
sion of Michael Budde. It has since undergone several changes during

67
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Figure 5.1: The layout of the two optical tables in the experiment. Not to scale.
The left table, called the laser table, is used for the preparation and switching of
the different light sources, except the dipole laser. There are three distinct areas
on the laser table: an empty half not currently in use, a phase-lock setup in the
bottom left, and the master laser setup in the bottom right. The right table,
called the science table, contains the atoms and is used for the preparation and
measurement of cold clouds. There are five distinct areas on the science table: the
dipole laser setup in the top, an optical setup to control the light sources entering
the trap on the middle left, a distribution board of cooling light to the six arms of
the MOT on the middle right, an L-shaped vacuum chamber, and the detection
setup on the bottom left.
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many PhD projects [30, 75–78] and is a relatively old experiment.
The experiment uses a set of lasers and electronics to carefully

manipulate 87Rb atoms in a vacuum chamber to form an ultracold
cloud. The cloud can then be finely manipulated and measured to
perform different experiments.

Figure 5.1 displays the overall layout of the experiment. There are
two optical tables, with one of them containing the vacuum cham-
ber (right), called the science table, and the other one having all the
resonant laser sources (left), called the laser table. Laser light is trans-
ported between the tables with optical fibers. It is wise to separate the
resonant light of the lasers from the site of the atoms, because even a
tiny amount of light entering the vacuum chamber over the course of
an experiment can heat the cloud and prevent the formation of BEC.
The only laser source on the science table is the 20 W dipole laser at
a wavelength of 1064 nm, and stray light from this laser will not heat
the atoms.

Figure 5.1 shows three areas on the laser table and five areas of
the science table. Starting with the laser table, half of the optical
table has been freed up during my PhD. This can be used in future
projects, such as implementing new atomic species if desired. In the
bottom left of the table is the phase-lock setup, which locks the beat
frequency between two separate lasers and is described further in Sec-
tion 5.2.2. One of the lasers has a frequency which can be used for
repumping (see Figure 5.2) and currently plays a dual purpose of re-
pumper and probe laser. In the bottom right of the table is the master
laser setup. This setup is responsible for most of the manipulations of
the atoms throughout the experimental sequence and is described in
Section 5.2.1.

Consider now the science table. On the top is the dipole laser
setup, which is responsible for handling the high-power laser light
used to trap atoms (see Section 5.2.3). Below the dipole laser setup
on the right is the distribution board, which splits the cooling light
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used in the magneto-optical trap (MOT, Section 5.4.2) into six beams
with power balance controls. To the left of the distribution board is
an optical setup that directs and shapes the light coming out of the
optical fibers into the atom cloud. It is raised to match the height
of the vacuum chamber, and below is an empty area which can be
used for other projects. The vacuum chamber itself is L-shaped and is
briefly described in Section 5.3. Most importantly, it is separated into
sections called the MOT cell with ”high” pressure, where the atoms
are initially caught, and the science cell with ultra-high vacuum, where
the rest of the experiment takes place. Lastly, on the bottom left is the
imaging optics leading to two cameras and a single photon detector,
described in detail in Section 5.6. This part is also raised, and more
free space exists below. Above the detection setup is a small optical
setup, which has one of the cooling beams for the MOT as well as the
repump and depump lasers leading into the science cell from above.

The overall sequence of the experiment follows a typical path [79,
80]. It begins with gathering atoms in the MOT, then transports the
atoms with magnetic quadrupole coils on a transport stage from the
MOT chamber to the science chamber, where forced RF evaporative
cooling takes place until the cloud is cold enough to transfer to a
hybrid trap. Here, further evaporative cooling takes place by lowering
the dipole beam power until the cloud can be transferred to a pure
crossed dipole trap, where the final evaporation steps take place until
BEC is produced.

Typically, the experiment can produce ≈ 200 k BEC atoms. By
carefully adjusting all parameters in the sequence and optimizing the
MOT setup (see Section 5.4 for more details), the duration of the
entire experiment (plus the loading of the MOT) was reduced from
≈ 90 s to 20 − 30 s, depending on the dipole beam waist. A smaller
waist increases the collision rate between atoms and results in faster
evaporation.
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5.1.1 Rubidium 87 properties

Rubidium is an alkali with one electron in the outer shell and thus,
the energy scheme follows a similar structure to hydrogen. The ground
state manifold of the 87Rb is 52S1/2 and the first two excited manifolds
are 52P1/2 and 52P3/2 of which only the D2 transition to 52P3/2 is being
used in the experiment, and the D1 transition to 52P1/2 will therefore
not be mentioned in any detail later. The nucleus has an angular
momentum of I = 3/2, which results in two hyperfine energy levels
in the 52S1/2 orbital with F = 1, 2, and in four hyperfine levels in the
52P3/2 orbital with F = 0, 1, 2, 3. These hyperfine levels are depicted in
Figure 5.2 with the different laser frequencies used in the experiment.

The hyperfine levels are each split into 2F + 1 magnetic sub-levels.
These are shown in Figure 5.3 with the laser transitions, which need
specific polarities. Further details on the energy levels and properties
of 87Rb can be found in [81].

Rubidium is very suitable for the production of BEC due to several
key properties [57] and was the first atomic species used to achieve
it [15]. The transitions of 87Rb lie in a region where commercial diode
lasers are available, which significantly improves the access to rela-
tively cheap and highly stable lasers for the experiment. The mass
of 87Rb is such that the speed of atoms at room temperature is not
too high for a MOT to catch a sufficient number of atoms from a
low-pressure gas without the need for special equipment, such as Zee-
man slowers, which are often used for lighter atoms, sodium for in-
stance [82]. Efficient cooling without too much heating or atom loss is
enabled by the ratio between the elastic and inelastic scattering rates
of 87Rb [83]. Importantly, the magnetic moment of 87Rb is enough to
allow for efficient magnetic trapping of the atoms. Unfortunately, the
Feshbach resonances of 87Rb are limited [84], which can restrict the
application of 87Rb in some experiments.

The level structure of 87Rb in Figure 5.2 and 5.3 cannot always be
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Figure 5.2: Transitions used in the experiment. From left to right: the master
laser output frequency locked 78.5 MHz below the F = 2 ↔ F ′ = 2, 3 crossover,
the cooling light at −22 MHz from F = 2 ↔ F ′ = 3 and can be varied, the
imaging light resonant with F = 2 ↔ F ′ = 3 and can be varied, the pump
light resonant with F = 2 ↔ F ′ = 2 and cannot be varied, the coupling laser
output frequency locked 66.7 MHz below F = 2 ↔ F ′ = 2 and can be varied, the
coupling light frequency resonant with F = 2 ↔ F ′ = 2 and can be varied, and
the repump/probe light beat locked to the coupling laser. The vertical bar for
the repump/probe light indicates the beat frequency minus the difference between
F = 1 and F = 2 (gray). This color scheme is repeated in later figures.
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Figure 5.3: The specific mF -states and polarizations used for the imaging, probe,
and coupling light. The imaging light uses the cycling transition with σ+ po-
larization. The probe light also uses σ+ light, while the coupling light uses π-
polarization. Because the probe and coupling beams are orthogonal, one of them
must use circular polarization and the other linear polarization. This configuration
is the least susceptible to pumping outside the lambda scheme levels in EIT, and
avoids pumping to other mF -states in the ground state F = 1 manifold via the
probe light.

approximated as a two-level system. One effect is the change in the
resonant cross section σ0, which is 6π/k2 in an ideal two-level system.
More generally, the resonant cross section of a transition from the
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(J, F ) manifold to the (J ′, F ′) manifold is given by [81]

σ0 =(2F + 1)(2F ′ + 1)(2J ′ + 1)

·
(
F 1 F ′

mF q −m′
F

)2 {
J J ′ 1
F ′ F I

}2 6π
k2 , (5.1)

with Wigner 3-j and Wigner 6-j symbols, and where q = −1, 0, 1 is
the projection of the light polarization.

In our experiment, the cross section is used for the imaging light and
for the probe light shown in Figure 5.3, both with q = 1. The imaging
light from J = 1

2 , F = 2,mF = 2 to J ′ = 3
2 , F

′ = 3,m′
F = 3 lies on

the cycling transition and resembles an ideal two-level system because
there are no dipole-allowed decay channels outside the two levels. In
this case, the 3-j symbol squared is 1

7 , the 6-j symbol squared is 1
20 ,

and the cross section is 6π/k2, just like the ideal two-level system.
The probe light from J = 1

2 , F = 1,mF = 1 to J ′ = 3
2 , F

′ = 2,m′
F = 2

has a 3-j symbol squared equal to 1
5 and a 6-j symbol squared equal

to 1
24 giving the cross section 1

26π/k2 which is half the two-level cross
section.

5.2 Laser systems
This section covers the three laser systems in the experiment: the
master laser in Section 5.2.1, the phase-lock lasers in Section 5.2.2,
and the dipole laser in Section 5.2.3. The setups are optimized to
consist of a low number of optical components and short free-space
propagation paths to increase stability. They are also optimized to be
easily accessible on the laser table. The exception is the propagation of
the repump laser from the phase-lock setup to the master laser setup,
which is a temporary configuration. A separate repump laser setup is
planned to be built in the future. All laser setup drawings are only
roughly to scale.
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5.2.1 Master laser setup

The master laser system is responsible for most of the manipulation
and imaging of the atoms. The laser is a Toptica DLC Pro external
cavity diode laser with an in-built optical isolator. Figure 5.2 shows
the output frequency of the laser on the left as well as the three differ-
ent frequencies derived from it via acousto-optic modulators (AOMs).
The frequency of the laser light is shifted up by an AOM with fre-
quency 78.5 MHz and is then locked to the Doppler free spectrum
of 87Rb in a cell, specifically to the F = 2 → F ′ = 2, 3 crossover
peak resulting in a detuning from the F = 2 → F ′ = 2 transition of
+54.8 MHz and from the F = 2 → F ′ = 3 transition of −211.8 MHz.
From left to right in Figure 5.2, the first frequency after the master
laser’s direct output, corresponds to the light used to trap and cool
atoms in the MOT, the second frequency is the imaging light, and the
last frequency is used for pumping atoms from F = 2 to F = 1 in the
S1/2 manifold.

The AOMs provide the frequency shifts, and by quickly turning on
or off the RF-power, the light in that respective arm can be quickly
switched on or off. The duration of the switch time is given by the
time it takes the sonic wave in the AOM crystal to pass the width
of the laser beam mode. A focused laser through the AOM can thus
be switched faster, although the switching time is almost always fast
enough even without focusing. The AOMs are not able to switch off
the light completely, and since only a few resonant photons can heat to
the ultracold clouds, there is always a shutter before each light beam
enters the trap. The shutters are primarily placed on the laser table to
avoid vibrations, and if they are used on the science table, they hang
from the ceiling.

The cooling arm needs more power than the other arms, which is
achieved by a tapered amplifier (TA) after the AOM. The TA emits
collimated light in both directions, and it is sensitive to the reflections



76 Chapter 5. The experiment

Master AOM

TA

PD

AOM

Rb Cell

PD

AOM AOM
/2 PBS

/4

Isolator/2
Cylind.

lens

/2Isolator

Shutter/2

/2

PBS

/2PBS/4

/2

PBS

/4

/2 PBS

Shutter

/2

/2

Shutter

/2

/2

/2

Shutter

/2

Probe

Cooling

(Re)pump MOT

Aux. (re)pump

Img. Z

Img. X

Repump

Phase-lock lasers

Figure 5.4: The master laser setup. A central row of polarizing beam splitters
splits the laser beam into 4 different paths, each in a separate color matching those
used in Figure 5.2. Cooling and imaging light go through double-pass AOMs, and
spectroscopy and pump light go through single-pass AOMs. Only pump light uses
the −1’st order, and cooling, spectroscopy, and imaging light use the +1’st order.
Probe and repump light are fed into the setup from the phase lock lasers shown
in Figure 5.6.

coming back into the TA from the high-power side. It is therefore
necessary to place optical isolators both before and after the TA.

The setup of optical elements to achieve these goals is shown in
Figure 5.4. The laser light passes through a row of polarizing beam-
splitting cubes in the middle, which splits the beam into four beams
moving upwards (on the figure), and the power distribution can be
controlled with λ/2 wave-plates.

The first upward-moving beam from the left is the cooling light.
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It enters an AOM which increases the light frequency dynamically
between 70 MHz and 120 MHz. The frequency when loading the MOT
is 94.9 MHz. It then passes a lens after one focal length to make sure
the beam direction is independent of the AOM frequency. A λ/4 wave-
plate turns the linearly polarized light into circularly polarized light,
and an iris filters the correct diffraction order from the AOM. The
beam is reflected back one focal length away from the lens, which flips
the circular polarization, and after passing the λ/4 wave-plate a second
time, the light becomes linearly polarized again, but in the orthogonal
direction. The beam passes the lens again and becomes collimated.
After passing through the AOM a second time, the frequency is shifted
up again, and the light path in the correct diffraction order lies on top
of the incoming beam. Since the polarization is rotated, it now passes
through the cube and into the first optical isolator before the TA,
which has a large aperture and does not need to be finely coupled
with mirrors.

Two mirrors and a λ/2 wave-plate after the isolator are used to
couple the light into the TA. The TA output mode is diverging in
one direction, which is collimated with a cylindrical lens. After the
second isolator, the beam is coupled into an optical fiber leading to
the distribution board. The small leakage behind one of the mirrors
is measured to monitor the TA output power. It is important that
the TA outputs enough power when turned on; otherwise, the chip
can possibly be damaged. It needs about 15 mW of input power to
achieve approximately 700 mW of output. Only about 300 mW of that
power is transferred through the fiber because of the ”bad” output
mode of the TA, which is difficult to mode-match accurately to the
optical fiber.

The second upwards-moving beam in Figure 5.4 is used for Doppler-
free spectroscopy and for locking the laser [85]. After passing through
an AOM which shifts the frequency up by 78.5 MHz, the light passes
through a 87Rb cell twice, and the power is measured on a photo-
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diode. The frequency of the AOM is modulated by the laser control
unit, which also demodulates the measured power to generate an error
signal used for locking the laser. A double-pass λ/4 wave-plate ensures
the correct reflection of the light by the polarizing beam splitter.

By beating two such locked lasers against each other, and assuming
the frequency width of both lasers to be the same, the 1σ width of the
locked laser light was measured to be 162 kHz. The beat signal can be
seen in Figure 5.5.

Before the third upwards-moving light beam in Figure 5.4 there is
a flippable λ/2 wave-plate, which shifts between most light passing
through the last beam splitter and most light being reflected. This
ensures the most power available for optical pumping in the MOT or
the imaging when they are needed. The reflected light on the last
cube leads to the imaging arm and starts by passing through a double
pass AOM setup similar to that of the cooling arm, except the AOM
frequency is now 105.9 MHz plus small corrections due to magnetic
fields. It then reaches the two mirrors below the cube, which are
used to couple into the imaging fiber for the X-direction. Degrees of
freedom on the cube after the two mirrors and the mirror above that
cube are used to couple into the imaging fiber for the Z-direction. A
λ/2 wave-plate is used to distribute power between the two arms. The
main imaging direction is X, and most of the light is set to go to that
arm, unless more power is needed in Z for special purposes. From the
phase-lock setup, a low-power probe beam comes from an optical fiber
and is also coupled into the Z direction.

The final part of the setup in Figure 5.4 comes after the three cubes
and produces the pump light. The light passes through an AOM once,
and the frequency is shifted down by 54.8 MHz. Pump light is used
both in the MOT cell and in the science cell (called aux. pump). The
beam is therefore split in two by a 50/50 sampler and coupled into two
fibers just after the AOM and the shutter. During optical pumping
of atoms, the correct polarization of repump light is needed, and the
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Figure 5.5: Beat signal between two similarly locked lasers to measure the fre-
quency width. The signal was averaged 2000 times. Oscilloscope settings were
RBW = 1 kHz, V BW = 1 kHz, SWT = 10 ms, and a span of 2 MHz. A 19.5 dB
drop corresponds to a 3σ distance from the peak indicated by marker 1 if a Gaus-
sian shape is assumed, and this is indicated by marker 2. Dividing the distance
by 3

√
2 gives a 1σ frequency width of 162 kHz for both lasers, assuming they are

equal.

repump light for loading the MOT cannot be used. Repump light is
also needed in the science cell. Some of the repump light is therefore
directed to the master setup from the phase lock setup and is coupled
into the same optical fibers as the pump light. Since the polarizations
have to be the same, it is not possible to replace the 50/50 sampler
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with a polarizing beam splitter.

5.2.2 Phase lock lasers and repump setup

The phase lock laser setup plays a very versatile role in the experiment.
First, it provides the repump light needed in different parts of the
sequence. Secondly, it provides a well-controlled probe laser which
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can be scanned over 12 GHz. Finally, it can produce a pair of coherent
lasers beams used for electromagnetically induced transparency.

The setup consists of two Toptica DLC Pro external cavity diode
lasers with internal optical isolators similar to the laser in the master
laser setup. One of the lasers, called the coupling laser, is locked
via Doppler-free spectroscopy to the F = 2 → F ′ = 2, 3 crossover
peak, and the other laser, called the probe laser, is beat locked to
the coupling laser. Because the probe laser frequency is controlled by
the beat lock with feedback directly into the piezo voltage and diode
current, and not by an AOM, the frequency span is much larger and
only limited by mode jumps or electronics.

The setup is shown in Figure 5.6. The coupling laser beam is de-
picted in blue and the probe laser beam in red. Consider first the
coupling laser setup. Just after the laser output, a 10% sampler sends
the light into a double-pass AOM setup. The AOM shifts the fre-
quency up by 100 MHz on each pass and can be modulated to obtain
a lock signal. A λ/4 wave-plate rotates the polarization to be reflected
by the polarizing beam splitting cube, leading to a double pass in a
87Rb cell to achieve Doppler-free spectroscopy. The result is the main
laser beam being locked at 66.67 MHz below the F = 2 → F ′ = 2 tran-
sition. The main laser beam proceeds to a polarizing beam splitter,
which splits the light into an arm used for beat locking and another
arm that leads to the science table. Before being coupled into the
fiber to the science table, the frequency is shifted up by a single pass
AOM by 66.67 MHz. The single-pass AOM frequency is fixed, and fine
adjustments on the laser frequency are done on the double-pass AOM.

In the beat lock path, the light goes through a 50/50 beam splitter,
and the reflected half is coupled into a fiber for cleaning the spatial
mode, which then outputs into a fast photodiode with 12 GHz band-
width. The 50/50 beam splitter is necessary for the polarizations of
the coupling and the probe to be identical to create a beat signal. A
minimum of 5 mW of power from the coupling laser should hit the
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diode.
The probe laser setup also has an early 10% sampler, which leads

to a single pass of the 87Rb cell. It is used only for monitoring the
laser, and can be cut off with an iris to avoid interference with the
coupling lock1. The main laser beam then proceeds to a single-pass
AOM with frequency locked to the corresponding single-pass AOM for
the coupling beam. Here, the light is split into two paths: a low-power
probe beam going to the master laser setup via a fiber, and a repump
beam. The repump beam is split into two parts, with most of the
power going through the beam splitting cube and into a fiber leading
directly into the MOT. This part is used for loading the MOT only.
The rest of the light goes into the master laser setup and is used in
the science cell for manipulating atoms and during the pumping phase
of the MOT.

