UvA-DARE (Digital Academic Repository)

Bose-Einstein condensates in radio-frequency-dressed potentials on an atom
chip
van Es, J.J.P.
Publication date
2009
Document Version
Final published version

Link to publication
Citation for published version (APA):
van Es, J. J. P. (2009). Bose-Einstein condensates in radio-frequency-dressed potentials on
an atom chip. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:06 Jan 2023

Bose-Einstein condensates
in radio-frequency-dressed potentials
on an atom chip

Bose-Einstein condensates
in radio-frequency-dressed potentials
on an atom chip

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magniﬁcus
prof. dr. D.C. van den Boom
ten overstaan van een door het college voor promoties ingestelde
commissie, in het openbaar te verdedigen in de Agnietenkapel
op dinsdag 13 januari 2009, te 12:00 uur

door

Johannes Joris Pieter van Es
geboren te ’s-Gravenhage

Promotiecommissie:
Promotor:
Copromotor:

prof. dr. G.V. Shlyapnikov
dr. N.J. van Druten

Overige leden:

prof. dr. T. Gregorkiewicz
prof. dr. E.A. Hinds
prof. dr. ir. P. Kruit
prof. dr. K.A.H. van Leeuwen
dr. R.J.C. Spreeuw
prof. dr. J.T.M. Walraven

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

ISBN: 978-90-5776-186-7

The work described in this thesis is part of the research program of the
“Stichting voor Fundamenteel Onderzoek der Materie” (FOM),
which is ﬁnancially supported by the
“Nederlandse Organisatie voor Wetenschappelijk Onderzoek” (NWO).
It was carried out at the group
“Quantum Gases & Quantum Information”
Van der Waals-Zeeman Instituut, Universiteit van Amsterdam,
Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands,
where a limited number of copies of this thesis is available.
A digital version of this thesis can be downloaded from
http://www.science.uva.nl/research/aplp

Contents

1 Introduction
1.1 Historic perspective . . . . . . . . . . . . . . . . .
1.1.1 Conception of Bose-Einstein condensation
1.1.2 Technological advances . . . . . . . . . . .
1.2 Cooling and trapping of neutral atoms . . . . . .
1.3 Atom chips . . . . . . . . . . . . . . . . . . . . .
1.4 The Celsius experiment . . . . . . . . . . . . . .
1.5 This thesis . . . . . . . . . . . . . . . . . . . . . .
2 Theoretical background
2.1 Introduction . . . . . . . . . . . . . . . . . . . .
2.2 Magnetic trapping . . . . . . . . . . . . . . . .
2.2.1 Basic principles . . . . . . . . . . . . . .
2.2.2 Atom-chip magnetic traps . . . . . . . .
2.2.3 Realistic trapping ﬁelds . . . . . . . . .
2.3 Radio-frequency dressed potentials . . . . . . .
2.3.1 The rf-dressed potential . . . . . . . . .
2.3.2 RF magnetic ﬁeld . . . . . . . . . . . . .
2.3.3 Character of the rf-dressed potential . .
2.4 Electrostatic manipulation . . . . . . . . . . . .
2.5 Properties of trapped ultracold gases . . . . . .
2.5.1 In-trap longitudinal density distributions
3 Atom chip fabrication and characterization
3.1 Introduction . . . . . . . . . . . . . . . . . .
3.2 Design considerations . . . . . . . . . . . . .
3.3 Fabrication protocol . . . . . . . . . . . . .
3.4 Wire pattern design . . . . . . . . . . . . . .
3.5 Wire characterization . . . . . . . . . . . . .
3.5.1 Thickness and surface properties . .
3.5.2 Chip wire resistance . . . . . . . . .
3.5.3 Inter chip wire resistance . . . . . . .
3.5.4 Magnetic potential roughness . . . .
3.5.5 Thermal properties . . . . . . . . . .
3.5.6 Chip wire breakdown . . . . . . . . .
3.6 Summary and conclusion . . . . . . . . . . .
v

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.

1
1
2
3
4
5
6
7

.
.
.
.
.
.
.
.
.
.
.
.

9
9
9
9
11
13
16
17
19
21
22
23
23

.
.
.
.
.
.
.
.
.
.
.
.

25
25
25
27
30
32
32
34
35
36
38
41
43

vi

4 Experimental setup
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . .
4.2 Overview of the experiment . . . . . . . . . . . . . .
4.2.1 Vacuum system . . . . . . . . . . . . . . . . .
4.2.2 Magnetic ﬁeld coils . . . . . . . . . . . . . . .
4.2.3 Lasers . . . . . . . . . . . . . . . . . . . . . .
4.2.4 Atom chip mount . . . . . . . . . . . . . . . .
4.2.5 Dispenser . . . . . . . . . . . . . . . . . . . .
4.2.6 Absorption imaging system . . . . . . . . . .
4.3 Experiment automation . . . . . . . . . . . . . . . .
4.3.1 Computer control hardware . . . . . . . . . .
4.3.2 Computer control software . . . . . . . . . . .
4.4 DDS rf generation . . . . . . . . . . . . . . . . . . . .
4.4.1 Introduction . . . . . . . . . . . . . . . . . . .
4.4.2 Hardware conﬁguration . . . . . . . . . . . . .
4.4.3 Programming . . . . . . . . . . . . . . . . . .
4.4.4 Radio-frequency signal characteristics . . . . .
4.5 Experimental cycle — trapping and cooling sequence
4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . .

CONTENTS

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

5 Longitudinal character of atom-chip-based rf-dressed
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Radio frequency dressed potentials . . . . . . . . . . .
5.3 Experimental setup . . . . . . . . . . . . . . . . . . . .
5.4 Experimental results . . . . . . . . . . . . . . . . . . .
5.4.1 Eﬀect of magnetic ﬁeld variations . . . . . . . .
5.4.2 Longitudinal dipole oscillations . . . . . . . . .
5.4.3 Beam-splitters for Bose-Einstein condensates . .
5.5 Summary and Conclusion . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

potentials
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

6 Matter-wave interference
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Background information . . . . . . . . . . . . . . . . . . . .
6.2.1 Interfering atoms . . . . . . . . . . . . . . . . . . . .
6.2.2 The interference pattern . . . . . . . . . . . . . . . .
6.2.3 The phase of the macroscopic wave function . . . . .
6.2.4 Properties of the double-well potential . . . . . . . .
6.3 Experimental optimization . . . . . . . . . . . . . . . . . . .
6.3.1 General procedure . . . . . . . . . . . . . . . . . . .
6.3.2 Bare-trap dynamics after switch-oﬀ of the rf dressing
6.3.3 Spin distribution . . . . . . . . . . . . . . . . . . . .
6.4 Matter-wave interference . . . . . . . . . . . . . . . . . . . .
6.5 Summary and outlook . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

45
45
46
46
47
49
49
50
51
51
51
53
57
57
57
58
62
63
65

.
.
.
.
.
.
.
.

67
68
69
71
73
73
76
79
82

.
.
.
.
.
.
.
.
.
.
.
.

85
85
86
86
87
88
89
90
90
91
93
95
101

CONTENTS

vii

A The rf-dressed potential

103

References

106

Summary

123

Samenvatting

125

Dankwoord

129

Publication list

131

viii

CONTENTS

1

Introduction

This thesis deals with experiments on clouds of ultra cold (μK) rubidium gas
trapped in magnetic ﬁelds. At such low temperatures rubidium has some remarkable
properties. Amazingly, in these experiments the rubidium does not solidify, but
stays a gas. Even more surprisingly, at this low temperature, quantum statistics
and the bosonic nature of the rubidium starts to play a role. That is: all the
atoms collect in the lowest-energy state and start to show collective behavior, as
one big quantum-mechanical object. This state of matter is called a Bose-Einstein
condensate (BEC) and in our experimental setup we make, manipulate and study
it. This thesis deals especially with experiments in which we manipulate BoseEinstein condensates through both static and radio frequency (rf) magnetic ﬁelds
in microscopic potentials produced on a microfabricated chip.
Experiments like these are relatively complicated as they involve a fair amount
of technology and experience to get them working. So before concentrating on the
details of our particular setup this introductory chapter gives some background information about the physics and especially about the technology involved. First, in
Sec. 1.1 we discuss the historic developments that led to the idea of Bose-Einstein
condensation as well as some important inventions such as the laser and microfabrication in the semi-conductor industry. Section 1.2 introduces the research ﬁeld
of cold neutral atoms and mentions some of the developments that led to the production of the ﬁrst BEC. In Sec. 1.3 we discuss the device that we use to create
magnetic ﬁelds and that is essential to our experimental setup: the atom chip. Section 1.4 provides some more information about the experimental setup. After a
short description of a typical experiment, the history of the setup is described and
the relation of this thesis to other results is indicated. This chapter concludes with
an outline of the remainder of this thesis.

1.1

Historic perspective

The developments described in this section have had a profound inﬂuence on both
physics and everyday-life. Often they were important enough to be acknowledged
with Nobel prizes. As a matter of fact, the press-releases from the Royal Swedish
Academy of Sciences accompanying the prizes served as an excellent source of information for this chapter. They make interesting reading for those interested in many
1
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of the most important developments in physics since 1900 [1–6].

1.1.1

Conception of Bose-Einstein condensation

At the end the of 19th century German physicist Max Planck was trying to ﬁnd a
rigorous derivation and a good physical understanding of Wien’s law for black-body
radiation [7]. After working on the subject for some time, Planck found that he
had to determine the entropy, and to determine the entropy he needed to count
the number of ways a given amount of energy can be distributed among a certain
number of oscillators. To be able to do the counting, Plank divided the energy up
into portions, for which he introduced a new constant, h [8].
Now we look at this moment as the start of a new kind of physics, quantum
physics, but at the time the quantization of energy was just seen as a mathematical
trick and was not regarded as a new founding principle. There was no doubt that the
nature of light was continuous due to diﬀraction and interference behavior. Light was
wave-like and surely did not come in lumps. As time would go by and understanding
of light would improve, physics would surely do away with the quantization again,
at least that was the idea. Even when Einstein got the Nobel prize in 1921 for
the discovery of the law of the photoelectric eﬀect the majority of physicists still
considered light as a wave phenomenon, despite the fact that the photoelectric eﬀect
can be regarded as a manifestation of the quantum nature of light [9].
In 1924 the Indian physicist Bose, however, did think of light as consisting of particles and developed a new statistics for them. The idea of light particles (photons)
was still not without controversy, as can be seen from the fact that the scientiﬁc
journal ‘Philosophical Magazine’ rejected the work of Bose for publication [10]. He
sent his work to Einstein who recognized its importance. Einstein personally made
sure the work of Bose got published [11] and also generalized the work of Bose to
identical particles with nonzero mass with the number of particles conserved [12–14].
The Bose-Einstein distribution function is


N (E) =
exp

1
E−μ
kB T



−1

,

with kB Boltzmann’s constant, T the temperature E the energy and μ the chemical
potential∗ . This distribution coincides with the classical (Boltzmann) distribution
at high temperatures, but at very low temperatures it has the peculiar property that
in a sample of atoms for a given total energy, the entropy is maximized if there were
a substantial fraction of the atoms in the ground state, and inﬁnitesimal fractions of
the atoms in each of the discrete excited states. The substantial fraction of atoms
in the ground state is called the Bose-Einstein condensate or quantum degenerate
gas [15].
Experimental veriﬁcation of the Bose-Einstein condensate remained absent for a
long time. Only in 1938 Fritz London suggested to interpret the HeI–HeII transition
as a Bose-Einstein condensation [16]. The experimentally measured temperature of
∗

Taking μ = 0 gives the distribution function for photons.
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the transition point of 2.19 K coincides rather well with the theoretical value of
3.1 K. But we now know that the strong interactions of the atoms in this system
complicate the behavior and only about 9% of the atoms is in the condensate [17,18].
It would take until 1995 before dilute atomic vapors, systems with weak interactions,
could be cooled to suﬃciently low temperatures, in order to realize Bose-Einstein
condensation in a well-controlled experimental system [6, 19–23].

1.1.2

Technological advances

Microelectronics
The transistor was invented in 1947, and in 1956 William Bradford Shockley, John
Bardeen and Walter Houser Brattain received the Nobel prize for “their researches
on semiconductors and their discovery of the transistor eﬀect” [1,24]. It marked the
start of the age of solid-state electronics replacing the vacuum tube as an electronic
component. The maximum number of these tubes in machines was limited to about
a thousand due to their size, reliability and their energy consumption. With the
smaller, more reliable and more energy eﬃcient transistors, more complex machines
were possible as they could be applied in greater numbers. However the complexity
of machines was still limited by the number of transistors as they all had to be
connected, typically by making solder connections [5].
The interconnection problem was solved by the invention of the integrated circuit.
In 1958 Jack Kilby showed that it was possible to fabricate all discrete electrical
components needed for an oscillator in semi-conductor materials like silicon and
germanium. As obvious as it may seem now, at the time it was a bizarre idea to
not only use expensive silicon for transistors but also for passive components that
could be made of other, cheaper, materials [25, 26]. Robert Noyce also worked on
the integration of electrical components in silicon. He showed that the electrical
components in silicon could well be connected with deposited aluminum strips as
aluminum adheres very well to both silicon and silicon oxide [27]. This method
would become the standard in the industry for many years to come.
Between the early days around 1960 and today the semiconductor industry has
made unbelievable progress. The feature size has decreased from 5 μm in the late
1960s [28] to 65 nm today [29]. Layers only several atoms thick can be made reliably
and materials purity is controlled in the ppb range [5].
Lasers
The invention of the laser can be dated to 1958 with the publication in Physical
Review of a paper with the title ‘Infrared and Optical Masers’ by Schawlow and
Townes [30]. The essence of their idea was that the principles of the maser could be
extended to the optical region of the electromagnetic spectrum. They applied for a
patent and received it in 1960. In 1964 Townes shared the Nobel Prize in Physics
with A. Prokhorov and N. Basov for “fundamental work in the ﬁeld of quantum
electronics which has led to the construction of oscillators and ampliﬁers based on
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the maser-laser principle” [2]. In 1981, Schawlow also received the Nobel Prize, together with Nicolaas Bloembergen for “their contribution to the development of laser
spectroscopy” [3]. The acronym laser (Light Ampliﬁcation by Stimulated Emission
of Radiation) is attributed to Gordon Gould, a graduate student at Columbia University, who wrote it in his notebook in November 1957 together with a description
of the essential elements of the device. He introduced the term to the public in a
conference paper in 1959 [31].
In 1960 Theodore Harold Maiman constructed the ﬁrst laser. The then-new
Physical Review Letters summarily rejected his report of making an “optical maser”
as “just another maser paper.” Maiman therefore wrote a short report which was immediately accepted for publication in Nature where it appeared August 6, 1960 [32].
Maiman later published a more detailed analysis of the ﬁrst working laser in Physical
Review [31, 33].
Around 1957 Kroemer presented the ﬁrst worked-out proposal for a better transistor using a heterostructure. A heterostructure is a combination of 2 or more
dissimilar semiconductor layers. These semiconductor materials have unequal band
gaps. By using multiple (thin) semiconducting layers, one can tune the band gap,
electron aﬃnity and work function and the properties of the transistor improved. In
practice this meant faster transistors (up to ≥ 100 GHz) and less noise [5].
Kroemer and Alferov independently suggested the principle of the double heterostructure laser in 1963 [34]. In this type of laser both the charge carriers and
the photons are conﬁned to the heterostructure making for more eﬃcient lasing.
Initially it was impossible to reliably fabricate these structures, but in 1970 the ﬁrst
heterostructure lasers were made having considerably lower threshold current, and
the possibility of continuous operation without additional cooling [5]† .

1.2

Cooling and trapping of neutral atoms

As already mentioned in Sec. 1.1.1, Bose-Einstein condensation was achieved for the
ﬁrst time in dilute atomic vapors in 1995 [19–23], ﬁnally conﬁrming the predictions
that Einstein had made 70 years earlier. This achievement had become possible
as a result of developments in the ﬁeld of laser cooling and trapping of neutral
atoms [35–37] that had started in 1975 with a proposal by Hänsch and Schawlow [38].
A few highlights of the developments since then are listed below.
The Ioﬀe-Pritchard magnetic trap is used often nowadays in experiments with
cold neutral atoms. It was suggested in 1983 by Pritchard [39] and is similar in
design to traps developed by Ioﬀe [40]. It has harmonic conﬁnement in all directions
and a non-zero ﬁeld in the potential minimum at the center, which makes it a good
alternative for quadrupole traps in which atoms are lost because of the absence of
a ﬁeld in the potential minimum.
The magneto-optical trap (MOT), suggested by Dalibard [35], was realized ﬁrst
†

In our experimental setup we use diode lasers. Although the double heterostructure laser was
surpassed by more advanced types of diode lasers in the 1980s and 1990s, our setup would surely
look very diﬀerent without the work by Kroemer and Alferov.
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by Raab et al. [41] in 1987. It uses a small spatially varying magnetic ﬁeld to
make the light force on the atoms position dependent yielding a much deeper trap
(0.4 K) than a purely magnetic trap, allowing atoms to be collected from a room
temperature gas and cooled to the μK regime. The MOT soon became the starting
point of numerous experiments employing cold atoms.
Early on it was realized that laser cooling could possibly provide a route to
BEC [42], but along the way it turned out that laser cooling alone was insuﬃcient
due to atomic recoil caused by photon (re)scattering. Some additional way of cooling
the atoms without lasers and increasing phase space density was needed. The missing technique turned out to be evaporative cooling. In evaporative cooling atoms
with an energy higher than average are removed from the trap by continuously reducing the trap depth. The remaining atoms re-equilibrate through collisions to a
lower temperature [43]. The technique was ﬁrst proposed by Hess in 1986 [44] for
hydrogen and later successfully applied to trapped gases of alkali atoms [45]. Until
today, evaporative cooling also remains an indispensable tool for reaching quantum
degeneracy.

1.3

Atom chips

The experiments with cooled and trapped alkali atoms that led to Bose-Einstein
condensation in 1995 were performed using traps made with cm-sized electromagnetic coils. In the beginning of the 1990s it was realized that miniaturizing the
magnetic trap would allow for tighter traps since magnetic ﬁeld gradients scale as
1/r2 with r the distance from the ﬁeld generating element. In 1995 Weinstein and
Libbrecht proposed the ﬁrst conservative three-dimensional magnetic trapping potential with miniaturized conductors in a single plane which could be intregrated
on an electronic chip [46]. In 2001 quantum degeneracy was reached also in these
micro-fabricated traps [47, 48].
These traps, called atom chips, guide atoms above a surface much like electrons
are guided through conductors in conventional electronic chips, and have proven
themselves as powerful tools in cold atom research [49–51]. They oﬀer a number of
advantages over the conventional BEC experiments. The tighter magnetic conﬁnement shortens the experimental cycle time and relaxes the demands on the quality
of the vacuum. Furthermore it is relatively easy on an atom chip to scale up from
one magnetic trap to arrays containing many traps [52–55]. Atom chips also oﬀer
the possibility of integrating diﬀerent atom optical elements such as waveguides,
beam splitters and interferometers. Apart from magnetic traps it has been shown
that electrodes for electrostatic manipulation [56] and optical ﬁbers and cavities for
single atom detection [57–61] can be integrated on a chip.
The fabrication of atom chips beneﬁts tremendously from techniques developed
in the semiconductor industry over the last decades. They contain μm-size magnetic
structures on a planar substrate typically several cm2 large. Normally these structures are current-carrying wires that support current densities up to 1011 A/m2 [62]
and that are fabricated in speciﬁc patterns to make particular magnetic poten-
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tials [63–65]. Instead of wires sometimes magnetic ﬁlms are used, while hybrid
chips try to combine both current-carrying wires and permanent magnetic material [66–69]. Atoms are trapped at a distance between several micrometers and several hundred micrometers from the surface. Near the surface (<10 μm) the trapped
atoms suﬀer from currents induced by Johnson noise and the attractive CasimirPolder potential [70, 71], while at large distances ( 100 μm) the advantage of the
strong magnetic conﬁnement is lost.
After having secured their own niche in cold atoms research, the prospects of
atom chips are excellent. Atom chips employing current-carrying wires are very well
suited for studying (nearly) one-dimensional quantum gases. The magnetic ﬁeld
gradient of a wire is used to increase the conﬁnement such that in the transverse
direction only the ground state is populated. The weakly interacting 1D Bose gas
has recently been realized on our own and other atom chips [72, 73] and eﬀorts
to also make the strongly interacting gas [74–77] are still continuing. 1D systems
attract much attention because they allow exactly solvable models to be compared
to experiments.
Radio-frequency-dressed potentials‡ are becoming a popular tool in atom chip experiments [78–84]. These potentials come about when the Zeeman states of trapped
atoms are actively coupled by radio-frequency radiation. They have become popular
because rf-dressed potentials can be given shapes that are diﬃcult to achieve with
static potentials, such as a double-well potential. Such elongated double-well potentials allow studies of the intriguing coherence properties of (nearly) 1D gases [72,82].
The use of rf-dressed potentials is not limited to atom chips, but the close proximity
of the ﬁeld producing elements to the atoms, makes it especially easy to create large
amplitude radio-frequency magnetic ﬁelds on atom chips.
Finally, atom chips are mentioned in relation with quantum information processing (QIP). In recent years signiﬁcant progress has been made in the coherent control
of atom clouds on atom chips [85]. The addition of state-dependent control enabled
by rf-dressed potentials [80] and the easy scalability of atom chip potentials [55] are
interesting for QIP applications [86, 87].

1.4

The Celsius experiment

This thesis describes the development of, and experiments performed using the Celsius setup (Chip Experiment for Low-dimensional Strongly Interacting Ultracold
Systems) initiated in 2002 at the University of Amsterdam. The setup involves a
single-chamber ultra-high vacuum (UHV) system. The atom under study is the boson 87 Rb that is brought into the system by resistive heating of dispensers mounted
inside the vacuum system. A simple laser setup containing 3 diode lasers delivers
the 780-nm light for laser cooling. After laser cooling the atoms are trapped in
the magnetic ﬁeld of an atom chip with current-carrying wires. On the chip the
‡

These potentials are referred to in the literature as adiabatic potentials or rf-dressed adiabatic
potentials or rf-dressed potentials. We feel that the rf-dressing is the most noticeable feature
distinguishing them from static magnetic potentials, so we call them rf-dressed potentials.
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atoms are evaporatively cooled to BEC. Resonant absorption imaging after ballistic
expansion is used to detect the atoms.
In 2002, Aaldert van Amerongen was the ﬁrst graduate student to work on the
project. Starting with an empty lab (locally known as C513), he achieved magnetooptical trapping in November 2003. Around that same time the author of this thesis
started as the second graduate student on the project beginning with fabrication
of the atom chip. During 2004 and 2005 buildup continued and the ﬁrst BEC was
produced in April 2006 on an atom chip of the third generation. The remainder
of 2006 measurements were performed on 1D gases [73] and phase-ﬂuctuations. In
2007 measurements involving rf-dressed potentials were performed several of which
are described in this thesis.
The present thesis has been written to complement the thesis by Van Amerongen [88], while at the same time providing suﬃcient detail so that it can be read
independently. Together they give a complete overview of the experimental setup
and the procedure used to achieve BEC. Also the equations for the static magnetic
ﬁeld can be applied to the experiments in both theses. The character of the experiments is very diﬀerent. Van Amerongen focused on the physics related to the
one-dimensional character of the quantum gases (in a single-well magnetic trap)
while this thesis describes the use of radio-frequency ﬁelds to modify the trapping
potential including novel possibilities that these modiﬁed potentials oﬀer to study
quantum gases, with particular emphasis on the possibilities of the elongated doublewell potential for studying coherence properties of the trapped degenerate gases.

1.5

This thesis

The outline of this thesis is as follows.
Chapter 2 discusses the theoretical background of the experiments. Its main
subjects are the static magnetic ﬁeld created by the atom chip in our setup and the
rf-dressed potential that is created by adding oscillating radio frequency magnetic
ﬁelds to the static ﬁelds.
Chapter 3 is concerned with the atom chip we use for our experiments. Its
design and fabrication are detailed. We characterize the chip by describing the chip
wire resistances, the maximum current it can handle and a measurement of the
roughness of the magnetic potential it produces.
Chapter 4 deals with the experimental setup except the atom chip. Parts of
the setup, such as the vacuum system, the laser system, the chip mount and the
imaging system have already been described in detail by van Amerongen [88]. We
have included a summary of these components in this thesis mainly for convenience
of the reader and because some details have changed. A more complete description is
given of the parts that have not been described before, such as the computer system
controlling the experiment and the rf signal generation via direct digital synthesis
(DDS).
Chapter 5 describes several experiments that were done to characterize the
rf-dressed potential in our experiment and compare it to the bare (un-dressed) po-
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tential. We pay special attention to the reduced sensitivity of the rf dressed potential
to small static magnetic ﬁeld variations in the longitudinal directions. The calculations of the rf-dressed potential in Chap. 2 and the experiments in Chap. 5 match
very well.
In chapter 6 we use the rf-dressing ﬁeld to create a double-well potential. By
releasing BECs from this potential we can create matter-wave interference, similar
to Young’s two-slit experiment in optics. The results are a clear illustration of the
wave-particle duality of matter. The initial results on characterizing the coherence
properties of elongated BECs in the double-well trap are presented.

2
2.1

Theoretical background

Introduction

This chapter provides some theoretical background to the subsequent experimental
chapters. The main focus is on the magnetic potentials, both static and rf-dressed,
in which we trap and manipulate ultra cold atoms.
This chapter is organized as follows. In Sec. 2.2.1 we present the basic principles
behind magnetic trapping and expressions for the ﬁeld of the Ioﬀe-Pritchard trap.
In Sec. 2.2.2 we discuss the scaling laws that govern the magnetic ﬁeld gradient in
microtraps and show why the use of microtraps is favorable. We present our speciﬁc
microtrap geometry: an atom chip structure with two separate wires. Sec. 2.2.3
contains expressions for several approximations to the static magnetic ﬁeld generated
by the atom chip. We continue in Sec. 2.3 by characterizing the rf-dressed potential
that comes about when a radio-frequency magnetic ﬁeld is added to the static ﬁeld.
The expression for the potential is presented in Sec. 2.3.1 after a brief description
of the derivation. A detailed derivation is contained in Appendix A. We describe
the way we generate the rf ﬁeld on our chip and present expressions for the rf ﬁeld
strength in Sec. 2.3.2. Section 2.3.3 describes the transverse shape of the rf-dressed
potential ranging from single well, double-well to Mexican hat. We discuss the
inﬂuence of electrostatic ﬁelds on the trapped atoms in Sec. 2.4 and conclude the
chapter with a description of the in-trap density distribution for both a (quasi-)BEC
and a thermal cloud (Sec. 2.5).

2.2
2.2.1

Magnetic trapping
Basic principles

The idea of magnetic trapping [89] is that in a magnetic ﬁeld B, a neutral atom with
a magnetic moment μ will have quantum states whose Zeeman energy increases with
increasing ﬁeld and states whose energy decreases, depending on the orientation of
the magnetic moment compared to the ﬁeld. The increasing-energy states, called
low-ﬁeld seekers, can be trapped in a region where the magnitude of the magnetic
ﬁeld has a minimum. The decreasing-energy states, called strong-ﬁeld seekers cannot
be trapped because it is impossible to create a static magnetic ﬁeld maximum in
9
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free space. For a proof, see Wing’s theorem [90] which is speciﬁcally about magnetic
ﬁelds while the similar Earnshaw theorem [91] only deals with electrostatic ﬁelds
(see also [92] and [93]).
In this thesis, we restrict ourselves to relatively modest magnetic ﬁelds, where
the Zeeman shift is linear in |B| and the magnetic interaction energy can be written
as
Umag = −μ · B = mF gF μB |B|,
(2.1)
where mF is the magnetic quantum number of the atomic state (with angular momentum F), mF = −F, . . . , F , gF is the Landé factor and μB the Bohr magneton.
Low-ﬁeld seekers have gF mF > 0 while the strong-ﬁeld seekers have gF mF < 0. Of
course the mF = 0 state can also not be trapped magnetically since its potential is
independent of the magnetic ﬁeld. In all our experiments we work with 87 Rb that
in the electronic ground state has either F = 1 or F = 2. We use F = 2.
For stable trapping it is necessary that the kinetic energy of the atom is lower
than the depth of the magnetic potential well, and that the magnetic moment
must move adiabatically in the magnetic ﬁeld. The latter condition means that
the changes in B (due to movement of the atom through the ﬁeld) must be slow,
such that the orientation of the magnetic moment can follow and stay unchanged
with respect to the ﬁeld. This adiabaticity condition can be expressed as
dωL
 ωL2 ,
dt

(2.2)

with the Larmor frequency, ωL , the frequency at which the magnetic moment precesses about the magnetic ﬁeld direction, (corresponding to the Zeeman-level spacing), given by
g F μB
ωL =
|B|.
(2.3)

The adiabaticity condition is violated in regions where the magnetic ﬁeld is too small.
In such a region the spin cannot follow the changing direction of the magnetic ﬁeld
and might ﬂip its orientation relative to the ﬁeld, changing mF in Eq. (2.1). A spin
ﬂip like this is named after the Italian physicist Majorana and the associated loss of
atoms from a magnetic trap is known as Majorana losses [94]. Sukumar and Brink
have studied Majorana spin ﬂips in detail [95]. It is the task of the experimentalist
to construct his magnetic trap such that even in the magnetic ﬁeld minimum the
ﬁeld is suﬃciently large to prevent losses.
Ioﬀe-Pritchard trap
The standard magnetic-ﬁeld conﬁguration used nowadays for magnetostatic trapping of ultracold gases has a non-zero minimum ﬁeld, and is known as the IoﬀePritchard trap [39,40]. Near the minimum of the potential, the ﬁeld can be expressed
in cylindrical coordinates (r, φ, z) as [89, 96]
Br = −Gr sin 2φ − Crz,
Bφ = −Gr cos 2φ,
Bz = B0 + Cz 2 − 12 Cr2 ,

(2.4)
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where G is the transverse ﬁeld gradient and C the curvature of the longitudinal
ﬁeld. Note that the ﬁeld is realistic in the sense that it is divergence- and curl-free,
satisfying the two relevant Maxwell equations
∇ · B = 0,

(2.5)

∇ × B = 0.

(2.6)

Close to the ﬁeld minimum, the ﬁeld strength B = |B| may be expanded yielding


1 G2
2
B = B0 + Cz +
− C r2 ,
(2.7)
2 B0
which is rotationally symmetric.
This expression is based on the conventional conﬁguration in which the longitudinal conﬁnement is generated by coils positioned such that their axes coincide with
the axis of the trap. Although useful as a ﬁrst approximation for chip-based IoﬀePritchard traps, the expression is often not suﬃcient, because of the close proximity
and non-symmetric positioning of the ﬁeld-producing currents on atom chips. In
the following we will present a number of useful expressions for the magnetic ﬁeld
generated by atom chips based on current-carrying wires.

2.2.2

Atom-chip magnetic traps

The standard way to calculate the magnetic ﬁeld of a current-carrying structure is
to integrate the Biot-Savart law [97], i.e.,
dB =

μ0 I dl × r
,
4π r3

(2.8)

where dB is the magnetic ﬁeld generated by a piece of wire dl, I is the current in
the wire, μ0 the permittivity of free space, r the position vector connecting dl and
dB, and r = |r|.
For instance, by integrating the Biot-Savart law [Eq. (2.8)] in one direction we
ﬁnd the well-known result of the magnetic ﬁeld of an inﬁnitely long, thin, straight
wire through which a current I runs. In cylindrical coordinates the only non-zero
component is
μ0 I
Bφ =
,
(2.9)
2πr
where the radial coordinate r is the distance from the wire. In fact, this result is
also valid for a cylindrical wire with radius R, as long as r > R. The gradient in
magnetic ﬁeld strength is
∂|B|
μ0 I
=−
.
(2.10)
∂r
2πr2
The latter result can be used to illustrate the power of microfabricated atom chips
over other (cm-sized) traps based on current-carrying wires. Consider the magnetic
ﬁeld at the distance r ≥ R from an inﬁnitely long cylindrical wire with radius R.
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Figure 2.1: Geometry of the two most important ﬁeld-generating wires in our magnetic trap. Dimensions of the wires are not to scale. The upper wire has a rectangular cross section and lies on a
substrate. It has a Z-like shape. The wire underneath the substrate has a circular cross section. The
coordinate system is also indicated.

Decreasing the wire radius decreases the minimum r. Reducing r from cm-scale
to μm-scale increases the magnetic ﬁeld gradient by orders of magnitude, allowing
for much tighter traps, in which in it possible to perform rapid evaporative cooling
because the collision rate is so much larger. In reality the scaling is often somewhat less favorable than suggested by Eq. (2.10), because the allowed current also
depends on r [49, 88, 98]. For instance, when heat removal is the limiting factor, the
following scaling is relevant: The generated power in the wire per unit length Pgen
is proportional to I 2 /R2 . The power has to be removed via the outside area of the
wire, thus the removed power per unit length Prem is proportional to R. Equating
Pgen and Prem yields Imax ∝ R3/2 , so that the maximum achievable gradient scales
as R−1/2 , showing it is still favorable to reduce the wire diameter [99].
Wire geometry
A sketch of the geometry of two key wires in our atom chip assembly is shown in
Fig. 2.1 together with the coordinate system used. These two wires are closest to
the ultracold atoms in our static magnetic trap. In order to accurately describe the
magnetic trapping potential, we will need accurate expressions for the magnetic ﬁelds
they generate. The wire on top has the shape of a Z. It is part of the atom chip that
was made using micro-fabrication techniques (see Ch. 3). It lies on a ﬂat substrate
and has a rectangular cross section and the central part has a length L. The two
ends of the chip wire are perpendicular to the central section. Such Z-shaped wires
are commonly used on atom chips [49, 51], because (as we will see), when combined
with a homogeneous external ﬁeld they generate a robust and strongly conﬁning IP
trap, trapping the atoms at the center of the central section.
Intuitively it is easy to see why the Z-shaped wire gives a three-dimensional trap.
The central section, together with an external bias ﬁeld in the y direction, provides
conﬁnement in the y-z plane of Fig. 2.1, resulting in a waveguide along x. The ﬁeld
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of the waveguide, together with a uniform ﬁeld in the x direction, BI , is conveniently
described by
⎛
⎞
BI
B = ⎝ Gz ⎠ ,
(2.11)
Gy
where G the local ﬁeld gradient of the wire and BI is the ‘Ioﬀe’ ﬁeld, the ﬁeld in the
direction of x that oﬀsets the magnetic ﬁeld minimum from zero. The expression
for the absolute ﬁeld strength
|B| =

BI2 + G2 (y 2 + z 2 ),

(2.12)

clearly shows the conﬁnement in the y-z plane and the lack of conﬁnement in the x
direction.
The two ends of the Z contribute to the longitudinal bias ﬁeld, with the largest
contribution directly over the wire ends. As a consequence the middle of the central
section has lower longitudinal ﬁeld, providing conﬁnement longitudinally.
The second wire we call the miniwire. It lies underneath the substrate, has
a circular cross section and runs parallel to the two ends of the chip wire. The
miniwire generates an additional spatially varying ﬁeld in the longitudinal direction
and allows to tune the longitudinal conﬁnement of the Z trap. The exact details of
the trapping ﬁeld will be calculated in the following sections.
We are interested in the ﬁeld above the central part of the chip wire as this is the
place where we will trap and manipulate cold atoms. Thus the precise details of the
current paths in the wires beyond the edges of the sketch in Fig. 2.1 will be ignored
for now. The details of the wire ends do not substantially change the ﬁeld geometry
near the atoms because these wire segments are so much further removed from the
atoms [cf. Biot Savarts law, Eq. (2.8)]. In order to obtain analytical expressions
we will assume that the wire ends extending beyond the edges of Fig. 2.1 continue
straight to inﬁnity.

2.2.3

Realistic trapping ﬁelds

This section is devoted to ﬁnding realistic descriptions of the static trapping ﬁelds
of the two wires in Fig. 2.1. We will derive a useful expression by going from the
simple thin wire formula to increasingly complicated expressions. We start with the
miniwire, and take it to be aligned along y, inﬁnitely long, and at a depth d below
the chip surface. Expressing Eq. (2.9) in Cartesian coordinates yields
⎞
⎛
z+d
μ0 I
⎝ 0 ⎠.
B(x, y, z) =
(2.13)
2π x2 + (z + d)2
−x
To ﬁnd the gradients and curvatures that will be relevant later, we expand this
0
around (x = 0, z = z0 + d) to 2nd order in α = z−z
and β = zx0 . This yields
z0
Bx =


μ0 I
1 − α + α2 − β 2 ,
2πz0

(2.14)
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Bz =

μ0 I
β [1 − 2α] .
2πz0

(2.15)

Long broad wire
In atom chip experiments the conductors often have rectangular cross section (cf.
Chap 3). Normally the width w of the wires is signiﬁcantly larger than the thickness
h (w  h). In most experiments the distance of the trapped atoms to the conductor
is of the order of the width of the wire. Under these conditions it is inappropriate to
approximate the conductors as being cylindrical. A better approximation is that of
the inﬁnitely long, thin broad wire. From integration of Biot-Savart for such a wire
centered at (y = 0, z = 0) and current ﬂowing in the positive x direction we ﬁnd:





y + w/2
y − w/2
μ0 I
By (x, y, z) = −
arctan
− arctan
,
2πw
z
z


(y + w/2)2 + z 2
μ0 I
Bz (x, y, z) =
ln
.
4πw
(y − w/2)2 + z 2

(2.16)

(2.17)

The ﬁeld straight above the wire is
By (0, 0, z) =

w
μ0 I
arctan
,
πw
2z

(2.18)

with a gradient along z of [49]
∂By
μ0 I
2
=
.
2
∂z
π w + 4z 2

(2.19)

Realistic Z wire
Modelling the central part of the Z wire as an inﬁnitely long broad wire gives accurate
expressions for the transverse ﬁeld and transverse gradient, but is in error when it
comes to the longitudinal conﬁnement. To include the longitudinal conﬁnement we
have to reduce the length of the central part of the Z and add the two ends extending
to plus and minus inﬁnity in the y direction. One way to calculate this is to calculate
the ﬁeld of an inﬁnitely thin Z-shaped wire and integrate the result along a ﬁnite
width w in the y direction. This yields the magnetic ﬁeld BZ of a Z wire with a
central section along x with length L = 2a and width w = 2b centered at the origin
and thin, inﬁnitely long ends.
⎞
⎞
⎛
⎛
z
z
1
4π
1
⎠+
⎠+
⎝
⎝
0
0
BZ (x, y, z) =
2
2
μ0 I
(x + a) + z
(x − a)2 + z 2
−x − a
−x + a
1
[f (x+a,y−b, z) − f (x+a,y+b, z) + f (x−a,y+b, z) − f (x−a,y−b, z)] ,
2b
(2.20)
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with the auxiliary vector f (x, y, z):
⎞
⎛
⎛ ⎞
⎛ ⎞
z
0
0




xy ⎝ ⎠
x ⎝ ⎠
r
⎠
⎝
0
1 + arctanh
0 , (2.21)
+ arctan
f (x, y, z) = 2
x + z2
zr
r
−x
0
1
where r is:
r=



x2 + y 2 + z 2 .

To describe our complete trapping ﬁeld we have to add to this the ﬁeld of the
miniwire, Eq. (2.13) at a depth d underneath the chip surface and the uniform ﬁeld
⎛
⎞
Bbias,x
(2.22)
Bbias = ⎝ Bbias,y ⎠ ,
0
produced by external coils.
Equations (2.13), (2.20) and (2.22) yield a very accurate analytical approximation of the magnetic ﬁeld that can serve as alternative for a full numeric simulation
of the trapping ﬁeld. The most important simpliﬁcations in this analytical approach
are the thickness of the Z wire that is set to zero and the width of the two ends of
the Z wire, that is also taken to be zero. The inﬂuence of these simpliﬁcations can
be neglected in our experiment as the distance between the Z wire and the trapping region is much larger than the thickness of the Z wire and the distance of the
trapping region to the ends of the wire is much larger than the widths of these ends.
Although suited to replace numerical simulations, the expression (2.20) is not
very useful for manipulation by hand. For this purpose it is better to approximate
the magnetic ﬁeld near the trap center as
⎛
⎞
Bx,0 + C(x2 − z 2 )
⎠,
Gz
B(x, y, z) = ⎝
(2.23)
Gy − 2Cxz
where the coordinate system has been shifted in the direction of z such that the
origin coincides with the magnetic ﬁeld minimum. The constant C relates to the
longitudinal trapping frequency like


mF gF μB d2 Bx
mF gF μB
ω =
2C,
(2.24)
=
2
m
dx
m
while the gradient G, together with the longitudinal ﬁeld Bx , corresponds to the
transverse trapping frequency

mF gF μB G
ω⊥ =
.
(2.25)
m
Bx
The actual values of the bias ﬁeld gradient and curvature in Eq. (2.23) depend
on the precise geometry and respective currents in the two wires of Fig. 2.1 and
the applied bias ﬁeld. For instance, comparison of (2.23) and (2.14) shows that the
I
contribution of the miniwire to the curvature is C = − 2π(zμ00+d)
3 while the contribution of the Z wire to C and G follows from Eq. (2.20). G is approximated nicely by
Eq. (2.19).
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Radio-frequency dressed potentials

We have described static magnetic potentials in which neutral atoms can be trapped
if they are in a low-ﬁeld seeking state [positive mF in Eq. (2.1)]. These states have
higher energy than the mF ≤ 0 states, but as long as the adiabaticity criterion
is satisﬁed the energy separation is large and no transitions to the lower energy
states occur at the timescale of experiments. In the following section we look at the
inﬂuence of a radio-frequency magnetic ﬁeld with which we couple the spin states.
We assume a linear Zeeman eﬀect such that there is only one resonance frequency
to couple all states. The atoms are not necessarily lost from the trap due to the
induced spin ﬂips. Instead a new eﬀective potential arises in which they can remain
trapped.
Figure 2.2 illustrates the principle. Fig. 2.2(a) shows the potential of the 5
Zeeman states of an F = 2 atom around the static magnetic ﬁeld minimum of a
waveguide [Eq. (2.12)]. The arrows indicate the position where the rf is resonant
with the energy spacing between the levels. Because the Zeeman eﬀect is linear, the
position of the resonance is independent of the level. Fig. 2.2(b) shows the resulting
potential including the rf. The potential for m̃ > 0 has two minima separated by a
barrier with ﬁnite height, while the m̃ < 0 states see a single, shallow potential well.
The resulting eﬀective potential is called rf-dressed potential. The name refers
to the dressed atom picture that was developed in the 1960s by Haroche and CohenTanoudji [36, 100]. It gives a full quantum mechanical treatment of an atom in a
radiation ﬁeld, quantizing both the radiation ﬁeld and the atom. We will show in
Sec. 2.3.1 that such a rigorous treatment is not essential in our case. We can also
describe the potential by treating the radiation ﬁeld classically. Still these potentials
are referred to here as rf-dressed potentials.
In 2001 Zobay and Garraway proposed the use of rf-dressed potentials in neutral
atom trapping and cooling experiments, not for evaporation, but to modulate the
trapping potential [101, 102]. They showed that by adding a static and rf magnetic
ﬁeld a new, two-dimensional, trap is created in which neutral atoms can be loaded
and trapped. The idea was soon validated in a ﬁrst experiment [78] that was followed
by others [79, 82]. Although rf-dressed potentials are not limited to atom chips,
especially in combination with chips they have been very successful in the creation
of double-well potentials and matter-wave interferometers and the study of (nearly)
1D systems [72, 103].
Strictly speaking the use of rf-dressed potentials was not new to the ﬁeld in 2001.
The established technique of forced rf evaporation also combines a static and an rf
magnetic ﬁeld but with the goal to remove atoms from a trap. Radio-frequency
evaporation was ﬁrst suggested in 1989 [104] and used in the mid-1990s to achieve
BEC [19–21]. Nowadays forced evaporative cooling [43, 105, 106] is the standard
method employed in numerous atomic physics experiments to deliver the ﬁnal increase in phase space density before reaching quantum degeneracy. The diﬀerence
between rf evaporation and the rf-dressed potentials that we are considering here
depends on the dressed state quantum number m̃ which is −F in the usual rf evaporation scheme, while it is +F for the split double-well potential. The quantum
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Figure 2.2: Comparison of the bare spin states in a static magnetic trapping potential for an atom
with F = 2 (a) and the states in an rf-dressed potential (b). The static magnetic ﬁeld is that of a

waveguide [Eq. (2.12) with r = y 2 + z 2 ]. Plotted is the potential U against the spatial coordinate
r. The arrows in (a) indicate the position where the rf is resonant with the energy spacing between the
levels.

number in turn is determined in practice by the frequency at which the rf ﬁeld is
switched on.

2.3.1

The rf-dressed potential

Here we present an expression for the rf-dressed potential and give a brief outline of
the derivation. The complete derivation for linearly polarized rf is treated in more
detail in Appendix A.
The Hamiltonian for a neutral atom with a magnetic moment experiences in a
time-dependent magnetic ﬁeld B(t) is
Ĥ = −μ̂ · B(t),

(2.26)

which is the same as in the static case apart from the time dependence of the
magnetic ﬁeld. The total B(t) ﬁeld can be divided in a static part Bs and an
oscillatory part Brf (t).
Classically, in the absence of an oscillatory ﬁeld, the magnetic moment will precess around the static ﬁeld with an angular frequency given exactly by the Larmor
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frequency Eq. (2.3), which also gives the spacing of the quantum-mechanical energy
levels. The part of the time-dependent ﬁeld Brf that is perpendicular to the static
magnetic ﬁeld can now be decomposed into two rotating components: one rotating
with the precessing atom, and another component rotating against the direction of
precession. A key step that can now be made is the so-called rotating-wave approximation (RWA) [108]. It consists of only taking into account the co-rotating
component. This approximation is particularly good when the oscillation frequency
of the rf ﬁeld is close to the Larmor frequency. In that case, the co-rotating component will appear as a (nearly) static term in the frame rotating with the precessing
atom. Physically, in the rotating frame the atom will actually see a reduced static
longitudinal ﬁeld together with the slowly-varying co-rotating component mentioned
above. The magnetic moment will now precess around the (nearly) static ﬁeld in this
frame. Other (non-co-rotating) terms will oscillate so rapidly in this rotating frame
that their eﬀect averages out as long as these non-RWA terms are weak enough.
In short, if we take a linearly polarized, sinusoidally time-dependent rf ﬁeld with
frequency ωrf , and strength brf perpendicular to Bs , the eﬀective static magnetic
ﬁeld in a frame rotating at a frequency ωrf is


ωrf
1
ez + brf ex .
B̃ = Bs −
|gF μB |
2

(2.27)

The factor of two lowering in the eﬀect of brf is directly related to the fact that only
the co-rotating part of the linear rf ﬁeld contributes to the eﬀective magnetic ﬁeld.
Thus, the new potential can be expressed as
√
U = m̃ Δ2 + Ω2 ,

(2.28)

with m̃ = −F, . . . , F , where Δ2 is called the resonance term with Δ the detuning of
the rf frequency with respect to the Larmor frequency
Δ = ωrf − ωL = ωrf −

|gF μB |
|B|.


(2.29)

The other term, Ω2 , is referred to as the coupling term. The position-dependent
Rabi frequency is given by the circularly polarized rf-ﬁeld component referenced to
the local direction of the static magnetic ﬁeld:
Ω=

|gF μB | |brf × B|
.

2|B|

(2.30)

In general the RWA fails for Δ, Ω  ωL /3. Above these values non-RWA, also
called beyond-RWA, contributions must be taken into account to accurately describe
the potential. In experiments characterizing the potential with rf spectroscopy the
non-RWA contributions show up as a shift of resonances and the appearance of new
resonances [109, 110].
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Figure 2.3: Sketch of both wires producing the static magnetic trap and the rf wires. The rf wires are
positioned symmetrically with respect to the central Z wire. See Fig. 2.1 for the geometry without the
rf wires.

2.3.2

RF magnetic ﬁeld

We generate the radio-frequency ﬁeld which we need to create radio-frequency potentials using two on-chip wires. The geometry is shown in Fig. 2.3. We use two
wires, positioned symmetrically with respect to the central Z wire producing the
static magnetic trap. The rf wires also have an overall Z shape. The close proximity of these wires to the trapped atoms (∼200 μm) allows us to achieve large ﬁeld
strength (∼1 G) with minimal eﬀort (10–100 mA). To create such an rf ﬁeld with a
coil inside the vacuum system (or worse, outside the vacuum system) would require
much more eﬀort.
A consequence of the use of wires that are close to the atoms instead of larger
coils is the existence of ﬁeld gradients that we have to deal with. These gradients
complicate our experiments because we have to compensate for the diﬀerences caused
by diﬀerent rf ﬁeld strengths at various heights of the trap above the wire. On the
other hand the rf ﬁeld gradient also helps us since it can be used to compensate the
eﬀect of gravity on the trapped atoms. The eﬀect of gravity and its compensation
is treated in more detail in Sec. 5.4.3.
The use of two separate chip wires to produce the rf ﬁeld give us the possibility
to vary the rf polarization. By tuning the rf amplitude ratio in the two wires and
setting the phase diﬀerence to either 0 rad or π rad we can produce linearly polarized
rf in any direction in the y-z plane (note that the central parts of the rf wires run in
the x direction, so that Brf is predominantly in the y-z plane around the center of
the trap). The direction of the linear polarization we denote by θ, the polarization
angle in the y-z plane with respect to the y axis, such that:
⎛
⎞
0
Brf = ⎝ brf cos θ ⎠ ,
(2.31)
brf sin θ
where brf is the amplitude (> 0) of the rf magnetic ﬁeld Brf . The Rabi frequency
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Figure 2.4: RF dressing ﬁeld strength (a) and RF dressing ﬁeld gradient (b) as a function of z
coordinate. The ﬁelds were calculated using Eq. (2.33) for a sinusoidal current with an amplitude of
100 mA in both wires and yrf =150 μm. The solid line corresponds to the case that both currents have
equal phase and the direction of the rf ﬁeld is in the y direction (θ=0). The dashed line corresponds
to currents in counter-phase and the rf ﬁeld in the z direction (θ=π/2).

now becomes
|gF μB | brf
Ω=


Bx2 + (By sin θ − Bz cos θ)2
2|B|

,

(2.32)

where Bx , By and Bz are the components of the static magnetic ﬁeld.
To obtain an expression for Brf in the trapping region in terms of the rf wire
currents I1 and I2 and the wire spacing |y1 | = |y2 | = yrf , we consider only the
central section of the two rf wires and model them as inﬁnitely long, thin, straight
wires. This approximation is reasonable since the distance between these wires and
the atoms is much larger than the width of the wires, while on the other hand the
distance is small compared to the length of the central section of the Z. The phase
diﬀerence φ between rf currents is included by taking I1 and I2 with equal sign for
φ = 0 rad and with opposite sign for φ = π rad. We arrive at
⎛
⎞
0
μ0
⎝ z(I1 + I2 ) ⎠ ,
brf (0, 0, z) = −
(2.33)
2π (yrf2 + z 2 )
yrf (I1 − I2 )
by using Eq. (2.9) for each wire and taking the superposition of the two ﬁelds. We
see that we can indeed set any value of θ by tuning the rf current ratio.
Figure 2.4 shows the rf magnetic ﬁeld strength and gradient for realistic numbers
(|I1 | = |I2 | = 100 mA, yrf = 150 μm). Notice that the rf magnetic ﬁeld gradient in
the direction of z is positive for θ=0 and negative for θ=π/2.
It is also possible to apply a phase diﬀerence of ϕ = π/2 or ϕ = 3π/2 to the rf
currents. In that case the ﬁeld will have elliptical polarization because in general the
two ﬁeld components of the two wires are not perpendicular. Only at one speciﬁc
height, z = yrf , the ﬁelds are perpendicular and the polarization is circular for equal
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Figure 2.5: Cross-sections of 4 (rf-dressed) potentials at x = 0. Lighter color denotes higher potential;
atoms are trapped in the dark-colored potential minima. The 4 plots are for identical static magnetic
ﬁelds. The rf-dressing ﬁeld is diﬀerent in the 4 plots. In (a) the rf-dressing ﬁeld is absent and we are
left with the bare magnetic potential. In (b) the rf ﬁeld polarization is circular, rotating in the y-z
plane. The potential has the shape of a Mexican hat. In (c) the rf ﬁeld vector is oriented vertically
(direction of z) and the potential minimum splits in the direction of y. In (d) the splitting is in the
direction of z, while the rf ﬁeld vector is along y. See the text for more details.

currents, I1 = I2 . In most of the experiments described in this thesis we limited
ourself to linear polarization.

2.3.3

Character of the rf-dressed potential

RF-dressed ﬁelds can be used to modulate the trapping potential in ways that are
not allowed for static magnetic potentials because of Maxwell’s equations. Before
looking in detail at one speciﬁc rf-dressed potential, the double-well, we will ﬁrst
look at the general shape of these potentials.
Figure 2.5 shows cross-sections of 4 diﬀerent potentials in the y-z plane at x = 0.
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Because the x dependence of the static magnetic ﬁeld is generally weak and because
the rf ﬁeld is only weakly dependent of x the most interesting features of these
potentials can best be observed in the y-z-plane.
For low rf frequency (ω  ωL ), the detuning is large and the resonance term in
Eq. (2.28) dominates over the coupling term. In this case the rf dressed potential
looks just like the bare potential [Fig. 2.5(a)]. For increasing rf frequency, the
resonance term ﬁrst decreases to zero (ωrf = ωL ) and then starts to grow again. But
while the resonance term in the center is growing again, parts outside the center
with a larger static ﬁeld amplitude are at resonance. The resonance term deﬁnes a
resonance surface that is an ellipsoid in three dimensions and to ﬁrst approximation
a circle in the y-z plane. The coupling term in Eq. (2.28) further structures the
potential minimum at the resonance surface. Note that in the static ﬁeld minimum
the rf ﬁeld vector is perpendicular to the static ﬁeld aligned along x and the coupling
term is maximum. Moving from the center outward, the static ﬁeld vector turns
away from x and also has components in the y-z plane. Moving from the center
outward along z, the ﬁeld has a growing By and the ﬁeld vector rotates toward
y [see Eq. (2.11) or Eq. (2.23)]. On the other hand moving from the center in
the direction of y the static ﬁeld has an increasing Bz and the ﬁeld vector turns
into the direction of z. Now assume a linearly polarized rf ﬁeld with ﬁeld vectors
along z. Moving from the center in the direction of z, the static ﬁeld vector rotates
but always stay perpendicular to the rf ﬁeld. The magnitude of the coupling term
in Eq. (2.28) is constant. Moving in the direction of y something else happens.
There the static ﬁeld vector aligns in the direction of the rf ﬁeld vector reducing the
coupling term. So the resonance term makes that the minima are on a ring and the
coupling term makes that, for this particular rf ﬁeld, they are in the plane z = 0.
This is the situation of Fig. 2.5(c). A rf ﬁeld directed along y produces minima at
y = 0 [Fig. 2.5(d)].
Fig. 2.5(b) shows the potential for a circularly polarized rf ﬁeld. In this case
the rf ﬁeld vector is rotating in the y-z plane and the angle of the static ﬁeld with
respect to the rotating ﬁeld is the same everywhere along the resonant circle. The
contribution of the coupling term to the potential is equal everywhere along the
circular resonance surface. The potential minimum thus remains circular resulting
in a Mexican hat potential.
In the x direction the potential varies only slowly due to the relatively weak
longitudinal conﬁnement. As a consequence the resonance circle in the y-z plane
slowly gets smaller when moving along x away from the trap center. At some
distance from the center the ring merges in one point, closing the 3D ellipsoid that
describes the resonant surface.