The repump part of the setup will be replaced by a separate laser
with a Doppler-free spectroscopy lock in order to avoid the limits it
puts on the probe laser. Because the probe laser has to be used for
repump, it is currently not possible to scan too far away from the
repump frequency if the repump has to be used soon after2, because
the lock might not be fast enough. In addition, it is not possible to
switch the probe beam to go from F = 2 if that should be desired3.
Finally, future experiments could require more power in the probe
beam, which is not available if the repump light is derived from the
same laser.

Part of the probe laser light is extracted in a polarizing beam split-
ting cube and overlapped with the coupling light in the 50/50 beam

1If it is not removed, room temperature EIT is visible in both lasers’ spec-
troscopy.

2Such as for imaging right after a probe sweep.
3There could be benefits to the probe light being on the F = 2, mF = 2 →

F ′ = 3, m′
F = 3 cycling transition, for instance.
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splitter in order to get a beat frequency. A minimum of 5 mW of power
from the probe laser should hit the diode after the cleaning fiber.

On the science table, after the fibers, both the probe light and the
coupling light powers are monitored with photo diodes, and the power
is stabilized. The probe light has to be sampled before potential OD
filters.

5.2.2.1 Optical phase-lock loop

The output of the fast photo diode leads into two 15 dBm ampli-
fiers from Mini-Circuits (ZX60.8008E-S+), a four times frequency di-
vider from Analog Devices (HMC362S8G) designed for a maximum
frequency input of 12 GHz, and a directional coupler for monitoring
the beat signal. The coupler is rated for 2 − 8 GHz (or 8 − 32 GHz
beat signal), which is not ideal, but it can be removed when moni-
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toring is not needed. After this setup, a short SMA cable designed
for MW frequencies leads to the lock control box called the OPLL
(optical phase-lock loop) box, described here [86]. The box has three
inputs (power, a reference frequency, and the beat frequency) and four
outputs (a MUX signal for troubleshooting, a voltage signal for piezo
control, an error signal, and a voltage signal for diode current con-
trol). To control its functions, the box has a potentiometer to adjust
the gain of the current control output, a display, and a set of settings
to choose on the display (see Figure 5.7). The input reference sig-
nal should have an amplitude between 2 Vpp and 3 Vpp and the input
beat signal should be between −10 dBm and 10 dBm, preferably in the
middle. An ATMEGA168-PU chip takes care of the display and the
settings from the front, while an ADF4107 chip measures the differ-
ence between input and reference frequencies and outputs the piezo
signal, error signal, and current signal. The ADF4107 can handle a
beat signal frequency between 1 GHz and 7 GHz and a reference sig-
nal frequency between 20 MHz and 250 MHz. A table of recommended
settings is shown in Table 5.1 with explanations of the most important
ones.

The ADF4107 divides the beat frequency input fbeat (which is al-
ready divided by four by the frequency divider) by a factor N and the
reference frequency input fref by a factor R that can both be changed
in the settings. A better lock is achieved with a low N/R ratio. The
error signal output is used for monitoring the lock and is between 0 V
and 10 V. If the laser is locked, the signal is flat at 5 V. Any noticeable
variation in the error signal means the lock is not working properly
and is typically caused by too weak frequency input signals or current
control gains.

The piezo signals are capped by the ADF4107 chip. When doing
broad sweeps of the probe laser frequency in an experiment, it is im-
portant to make sure the piezo voltage can complete the entire sweep.
This can be seen by monitoring the error signal during a sweep. If the
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experiment is running for a long time, the laser itself can drift, which
drags the necessary piezo signal along with it. After some time, the
piezo signal might not be able to do the full sweep anymore.

The beat signal measured through the directional coupler can be
seen in Figure 5.8, where Figure 5.8a shows a wide beat spectrum and
Figure 5.8b shows a zoomed-in version. The spectrum analyzer could
not provide a resolution below 1 Hz, so it was not possible to measure
the width of the lock signal, except that it is sub-Hertz level. To get
the optimal lock, the potentiometer for the current control gain should
be set to 9.25.

The upper limit for the rate of sweeping the laser frequency with
the lock (by sweeping the reference frequency) is about 14 MHz/ms,
which puts a limit on how fast spectroscopic data can be taken.

A back-of-the-envelope estimate of the broadening of the laser due
to sweeping can be found by setting the broadening of measuring
within a small time interval ∆t equal to the swept frequency within
that window

σf ≈ 1
∆t = df

dt∆t, (5.2)

which gives

σf ≈
√

df
dt . (5.3)

The broadening of a 14 MHz/ms sweep is approximately 118 kHz and
is comparable to the Doppler free lock, while the broadening of a
100 kHz/ms sweep is approximately 10 kHz. It rarely makes sense to
measure more precisely than 10 kHz since many effects in the experi-
ment (such as laser frequency width, background magnetic field drifts,
or decoherence effects) are of the same order, but it is important to
keep an eye on the sweep rate if ultra-high precision is needed.
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Setting Recommended set-
ting Explanation

PFD Pol. Negative

Whether the lock
tends towards the
middle or the extreme
of the error signal.
Try switching the
polarity if the lock
does not work.

N 96

Beat frequency divi-
sion before compari-
son with reference fre-
quency.

R 1

Reference frequency
division before com-
paring with the
beat frequency.
Combined with N
above, the criterion is
fbeat/N = fref/R.

A. Backlash 1.3 ns
CP Gain 6 pips
Lockdet. fast

MUX Disabled

Different settings are
used to monitor out-
puts from the MUX
channel in the back.

Ch.Pump Enabled

ErrorZero 512
Half of 210 = 1024 and
defines the lock point
of the error signal.

Table 5.1: OPLL box recommended settings, and explanations for the most im-
portant ones.
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(a) The beat lock spectrum. The span is 20 MHz.

(b) A zoomed-in beat lock spectrum. The span is 10 kHz.

Figure 5.8: The beat lock spectrum locked at 6.83 GHz, which is roughly the
F = 1 → F ′ = 2 resonance for the probe laser. (a) shows a broad spectrum, and
(b) shows a zoomed-in version. Spectrum analyzer settings on the bottom were
RBW = 1 Hz, V BW = 1 Hz, and SWT = 3.8 s.
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Figure 5.9: The dark field signal through a very small cloud with varying coupling
field power as a function of two-photon detuning δ. Three of the curves have been
emphasized with greater linewidth: zero coupling power (dark blue), very low
coupling power (blue), and maximum coupling power (dark red). Notice how the
dip in the middle widens with more power until the spectrum starts to approach
two non-interfering Lorentzians (the dark red spectrum), which is the Autler-
Townes regime.

5.2.2.2 EIT

The phase-locked laser system has been used to measure EIT in ul-
tracold atoms with great controllability and precision. An example of
such a measurement is displayed in Figure 5.9, which shows the dark
field signal on a SPD (see Section 5.6.2 for the detection setup) while
scanning the two-photon detuning δ across the EIT resonance for dif-
ferent coupling field strengths. The cloud contained very few atoms,
for the spectroscopy to closely match the shape of χ.

As the coupling field strength is increased, the spectroscopy transi-
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tions from a Lorentzian to a Lorentzian with a narrow dip in the middle
called the EIT regime, and finally to two separated Lorentzians called
the Autler-Townes regime. Three of the curves are highlighted in the
plot to illustrate the spectra in these three regions.

The original idea for building a phase-locked pair of lasers and mea-
suring EIT was to use the narrow spectroscopic features for improved
precision in measuring light-induced dipole-dipole broadening, and po-
tentially the energy shift that accompanies the effect. There is, how-
ever, no immediate gain from using EIT in this case since any change
in the width of the EIT transparency window scales relative to the
width of the window itself. The relative precision needed to measure
broadening effects is therefore unchanged, while the absolute preci-
sion necessary is higher than the one be needed to measure absorption
linewidths. On top of that, the setup is more complicated, and de-
scribing the spectra involves more parameters. Additionally, due to
the dephasing of the second ground state in the lambda-scheme, EIT
never reaches complete transparency. Due to the high optical den-
sity of in-trap BEC, the measured transparency in bimodal clouds is
mostly due to the thermal component, and the transparency spectrum
essentially shields the contribution from BEC, which is the region of
interest.

The EIT resonance can also not be used for improving energy shift
measurements on the D2-line since it is a two-photon process, and only
energy shifts between the two ground states will have a direct effect.
It might be possible to use EIT for measuring the energy shift through
the varying shape in the spectrum caused by coupling detunings, but
this will most likely not be more precise than measuring the absorption
spectrum directly, since the important parameter here is δc/Γ.

While the use of EIT in the experiment is currently on hold, it still
holds the potential for interesting measurements because of the high
precision, controllability, and the non-trivial effects deriving from EIT.
Two such effects are the phenomenon of slow light and the existence
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of polaron-polaritons [87]. EIT can also be used to decrease the effect
of the natural lifetime of the excited state on optical Rabi frequency
measurements by measuring Raman Rabi frequencies [88–90]. For
now, the phase-lock setup is used as a very versatile setup to control
the probe laser frequency.

5.2.3 Dipole trap setup
This part of the experimental setup provides the optical confinement
of atoms used both for hybrid trapping and crossed optical dipole
trapping (cODT). It is a standard technique in the field with extensive
literature, such as [62, 79, 91–94], and thus only a short overview of
dipole trapping is given here. The setup was originally built by Laurits
N. Stokholm [95]. It has since been modified, and is thus presented
in this thesis in an up-to-date version and with a focus on the current
experimental goals.

5.2.3.1 Single beam dipole traps

As atoms enter a light field, they are adiabatically transferred to one
of the dressed states. If the field has a spatially varying intensity, the
result is a similarly spatially varying energy of the atoms acting as an
effective potential energy. If the light field frequency is far-detuned
from a resonance by δ, the effective potential U is

U(r) = ℏΓ2

8δ
I(r)
Isat

. (5.4)

For a multi-level atom, the saturation intensity Isat takes on an effec-
tive value which is a combination of interactions with all states. In
case of 87Rb and a far-detuned light field from the D2-line (but still
not interacting with any other transitions) with π-polarization, the ef-
fective saturation intensity is Isat = 25.03 W/m2 [81]. The absorption
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rate Rabs of photons for a single atom is

Rabs = Γ3

8δ2
I

Isat
. (5.5)

The rate decreases with 1/δ2 while the potential decreases with 1/δ,
and it is thus possible to minimize the absorbed photons while keeping
the trap potential useful by detuning the light field and turning up the
power accordingly. To achieve this, the experiment uses a 1064 nm
wavelength laser from Azurlight with a maximum power output of
20 W.

The intensity profile of a single Gaussian mode beam is given by

I(r) = Imax(z)e− 2x2
wx(z)2 − 2y2

wy(z)2 (5.6)

wx,y(z) = w0,x,y

√√√√1 + z2

R2
x,y

(5.7)

Rx,y =
πw2

0,x,y

λ
, (5.8)

where z is the distance from a focus of the beam, Imax(z) is the max-
imum intensity in the xy-plane at z, w0,x,y is the waist at the focus
in the x- or y-direction, and Rx,y is the Rayleigh length in the x- or
y-direction. The relation between Imax and the power P is

P = π

2 Imaxwxwy. (5.9)

The trap depth, ignoring the effects of gravity, is given by

Umax = ℏΓ2

8δ
Imax(0)
Isat

∝ P

w0,xw0,y

. (5.10)

The trap frequencies without gravity are given by

ω2
i = 1

m

∂2

∂x2
i

U

∣∣∣∣∣
r=0

, xi ∈ {x, y, z}. (5.11)
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The trap frequency along z can usually be ignored, except for very
tightly focused beams. In the x- and y-direction

ωx,y =
√
Imax(0)
m

2
w0,x,y

(5.12)

∝
√

P

w0,xw0,y

1
w0,x,y

(5.13)

=
√
Umax

1
w0,x,y

. (5.14)

The square root contains the increased trap frequency caused directly
by more power in the beam and indirectly by higher intensity due to
a more tightly focused beam. The second part contains the effect of
larger derivatives due to smaller waists. It can be seen that the trap
frequencies scale much more strongly with waists than with power.

The trap depth and the trap frequencies scale differently with power
and beam waists. It is therefore possible to obtain BEC at different
trap frequencies by varying the beam waist. A larger beam waist
means BEC will first occur at a lower trap frequency.

5.2.3.2 Crossed dipole traps

A crossed dipole trap (cODT) is formed when two dipole beams cross
at some angle. It results in a more confined trap because each beam
can trap along the other beam’s weak axis. In this experiment, the two
dipole beams cross orthogonally at their foci. The beam propagating
along direction z is denoted by superscripts z, and likewise along x.
The vertical direction is along y.

The potential is a sum of two single-beam potentials. The trap
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depth and trap frequencies are

Umax ∝ P x

wx
0,yw

x
0,z

+ P z

wz
0,xw

z
0,y

(5.15)

ωx ∝

√√√√ P z

wz
0,xw

z
0,y

1
wz

0,x

(5.16)

ωy ∝

√√√√√ P x(
wx

0,y

)3
wx

0,z

+ P z

wz
0,x

(
wz

0,x

)3 (5.17)

ωz ∝

√√√√ P x

wx
0,yw

x
0,z

1
wx

0,z

. (5.18)

In case both powers are equal P = P x,z and all waists are equal
w0 = wx,z

0,x,y,z then

Umax ∝ 2P
w2

0
(5.19)

ωx,z ∝
√
P

w2
0

(5.20)

ωy ∝
√

2P
w2

0
. (5.21)

The y-direction provides the strongest confinement because it is trapped
by both beams.

5.2.3.3 Gravitational sag

The gravitational potential Ugrav = mgy should be added to the trap-
ping potentials to describe the real potential experienced by the atoms.
One consequence is a shallower trap depth because the atoms can now
be pulled out of the trap by gravity, and another is a reduction in
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the trap frequency in the vertical direction y. Furthermore, the trap
center is pulled downwards to the point where ∂yUdipole = −mg. This
position is dependent on the dipole beam powers, and as a result, the
cloud starts to move down (or ”sag”) when the powers are reduced. It
also complicates the calculations of the trap frequencies, which have
to be estimated around this position and not r = 0.

The trap stops working entirely below a critical power Pcrit > 0
where max

(
− ∂yUdipole

)
≤ mg, and the trapping forces of the beams

are no longer able to hold the atoms against gravity. When the power
is slightly larger than Pcrit, the potential becomes significantly anhar-
monic.

5.2.3.4 Hybrid traps

A hybrid trap consists of a single dipole beam and a trapping quadrupole
(QP) magnetic field, described in Section 5.4.1. The beam is centered
below the QP center to avoid Majorana spin flips.

Define the vertical offset position of the beam as y = 0. The QP
potential UQP from eq. 5.26 is then

UQP = ℏgFmF IB
′
√
x2 + 4(y − dy)2 + z2. (5.22)

In a correctly designed hybrid trap, the atoms will not get near the
QP center and x, y, z ≪ dy. Then, the potential is approximately

UQP ≈ 2ℏgFmF IB
′dy

(
1 + x2

8d2
y

+ y2

2d2
y

+ z2

8d2
y

− y

dy

)
. (5.23)

This is a harmonic potential plus a constant force upwards, which
produces a new harmonic potential around the minimum. The trap
frequencies are typically much smaller than those of a single dipole
beam in the transverse directions, so the most important addition to
the system is a trapping potential along the beam. Additionally, the
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Figure 5.10: The dipole laser setup. It consists of two parts, the left half and the
right half, separated by high-power fibers. This is to disconnect any work done
on each part. The left part controls the power and frequency of the dipole beams.
The X-beam (right) uses the −1’st order of the AOM, and the Z-beam (left) uses
the +1’st order of the AOM. The right part directs and focuses the dipole beams
to achieve a cODT. It also measures the dipole powers in each arm after the trap
(not shown) for power stabilization.

upwards pointing force can be used to offset the effect of gravitational
sag. During evaporation in a hybrid trap, it is important that the
vertical QP force is at most slightly less than gravity to allow the
evaporated atoms to escape the QP trap.

5.2.3.5 Dipole setup

The dipole setup is responsible for producing the two laser beams used
for dipole trapping and is illustrated in Figure 5.10. The left half of
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the setup in the figure prepares the laser light and couples it into two
high-power HC-1060 fibers from NKT Photonics. Depending on the
trap configuration used, the laser outputs somewhere between 10 W
and 20 W light with wavelength 1064 nm.

After the optical isolator, a flipper mirror is used to turn on or off
the laser light completely. This is to avoid using shutters that would
either absorb or reflect the high-power beam. After the flipper mirror,
a PBS is used to turn down the power going to the rest of the setup
without turning down the output power of the laser itself, which can
alter the beam mode slightly. This allows the setup to be precisely
optimized without the risk of damaging the equipment or personnel.

A second PBS is used to split the beam into two paths, which will
eventually lead to the X- or Z-direction in the science chamber. Each
beam passes through an AOM. These are used for power control and
fast switching. The X-direction beam is shifted down in frequency,
and the Z-direction beam is shifted up to avoid low-frequency beating
between the beams when they cross.

The beams are led to the experimental setup (right side) by two
optical fibers with mode field diameter 6.7 ± 1µm. The optical fibers
separate the left half of the setup from the right half of the setup,
such that optimizations can be performed without misaligning the
cODT. Both paths after the fibers and up to the science chamber
contain a cleaning PBS (preceded by a λ/2 wave plate), two lenses, a
power monitoring photo diode, and mirrors to direct the beams into
the trap. The PBS in the X-direction is rotated 90◦around the beam
axis, which ensures the two directions have orthogonal polarizations
to minimize beating between the two arms further. The first lenses
after the fibers are exchangeable and are used to determine the final
beam waist around the atoms.

The setup currently have an f = 50 mm outcoupling lens in the X-
direction and an f = 60 mm outcoupling lens in the Z-direction, both
with a diameter of 1". The final lenses are always f = 500 mm lenses
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with a 2" diameter and are placed on translational stages to adjust
the beam focus positions. The vacuum chamber and the magnetic
transport system limit the focus lengths of the last lenses to this value,
but shorter focus lengths could make the setup more stable and achieve
smaller waists.

Given these parameters, the waists of the beams in the trap are ex-
pected to be between 57 nm and 77 nm for the X-direction and 47 nm
and 64 nm or the Z-direction. The uncertainty comes from the mode
field diameter information provided by NKT. After measuring a collec-
tion of trap frequencies at different beam powers (shown in Figure 6.19
later in Section 6.2.1), the real waists were estimated to be

wx
0,y = 82.3µm

wx
0,z = 79.6µm

wz
0,x = 68.5µm

wz
0,y = 74.0µm.

It is possible to increase the outcoupling lenses up to f = 200 mm with
a 2" diameter, which can achieve a final waist of approximately 15µm.
BEC has been produced in such a setup, but the overlap between the
two beams at this waist is unstable and has to be optimized daily.
Such a small waist should only be used if necessary (see, for example,
Section 5.2.3.6 about increasing cloud density).