2.4

Electrostatic manipulation

In the preceding sections we have only discussed potentials formed by magnetic
ﬁelds. Electrostatic ﬁelds can also be used to trap and manipulate neutral atoms [50,
98]. For the Rb atom, with its single unpaired electron, the electric polarizability α is
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a scalar. The polarizability of 87 Rb atoms in the 5s 2 S1/2 state is 5.3 × 10−39 Cm2 /V
[111]. The interaction energy of the induced dipole d and the electric ﬁeld E is:
1
(2.34)
Uel (r) = −d · E = − αE 2 (r).
2
The electrostatic interaction can be used to enhance the functionality of magnetic
atom chips for instance with beam splitters or a ‘motor’ to transport atoms along a
magnetic guide [56].
Given the typical dimensions of the wires on the atom chip and the distance of
the trapped atoms to the surface (both tens of μm) voltages of ∼ 200 V are needed
to make the strength of the electrostatic and magnetic interaction comparable for
87
Rb in the F = 2 state. This is also roughly the value of the voltages used in [56].

2.5
2.5.1

Properties of trapped ultracold gases
In-trap longitudinal density distributions

The past sections have dealt with the precise details of the trapping potential V (r).
This trapping potential determines to a large extent the density distribution of the
atoms in a (quantum) gas. The two simplest cases that are usually considered for
a Bose gas are (i) a “classical” gas, where eﬀects of quantum degeneracy can be
ignored, and (ii) a “condensate” near zero temperature, where the eﬀects of a ﬁnite
(non-zero) temperature can be ignored.
In the elongated trapping geometry that is typical in atom traps these two
regimes are separated not only by the phase transition associated with Bose-Einstein
condensation, but also by various cross-overs, for example going from 3D to 1D. An
extensive overview of the cross-overs that are typically encountered for a Bose gas
on an atom chip can be found elsewhere (Ch. 2 of [88] and references therein). Here,
we limit ourselves to two cases that will be relevant in the subsequent chapters,
and discuss how one can extract the potential shape from the observed longitudinal
density distribution in both cases.
First, for a “classical” gas, when temperature is suﬃciently high and density
suﬃciently low that eﬀects of degeneracy and interactions are negligible, the density
distribution is given by Boltzmann’s law
n(r) = n0 exp (−V (r)/kB T ) ,

(2.35)

where kB is Boltzmann’s constant and T is the temperature. In Ch. 3 we will want
to infer the longitudinal potential from the observed density distribution. If the
3D potential V (r) can be written as a sum over a radial potential Vrad (y, z) and a
longitudinal potential Vl (x), this can be done by radially integrating over the above
density distribution and inverting the result, yielding
Vl (x) = −kB T ln [nl (x)/nl,0 ] ,
with nl (x) the measured longitudinal linear density.

(2.36)
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Second, in the opposite extreme of near-zero temperatures, the physics of the resulting condensate is dominated by the interaction energy, which in turn determines
the chemical potential μ. In 3D, for a weakly interacting gas this is summarized by
the simple relation
μ = gn0 ,
(2.37)
with g the 3D coupling constant,
g=

4π2 a
,
m

(2.38)

with a the scattering length (5.24 nm for 87 Rb in the F = 2, mF = 2 state). In
1D a similar equation holds near zero temperature, with an eﬀective 1D coupling
constant [112].
A simple analytical description for the density distribution found by Gerbier [113]
that works well throughout the 3D-1D crossover for suﬃciently low temperatures
will be useful in the following Chapters. Assuming harmonic conﬁnement in the
radial directions with a frequency ω⊥ , he found
√
μ = ω⊥
1 + 4anl − 1 ,
(2.39)
with nl the linear density along the longitudinal direction. The latter result can
also be used to infer the longitudinal potential from the measured linear density, by
using a local-density approximation
μ(x) + V (x) = μ,

(2.40)

where μ(x) is the local chemical potential, referenced to the local potential energy
V (x) and the global chemical potential μ. This yields


V (x) = −ω⊥
1 + 4anl (x) − 1 .
(2.41)

3
3.1

Atom chip fabrication and
characterization

Introduction

This chapter serves as a record of the fabrication procedures used to create an atom
chip incorporating extremely long, narrow and straight wires for producing magnetic
potentials for trapping atoms, and as a guide for future researchers aiming to produce
their own atom chips. It is organized as follows. Section 3.2 gives general information
on the atom chip and its fabrication and discusses the design considerations. Sec. 3.3
treats the actual microfabrication recipe in detail. The design of the wire pattern is
shown in Fig. 3.3 and described in Sec. 3.4. The properties of the resulting chip wires
are the topic of the following section 3.5. Finally, Sec. 3.6 contains the conclusions
with regard to the atom chip fabrication and characterization.

3.2

Design considerations

Before describing the fabrication protocol in detail, we give an overview of the most
important features of the chip, the fabrication process and the considerations that
led us to choose this process and feature set. Two factors played an important role.
First of all, we aim to produce well-deﬁned, and possibly even tailored trapping
potentials, such as those needed to study quantum gases in the 1D regime [73]. From
earlier studies [114] it is clear that the techniques chosen for the fabrication to a
large extent determine the quality of the current-carrying wires and the smoothness
of the resulting trapping potentials. The desired ﬁne structured trapping potentials
also require that the atoms are trapped in close proximity to the wires and the
chip should allow for this. Second, the goal was to keep the process as simple as
possible in order to save on the time spent on mastering the fabrication process and
on the fabrication in general allowing many chip designs to be implemented in a
short time. So instead of making a complex atom chip, we decided to make a simple
chip that would enable us to do the experiment(s) we had in mind. The vicinity of
and our direct access to the cleanroom of the Amsterdam nanoCenter made this a
natural choice for the fabrication to take place. Thus, the process described below
was developed in close collaboration with its main engineer, Chris Rétif, and makes
optimal use of the facilities available there.
Driven by our desire to create 1D magnetic potentials we decided to use an atom
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chip employing current-carrying wires instead of magnetic thin ﬁlms, because such a
wire chip is very well suited for making elongated potentials. To reduce complexity
as much as possible we decided to have only one conducting layer on our chip. This
imposes some restrictions on the wire pattern as it is impossible to let the wires
cross each other, but it greatly simpliﬁes the fabrication process.
To allow for tight traps that are also suﬃciently deep, it is important to maximize
the current in the chip wires. And since ohmic heating of the wires is usually the
limitation we wanted to make our chip of materials that are good heat conductors.
We chose gold for the conducting layer material and silicon for the substrate. Apart
from their good thermal conductivity these materials have the advantage that they
are commonly used in microfabrication and ample experience processing them is
available at most microfabrication centers.
The maximum current in the chip wires depends strongly on the thickness of the
gold layer. To produce a magnetic trap deep enough for reaching BEC in a Z wire
trap (see Ch. 2) we require at least 2 A of current. In a 100 μm wide, 2 μm thick
wire that would amount to a current density of 106 A/cm2 which is lower than values
reported in literature [115], though the wires in this reference were made of copper,
not gold. Also such a wire with a length of ∼5 mm has an estimated resistance of
0.5 Ω. The corresponding dissipation 2 W is low enough to allow it to be cooled by
conduction through the silicon substrate.
To fabricate the gold layer, which is rather thick to microfabrication standards,
we chose to use two layers of resist. The top layer is a photo-sensitive resist that is
patterned using optical lithography. The bottom layer is a lift-oﬀ resist, which acts
as a spacer that lifts up the top layer and prevents it from being buried under the
gold (see Fig. 3.1). We chose to deposit the gold on our chip through the process of
evaporation because (i) this process is known to produce very smooth wires and (ii)
because this technique was readily available to us at the Amsterdam nanoCenter.
We selected a substrate thickness of 300 μm, for which 3” wafers are readily
available. This is suﬃciently thin for the magnetic ﬁeld of the miniwires to be
eﬀective (see Ch. 2 and also [88]), while suﬃciently thick that inadvertent breaking
of substrates during microfabrication and gluing is rare. For electrical insulation
between the chip wires we rely on (i) the resistivity of the silicon which we took as
large as possible and (ii) the native silicon oxide layer, a thin layer of oxide that is
present on all silicon surfaces exposed to air. Not adding an extra oxide layer on the
substrate surface helps to keep the fabrication process simple while also maximizing
the thermal contact between the wires and the substrate.
Finally, we decided to use the mirror-MOT technique [116] for the initial optical
cooling, where two of the beams reﬂect oﬀ the chip surface. To enable the mirrorMOT technique we have to make the chip at least as large as the MOT laser beams
(15 mm, 1/e2 beam diameter). On the other hand the chip size is limited by the
CF40 ﬂange through which the chip enters the vacuum system. We make the chip
reﬂecting at 780 nm by covering the area in between the wires also with gold which
has an excellent reﬂectivity at this wavelength [117]. The light scattering oﬀ the
narrow trenches that deﬁne the chip wires we take for granted.

3.3 Fabrication protocol

1. silicon substrate
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4. exposure

5. development
2. coating with
LOR 20B resist

6. vapor deposition

3. coating with
S1813 photoresist
7. lift off

Figure 3.1: Schematic representation of the atom chip fabrication process. The substrate is cut to
size (1) and two layers of resist are applied (2,3). After exposure to NUV light (4) and development
(5) the edges of the resist have an undercut of ∼1 μm. Gold is vapor deposited on the entire chip (6),
after which the superﬂuous gold is removed through lift oﬀ (7).

3.3

Fabrication protocol

The fabrication process is summarized in Fig. 3.1. The substrate is coated with
two layers of resist and is patterned using optical lithography. In the following
development the lower resist layer dissolves faster than the top layer, automatically
generating the typical shape, called undercut, in which the top extends over the
bottom layer. A layer of gold is deposited through vapor deposition. By virtue
of the overhang the edges of the deposited gold are well-deﬁned, while the open
structure allows exposure to a solvent. The solvent dissolves the resist eﬀectively
removing the gold lying on top of it. This technique is known as lift-oﬀ. What
remains is a patterned gold layer on the silicon substrate. The fabrication process
is described in more detail in the following paragraphs, and Fig. 3.2 shows some
microscopy images taken at various stages of the process.
Preparation of the substrate
Substrates are cut from 3” silicon wafers with a (1-1-1) crystal orientation, a thickness of 300 μm and a resistivity of at least 4000 Ωcm. We selected this silicon because
of the thickness and the large resistivity. Atom chip substrates were produced from
the wafers by laser cutting at the Energy research Centre of the Netherlands (ECN)
in Petten. The dimensions of the resulting substrate are 24.63 × 16.00 mm2 . We
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(a)

(c)

(b)

(d)

Figure 3.2: Microscope images of atom chips at various stages of the fabrication process. (a) Optical
microscope image of the resist structure for a single 5 μm wide wire. The undercut shows up in the
image as a double line edge. (b) SEM image of the cross section of a chip after gold evaporation. Both
images show the resist structure with undercut and a layer of gold on top. Optical microscopy images
of the actual chip used for the experiments described in this thesis after gold evaporation (c) and after
lift oﬀ (d).

clean the substrate prior to microfabrication in an ultrasonic bath, a hot ammonia
solution and a hot hydrogen-peroxide solution to remove possible Si debris and any
hydro-carbons attached to the surface.

Resist
We dry the substrate prior to applying the resist, because water adhering to the
silicon surface has a detrimental eﬀect on the resist. The substrate is dried on a
hot plate at 150◦ C for 5 minutes. After the substrate has cooled down we apply
the ﬁrst layer of resist by spin coating. The viscous lift-oﬀ resist LOR 20B forms
a 2.5-μm-thick layer after spinning for 1 minute at 3000 rpm. The exact thickness
of the layer varies depending on air humidity (this is not controlled independently
at the Amsterdam nanoCenter), but is at least 2.0 μm. The substrate is baked
again 5 minutes at 150◦ C. The second layer consists of Microposit S1813, a positive
photoresist. It is applied by spin coating for 1 minute at 5000 rpm and forms a layer
of 1.2 μm thick. After baking for 30 minutes at 90◦ C the resist is photosensitive.

3.3 Fabrication protocol
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Optical lithography
The resist is exposed for 7.4 s to the 10-mW/cm2 , 365-nm near-ultra-violet (NUV)
light of a Karl Suss MJB3 mask aligner. The mask is a 4” Cr mask that was made to
speciﬁcation by Deltamask (Enschede, The Netherlands). This company fabricated
it with a 442-nm HeCd laser with a resolution of ∼1 μm, based on a design drawing
in AutoCAD. In our case the practical resolution is not limited by the lithography
mask, but by scattering and divergence of the light inside the thick bilayer resist to
about the total thickness of the resist layer (∼3 μm). The mask tends to contaminate
(and even damage) with use, because it is pressed on the substrate during exposure.
To extend the lifetime, the mask contains four identical copies of the atom chip wire
pattern. As one copy degrades we simply switch to the next to continue fabrication.
The exposure is followed immediately by development. We submerge the substrate for 1 minute in Microposit MF319 developer after which it is rinsed in water
to stop development. The undercut, the typical structure with the top resist layer
extending ∼1 μm over the edge of the lower layer, comes about automatically in
development as the lower layer dissolves faster than the top layer. Prior to gold
evaporation we expose the chip to a low-energy oxygen plasma for 5 minutes to
remove possible resist residue from the exposed silicon.
Gold deposition
The gold layer is deposited at ≤ 10−5 mbar in a PVD (Physical Vapor Deposition)
system. First we deposit a 2.5 nm layer of titanium at a rate of 0.1 nm/s as adhesion
layer between the silicon and the gold. We have also tried chromium as adhesion
layer. Mechanically both materials appear to do equally well, but titanium was chosen because it is nonmagnetic, avoiding possible complications due to magnetization
of the Cr layer.
Next we evaporate the gold at a rate of 1 nm/s. The crucible in the PVD system
can only hold 3 g of gold at a time, enough for a 1.25-μm-thick layer. After a reﬁll
we continue the evaporation until the ﬁnal thickness is reached (typically 2.0 μm).
The thickness of the gold layer has to be less than the thickness of the LOR 20B
resist layer, otherwise lift oﬀ does not work.
Lift oﬀ
We leave the chip in a beaker containing Microposit Remover 1165 with a temperature of 68◦ C for ∼1 hour to lift oﬀ the superﬂuous gold. It was found to be helpful to
create a bit of ﬂow in the beaker with a syringe. We do not use ultrasonic agitation
as that can damage the remaining gold structures. Normally we move the chip to
a beaker containing clean Remover ﬂuid once or twice, to reduce changes of gold
shreds re-depositing on the substrate.
After lift oﬀ we rinse the chip several times in acetone and iso-propanol to make
sure no remover ﬂuid stays behind. Finally we use the oxygen plasma again to
remove any remainders of resist or solvent.
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Chip mount
Microfabrication is now complete. After initial characterization with optical microscopy, Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
(described in section 3.5), the chip is glued onto a custom-built chip mount with
Epo-tek 377 epoxy. The chip wires are connected to the sub-D-type pins on the chip
mount via wire bonding. Each contact pad on the chip is connected with 10 bonds
of 25-μm-diameter, ∼1 mm-long aluminium wires, except the 125 μm-broad Z-wire
that has 14 bonds to support the high current (up to 3 A) that will be sent through
this wire. The chip mount is described in more detail in section 4.2.4. See also
Sec. 3.3 and 3.4 of [88].

3.4

Wire pattern design

Figure 3.3 shows the wire pattern on the chip as used in the experiments of Ch. 5
and Ch. 6. The properties of the wires are listed in table 3.1. The design is centered
around a 125-μm-wide Z wire. The length of the central section is 3 mm and is
necessary to make the initial magnetic trap large enough to hold suﬃcient atoms.
The width is necessary to carry 2.25 A of current during compression while keeping
the dissipation below 4 W. As explained in Ch. 2 the overall Z shape is necessary to
provide three dimensional conﬁnement, required to capture and evaporatively cool
large numbers of atoms.
As a consequence of the choice for a single conducting layer and a Z shaped
central wire, all other wires also have an overall Z shape. Wires 3 and 7 are Z
wires with widths of 50 and 30 μm respectively. Their smaller width allows their
use as tighter Z traps, because of the larger magnetic ﬁeld gradients possible. In
the experiments described in this thesis, however, they are used to generate the
radio-frequency dressing ﬁeld. Their almost symmetric positioning at a distance of
∼100 μm around the 125-μm wire, results in the two ﬁeld components being nearly
orthogonal, so that it is easy to change the direction of the linearly polarized rf ﬁeld.
The remaining wires have wiggles that deﬁne 1D box potentials. The length of
the wire section in between two wiggles determines the length of the box. Because
of the overall Z shape of these wires the resulting box potential also has a harmonic
component. The harmonic component scales with the height of the atoms above the
chip surface and as the boxes were designed to trap atoms as close as 20 μm from the
surface, the harmonic component is small. Experiments using box potentials will be
the topic of future work. Wire 6 was used to generate the oscillating magnetic ﬁeld
for rf evaporation and rf spectroscopy.
In the center of the chip the exact shape and quality of the wires are crucial
because of the close proximity of the trapped atoms. Outside the central section
the exact current path is less critical. We let the wires fan out as much as possible
to reduce wire resistance and thus heat dissipation. Along the long edges of the
chip 2.1-mm-wide contact pads provide ample space to connect each wire with wire
bonds to a contact pin on the chip mount. The 125-μm-broad Z wire has a wider
4.4 mm pad. The short edge of the chip does not have contact pads. The connecting
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Figure 3.3: Atom chip wire pattern. The area in blue corresponds to the uncovered silicon substrate,
while yellow represents the conducting gold layer. (a) Overview of the complete chip. The dashed
rectangle measures 3.1 × 4.3 mm2 and is shown (rotated 90 degrees clock-wise) in (b). The wire
numbers correspond to the numbers in table 3.1.
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wire

1
2
3
4
5
6
7
8

minimum
width
(μm)
10
5
50
10
125
10
30
20

calculated
resistance
(Ω)
2.93
3.32
1.33
3.18
0.65
2.30
1.83
2.19

measured
resistance
(Ω)
3.15
3.70
1.47
3.89
0.72
2.42
2.06
2.30

function

double box structure
wiggle test wire
Z wire, radio-frequency ﬁeld
1.00 mm long box
Z wire, initial trapping and cooling
0.20 mm long box, rf evaporation
Z wire, radio-frequency ﬁeld
0.90 mm long box

Table 3.1: Properties of the wires on the chip. The experiments described in this thesis utilize wire 5 for
the static magnetic trap, wires 3 and 7 for the rf-dressing ﬁeld and wire 6 for the forced rf evaporation
ﬁeld and the rf spectroscopy ﬁeld. The other wires are not used.

wire bonds would obstruct the light beam propagating just above the surface of the
chip for absorption imaging. The total number of wires on the chip is limited by the
number of connecting pins on the chip mount (currently 32 of which 12 are reserved
for miniwires).
In the center of the chip neighboring wires are separated by 10-μm-wide gaps
in the gold layer. Outside the center, where more space is available, the wires are
separated by a 20-μm-wide gold strip in between a pair of 10 μm gaps. This doublegroove structure reduces the risk of shorts due to fabrication ﬂaws, while maximizing
NIR reﬂectivity. The sections of the gold layer that are not part of a wire, like the
20 μm strips in between wires, are left electrically ﬂoating.
Finally, the edge of the chip contains several markers. Small triangles align with
the designed position of the miniwires underneath the chip. The square structures
in the corners are used to align the lithography mask to the substrate during microfabrication.

3.5
3.5.1

Wire characterization
Thickness and surface properties

Figure 3.4 shows the resulting wire structures after ﬁnishing microfabrication. The
typical gold grain size in the deposited layer is 50 nm as can be seen in the SEM
image in Fig. 3.4(a). The AFM data in Fig. 3.4(b) gives a similar picture. In a larger
SEM image [Fig. 3.4(d)] we see that the top surface and the sides of the wire are
smooth down to the grain size of the gold. The ﬁnite resolution of the fabrication
process is expressed in the smoothing of the corner. The fact that the gold layer was
evaporated in two stages can be seen as a change in structure in the side of the wire,
though it does not appear to increase the wire surface roughness. Roughness of the
wire edge on length scales comparable to the cold atoms–wire separation (∼100 μm)
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(c)

(d)
(b)

Figure 3.4: Atom chip wires characterized in 3 diﬀerent ways. (a) SEM image revealing the grainy
structure of the gold that makes up the chip wires. The typical grain size is 50 nm. The scale bar at
the bottom indicates 200 nm. (b) image of the gold grains obtained with an Atomic Force Microscope
(AFM). Image size is 5 × 5 μm2 and the color scale extends over 50 nm. (c) Optical microscopy image
of several wires. In this image there is no structure visible in the wires and the wire edges appear
straight and without any roughness. The scale bar in the top right corner is 50 μm. (d) SEM image
of a corner in a 5 μm wide wire, viewed under an angle. The gold layer can be seen to be deposited in
two steps. The edges of the wire appear to be straight down to the gold grain size. The dark stripes
on the wire near the top and righthand edge of the image are due to electron beam irradiation in the
SEM and not due to the fabrication process.

is generally diﬃcult to detect in SEM data because of deformations of the electron
beam scan ﬁeld. In optical microscopy this problem is less pronounced, but the
resolution of optical microscopy is insuﬃcient to detect small edge ﬂuctuations that
may aﬀect the magnetic potentials experienced by atoms. In the optical microscopy
image of Fig. 3.4(c) the wires appear perfectly straight within the optical resolution
of ∼1 μm.
Using a surface proﬁler (KLA Tencor Alphastep 500) we have also looked at
the ﬂatness of the top surface of a chip wire over a distance of several 100 μm
[Fig. 3.5(a)]. The observed high-frequency variation is less than the gold grain size
which is intuitively clear as one realizes that the tip of the proﬁler is signiﬁcantly
larger, eﬀectively smoothing the signal. On longer length scales the variation in wire
thickness is comparable to the ﬂatness of a clean silicon substrate which is plotted in
Fig. 3.5(b) for comparison. From these and similar measurements we conclude that
we can fabricate the intended wire pattern with high quality which should produce
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Figure 3.5: Surface proﬁles measurements of a cleaned bare silicon substrate (b) and a ∼1.2 μm gold
layer (a). The oﬀset of curve (a) is chosen such that the average lies 10 nm above (b). The scan speed
was 10 μm/s and the horizontal resolution 0.20 μm. Each curve was obtained in a single run.

very smooth potentials.
Using the same surface proﬁler we have also determined the thickness of the gold
layer after completing microfabrication. To exclude damage to the wire structures
we measure the thickness of the gold layer in the four corners of the chip. The
average of these measurements is the assumed thickness of the gold wires in the
center of the chip, which is 1.84 μm for the actual chip used in the experiments of
Chs. 5 and 6. Often we ﬁnd a small gradient (of about 4 nm/mm) in the thickness of
the gold layer over the chip which we attribute to the chip not having been directly
over the gold crucible during evaporation of the conducting layer.

3.5.2

Chip wire resistance

Prior to fabrication we estimated the chip wire resistances to check if the wires
would be able to carry the desired current. Because of the varying wire width, the
resistance can not be calculated naively with
R=

ρ0 L
,
hw

(3.1)

where ρ0 is the resistivity of gold at room temperature and L, h and w the wire
length, thickness and width respectively. On the other hand a full numerical calculation is needlessly complex. An acceptable solution is to divide the wire in pieces,
isosceles trapezoids, with constant width or a width linearly varying along the length,
each with a resistance Ri . The Ri of pieces with constant width is calculated with
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Inter chip wire resistance (kΩ)
Immediately after fabrication
After 3 months of use
1
2
3
4
5
6
7
8

560
496
443
394
500
610
752
1

437
384
270
437
536
690
2

338
226
399
500
651
3

127
196
437
590
4

244
336
477
5

360
536
6

572
7

8

15
31
12
13
19
50
76
1

7.2
9.0
8.2
16
43
67
2

1.1
1.6
8.5
16
53
3

0.73
6.5
13
48
4

4.9
11
46
5

7.7
45
6

16
7

8

Table 3.2: Electrical resistance between chip wires. The wire numbers along the left and bottom edge
of the table correspond to the numbers in Fig. 3.3.

Eq. (3.1) while the Ri of the other pieces is found by integrating the local resistivity
along the wire:

ρ0 dl
ρ0 L ln(w1 /w2 )
R=
=
,
(3.2)
hw(l)
h w1 − w2
where w1 and w2 (w1 = w2 ) are the widths at both ends of the wire piece. The total
estimated wire resistance R is obviously the sum of all Ri .
We measured the real resistance of the chip wires after the chip was glued on
its water-cooled mount. Placed in a vacuum of 10−6 mbar to suppress cooling
through convection, we performed a four-terminal measurement of the resistance
with a current of about 100 mA, which is suﬃciently low to neglect the increase in
resistance due to ohmic heating. The four terminals were connected to the outside of
the vacuum feedthrough so the measured values include in-vacuum connection leads
and wire bonds. Table 3.1 shows both calculated and measured resistances of the
chip wires. The measured values are systematically larger than the calculated ones.
We attribute the diﬀerence to the additional resistance of the leads and wire bonds.
With the real on-chip resistances about equal to the anticipated values the wires
can carry enough current to produce the designed magnetic trapping potential.

3.5.3

Inter chip wire resistance

Additional measurements of the resistance between diﬀerent chip wires was performed for two reasons.
(i) Since we did not fabricate a dedicated SiO2 insulation layer on the silicon
substrate, we have to check that the resistance between wires is still suﬃciently
large to avoid current leaking from one wire leaking into an other. This eﬀect is
undesirable as it modiﬁes the magnetic trapping potential in an uncontrolled way.
A measurement of the resistance gives an impression of the amount of current that
leaks out of the wire and a measure for the anticipated deviations in the magnetic
ﬁeld.
(ii) Although we normally only consider magnetic manipulation of our trapped
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atoms also electrostatic manipulation is possible (see Sec. 2.4). To produce the
(large) electrostatic ﬁelds necessary chip wires need to be charged to typically several
tens or hundreds of volts. Obviously this is only possible if the interwire resistance
is suﬃciently large.
We have measured the inter chip wire resistance using a digital multimeter with
the chip mounted in vacuum both directly after fabrication and after three months of
use in typical trapping and cooling experiments. The results are shown in Table 3.2.
The resistances immediately after fabrication are approaching MΩ values. These
values are too large to be explained be the resistivity of the silicon. We assume
the resistance is mainly determined by the thin oxide layer (native oxide) that is
present on all silicon surfaces exposed to air, possibly enhanced by the exposure to
the oxygen plasma during fabrication [118,119]. The ratio between the wire and the
interwire resistance approaches 10−6 , so naively one would expect a current leakage
of only 10−6 , causing alterations to the magnetic trapping potential well below the
mG level.
After three months of experiments the resistances had decreased signiﬁcantly.
We attribute the lowering of the resistance to diﬀusion of gold into the silicon oxide
layer and maybe even into the silicon substrate. Gold is well-known for its diﬀusive properties [118]. The elevated temperatures caused by ohmic heating during
experiments accelerate the diﬀusion process and indeed wire 5, which is used most
intensively, has the lowest resistance with its neighbors. In the period following
the second measurement of Table 3.2 the resistances appeared to not decrease any
further, stabilizing at the listed values and these values are consistent with current
experiments.
Also note that gold and rubidium form an alloy for mixtures with < 30 weight
percent rubidium [120]. Squires [121] reports on attempts to employ a gold-rubidium
alloy as a 87 Rb dispenser in a cold atom experiment. Such a dispenser would form a
very clean source of rubidium and have the added advantage of being stable in air.
Although the device was shown to work in principle, it was hampered by the low
diﬀusion rate of Rb in gold.

3.5.4

Magnetic potential roughness

An important limitation of atom-chip-based magnetic potentials is the roughness
associated with these potentials. It has been observed both in magnetic thin ﬁlms
chips [122] as well as in current-carrying wire chips. In wire chips it is caused by
small angular deviations of the current ﬂow in the wire. Since ﬁrst observation of
the eﬀect [123–125], it has been studied extensively [114, 123, 126–135].
Normally the roughness of the potential is seen as a handicap as it hinders the
ﬂow of a BEC in the potential and breaks up a single cold cloud in several, ill-deﬁned
parts. Experimentalists have been looking for ways to reduce the potential roughness
ever since the beginning of experiments with atom chips. The ﬁrst improvement was
the use of evaporation instead of electroplating as the technique to fabricate chip
wires. The 50-nm grain size of evaporated wires (see Sec. 3.5.1) perturbs the current
ﬂow less than the >90-nm grain size of electroplated wires [130, 136]. Evaporation
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Figure 3.6: Initial characterization of potential roughness caused by wire corrugation. (a) Average of
50 in-situ images of a thermal cloud with a temperature of 0.35 μK. (b) The linear density extracted
from (a). (c) The residual roughness of the potential expressed in mG after a harmonic ﬁt representing
the trapping ﬁeld has been subtracted.

is currently the method of choice to make smooth chip wires.
Although potential roughness can be minimized using sophisticated microfabrication techniques and metal vapor deposition, there are also dynamic ways of
compensating for residual potential roughness. Several methods have appeared in
literature to suppress the eﬀect. All these methods involve the use of non-static
magnetic ﬁelds. Trebbia et al. [137] report on a suppression of the potential roughness with a factor 14 by modulating the wire current at a few tens of kHz. The bias
ﬁeld also has to be modulated. The limitations of this method are studied in [138].
Krüger et al. [133] propose a diﬀerent method. Their idea is to add a rotating rf ﬁeld
orthogonal to the direction of the Ioﬀe ﬁeld and then reduce the Ioﬀe ﬁeld to zero
since it is no longer necessary in the resulting time-orbiting potential (TOP). They
predict a reduction of the potential roughness ΔBx with a factor ΔBx /brf . A third
method for reducing the potential roughness was implemented as part of this thesis
work and described in detail in Ch. 5. Linearly polarized radio-frequency ﬁelds can
be used to create rf-dressed potentials in which the eﬀect of the potential roughness
is reduced with respect to the static potential. The exact reduction factor depends
on the properties of the rf dressing.
Figure 3.6 shows how we did an initial characterization of the roughness of the
potential generated by our main trapping wire. We loaded a thermal cloud containing ∼25 × 103 atoms into the potential formed by a current of 0.5 A in wire 5 (see
Fig. 3.4) and a transverse bias ﬁeld of 10.5 G. For these settings the distance between
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atoms and the chip is ∼77 μm. After loading this trap we waited 500 ms to obtain an
equilibrium density distribution which was subsequently measured through absorption imaging in the trap. We averaged 50 of these absorption images [Fig. 3.6(a)] to
suppress imaging noise before computing the longitudinal density [Fig. 3.6(b)] using
Eq. (2.36). The temperature of the thermal cloud was 0.35 μK, determined from the
cloud width in time-of-ﬂight. From the longitudinal density distribution we calculate the trapping potential using Eq. 2.36 . The roughness potential [Fig. 3.6(c)] is
the residue of a parabolic ﬁt to the potential. We express the roughness in a single
number ΔB/B ≈ 5 × 10−5 which is the root mean square (rms) of the variations in
Fig. 3.6(c) with B = 10.5 G.
This number is slightly larger than the one quoted in [88] for the very same wire.
The diﬀerence can be explained from the diﬀerence in trapping height. It is a bit
lower than the value of 7 × 10−5 in [133], although when we take into account that
the latter was measured at only 5 μm from the chip, it becomes clear our wire does
worse. The diﬀerence can not be explained from material properties or method of
fabrication as in both cases it concerns a gold wire on a silicon substrate fabricated
through optical lithography and gold evaporation.
The typical length scale is of the order of 100 μm, about the height of the atoms
above the chip. The origin of the magnetic potential roughness is hard to infer from
our microscopic analysis of the chip wires since variations in wire properties over
this long length scale are practically impossible to detect.

3.5.5

Thermal properties

This section on the thermal properties of the atom chip deals with the way atom
chip wires heat up when a large current is sent through them. This heating is
an important eﬀect that has to be taken into account because it determines the
maximum allowable current in the chip wires.
To begin with, all heat in the chip wires is produced because of the resistivity
of gold. At room temperature it has the value ρ0 =2.214 × 10−8 Ωm [139]. The
temperature coeﬃcient c is 3.6×10−3 K−1 , meaning that the temperature-dependent
resistivity ρT can be approximated like
ρT = ρ0 (1 + cΔT ) ,

(3.3)

where ΔT is the deviation of the temperature from room temperature. This approximation is reasonable over a range of over 100 K. Generally the positive temperature
coeﬃcient is a nuisance as it increases the dissipation in the atom chip wires as they
heat up while we try to keep the current constant. But we also use it to our advantage as it helps us to estimate the temperature rise in the wires. In practice we
use


1 R
ΔT =
−1 ,
(3.4)
c R0
where R is the instantaneous resistance of a wire and R0 the resistance of that
wire at room temperature. The main limitation of Eq. (3.4) is in the assumption
that the wire heats up uniformly which, given the varying width, is not the case.
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Figure 3.7: The resistance increase of chip wire 1 (10 μm wide) with increasing pulse duration. The
diﬀerent curves correspond to currents of 0.2 A, 0.4 A, 0.6 A, 0.8 A, 1.0 A, 1.2 A, and 1.3 A as
indicated. Each curve is the average of 36 measurements.
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Figure 3.8: Heating of 10-μm-wide gold wire after 1 ms. The conductance to the substrate is used as
ﬁt parameter. The value found is 6.40 ± 0.16 × 106 WK−1 m−2 .
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Figure 3.9: Temperature of four diﬀerent chip wires against the power dissipated. The temperature is
determined based on the resistance increase which is displayed on the right-hand axis. The measurement
data is for chip wires 1 (, 10 μm wide), 3 (◦, 50 μm wide), 5 ( , 125 μm wide), and 7 (, 30 μm wide).
The straight lines are linear ﬁts to the data. The slopes are 14.9 ± 0.2, 10.5 ± 0.1, 9.90 ± 0.08, and
11.0 ± 0.1 K/W respectively.

In our experiments we limit the resistance increase to 30% which corresponds to a
83 K temperature rise. It will turn out (see Sec. 3.5.6) that this value is a good
compromise between large current density on the one hand and safe distance from
the melting point of gold (1337.58 K [139]) on the other.
We study the heating of the chip wires in two extremes. For very short current
pulses we assume the silicon substrate to be a large heat sink absorbing all energy.
Continuous operation of the chip wires is the other extreme. In the latter case the
ﬁnal chip wire temperature is determined by the total thermal resistance of the chip
mount between the chip on top and the cooling water in the base of the mount.
For current pulses of intermediate duration the way the chip wires heat up is more
diﬃcult to describe, because the diﬀerent parts of the chip mount made of diﬀerent
materials and having diﬀerent shapes inﬂuence the process (see also the discussion
in Sec. 3.4 of [88]).
Following Groth et al. [62], the dissipation dP in a piece of wire with a length
dl is
dP = ρ0 (1 + cΔT ) j 2 hwdl,
(3.5)
where j is the current density. This heat ﬂows into the substrate or raises the
temperature of the wire. Assuming a thermal conductivity k in between the wire
and the substrate, the energy ﬂow into the substrate is kΔT wdl; being only valid
as long as the substrate is at room temperature. The increase of wire temperature
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can now be described by the diﬀerential equation
ΔṪ =

ρ0 (1 + cΔT ) hj 2 − kΔT
,
hρCp

(3.6)

with ρ the density and Cp the speciﬁc heat of the wire material. Assuming the
temperature increase to be 0 at t = 0, the solution of the diﬀerential equation is
ΔT (t) =

hρ0 j 2
1 − exp−t/τ ,
k − hcj 2 ρ0

(3.7)

and the time constant τ equal
τ=

hρCp
.
k − hcj 2 ρ0

(3.8)

From this analysis we see that for k−hcj 2 ρ0 ≤ 0 the temperature rises exponentially,
destroying the wire immediately. For low currents the temperature saturates within
microseconds for realistic numbers.
Figure 3.7 shows how the 10-μm-wide wire 1 (see Fig. 3.3) heats up for diﬀerent
currents∗ . After switch-on, the voltage over the wire needs almost 1 ms to stabilize,
much longer than the time deﬁned by τ in Eq. (3.8). We assume that 1 ms after
switch-on the temperature diﬀerence between the wire and substrate has saturated
and the substrate is still at room temperature. The resistance and temperature of
the wire after 1 ms for the diﬀerent currents is plotted in Fig. 3.8. As a ﬁt function
we use Eq. (3.7) with the exponential neglected and thermal conductance k as the ﬁt
parameter. This way we ﬁnd a thermal conductance of 6.40 ± 0.16 × 106 WK−1 m−2
which matches the value for 5-μm-wide gold wires on a silicon substrate with a
20-nm-thin SiO2 insulation layer found in Ref. [62].
Figure 3.9 shows the temperature of several diﬀerent wires on our chip as a
function of the dissipated heat. For equal dissipation the temperature is lower for
the wider wires showing that the thermal conductance calculated above does play
a role, but the eﬀect saturates for the broader wires. For these broader wires the
thermal resistance between the silicon substrate and the base of the chip mount
dominates (see also Table 3.3 of Ref. [88]). The slope of the curve of the 125-μm
wire is 9.9±0.1 K/W.
In our experiments we use current pulses with a duration of 2 seconds or longer
and a cycle time of 10 seconds. In most of our experiments we only use the 125-μm
wire at high current, thus the continuous dissipation of the wire with a thermal
resistance of 9.9 K/W is the best description for us.

3.5.6

Chip wire breakdown

In order to ﬁnd the limitations in terms of current of our atom chips, a number
of destructive tests were performed. Figure 3.10 shows the resistance of a wire of
∗

Note that R/R0 can extend below 1 as R0 is deﬁned at room temperature and the wires are
initially at somewhat lower temperature as the chip mount is water-cooled.
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Figure 3.10: Resistance of a 20-μm-wide 1.2-μm-thick chip wire as voltage over the wire is increased.
The resistance doubles before the wire fails at a current density of 8.6 × 106 A/cm2 .
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Figure 3.11: Three pictures showing what happens when chip wires overheat. (a) shows a wire that
partially vaporized when it overheated. The vaporized gold re-deposited on the nearby substrate. In (b)
several wires have melted after one of the wires has carried a large current for a long period (∼1 minute).
The fact that several wires melted, shows that the substrate must have been very warm. The melted
gold ﬂowed over the substrate. (c) Apart from melting and vaporizing a wire may just peel of the
substrate and break.

which the narrowest part is 20 μm wide, 1.3 mm long and 1.2 μm high as it is
tested to destruction. The initial part of this measurement was performed with the
power supply in constant-current mode, while the latter part had to be done with
the supply in constant-voltage mode. The resistance doubles before the wire fails
which appears typical behavior as it is similar to the results in [140].
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The maximally achieved current density in this wire is 0.86 × 107 A/cm2 . For
more narrow wires (down to 5 μm) we have observed values up to 1.1 × 107 A/cm2 .
107 A/cm2 also is the typical number found in literature for the maximum current
density in these wires [62, 141]. Only under special circumstances, like very narrow
(sub-μm) wires [140] or cryogenically cooled chips [142], larger current densities are
reported. From the measurement in Fig. 3.10 and similar measurements we conclude
that our usual way of working in which we limit the resistance increase to 30% is very
reasonable. At R/R0 = 1.3 the current (density) is > 80% of the maximum value
while the dissipation is still less than half the critical dissipation at the moment of
failure.
Figure 3.11 shows three microscope images of chip wires that were destroyed by
large currents. On close inspection of these images one sees that the wires can be
destroyed in diﬀerent ways depending on the current, duration and the microstructure. The wire can peel oﬀ the substrate [Fig. 3.11(c)]. This is probably due to
the diﬀerence in the expansion coeﬃcients of gold (14.2 × 10−6 K−1 ) and silicon
(3 × 10−6 K−1 ) [143]. As soon as part of the wire loses contact with the substrate locally, its heat can no longer be transferred to the substrate and it overheats rapidly.
Often parts of wires are seen to have melted. As soon as (part of) a wire melts
it is destined to fail rapidly since the resistivity of liquid gold is 132% larger than
that of solid gold [139]. Figure 3.11(b) shows an example of a molten wire. In
this particular case the substrate must have been very hot since also parts of wires
that were not carrying any current have melted. Finally it is possible that a wire
(partially) vaporizes. This is what happened to the wire seen in Fig. 3.11(a). The
gold is re-deposited on the silicon substrate nearby.
In all cases there is a large risk that one overheated wire will damage or shortcircuit neighboring wires, independent of whether these wires are carrying current or
not, consequently rendering the atom chip partially, or even completely, inoperable.
Limiting the chip wire current to a maximum resistance increase of 30% has proven
to be a reliable way to prevent such a catastrophe.

3.6

Summary and conclusion

In summary, we have given a detailed description of the fabrication procedure for
our atom chips, and of the considerations that led to the choices made. The resulting atom chip wires were characterized using optical, electron and atomic force
microscopy and their quality found to be competitive with the best chips reported
thus far [140].
The fabrication procedure includes the use of optical lithography with a practical
resolution of ∼3 μm, gold evaporation and lift oﬀ to fabricate gold wires with widths
ranging from 5 to 125 μm and a typical thickness of 2 μm on a silicon substrate.
With the chip epoxied to a water-cooled mount we achieve continuous current densities of ≥106 A/cm2 and ≥107 A/cm2 for the 125 μm and 5 μm wire, respectively,
in ultra-high vacuum. Although we do not observe any particular problem in microscopic analysis of the microfabricated wires, they still exhibit the typical potential
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roughness that is also observed in other atom chip experiments. In initial characterization experiments we found a rms value for ΔB/B of 5 × 10−5 at 77 μm above
the chip, somewhat higher than chips fabricated in a similar way at other institutes.
At least part of the explanation could be the native siliconoxide layer which presumably is only several nm thick and provides insuﬃcient electrical insulation to
prevent electrical current from leaking out of the wires.
Despite their limitations these chips have been successfully used to study the onedimensional Bose gas [73] and to study atom-chip-based rf-dressed potentials [84], see
also Ch. 5 and Ch. 6. The process described here was optimized for simplicity, and
requires relatively modest clean-room facilities. It should thus particularly suited
for reproduction elsewhere, employing similar facilities to those of the Amsterdam
nanoCenter.
If in the near future new chips have to be made for a followup experiment, it
is advisable to have a SiO2 layer on the substrate to improve electrical insulation
between the chip wires. A thin layer of 25 nm is reported to be suﬃcient [98], while
it hardly obstructs the heat ﬂow from the wire into the substrate [62]. It would
only add one more stage to the fabrication process, thus keeping it relatively simple.
An alternative would be to employ a dielectric substrate, doing away with the need
for an insulating SiO2 layer altogether. Industrial-grade polycrystalline AlN has a
thermal conductivity in the 160–200 Wm−1 K−1 range depending on the sintering
process and possible additives. The thermal conductivity of monocrystalline AlN
is larger, but limited by impurities, especially oxygen atoms. The largest value
measured for a high-purity monocrystalline sample is 275 Wm−1 K−1 [144]. AlN is
used in the semiconductor industry as substrate and packaging material for power
electronics. For our atom chip the monocrystalline variety would be preferred not
only because of the larger thermal conductance, but also for its anticipated smaller
surface roughness. One account of an AlN atom chip has appeared in literature [141].
Its thermal properties are favorable while the quality of the generated magnetic
potential was not reported.

4
4.1

Experimental setup

Introduction

One of the beneﬁts of atom chips is that they simplify the experimental setup in cold
atom experiments. In tight chip-based traps the time scales for evaporative cooling
are shorter than in alternative traps, relaxing the demands on the ultra-high vacuum
quality and allowing rapid experimental cycle times. Also the chip-based currents are
only several ampere, instead of hundreds, allowing the use of smaller power supplies.
Despite these advantages atom chip setups still employ a range of technologies (e.g.
lasers, magnetic ﬁelds, ultra-high vacuum, experiment automation), making them
experimentally demanding.
This chapter describes the experimental setup, excluding the atom chip that is
described in Ch. 3. It consists of four parts. The ﬁrst part of the chapter describes
all components of the setup except the experiment automation and the DDS radiofrequency sources. It brieﬂy treats the vacuum system (Sec. 4.1), magnetic ﬁeld coil
(Sec. 4.2.2), laser system (Sec. 4.2.3), atom chip mount (Sec. 4.2.4), Rb dispenser
(Sec. 4.2.5) and the absorption imaging system (Sec. 4.2.6). Additional details on
these parts of the setup may also be found in the thesis of Van Amerongen [88].
They are presented again in this thesis (i) for convenience of the reader (ii) to incorporate additional details and (iii) to describe changes that were made to the
setup recently. The second part of this chapter deals with the automation of the
experiment (Sec. 4.3). After a description of the experiment control computer and
related electronics (Sec. 4.3.1) we turn to the software (Sec. 4.3.2) that was written
especially for our experimental setup in the LabView environment. We highlight
important design considerations and show how the implementation results in ﬂexibility in running diﬀerent types of cold atom experiments. The third part of this
chapter (Sec. 4.4) describes the new radio-frequency sources that we use for creating rf-dressed potentials and rf evaporation. Instead of using commercial rf sources
we have constructed our own rf generators using Direct Digital Synthesis (DDS)
chips. We discuss the electronics involved, the way the DDS chips are programmed
via the experiment control computer and the properties of the resulting rf signals.
The fourth, and ﬁnal, part of the chapter (Sec. 4.5) gives a description of a typical
experimental cycle in which we trap and cool a cloud of rubidium atoms from room
temperature to quantum degeneracy (≤1 μK) within 10 seconds.
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Figure 4.1: Vacuum setup: (1) science chamber, (2) 4+1-way cross, (3) ion getter pump 2 l/s, (4)
dispenser atom source, (5) venting valve. Not shown here is the lower part of the vacuum system that
contains an ion getter pump, a titanium sublimation pump and the ionization gauge for measuring
pressure.

4.2
4.2.1

Overview of the experiment
Vacuum system

The vacuum system is shown in Fig. 4.1. It consists of a science chamber and a
part that contains the pumps. The science chamber has an octagonal shape and
is made of stainless steel. Six double-sided-AR-coated CF-40 windows and one
uncoated CF-100 window provide optical access for MOT, pump and probe beams.
The atom chip and mount are supported by a custom-made 4+1-way cross. This
cross supports the atom chip assembly and two 15-pin sub-D vacuum feedthroughs
(Allectra 210-D15-CF40) needed for the chip assembly. The cross is mounted on
top of the vacuum system such that the atom chip is facing down in the center of
the science chamber. A 40 l/s ion getter pump and a titanium sublimation pump
maintain UHV conditions. A small (2 l/s) ion getter pump connected to the 4+1-way
cross makes sure that this somewhat isolated part of the vacuum systems maintains
UHV. We measure the pressure with a Bayard-Alpert ionization gauge. With a bake
out at 180◦ for about one week to remove residual water vapor, we attain a pressure
of ∼10−11 mbar.
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Magnetic ﬁeld coils

The experiment comprises a total of 10 magnetic ﬁeld coils (Fig. 4.2 and Table 4.1).
The MOT coils provide the magnetic ﬁeld gradient needed for magneto-optical trapping, while we use the six compensation coils to make a uniform ﬁeld in any arbitrary
direction. The Y-bias coils produce additional bias ﬁeld in the y direction needed
for tight magnetic traps. All coils are connected to their supply via twisted-pair
shielded (audio) cable (Belden 8718 12 AWG, 2.05 mm diameter). The MOT coils,
Y-bias coils and the two compensation coils that produce ﬁeld in the x-direction
are connected via electronic switches to allow rapid switch-oﬀ of the magnetic ﬁeld.
Current through the coils is provided by several analog programmable Kepco current
supplies.
The MOT coils are switched using STE53NC50 MOSFETs with VDS = 500 V,
RDS(on) < 0.08 Ω and ID = 53 A [145]. The switch-oﬀ time is ∼500 μs for a
typical current of 7 A compared to ∼100 ms without switch. For the other coils we
use Toshiba 2SK1544 MOSFETs with VDS = 500 V, RDS(on) = 0.15 Ω (typ.) and
ID = 25 A as maximum continuous current. We tune the switch-oﬀ time between 50
and 100 μs with varistors that we connect in parallel to the coils. The switches are
connected to the experiment control computer via optocouplers to prevent ground
loops and to protect electronic components.
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4
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Figure 4.2: Magnetic ﬁeld coils: (1) compensation coils, (2) vacuum chamber, (3) MOT coils, (4)
Y-bias coils. The outside diameter of each of the six compensation coils is 200 mm.
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Figure 4.3: Setup of the repump laser.

windings
R0 (Ω)
L (mH)
strength
water cooling
Imax (A)
Pmax (W)

compensation
coils
128
1.5
6
1.85 G/A
12
280

MOT
coils
624
3.4
24
2.3 (G/cm)/A

10
440

Ybias
coils
120
0.7
2
1.29 G/A

20
360

Table 4.1: Magnetic ﬁeld coils properties. The strengths listed are calculated along the line connecting
the centers of the coils in each pair. Since the compensation coils are mounted under an angle of 45◦
√
with respect to the y axis, they contribute 1.85/ 2 G/A in y and z.
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Lasers

We use three diode lasers: a grating stabilized master laser, a slave laser locked
by injection to the master laser and a grating stabilized repump laser. The master
and slave produce light for cooling, probing and optical pumping at 780 nm. These
lasers are described in [88, Sec. 3.8]. Here, we give a more detailed description of
the repumper arrangement.
The repumper is a grating-stabilized diode laser (Toptica DL100). The experiments described in chapter 5 were performed with a 795 nm diode (Toptica LD0800100-2) locked to the Fg = 1 → Fe = 2 transition of the 87 Rb D1 line. The experiments in chapter 6 were performed with a 780 nm diode (Sharp GH0781JA2C)
locked to the Fg = 1 → Fe = 2 transition of the 87 Rb D2 line. Figure 4.3 shows
an overview of the repump laser setup. After spectroscopy the light is divided between two paths using an EOM (Linos LM0202). After passing mechanical shutters
(Vincent Associates, Uniblitz, LS2T2) (not shown in the ﬁgure) each beam enters
its own single-mode polarization-maintaining ﬁber. About 11 mW of light from the
repump ﬁber is overlapped with the cooling beams and used during the MOT stage.
The light from the pump/repump ﬁber is used during optical pumping. Based on
atom numbers and temperatures, the experiment performed equally well with the
repumper at 780 nm or at 795 nm.

4.2.4

Atom chip mount

The key element of the entire experiment is the atom chip sitting in the very center
of the vacuum system on its mount. The atom chip is described in detail in Ch. 3.
We designed and built the mount especially for our chip. The mount has several
functions. First of all it needs to be a sturdy mechanical platform. It has to
conduct away the heat produced by ohmic heating on the chip. It has to provide
electrical connections for the wires on the chip. Additionally it houses two layers of
three macroscopic wires, the so-called miniwires, underneath the chip. The resulting
design is shown by Fig. 4.4.
The atom chip is epoxied on a boron-nitride ceramic element that contains the
connector pins for all electrical connections. The chip wires are wire-bonded to these
pins. The miniwires lie in grooves in the boron-nitride. The boron-nitride is glued
with epoxy on a copper block which in turn is screwed on a copper rod with four
M3 bolts. From there a 0.1 l/min ﬂow of cooling water (∼ 13◦ C) through the hollow
copper rod eﬀectively removes all heat to outside the vacuum system.
The thermal properties of the complete assembly play an important role, because
the maximum atom chip current is limited by heating of the wires. A good cooling
of the chip allows higher currents. The thermal properties of atom chip and mount
were analyzed analytically, numerically and experimentally in [146] and [88]. The
conclusion was that the current pulses in the atom chip are so long that the steadystate thermal resistance is the relevant quantity. It is found to be 9.9 ± 0.1 K/W
limited by the epoxy layer between the silicon chip and the boron-nitride (Sec. 3.5.5).
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Figure 4.4: The chip mount. (a) Exploded view showing all components: (1) atom chip, (2) miniwires,
(3) connector pins, (4) boron-nitride ceramic element, (5) female connector pin, (6) copper heat sink,
(7) water-cooled stainless steel rod. (b) The chip and chip mount as mounted inside the vacuum system
along with the two Rb dispensers.

4.2.5

Dispenser

The rubidium that we use in our experiments originates from an alkali metal dispenser. This is a centimeter-long stainless-steel container ﬁlled with a rubidium
chromate and a reducing agent mounted on the 6.4-mm-thick copper pins of a highcurrent vacuum feedthrough. To release rubidium we resistively heat the dispenser
by sending a 11-20 A, 2–4 s current pulse through it. Two of these dispensers are
installed in our vacuum system. One with the opening towards the atom chip, the
other is facing the wall of the vacuum system. Only one of the two, the one facing
the wall, was used in all the experiments performed in our system so far. After going
through an estimated 3 × 105 experimental cycles with an equal number of heating
pulses, this dispenser is now showing signs of depletion. The atom number in the
MOT and the BEC is becoming ever lower, signalling a reduced rubidium-vapor
pressure. We compensate by making the dispenser current pulse longer to increase
the temperature to obtain the same rubidium pressure as previously.
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Absorption imaging system

We image our atomic clouds with a laser beam along the y-direction, projecting
the long size of the elongated cloud on the camera. We are able to observe atomic
features in the vertical z direction and the longitudinal x direction, while the probe
eﬀectively integrates the atomic density in the y direction. Imaging along the x
direction (longitudinal imaging) was not possible at the time the experiments were
performed∗ .
The probe light is circularly polarized and resonant with the Fg = 2 → Fe = 3
transition. In time-of-ﬂight imaging the quantization axis is deﬁned by a weak
(∼ 2 G) ﬁeld in the y-direction. After passing through the vacuum system, the light
hits a lens L1 with focal length f 1 = 100 mm. The next lens, L2, is positioned
400 mm after the ﬁrst and projects the shadow image of the cloud on the CCD
chip of our camera. The magniﬁcation M equals f 2/f 1 and was measured to be
3.03 ± 0.04. The optical resolution is limited by the numerical aperture N A = 0.315
of the ﬁrst lens. The corresponding resolution limit is dmin = 3 μm.
The camera is an interline transfer CCD camera (Roper Scientiﬁc Coolsnap
ES) [147]. The Sony ICX285 CCD chip has 1392×1040 pixels with a size of 6.45 μm
× 6.45 μm. The speciﬁed quantum eﬃciency at 780 nm is 30%. The pixel read-out
rate is 20 MHz meaning that it takes 1040 × 1392/20 × 106 ≈ 75 ms to read a
complete image. With binning the eﬀective number of pixels can be reduced, also
reducing the read-out time. More importantly, it is possible to deﬁne a region of
interest (ROI) which reduces the number of pixels that has to be read out, while
maintaining pixel resolution, and allowing several images to be recorded in rapid
succession (typically 50 ms between images).