After the science chamber, the dipole beams enter the detection
setup (described in Section 5.6) with mirrors designed for 780 nm light,
and much of the dipole power will therefore leak through the mirrors.
A λ/2 wave plate, a PBS, a lens, and a photo diode are placed behind
one of these mirrors in each arm to power stabilize the two beams (not
shown in the figure). In order to achieve the lowest noise possible on
the power stabilization, the photo diodes are always in the minimum
gain, and hence they need the high power behind the 780 nm mirrors.
The wave plate and PBS are used to adjust the power leading to the
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photo diodes such that the full dynamical range is in use. The lenses
are used to focus the light onto the active area of the photo diodes
and improve the stability of the setup when small adjustments to
the beams are made. Furthermore, the electrical circuit of the power
stabilization setup is separated from the power monitor setup (the
photo diodes shown in the figure) to decrease the noise even more.

As a result, the power in the beams can be varied between 20 mW
and 7 W without experiencing significant noise. A small waist config-
uration requires a better power stabilization setup than larger waist
configurations because the power has to be decreased further to reach
a sufficiently low trap depth. The current setup is able to function for
waists down to 15 nm.

5.2.3.6 Producing high-density clouds

One of the goals in the experiment is to test the effects of the light-
induced dipole-dipole interaction occurring at relatively high atom
densities, and it is therefore necessary to be able to maximize this.
The BEC has a much higher peak density than the thermal component
of the cloud, so it is mostly interesting to look at the peak density of
the BEC. The Thomas-Fermi model from Section 2.1.3.1 shows that
the peak density ρpeak is

ρpeak ∝ N
2/5
0 ω6/5 ∝ N

2/5
0 P 3/5 1

w
12/5
0

, (5.24)

where the second proportionality was found by using the equations for
the trap frequency in an ideal cODT without gravity (eq. 5.20-5.21).
This model is too simple to predict the exact peak density of clouds,
mainly due to the estimate of the trap frequencies. It is, however, a
very important result in understanding which parameters to tweak to
obtain the highest possible peak density.
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There are three possible parameters to optimize: condensed atom
number, dipole beam power, and dipole beam waist. The atom num-
bers in a BEC add very little to the peak density, and new atoms
are instead added to the outer part of the cloud, increasing the ra-
dius. The power adds only a bit more than the number of atoms, and
it has to be ramped down to a certain value during evaporation to
obtain BEC. It can, however, be increased again adiabatically, which
will turn some of the condensed atoms into thermal atoms, but result
in an overall increase in density. Finally, the beam waist, which has
a very strong impact on the peak density, scales the density with a
power greater than 2. If the goal of the experiment is to produce high-
density clouds, the beam waist should be minimized. In reality, the
scaling will be slightly worse because the number of condensed atoms
that can be produced in a tight trap, and the necessary power, are
lower.

A typical experiment have a beam waist on the order of 100µm to
catch more atoms in the cODT [79], but some experiments work with
waists to an order of magnitude of 1µm [58–60]. On this scale, the
Rayleigh length is so short that a single beam can trap in all three
directions. Such a small waist requires a special high-NA setup.

The limit of our current experimental setup is 15µm waists due
to the transport coils, which prevents a close positioning of the final
focusing lens to the atoms. Because of the 500 mm distance from the
focusing lens to the focus, the drift of the beam is relatively large and
starts to matter at this waist, limiting the stability of the experiment.
My advice would therefore be to rethink the current dipole beam setup
if experiments with small beam waists are to be performed again in
the future.
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Figure 5.11: The original design of the L-shaped vacuum chamber [74], which is
largely unmodified to this date except for the removal of the Ioffe coil. The design
is made such that a second atomic species can be added in the cross, although this
has not yet been achieved.

5.3 Vacuum chamber

The spine of the setup is the vacuum chamber shown in Figure 5.11 in
which all experiments take place. It dates back to the beginning of the
experiment and has not been modified significantly since then. It will
therefore not be described in notable detail here, and I will instead
refer to the early PhD projects [73, 74] in the group.

The vacuum chamber is split into two parts: a MOT chamber and
a science chamber. They differ in pressure and are separated by a
long, thin tube called a differential tube. Since the pressure in both
chambers is so low, it is possible to maintain a pressure gradient be-
tween them without the need for valves. With the current equip-
ment, the pressure in the science chamber is not detectable, and the
pressure in the MOT chamber is 10−10Torr to 10−8Torr depending
on the dispenser settings. The MOT plus the transport through the
MOT chamber to the science chamber works most optimally around
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1 − 3 nTorr.
The science chamber is surrounded by three sets of Helmholtz coils

(called shim-X,Y, Z coils) to control the magnetic field background in
the chamber. There is also a set of Helmholtz coils around the MOT
chamber (called the MOT pump coils and not shown on the figure)
to provide a magnetic field background during optical pumping. Cru-
cially, the MOT does not feature any shim coils for magnetic field
cancellation, and this has proved to be a major disadvantage in im-
proving the MOT because it prevents efficient optical molasses from
being implemented. A working optical molasses could make the cloud
cold enough for a direct transfer to the cODT after transportation
to the science chamber, although an intermediate step of RF-cooling
could still be beneficial, and could in principle cut up to 8 s or about
30% of the entire sequence duration as well as retaining more atoms
since some of the evaporation steps could be skipped. Efficient sub-
Doppler cooling requires a low background magnetic field, however,
and is thus not obtainable in the current setup. This is discussed
more in Section 5.4.2.2.

The setup also features three sets of anti-Helmholtz coils. The coils
used for the MOT (called the MOT coils), which can also be used to
generate a high field for a QP trap, are placed on a transport stage
that can move the coils from the MOT to the cross. A second set of
coils (called the transport coils) can move from the cross to the science
chamber. Here, the final set of coils (called the QP coils) is positioned
and cannot be moved. The atoms are transferred from the transport
coils to the QP coils for stability. This was initially imperative, as the
original setup used a QUIC trap configuration (first designed by T.
Esslinger et al. [96]) to avoid Majorana loss. Since the experiment now
uses a cODT, which is relatively insensitive to the position of the QP
coils, it might be possible to skip the transfer to the final set of coils.
This could save the sequence about one half of a second or roughly
2%, and we have so far not deemed it worthy to pursue.
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The MOT transport coils must align well with the differential pump-
ing tube to minimize atom loss during the transport. The number of
lost atoms after transport can be measured by moving the MOT coils
back to the MOT again, turning on the cooling light, and comparing
the fluorescence signal immediately after the light is turned on with
the signal just before the MOT was terminated and the atoms trans-
ferred to the QP potential for transport. The recapture was measured
in this way at different lengths of transport, and the result can be
seen in Figure 5.12. The differential tube begins around 20k motor
steps and is indicated with a vertical line. Note that the exact values
depend on how much the MOT is loaded and the pressure in the MOT
chamber. This data is taken to represent the most standard setup in
the experiment. While the atoms are still in the ”high” pressure MOT
chamber, the lifetime is relatively short. This is fitted with an expo-
nential curve and indicates that 91% of the atoms are caught initially,
and 76% of the atoms make it to the differential tube. The recapture
decreases significantly just at the beginning of the tube, leaving 30%
of the initial number of atoms in the trap (a reduction of 60% from
just before the tube), making the tube the biggest loss of atoms during
transportation. The atoms making it through the tube will also make
it to the science chamber with ultra-high vacuum and have a very long
lifetime.

Because a QUIC trap moves the potential minimum from the QP
center, the vacuum chamber is designed with the QP coils placed off-
center of the vacuum windows. The Ioffe coil was placed around one
of the Z-direction windows, so the off-center position of the cloud in
the current traps is worse for the X-direction. This results in a smaller
NA and potentially worse imaging.

The off-center problem can be fixed in two ways. One is to simply
detach the QP coils and position them correctly. Another is to move
the QP center with shim coils just before transferring to the hybrid
trap, which can then be centered on the windows. The second option
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Figure 5.12: Recapture rate in the MOT as a function of transport distance away
from the MOT. There is a short lifetime in the MOT chamber and a very long
lifetime after the differential tube. The tube itself cuts about 60% of the atoms.
This can be improved by achieving efficient molasses before transport.

is less severe, but requires accurate control of the shim current as the
QP current is ramped. It has not been deemed necessary to correct
for this yet.

5.4 Magnetic traps

Using magnetic fields to manipulate atoms is an essential tool in the
experiment. The experiment has used three different kinds of magnetic
traps: the quadrupole trap, the quadrupole Ioffe configuration (QUIC)
trap, which is not used anymore, and the magneto-optical trap. The
quadrupole trap and magneto-optical trap are described below.
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5.4.1 Quadrupole traps
A magnetic quadrupole (QP) trap works because of the Zeeman shift
in a magnetic field B given by ∆E = ℏgFmF |B|, where gF is the Landé
g-factor in units of angular frequency per magnetic field strength and
mF is the projection of the magnetic dipoles along the local magnetic
field direction. For a QP field produced by anti-Helmholtz coils stacked
vertically (in the y-direction) with a current I, the B field is

B = IB′

 x2y
z

 , (5.25)

and the potential U is

U = ℏgFmF IB
′
√
x2 + 4y2 + z2, (5.26)

where B′ is a setup-specific constant which can be found by measuring
the current for which atoms are exactly levitating against gravity. The
projection mF will adiabatically follow the magnetic field while the
atoms are moving around, as long as they do not pass too close by the
center, where the magnetic field direction flips quickly. The flipping of
mF states of those atoms is called Majorana spin flips, and prevents
the use of QP magnetic traps for ultracold clouds on the order of micro
Kelvins in temperature. QP traps are, however, fine for warmer clouds
and are some of the simplest and most stable traps used for cold gases.

The QP center where B = 0 can be moved around by adding a
constant background B-field Bback with shim-coils. Denote the com-
ponents of Bback as Bx, By, and Bz. Then the potential becomes

U = ℏgFmF

√
(IB′x+Bx)2 + (2IB′y +By)2 + (IB′z +Bz)2. (5.27)

This can be used for moving around the cloud in a QP or hybrid trap.
It can also be used for placing the QP center at a specific position
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relative to a cODT and then pulling the cloud in that direction, e.g.,
for measuring trap frequencies in one direction at a time.

The coils used to generate QP fields are made of relatively few wind-
ings compared to the high fields needed to have low inductance and
fast response. This means the required current is high and generates a
lot of heat. The coils are therefore made of copper tubes with cooling
water running on the inside. However, the maximum current (400 A)
should still not be on for long since some of the electrical circuit is not
cooled.

The MOT coils and the QP coils have IGBT switches for fast turn-
off. Because of the inductance from the coils, fast switching can gen-
erate large voltages. The setup, therefore, contains flyback diodes for
protection.

5.4.2 Magneto-optical trap
The magneto-optical trap (MOT) is what initially catches and cools
the atoms. A MOT can catch enough 87Rb in a background vapor
cell to produce BEC without having to slow down the atoms first.
Figure 5.13 shows the key components in a MOT. It consists of a set
of anti-Helmholtz coils to produce a weak QP field, which is not strong
enough to capture atoms on its own, and six laser beams in counter-
propagating pairs. All laser beams have σ−-polarization with respect
to the magnetic field on the incoming side of that beam, which means
the circular polarization for the vertical beams going through the coils
is opposite from the horizontal ones. It also means the polarization of
each beam on the outgoing side has turned to σ+ because the magnetic
field has inverted [97].

The incoming light fields are red detuned (specifically by 22 MHz
from the |F = 2⟩ → |F = 3⟩ transition in this experiment), which
means σ− light has a higher probability of absorption than σ+ light.
The result is that the incoming beam will always push the atoms



106 Chapter 5. The experiment

more towards the center than the outgoing beam will push them away,
resulting in a trapping force. The beams also give rise to a cooling
mechanism, described in more detail in Section 5.4.2.2.

For the MOT to work optimally, there has to be enough background
vapor pressure for atoms to enter the trapping volume. However,
increased pressure results in more background collisions, both in the
MOT and during the transport from the MOT chamber to the science
chamber. A MOT chamber pressure of 1 − 3 nTorr works well, while
a pressure above 4 nTorr starts to be problematic. The background
pressure is provided by a continuously running dispenser.

Some of the atoms fall to the |F = 1⟩ ground state after decay and
have to be repumped back into the MOT cycle by a separate laser.
The direction and polarization of this laser are not important and
are simply combined with one of the cooling beams in a polarization
cleaning cube.

The number of atoms in the MOT is monitored by the fluorescence
of the cloud by a photodiode. When the voltages reach a certain value,
the experiment is triggered. This assures a stable number of atoms in
each experiment.

Previously, the MOT was able to load up to a maximum voltage of
1 V while a trigger was typically set to 0.8 V. It took about 30 − 60 s
to load the MOT to this level consistently. With the addition of
the distribution board, which gives both more total power and more
stability than the previous setup, a complete refurbishment of the
optical setup around the MOT and the cooling arm of the master
laser setup, a change of dispenser, a new repump laser setup using a
Toptica laser instead of home build one, and careful consideration of
the optimal MOT chamber pressure the MOT is now able to load to a
maximum of 3 V and the trigger is typically set to 1.5 V which can be
consistently loaded in less than 10 s. The experimental sequence has
been modified to allow the MOT to start loading before the previous
experiment is complete, which results in an essentially instant loading
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time.
The MOT setup is equipped with two cameras placed orthogonally

to each other. These can be used for both monitoring and optimizing
the MOT. For instance, aiming of the MOT beams can be achieved
by placing an iris on the beam telescopes to work with a small MOT
beam and then optimizing the MOT cloud size with feedback from
the cameras. They can also be used to achieve beam power balance
and, in principle, for optimizing optical molasses. If the MOT works
sub-optimally, the cameras can be a precious tool for revealing the
underlying cause.

Normally, the power in all six laser beams should be roughly equal.
However, the center of the MOT is different than the center of the QP
field at high current because of the presence of a magnetic background
field, which is not being nulled in our experiment. If the MOT is loaded
at the low current offset QP center and then transferred to the high
current QP center for transport, the cloud will gain significant energy.
It is therefore best to unbalance the beam powers such that the MOT
cloud loads on top of the high current QP center, even if this results
in a worse MOT. This also prevents the implementation of an optical
molasses, which requires balanced beam powers; however, an efficient
optical molasses also requires a nulled background magnetic field and
would not be possible in the current configuration anyway.

5.4.2.1 CMOT

When atoms decay in the MOT, they emit photons which can be re-
absorbed by the surrounding atoms. The consequence is a constant
pressure in the cloud produced by the light, called light pressure. This
makes the size of the cloud in the MOT much larger than the equiv-
alent size of a cloud with the same temperature in a typical QP trap.
If the atoms are directly transferred to a QP trap from the MOT,
they will thus start with a very high potential energy, resulting in
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Figure 5.13: Illustration of the core setup of a MOT, borrowed from [78]. There
are six beams, counter-propagating in pairs. All beams are σ+-polarized with
respect to the magnetic field on their incoming side.

significant warm-up. To avoid this, a short period of compression in
the MOT is added before transferring the atoms to the QP potential,
called a compressed MOT (CMOT) stage.

Compression can be achieved in three ways. The light pressure
can be reduced by lowering the repump power and letting the atoms
fall into a dark state (|F = 1⟩). It can also be reduced by decreasing
the cooling light scattering rate, which can be obtained by detuning
more or less power. Finally, the compression can be accomplished by
ramping up the QP coil current while the MOT is still on. The trap
configuration in a CMOT is often not able to trap the atoms. The
phase must therefore be short enough to keep the atoms in the trap
region, and long enough to achieve compression.

Some implementations of a CMOT will result in heating during
the compression. However, contrary to a QP trap, the CMOT phase
can be followed by a molasses phase (see Section 5.4.2.2 below) for
re-cooling, with the combined result of a compressed cold cloud. Even
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without a molasses phase, the cloud after a CMOT is typically colder
than the heating from a QP catch without a CMOT, because some
amount of cooling light is on during the CMOT.

Two different CMOT implementations have been used in this ex-
periment. The original CMOT lasted 35 ms during which the QP
current was ramped from 14 A to 18 A and the repump power was
set from maximum power (about 7 mW) to about 10µW during all of
the CMOT. Neither the cooling power nor the frequency was changed.
This type of CMOT is most optimally paired with a molasses phase,
which was, however, not implemented in our experiment.

Since a molasses phase cannot be implemented without magnetic
field nulling around the MOT, a different CMOT phase was found
to be more optimal. This is the CMOT still in use today. It works
by combining some of the mechanics from a molasses phase into the
CMOT phase and is inspired by this thesis [98]. Perhaps counter-
intuitively, in the new CMOT phase, the QP current was ramped
down from 14 A to 4 A, which starts to mimic the zero magnetic field
conditions during molasses. The repump power was kept at maximum,
and instead the cooling light detuning was ramped continuously from
the MOT detuning of −22 MHz to −55 MHz. The cooling light power
was kept constant in the program, but the efficiency of the double-pass
AOM setup over such a frequency span decreases, and the cooling light
power was thus also decreased. Keeping the power to the maximum
possible value was found to be best. This CMOT sequence obtains a
compressed cloud by reduced light pressure and even better cooling
than the previously implemented sequence.

In a particular experiment, just before making the switch from the
first to the second CMOT sequence, the setup produced 230 k atoms
with 100 k being condensed. Without changes to the rest of the ex-
perimental sequence, the switch from the first to the second CMOT
sequence changed the result to a cloud with 450 k atoms and 230 k con-
densed atoms. The increased gain in performance is expected to come
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from the better cooling effects in the second CMOT sequence. The
first CMOT sequence paired with a molasses phase could potentially
work even better.

5.4.2.2 Optical molasses and sub-Doppler cooling

An optical molasses works similarly to a MOT, except there are no QP
magnetic fields present. Atoms in a molasses experience a viscous force
from the laser beams because of red- and blue-shifting due to their
motion, with the consequence that atoms are more likely to absorb
photons with the opposite direction of momentum than their own than
photons with the same direction of momentum. Without the trapping
effects of a QP field, however, the atoms will always propagate out
of the laser beams if given enough time. A molasses phase, similar
to a CMOT phase, should thus be kept at a relatively low duration
in the order of milliseconds. As it turns out, the true mechanics of
optical molasses are quite complicated, and more details can be found
here [62, 99, 100].

In a simple model, the lowest temperature reached by optical mo-
lasses is called the Doppler limit, and is caused by the random effects
of absorbing and emitting photons, leading to a random walk motion
of a certain energy. But optical molasses turns out to be one of a few
rare cases where the result in practice is much better than the pre-
dicted outcome, and the real lower temperature limit lies much below
the Doppler limit. This is caused by many different effects, all col-
lected under the term sub-Doppler cooling, and all of which rely on
some form of light field polarization gradient throughout the molasses
caused by the counter-propagating beams. Sub-Doppler cooling is also
discussed in the citations above.

If sub-Doppler cooling can be achieved in the experiment, the atoms
can be cooled far enough that they can, in principle, be transferred to
a cODT without the need for pre-cooling in a QP trap. This can lead
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to a significant gain in the speed of the experiment since cooling in
the QP trap is the slowest part of the sequence. It would also result
in more atoms because of the skipped evaporation steps. Finally, it
would result in a much better transfer of atoms through the differential
tube because of the smaller cloud size during transportation due to
the lower temperature.