4.3

Experiment automation

4.3.1

Computer control hardware

The complete experiment is controlled through one personal computer that hosts
the digital and analog output boards, connects the camera, does all necessary calculations and stores all information at the end of each experiment. It is a personal
computer with a Pentium 4 processor running at 2.80 GHz and 1 GB of memory
(DDR333 SDRAM). The Intel D845GEBV2 motherboard was chosen for its built-in
graphics controller (1280 × 1024 pixels, 32 bit) and 6 available PCI extension slots.
Data is stored on a 80 GB hard disk and is regularly copied to a network drive for
backup. A 400 Watt power supply was purchased specially to provide ample power
for both processor and extension boards. The National Instruments LabView 7.0
software runs under the Windows XP operating system.
The 6 PCI extension slots are occupied by the following devices:
1. Roper Scientiﬁc camera interface board
∗

Longitudinal imaging was implemented in the spring of 2008.
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2. Viewpoint Systems DIO-64 (64-channel digital input/output board)
3. National Instruments 6713 (8-channel 12-bit analog output board)
4. National Instruments 6713
5. National Instruments 6713
6. National Instruments 6014 (multifunction board)
The Roper camera board provides an interface between the Coolsnap ES camera
and the computer. Instead of communicating through a common interface like USB
or ﬁrewire it uses this proprietary board to transfer data.
The Viewpoint Systems DIO-64 board [148] provides 64 bits (in 4 banks of 16
bits) of 5V TTL/CMOS digital I/O. It has an internal clock (40 MHz crystal) and
controller that makes it independent from the clock and CPU of the computer.
Onboard memory is small (512 transitions onboard FIFO), but it is automatically
continuously ﬁlled from the main computer memory, giving a maximum sustained
transfer rate of ≥106 transitions/second. We use our DIO-64 with all lines conﬁgured as outputs. The external connector of the DIO-64 at the rear of the computer
has 100 pins and has the digital lines distributed in an inconvenient way that promotes cross-talk. A small adaptor board designed by Duncan Verheijde of the FOM
institute Amolf connects directly to the DIO-64 external connector and redistributes
the 64 lines over 4 twisted-pair ribbon cables, one ribbon per bank of 16 bits. The
ﬁrst 32 lines (the ﬁrst and second ribbon cable) connect to a custom-made BNC
breakout box that contains high-speed 74HC541 buﬀer/line drivers. The remaining
32 lines (ribbon cable 3 and 4) connect to the 19” panel containing the 4 DDS rf
sources that are described in more detail in Sec. 4.4.
The National Instruments 6713 board [149] features 8 analog voltage outputs,
each with its own 12-bit digital-to-analog converter (DAC), 8 lines of digital I/O
and two 24-bit counter/timers. In our experiments we only use the analog outputs.
They are bipolar with a range of ±10 V and can deliver a maximum current of
±5 mA. The maximum update rate is 1.0 × 106 transitions/second and the speciﬁed
noise of 200 μVrms over the range from DC to 1 MHz is less than the 4.9 mV DAC
resolution. Each 6713 board in the computer is connected to a BNC breakout box
via a proprietary National Instruments cable. As opposed to the box for the DIO-64
these breakout-boxes have no active components inside.
The National Instruments 6014 board [150] is a multifunction I/O device. It
contains 16 analog input channels, two 16-bit analog outputs (10 kS/s), 8 digital
I/O lines and two 24-bit counter/timers. We have conﬁgured the 16 input channels
as eight diﬀerential inputs with an input range of ±10 V. The ADC resolution is
16 bit and the sampling rate 200 kS/s. The 6014 connects through a custom-made
BNC break-out box without any active components inside. We do normally not use
the 6014 board in our experiments with cold atoms, but it has proven to be a useful
tool, e.g. for monitoring the temperature during vacuum bake out.
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Figure 4.5: Timeline showing both trapping and cooling sequence and the control program ﬂow. The
timing of the green part is accurate, because it is governed by the ViewPoint DIO-64. For further
explanation see the text.

4.3.2

Computer control software

Introduction
The software we use to control our experiment is a single LabView 7.0 application.
It was written from scratch, but inspired by software of the BEC setup at the
FOM institute Amolf† . This section is not meant as a comprehensive manual of the
experiment control software, but does explain the key principles and motivates some
of the choices made when developing the software. The most important element of
the program is the time frame. The time frame is a complete list of commands
and timing information needed for one experimental cycle. It is generated by the
operator of the experiment and stored in an ASCII ﬁle. The program reads in the
time frame and compiles it into the experimental sequence, two big tables containing
all states of the digital and analog output boards in the computer.
A scan is a collection of cycles repeating one time frame. In most cases one
setting in the time frame is changed in small steps (scanned) to investigate the
relation between this setting and the eﬀect under investigation. It is however also
possible to have a scan consisting of identical time frames to build up statistics.
Finally, notice that the word experiment can have diﬀerent meanings. It can be
used to address a single cycle, a scan or even a collection of scans, depending on the
eﬀect under investigation.
Program ﬂow
Figure 4.5 shows the order in which the program performs its tasks and how the
program ﬂow relates to the trapping and cooling sequence experienced by the atoms.
The ﬁgure is typical for a scan, when multiple cycles have to be executed. This
section explains the consecutive stages of the control program. The trapping and
cooling sequence is detailed in Sec. 4.5.
†

The original Amolf BEC setup was moved to the University of Amsterdam in 2004.
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First the program compiles the ﬁrst time frame and copies the experimental
sequence to the DIO-64 and analog output boards. Then it starts the experimental
cycle by starting the scan-clock of the DIO-64. From that moment on, the execution
of the experiment is independent of the computer. Immediately after starting, the
program adjusts the settings of the Coolsnap camera, sets it to trigger three times
for absorption imaging and then starts the camera. The camera is started only after
the DIO-64 because unintended digital line changes at the start of the experimental
cycle can cause false triggers. The camera settings such as region-of-interest (ROI),
binning and exposure are read from the time frame by the Labview program. Next
the program checks if there are more time frames that should be executed. If so, it
reads in the time frame from ﬁle and compiles it. Compilation takes between 2 and
5 seconds depending on the number of commands and the type of commands in the
time frame.
During execution of the experimental sequence the program regularly checks the
progress by polling the clock of the DIO-64. Once it ﬁnds that it has counted beyond
the duration of the time frame, 10 s normally, it signals the DIO-64 to stop. It loads
the new experimental sequence into the DIO-64 and the analog output boards and
the next cycle is started.
Timing issues
The clock of the ViewPoint DIO-64 runs at a ﬁxed frequency of 40 MHz, from which
the scan-clock is derived. The scan-clock determines the maximum transition rate
of the digital outputs and we set it to 10 MHz in all our experiments. The time
resolution in the experiment is set to 10 μs, meaning that all components (power
supplies, shutters, AOM drivers, ...) can only be updated on multiples of 10 μs. This
value is convenient because it corresponds to a rate of 100 kHz which is much faster
than the trap frequency in any of our experiments which usually is only several kHz.
Also it is faster than most of the equipment we are controlling, but it is slow enough
for the computer and output boards to handle. Because the scan-clock is running at
10 MHz we have a maximum of 100 clock pulses available in each 10 μs time step.
These 100 pulses are sometimes necessary to re-program one or more of our DDS
radio-frequency generators as described in section 4.4.
To make the timing of the experimental cycle completely independent of the
PC clock, the three NI 6713 analog output boards are triggered by the DIO-64.
The triggers appear at irregular intervals, only when the analog outputs need to be
updated.
Time Frame
The time frame is the list with all commands for one experimental cycle (see Fig.
4.6 for an example). It is stored in a ASCII ﬁle and typically has ∼300 lines. Each
line corresponds to changing the setting of one element such as the current to be
applied to a chip wire or the setting of a laser shutter. Each line starts with a
comment/line description that is ignored by the program. The numerical value in
the second column is the time delay (relative time) with respect to the previous
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Figure 4.6: Part of a time frame (a), the digital hardware table (b), and the analog hardware table
(c). See the text for more information.
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command in ms. The next two columns contain the identiﬁer/name of the element
and the new setting. The ﬁnal two columns contain information on how the new
setting should be reached. At once at the given time (a step) or gradually with a
linear ramp. In case of a ramp the ﬁnal column contains the duration of the ramp
in ms.
To translate the time frame into a sequence that the computer can output it
looks up the details of all elements in the digital and analog hardware tables. The
details include the number of the digital or analog line the element is connected
to. Analog elements also have information on the maximum and minimum settings
(voltage limits) and the conversion factor (i.e. number of ampere per volt output
for a given element). Separating the time frame from the hardware information like
this has the advantage of added ﬂexibility. A power supply or some other element
can be changed without having to change each and every time frame.
The time frame contains a few special features that can be very useful:
• The time frame can include parameters/variables. Parameter names consist of
a single letter or a combination of a letter and a number. Parameters can be
set and overwritten anywhere in the time frame. They can be used to deﬁne
times, and settings everywhere in the time frame, also in the deﬁnition of other
parameters. This is very useful for performing scans that change multiple
parameters at the same time. The m in Fig. 4.6(a) is a good example.
• Basic mathematical functions (sin, exp, abs, ...) are accepted by the program
to deﬁne parameter values or relative times. These functions are valuable as,
together with parameters, they allow to deﬁne complicated experiments.
• The imaging settings like the exposure, binning and ROI settings can be contained in the time frame. Especially the ROI is usually speciﬁc to a particular
time frame and storing them in the time frame makes switching time frames
easy. If no imaging settings are provided in the time frame, the program uses
default values.
• The program can compensate for the delay of speciﬁc elements in the setup
(e.g. shutters). In the analog and digital hardware tables the delay can be
entered (in ms). The program now automatically compensates for this by
executing all commands for that element earlier by an amount equal to the
delay.
Imaging and image analysis
Immediately after starting an experimental cycle the Coolsnap camera is initialized
(Fig. 4.5). Settings for the region-of-interest, binning and exposure are normally
taken from the time frame. During the experimental cycle the program regularly
polls the camera to see how many images it has acquired. Once this number reaches 3
the program does a few things. It takes the 3 raw images and saves them to ﬁle in the
lossless 16-bit pgm format. It calculates the optical density distribution and displays
it on screen. Finally it performs some analysis on the optical density distribution.

4.4 DDS rf generation
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A 1D gaussian curve is ﬁtted to a horizontal cross-section of the distribution and
one to a vertical cross-section. These two ﬁts are also displayed on screen and yield
useful live information like position and size of the cloud and from these two ﬁts the
total atom number is estimated. Also the complete image is integrated to give a
second estimate of the total atom number. All ﬁt results are saved to disk for future
reference.
Time for online analysis is limited. It has to be done between the moment the
absorption imaging is done (some 8 seconds into the cycle) and the end of the cycle
(after 10 seconds). At the end of the cycle the computer has to be ready and waiting
to start the next cycle and to compile the next time frame.

4.4
4.4.1

DDS rf generation
Introduction

In our experiments we need multiple radio-frequency (rf) ﬁelds. Often the frequency
and the amplitude of these ﬁelds need to be changed a few times during an experiment of a few seconds. It turns out that a standard function generator (like the
Agilent 33250A that is available in our lab) is not ﬂexible enough. It needs too
long for reprogramming and it is diﬃcult to reprogram it in sync with the rest of
the experiment. This is why we chose to use direct digital synthesizers (DDS) to
generate our rf ﬁelds.
We use the Analog Devices AD9854 DDS [151]. This particular DDS has several
advantages compared to others. Its internal clock goes up to 300 MHz, making it fast
enough for our purposes. It has a 4× to 20× programmable reference clock multiplier
giving a lot of freedom selecting an external reference clock. The frequency, phase
and amplitude can be programmed with more than suﬃcient resolution. Apart from
a relatively slow serial I/O interface (still much faster than the function generator
mentioned above) it also has a fast parallel 8-bit I/O interface. Finally this DDS
only requires a single 3.3 V power supply.
The main disadvantage of the AD9854 is that it has only one independent output.
Since we need multiple rf ﬁelds we are obliged to use multiple AD9854 IC’s. They
are operated in a phase-locked way via connection to a common reference clock.
In our experiment we have 4 AD9854 DDS’s of which normally three are active
in regular experiments. Hardware and software enabling the use of these DDS’s in
our experiment was specially developed and is described in the following sections.

4.4.2

Hardware conﬁguration

Figure 4.8 gives an overview of all the components of our rf generation hardware.
Each AD9854 DDS is sitting on its own evaluation board. This is a printed circuit
board (PCB) with interfacing electronic components supplied by the manufacturer
for evaluation of the digital synthesizer. We did not make our own PCB, because
the evaluation board gives us access to all the features that we need and it saved us
quite some time. The evaluation board however also contains functions we do not
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300 MHz internal clock rate
4x to 20x programmable reference clock multiplier
48-bit programmable frequency registers
14-bit programmable phase oﬀset resisters
12-bit amplitude modulation
10 MHz serial, 2-wire or 3-wire programming
100 MHz parallel 8-bit programming
3.3 V single supply
multiple power-down functions

Figure 4.7: Overview of features of the AD9854 DDS

use, the board is unnecessarily large and it is somewhat more expensive than the
bare integrated circuit (IC).
We did design and make another simple PCB: an interface card. Each DDS has
such an interface card and its main function is to convert the 5 V digital logic from
the Viewpoint DIO-64 card in the computer to 3.3 V CMOS logic levels for the DDS
chip. This is done using simple octal buﬀer/driver ICs. Each interface card can be
addressed individually through one of four selection lines. The selection line simply
switches the buﬀer/driver on or oﬀ, determining whether the DDS receives a certain
command or not. The major beneﬁt of this method for individual addressability is
that the four DDS’s can share 20 digital lines and do not use up all the 64 digital
outputs.
The output of each DDS is fed through a 120 MHz low-pass ﬁlter on the evaluation board. Then we use a 1:1 rf transformer (Mini-Circuits T1-1T, 0.08–200 MHz,
0.25 W) to remove the DC component from the signal. The rf for evaporation and
spectroscopy is connected to the atom chip as it comes out of the transformer. Two
rf ampliﬁers (Mini-Circuits ZHL-32A) with a ﬁxed gain of 28.5 dB over the 0.05–
130 MHz frequency range amplify the rf needed for the rf dressing ﬁelds. The 4 dB
attenuators in front of the ampliﬁers make sure we do not overload the ampliﬁers.
To achieve synchronous operation we supply a single 20 MHz clock signal generated by an Agilent 33250A arbitrary waveform generator to all four DDS’s. Each
DDS multiplies this reference clock signal by 10 to produce an internal clock of
200 MHz.

4.4.3

Programming

We program the DDS’s directly with the computer that also controls the rest of the
experiment. The challenge is to (re)program the DDS’s within 10 μs such that it
can be treated as any other analog device, while in the mean time not saturating the
control computer. The programming speed is determined by the control computer
and the DIO-64 card. It can produce DDS commands at a maximum rate of 10 MHz
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Figure 4.8: Overview of the DDS hardware consisting of the experiment control computer (red)
containing the Viewpoint DIO64 pci card, 4 DIO64-DDS interface cards (green), 4 AD9854 DDS ICs
each sitting on its own evaluation board (blue) and 4 transformers (orange). Two of the four channels
are equipped with an additional attenuator (gray) and ampliﬁer (purple) to amplify the signal. All RF
signals are referenced to a single 20 MHz external clock (yellow). The interface boards, DDS evaluation
boards and transformers are placed in a single 19” rack as indicated by the dashed rectangle.

(the clock rate of the DIO-64 card) while the parallel programming input of the DDS
can handle 100 MHz. Nevertheless the computer is fast enough for our purposes as
will become clear in the following sections.
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Programming frequency, amplitude and phase
As mentioned above the time resolution of the experiment is chosen to be 10 microseconds, while the clock of the DIO-64 card runs at 10 MHz. Thus, we have
100 clock pulses to program the DDS’s. Frequency, amplitude and phase are programmed by writing the appropriate values to the registers of the DDS. We are
using the parallel programming option, which yields a transfer rate of 1 byte in
3 clock-ticks.
Normally the DDS’s are operated in Single-Tone mode, which means that they
output a continuous rf signal with ﬁxed frequency, phase oﬀset and amplitude. The
frequency is programmed in a 48 bit register of which we use only the 24 most
signiﬁcant bits (requiring 3 bytes of data transfer). Given the internal clock rate of
200 MHz, the obtained frequency resolution is 11.92 Hz. The amplitude is set in a
12-bit register. Maximum amplitude corresponds to a current with an amplitude of
10 mA in a 50 Ω load. By using all 12 bits we obtain an amplitude resolution of
2.44 μA/0.122 mV in a 50 Ω load. The phase oﬀset is controlled via a 14 bit register,
allowing a phase resolution of 0.38 mrad. Setting the amplitude and/or phase each
requires the transfer of two bytes. While writing the new settings to the registers
of the AD9854, the properties of the rf signal being output remain unchanged. The
new settings are activated by toggling the I/O update line.
In a 10 microsecond time window ﬁrst all settings are written to the DDS’s. To
reduce stress on the computer and DIO-64 only settings that change are written.
In the worst case all four DDS’s are completely reprogrammed which requires the
transfer of 4 × (3 + 2 + 2) = 28 bytes corresponding to 84 clock pulses. After programming, the activation of the new settings is done for all 4 DDS’s simultaneously.
This requires 3 more clock pulses. Simultaneous activation of the new settings not
only saves time, it also keeps the DDS’s synchronized. In practice it is very unlikely
that all DDS’s are completely reprogrammed at the same time, so normally the
reprogramming involves much less than the 84 clock pulses mentioned above.
Frequency sweeps
In the experiment we often need to sweep the rf frequency, for instance for rf evaporation and also for splitting of an rf dressed potential. We have two diﬀerent
methods of frequency sweeping at our disposal: computer-generated sweeps and
DDS-generated frequency sweeps.
The computer-generated frequency sweep simply uses the same procedure as used
for ramping the value of all the analog components in the experiment. The DDS
itself is still set to single-tone mode, but the computer sets a new frequency value
every 10 μs. Since the sweep is completely controlled by the software, it is relatively
easy to program complicated, non-linear sweep proﬁles if necessary. Disadvantages
are that (i) the sweep is very coarse due to the update rate that is 100 kHz (at
most), (ii) the 11.92 Hz frequency resolution and (iii) the 100 kHz update rate
requires signiﬁcant CPU resources, slowing down the time frame compilation.
To avoid these problems we have also devised a diﬀerent way of sweeping the
frequency. This method employs the chirp mode that is built into the DDS. In this
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mode the DDS needs a start frequency, an update rate and a frequency step size
to produce the sweep automatically. In our experiment the update rate is ﬁxed at
10 MHz. The frequency step size is based on data in the time frame. For the step size
we now use the full 48 bit frequency register giving a resolution of 0.71 μHz/0.1 μs
(= 7.1 Hz/s). Switching the DDS to chirp mode in the beginning and switching back
to single-tone mode in the end requires some extra commands from the computer,
but the fact that the computer does not need to generate commands for the complete
duration reduces time frame compilation time. The disadvantage of this method is
that the DDS can only provide linear frequency sweeps.
Notice that in this case the frequency sweep ends, not because the DDS reaches
a predeﬁned ﬁnal frequency, but because it receives a new command at the right
moment. As a consequence, there can be a frequency jump at the end of a DDSgenerated frequency sweep. Without adjustments of the predeﬁned ﬁnal frequency
the maximum possible jump is proportional to the duration of the sweep. For
a typical sweep of several hundred ms it can maximally be several Hz, which is
suﬃciently small to ignore.

Fast rf amplitude ramp down
The DDS amplitude and phase can only be ramped slowly, like the regular analog
components in the program. Special modes for fast sweeping (as for the frequency)
do not exist within the AD9854 DDS. Generally this is not a problem. They have to
be ramped less often than the frequency and the ramps are shorter. However, there
is one situation where the rf amplitude ramp rate is a problem. When switching oﬀ
a dressed potential for time-of-ﬂight imaging it is important that the switch oﬀ is
faster than the external motion (the trap frequency) of the atoms (> 10 kHz), but
slower than the internal dynamics (the Larmor frequency) (< 1 MHz). Here the
10 μs time step chosen for the controlling software can be a serious limitation.
To work around this limitation we bypass all normal programming to avoid the
10 μs time resolution and we ignore all other commands for the DDS’s. Instead
we use the full 10 MHz DIO-64 clock rate to update the amplitude setting as fast
as possible. This way the rf amplitude can be updated every 0.7 μs, giving an
acceptably smooth ramp down of the rf amplitude. The procedure is very demanding
in terms of data rate from the control computer to the DIO-64 board. It can only be
sustained 25 to 35 μs after which the DIO-64 buﬀer memory is empty and the board
stalls. To prevent this problem from occurring we normally limit the maximum
ramp duration in this method to 20.3 μs.
The use of the parallel programming interface of the DDS’s and the way the
programming is implemented in the experiment control program results in four very
ﬂexible rf sources. They are controlled independently, each spanning a frequency
range of 0 to 100 MHz with a resolution of ∼ 12 Hz. Phase, frequency and amplitude
steps and ramps can be programmed within a 10 μs window. These sources give
maximum ﬂexibility for controlling rf-dressed potentials.
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(a)

(b)

(c)

(d)

Figure 4.9: Signal quality of AD9854 DDS rf source compared to a commercial Agilent 33250A function
generator measured with a Rohde&Schwarz FSL spectrum analyzer. Both rf sources were producing
a 2 MHz sine signal with a strength of 500 mV (peak-peak) which is the maximum output level of
the DDS. The ﬁgures (a) and (c) are for the Agilent, (b) and (d) for the DDS. The top ﬁgures span
the frequency range from 0 to 10 MHz. The 2 MHz signal is accompanied by harmonics at 4, 6 and
8 MHz that are equally strong for both sources. The bottom ﬁgures show the 400-Hz range around
the main frequency of 2 MHz. Both sources have similar signal width, similar noise ﬂoor and no visible
side bands.

4.4.4

Radio-frequency signal characteristics

Morizot et al. have carefully determined the inﬂuence of the rf source quality on the
trapped atoms and have characterized diﬀerent rf sources [152, 153]. They conclude
that the Agilent 33250A arbitrary function generator is well-suited for experiments
with cold atoms in dressed potentials because of its low noise levels. We have
not performed such a detailed analysis of the noise levels of our DDS rf sources.
Instead we have compared one of our DDS rf sources with an Agilent 33250A using
a Rohde&Schwarz FSL spectrum analyzer. The result of this comparison is shown in
Fig. 4.9. It shows that these two generators producing a 2 MHz, 500 mV(peak-peak)
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sine signal have very similar noise levels. From this comparison and the analysis of
Morizot et al. we conclude that the signal quality of our DDS rf sources is ideally
suited for experiments with cold atoms trapped in rf-dressed potentials.
We have not put any eﬀort in controlling the phase of the rf-dressing ﬁeld with
respect to the rest of the experimental setup. A noticeable consequence is that the
rf-dressing ﬁeld phase at the moment the trap is switched oﬀ is undeﬁned. The
phase varies over time as relative rates of the DIO-64 clock and the DDS external
clock drift over time. We have measured the rf-ﬁeld phase at the end of a typical
experiment. For a 2.0 MHz signal the phase change per experimental cycle (∼10 s) is
typically 0.03 rad. So the phase between two experimental cycles is well determined
if the two cycles are executed directly after one and other and ill-deﬁned if the two
cycles are separated by several minutes.
We used this to analyze the inﬂuence of the rf-dressing ﬁeld phase at switch-oﬀ
of the rf-dressed potential on the population of diﬀerent spin states after release of
the atoms from the trap (see Ch. 6). We did not observe any relation between phase
and spin state population in these experiments nor in any other of our experiments.
In the future a better control over the rf-dressing ﬁeld phase may be needed in which
case we intend to connect both the DIO-64 board and the DDS rf generators to one
external clock generated by a Rb atomic reference oscillator.

4.5

Experimental cycle — trapping and cooling
sequence

Here we describe the procedure we follow to make a Rb BEC. A more elaborate description can be found in [88, Ch. 4]. We start by making a MOT several mm’s away
from the chip surface with the MOT coils. Atoms collect in the MOT immediately,
but atom number is low, because the Rb vapor pressure is low. To increase the
pressure, we pulse on the dispenser. The dispenser pulse is shaped. The initial part
of 350 ms at 20 A heats up the dispenser as fast as possible. The second part has a
current of 11 A and a duration of ∼2 s. The shaped pulse is on the one hand short
enough to make the entire cycle ﬁt within 10 s and on the other hand it reaches the
ﬁnal temperature in a gentle way. After the pulse the dispenser cools down and the
vapor pressure decreases accordingly. The MOT typically contains 50 × 106 atoms
at this point. 3000 ms after the end of the pulse we transfer the MOT in 80 ms
into a quadrupole ﬁeld with a gradient of 30 G/cm formed by the miniwires at a
distance of 1.2 mm from the chip. The next step is to increase phase space density
in the compressed MOT stage. We reduce the repumper intensity and detune the
cooling light for about 2 ms. In this procedure we lose some atoms, but increase the
phase space density to the 10−6 range.
Next we pump the atoms in the F = 2, mF = 2 Zeeman state with a 800 μs
pulse of the pump beam tuned to the F = 2 → F = 2 transition of the D2-line
and the repump beam tuned to the F = 1 → F = 2 transition of that same line.
The spin-polarized atoms are trapped in a Ioﬀe-Pritchard magnetic trap formed by
the miniwires underneath our chip. For best mode matching we make it as weak as
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Figure 4.10: Experimental sequence as executed by the computer. The dispenser pulse and the MOT,
compression and evaporation stages are clearly visible in (b). The stage of optical pumping (at t = 5.7 s)
is so brief that it does not show up in this graph. The rf evaporation frequency is lowered from 27 MHz
to about 2 MHz in 9 linear ramps as shown in (a). See the text for more details on the experimental
cycle.

possible (ω⊥ = 2π × 46 Hz, ω = 2π × 16 Hz) by increasing the trap minimum B0
to 8 G while maintaining suﬃcient conﬁnement to hold the atoms against gravity.
Immediately after trapping in this weak miniwire trap we start transferring the
atoms to a trap formed by the Z-wire on the chip. We ramp down the miniwire
currents in 29 ms while at the same time ramping up the Z wire current to 2.25 A.
Only miniwire 2 stays on (2.7 A) to provide additional longitudinal conﬁnement.
During the transfer the trap automatically compresses somewhat due to the gradient
of the chip wire that is large compared to that of the miniwire ﬁeld.
Subsequently we compress the trap further in two ways. First we ramp down B0
to a typical value of 2.86 G in 400 ms. Then we increase the By ﬁeld from 17 to
40 Gauss. This last step pushes the trap closer to the chip (z = 90 μm) and gives
trap frequencies of ω = 2π × 35 Hz and ω⊥ = 2π × 3.3 kHz. The temperature rises
to 500 μK. The radio-frequency ﬁeld for evaporation is activated at 27 MHz at the
start of the compression. The frequency is ramped down in 1.5 s in 9 linear stages
to a value close to 2.00 MHz. These evaporation stages were empirically optimized
for atom number by varying the ramp duration for ﬁxed initial and ﬁnal frequencies.
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The result approximates a logarithmic frequency sweep (see Fig. 4.10) with which
an almost pure BEC containing ∼40 × 103 atoms is produced.

4.6

Summary

We have given an overview of the experimental setup. It involves an stainless steel
ultra-high vacuum system pumped with ion getter and titanium sublimation pumps
operating at a pressure of ∼10−11 mbar. A total of 10 magnetic ﬁeld coils produce the magnetic ﬁelds needed at the various stages of the experimental sequence.
Most coils are connected via custom-built FET switches to allow fast switch-oﬀ (50–
500 μs) of the magnetic ﬁeld. Three diode lasers provide the laser light at 780 (and
formerly 795) nm needed for laser cooling, optical pumping and absorption imaging
of the 87 Rb atoms. The atom chip, presented in Ch. 3, is mounted face-down in the
vacuum system on a custom-built chip mount. This mount provides all the electrical connections for the chip, houses 6 miniwires for magnetic ﬁeld generation and
provides cooling for the atom chip. Rubidium is released into the vacuum system
by resistive heating with a ∼3 second current pulse at each cycle of the experiment.
At the end of the experiment the atoms are observed through absorption imaging
with resonant laser light detected by a CCD camera. The experimental setup is
fully automated. A standard personal computer equipped with a 64-channel digital
output board and three 8-channel analog output boards controls the experiment. A
LabView program was written that executes experiments based on a time frame, a
list of commands stored in an ASCII ﬁle. At the end of each experimental cycle
the program also reads out the camera, processes the images and stores the results.
To create rf-dressed potentials we constructed 4 identical DDS-based rf generators.
By eﬃcient programming of the DDS chips using their parallel port it is possible
to set frequency, amplitude and phase every 10 μs allowing great ﬂexibility in the
generation of rf-dressed potentials. The DDS signal quality is comparable to that
of a commercial function generator. Finally, we discussed the trapping and cooling
procedure. This procedure spans less than 10 seconds and involves laser cooling in
a mirror-MOT and 1.5 seconds of evaporative cooling to make a nearly pure BEC
in a chip-based Z-wire trap containing ∼40 × 103 atoms.
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Longitudinal character of
atom-chip-based rf-dressed
potentials

Abstract
We experimentally investigate the properties of radiofrequency-dressed potentials for Bose-Einstein condensates
on atom chips.
The three-dimensional potential forms
a connected pair of parallel waveguides. We show that
rf-dressed potentials are robust against the eﬀect of small
magnetic-ﬁeld variations on the trap potential. Long-lived
dipole oscillations of condensates induced in the rf-dressed
potentials can be tuned to a remarkably low damping rate.
We study a beam-splitter for Bose-Einstein condensates and
show that a propagating condensate can be dynamically
split in two vertically separated parts and guided along two
paths. The eﬀect of gravity on the potential can be tuned
and compensated for using a rf-ﬁeld gradient.

This chapter has been published as:
J. J. P. van Es, S. Whitlock, T. Fernholz, A. H. van Amerongen and N. J. van Druten
Longitudinal character of atom-chip-based rf-dressed potentials
Phys. Rev. A 77, 063623 (2008).
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5.1

Longitudinal character of atom-chip-based rf-dressed potentials

Introduction

Microscopic magnetic traps for neutral atoms and Bose-Einstein condensates (BECs)
oﬀer a degree of design ﬂexibility that is unmatched by conventional trapping techniques [49–51]. An ‘atom chip’ typically consists of a lithographically deﬁned wire
or magnetization pattern on a substrate to create stable and tailor-made magnetic
potentials for controlling atomic motion on the micrometer scale. Already important new applications for atom chips have been demonstrated, including integrated
atomic clocks [85], atom interferometers [79,154–156] and BEC-based precision sensors [70, 131, 132, 157–159], and soon entire networks of atom-optical elements such
as atom lasers, single-mode atomic waveguides and atomic beam splitters may be
integrated on a single device. The success of atom chips is due primarily to the
close proximity of the atoms to the ﬁeld-producing elements ( 100 μm), which allows high ﬁeld gradients and small-scale potential landscapes. As a result, atom
chips are also versatile tools for fundamental studies of quantum gases in lowdimensions [72, 73] and other exotic potentials.
The ﬂexibility of atom chips is increased further by introducing radio-frequency
(rf) oscillating ﬁelds to produce rf-dressed adiabatic potentials for atoms [43, 78–
81, 101, 160, 161]. This has recently allowed for the coherent splitting of BECs in
time-dependent double-well potentials [79, 82], species-dependent microtraps [141],
interferometric studies of phase ﬂuctuations in the one-dimensional regime [72], and
the direct observation of eﬀects beyond the rotating wave approximation [110].
In this chapter we investigate the properties of atom-chip-based rf-dressed potentials for Bose-Einstein condensates. Previous studies of the transverse potential have been made, for example, in the context of double-well BEC interferometry [79, 80, 82], while a recent study on the relative phase evolution of two dressed
Bose gases in the one-dimensional regime highlights the importance of the longitudinal degree of freedom in atom chip experiments [72]. In general such a rf-dressed
potential forms a three-dimensional structure that can be described as a pair of
connected waveguides as illustrated experimentally in Fig. 5.1. Using dressed-state
rf spectroscopy [110,162] of Bose-Einstein condensates we characterize and quantify
the eﬀect of small magnetic ﬁeld variations on the rf-dressed potentials, an eﬀect
also recently studied for chip-based time-averaged magnetic potentials [137, 138].
We demonstrate a signiﬁcant reduction in the eﬀect of magnetic ﬁeld noise on rfdressed potentials and measure an associated reduction of the longitudinal conﬁnement strength indicating that ﬂuctuating homogeneous and inhomogeneous ﬁelds are
eﬀectively suppressed. The degree of suppression is tuned over one order of magnitude by varying the dressing radio frequency, providing a new handle for tuning
the strength of disorder potentials on atom chips. We present experimental results
of long-lived longitudinal dipole oscillations of BECs induced in the rf-dressed potentials and ﬁnd that the damping can be tuned to a remarkably low rate. Further,
we realize two y-beam-splitters in a closed loop conﬁguration using the rf-dressed
potential. A propagating BEC can be dynamically split in two vertically separated
parts and guided along two paths. Finally, we show that the eﬀect of gravity on the
symmetry of the potential can be tuned via a rf-ﬁeld gradient.
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Figure 5.1: Resonant absorption images of ultracold 87 Rb atom clouds trapped in a rf-dressed potential.
The ﬁnal temperature of the cloud is varied by varying the ﬁnal trap depth during evaporative cooling
before transferring the atoms to the rf-dressed potential. The ﬁnal trap depths are (a) 48 μK, (b) 29 μK,
(c) 9.6 μK and (d) 2.4 μK. The observed elliptical distribution of atoms results from the longitudinal
variation of the character of the dressed potential. Near the center, x = 0, the dressed potential forms
two parallel waveguides which merge toward the edges of the image at |x| ≈ 250 μm.

This chapter is structured as follows. In Sec. 5.2 we provide the equations describing our rf-dressed potential and present a model which accounts for a reduction
in the potential roughness. In Sec. 5.3 we describe our experimental setup and
the procedures for preparing Bose-Einstein condensates in rf-dressed potentials. In
Sec. 5.4 we present and discuss our experimental results. Our ﬁndings are summarized in Sec. 5.5.

5.2

Radio frequency dressed potentials

We consider a standard magnetic microtrap (see Fig. 5.2), i.e. the ﬁeld produced
by current through a long wire in combination with an external bias magnetic ﬁeld
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which produce a transverse 2D quadrupole ﬁeld conﬁguration. Additional wires
perpendicular to the ﬁrst produce a spatially varying ﬁeld component oriented along
the wire to provide approximately harmonic longitudinal conﬁnement. The ﬁeld
components near the magnetic minimum can be conveniently expressed as:
⎛
⎞
⎞ ⎛
Bx
BI + c(x2 − z 2 )
⎠,
B = ⎝ By ⎠ ≈ ⎝ −qz
(5.1)
−qy − 2cxz
Bz
where BI > 0 is the Ioﬀe ﬁeld oﬀset, c > 0 is the longitudinal ﬁeld curvature, and q
is the transverse ﬁeld gradient.
The coupling of a radio-frequency ﬁeld to magnetically trapped atoms depends
on the absolute magnetic-ﬁeld strength, the rf polarization and on the relative orientation of the static and rf ﬁelds. Following [160] and neglecting gravity, in the
rotating wave approximation the potential energy experienced by an atom, U , has
the simple analytical form
U = m̃

(|gF μB B| − ω)2 + 2 Ω2 ,

(5.2)

where m̃ is the dressed-state quantum number of the atom, gF is the Landé gfactor, μB is the Bohr magneton, ω > 0 the frequency of the rf dressing ﬁeld and
Ω is the position-dependent Rabi frequency given by the circularly polarized rfﬁeld component referenced to the local direction of the static magnetic ﬁeld. In
this section we restrict our analysis to spatially homogenous and linearly polarized
radio-frequency ﬁelds with an orientation in the transverse y-z plane. The Rabi
frequency is then written as
|gF μB | |brf × B|
|gF μB | brf
Ω=
=

2|B|


Bx2 +(By sin θ − Bz cos θ)2
2|B|

,

(5.3)

where brf is the radio frequency ﬁeld with amplitude brf > 0 and θ is the polarization
angle of the radio-frequency ﬁeld with respect to the y axis. In our experiments we
focus on two conﬁgurations, namely θ = 0 and θ = π/2. For small dressing frequencies the potential is approximately harmonic with a single minimum at x, y, z = 0.
At a critical radio frequency ω0 the potential splits into two transversally separated
wells. The critical frequency is given by


|gF μB |
b2rf
.
(5.4)
BI −
ω0 =

4BI
An important quantity is the static magnetic-ﬁeld strength B0 at the minimum of
the dressed potential. For ω ≤ ω0 one has B0 = BI while for ω > ω0 , B0 is the
positive solution to the following quartic equation
B0 −

b2 B 2
ω
− rf 3I = 0.
|gF μB |
4B0

(5.5)
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Note that B0 > BI in the latter case, and B0 depends on the dressing radio frequency,
the rf amplitude and the oﬀset ﬁeld. The transverse positions of the minima are
found at y = 0, z = ±r0 for θ = 0 and at y = ±r0 , z = 0 for θ = π/2
r0 =

1
q

B02 − BI2 .

(5.6)

Speciﬁcally, we are interested in the eﬀect of small spatial variations of the longitudinal magnetic ﬁeld on the smoothness of the rf-dressed potential. This is parameterized as the change in dressed potential energy as a function of a small change in
the magnetic ﬁeld BI



b2rf
BI2
ω
BI B0 − |gF μB | + 4B0 1 − B 2
0
dU
=
,
(5.7)

2 
2  12

μdBI
I
B0 |gFωμB | − B0 + b2rf B
B0
where μ = m̃|gF μB | is the magnetic moment of the trapped atom and B0 is given by
Eq. (5.5) for ω > ω0 , while B0 = BI for ω < ω0 . The quantity dU/μdBI (plotted as
solid lines in Fig. 5.3) is a ratio which relates the change in potential energy in the
rf-dressed potential at the minimum to a change in the magnetic ﬁeld strength BI .
This quantity approaches unity for ω  ω0 where the dressed potential resembles
that of the bare magnetic trap, and decreases signiﬁcantly above the splitting point.
In the limit of large dressing frequency ω  ω0 Eq. (5.7) reduces to
dU
|gF μB |brf
.
≈
μdBI
2ω

(5.8)

Hence, for large values of ω, dU/μdBI approaches zero and the potential energies at
the trap minima become eﬀectively insensitive to small variations of the magnetic
ﬁeld.

5.3

Experimental setup

Our potentials are created using a microfabricated atom chip produced using optical lithography and metal vapor deposition on a silicon substrate (Fig. 5.2). The
chip hosts a series of 1.8-μm-thick parallel Z-shaped gold wires with widths ranging between 5 and 125 μm. A current of 1.055 A through the central, 125-μm
wide Z-wire in combination with an external bias ﬁeld of 20 G along y produces
an elongated magnetic trap for 87 Rb atoms at a position of 120 μm from the
chip surface. The magnetic potential is highly elongated with tight transverse
conﬁnement (ωy,z ≈ 2π × 880 Hz). Current through a macroscopic wire (diameter 0.3 mm) positioned 0.8 mm beneath the chip surface and perpendicular to the
Z-wire produces a dip in the potential to provide additional longitudinal conﬁnement
(ωx = 2π × 48.5 Hz). The ﬁeld strength at the potential minimum is BI = 2.86 G.
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Figure 5.2: Schematic of the atom chip used to produce rf-dressed potentials. The central Z-shaped
wire carries a dc current and is used together with an external bias ﬁeld along y to produce an IoﬀePritchard magnetic microtrap. Current through a macroscopic copper wire beneath the chip surface
produces a dip in the longitudinal magnetic ﬁeld (along x) for additional conﬁnement. Positioned next
to the Z-wire are two wires which carry rf currents. The amplitudes of the rf currents are controlled to
tune the linear polarization angle in the transverse y-z plane, producing either horizontally-split (along
y) or vertically-split (along z) rf-dressed potentials. Potential energy cross-sections for vertical splitting
are depicted on the back-planes of the image. A sketch of the trapped atom cloud is shown in red.

For these trapping parameters the longitudinal magnetic potential is smooth, with
a root-mean-square roughness below our detection sensitivity of ∼ 1 mG.
To produce rf-dressed potentials we apply two independent phase-locked rf currents to wires neighboring the central wire on the chip (Fig. 5.2). By varying the
relative amplitude of the two currents we precisely control the orientation of the
linearly-polarized rf ﬁeld in the plane perpendicular to the chip wires. For our
experiments we create split potentials oriented in both the horizontal y-direction
(parallel to the chip) and the vertical z-direction (against gravity). The rf-ﬁeld
strength is tunable and has a typical amplitude of ≈1.7 G (1.3 G) for experiments
with horizontal (vertical) splitting. In our experiments the Larmor frequency of the
atoms is larger than the rf-driven Rabi frequency (|gF μB |B0 /Ω ≥ 5) and we neglect the contribution of counter-rotating wave terms to the dressed potential [110].
The rf-ﬁeld gradient is signiﬁcant in the vertical direction (≈ 18 G/cm) for vertical
splitting and provides an additional spatial dependence used to tune the asymmetry
of the potential and to compensate the eﬀect of gravity on splitting.
The typical procedure to prepare a Bose-Einstein condensate is as follows. We
start with a cold thermal cloud (T ≈ 1 μK) of 1.5 × 105 87 Rb atoms in the F =
2, mF = 2 state in a ”bare” static magnetic trap (no rf dressing). To transfer
trapped atoms from the static magnetic trap to the rf-dressed potential (m̃ = 2)
we typically ﬁrst switch on the rf below resonance (ω/2π = 1.8 MHz) and then
ramp to the desired dressing frequency between 1 MHz and 4 MHz. At a critical
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value of ω0 = 1.82 MHz (1.90 MHz) for horizontal (vertical) splitting the single
potential minimum is split in two. Another weak rf ﬁeld (≈ 15 mG) is applied
to perform forced evaporative cooling in the dressed potential [80, 162]. The trap
depth is reduced from 4 μK to approximately 1 μK over 350 ms by sweeping the
evaporation frequency from 2.36 MHz to 2.33 MHz. After evaporation we are left
with an almost pure BEC consisting of 3 × 104 atoms. To image the BEC we
typically ramp down the rf amplitude to zero within 20 μs, and then switch oﬀ the
static magnetic potential to release the atoms. We use resonant absorption imaging,
with the probe oriented along the y-direction (perpendicular to the trap axis, see
Fig. 5.2). The typical time-of-ﬂight is 14 ms, the illumination time is 80 μs and the
optical resolution is 4 μm.

5.4

Experimental results

Shown in Fig. 5.1 is a sequence of absorption images taken of atoms trapped in a
vertically split rf-dressed potential for several values for the trap depth. Thermal
clouds with diﬀerent temperatures are prepared in a bare magnetic potential using
rf evaporative cooling, where the ﬁnal evaporation frequency determines the trap
depth. The atoms are then transferred to the rf-dressed potential as described in
Sec. 5.3, and the dressing radio frequency is linearly ramped from 1.80 MHz to
2.4 MHz in 0.5 s. For ﬁnal trap depths greater than approximately 25 μK (corresponding to relatively high-temperature thermal clouds) we observe a distinctive
elliptical distribution of atoms which reﬂects the characteristic shape of the dressed
potential. This shape and the observed atomic distribution is due to the inhomogeneous longitudinal magnetic ﬁeld which introduces a spatial dependence of the
rf detuning. Near x=0 the potential resembles two parallel waveguides with a vertical separation of approximately 12 μm. For increasing |x|, the local Ioﬀe ﬁeld
Bx increases and the waveguides approach each other, joining near |x| = 250 μm
where the local Ioﬀe ﬁeld crosses the critical value deﬁned by the radio frequency
[Eq. (5.4)]. As the trap depth and the cloud temperature are reduced further, atom
clouds in the two waveguides disconnect and the atoms remain localized at the two
minima of the potential.

5.4.1

Eﬀect of magnetic ﬁeld variations

First we measure the change in potential energy at the minimum of the rf-dressed
potential due to a small change in the magnetic ﬁeld strength BI oriented along the
x-direction (Fig. 5.3). This is measured spectroscopically by probing the energy difference between dressed states of a BEC with an additional weak rf ﬁeld of tuneable
frequency [110]. As the weak rf ﬁeld is tuned in resonance with the dressed-state
level spacing we observe signiﬁcant atom loss. Changing BI aﬀects the potential energy of the trapped atoms resulting in a measurable shift of the resonant frequency.
The shift is recorded for many values of the rf-dressing frequency and is then compared to the diﬀerence in potential energy associated with a change in BI for a bare
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Figure 5.3: The suppressed eﬀect of small magnetic ﬁeld variations as a function of rf-dressing frequency ω measured using rf spectroscopy of dressed Bose-Einstein condensates. Measurements have
been performed for both horizontally split (a) and vertically split (b) potentials. The inset of (a) shows
typical rf spectra for two dressing frequencies: ω = 2π × 3.5 MHz (triangles) and ω = 2π × 1.3 MHz
(squares) for two values of BI diﬀering by 0.186 G. The measured suppression ratio dU/μdBI is in
excellent agreement with the prediction of Eq. (5.7) (solid lines) and the approximation of Eq. (5.8)
(dashed lines) in the limit of large dressing frequency. In (b) we also consider the ﬁnite rf ﬁeld gradient
which accounts for the small diﬀerence between the two vertically split traps (solid and open circles).

(undressed) magnetic trap.
The experimental procedure is as follows. A BEC is prepared in a rf-dressed
potential as described in Sec. 5.3. We linearly ramp the dressing frequency to a
desired value at a relatively slow rate of 3.3 MHz/s to minimize excitations. Radiofrequency spectroscopy of the dressed condensate is then performed using a rf pulse,
which is weak compared to the rf dressing ﬁeld (∼ 0.01brf ). The duration of the
pulse is adjusted depending on the dressing frequency to remove a large fraction,
but not all, of the atoms from the trap at resonance. Typical rf spectra are shown
in the inset of Fig. 5.3(a). Each data point corresponds to a new experimental
run where the spectroscopy frequency ωspec is iterated over a range corresponding to
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|ωspec −Ω| < 2π×100 kHz with a resolution of a few kHz. The width of the resonance
is typically ≈ 2π×10 kHz and on resonance the spectroscopy ﬁeld eﬀectively removes
about half the atoms from the BEC. For ω > ω0 the BEC splits in two spatially
separated parts. Because of the vertical rf ﬁeld gradient, for vertical splitting we
measure two resonant frequencies; one associated with each of the two wells. As a
result we can selectively out-couple atoms from either well. The resonant frequency
provides a measure of the potential energy at the trap minimum for a given value of
BI . To obtain the dependence of the potential energy on BI for a particular value of
ω, we measure spectra for ﬁve oﬀset ﬁeld values around BI ≈ 2.86 G each separated
by 93 mG. Over this small range the resonant frequency varies approximately linearly
with BI and the slope of a ﬁt to the measurements gives dU/μdBI . This procedure
is then repeated many times for diﬀerent values of the dressing radio frequency ω.
A full set of measurements for many values of the rf-dressing frequency and
brf = 1.7 (1.3) G for horizontal (vertical) splitting is shown in Fig. 5.3. For both
horizontal and vertical splitting we measure a reduction in dU/μdBI with increasing
rf dressing frequency. The solid lines show the expected dU/μdBI based on the
theory presented in Sec. 5.2 [Eq. (5.7)] which is in excellent agreement with the
experimental results. The dashed lines indicate the simple approximation for ω  ω0
[Eq. (5.8)]. The kink near ω/2π ≈ 1.85 MHz corresponds to the splitting point
(ω = ω0 ), above which the potential has two minima. Far above the splitting point
(ω  ω0 ) dU/μdBI decreases as 1/ω [Eq. (5.8)]. Our measurements at ω/2π =
4 MHz indicate dU/μdBI ≈ 0.1, corresponding to a reduction of the sensitivity to
magnetic ﬁeld variations by a factor of ten. This factor can be increased further for
even larger dressing frequencies, but is limited in our case by an associated reduction
in the coupling strength (due to the changing orientation of the local magnetic ﬁeld
at high dressing frequencies) which leads to non-adiabatic transitions to untrapped
dressed states. We expect that much larger suppression factors (dU/μdBI ≈ 0)
could be obtained for dressed-states with m̃ < 0 (trapped at the origin for ω > ω0
so that B0 = BI ), as Eq. (5.7) then crosses zero near resonance (ω = |gF μB |BI /).
This enhanced magnetic ﬁeld suppression may be the topic of future work.
The eﬀect of magnetic ﬁeld variations on the trap potential is of particular consequence in magnetic microtraps where spatial variations of the local longitudinal
‘Ioﬀe’ ﬁeld cause fragmentation of trapped atom clouds [125, 137, 163]. This eﬀect
is suppressed in radio-frequency-dressed potentials which therefore should allow for
exceptionally smooth traps and waveguides. However, several additional roughness
mechanisms exist in these potentials and their inﬂuence should be considered. For
example, small magnetic ﬁeld ﬂuctuations oriented in the transverse y-z direction
displace the minimum of the magnetic ﬁeld and consequently also the position of
the rf-dressed potentials. In the case of spatially varying ﬁelds this produces small
angular deviations of the waveguide axis [125], which for the z-direction gives rise to
additional variations of the gravitational potential energy of 2π × 2.1 kHz/μm. We
have estimated these eﬀects for our trap parameters. For expected ﬁeld variations of
1 mG we anticipate angular deviations of less than 0.2 mrad and vertical displacements of around 10 nm. This corresponds to gravitational potential variations 100
times smaller than the corresponding Zeeman energy shifts (dUgrav /μdBy  0.01)
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and the contribution to the overall potential roughness can thus be neglected as long
as dU/μdBI  0.01.
In addition to the transverse ﬁeld dependence, spatial variations of the longitudinal ﬁeld BI lead to an additional spatially dependent rf-detuning, which for ω > ω0
causes ﬂuctuations of the splitting distance. For vertical splitting this gives rise to
an additional gravitational potential which is most signiﬁcant just above ω0 , where
the splitting distance depends strongly on the local detuning. This eﬀect can be
mitigated however if the rf-coupling also depends on the local position in such a
way as to compensate the eﬀect of the gravitational potential. In our experiments
on vertical splitting, the rf-ﬁeld gradient in the vertical direction is tuned to precisely compensate the gravitational potential at the splitting point making the total
potential energy at the potential minima nearly insensitive to the splitting distance
[see Eq. (5.9) in section 5.4.3]. For our parameters this eﬀect therefore plays a negligible role (for all dressing frequencies), peaking at dUgrav /μdBI = 0.014 around
ω/2π = 2.5 MHz. Although these additional roughness mechanisms are approximately an order of magnitude smaller than those probed in the present experiments,
they may play a role when higher suppression factors are desired (dU/μdB  0.01).

5.4.2

Longitudinal dipole oscillations

In the previous section we have shown that the eﬀect of magnetic ﬁeld variations
on the rf dressed potential is signiﬁcantly reduced. To investigate this further we
observe the dynamical evolution of BECs propagating in the rf-dressed potential
via long-lived longitudinal dipole oscillations. The spatially inhomogeneous ﬁeld
which provides longitudinal conﬁnement is reduced for large rf-dressing frequencies
resulting in lower harmonic oscillation frequencies.
Longitudinal dipole oscillations of BECs are produced experimentally by applying a magnetic ﬁeld gradient along x to displace the potential minimum. The
gradient pulse has a cosine temporal proﬁle with a period of 16 ms. The gradient
is adjusted to produce oscillations with a roughly constant amplitude between 25
and 50 μm. After inducing the oscillation, we apply an additional weak rf knife
above the trap bottom which lowers the trap depth and minimizes heating and the
eﬀect of thermal atoms on the oscillations. In all measurements the BEC remains
pure within our detection sensitivity for its entire lifetime of approximately 2 s.
After various oscillation times we release the BEC and after 14 ms of ballistic expansion we take an absorption image to determine the longitudinal center-of-mass
position. The BEC position vs. oscillation time is ﬁt to a exponentially damped
cosine function to determine the oscillation frequency and damping time. Shown
in Fig. 5.4 are the ﬁtted oscillation frequencies for various values of the rf dressing
frequency. The oscillation frequency
decreases as expected from the reduced con

ﬁnement strength, ωx /ωx ≈ dU/μdBI (Fig. 5.4-dashed line). Better agreement
with the measured oscillation frequency can be obtained by calculating the mean
curvature [164] of the rf-dressed potential in the longitudinal direction weighted by
the BEC distribution (Fig. 5.4-solid line), which takes into account the small longitudinal anharmonicity of the dressed potential in the vicinity of the splitting point.
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Figure 5.4: Measured longitudinal dipole oscillation frequencies (•) of Bose-Einstein condensates
in radio-frequency-dressed potentials. The data is obtained for horizontal splitting and brf =
1.7 G. The dashed line is the calculated decrease in potential curvature at the trap minimum

dU/μdBI ) based on the parameters obtained from the suppression measurements of
(ωx /ωx ≈
Sec. 5.4.A. The solid line includes corrections due to anharmonicity of the longitudinal potential which
slightly increases the BEC oscillation frequency below resonance. The inset shows the two transverse
trapping frequencies (solid line: ωy /2π, dashed line: ωz /2π) calculated as a function of rf-dressing
frequency ω.

Our results indicate a signiﬁcant reduction in the eﬀect of spatially inhomogeneous
magnetic ﬁelds in rf-dressed potentials.
The transverse conﬁnement is also aﬀected by the rf-dressing ﬁelds. The trapping
frequencies for horizontal splitting in the two transverse directions are calculated
from the curvature of the potential at the minimum (minima) [Eq. (2.28)]. They
are shown in the inset in Fig. 5.4. At the splitting point the curvature in the
splitting direction goes to zero and the character of the potential is quartic, but
is approximately harmonic again for ω/2π ≥ 2.0 MHz. Note that the rf-dressed
potentials are not cylindrically symmetric and for large dressing frequencies (ω 
ω0 ) each well has three distinct trapping frequencies.
In addition to the oscillation frequency, the damping rates provide a sensitive
measure of the properties of the rf-dressed potential. Shown in Fig. 5.5 are the
e−1 -damping times for longitudinal oscillations obtained from the above ﬁts to the
experimental data as a function of the rf dressing frequency. In the bare magnetic
trap we observe a damping time of 0.5 ± 0.1 s, signiﬁcantly less than our obser-
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Figure 5.5: Damping of longitudinal dipole oscillations in the rf-dressed potentials. The data is
obtained for horizontal splitting. The center of mass position of a BEC as a function of time is recorded
after 14 ms expansion for (a) the bare magnetic trap and for (b) a rf-dressed potential with dressing
frequency 2π × 2.02 MHz. The inset of (a) shows a zoomed-in section of the oscillation in the bare
magnetic trap. In (c) we show the measured e−1 -damping time for various traps as a function of the
rf-dressing frequency. The two datasets (circles and triangles) correspond to measurements obtained
on two diﬀerent days.

vations in the rf-dressed trap. Below the splitting point we observe a damping
time of 1.2 ± 0.4 s (ω < ω0 = 2π × 1.85 MHz), while far above the resonance
the damping time is further increased to 2.4 ± 0.8 s. Remarkably, near resonance
(ω ≈ |gF μB |BI / = 2π×2.00 MHz) we observe eﬀectively undamped oscillations
for the entire lifetime of the BEC consistent with a damping time of >10 s, a fac-
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tor of 20 greater than for the bare magnetic trap. Note that at this point the
potential is split and the barrier height is suﬃciently high to keep the two BECs
separated. The exact origin of this sharp decrease in the damping rate remains
unclear. One-dimensional numerical simulations of condensates oscillating in our
potential have been performed by solving the Gross-Pitaevskii equation for a rough
potential (similar to the calculations described in [137] for a thermal atom cloud),
but are unable to account for the observations given our trap parameters suggesting
a full three-dimensional description is required. The observed damping may be due
to the mixing terms in the potential [terms in Eq. (2.23) depending on both x and
z] coupling longitudinal motion to the transverse degrees of freedom. To ﬁrst order
these cross-terms can be neglected for ω ≈ ω0 and this may lead to measurably lower
damping rates. Note also that the reduced damping more or less coincides with the
point where the two transverse trapping frequencies are equal (cf. inset in Fig. 4).