Unfortunately, sub-Doppler cooling is only possible in a very low
background magnetic field. The difference in Zeeman shift of mF -
states must be much smaller than the difference in dressed state energy
shift of those states for sub-Doppler cooling to work, which requires
a background magnetic field in the order of a few mGauss and thus
necessitates magnetic field nulling coils. This is not yet implemented
in our setup and prevents efficient sub-Doppler cooling from being
achievable. A nulled magnetic field would have the additional benefit
of the QP field center at low current being aligned with the center at
high current.

5.5 Experiment control setup
The main control of the experiment is through a Delphi-based pro-
gram called ECS (experimental control system), built mainly by Hen-
rik Kjær Andersen when the experiment was initially constructed. It is
described in detail in his PhD thesis [73], and has remained relatively
unchanged since then. It currently provides 48 digital output channels
with 1µs resolution, 32 analog output channels with 50µs resolution,
16 digital inputs channels where the trigger level can be adjusted on 4
of them, and a 10 kHz to 70 MHz RF frequency generator. The goal in
the near future is to replace ECS with a new control system provided
by ARTIQ, and ECS is thus not be described in much detail here.

The two computers used to control the setup are described in Sec-
tion 5.5.1, the control of a FlexDDS synthesizer, used to generate MW



112 Chapter 5. The experiment

frequencies and phase-lock reference frequencies, is described in Sec-
tion 5.5.2, and the use of an oscilloscope from PicoScope to acquire
SPD data is described in Section 5.6.2.2.

5.5.1 Computers

The ECS program is run on an old computer termed the ”ECS com-
puter”. It is paired up with a second computer labeled the ”main
computer”, which handles communication with data servers and a set
of instruments in the experiment, namely two Andor EMCCD cameras
for imaging of the clouds, two cameras to monitor the MOT, the lock
control box for the master laser and optionally the coupling laser, the
FlexDDS synthesizer for MW and beat frequency reference signals,
the PicoScope for SPD data acquisition, and up to 7 motorized mir-
rors from New Focus where currently only one is in use for the cODT.
It is also used for any immediate data analysis performed in the lab.
The specs of the main computer are purposefully excessive since it is
meant to run the whole experiment when ARTIQ is implemented, and
should hold for many years. Whenever possible, Python is used as the
programming language in the experiment.

There are two cloud storage systems in use, called ERDA, provided
locally by Aarhus University, and ”the O-drive” provided by Microsoft.
ERDA is a new and cheaper cloud storage system and was meant to
replace the O-drive completely, but it has proven unstable so far and
is used mostly for backup of large data files, while the O-drive is still
implemented for important files used on a day-to-day basis.

The script ”main.py” on the main computer can detect when a new
run file is created by the ECS computer via Ethernet connection. Be-
cause the ECS computer runs on Windows XP and the main computer
runs on Windows 11, it is necessary to disable all security protocols
of the main computer in order to allow access to the ECS computer’s



5.5. Experiment control setup 113

shared folder. The security settings have to be updated each time the
computer is restarted, which is accomplished with a batch script.

When a new ECS file is detected, it is copied to the main computer,
and any necessary values are read from the run file and passed on to the
different instruments. The main computer prepares all time-sensitive
instruments in a state that requires triggers from ECS to continue
in order to keep real-time synchronization with the experimental se-
quence. After a run is completed, run files and data are backed up
on ERDA. If main.py is terminated, the last set of data is also backed
up.

5.5.2 FlexDDS

MW frequencies for atom manipulation and reference frequencies for
the OPLL are generated by a FlexDDS-NG-DUAL from Wieserlabs
Electronics, which is controlled via USB connection by the main com-
puter. The pySerial library is used to maintain the connection through
Python. It is a new addition to the experiment, and the way it is used
in our experiment is described in detail in this section.

A schematic of the FlexDDS is shown in Figure 5.14. It has a
10 MHz reference clock input, which is provided to the entire labora-
tory by an atomic clock. It also has an FPGA and two DDS cores.
The FPGA has two DDS command processors (dcp’s) which control
the DDS’s. Commands given to the FlexDDS will be processed and
stored here and have to be actively pushed to the DDS Cores before
anything updates on the output. The DDS cores are AD9910, and the
manual can be found here [102].

To connect to the FlexDDS, use the lines of code below:
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Figure 5.14: The FlexDDS interior structure from the manual [101]. An FPGA
handles the communication with the main computer over USB and the control of
the two DDS Cores. A 10 MHz reference input from an atomic clock is provided.

1 import serial

2 import time

3 ser = serial.Serial()

4 ser.port = "COM3"

5 ser.baudrate = 9600

6 ser.timeout = 1

7 time.sleep(1)

8 ser.open()

The object ser will be carried around to all other FlexDDS functions
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in Python. If a connection is already established, it is important to
close that first. One way to do this is in the Spyder editor by going to
”Tools”→”Run”→”General settings” and choosing only the ”Run in
console’s namespace instead of an empty one”-option and then running
these lines of code before line 3 above:

1 try:

2 ser.close()

3 except:

4 pass

Writing to the FlexDDS is done by ser.write(command), where
command is a binary encoded string. A program is a combination
of many commands. Each line in the command should end with
b"\r\n" for immediate execution, where b makes the string encod-
ing binary. The command is then stored on the FPGA. Updates to
the actual output of the FPGA happen when this command is sent:

"dcp [CHAN] update:u[OPTIONS]\r\n"

Here [CHAN] refers to the channel and can be either 0, 1, or empty, in
which case both channels are updated, and [OPTIONS] can be used
to specify further options to the update. The FPGA runs through all
the commands when given the line "dcp start", which have to be
at the end of any program.

One of the most important ways to control the FlexDDS is by
updating the control function register (CFR) pins, where CFR2 (Table
19 in [102]) is often the one used. It is done by the following command:

"dcp [CHAN] spi:[REG]=[VAL]\r\n"
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This updates the register [REG] for channel [CHAN] to the values
[VAL], which depends on the register being updated.

The FlexDDS can control frequency, phase, and amplitude of the
two output channels. Since phase control is not being used in the ex-
periment, it will not be described here. In order to control amplitude,
it has to be activated first by pin 24 in CFR2, but it is also not used.
A frequency f is given in terms of a frequency tuning word (FTW)
which is defined by

FTW = round
(

232 f

fsysclk

)
, fsysclk = 1 GHz. (5.28)

It is sent to the FlexDDS as an 8-digit hexadecimal. A constant
100 MHz frequency on channel 0 is set by the single tone profile (stp0)
register and the CFR2, like this:

1 amplitude = "3fff"

2 phase = "0000"

3 frequency = "1999999a"

3 command =\

4 f"""

5 dcp 0 spi:stp0=0x{amplitude}{phase}{frequency}\r

6 dcp 0 spi:CFR2=0x01000080\r

7 dcp 0 update:u\r

8 dcp start\r\n

9 """

10 ser.write(command.encode("utf-8"))

The values for amplitude and phase are not important. The hex-
adecimal 0x01000080 changes the pins of CFR2 according to Table
19 in [102] to constant frequency mode.
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Figure 5.15: The four slowest possible sweeps for temporal steps sizes 1dt (thick,
black), 3dt (medium, dark gray), and 20dt (small, light gray). The grid shows the
size of one minimum step. A larger temporal step size gives a better resolution in
sweep speed but rougher step sizes.

5.5.2.1 Frequency sweeps

A frequency sweep on the FlexDDS is given in terms of the step sizes
of the sweep, in time and frequency space, and the limiting frequencies
fmin and fmax. The step sizes are given as integers, Nt and Nf for time
and frequency, respectively, in units of the smallest step sizes possible
for time and frequency, called dt and df . The temporal step size dt
is 4 ns and the frequency step size df is listed as 0.23 Hz. However,
the frequency step size can vary slightly from device to device. By
measuring the output signal from the FlexDDS on an oscilloscope
during a sweep and comparing the duration of the sweep with the
expected duration, the step size was calculated to be 0.2331 Hz on our
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Figure 5.16: A time step size of 104dt while scanning over an EIT peak in dark
field. The step sizes of the reference frequency from the FlexDDS can be seen in
the spectral data. The beat lock works too fast to be seen.

device.
In most sweeps, it is not possible to use the smallest possible step

size to get the finest resolution. The reason why is illustrated in Fig-
ure 5.15 where the four slowest sweep speeds have been plotted for
temporal step sizes Nt = 1, 3, 20. A fine time resolution (small tem-
poral step size) results in a poor sweep rate resolution. Instead of
choosing the best time resolution possible, it is necessary to strike a
balance between the sweep rate resolution and the step size during the
sweep.

Figure 5.16 shows an example of an EIT peak measurement with
the SPD (the setup of which is described in Section 5.6.2) in dark field,
where the temporal resolution of the FlexDDS was set too low. The
step size of the frequency sweep is clearly visible in the signal, and the
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current resolution of the FlexDDS is set to be ten times finer.

There are algorithms to accomplish the best possible balance; how-
ever, in this experiment, the main interest is to measure spectroscopies.
It is therefore not necessary to control the sweep rate perfectly, as long
as the exact rate is well-known. A constant temporal step size of 103dt
was therefore chosen, which means the frequency will be updated each
4µs. The frequency step size Nfdf is then calculated as

Nf = floor
(

(fmax − fmin)Ntdt
dfT

)
, (5.29)

where T is the duration of the sweep. The duration and frequency
span will not be exactly the entered value in ECS, but the program
will return the exact values from the FlexDDS, which can be used to
analyze the spectra.

A sweeping frequency in channel 0 starting after a trigger in BNC
input channel A from 100 MHz to 200 MHz over 100 ms is set by the
following code:
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3 frequency_low = "1999999a"

4 frequency_high = "33333333"

5 sweep_direction = "+"

6 time_step = "03e8"

7 frequency_step = "00004308"

8 command =\

9 f"""

10 dcp 0 spi:DRL=0x{frequency_high}{frequency_low}\r

11 dcp 0 spi:DRSS=0x{frequency_step}{frequency_step}\r

12 dcp 0 spi:DRR=0x{time_step}{time_step}\r

13 dcp 0 spi:CFR2=0x80080\r

14 dcp 0 wait::BNC_IN_A_RISING\r

15 dcp 0 update:u{sweep_direction}d\r

16 dcp start\r\n

"""

ser.write(command.encode("utf-8"))

Here, DRL is the digital ramp limit register, DRSS is the digital ramp
step size register, and DRR is the digital ramp rate register. The
step size and ramp rate registers have two inputs for upwards and
downwards sweep settings. CFR2 is now set to single ramp mode. A
ramp accumulator keeps track of where the frequency is in the sweep,
and in single ramp mode, when the next frequency step would have
jumped outside the frequency bounds, the sweep stops, and the fre-
quency stays at the final value. If a triangular sweep is desired, line
13 can be switched with the following line:

13 dcp 0 spi:CFR2=0x000e0080\r
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Figure 5.17: An example of a triangle sweep output from the FlexDDS when the
time step size is 2dt. The grid shows the size of one minimum step. A single
sweep follows the same pattern. The sweep tries to go through the red crosses. It
begins at the vertical red line where, during the first step in time, the frequency
remains constant. Each sweep always starts just above (for upwards sweeping)
or just below (for downwards sweeping) the target frequency, no matter where it
ended.

This resets the ramp accumulator when the sweep is completed and
switches the direction. That kind of sweep will continue to go back
and forth between the limiting values until terminated.

Figure 5.17 illustrates what the FlexDDS output frequency looks
like over time through sweeps. The figure illustrates a triangle sweep,
but a single sweep would simply follow the first upwards sweep on
the plot. The sweep is trying to go through the red crosses with a
temporal step size of 2dt. It will always start with one step at the
initial frequency and thus takes four steps to accomplish this specific
sweep, although it takes only three steps up or down in frequency. The
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upwards sweep starts at f = 10df and ends at f = 22df ; however,
the downwards sweep starts at f = 23df and ends at f = 11df and
is not the exact mirror of the upwards sweep. The actual step sizes
are typically much smaller compared to the full sweep than illustrated
here, and this effect typically does not matter.

5.5.2.2 Programs

The FlexDDS controls the MW frequency in the science chamber via
channel 0. The frequency is mixed with a 7 dBm, 1.95 GHz signal from
a Rohde & Schwarz signal generator, which also receives the 10 MHz
reference frequency from the atomic clock, followed by a 2.27 GHz
high pass filter, then amplified twice by 2 × 9 dB ZX60-8008E-S+
amplifiers from Mini-Circuits and frequency multiplied by three by
a ZX90-3-812-S+ from Mini-circuits. Two 45 dB ZFSWA2-63DR+
switches from Mini-circuits are used to turn on or off the MW signal
after the multiplier, and this is followed by two amplifiers, a 34 dB
ZVE-3W-83+ from Mini-Circuits and an 30 − 50 dB AM53-6.6-7-35-
42 from Microwave Amplifiers LTD. The result is 40 dBm MW signal
with frequency 3 · (1.95 GHz + fFlexDDS).

The most common use of the MW setup is to transfer atoms be-
tween |F = 1⟩ and |F = 2⟩. A very stable way to achieve this is by
sweeping the frequency across the 6.835 GHz resonance4 and adiabati-
cally changing the dressed state from one of the F -states to the other.
This is better than transferring with a constant frequency on resonance
for a fixed amount of time, because it does not require precise knowl-
edge about the resonance frequency, and the duration of the sweep is
insignificant as long as the sweep is adiabatic.

The atoms will start in |F = 2,mF = 2⟩. To transfer the atoms
to |F = 1,mF = 1⟩ (see Figure 5.3), the sweep should cross the res-

4Plus any changes caused by magnetic fields.
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onance from below. This is because, if the sweep crosses the res-
onance from above, it will soon after cross the |F = 1,mF = 1⟩ →
|F = 2,mf = 1⟩ resonance, and there is a risk of transferring some of
the atoms back into |F = 2⟩. If the atoms are to be transferred back
to |F = 2,mF = 2⟩ from |F = 1,mF = 1⟩, the sweep should cross the
resonance from above for the same reason. See Section 6.2.3 for a
direct measurement of this.

A typical sequence prepares the atoms in the |F = 2,mF = 2⟩ state
until reaching a cODT. The atoms can then be transferred to the mag-
netically untrappable |F = 1,mF = 1⟩ state with a MW sweep. This
is beneficial because it removes the available internal energy, which
can allow more inelastic collisions between atoms and thus a shorter
lifetime. See Figure 5.18 for a quick measurement of this effect. It is
also on atoms in this state that the probe laser is measuring. Depend-
ing on the goal of the experiment, the atoms have to be transferred
back to |F = 2⟩ for imaging. This can be done with a reverse MW
sweep. Before the sweep begins, the MW frequency has been set to a
constant value equal to the start of the sweep to avoid unpredictable,
sudden jumps in the frequency.

The FlexDDS also controls the beat frequency reference signal de-
scribed in Section 5.2.2.1. Because of the four times frequency di-
vider after the fast diode, measuring the beat frequency between the
probe and the coupling laser, and the 96 times frequency divider in the
OPLL box, the reference frequency of the FlexDDS has to be the de-
sired beat frequency divided by 384. If the coupling laser frequency is
resonant and there is no magnetic field, the reference frequency should
be 17.779 95 MHz for a resonant probe laser. During measurements,
the reference frequency can be held or swept depending on the exper-
iment. This will typically happen between two MW sweeps, such that
the atoms are in |F = 1⟩. Other experiments, such as those measur-
ing the state preparation with MW directly, will work differently (see
Section 6.2.3).
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Figure 5.18: Lifetime of thermal (crosses) and condensed atoms (triangles) in
|F = 1⟩ (red) versus |F = 2⟩ (blue). |F = 1⟩ were transferred with a MW sweep
and held for some time before being transferred back for imaging. |F = 2⟩ were
never transferred. |F = 1⟩ thermal atoms have a lifetime of 17.2 s, |F = 1⟩ con-
densed atoms have a lifetime of 10.0 s, |F = 2⟩ thermal atoms have a lifetime of
5.3 s, and |F = 2⟩ condensed atoms have a lifetime of 2.8 s.

The program of a typical experiment could be structured like this:
1) Initiate the MW and probe frequencies at constant values on chan-
nels 0 and 1, respectively, then wait with the update until an initiation
trigger from ECS arrives to make sure the values have been read by the
main computer. 2) Prepare the MW frequency for an upwards sweep
and wait until the next trigger from ECS arrives, when the atoms are
in the pure cODT trap and shim coil currents have rotated to a set
value. 3) Prepare the probe for a sweep and wait for the next ECS
trigger, which arrives when the cloud and magnetic fields are ready for
measurement. 4) Sweep the remaining atoms back to |F = 2⟩ with the
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same MW sweep but in the opposite direction at the next ECS trigger
when shim coil currents have rotated back to the set value from the
first MW sweep. 5) After imaging, the final ECS trigger sets the probe
laser frequency to repump to allow for the MOT to start loading.

5.6 Detection
The experiment uses two different types of detection methods to probe
the atoms for information. The first method is the well-established
time-of-flight (TOF) imaging technique using cameras, and the second
method is the newly introduced single-photon detector. The images
of atoms were analyzed in great detail by the previous PhD student in
the group, Toke Vibel [12, 38, 78], and I refer to that work for in-depth
information on imaging.

The imaging optics is shown in Figure 5.19. The imaging light
frequency and polarity are shown on an energy level diagram in Fig-
ure 5.2 and Figure 5.3, respectively, and goes from |F = 2,mF = 2⟩
to |F ′ = 3,m′

F = 3⟩ with σ+ polarization. There are two image di-
rections. The X-direction imaging light comes from the top left and
leads to the bottom camera. The Z-direction light comes from the
bottom left and leads to the top camera. Probe light follows the same
path as the imaging light in the Z direction, except it is much more
attenuated and is reflected in a PBS towards the SPD, in between the
two cameras, by flipping the λ/2 wave-plate just before the final PBS.
Both cameras are the Andor iXon Ultra 897 EMCCD model, and the
SPD is an SPDMH2 from Thorlabs.

5.6.1 Atom imaging
The X-direction is the main direction used for imaging the atoms.
The imaging optics in this arm consists of four lenses, two mirrors,
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Figure 5.19: The imaging optics used for both the two cameras and the SPD. The
bottom is for imaging the X-direction, and the top is for imaging the Z-direction
and for the SPD. A flippable λ/2 wave-plate and a PBS can switch between the
camera and SPD. A DF target can be inserted in the probe light focus in the Z-
direction for dark field data acquisition. Both arms are preceded by polarization
cleaning cubes. The dipole beams follow the same paths but at a small angle.

a large aperture shutter, a 780 nm optical filter (Semrock 780/12 nm
BrightLine® single-band bandpass filter), and a razor blade. The Sem-
rock filter removes any remnant of the dipole beam, which has already
been reduced in power because the 780 nm mirrors leak most of the
1064 nm dipole light.

The placement of the four lenses is shown in Figure 5.20, taken
from [78]. Ideally, the lenses should be placed in a 4f setup, where the
first lens is one focal length away from the atoms, the distance between
each consecutive pair of lenses is the sum of their focal lengths, and
the distance from the final lens to the camera is one focal length. This
would ensure that either the imaging light or the diffracted light from
the atoms is collimated during the entire setup. Due to limitations in
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Figure 5.20: The optics in the X-imaging arm. Figure taken from [78]. Two lenses
create an image of the atoms at a plane, which is being cut by a razor blade to avoid
exposing half the region of the CCD camera, to allow for two images taken quickly
in succession. Two more lenses focus the atom image onto the camera chip. From
left to right, the focal lengths are 200 mm, 250 mm, 30 mm and 100 mm, which
would give a magnification of 4.17, if all lenses were placed perfectly.

space, however, the distance between lens one and two is longer than
this, and the distance between lens three and four is shorter. If the
camera is placed correctly in focus, this does not disturb the image,
but if the camera is slightly out of focus, the intensity of the imaging
light relative to the diffracted light is either enhanced or decreased,
resulting in defects in the od on top of the out-of-focus defects that
always happen.

The calculated magnification from the setup is 4.170, which means
the 16µm wide pixels of the camera would give an image with 3.837µm/px.
However, if the lenses are not individually placed perfectly, even if the
total setup is in focus, the magnification will differ slightly. It is there-
fore necessary to measure the magnification experimentally, which can
be done by releasing the cloud, varying the TOF, and comparing the
free fall with the expected acceleration of 9.82 m/s2 from gravity.

Figure 5.21 shows such a measurement, where both the x and
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Figure 5.21: A measurement of the center position of a BEC after release as a
function of TOF. The fitted acceleration is held against the expected value of
9.82 m/s2 and gives an in-trap pixel size of the X-camera of 3.723 µm/px.

y components of the movement are tracked, in case the camera is
not perfectly aligned vertically. The acceleration is then given by
a =

√
a2

x + a2
y, where ax,y is the acceleration in each direction. The

resulting calibration was 3.723 mm/px, which gives a magnification of
4.298.

Information about a cloud is inferred from the spatial distribution
of optical density calculated with eq. 4.23 from Section 4.1.1.2. More
details on absorption imaging can be found here [12, 37, 38, 57, 103–
109]. It is necessary to measure the intensity of light with (Iout in
eq. 4.23) and without5 (Iin in eq. 4.23) atoms to calculate the od. This
is accomplished by taking four images with light intensities I1,2,3,4.

5The image without atoms can be omitted by applying deep learning to recon-
struct the image without atoms and consequently reduce noise due to temporal
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Image one is taken with the atoms in |F = 2,mF = 2⟩. In between
image 1 and two, the atoms are pumped down to |F = 1⟩ and the
second image is thus taken ”without” atoms. Images 3 and 4 are taken
without imaging light on for background subtraction. This gives

Iout = I1 − I3 (5.30)
Iin = I2 − I4. (5.31)

A correction to eq. 4.23 because of imperfections in light polarization
and because of the multi-level structure of the atoms can be effectively
modeled by scaling the saturation intensity by a factor α [37], which
adds α as a scaling factor to the first term in eq. 4.23

α ln
(
Iin

Iout

)
+ Iin − Iout

Isat
= σ0ρ̃, (5.32)

In [78], following the method in [37], a value of α = 1.69 was found
and is used for analysis in this thesis.

In order to reduce fringes in the image, the time between image
1 and 2 and image 3 and 4 must be as short as possible, which is
accomplished by blocking half the active area of the camera chip with
a razor blade placed in the intermediate focus after the second lens.
Two successive images can be taken by quickly exchanging the pixels
of the bright and dark regions of the chip, with 340µs between the
images, which is the limit imposed by the camera. Uploading the
image to the main computer and preparing for the next set of images
takes about half a second, after which the background images are taken
in the same way as images 1 and 2. To reduce the background light in
the images, the final two lenses are situated in a tube, and to reduce
the dark counts, the chip is cooled to −40 ◦C.

A typical TOF lasts 38 ms giving the cloud a speed of 0.37µm/µs.
Each image is exposed for 30µs meaning the cloud will move 11µm
variations in the imaging mode [110].
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during the image which should be compared to a typical cloud size
of ⪆ 100µm after expansion, and the result will be a slightly warmer
temperature estimated from the vertical direction than from the hor-
izontal direction.

The above analysis of images gives a grid of column densities which
can then be fitted with equations from Chapter 2 to extract atom num-
bers and temperatures (see eq. 4.24-4.26). If the temperature is higher
than Tc, the distribution quickly approaches the Gaussian distribution.
Close to, but still above, Tc, the Bose-enhanced distribution must be
used. When to switch between the two can be inferred by looking at
the fits where a Gaussian distribution will not be able to follow the
sharp rise in density at the center of clouds that are too cold for that
approximation. Below Tc, either the Bose-enhanced distribution or
the simulated expansion from Section 3 must be used for the thermal
component, and the TF-distribution must be used for the condensed
part of the cloud.

For a purely thermal cloud, the fit is performed once to extract
approximate widths in both directions. The regions of interest (ROIs)
are then updated, such that the cloud is fitted within a radius of
3wx,y. Outside a radius of 4wx,y, the average intensity of the image is
calculated for both image 1 and 2. The intensity in image 2 is then
scaled such that they match in average intensity in this region. This
is necessary because the imaging light intensity might vary slightly
between the two images. The column densities in the image are then
calculated again, and the fit is performed once more to extract the
values.

Fitting bimodal clouds is more complicated. Two methods can be
applied depending on the desired outcome. The more stable and theo-
retically correct method of fitting uses eq. 4.27 for the thermal column
density, which is a function of the temperature and the chemical po-
tential, and eq. 4.26 for the BEC column density with the number
of BEC atoms given by the chemical potential from eq. 2.13. The
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exact fitting procedure for this is described in Section 5.6.1.1 below.
Alternatively, eq. 4.24 is used for the thermal column density, and the
atom number and temperature are fitted. The number of condensed
atoms is also fitted as an additional parameter. The fitting procedure
is a bit more involved and is described in Section 5.6.1.2 below.

The first method is best to use if the goal is simply to extract
the cloud parameters most precisely from the images. It is, however,
more limited than the second method, which is necessary in several
circumstances, such as when measuring any deviation from the semi-
ideal model (e.g., atom number fluctuation measurements [20–22, 111,
112]) or when performing various tests in the experiment.

5.6.1.1 Bimodal distribution fit: method 1

The fitting parameters with this method are the position of the cloud,
µ, T , and the two condensed radii Rx,y, and the thermal and condensed
parts of the cloud are fitted together simultaneously. A preliminary
fit is used to determine the thermal cloud widths to define the fitting
ROI of a second fit. The two intensities in images 1 and 2 are scaled to
match outside 4wx,y of the cloud center, and the second fit is performed
within 3wx,y. The number of thermal atoms comes from integrating
the thermal part of the distribution, and the number of condensed
atoms is given by the TF approximation.

5.6.1.2 Bimodal distribution fit: method 2

With this method [113], the fitting parameters are the position of
the thermal cloud, the position of the condensed cloud, N0, Nth, the
widths of the thermal cloud wx,y, and the two condensed radii Rx,y.
The chemical potential is assumed to be 0. The widths of the thermal
cloud are fitted only to the tail and subtracted from the measured
column densities. The remaining column densities are then fitted to
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a TF-distribution. The first fit is used as a preliminary estimate of
the size of the two components. Then, the two intensities in images
1 and 2 are scaled to match outside four times the thermal radii. A
second thermal fit is then performed within three thermal radii and
outside 1.2 TF-radii. The BEC is fitted within 1.2 TF-radii after
the thermal part has been subtracted. The temperature can then be
extracted from the thermal widths, giving a separate temperature in
each direction. This method is especially sensitive to the chosen ROIs.

5.6.2 Single photon detection
Imaging ultracold atoms after TOF is a standard and well-tested tech-
nique, but it has the disadvantage of being destructive. For each data
point, a new cloud will therefore have to be produced. Although there
exist methods to image clouds with far-detuned light that are less
destructive, these methods limit the frequencies used in the experi-
ment and do not apply to measuring spectra. The frame rate of most
cameras is also relatively low.

To be non-destructive, the measurement has to be taken in-trap,
which requires high numerical aperture setups and careful imaging
optics. An SPD works like a 1-pixel camera, which means there is
a better signal-to-noise ratio at a given signal power. The ”frame
rate” is limited only by the detector’s downtime; there is no need
for high spatial resolution6, and the better signal-to-noise ratio allows
low enough power to non-destructively measure a cloud with resonant
light.

There are four important advantages to implementing an SPD in
the setup. Firstly, more data can be taken faster, which gives better
statistics. Secondly, datasets can be taken on single clouds, which

6A low spatial resolution caused by numerical aperture will lead to loss of
signal, instead.
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eliminates the preparation noise from cloud to cloud, which is a big
advantage. Previous achievements on atom number fluctuations mea-
surements were mostly a matter of making this noise source less se-
vere [12, 20, 36, 111, 112, 114]. Thirdly, taking in-trap low-intensity
measurements avoids some of the complications in standard TOF
imaging, such as imaging a moving cloud, modeling the expansion
of the cloud, and the distorting effects of the light pressure from the
imaging light. Finally, daily testing in the laboratory is accelerated sig-
nificantly. Optimizing and measuring parameters, understanding new
physics, and testing hypotheses can take minutes instead of hours.

Consider a data set like the one displayed in Figure 5.9, showing
how an EIT spectrum reacts to 24 different coupling powers. This
could be taken with cameras as well, and would require 4800 runs
to obtain the same frequency resolution. With a runtime of 30 s per
cloud, this results in 40 hours saved by using the SPD instead.

In the bottom right of the master laser setup in Figure 5.4, the
probe laser is shown to be coupled into the imaging fibers. The power
is directed to the Z fiber only, but could in principle also go through
the X fiber in future experiments. While the imaging light is reflected
off the final PBS, the probe light is transmitted through it, and this
means the probe light will exit the fiber with orthogonal polarization
to the imaging light. Because of this, there is a λ/2 flipper just after
the fiber to select for either imaging or probe light. After this, a
10% sample of the power is measured by a diode, and the output is
power stabilized. A shutter (which was not placed in the master laser
setup for the Z direction, in contrast to the X direction) comes right
after the power stabilization and allows the power to be continuously
stabilized even if the signal to the atoms is turned off. Another flipper
with an exchangeable amount of OD filters is placed just before the
light enters the vacuum chamber. From here, the light follows the path
from the bottom left of Figure 5.19. A PBS on the top right reflects
the probe light to the SPD. A pinhole is placed just before the PBS
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in the intermediary image plane to sort away most of the background
signal. The camera is used to place the pinhole correctly and in focus,
and to judge the size of the pinhole needed.

Similar to the X imaging direction, there are four lenses in the
Z direction. The first two lenses from the vacuum chamber have fo-
cal lengths 140 mm and 200 mm, respectively. The lenses in front of
the camera are exchangeable, because the camera is used for different
purposes requiring different magnifications, such as placing pinholes
or imaging early clouds after arriving from the MOT. The two lenses
in the SPD arm have focal lengths 200 mm and 40 mm. This achieves
a demagnification, which is important to ensure the entire cloud is
imaged on the 100µm × 100µm active area of the SPD detector. It
also leads to greater stability and allows the cloud to move around
slightly before the image exits the active area. The final lens is only
1 ” while all other optical elements in the SPD arm are 2 ”. This lens
will be upgraded to a 2" condenser lens in the near future. The first
three mirrors and the second lens will be upgraded to 3 ” as well.

Just after the vacuum chamber, the dark field target can be inserted
in the focus of the probe beam. The target has to be small enough to
block a minimal amount of diffraction light, but large enough to block
out a significant amount of the probe light. A back on the envelope
calculation with a cloud width of 10µm and a probe beam mode width
at the atoms of 5 mm shows that the amount of light allowed to pass
to get the background signal down to the order of the actual signal is
≈ 10−6 or an ”OD” of 6. This is not an easy task because of the large
non-Gaussian tails of power around any beam due to imperfections.
Therefore, even in dark field mode, the pinhole is inserted to sort away
the remaining background signal.

The optimal dark field target would be a small dot on a 3 ” window,
but this has not been possible to obtain. Instead, a 500µm wide Allen
key is used. The main loss of signal is not due to the Allen key, but
instead to a limited numerical aperture, which is discussed further in
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Section 5.6.2.1.
It is possible to combine the dark field setup with more intricate re-

placements of the current pinhole, such as various masks or extremely
small pinholes, to select specific regions of interest in the cloud and
enhance sensitivity. This will require precision in the placement of
the pinhole relative to the intermediate cloud image, and any finite
resolution effects would have to be taken into account.

In dark field, the probe beam must be larger than the cloud since
the signal that ends up on the detector consists of the diffracted light
going around the atoms. This can be stated in a different, but equiva-
lent way. If the probe beam mode is comparable in size to the atomic
cloud, it is not possible to sort the two modes efficiently in the Fourier
plane. Consequently, a dark field setup must be constructed to be
compatible with the desired target size. The current setup will not
work for a cloud after TOF, which would require a larger probe beam
and a smaller dark field target.

The SPD signal is a 15 ns long square pulse, with a minimum down-
time of 35 ns after the pulse, which means the maximum detection rate
of photons is 20 MHz. However, if this rate is detected, it means that
a new photon must always be present just after the downtime is over,
and this requires an incoming rate of photons much larger than that.
In order to avoid overlap of photons, it is best to limit the detection
rate to a few MHz and preferably less than a MHz. Section 5.6.2.2
discusses how the data is captured and analyzed in the current setup.

5.6.2.1 Numerical aperture effects

The first numerical aperture which can cut off the diffracted light is
the vacuum chamber window and the first lens placed just behind
it. The distance from the atoms is 140 mm and the diameter of the
elements is 2 ”. It is very important that the imaging and probe light
exits the window and the first lens is centered, because the diffracted
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light follows the same path. No further improvements can be made
without rebuilding the vacuum chamber.

The diffracted light can be highly non-Gaussian in shape because
of the phase shift through the cloud. It is therefore not necessarily
collimated after the first lens. Throughout the rest of the setup, the
light passes through more 2 ” diameter optics. Some of the mirrors are
turned up to 45◦ which reduces the width by a factor

√
2.

Because the field mode depends both on the cloud and on the de-
tuning of the probe light, the loss of signal will change between spectra
and throughout the same spectrum, which can alter the physical pa-
rameters extracted. Simulations with Fourier optics by Ilja Zebergs
from our group [115] suggest the biggest effect comes from the rest of
the optical setup and not the vacuum window and first lens. This can
be seen in Figure 5.22 which shows the percentage of diffraction light
within a given diameter d from the center of the beam, denoted T , at
the vacuum window on the left and at the dark field target, one focus
length after the first lens, on the right. The second position is cho-
sen because it is simplest to simulate the electric fields in the Fourier
plane. The parameters used for the simulation mimic the values in a
typical experiment and are T = 152 nK, N0 = 200 k, Nth = 100 k, and
fx,y,z = 120, 120, 60 Hz.

The transmission is 0 at d = 0, as expected, and then quickly rises
as the radius is increased. Even at 1 ” diameter, essentially all the
signal makes it through the vacuum window. The part that makes
it through a 2 ” diameter at the dark field target must be close to
collimated, and it is assumed that the values here resemble the effi-
ciencies of the entire setup. The loss here is worse than at the vacuum
windows, indicating that the diffracted light has diverged further.

Detunings that are in a range close to resonance produce high-
resolution rings in the diffraction field (see Figure 4.6), and this ex-
plains why there is a dip in T at intermediary detunings. It is the plan
to upgrade all optical elements up to the shutter, where the light is
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Figure 5.22: A simulation of the dark field signal fraction making it through a
circular numerical aperture placed at the vacuum windows (left) and at the probe
field focus (right) for various aperture diameters d. Even if the cloud is in focus,
the dark field will not be collimated, and more signal is lost during the optical
setup, indicated by the bigger losses on the right. Especially at medium detunings
in the range 10 MHz ≲ |δ| ≲ 150 MHz, which coincides with the region with the
most rings in the phase-shift of the probe light over the cross section of the cloud.
The losses are frequency dependent and can mess with the measured spectra.

being focused again, from 2 ” to 3 ” diameter elements.

Because of the dependence on detuning, the Fourier optics simu-
lations are included in the analysis of the spectra by simulating the
loss at a calibrated radius and scaling the spectra accordingly (more
on that in Section 6.1).
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5.6.2.2 PicoScope

The square pulses from the SPD are picked up by a PicoScope 3000A,
which measures the voltage from the SPD and sends it to the main
computer as a 32-bit integer, which then extracts the arrival time of
each photon from the rising edges in the signal. After the time stamp
extraction, the voltage trace is deleted. To detect the 15 ns pulses, the
PicoScope records the voltage every 4 ns and the maximum recording
duration is 512 ms, limited by PicoScope’s memory. Extracting the
time stamps on the device and then transferring to the main computer
(a time-to-digital converter, TDC) would be far more efficient, but it
has not been possible to achieve this yet. The problem is the niche
of detecting counts with nanosecond resolution over, preferably, many
seconds.

A different option would be to detect several counts in pre-determined
time bins; however, this results in less freedom in re-binning the data
during analysis. It might still be the best option for very long traces
(more than half a second), while PicoScope could be used for higher
resolution and shorter measurements.

The communication between PicoScope and the main computer
happens over USB 3.0. USB 2.0 is too slow to transfer the voltage
traces within the cycle time of the experiment. The setup of PicoScope
also happens over the serial connection, and similar to the FlexDDS,
it is all handled by the main.py script. PicoScope is set to run in block
mode, which means a single trace of a fixed duration is taken when
triggered by ECS. The duration is read by the main computer from
the ECS run files.
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5.6.2.3 Analyzing SPD data

There are two main ways to analyze a list of time stamps7: binning
and maximum likelihood estimation (MLE). Binning is the simplest
and most efficient, but it is also prone to errors, while MLE analyzes
directly on the time stamp data without modifying the data, but it
is not as easily visualized. MLE is typically only necessary with low
signals.

Binning works by dividing the entire duration of acquisition into
intervals and counting how many events happened in each interval.
This can then be plotted to visualize data and fits to data. The prob-
lem with binning is that too few intervals will wash out fine structures
in the data, while too many intervals will struggle with the discrete
nature of counting. The Poisson noise in each bin is given by σ =

√
N

where N is the number of counts in the bin, and the goal is typically
to make σ less than the amplitude of differences to be measured in the
data. This requires a minimal number of counts in the data set and is
not necessarily achievable.

MLE analysis works by fitting a probability distribution PB(x) to
the data without binning, where x is a value in the domain of the time
stamps, such as time or frequency, and B = {bi} is a set of parameters
b1, b2, ... such as linewidth or resonance. The distribution must be
normalized ∫

D
PBdx = 1, (5.33)

where D is the domain on which the data was taken. A measure of
probability8 PS of observing the data set S = {xi} can be calculated

7The word ”time stamp” here refers to a list of measurements in general. In
this experiment, it will often be a list of frequencies of the probe laser at which a
photon arrived.