5.4.3

Beam-splitters for Bose-Einstein condensates

Our results highlight the application of atom-chip-based rf-dressed potentials as
smooth atomic waveguides for Bose-Einstein condensates. These potentials can also
act as atomic beam-splitters [79,82], necessary components for example in an atomic
Mach-Zender interferometer. We have studied both temporal and spatial beamsplitting of stationary and propagating BECs prepared in our rf-dressed potentials.
As the dressing radio frequency is increased from below to above resonance, the
potential is smoothly transformed from a single well to a double-well potential.
Alternatively, one can make use of the spatial dependence of the rf detuning due to
the inhomogeneous longitudinal magnetic ﬁeld. In this case the potential consists of
a pair of connected waveguides which merge at the longitudinal extremes (Fig. 5.1).
We perform temporal splitting of a BEC in an rf-dressed potential in the vertical z−direction by linearly ramping the rf dressing frequency from 1.80 MHz to
2.05 MHz during a time ts . The splitting point is between 1.85 MHz and 2.00 MHz
depending on the rf amplitude during the splitting process. To split a BEC in equal
parts it is necessary to consider perturbations to the rf-dressed potential due to
gravity and ﬁeld gradients caused by the proximity of the trapping wires. In our
experiments the presence of an Ioﬀe ﬁeld gradient BI = dBI /dz and a rf ﬁeld gradient brf = dbrf /dz change the symmetry of the rf-dressed potential and together act
to compensate for the gravitational asymmetry. To ﬁrst order the symmetry of the
overall potential evaluated at the splitting point ω0 is given by

dU 
brf BI + BI brf

=
m̃|g
μ
|
− Mg
(5.9)
F
B
dz ω0
4BI2 + b2rf
where g is the gravitational acceleration and M is the mass of the Rb atom. Equation (5.9) shows that the ﬁeld strengths and gradients brf , BI , brf and BI can be
used to control the symmetry of the potential at the splitting point and therefore
also play a role in tuning the splitting ratio for trapped atoms.
In Fig. 5.6 we show the relative number of atoms in each well after timedependent splitting a BEC in the rf-dressed potential. The symmetry of the po-
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Figure 5.6: Eﬀect of potential gradients on the time-dependent splitting of rf-dressed Bose-Einstein
condensates. A BEC is ﬁrst prepared in a single well and then the dressing radio frequency is linearly
increased by 0.25 MHz to split the BEC in the (vertical) z−direction. The rf current is varied to change
the rf ﬁeld strength and gradient thereby tuning the potential symmetry for ﬁxed rf polarization. The rfﬁeld gradient in the z−direction is determined by the wire geometry and is calibrated to approximately
0.25 G/cm per mA. Solid symbols correspond to the population in the lower well, open symbols to
the upper well. We observe equal splitting for a rf current of 73 mA (brf ≈ 18 G/cm) indicating that
the eﬀect of gravity can be compensated. Data is provided for three rf-ramp durations ts of 250 ms
(triangles), 75 ms (circles), and 2.5 ms (squares). The complex behavior observed in the 2.5 ms data
is most likely due to collective excitations induced during rapid splitting.

tential is controlled by changing the rf currents through the rf wires which aﬀects
both brf and brf . The static ﬁeld is kept ﬁxed with a gradient of BI ≈ 74 G/cm.
For long splitting times (ts ≥ 75 ms) the atoms follow the global minimum of the
split potential. For small rf currents (small brf ) almost all the atoms of the BEC
are measured in the lower well, while for high rf currents (large brf ) gravity is overcompensated and the upper well is predominately populated. For a critical rf current
of 73 mA corresponding to a rf-ﬁeld gradient of brf ≈ 18 G/cm we measure equal
populations in each well, indicating the potential is symmetric during splitting and
the eﬀect of gravity can be compensated eﬀectively. The critical value of brf for
equal splitting is approximately 10 G/cm higher than expected from Eq. (5.9). We
attribute this discrepancy to an uncertainty in determining the physical splitting
point for the BEC which (due to the ﬁnite chemical potential) occurs for dressing
frequencies slightly higher than ω0 , where the eﬀect of BI on dU/dz is weaker [similar to the suppression exhibited in Eq. (5.7)]. We have also measured the splitting
ratio for rapid splitting of the potential corresponding to ts = 2.5 ms. In this case
we observe less pronounced population imbalances after splitting and a reduced sen-
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Figure 5.7: A spatial beam-splitter for a propagating Bose-Einstein condensate. In (a) a single BEC
is prepared near the edge of the potential by exciting a large-amplitude longitudinal oscillation. At the
turning point the parameters of the rf-dressed potential are switched to create a pair of waveguides.
The BEC propagates at a velocity of 20 mm/s and is split at a position of x = −160 μm (b). Two
parts of the initial BEC propagate in two vertically separated waveguides. About 2 ms after splitting the
two BECs are destroyed (see text for details). The two clouds continue moving through the waveguides
(c)-(e) and recombine after 16 ms at a position of x = 160 μm (f).

sitivity to the symmetry of the potential. For very short splitting times the ﬁnal
distribution of atoms is expected to become roughly independent of the symmetry
of the potential [165]. Additionally we observe complex oscillatory behavior of the
ﬁnal population imbalance presumably caused by collective excitations produced
during splitting.
To demonstrate a spatial beam-splitter for guided atoms we begin by positioning
a Bose-Einstein condensate just outside the split region of the rf-dressed potential.
This is performed in a single potential well by rapidly reducing the longitudinal magnetic conﬁnement and displacing the trap minimum by 280 μm in the −x direction
with a magnetic ﬁeld gradient. The oﬀset ﬁeld BI is also increased. As a result, the
BEC begins a slow longitudinal oscillation with a period of approximately 120 ms.
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After 40 ms the ﬁeld gradient is adjusted to position the condensate at a turning
point of the new potential at a position of x = −200 μm. The applied ﬁeld gradient
is then removed and the longitudinal conﬁnement is increased again within 1 ms.
Simultaneously the oﬀset ﬁeld is returned to BI = 2.86 G. The dressing rf frequency
is ω = 2π × 2.25 MHz (above resonance) and creates an elliptically shaped potential,
cf. Fig 5.1(a).
Under the inﬂuence of the increased longitudinal conﬁnement the BEC is accelerated toward the center of the split potential. Absorption images of the BEC
taken in-situ show the resulting dynamics (Fig. 5.7). After 2 ms of propagation the
condensate has a velocity of 20 mm/s and arrives at the splitting point at t = 0.
We conﬁrm at this point that the BEC is nearly pure with no thermal fraction
discernable in absorption images taken after time-of-ﬂight expansion. The shape of
the BEC changes dramatically at the splitting point where it separates in two components, each propagating in separate and vertically displaced waveguides. After
an additional 2 ms the propagating clouds appear diﬀuse in time-of-ﬂight images,
suggesting that the excitations wipe out the BEC. The two separated components
continue to propagate to the end of the potential where they merge. For longer times
the cloud reverses direction, is re-split and eventually recombines at x = −200 μm
to complete a full oscillation in the rf-dressed potential. To further improve on this
result one could try to minimize excitations by reducing the velocity of the BEC.
This was not possible in the present work because of the relatively high gradients
in the potential outside the split region. Additionally the angle under which the
waveguides meet in the splitting point is large, so that the splitting is relatively
sudden, probably causing additional excitations.

5.5

Summary and Conclusion

In summary, we have presented a detailed investigation into many relevant properties
of radio-frequency-dressed potentials on an atom chip. We have shown that the
potential can be described as a pair of parallel waveguides that connect and merge
at the ends, highlighting the importance of both the longitudinal and the transverse
properties of these potentials.
We have demonstrated theoretically and experimentally using dressed-state radiofrequency spectroscopy, that the eﬀect of magnetic-ﬁeld noise can be suppressed by
an order of magnitude, thereby providing a new handle for tuning the strength of
disorder potentials on atom chips. We have studied longitudinal dipole oscillations
of Bose-Einstein condensates in the rf-dressed potentials. The frequency of these oscillations is reduced, in agreement with the above suppression. We observe damping
times which dramatically increase from 0.5 s to more than 10 s when the dressing radio frequency is tuned close to resonance (ω = |gF μB |BI / = 2π×2.0 MHz).
This unexpected result is not fully understood and deserves more attention. Longlived dipole oscillations allow accurate determination of the trapping potential and
are important in novel applications such as precision measurements of forces near
surfaces [71].
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We have investigated both temporal and spatial beam-splitters for Bose-Einstein
condensates using the rf-dressed potentials. We have demonstrated that it is possible
to tune the symmetry of the potentials by varying the rf-ﬁeld gradient. In this
way the eﬀect of gravity on beam-splitting is compensated. We have demonstrated
that this can alternatively be used to create a highly asymmetric beam-splitter.
A propagating Bose-Einstein condensate has been equally split in two parts and
guided along two vertically separated waveguides. The splitting is accompanied by
excitations that quickly destroy the BEC. We anticipate that this limitation may be
overcome using more sophisticated, custom-designed atom chip potentials.
In conclusion, studies of atom-chip-based rf-dressed potentials as presented here,
highlight possibilities and opportunities oﬀered by these potentials. The studied rfdressed potential has a ring geometry which may have applications in rotation sensing and Sagnac interferometry. The present experiments are relevant to a wide range
of ultracold-atom systems, such as guided-wave atom lasers [166], one-dimensional
gases [72, 73], and interferometers [72, 154].
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6
6.1

Matter-wave interference

Introduction

Matter-wave interference is at the heart of quantum mechanics [167, 168], and is
also of practical importance in the form of e.g. electron diﬀraction [169], electron
microscopy [170, 171] and neutron interferometry [172]. Interferometry based on
free neutral atoms has also already been used for high-precision measurements of
a number of physical quantities [173]. Much more recently, it became possible to
employ samples of ultra cold trapped atoms to generate matter-wave interference
and study the properties of these quantum systems [72, 79, 82, 174].
The experiments detailed in this chapter provide the basis for on-going experiments aimed at investigating interference between degenerate Bose gases in and near
the one-dimensional regime. For this purpose we discuss the optimization performed
in order to observe clear interference patterns between condensates split using the
rf-dressed double-well potential. Emphasis is then given to two key properties of the
interference signal: the phase stability over time and the phase distribution along
the length of the interfering clouds. For vertically-split condensates we observe
curved, or even wiggled, interference fringes characteristic of phase ﬂuctuations in
one-dimensional quasi-condensates.
This chapter is organized as follows. In Sec. 6.2 we provide background information related to atom interferometers in general and some issues that are speciﬁc to
interferometers employing ultra-cold trapped atoms. These issues include the development of the interference pattern in expanding condensates, the peculiar character
of the phase coherence in elongated condensates and the characteristic shape of the
double-well potential used to split a single BEC. In Sec. 6.3 we discuss the general
experimental procedure for the experiments presented in this chapter. We then continue by describing two experiments aimed at optimizing experimental conditions
for observing matter-wave interference. In the ﬁrst we vary the hold time in the bare
potential after switch-oﬀ of the rf-dressing ﬁeld to further characterize the potential.
The second experiment is aimed at optimization of the switch-oﬀ procedure of the
rf-dressed potential. Section 6.4 describes the interference experiment. We release
two condensates from a vertically-split double-well potential to expand and overlap them in time-of-ﬂight, revealing an interference pattern. We provide a detailed
analysis of the interference pattern to determine contrast and phase. The splitting
is partially phase coherent. We observe the evolution of the condensate phase diﬀer85
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ence in the double-well. We analyze spatial ﬂuctuations of the phase to determine
the relative phase coherence length. We conclude this chapter with a summary of
the results and an outlook on future interference experiments.

6.2
6.2.1

Background information
Interfering atoms

Before discussing interference of trapped clouds of quantum-degenerate ultra-cold
atoms, we ﬁrst give some background on more conventional atom interferometers,
in which beams of neutral atoms are split and recombined to yield an interference
pattern [173, 175]. Atom interferometers ﬁt in the broader picture of atom optics
in which the trajectories and the wave properties of neutral atoms are manipulated
similar to the manipulation of light in optics [176]. In atom interferometers the
wavelength of relevance is the de Broglie wavelength
λdB =

h
,
Mv

(6.1)

where h is Planck’s constant, M the atomic mass and v the velocity of the atom.
Compared to light interferometers that have a long tradition of precision measurements, atom interferometers are relatively new. The idea was patented in 1973 [177],
but the ﬁrst atom interferometers only appeared in 1991 [178–181]. Development of
working devices was hindered by the lack of suitable beamsplitters and by the achievable de Broglie wavelength which is generally much shorter than the wavelength of
visible light. Beamsplitters are made of nanostructured gratings or standing-wave
light beams. The reason why considerable eﬀort was put in the development of these
interferometers is the prospect of a very high precision. In a realistic scenario potential diﬀerences of 6.6 × 10−12 eV in a 10 cm interaction region should be measurable
(see [173]). Also the atom interferometer has advantages with respect to devices
that operate on neutrons or electrons. A beam of atoms is much easier to obtain
than a beam of neutrons for which an accelerator or nuclear reactor is needed. The
lack of net charge makes atoms robust against stray ﬁelds when compared to electrons. By now atom interferometers have been used to sense rotations [182,183] and
accelerations [184,185], measure fundamental constants [184,186], monitor quantum
decoherence [187] and characterize atomic and molecular properties [188].
Interferometers employing trapped cold neutral atoms [79, 82, 174, 189] form a
separate category from the free-space atom interferometers. One of the several differences is the way beamsplitting is achieved. Instead of splitting in momentum
space an atom cloud is split in position space by slowly transforming the trapping
potential from single well to double well by ramping up a potential barrier. The
phase can be read out either as population diﬀerence between the ground state and
ﬁrst excited state after recombination of the split cloud in the trap [190] or by releasing the clouds from the potential, overlapping them in expansion to generate
an interference pattern [79]. For quantum degenerate gases the obtained pattern
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is created by interference of the macroscopic wave function instead of single particle interference as in conventional atom interferometers. An advantage of the fact
that the atoms are trapped is the possibility of long interrogation times promising
more precise measurements, although there is discussion about the mechanism and
timescale of decoherence which could be a limiting factor in this respect [191].
Although trapped cold atom interferometers do not necessarily have to be implemented on atom chips, these chips do have the potential advantage of being compact
and even portable [192]. An additional advantage is that the splitting can be implemented purely magnetically, removing the need for additional lasers and further
simplifying the instrument. Initially it was attempted to construct a atom-chipbased beamsplitter using purely magneto-static potentials produced by a multi-wire
geometry [50, 190]. Shin et al. [155] used such a device to produce interference, but
the phase of the interference was random. Technical diﬃculties like a weak conﬁnement during the splitting and extreme sensitivity to magnetic ﬁeld ﬂuctuations
prevented this design from being successful. The above technical problems can be
avoided by using rf-dressed potentials to create the double-well, studied ﬁrst experimentally by Schumm et al. [79]. This is currently the preferred technique for
making atom-chip-based atom interferometers and is also the technique we use for
the interference experiment which is the subject of this chapter.

6.2.2

The interference pattern

In order to obtain an expression for the interference pattern created by overlapping
two independent condensates after releasing them from a double-well potential we
follow Ref. [193]. We describe the two BECs with single-particle wave functions ψ1
and ψ2 , each the solution of the Gross-Pitaevskii equation for its well. We assume
each condensate has a well-deﬁned initial phase. If there is coherence between the
clouds, the state can be described as


ψ(r, t) = N1 ψ1 (r, t) + N2 ψ2 (r, t),
(6.2)
where the subscripts refer to condensate 1 and 2 and N is the expectation value of
the number of particles in the cloud. After release of the condensates from the trap,
they expand, overlap and interfere. Neglecting particle interactions between the two
clouds, the particle density is given by

n(r, t) = |ψ(r, t)|2 = N1 |ψ1 (r, t)|2 + N2 |ψ2 (r, t)|2 + 2 N1 N2 Re [ψ1 (r, t)ψ2∗ (r, t)] ,
(6.3)
where Re denotes the real part. If the clouds are initially spherically symmetric
Gaussian wave packets with radius R0 separated by a vector d the wave functions
are


eiφ1,2
(r ± d/2)2 (1 + it/M R02 )
exp −
ψ1,2 (r, t) =
,
(6.4)
3/4
2Rt2
(πRt2 )
where M is the atomic mass and φ1 and φ2 the initial phases of the two condensates, and the sign in front of d is diﬀerent for the two clouds. For non-spherical
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condensates scaling equations are available [194, 195]. The radius of the expanding
wave function as a function of t is

2
t
2
2
.
(6.5)
Rt = R0 +
M R0
Substituting Eq. (6.4) in Eq. (6.3) yields



 r·d
∗
t + φ1 − φ2 ,
2 N1 N2 Re [ψ1 (r, t)ψ2 (r, t)] = c cos
M R02 Rt2

(6.6)

where c is an amplitude that slowly varies with spatial coordinates. The cosine term
describes the interference pattern. From the argument of the cosine and for large
expansion times such that Rt2  R02 , we see that the fringe spacing is equal to
Δz 

ht
.
M |d|

(6.7)

The lines of maximum intensity in the interference pattern are perpendicular to d
and the exact position of the maxima depends on the phase diﬀerence between the
clouds φ1 − φ2 . The fringe spacing is equal to the de Broglie wavelength [Eq. (6.1)]
of a particle with a velocity |d|/t.
This treatment ignores the fact that an uncertainty relation exists between the
particle numbers and the phase of a BEC [109, 193]. Despite this shortcoming we
give this simple description here as it provides quick insight in the generation of the
interference pattern. More advanced treatments employing phase states or number
states that do obey the uncertainty relation (full quantum statistics), arrive at the
very same result as Eq. (6.6) [109, 193].

6.2.3

The phase of the macroscopic wave function

Because the phase of the interference pattern is a measure for the phase diﬀerence
between the two interfering condensates, it is only natural at this stage to look at a
few of the most important properties of the phase of the macroscopic wave function
describing a condensate. The condensate phase and long-range order have been the
subject of many theoretical investigations. The ones most relevant here deal with
the relation between long-range order and the dimensionality of the condensate [74,
113, 196–198].
The general picture is as follows. In three dimensions density ﬂuctuations and
phase ﬂuctuations quickly vanish as a trapped Bose gas is cooled below Tc , the critical temperature for Bose-Einstein condensation. The ﬂuctuations are suppressed by
the mean-ﬁeld interaction, yielding long-range order. In elongated three-dimensional
(kB T, μ > ω⊥ ) and one-dimensional (kB T, μ < ω⊥ ) systems the situation is different. At ﬁnite temperature T  Tc the density ﬂuctuations are small, but along
the length of the cloud phase ﬂuctuations are present originating from thermal excitations. Such a phase ﬂuctuating condensate is called a quasi-condensate. The
characteristic length of the phase ﬂuctuations is the phase coherence length:
Lφ =

2 n l
,
M kB T

(6.8)
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where nl is the longitudinal (linear) density. As the temperature is decreased the
phase coherence length increases. Tφ is deﬁned as the temperature for which the
phase coherence length is equal to the condensate half length L such that the system
crosses over to a true condensate, i.e.:
T
L
=
,
Tφ
Lφ

(6.9)

and thus

2 n l
.
(6.10)
M kB L
Condensates in our setup are normally in the 3D to 1D cross-over (μ ∼ ω⊥ ) with
a phase coherence length shorter than the length of the cloud (T > Tφ ). On slow
transformation of the single-well potential to a double-well the cloud is split coherently meaning that the two resulting independent systems start with the same phase
pattern as the initial gas. As soon as the gases are fully separated the phases will
develop independently. After release from the trap the density decreases rapidly,
switching oﬀ the interactions and freezing in the phase pattern. If the two condensates are released immediately after splitting, the phases have not had time to
develop. Thus the phase diﬀerence is zero, independent on the position along the
cloud and we expect straight interference fringes. If the condensates spend more
time in the split potential the phase diﬀerence along the cloud can develop into
a random pattern, resulting in a varying spatial phase of the interference pattern
along the length of the cloud. As a consequence the fringes will appear wavy.
Tφ =

6.2.4

Properties of the double-well potential

Of practical importance in experiments employing a double-well potential for interferometric purposes as described here, are the exact splitting point, the double-well
separation and the height of the barrier between the wells. The splitting frequency,
or critical frequency ω0 , was found in Ch. 5 [Eq. (5.4)] to be


|gF μB |
b2rf
ω0 =
,
(6.11)
BI −

4BI
where gF is the Landé factor, μB the Bohr magneton, BI the oﬀset ﬁeld in the
longitudinal (x) direction and brf the strength of the rf-dressing ﬁeld. At ω0 the
potential lacks harmonic conﬁnement and is quartic in the splitting direction. For
ω < ω0 the potential has a single minimum, while for ω > ω0 it is a double-well
potential. The separation |d| between the two wells is [Eq. (5.6)]
|d| =

2
q

B02 − BI2 ,

(6.12)

where q is the static magnetic ﬁeld gradient above the chip and B0 , the strength of
the static magnetic ﬁeld in the potential minimum, is the positive solution to the
quartic equation
b2 B 2
ω
B0 −
− rf 3I = 0.
(6.13)
|gF μB |
4B0
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For small separation, such that |d|  BI /q, the magnetic ﬁeld varies roughly
quadratically with distance. Here we can approximate the separation with
√ 
BI √
2 2
|d| =
ω − ω0 .
(6.14)
q
|gF μB |
The potential barrier, Ub , is deﬁned as zero for ω < ω0 . For frequencies ω0 < ω < ωL
the minimum potential barrier is located in the middle between the two potential
minima. We ﬁnd to lowest order in ω − ω0

−1

m̃2 (ω − ω0 )2
b2rf
3 b2rf
Ub ≈
1+
.
(6.15)
1+
|gF μB |brf
4 BI2
4BI2
For our experimental parameters the term within the square brackets yields approximately 1. For ω > ωL the barrier height is no longer determined by the potential
on the straight line connecting the two potential wells, but by the potential on the
resonance circle in the y-z plane for a particular x. As a result the barrier increases
more slowly for increasing rf frequency, and for ω  ωL approaches the asymptote
m̃|gF μB |brf /2 as


|gF μB |BI
m̃|gF μB |brf
1−
.
(6.16)
Ub ≈
2
ω

6.3
6.3.1

Experimental optimization
General procedure

The experimental procedure for preparation of a BEC in the experiments described
in this chapter is very similar to the procedure discussed in Ch. 5. In short, we
produce a cold thermal cloud (T ∼ 1 μK) containing 1.5 × 105 87 Rb atoms in the
F = 2, mF = 2 state in the static magnetic trap (following the procedure detailed
in Sec. 4.5). The magnetic ﬁeld at the trap minimum is 2.86 G which corresponds
to ωL = 2π × 2.00 MHz. We switch on the rf-dressing ﬁeld by ramping up the rf
amplitude at a ﬁxed frequency which is lower than ωL , typically 0.99 ωL . At these
settings the rf-dressed potential has a single minimum. We apply another weak rf
ﬁeld (∼ 15 mG) to perform forced evaporative cooling in the dressed potential. The
trap depth is reduced to approximately 1 μK over 350 ms by lowering the evaporation
frequency. The resulting BEC contains 3 × 104 atoms. Next, the shape of the rfdressed potential is changed by changing the frequency and/or the amplitude of
the rf-dressing ﬁeld. After a variable hold time in the ﬁnal dressed potential, it
is switched oﬀ. First the rf-dressing ﬁeld is switched oﬀ by ramping down the rf
amplitude to zero within 20 μs after which the static magnetic ﬁeld is switched oﬀ
by setting the currents through all wires and coils to zero.
Normally the entire switch-oﬀ procedure is fast with respect to the trap frequency
to prevent the atoms from gaining momentum during switch-oﬀ. Because of the
rapid switch-oﬀ we do not transfer all the atoms adiabatically from the m̃ = 2 into

6.3 Experimental optimization

(a)

atom chip

(b)

91

(c)

z

Figure 6.1: Cartoon illustrating the experimental procedure for switching oﬀ the double-well potential.
A condensate is trapped in one of the potential minima of a vertically split double-well potential (a).
After a certain hold time in this potential the rf-dressing ﬁeld is switched oﬀ, creating a superposition
of Zeeman states in the bare magnetic potential (b). The atoms start to accelerate in the magnetic
potential — separating the spin components. Next the bare magnetic potential is also switched oﬀ
allowing the atom cloud(s) to expand and accelerate under the inﬂuence of gravity (c).

the mF = 2 state. Instead we typically obtain a distribution of the atoms over
all available Zeeman states. This happens in all (atom-chip-based) experiments in
which atoms are released from an rf-dressed potential [199], but is not necessarily
a problem. It does cause trouble if small uncontrolled magnetic ﬁeld gradients are
present that accelerate the diﬀerent Zeeman states diﬀerently, scrambling the spatial
atomic distribution, leading to reduced observable fringe contrast. In the following
two experiments we add a short ( 2 ms) hold time in between switch-oﬀ of the
rf and static ﬁeld to completely separate each Zeeman component. After typically
15 ms of expansion we record a resonant absorption image with an illumination time
of 80 μs. The switch-oﬀ procedure is shown schematically in Fig. 6.1.

6.3.2

Bare-trap dynamics after switch-oﬀ of the rf dressing

In this ﬁrst experiment we use the Zeeman states that are created at switch-oﬀ of the
rf-dressed potential to further characterize the underlying bare magnetic potential.
This also yields unambiguous identiﬁcation of the Zeeman components. The key
ingredient in this experiment is a variable hold time in between the switch-oﬀ of
the rf-dressing ﬁeld and the static magnetic ﬁeld. The diﬀerence in position of the
minima of the two potentials gives the cloud a sizable amount of kinetic energy
causing it to oscillate around the bare magnetic potential minimum. Two Zeeman
states oscillate at their own frequency, one falls freely under gravity and two are
accelerated to the chip surface making identiﬁcation possible.
The precise experimental procedure deviates slightly from the general procedure
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Figure 6.2: Oscillation of clouds of atoms in diﬀerent Zeeman states in the bare magnetic trap
after switch-oﬀ of the rf-dressed double-well potential. The atoms are imaged after 15 ms of ballistic
expansion. The ﬁgure shows 40 images measured for a hold time of 0 to 2 ms. Each image is the
average of ∼7 cycles of the experiment. The colored lines are ﬁts to the data assuming harmonic
conﬁnement for mF = 2, 1 and free fall for mF = 0. The colors denote the diﬀerent Zeeman states;
red: mF = 2, green: mF = 1, blue: mF = 0 and brown: mF = −1.

described in Sec. 6.3.1. We switch on the rf-dressing ﬁeld at 1.90 MHz and ramp it
up to 2.05 MHz, vertically splitting the potential minimum before performing forced
rf evaporation. A strong rf-dressing ﬁeld gradient over-compensates gravity putting
most atoms of the cold, but thermal, cloud in the upper of the two potential wells.
Note that the Rabi frequency Ω is diﬀerent for the potential wells due to the diﬀerent
distance to the ﬁeld-producing wires. It is larger in the lower well, cf. Sec. 5.4.3. In
the following stage of rf evaporation we sweep down the evaporation ﬁeld frequency
to 375 kHz. This is in between the two Rabi frequencies at the respective minima
of the two wells, and eﬃciently removes all atoms from the lower potential well,
while leaving a BEC in the upper well. The condensate contains ∼ 3 × 104 atoms.
Switch-oﬀ of the rf-dressing ﬁeld is done by ramping down the rf amplitude in 2.1 μs
creating atoms in all Zeeman states. After a variable oscillation time t in that bare
magnetic trap, we also switch that oﬀ. The atoms are imaged after 15 ms of time
of ﬂight.
The resulting absorption images as a function of oscillation time are shown in
Fig. 6.2. Each image is the average result of 7 cycles of the experiment. Because
of the relatively long time of ﬂight, the measured relative position of the clouds is
dominated by the velocity at switch-oﬀ. The relative position of the clouds after time
of ﬂight is plotted at the left-hand side, while the corresponding velocity immediately
after release is indicated at the right of the ﬁgure. From ﬁtting sine functions to the
data (shown as red and green curves in the ﬁgure) we ﬁnd oscillation frequencies
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ω⊥ /2π, of 1339 ± 6 and 942 ± 3 Hz. The fast oscillating cloud we identify as the
m√
F = 2 state, while the other is the mF = 1 state. The ratio of the frequencies is
∼ 2 conﬁrming the factor 2 diﬀerence in magnetic energy of these two states. The
mF = 0 state accelerates under inﬂuence of gravity (blue curve). In 2 ms this cloud
acquires a velocity of 2 cm/s. The mF = −1 state is accelerated out of the trapping
region in the ﬁrst few images (brown curve).
The amplitude of the oscillation reﬂects the separation, d, of the two minima in
the double-well potential as d = 2v0 /ω where v0 is the maximum velocity. We ﬁnd
d = 9.9 μm and d = 8.1 μm for the mF = 1 and the mF = 2 clouds respectively.
Both overestimate the calculated separation of the potential minima of 7.1 μm.
Also notice that the oscillation centers of the two clouds do not match. A small
magnetic ﬁeld gradient at switch-oﬀ of the static magnetic potential may explain
these observations.
As a ﬁnal observation, we note that the shape of the diﬀerent clouds in Fig. 6.2
changes with delay time t0 . The radial size (the vertical extension of the clouds)
oscillates due to the change in radial conﬁnement on going from the dressed to the
bare potential. In the other, longitudinal direction we see the eﬀect of condensate focusing. Condensate focusing is a technique in which a strong harmonic conﬁnement
is pulsed on brieﬂy in order to transfer the momentum distribution of an elongated
condensate to a spatial distribution allowing an direct, easy measurement of the momentum distribution [88,200,201]. In the experiment described here the longitudinal
conﬁnement is initially weak in the rf-dressed potential. In the following short hold
time the atoms experience the bare potential with strong longitudinal conﬁnement
(50 Hz for mF = 2) and are focused. By scanning the hold time in the bare trap
the strength of the focus pulse is varied. For ∼0.8 ms the focus time matches the
expansion time of 15 ms and we see a narrow atom distribution in Fig. 6.2. For the
mF = 1 state the focus pulse is weaker and it thus needs to stay on longer (∼1.5 ms)
to have the same eﬀect.
This simple experiment in which we vary the trap time in the bare potential
after switching oﬀ the rf dressing ﬁeld provides information about the transverse
and longitudinal conﬁnement in the bare trap, the separation of the minima in the
double-well potential and helps to identify the Zeeman states that are produced
switching oﬀ the dressed potential.