8Technically, the probability of observing exactly any given dataset is zero
because the domain is a continuous space.
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as a function of B

PS(B) =
∏

i

PB(xi). (5.34)

This number becomes extremely small quickly, and it is more practical
to use the logarithm of PS as a measure

log (PS(B)) =
∑

i

log (PB(xi)) (5.35)

The fit is now composed of choosing a set of parameters B such that
the value log (PS(B)) is maximized. This way of analyzing the data
does not involve the decision about bin widths, and it is stable with
much fewer counts than what is needed for binned data to behave
nicely. A downside is that the function PB(xi) has to be evaluated at
each time stamp xi, contrary to having to evaluate the function at each
bin. This can be problematic for a large data set, which can contain
millions to billions of counts. Luckily, MLE is only necessary for small
data sets, while binning works perfectly for very large data sets. If
the model to calculate PB is heavy, it can be sped up by calculating
the probability on a few values of x spaced over the entire interval and
then interpolating between them.

MLE analysis can also be applied to images to reach a higher pre-
cision and sensitivity on extracted cloud parameters [116].
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Non-destructive
measurements

Measuring spectroscopies with destructive imaging techniques is time-
consuming because each frequency requires the production of a new
cloud. It also introduces cloud preparation noise from shot to shot.
It was therefore decided to build a complementary detection setup
that could achieve many measurements on the same cloud. For such a
setup to function, it must possess sufficient time resolution to perform
measurements before significant decay of the cloud, and it must be
non-destructive. This was achieved with the single photon detector
setup (described in Section 5.6.2), and the results are presented in
this chapter.

The chapter is separated into two categories of non-destructive mea-
surements. The first is the measurement of spectroscopies presented
in Section 6.1, and the second is a collection of other measurements
made possible by non-destructive time-resolved data acquisition pre-
sented in Section 6.2.

141
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6.1 Spectroscopic measurements

The measurement of spectra forms the core outcome of this thesis,
providing not only intrinsically valuable results but also insight into
the broader capabilities and limitations of the experimental setup. The
results are discussed for both bright field and dark field, and illustrates
the strengths and weaknesses of each method.

6.1.1 F ′-state interference

Spectra for atom number and temperature estimation are taken mainly
on the blue detuned side of the peak. This is to avoid interference
with the |F ′ = 1⟩ exited state, which can happen if there is a small
population in the |F = 1,mF = 0⟩ state or if the polarization has a
small σ−-component.

If the reason is an impurity in the atom populations, the peaks will
reach comparable heights near the resonances where nearly all light
is absorbed, while an impurity in the light polarization will have a
relative peak height equal to the fraction of power in each polarization.
Moreover, an impurity in the polarization would also be able to detect
the |F ′ = 0⟩-state, which would otherwise require contamination to
the |F = 1,mF = −1⟩-state.

A broad dark field spectrum with about 300 k thermal atoms and
a small condensed component is shown at the top of Figure 6.1, with
the resonance of the two F ′-states indicated. Since both peaks reach
a similar height, and since the |F ′ = 0⟩-state is not visible, the main
reason behind the detectable |F ′ = 1⟩-state is most likely a small pop-
ulation in the |F = 1,mF = 0⟩-state.

In between the two resonances is a clear interference, which happens
because the phase shift from each transition has the opposite sign. The
canceling of the signal is greatest closest to the |F ′ = 1⟩ resonance
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Figure 6.1: Broad dark field signals with some impurity from the |F = 0⟩ →
|F ′ = 1⟩ transition for an almost pure thermal cloud (top) and an almost pure
condensed cloud (bottom). An interference between the two transitions cancels
the dark field signal in between and results in skewed peaks.

because the population in the |F = 1,mF = 0⟩-state is much smaller
than the population in the correct |F = 1,mF = 1⟩-state.

The same scan with about 200 k condensed atoms and a small ther-
mal component is shown at the bottom of Figure 6.1. The broad signal
from the BEC and the large and narrow signal from thermal atoms are
clearly distinguishable. The interference between the two transitions
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Figure 6.2: Four signals illustrating typical traces when measuring cloud param-
eters spectrally. Top left: N0 = 185 k, Nth = 18 k, and T = 62 nK. Top right:
N0 = 146 k, Nth = 290 k, and T = 239 nK. Bottom left: N0 = 75 k, Nth = 36 k,
and T = 75 nK. Bottom right: N0 = 0 k, Nth = 244 k, and T = 395 nK.

is still visible. More clearly seen here is the consequence of the blue
detuned side of the |F = 1⟩ → |F ′ = 1⟩ being steeper than the red
detuned side, and similarly but opposite for the |F = 1⟩ → |F ′ = 2⟩
peak. There are no other allowed transitions at δ > 0 since interac-
tion with the |F ′ = 3⟩ state has ∆F = 2. The steeper slope of the red
detuned side of the main peak will always be visible in the datasets to
some extent.

6.1.2 Cloud parameter measurements
The three cloud parameters N0, Nth, and T can be extracted non-
destructively from spectra by fitting the normalized transmission T .
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Moreover, the spectrally fitted parameters are not susceptible to er-
ror caused by the complicated cloud expansion dynamics discussed in
Chapter 3.

Figure 6.2 shows four examples of data acquired according to the
methods described in Section 6.1.3 for bright field and Section 6.1.4
for dark field. The top row is bright field results, and the bottom row
is dark field results, while the left side is cold BECs and the right side
is warmer clouds with many thermal atoms. The precise numbers are
specified in the caption. Bright field results are an average of 20 runs,
and dark field results are taken with a single run each. The pinhole
was 75µm in diameter for bright field and 150µm for dark field.

The dip in the signals in bright field and the peak in the signals
in dark field are clearly larger for hot clouds with more atoms, as
expected. The bimodal structure of the spectra is most clearly visible
in the cold dark field spectrum in the bottom left, with the narrow
central peak around δ = 0 being caused by the thermal component of
the cloud and the much broader structure being caused by the BEC.
The bimodal structure is less clear in the cold bright field spectrum
in the top left, partly because of a limited NA and partly because of
a worse signal-to-noise ratio.

The NA also causes the bright field signal to not approach T = 1
until at much larger detunings than shown here. The ”NA dips” in the
bright field signal are comparable in width to the dark field signals.
This is because the signal lost to the NA is, in fact, the diffracted
electric field measured directly by the dark field setup. It is therefore
necessary to take into account the NA aperture in the fitting model,
which is discussed in more detail in the calibration sections for bright
field and dark field below.

The NA also affects the dark field spectra, although it is less appar-
ent. It causes the ”dip” between the thermal peak and the shoulder at
δ ≈ 100 MHz in the bottom left plot to deepen, and the thermal peak
becomes narrower. The effect on the extracted cloud parameters is
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less severe than for bright field, but it is still necessary to compensate
for the NA in dark field.

For the extracted values to be accurate, a set of calibration pa-
rameters can be optimized across a subset of all datasets, called the
calibration set, by comparing the results to those from TOF measure-
ments, analyzed by the method described in Section 5.6.1.

A list of calibration parameters that have been considered is defined
in Table 6.1. Each parameter can have different effects on the spectra
depending on both cloud parameters and detuning. Some of the effects
of different parameters will overlap, and choosing too many parameters
can lead to over-fitting. It is not always immediately clear what effect
each parameter has on the spectra. The best optimization parameters
differs between BF and DF experiments. The choice of calibration
parameters was done by repeating the analysis of the spectra with
different calibrations and evaluating the impact and interplay of the
parameters. The process is discussed further for BF and DF separately
in their respective sections below (Section 6.1.3.1 and Section 6.1.4.1).

A calibration of Γ(ρ) would be a direct measurement of the induced
dipole-dipole interaction between atoms discussed in Section 4.2.3 and
would by itself constitute an interesting result. It was found that
calibration of the linewidth’s dependence on density was susceptible
to over-fitting, and even though the densities of the clouds are expected
to lead to some broadening, it was decided not to calibrate it.

Future datasets could be taken with the sole purpose of calibrating
Γ(ρ), with a frequency sweep completely avoiding the thermal com-
ponent of the spectrum near resonance and focusing specifically on
the further detuned, BEC part of the spectrum, which has the highest
spatial density. This would allow for much more data to be taken
since the frequencies of the probe are less destructive in this region,
and therefore ultimately a better calibration of Γ(ρ).

The calculations of normalized transmission used as the fitting func-
tion to the spectra is done on a cylindrical grid with radial coordinate
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Parameter Explanation

Cross-section scaling factor α
An alpha calibration similar
to [37].

Cross-section slope factor α′
The slope of a linear, spatially de-
pendent alpha calibration similar
to [38].

Power scaling factor β

A factor multiplied on the signal.
It is not the efficiency of the setup,
which has already been taken care
of by using normalized transmis-
sion.

Aperture radius RNA

The radius of the aperture used
to estimate numerical aperture
effects as discussed in Sec-
tion 5.6.2.1. The aperture would
be placed at the DF target.

Radius of in-trap image of the
pinhole R∗

ph

Essentially the magnification M
of the imaging setup since R∗

ph =
Rph/M where Rph is the real pin-
hole radius.

Resonance ω0
The resonance frequency. Can ei-
ther be calibrated or fitted.

Γ(ρ)

The local dependence of linewidth
on the density of atoms. The
function would be specified as a
list of linewidths Γi(ρi) at a list of
densities ρi, and interpolation is
performed in between.

Table 6.1: A list of possible calibration factors to optimize before extracting cloud
parameters from spectra.
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Figure 6.3: The cylindrical grid on which the cloud spectra are calculated. The
figure shows only the points on the grid with z = 0, but there is a similar grid at
each different value of z which takes the same values as r.

r, longitudinal coordinate z along the probe beam, and angle around
the z axis θ, and only in the positive quadrant and within the in-trap
image of the pinhole with radius R∗

ph (0 ≤ r ≤ R∗
ph, 0 ≤ θ ≤ π/2,

and 0 ≤ z ≤ R∗
ph). There are 9 angular points and 58 radial points.

The values for z are the same as the values for r. The radial and
longitudinal points are spaced closely within the first 12µm, which is
just outside the region with rings in the phase-shift for all clouds. This
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radius is kept constant to avoid technical problems with the minimizer
function when fitting cloud spectra. Figure 6.3 illustrates the r, θ part
of the grid, where the markers are the points used for calculating in-
tensities by integrating through the cloud over the z-variable, and the
areas surrounding them are used for integrating the intensities over r
and θ to eventually get to T .

The grid is chosen to strike a balance between complexity and ef-
ficiency. The simplest grid would be a Cartesian grid, but this is
very inefficient since most of the atoms are tightly packed around the
center, whereas a cylindrical grid automatically decreases the sample
density as the radius increases. The most efficient grid would use el-
lipsoidal coordinates shaped by the trap frequencies with continuously
varying sample density in the radial coordinates. This would, however,
complicate the column density calculations. Depending on the speed
necessary for future applications, it might be valuable to revisit the
grid.

6.1.3 Bright field
The data acquisition sequence for bright field measurements is shown
in Figure 6.4, which shows the SPD trace of an example in the top and
a labeling of the different sections in the bottom. The sequence is a
combination of SPD measurements and TOF measurements, which is
possible because the SPD measurements are non-destructive. Before
the sequence starts, the probe power is turned on and stabilized, but a
shutter keeps it from entering the science chamber. The magnetic field
rotates to 3.7 G along the probe propagation direction. The first step
is the opening of the shutter, which can take a few milliseconds. Data
is then acquired, typically for about 80 ms (the exact duration depends
on the FlexDDS sweep and can vary by a few hundred microseconds)
during what is called interval A. Then, the atoms are released in time
of flight for 30 − 38 ms, which varies for different clouds, with the
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Figure 6.4: The data acquisition sequence for bright field measurements. The top
shows an example of the SPD trace during the measurement, and the bottom labels
the different sections of the sequence. Three sections are labeled A, B, and C and
are the measurement of the spectrum of the cloud, the probe power measurement,
and the background power measurement.

coldest ones needing the longest expansion time. Each pixel in an
image must be kept below an OD of ≈ 3 to reduce errors in the atom
number and temperature estimation, but also well above the noise
of the background. During the TOF, the magnetic fields are rotated
from the Z-direction along the probe beam to the X-direction along
the imaging axis. The atoms are repumped from |F = 1⟩ to |F = 2⟩
in the last 500µs before absorption imaging. The first two images
of the imaging sequence (described in Section 5.6.1) follow the TOF.
After the atoms are gone, the probe light and all other beams used
during the first acquisition are turned on again to measure the probe
intensity with the background signal. When the probe is turned on
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this time, the power stabilization has not yet set in, resulting in an
initial burst of the maximum power accessible. This is used to check
that the power is not saturated, in which case the power stabilization
would not work. A waiting period is inserted to allow the power
stabilization to reach a constant value, after which the background plus
probe power is extracted. This is called interval B. The probe field is
then turned off, but all other beams are left on, and the background is
extracted after another wait time in what is called interval C. Finally,
the third and fourth images of the imaging sequence, used to estimate
the background in the images, are taken, during which all laser beams
are turned off. The wait time at the beginning of intervals B and C
can be shortened in future measurements if needed.

Because bright field data have a high background signal during data
acquisition, it is necessary to accumulate the data over many runs. A
bright field dataset is taken by repeating the same experiment multiple
times and then using the TOF images to estimate the number of atoms
in each run by summing over the column densities in each pixel within
the thermal and BEC ROIs. The dataset is then sorted into subsets
within which a maximum relative variation in atom number of ±10%
is allowed. The data displayed in Figure 6.4 has on average 146 k BEC
atoms, 290 k thermal atoms, and T = 239 nK, and the data is taken
with a pinhole diameter of 75µm. The dataset includes 20 runs.

The signal during interval A is called Patom, the signal during in-
terval B is called P0, and the final signal for background power during
interval C is called Pbg. These three subsets of the dataset are used
to calculate the normalized transmission

T = Patom − P̄bg

P̄0 − P̄bg
, (6.1)

where the bar indicates an average. The normalized transmission of
this particular dataset is shown in the top right panel in Figure 6.2.
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6.1.3.1 Calibration of bright field

The calibration factors α and α′ are always calibrated to the expected
values and are therefore omitted. This can be explained by the low
power of the probe [117]. The power factor β must be 1 for the tails of
T to approach 1, which they must because the spectra are normalized
to a measurement without atoms. It is therefore not used in bright
field.

The aperture radius RNA is necessary to calibrate the bright field
spectra. The simulation of the effect caused by a finite aperture is
done using the dark field signal, because it is the diffracted light that
gets blocked. This gives a transmission of the dark field signal TDF
and must be translated into a transmission of the bright field signal
TBF. The consequence of a numerical aperture is a larger intermediate
image of the cloud through the pinhole, and assuming the pinhole
covers all of this image, the loss of energy from the blocked diffracted
field must be the same as the loss of energy through the pinhole. This
gives the relation

TBF = 1 −
(
1 − TDF

)TDF

TBF
. (6.2)

The final fraction rescales the signal from dark field to bright field.
The RNA parameter is not a perfect representation of the setup, and

will function as an effective radius. It will be able to cover both real
aperture effects and some of the approximations made in the model,
such as the approximation analogous to the thin-lens approximation
made in the propagation of light through the clouds, the negligence of
bosonic effects in the light-atom interaction, or the assumption that Γ
is independent on density.

The in-trap pinhole radius R∗
ph is also calibrated, and is a sensitive

parameter in bright field. It scales the absorbed light relative to the
light making it through the pinhole and would be equivalent to a power
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Figure 6.5: Calibration of bright field. The red dashed lines show the expected
spectra with R∗

ph = 1
2

140 mm
200 mm · 75 mm = 26.25 mm and RNA = ∞. The blue

solid lines show the spectra after calibration of the two parameters such that all
four measured spectra match the closest. The second panel from the top shows
the coldest cloud and is not perfectly calibrated with the TOF-measured cloud
parameters.

factor in dark field, assuming the pinhole covers the entire intermediate
cloud image.

The resonance is calibrated once, and separately from the other
calibration parameters, because there is no covariance between them.
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Finally, Γ(ρ) is not calibrated, even though a discrepancy from the
6.065 MHz probably occurs at the high densities in the experiment
due to the light-induced dipole-dipole interaction. This is to avoid
over-fitting.

The calibration is done on four clouds, by calculating the expected
spectrum using TOF images and then varying the two parameters
RNA and R∗

ph to minimize the discrepancy between the expected and
measured spectrum. The points are chosen to span different types of
clouds, and to specifically contain one cloud with a high number of
BEC to get a sensitive measure of the NA. The calibrated clouds are
indicated with triangle markers in later figures.

The result of the calibration is depicted in Figure 6.5. The red,
dashed lines show the expected spectrum without calibration. The
blue, solid line shows the spectra after calibration (but still without
fitting the cloud parameters). All four points were simultaneously
calibrated. The second panel in the figure still shows a discrepancy,
probably because the BEC fraction was too high for TOF imaging
to extract the correct numbers. Notice how the red, dashed lines
quickly approach T = 1 when detuned, while the blue calibrated lines
correctly correct the missing signal at high detuning.

The calibrated value for R∗
ph was 27.6µm, which should be com-

pared to the expected value of 26.2µm. It is thus slightly larger, which
is the expected direction if the cause is imperfections in the imaging
optics.

The NA was calibrated to be RNA = 6.77 mm, which is smaller than
expected from 2 ” optics. Either it points to the presence of misjudged
or unnoticed obstacles in the imaging path, or it is a consequence of
the effective model that is used to calculate the effects. It should be
noted, however, that the value has been very consistent throughout
different calibrations and datasets.
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Figure 6.6: Two examples of the fitted spectra to data. The temperature increases
from top to bottom. The top panel has N0 = 64 k, Nth = 8.7 k, T = 46 nK,
fx = 93.7 Hz, fy = 71.8 Hz, and fz = 40.5 Hz. The bottom panel has N0 = 191 k,
Nth = 104 k, T = 159 nK, fx = 117.5 Hz, fy = 114.6 Hz, and fz = 57.5 Hz.

6.1.3.2 Spectral fitting of bright field

Each dataset is binned to have roughly 2000 counts per bin, which
results in relative Poisson noise of 2%. The value is chosen to be most
optimal for the very coldest clouds since they are the most sensitive.
The spectra are fitted by calculating the numerical aperture effects
using the TOF image parameters first and then fitting the cloud with
the numerical aperture transmission curve held constant. The NA
transmission curve is then updated by the spectrally fitted parameters.
This is repeated four times in total. The NA transmission curve cannot
be a direct part of the fitting routine because it is too slow. With four
iterations, a fit takes about 1 min to complete.
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Examples of two fitted cloud spectra are shown in Figure 6.6. The
top panel shows a warmer and larger cloud with a BEC fraction of
87%, and the bottom panel shows a colder and smaller cloud with a
BEC fraction of 65%. The rest of the parameters are specified in the
figure caption. The model agrees excellently with the measured traces.

The full dataset is taken with a wide range of trap frequencies,
atom numbers, and preparation sequences to probe different regions
and test the robustness of the spectral fitting routine. TOF images are
always evaluated with the method described in Section 5.6.1.1, which
fits the chemical potential and the temperature.

The spectrally fitted values of N0 versus the measured values using
TOF imaging are displayed in Figure 6.7. A dashed line shows the
expected one-to-one relation, and the markers are colored according
to their BEC fraction.

While the data follows the correct trend, the extraction of con-
densed atom numbers from these spectra is very noisy. The dominant
reason is most likely the numerical aperture, which disturbs the signal
enough to wash out the small dip in signal caused by the small cross-
section of the BEC component. With a better spatial resolution (that
is, a larger NA), the pinhole could have been chosen to more precisely
match the image of the cloud and thus achieve a better signal-to-noise
ratio.

Figure 6.8 shows the comparison of spectrally fitted Nth and the
value extracted from TOF imaging. Again, a dashed line shows the
expected one-to-one relation, and the markers are colored according to
their BEC fraction. The points generally follow the expected dashed
line over a wide span, but divergences start to happen for the clouds
with a condensed fraction above ≈ 70%. The reason is expected to
be erroneous fits of the TOF images, which can no longer resolve the
thermal component well and can be substantially influenced by the
repulsive BEC forces discussed in Chapter 3. The resonant light is
also not well suited to image the high optical densities of the BEC,
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Figure 6.7: Spectrally fitted number of condensed atoms plotted against the TOF
imaging extracted number. The color indicates the BEC fraction of each point.
The triangle markers are the four points used for calibration. A dashed line follows
the 1:1 relation.

even after expansion. Another contribution to the discrepancy is the
assumption in the fits of the spectra that Γ is independent on spatial
density.

Figure 6.9 plots the spectrally fitted temperature against the value
extracted using TOF imaging, with the dashed line showing the one-
to-one relation and the color of the markers indicating the BEC frac-
tion. The temperature is, in general, the most stable fitting parameter
and is not as affected by calibration as the atom numbers. It follows



158 Chapter 6. Non-destructive measurements

0 50 100 150 200 250 300
Nth ( 103) - absorption imaging

0

50

100

150

200

250

300

N
th

 (
10

3 )
 - 

sp
ec

tra
l f

it

0.0

0.2

0.4

0.6

0.8

1.0

B
EC

 fr
ac

tio
n

Figure 6.8: Spectrally fitted number of thermal atoms plotted against the TOF
imaging extracted number. The color indicates the BEC fraction of each point.
The triangle markers are the four points used for calibration. A dashed line follows
the 1:1 relation.

the expected curve well, but similar to the thermal atom numbers,
some divergence happens for the coldest clouds in the bottom left.
When the condensed fraction is above ≈ 70%, the disagreement is ap-
preciably larger than for warmer clouds, which is consistent with the
results seen for the thermal atom numbers.

It is meaningless to plot the spectrally obtained BEC fraction against
the temperature and compare the results to the semi-ideal model in
eq. 2.21, because the spectral fit uses that model and would always
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Figure 6.9: Spectrally fitted temperature plotted against the TOF imaging ex-
tracted value. The colorbar indicates the BEC fraction of each point. The triangle
markers are the four points used for calibration. A dashed line follows the 1:1
relation.

yield results on the theoretical curve. What can be done instead is
to use the thermal atom numbers and temperatures extracted from
the spectra together with the total number of atoms calculated as the
sum over the column densities in the TOF images, which specifically
does not involve any fitting, to achieve a measure of BEC fraction ver-
sus temperature. The result of that analysis is shown in Figure 6.10,
where the gray area between two dark gray curves shows the upper and
lower theoretical semi-ideal curves for the range of all atom numbers
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Figure 6.10: The BEC fraction versus temperature. The spectrally fitted temper-
ature and thermal atom number were combined with the TOF imaging extracted
total atom number to estimate the BEC fraction. The gray area and dark gray
dashed lines indicate the area in which the semi-ideal model predicts all data points
lie, given the range of trap frequencies and atom numbers.

and trap frequencies in the dataset.

There is great agreement between the theory and the measurement,
with the highest fraction reaching up to 95% BEC. The exception is a
couple of unexplained outliers above the curve. This kind of measure-
ment illustrates the useful potential of combining non-destructive and
destructive measurements to obtain more knowledge than by using
any of them in isolation.
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Figure 6.11: The data acquisition sequence for dark field measurements. The top
shows an example of the SPD trace during the measurement, the middle shows a
trace during the probe power measurement without atoms and a pinhole, and the
bottom labels the different sections of the sequence. Three sections are labeled A,
B, and C and are the measurement of the spectrum of the cloud, the probe power
measurement, and the background power measurement.

6.1.4 Dark field
Dark field data acquisitions follow the same sequence as bright field,
except a separate measurement without the dark field target must be
performed to get P0. Dark field datasets are not accumulated because
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a single run contains enough data to fit the models. The sequence
is illustrated in Figure 6.11 with the SPD trace of a pure thermal
cloud with 251 k atoms and a temperature of 409 nK shown as an
example. The pinhole is always chosen to be much larger than the
cloud to avoid any possible complications, but small enough to block
most of the remaining probe light after the dark field target. A pinhole
diameter of 150µm is almost always a good choice and was used in all
dark field datasets. The background magnetic field was 0.24 G along
the probe beam for all dark field measurements. The top panel shows
a measurement with dark field, and the middle panel shows the same
measurement sequence but without a dark field target and without
atoms. The pinhole in the second measurement was 75µm to avoid
saturation of the SPD.

Intervals A, B, and C of the measurement with dark field and
atoms (top panel) gives Patom, PDF

0 . and Pbg respectively. The B-
interval of the measurement without dark field and atoms (middle
panel) gives P0. The value of P̄0 has to be scaled properly to match
the powers of the first measurement because the pinholes were dif-
ferent. With the pinholes used here, the multiplication factor is 4.
It is only necessary to measure P0 once and then use this value for
many datasets, unless the probe power was updated. The normalized
transmission is calculated from these as

T = Patom − P̄DF
0

P̄0 − P̄bg
. (6.3)

The result of this particular analysis can be seen in the lower right
panel of Figure 6.2.

6.1.4.1 Calibration of dark field

The calibration factor α was always calibrated to be near unity and
was therefore deemed unnecessary. Similarly, α′ was always calibrated
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Figure 6.12: Calibration of dark field. The red dashed lines show the expected
spectra with β = 1 and RNA = ∞. The blue solid lines show the spectra after
calibration of the two parameters such that all three measured spectra match the
closest.

to be near 0 and was also omitted. This can be explained by the low
power of the probe [117].

The power factor β seems to be necessary when using dark field,
which consistently gives a lower signal than expected from a perfect
setup. This factor is calibrated together with the numerical aperture
RNA.
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As was also the case for bright field, the RNA parameter is not a
perfect representation of the setup, and will function as an effective
parameter, covering both real aperture effects and some of the approx-
imations made in the model, e.g., the approximation analogous to the
thin-lens approximation made in the propagation of light through the
clouds, the negligence of bosonic effects in the light-atom interaction,
or the assumption that Γ is independent on density.

The in-trap pinhole radius is not calibrated since the only effect of
this parameter in dark field would be to scale P0 and is thus equiv-
alent to β. The resonance is calibrated before anything else and is
independent of all other parameters. Finally, while it is expected that
the value of Γ changes depending on atom density, this is not cali-
brated because it is prone to over-fitting, especially when combined
with RNA.

The dark field calibration was done on three clouds chosen to span
a range in temperature and atom numbers, but most importantly,
to include at least one point with a high number of BEC to get a
sensitive measure of the NA. The three clouds are shown as triangular
markers on the upcoming plots. The parameters β and RNA were
varied, and the resulting expected spectrum from the TOF images was
calculated. This was used to find and minimize the difference between
the expected and measured curves on all three spectra simultaneously.

The result of the analysis is shown in Figure 6.12, where the dashed,
red curves show the expected spectra without calibration and the solid,
blue curves show the theoretical spectra with the calibrated parame-
ters. The results of the calibration was β = 0.607 and RNA = 7.23 mm.

The power factor is the scaling of the normalized transmission and
is therefore not related to the efficiency of the setup directly. Instead,
it gives how much more of the diffracted signal is lost compared to
the probe light, after some of the loss has been accounted for by the
NA. It also takes care of errors in calculating the in-trap probe inten-
sity P0, which can, for example, be modified by small deviations in
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the magnification of the setup. Ideally, the factor should be close to
1; however, the calibrated value is somewhat lower than anticipated.
After the installation of the 3 ” imaging optics in the near future, this
can potentially be revisited.

The calibrated numerical aperture is also smaller than expected. It
is about 7% larger than the value found for bright field. Just before
taking the data for dark field, the probe field propagation was opti-
mized to exit the vacuum window through the center, which could be
connected to the small increase in numerical aperture. Overall, the
value for the numerical aperture in bright field and dark field seems
to agree on the same, relatively low value.

6.1.4.2 Spectral fitting of dark field

Dark field spectra are fitted with the same routine as bright field
spectra. That is, the NA effects are calculated from the TOF imaging
extracted cloud parameters, then the normalized transmission T is
fitted to the data, and the NA effects are recalculated. The fit is
performed four times in total, with the NA updated each time.

Three examples of fitted dark field spectra are shown in Figure 6.13,
where the BEC fraction decreases from top to bottom, and with the
specific cloud parameters specified in the caption. The dotted part of
the fitted green line indicates the red-detuned region of the data that
is excluded from the fit to avoid influence from the |F ′ = 1⟩-state.

The dark field spectra are much richer in structure than the bright
field counterparts because of the phase shift. The model can replicate
those features to some extent. Most notable is the ”shoulder” that
appears around 100 − 200 MHz in the two top panels, which contain
BEC. The model is, however, not able to replicate the coldest cloud
data (top panel) for moderate detunings between the resonance and
the shoulder. This is probably a combination of NA and broadening
effects on the linewidth, which were not taken into account.
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Figure 6.13: Three exemplary fits of dark field spectra. The cloud temperature
increases from top to bottom. The top panel has N0 = 156 k, Nth = 31 k, T =
67 nK, fx = 85.8 Hz, fy = 55.0 Hz, and fz = 48.9 Hz. The middle panel has
N0 = 148 k, Nth = 56 k, T = 121 nK, fx = 109.7 Hz, fy = 98.6 Hz, and fz =
62.6 Hz. The bottom panel has N0 = 0 k, Nth = 259 k, T = 418 nK, fx = 126.9 Hz,
fy = 124.3 Hz, and fz = 67.6 Hz.

TOF images are always evaluated with the method described in
Section 5.6.1.1, which fits the chemical potential and the temperature.

Figure 6.14 shows the extracted condensed atom numbers compared
to the TOF imaging estimated numbers. The results are significantly
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Figure 6.14: Spectrally fitted number of condensed atoms plotted against the TOF
imaging extracted number. The color indicates the BEC fraction of each point.
The triangle markers are the four points used for calibration. A dashed line follows
the 1:1 relation.

better than the outcome from bright field in Figure 6.7. Once again, a
disagreement appears around 70% BEC fraction, but it is even clearer
here than in any of the previous plots. Notice how the split from the
1-to-1 line is independent of the number of condensed atoms, but is
instead given specifically by the condensed fraction. This indicates,
as previously, that the main problem is not the spectral fits but the
extraction of parameters from very cold clouds using TOF imaging.
The assumption that Γ is independent on spatial density is most likely
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Figure 6.15: Spectrally fitted number of thermal atoms plotted against the TOF
imaging extracted number. The color indicates the BEC fraction of each point.
The triangle markers are the four points used for calibration. A dashed line follows
the 1:1 relation.

also contributing to the discrepancy.
The measured values of Nth with the two methods are compared in

Figure 6.15 and also shows remarkable results. There is great agree-
ment between the methods over a wide range except, as always, for
clouds with more than 70% condensed atoms.

Finally, the temperature measured with spectra is compared to the
temperatures measured with TOF images in Figure 6.16. Again, the
two methods agree well over a large range of cloud parameters, and
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Figure 6.16: Spectrally fitted temperature plotted against the TOF imaging ex-
tracted number. The color indicates the BEC fraction of each point. The triangle
markers are the four points used for calibration. A dashed line follows the 1:1
relation.

similar to bright field, the temperature is the most stable parame-
ter. Clouds with more than 70% condensed fraction continue to give
disagreement between the two methods.

To conclude, the spectral method works excellently for extracting
all three parameters N0, Nth, and T in a wide range of scenarios. It
appears to work better than TOF imaging for very cold clouds with
more than 70% BEC, which is most likely a consequence of three
factors: the expansion of the cloud is significantly affected by the
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repulsive forces of BEC at this fraction, the thermal component is
hidden behind the BEC component and is hard to fit, and the high
optical density is poorly imaged with resonant light.

6.2 Time resolved measurements

The SPD setup can be used to obtain time-resolved measurements
on a single cloud. This was exploited to extract useful information
from the experiment much quicker than what is possible with absorp-
tion imaging. This section presents the most useful applications of
this method that have been realized so far, outside the measurement
of spectra. The four use-cases are trap frequency measurements pre-
sented in Section 6.2.1, Rabi oscillations presented in Section 6.2.2,
state preparation dynamics presented in Section 6.2.3, and paramet-
ric sweeps presented in Section 6.2.4. While not exhaustive, this list
of applications illustrates the method’s potential to enhance a broad
spectrum of measurements. See, for example [42] for a recent appli-
cation of time-resolved measurements to extract complex dynamical
parameters from ultracold bosonic clouds.

6.2.1 Trap frequencies

Trap frequencies are mostly measured in the cODT. In this trap, an
oscillation can be initiated by pulling the cloud with a magnetic QP
field and then quickly releasing it. The direction of the pull can be
controlled by moving around the QP center with background magnetic
fields by varying the currents in the shim coils. It gives the best data
quality if the oscillation is initiated in only one direction at a time,
although it is possible to measure several frequencies at once if more
oscillations are initiated simultaneously.
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Figure 6.17: Trap frequency measurement in the Z-direction by imaging the po-
sition of the cloud after 38 ms TOF. The experiment was repeated with different
durations after the oscillation was initiated, and required the production of a new
cloud for each point.

The trap depth of a cODT is relatively low, especially in the vertical
direction at low powers. If the cloud is pulled too hard initially, it
can enter the anharmonic region of the trap, and this will reduce the
lifetime of the oscillation. For the lowest powers in a cODT, this is
almost impossible to avoid.

It is beneficial to evaporate to a relatively pure BEC and then
increase the dipole powers again to the desired value before measuring
trap frequencies, because this increases the precision of the measured
cloud position.

Trap frequencies can be measured with absorption imaging by ini-
tiating an oscillation and then releasing the cloud from the trap at
various points in time after the initiation. This technique measures
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Figure 6.18: Trap frequency measurement with the SPD setup. The cloud is partly
blocked by the pinhole, and the oscillation translates to an oscillating signal. The
decay of the atoms is subtracted (illustrated on the top), and the frequency of the
residual is fitted (bottom). The data was taken on a single cloud.

the oscillation of the momentum of the cloud instead of the position,
but it has the same frequency as the in-trap oscillation. An example
of such a measurement can be seen in Figure 6.17 with both dipole
beam powers set to 500 mW. The data shows the horizontal positions
of the cloud relative to the average position, obtained by fitting a
Thomas-Fermi distribution to the images taken from the X-direction.
The frequency measured here is thus the Z frequency and the result
is 2π · 77.84 Hz. The dataset is comprised of 12 runs. The main lim-
itation is that the data points have to be taken close enough to get
a full resolution of the oscillation, but many oscillations need to be
included in the scan to get better accuracy. The measurements could
be improved by taking a second set of data separated by a couple of



6.2. Time resolved measurements 173

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
25

50

75

100

125

150

tra
p 

fr
eq

ue
nc

y 
(H

z)

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
dipole power (W)

10

0

10

re
si

du
al

 (%
)

Figure 6.19: Trap frequencies versus dipole beam power. Both dipole beams were
set to the same power. Red points are the X frequency, green points are the Y
frequency, and blue points are the Z frequency. The data is fitted with a numerical
model, and the relative residual from the fit is shown in the bottom panel.

periods.
An alternative way to measure trap frequencies is with the SPD

setup. By placing the pinhole edge to cover half the cloud, any os-
cillation in the position orthogonal to that edge will be translated
into an oscillating SPD signal. Figure 6.18 shows such a measurement
using a single run, where the oscillation is now in the vertical direc-
tion. The dipole powers are the same as those from Figure 6.17. The
beat frequency is 7 GHz giving a probe detuning of about 160 MHz.
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This section uses the dark field setup. More data can be accumulated
with more runs if needed. The top part of the figure shows the raw
binned signal from the SPD during the oscillations, where the probe
power is set just low enough for the cloud to survive longer than the
oscillations. The signal is fitted with a series of straight lines interpo-
lated between 7 points shown with crosses, which is then subtracted
to get the pure oscillation seen in the bottom panel. This data is then
fitted with an exponentially decaying sinusoidal to extract the trap
frequency 2π · 111.36 Hz. The SPD data is able to catch the entire
lifetime of the oscillation in a single run and is thus both faster and
more accurate than the absorption imaging method. Unfortunately,
the lifetime of the oscillations in the cODT is relatively short, which
is the main limiting factor for improving this measurement.

It is also possible to use the SPD to measure the oscillations along
the probe beam direction because the focus of the cloud would vary
slightly, which modulates the signal going through the pinhole. The
effect is smaller than any of the transversal directions and requires a fit
of all oscillation directions at the same time to extract the longitudinal
frequency, and this makes it necessary to accumulate more data to be
able to separate the three frequencies. It is thus both simpler and just
as fast to use absorption imaging to measure the frequency in that
direction.

The faster measurement of trap frequencies, at least in two of the
three directions, allows for the measurement of trap frequencies at
more dipole powers. The top panel of Figure 6.19 plot the trap
frequencies measured in the cODT at powers between 230 mW and
500 mW and with the same power in both beams. The X (horizon-
tal and transverse to the probe beam) and Y (vertical) frequencies
were measured with the SPD, and the Z direction (along the probe
beam) was measured with absorption images. The Y -frequency starts
to decrease drastically towards the lowest powers, indicating that grav-
itational sag is becoming significant, while the X and Z frequencies
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decrease more slowly throughout the full dataset. At high powers, the
Y frequency becomes the largest because both beams are trapping in
that direction, while only one beam contributes to the potential in
each horizontal direction.

The measured frequencies were fitted with a numerical model of
the trap frequency. Section 5.2.3 gives the equations for the poten-
tial of a dipole trap, but the trap frequencies are only given without
the gravitational potential included because it requires a numerical
model. The model used here works in two steps. It first finds the
trap minimum position, which is offset by gravity, and then estimates
the trap frequencies by a numerical second derivative around the min-
imum position. The input parameters are the two beam powers and
the four waists. The beams are assumed to overlap perfectly and to be
perfectly focused on the atoms. By fitting this model to the data, four
waists were extracted. The result was wx

0,y = 82.3µm, wx
0,z = 79.6µm,

wz
0,x = 68.5µm, and wz

0,y = 74.0µm. The values are close to, but
slightly larger than, the expected waists as discussed in Section 5.2.3.5.
The fit is able to mimic the data very well. The relative residuals from
the fit are plotted in the bottom panel of Figure 6.19. The absorption
imaging trap frequencies have a slightly higher relative noise than the
SPD measured trap frequencies, possibly because fewer periods of the
oscillation were covered with the absorption images.

6.2.1.1 Maximum likelihood fit to trap frequencies

This section investigates the limit of counts needed to fit trap frequen-
cies if the MLE fit is used to analyze the data (see Section 5.6.2.3 for
how MLE fitting works). The dataset is the one displayed in Fig-
ure 6.18 with the same fitting routine, which fits the background as
an interpolation between points and then fits the oscillations on top.

To analyze the limit of counts needed to fit trap frequencies, a
random sample of N points is drawn from the list of timestamps of
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Figure 6.20: Randomly removing counts from the dataset displayed in Figure 6.18
to test the least signal needed to fit trap frequencies with MLE. Each point is an
average of 50 repetitions. Dashed lines illustrate the ±1% band around the fitted
value in Figure 6.18 (solid line). The dashed lines are crossed below 300 counts
per peak.

photon detections. This is done 50 times for each value of N and for
50 different values of N , between 100 counts in total and 69443 counts
in total (the full dataset). The mean and the standard deviation of
all the trap frequencies from the MLE fits are plotted in Figure 6.20
for each value of N , except the full dataset, which would yield the
same result each time, as a function of counts per period. One period
is taken to be T = 1/111.36 Hz = 8.98 ms, which comes from the fit
shown in Figure 6.18. The starting guess is deliberately set to be off
to test the stability and accuracy of the fit and is indicated with a
black dashed line. A green solid line shows the 111.36 Hz value and
two dashed lines show a ±1% interval around that. At a 300-count
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Figure 6.21: An attempt to fit a 300 counts per peak instance with histograms
instead of the MLE method.

period, the standard deviation starts to cross the ±1% boundaries.
Figure 6.21 shows an attempt to repeat the analysis with his-

tograms, but with only 300 randomly selected points. As can be seen,
there are not enough counts to meaningfully bin the data. By repeat-
ing this analysis 50 times as well, the results varied by ±30%. This
illustrates how MLE fitting can push the boundary of counts needed
in an experiment.

With only 300 counts per period of 8.98 ms, and if it is assumed
that 10 counts per lost atom can be achieved, which is well within rea-
sonable limits considering the results in Figure 4.4, the trap frequency
in a cloud with 200 k atoms can be measured for a full minute until
all atoms are gone because of the probe light. That is, the bottleneck
in trap frequency measurements with the SPD is not the destructiv-
ity of the probe field, but the lifetime of the atoms in the trap itself
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Figure 6.22: A measurement of a Rabi oscillation between the two F -states in the
S1/2-manifold. Only |F = 1⟩ is visible to the detector, and the signal oscillates
together with the population in that state. Top: the raw signal and the fitted
background. Bottom: the residual from the background and a decaying sinusoidal
fit.

or the lifetime of the oscillations. To get around oscillation lifetime,
the frequency could be initiated multiple times with the same cloud,
perhaps even with changing experimental parameters in between.

6.2.2 Rabi oscillations

Rabi oscillations can be measured live with the SPD if the oscilla-
tions are between states such that only one of them is visible to
the probe. The results in this section measure oscillations between
|F = 1,mF = 1⟩ and |F = 2,mF = 2⟩ in the S1/2 manifold. The MW
signal is turned on at the start of the measurement on a constant fre-
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Figure 6.23: The measured Rabi frequencies against various MW detunings from
the nulled magnetic field resonance. The data is fitted with the formula for gen-
eralized Rabi frequency, shown in the top panel, and the residuals from the fit are
shown in the bottom.

quency, and the signal is fitted in the same way as trap frequencies in
Section 6.2.1 and a constant magnetic field offset is applied along the
probe beam in the Z-direction. In this section, the probe frequency
was resonant, which is not optimal for signal-to-noise ratio, meaning
more signal could have been acquired with a larger detuning. This
section uses the dark field setup.

Figure 6.22 illustrates an example of a Rabi frequency measure-
ment with 42 repeated runs for accumulated data and with an almost
pure BEC cloud. The analysis is the same as for trap frequency mea-
surements, where the background is fitted with a set of straight lines
(top panel) and the signal on top of the background is fitted with
a decaying sinusoidal (bottom panel), but the signal is in principle
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more complicated and would follow eq. 4.42 for T with a sinusoidally
varying atom number in |F = 1,mF = 1⟩. This can be seen clearly in
the top panel, where a saturation effect results in a more rounded top
of the oscillation signal. However, the extracted frequency will still
match the Rabi frequency well.

The decay of the Rabi oscillation is partly due to decoherence ef-
fects and partly due to non-classical effects described by the Jaynes-
Cummings model [118], and longer acquisitions show revival of the
signal in agreement with the Jaynes-Cummings model. This should
be investigated further.

Figure 6.23 shows the fitted Rabi frequencies at different MW fre-
quencies on the top and the residuals from a fit with the generalized
Rabi frequency

√
δ2

MW + Ω2
0,MW, where δMW is the MW detuning and

Ω0,MW is the resonant Rabi frequency. The resonance is estimated
to be 1334.9 ± 0.6 kHz, which can be translated to a magnetic field
of 635.7 ± 0.3 mG. More precise measurements can be achieved with
more MW frequencies, but the main bottleneck at this point is the
temporal drift in the magnetic field, which is possibly comparable to
the current precision.

6.2.3 State preparation

The 87Rb atoms in the experiment start in the |F = 2,mF = 2⟩ state
until they are cold enough to be trapped in a pure cODT, after which
they are transferred adiabatically to |F = 1,mF = 1⟩ with a MW fre-
quency sweep. This transfer can be monitored with the SPD because
the atoms are transferred between a visible and an invisible state.
To do this, the probe beam should be turned on at the beginning
of the MW, and the probe frequency should be constant and ideally
far-detuned for minimal destruction.

Measurements were performed on a very cold BEC with dark field.
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Figure 6.24: Live measurements of state manipulation of atoms on single clouds.
All state transfers are labeled, with numbers indicating the values of mF , a mark
indicating the atoms being in the |F = 2⟩-state, and no mark indicating atoms in
the |F = 1⟩-state, all in the S1/2 manifold. Top panel: a MW sweep crosses the
resonance from below, transferring the atoms from an invisible to a visible state of
the probe. Bottom panel: the MW frequency sweeps from above all resonances to
below all resonances and back. It crosses several transitions, resulting in multiple
peaks in the signal.

Non-ideally, the probe frequency was resonant for all measurements in
this section. Measurements were performed on a single cloud. The sig-
nal on the SPD while sweeping the MW across the |F = 1,mF = 1⟩ →
|F = 2,mF = 2⟩ resonance can be seen in the top panel of Figure 6.24.
The MW frequency was swept from δ = 0 to δ = 1 MHz over 50 ms,
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where δ = 0 is the zero magnetic field resonance for the transition.
There was a small bias magnetic field during the measurement along
the probe beam. The signal on the SPD is essentially zero at the be-
ginning of the sweep until about 32 ms and a MW frequency detuning
of 640 kHz. At 34 ms or a MW detuning of 680 kHz, the transfer is
over. The resonance will be somewhere in between the two values, but
because the signal does not scale linearly with atom numbers at this
probe frequency, it will not be exactly in the middle. The transfer on-
set and completion frequencies would correspond to a magnetic field
of 305 mG and 324 mG, respectively. A more precise value could be
obtained with a larger probe detuning or by using eq. 4.42 to model
the signal.

The bottom panel of Figure 6.24 shows what happens if the MW
sweep is performed from above instead. This time, the sweep lasted
100 ms and went from δ = 2.5 MHz to −δ = 2.5 MHz. It was then
reversed over another 100 ms back to δ = 2.5 MHz. The sweep has
now crossed a total of 12 allowed transitions, giving rise to 6 peaks
in the SPD signal. Each peak is labeled with the three mF values
the atoms go through, and a mark indicates a state in the |F = 2⟩
manifold. The magnitude of the signal decreases between the peaks
because of a change in the resonance frequency of the probe laser, a
change in Clebsch-Gordan coefficients, and the lifetime of the atoms.

6.2.4 Parametric sweeps
Non-destructive live detection can be used to measure the effect of
time-varying parameters. There are countless ways to achieve this,
and this section shows only one.

By performing a MW sweep across the |F = 1⟩ ↔ |F = 2⟩ reso-
nance from below, the atoms can be transferred from an invisible to
a visible state for the probe light. This can be seen in the top of Fig-
ure 6.24. The position of the rising edge can be used to calculate the
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Figure 6.25: Live measurement on a single cloud of a continuous transfer between
invisible and visible atomic states to the probe light while slowly ramping the
background magnetic field. Top panel: the signal during the data acquisition. On
top is a step-wise fit to extract the time of transition and thus the background
magnetic field at that moment. Middle panel: the MW frequency sweeps. Green
markers show the time and MW frequency when a transition occurs. Bottom panel:
the current in the coils generating the magnetic field, which is slowly increased
throughout the scan.

resonance and thus the magnetic field. By sweeping the MW frequency
down again, the atoms will be transferred back into the invisible state
|F = 2⟩, and a second magnetic field measurement is achieved.
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Figure 6.26: The extracted background magnetic fields from the measurement in
Figure 6.24 as a function of the current in the shim coils. The data is fitted with
a straight line.

If the MW field is continually swept up and down, the magnetic
field can be monitored over time. In this example, the current in the
shim-Z coils was ramped slowly while the MW-triangle sweep was
active, and with a constant probe frequency turned on. The cloud is
a pure 50 k BEC cloud, and the sweep is performed once. The result
is shown in Figure 6.25, where the SPD signal is displayed in the top
panel, the MW frequency scan is displayed in the middle panel as a
detuning from the nulled B-field resonance frequency, and the shim-Z
current scan is displayed in the bottom panel.

The SPD detector signal is fitted separately for each combined up-
down MW sweep interval. The function has 5 parameters, which are
the background signal, the signal just after the rising edge, the signal
just before the falling edge, and the two positions in time of the rising
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and falling edges. The function models the edges as instant transfers
between the powers and thus effectively fits the middle of the edges.
The MW frequencies at the fitted moments of the rising and falling
edges are plotted in the second panel as green points on top of the
MW sweep curve.

As the magnetic field increases, the MW frequency has to scan
further up from below before crossing the resonance, and less down
from the maximum frequency to cross the resonance from above. The
”square” peaks in the SPD data will therefore shrink in width as the
scan continues, and the dots in the second panel of the figure will move
upwards.

Figure 6.26 plots the moments of resonance crossings translated
into the magnetic field values versus the shim-Z current. The data is
fitted with a straight line, which comes from the low B-field Zeeman
shift with zero residual magnetic field in the X- and Y -direction. The
slope gives the shim coil calibration value 1.57 G/A.

6.2.4.1 Maximum likelihood fit to magnetic field sweeps

Similar to the analysis done in Section 6.2.1.1, the lower limit of counts
needed to measure the magnetic field sweep of Section 6.2.4 was in-
vestigated by randomly drawing a smaller sample of the dataset and
fitting with the MLE method. For each number of counts, the ran-
dom selection and fitting were performed 50 times. The mean and
standard deviation of the fitted shim coil calibrations are plotted in
Figure 6.27, with a solid green line indicating the result from Sec-
tion 6.2.4 and dashed green lines indicating a ±5% band around the
solid line.

In this case, to stay within ±5%, a minimum of about 1500 counts is
needed in total. By once again assuming it is possible to get 10 counts
per lost atom, taken conservatively from the results in Figure 4.4, this
would make it possible to repeat the measurement about 130 times on
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Figure 6.27: Re-analysis of the live magnetic sweep measurements with a random
subset of all the photon detections and the MLE method. Each total number of
counts is sampled 50 times, and the markers show the average value, while the
error bars show the standard deviation. A solid green line shows the previous
result from Section 6.2.4 and dashed green lines show a ±5% interval around it.

a single 200 k condensed atoms cloud, although the loss during MW
sweeps would reduce this number significantly. This analysis appears
to need more data than a trap frequency measurement (Figure 6.20).
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Conclusion and outlook

This thesis presents three main results. First, a detailed analysis of
the free-fall expansion of bimodal clouds was carried out, taking into
account the repulsive forces between atoms in-trap. This analysis en-
hances the accuracy of absorption imaging after time-of-flight (TOF)
and complements previous work in the group on the statistics of ab-
sorption images [12]. Second, a new detection method was developed
for extracting cloud parameters, N0, Nth, and T , using spectra in-
stead of spatial resolution. This method, originally conceived as a
side-product of a broader goal to measure light-induced dipole–dipole
broadening, constitutes an essential step towards future experiments.
Third, the experimental apparatus itself has been significantly restored
and upgraded, with improved stability, reduced cycle times, and the
implementation of a phase-locked laser system.

Cloud expansion
The repulsive interactions between condensed and thermal atoms in a
bimodal gas reshape the thermal distribution and alter the expansion
profile of the cloud during TOF. If ignored, these interactions intro-
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duce systematic errors in the estimation of temperature and atom
numbers. Because no analytical expression exists for the expansion,
simulations are required. The simulations assume ballistic expansion,
neglecting interactions during TOF, and then compare the result to a
Bose-enhanced fit to estimate errors in data analysis.

The simulations presented in this thesis reveal errors on the order
of 10%, depending on TOF, temperature, and trap geometry, with
only weak dependence on the total atom number. The dominant fac-
tor determining the error magnitude is the relative size of the BEC
compared to the thermal cloud.

The simulation can also be employed directly as a fitting model.
When applied to experimental data, it yielded better agreement with
the semi-ideal model [29] than Bose-enhanced fits. However, fitting
each cloud with the simulation required approximately ten minutes,
making it significantly slower and more complex than the Bose-enhanced
fit. Thus, while the simulation-based model offers higher precision, it
is best suited for cases where accuracy is paramount.

Spectral detection
A detailed model of light propagation through ultracold clouds was
developed. While the underlying atom–light interaction theory is well
established, the spatial distributions of atoms in thermal, condensed,
and bimodal clouds were found to produce richly structured spec-
tra. These spectra can be fitted to extract cloud parameters without
the required spatial resolution for resolved images. Because a spec-
trum requires far fewer data points than a two-dimensional image,
the required probe-light exposure is drastically reduced compared to
absorption imaging. Moreover, since most spectral regions are far de-
tuned, the number of absorbed photons, and thus the destructiveness
of the measurement, is significantly lower than in resonant detection
methods.
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The non-destructive nature of spectral data acquisition enabled the
combination of spectral measurements with TOF absorption imaging,
allowing for the extraction of more information than either method
may provide alone. This was illustrated with bright-field spectra,
which were used to measure the condensed fraction as a function of
reduced temperature, showing good agreement with the semi-ideal
model up to 95% condensate fraction. A measurement that would be
challenging with absorption imaging alone.

Dark-field spectra were also investigated, providing sensitivity to
both absorption and phase shifts. The model reproduced these spectra
with high accuracy. Because of their sensitivity to phase shifts, dark-
field spectra are well suited for detecting light-induced dipole–dipole
broadening. In particular, the spectral contributions from condensed
and thermal atoms are sufficiently distinct to enable measurements
focused on the densest regions of the cloud, with reduced interference
from the thermal atoms. Furthermore, the rich spectral structures
could provide enhanced sensitivity to a variety of effects, such as atom-
number fluctuations between thermal and condensed components, or
deviations from the two-level single-atom interaction model, including
collective many-particle effects like sub- and superradiance.

The use of weak probe light enables time-resolved spectral mea-
surements. This was demonstrated for well-understood cases such as
trap-frequency measurements. In future work, this technique can be
built upon to measure more novel effects, such as the lifetime of Ra-
man Rabi frequencies and its dependence on cloud parameters, which
may be used as a tool to probe many-body physics.

Additionally, continuous spectroscopic probing of a single cloud
could be employed and used to monitor atom numbers and tempera-
tures across the evaporation trajectory, including through the critical
temperature.
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Electromagnetically induced transparency

A setup with two phase-locked lasers was built to implement electro-
magnetically induced transparency (EIT). The effect was measured
and characterized with high controllability. The system was origi-
nally conceived to enhance sensitivity to light-induced dipole–dipole
broadening. However, the method was found to require higher preci-
sion than measurements of absorption spectra, and the need for longer
dephasing lifetimes of the second ground state made this application
unfeasible for measuring the highest density regions of the cloud. At
present, EIT is therefore not in use for this purpose, but the setup
remains a versatile tool for precise control of probe-laser frequencies.

A promising application of EIT is the measurement of optical Rabi
frequencies and excited-state lifetimes. Conventional Rabi oscillation
measurements are constrained by the requirement that the Rabi fre-
quency exceed Γ, the natural linewidth of the excited state. This
limitation can be circumvented by measuring Raman Rabi oscilla-
tions instead. In this case, the two-photon oscillations still reflect
the excited-state lifetime, but decay much more slowly because only a
small fraction of atoms occupy the excited state at any given time [88–
90]. This approach could improve Rabi measurements and provide a
tool for probing density-dependent many-particle effects [119].

More generally, EIT can enhance sensitivity to perturbations of the
two ground states. For example, it could be employed to measure mag-
netic fields with optical light fields, overcoming the limited precision
imposed by the 2π ·6 MHz linewidth of the excited state. Both narrow
transmission windows and far-detuned Raman absorption peaks could
be utilized for such measurements.
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Additional outcomes
The experiment has undergone substantial improvements and upgrades.
The cycle time has been reduced from approximately 1.5 minutes to
30 s, enabling faster data collection and experimental progress. The
stability of the setup has been significantly improved compared to the
start of my PhD, and condensates of up to 300 k atoms can now be
produced in a crossed optical dipole trap (cODT). The waists of the
cODT can be tuned, with a minimum waist of 15µm, although the
smallest-waist configuration requires daily optimization of the beam
overlap. Such tighter waists provide higher atomic densities, facilitat-
ing studies of density-dependent effects.

A combined camera and single-photon detector (SPD) setup with
the option of inserting a dark-field target was also constructed. This
setup has proven invaluable, substantially accelerating data collection
by enabling the acquisition of many data points within a single ex-
perimental cycle. While originally designed to measure spectra, it has
also facilitated other tasks such as trap-frequency and magnetic-field
measurements.

Finally, a new three-inch optics system was added to one of the
cameras and the SPD. Although not yet thoroughly tested, it has al-
ready shown improvements in the acquired data. This enhancement is
expected to substantially benefit future measurements of light-induced
dipole–dipole effects by improving spectral data quality.

Final remarks
The work in this thesis builds upon the group’s previous focus on
refining and advancing data-acquisition methods in ultracold atom
experiments [12, 78]. The spectral detection method developed here
is a significant result in its own right, while also serving as a stepping
stone towards the next generation of experiments. In particular, the
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detailed understanding of dark-field spectra developed in this work will
be invaluable for both the design of new experiments and the analysis
of future data.

On a personal note, the PhD has provided me with substantial
growth in technical, academic, organizational, and physics-related skills,
which will undoubtedly be of great value in both my professional ca-
reer and personal life. The work environment in Jan Arlt’s group and
at Aarhus University has offered academic freedom, strong support,
and stimulating discussions with a diverse and inspiring community.
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