6.3.3

Spin distribution

In this second experiment we study the inﬂuence of the rate at which we switch
oﬀ the rf-dressed potential on the resulting spin state distribution. We aim to ﬁnd
a switch-oﬀ procedure which concentrates all atoms in one single Zeeman state,
eliminating the complication of spatially separated atom distributions in time-ofﬂight.
For loading atoms in the dressed potential we use the general procedure described
in Sec. 6.3.1. The rf-dressing ﬁeld is switched on at 1.80 MHz. The rf amplitude,
and thus also the rf gradient, we keep low (Ω ∼ 2π × 75 kHz), such that gravity
is not compensated [Eq. (5.9)], transferring the condensate completely to the lower
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Figure 6.3: Population of spin states after release of a BEC trapped in one well of a double-well
potential as a function of the rf-dressing ﬁeld amplitude ramp down time. (a) Absorption images of
the spatially separated spin states after 14 ms of expansion. The list of the states at the right (mF =-2
(), mF =-1 (•), mF =0 (), mF =+1 (), mF =+2 ( )) shows the order of the states in (a). The
population of the spin states in (b) was obtained from integration of the absorption images.

minimum of the vertically-split double-well potential. After reaching the ﬁnal rfdressing frequency of 2.02 MHz we increase the rf amplitude again to a more typical
value (Ω ∼ 2π × 300 kHz). Finally we release the atoms from the trap by ramping
down the rf amplitude in a time t (0 ≤ t ≤ 11 μs). Simultaneously we decrease
the rf-dressing frequency at a rate of 5 kHz/μs to shift the resonant surface away
from the position of the atoms. After a hold time in the remaining bare magnetic
potential of 0.2 ms to increase the spatial separation of the Zeeman states after
time-of-ﬂight, we also switch oﬀ the static magnetic trap.
The resulting distribution of the atoms over the Zeeman levels as a function of
t is shown in Fig. 6.3. The absorption images in (a) show the spatial distribution
of the atoms after 14 ms of time-of-ﬂight. Each image is obtained from a single
experimental cycle and thus has not been averaged. The 5 Zeeman states correspond
to the 5 vertically separated clouds as indicated at the right-hand side of the ﬁgure.
From integration of the absorption images we get the distribution of the atoms
over the Zeeman states against rf-amplitude ramp-down time (b). It is observed to
oscillate between a situation in which the atoms primarily occupy the m = +2 state
and a one in which they are spread essentially over all available states.
To account for the observed Zeeman state distribution as a function of rfamplitude ramp-down time we performed a numerical integration of the Schrödinger
equation in the rotating frame [Eq. (A.9)]. The matrix elements H̃km are taken timedependent as both the rf-dressing ﬁeld amplitude and frequency vary in time. The
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switch-oﬀ is fast with respect to the external movement of the atoms so to good
approximation the atoms do not move through the static magnetic ﬁeld during
switch-oﬀ. In the calculation we keep the angular frequency of the rotating frame
constant at the initial rf frequency throughout the integration. With this calculation
we fail to reproduce the observed oscillatory behavior. Instead the population of the
mF = 2 state grows gradually over time until it saturates at 1 for switch-oﬀ times
of 10 μs and longer. For the result it does not matter if we model the rf amplitude
ramp down as a linear decrease over time or as a series of 0.7 μs steps, which is more
realistic in view of the 0.7 μs programming time of the rf generators (see Sec. 4.4).
The only way we can synthesize the oscillatory spin state population is by assuming
initially a superposition of m̃ = 1 and m̃ = 2 in the double-well potential. A speculative explanation of the observed behavior is that such a superposition is created
by an uncontrolled sudden variation in the potential at the start of the switch-oﬀ.
Although unable to account for the details of the observed behavior we can still
optimize the experimental parameters to put as many atoms as possible in a single
state. For the experimental conditions of Fig. 6.3 this would mean a ramp down
time of 9.8 μs. We perform this optimization for each experiment as the optimum
setting varies with rf dressing frequency and amplitude.
We conclude this section with a ﬁnal remark on the phase of the rf-dressing
ﬁeld at switch-oﬀ. There are some concerns that the rf-dressing ﬁeld phase has
an inﬂuence on the Zeeman state distribution after release of the atoms from the
trap [199]. We have performed a few experiments to investigate this. We varied
the rf-dressing ﬁeld phase while keeping all other parameters of the dressing ﬁeld
constant and not changing the rf-dressing ﬁeld switch-oﬀ procedure. Under these
conditions we did not observe any relation between the rf phase and the Zeeman
state distribution.

6.4

Matter-wave interference

In a ﬁnal experiment we succeeded in using the rf-dressed double-well potential
to produce matter-wave interference. To realize an interference pattern that we
can resolve optically (≥ 3 μm) we need a double-well potential with a separation
relatively small (≤ 23 μm) compared to experiments previously described in this
thesis and a BEC as pure as possible, equally divided over the two potential minima.
The experimental procedure (Sec. 6.3.1) was optimized to achieve this.
The rf-dressing ﬁeld is switched on at 1.95 MHz with Ω ≈ 2π × 300 kHz to
make a potential which is just below the splitting point (ω0 = 2π × 1.955 MHz for
these settings). After forced rf-evaporation in which a nearly pure BEC containing
∼ 3 × 104 atoms is produced, the rf-dressing frequency is ramped to 1.99 MHz to
produce a double-well potential with a small separation calculated to be 5.8 μm.
The rf evaporation ﬁeld is left on after evaporative cooling to mitigate heating. As
a result the atom number has dropped to ∼ 2 × 104 at the time of imaging. After a
variable hold time the two clouds are released from the trap. The rf-dressing ﬁeld
amplitude ramp down time was set to 14.7 μs, optimized to put (nearly) all atoms
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Figure 6.4: Absorption images of two BECs interfering after 15 ms of ballistic expansion following
the release from the atom-chip-based rf-dressed double-well potential. Dimensions of each image are
108 μm × 161 μm. The hold time in the double-well potential is 6 ms and the ﬁnal atom number
∼ 2 × 104 . The three images were produced for identical experimental conditions.

in the mF = 2 state after release (see Sec. 6.3.3). The release from the potential is
fast with respect to all trap frequencies such that the atoms do not gain momentum
during release. After 15 ms of ballistic expansion we perform absorption imaging of
the overlapping clouds and observe the interference pattern.
To check whether the initial BEC is split completely we compare the chemical
potential in the resulting double well to the height of the barrier separating the
two ﬁnal condensates. We obtain the chemical potential μ using the Thomas-Fermi
approximation from numerical integration of the trapping potential

N=

1
(μ − V (x, y, z)) Θ(μ − V )dxdydz,
g

(6.17)

where g is the 3D coupling constant as deﬁned by Eq. (2.38) and Θ(x) the Heaviside
step function. The chemical potential is h×1300 Hz and h×1550 Hz for a combined
atom number in the two wells of 2 × 104 and 3 × 104 , respectively. Both values are
signiﬁcantly less than the barrier height which is h × 4 kHz [Eq. (6.15)], conﬁrming
the general picture described earlier in which the two clouds were treated as isolated
condensates.
Three typical individual absorption images obtained under identical experimental conditions are shown in Fig. 6.4. We observe a matter-wave interference pattern
containing 4 or 5 fringes. The fringes are not entirely straight indicating a development of the phase diﬀerence between the two condensates along the length of the
two clouds during the period between splitting and release. From comparison of
Fig. 6.4(a), (b) and (c) we see the exact pattern is diﬀerent for each realization of
the experiment.
To obtain more quantitative information information about the interference pattern we take a vertical slice integrated over a horizontal width of 10.75 μm (5 pixels)
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Figure 6.5: Phase distribution of the matter-wave interference pattern for ∼100 realizations of the
experiment. The plotted phase is with respect to the Gaussian center of the cloud. The radius
corresponds to the interference contrast (maximum 0.25). The data in (a) is for a hold time in the
double well potential of 1 ms and has a mean phase of 4.6 rad, the width of the phase distribution is
σ = 1.4 rad and the average interference contrast is 0.17 ± 0.03. The data in (b) are for a hold time
of 6 ms and the values are 2.0 rad, 1.9 rad and 0.18 ± 0.02, respectively.

through the center of the cloud and ﬁt the function




y − y0
(y − y0 )2
+φ ,
1 + C cos 2π
F (y) = A exp −
r2
λ

(6.18)

where A is the overall amplitude, y0 the cloud central position, C the interference
contrast, λ the period of the interference pattern and φ the phase of the interference
pattern with respect to y0 . The ﬁrst, Gaussian, part of the function accounts for the
overall shape of the cloud, while the cosine takes care of the interference pattern.
After a time-of-ﬂight of 15 ms the measured fringe period, λ = 16.5 μm, is 39%
larger than the prediction of [Eq. (6.7)], ht/md = 11.9 μm. This is likely due
to interactions and the exact shape of the potential. Schumm et al. have found
a similar discrepancy in their experiments for small separations d [79, 202]. They
compare the experimental data to the results of integration of the time-dependent
Gross-Pitaevskii equation, along the lines of Ref. [203] and ﬁnd much improved
agreement compared to the above simple relation based on non-interacting clouds.
Because the phase information obtained from this ﬁtting procedure has a circular
nature, the usual ways to calculate average, standard deviation and variance do not
suﬃce here. Instead we use deﬁnitions of these quantities that take into account
the circular nature of the data [204]. This has already proven useful in matter-wave
interference experiments [109]; we follow the same approach here. We transfer a set
of measured phases φk to a unit circle
N
1  iφk
re =
e ,
N k=1
iφ

(6.19)
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Figure 6.6: Development of the mean phase (a) and the circular standard deviation (b) against hold
time in the double-well potential. The error bars in (a) also correspond to the circular standard deviation
of the measured phases. The solid red curve is a linear ﬁt to the data points for hold times up to 7 ms,
having a slope of -0.34 rad/ms. For a hold time ≥ 8 ms σ becomes too large (see text for details),
indicating a random distribution. In this case the mean phase does not carry any information. The
dashed line (b) is a linear ﬁt to the data points.

where N is the number of values, φ the average phase and r the mean resultant
length. This last quantity is a measure of the width of the distribution. It varies
between 0 for a uniform distribution and 1 when all the phase values coincide. One
can deﬁne the circular standard deviation [204], σ, as

σ = −2 ln(r).
(6.20)
For small σ (σ  2π) the circular standard deviation is the same as that
 of the
usual normal distribution. In this case it can be approximated by σ = 2(1 − r).
For large σ it corresponds to the width of a normal distribution wrapped around
the unit circle,
∞
2

1 (φ−φ+2πk)
1
σ2
f (φ) = √
e− 2
.
(6.21)
2πσ k=−∞
The Rayleigh test [204] is used to distinguish between uniform and non-uniform
distributions of circular data. An approximate form is given by


P = exp
(1 + 4N + 4N 2 (1 − r2 )) − (1 + 2N ) ,
(6.22)
where P is the probability that a uniform distributed data set produces a mean
resultant length greater than r. Taking N = 100 and P = 0.5 shows that under
these circumstances a distribution with a σ ≥ 2.2 is most likely not to have a
preferred direction.
The measured phase distribution for two diﬀerent hold times is shown in Fig. 6.5.
The phase is referred to the vertical center of the cloud removing the inﬂuence of
shot-to-shot variations in the vertical cloud position after time-of-ﬂight from the
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Figure 6.7: Distribution of the phase diﬀerence along the length of the cloud against the spatial
distance s for ∼100 realizations of the interference experiment with a hold time of 6 ms in the doublewell potential (a). The solid red curve is the mean phase diﬀerence. The curve in (b) shows the circular
standard deviation of the distribution.

data∗ . We ﬁnd a mean phase of 4.6 rad with σ = 1.4 (2.0 rad with σ = 2.0) for 1 ms
(6 ms) hold time. From Eq. (6.22) with σ = 1.4 and N = 98 we ﬁnd P = 3.4 × 10−7
while for t = 6 ms (N = 97) we ﬁnd P = 4.0 × 10−2 , indicating it is unlikely that
either data set is associated with a uniform probability distribution.
The interference contrast is plotted as the radius in Fig. 6.5. The average is
0.18 ± 0.03 and approximately independent of hold time. The deviation of the
interference contrast from 1 can be partially attributed to the resolution of the
imaging system. For a fringe period of λ = 16.5 μm the maximum observable
contrast is 60%.
Figure 6.6 shows the development of the mean phase and the circular standard
deviation of the phase distribution against hold time. The increase of σ with hold
time indicates a dephasing of the two condensates. As it becomes larger than 2.2
(hold time larger than 7 ms) the distribution can not be distinguished from a random
distribution and the mean phase no longer carries any useful information. The solid
curve in Fig. 6.6(a) is a linear ﬁt to the plotted data points. The fact that we see a
variation of the mean phase over time shows the phases of the two condensates are
developing at diﬀerent rates. The slope is -0.34 rad/ms corresponding to an energy
diﬀerence of h × 54 Hz possibly caused by an asymmetry in the trapping potential
or a population imbalance of 9%. This is much smaller than the chemical potential
and thus provides an excellent illustration of the sensitivity of atom interferometry.
To analyze the variation of the phase of the interference pattern along the length
of the cloud we calculate Φ(s) = φ(s/2)−φ(−s/2), the phase diﬀerence between two
points separated by a distance s, where these points are located at x = −s/2 and x =
+s/2 with x = 0 the longitudinal center of the cloud. From one absorption image
∗

These variations in the cloud position are of the same magnitude of the period of the interference pattern. We attribute them to small, random ﬂuctuations in the current of the magnetic
ﬁeld generating elements.
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we obtain a series of Φ values for s = 0 to s ≤ 2L, with L the condensate half length.
By repeating the experiment we build up a full phase distribution distribution for
each separation. The mean of this distribution is Φ(s) and the circular standard
deviation is σΦ (s), calculated from Eq. (6.19) and Eq. (6.20) respectively.
Figure 6.7 shows Φ(s) and σΦ (s) extracted from the absorption images of ∼100
realizations for a hold time of 6 ms in the split trap. For this data φ(x) was obtained
by integrating over a horizontal width of 4.3 μm (2 pixels) and ﬁtting the function
in Eq. (6.18), similar to the analysis for Fig. 6.5. In Fig. 6.7(a) all the data points
and the corresponding average are shown as a function of s. The analysis presented
here conﬁrms the observations of Fig. 6.4 that the interference pattern is diﬀerent
for each experimental realization. The non-zero slope of mean phase diﬀerence with
distance, shows that the interference fringes are, on average, not oriented perfectly
horizontal, but have a preferred tilt. The curvature of the mean phase as a function
of s indicates the fringes are not straight. The width of the phase distribution in
Fig. 6.7(a) is shown in Fig. 6.7(b) by way of the circular standard deviation. We
are now interested in the gradient of both the mean phase and of σΦ2 for s → 0. We
assume the curvature near s = 0 is small enough for both quantities such that we can
obtain the gradients by taking the slope of a linear curve ﬁtted to the data points in
the ﬁrst 10 μm. The phase gradient dΦ
is plotted in Fig. 6.8(a) against hold time.
ds
It is observed to vary between +0.3 rad/μm and -0.1 rad/μm. In our absorption
images these phase gradients correspond to an average tilt of the interference fringes
of +38◦ and -15◦ , respectively. The observed phase gradient corresponds to a relative
momentum of the two BECs, with a maximum velocity of 220 μm/s. If we assume
a harmonic oscillation with 25 Hz (the longitudinal trap frequency of the split trap)
the amplitude is 1.4 μm, small compared to our optical resolution, and unobserved
in the absorption images.
In order to extract a phase coherence length from our data it is useful to ﬁrst
recall the usual treatment for a single condensate. Petrov et al. [196] and Gerbier et

hold time (ms)

Figure 6.8: The relative phase gradient dΦ/ds (a) and the phase coherence length L̃φ [• in (b)] as
a function of hold time in the split double-well potential. See the text for information on how these
quantities are obtained. The condensate half length (L) [ in (b)] is plotted for comparison.
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al. [205] relate σΦ2 of the phase diﬀerence between two points separated by a distance
s to the phase coherence length. The relation
σΦ2 (s) ≈

T s
,
Tφ L

(6.23)

connects the variance to a dimensionless temperature and a dimensionless separation. By substituting the characteristic phase-coherence length [Eq. (6.9)] one ﬁnds
Lφ =

s
.
σΦ2

(6.24)

For the phase coherence length in our experiments we now use the notation L̃φ
to distinguish between the phase proﬁle of a single condensate (Lφ ) and the relative
phase of two interfering clouds (L̃φ ). We assume that the latter is similarly inversely
proportional to the phase variance. We determine L̃φ by taking the inverse of the
slope of a linear curve ﬁtted to the variance data for 0 ≥ s ≥ 15 μm. The result is
plotted in Fig. 6.8(b) as a function of hold time.
For perfect splitting, one would expect the phase patterns along the lengths of
the split clouds to be identical, and L̃φ to be inﬁnite. This would then be followed by
a gradual decrease to an equilibrium value as the phases develop independently [72].
We observe a diﬀerent behavior. The phase coherence length increases for longer
splitting times. We attribute this increase to the oscillation of the cloud length
induced by the reduction of the longitudinal conﬁnement of the double-well potential
with respect to the potential in which the condensate was prepared.

6.5

Summary and outlook

In this chapter we have described results of initial experiments in which we interfere
condensates released from a vertically split double-well rf-dressed potential and given
information on the experimental optimization necessary to achieve these results. We
have shown that upon switch-oﬀ of the rf-dressing ﬁeld a distribution of Zeeman
states is created, but by ramping down the rf amplitude in a controlled way in
∼ 10 μs it is possible to put almost all atoms in the F = 2, mF = 2 state. A great
amount of information on the Zeeman state distribution and the trapping potential
can be obtained from a simple experiment in which the trapping time in the bare
potential after switch-oﬀ of the rf-dressing ﬁeld is varied.
Releasing a split condensate from the double-well potential we observe interference fringes having an average contrast of 0.18. Detailed analysis of the phase of the
interference pattern shows that splitting is at least partially coherent but the phase
randomizes within 10 ms. Immediately after splitting we see a linear development
of the mean phase indicating an energy diﬀerence between the two condensates of
h × 54 Hz. The observed interference fringes have a wavy appearance as one expects for elongated quasi-condensates. From analysis of the spatial ﬂuctuations of
the phase we ﬁnd that the phase gradient varies in time between +0.3 rad/μm and
-0.1 rad/μm which corresponds to a momentum of 220 μm/s or a dipole oscillation
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amplitude of 1.4 μm. We also derive a phase coherence length which is typically
6 μm and grows larger possibly due to an oscillation of the condensate length. The
oscillation is caused by a change in the longitudinal conﬁnement when the transverse
proﬁle of the rf-dressed potential is changed. This eﬀect was investigated in detail
in Ch. 5 of this thesis.
Although the interference contrast is relatively low and there are signs the coherence is inﬂuenced by collective excitations of the condensate we still manage
to extract useful information from the interference pattern. To improve on this in
future experiments we intend to implement several changes: implementing longitudinal imaging and careful optimization to further enhance stability and reproducibility
should prove useful. The analysis of the interference fringe pattern will be easier
for longitudinal images as the fringes will be straight (not perturbed by longitudinal
phase ﬂuctuations). Also longitudinal images will allow one to see interference independent of the splitting direction of the double-well potential (including horizontal
splitting to minimize the inﬂuence of gravity) as all directions are perpendicular to
the imaging direction. By further careful optimization of the trapping and cooling
sequence, collective excitations can be minimized. This should allow further interferometric studies of the intriguing coherence properties of (quasi)-one-dimensional
degenerate Bose gases [72, 83].

A

The rf-dressed potential

We calculate the potential that a neutral atom with a magnetic moment experiences
in a time-dependent magnetic ﬁeld B(t). The hamiltonian is
Ĥ = −μ̂ · B(t),

(A.1)

the same as in the static case. The magnetic dipole moment operator μ̂ is proportional to the angular momentum operator Ĵ with a proportionality factor μs
μ̂ = μs Ĵ.

(A.2)

At any ﬁxed point in space the total ﬁeld B(t) can be divided in a static part Bs
and an oscillatory part Brf (t). The z axis of the coordinate system we align with
Bs and take this as the quantization direction. The oscillatory ﬁeld we assume has
linear polarization and a sinusoidal time dependence with frequency ωrf . We align
x along the oscillating ﬁeld. We can thus write the ﬁeld as
B = Bs + Brf (t) = (Bs + Brf,z (t)) ez + Brf,x (t)ex .

(A.3)

The time dependence of the oscillatory ﬁeld Brf (t) = brf cos(ωrf t) can also be written
in terms of complex exponentials
1
Brf (t) = brf eiωrf t + e−iωrf t .
(A.4)
2

We write the wave function as |ψ = m cm |m and take as orthonormal basis the
eigenstates of Jˆz : |m with eigenvalues: m = −J . . . J. We write the Schrödinger
equation in matrix form

iċn (t) =
Hnm cm (t).
(A.5)
m

The matrix elements Hnm are
Hnm = [−μs Bs − μs Brf,z (t)] mδnm − μs Brf,x (t)n|Jˆx |m,

(A.6)

with
n|Jˆx |m =

1
1
j(j + 1) − m(m + 1)δn,m+1 +
j(j + 1) − m(m − 1)δn,m−1 ,
2
2
(A.7)
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which directly follows from the ladder operators Jˆ± = Jˆx ± iJˆy which have the
eigenvalues [167]:

Jˆ+ |j m = j(j + 1) − m(m + 1)|j m + 1,

Jˆ− |j m = j(j + 1) − m(m − 1)|j m − 1.
In Eq. (A.6) and Eq. (A.7) δnm is the Kronecker delta symbol which equals 1 for
n = m and 0 in all other cases.
We now apply the transformation
c̃k (t) ≡ ck (t)e−ikωrf t ,

(A.8)

which can be interpreted as the transformation to the rotating frame of the precessing magnetic moment. Taking the derivative with respect to t and inserting
Eq. (A.5) we ﬁnd

Hkm ei(m−k)ωrf t + δkm mωrf c̃m (t),
(A.9)
ic̃˙k (t) =
m

which shows that the matrix elements in the rotating frame, H̃km , are equal to
H̃km = Hkm ei(m−k)ωrf t + δkm mωrf .

(A.10)

We now calculate the matrix elements after transformation by inserting Eq. (A.6)
into Eq. (A.10). For the time dependence of the oscillating ﬁeld we use Eq. (A.4).


ωrf
brf,z iωrf t
−iωrf t
e
− Bs +
+e
δkm
H̃km =μs m
μs
2

brf,x 1 
− μs
j(j + 1) − m(m + 1) 1 + ei2ωrf t δk,m+1
(A.11)
2 2

1
−i2ωrf t
+
δk,m−1 .
j(j + 1) − m(m − 1) 1 + e
2
Observe that this expression has static terms and terms that are oscillating at ±ωrf t
and at ±2ωrf t. We now apply the rotating wave approximation [108] which amounts
to neglecting all time-dependent terms in Eq. (A.11), yielding



ωrf
brf,x 1 
− Bs δkm − μs
j(j + 1) − m(m + 1)δk,m+1
H̃km = μs m
μs
2
2
 (A.12)
1
+
j(j + 1) − m(m − 1)δk,m−1 .
2
From comparison of Eq. (A.6) and Eq. (A.12) we see that Eq. (A.12) corresponds
to a magnetic moment in a magnetic ﬁeld


ωrf
1
ez + brf,x ex ,
(A.13)
B̃ = Bs −
μs
2
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and hence
|B̃| =

ωrf
Bs −
μs

2


+

brf,x
2

2
.

(A.14)

Since B̃ is time independent it is easy to see that the magnetic moment in this ﬁeld
has eigenvalues m̃μs |B̃| with m̃ = −J . . . J. If the atom moves slowly through the
spatially-varying magnetic ﬁeld, such that the adiabaticity criterion is satisﬁed we
can write the position-dependent potential as
√
U = m̃ Δ2 + Ω2 ,
(A.15)
where Δ2 is called the resonance term with Δ the local detuning of the rf frequency
with respect to the Larmor frequency
Δ = ωrf − ωL = ωrf −

|gF μB |
|Bs (r)|.


(A.16)

The other term, Ω2 , is referred to as the coupling term. The position-dependent
Rabi frequency, Ω, is given by the circularly polarized rf-ﬁeld component referenced
to the local direction of the static magnetic ﬁeld. For a linearly polarized rf ﬁeld
the above shows that
|gF μB | |brf × B|
Ω=
.
(A.17)

2|B|
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[62] S. Groth, P. Krüger, S. Wildermuth, R. Folman, T. Fernholz, D. Mahalu,
I. Bar-Joseph, and J. Schmiedmayer. Atom chips: Fabrication and thermal
properties. Appl. Phys. Lett. 85, 2980–2982 (2004).
[63] N. H. Dekker, C. S. Lee, V. Lorent, J. H. Thywissen, S. P. Smith, M. Drndić,
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spectroscopy in a rotating frame: Sagnac eﬀect in a matter-wave interferometer. Phys. Rev. Lett. 67, 177–180 (1991).
[181] M. Kasevich and S. Chu. Atomic interferometry using stimulated Raman
transitions. Phys. Rev. Lett. 67, 181–184 (1991).
[182] A. Lenef, T. D. Hammond, E. T. Smith, M. S. Chapman, R. A. Rubenstein,
and D. E. Pritchard. Rotation sensing with an atom interferometer. Phys.
Rev. Lett. 78(5), 760–763 (1997).

120

REFERENCES

[183] T. L. Gustavson, P. Bouyer, and M. A. Kasevich. Precision rotation measurements with an atom interferometer gyroscope. Phys. Rev. Lett. 78(11),
2046–2049 (1997).
[184] A. Peters, K. Y. Chung, B. Young, J. Hensley, and S. Chu. Precision atom
interferometry. Phil. Trans. R. Soc. Lond. A 355(1733), 2223–2233 (1997).
[185] B. P. Anderson and M. Kasevich. Macroscopic quantum interference from
atomic tunnel arrays. Science 282, 1686 (1998).
[186] S. Gupta, K. Dieckmann, Z. Hadzibabic, and D. E. Pritchard. Contrast interferometry using Bose-Einstein condensates to measure h/m and α. Phys.
Rev. Lett. 89(14), 140401 (2002).
[187] M. S. Chapman, T. D. Hammond, A. Lenef, J. Schmiedmayer, R. A. Rubenstein, E. Smith, and D. E. Pritchard. Photon scattering from atoms in an atom
interferometer: Coherence lost and regained. Phys. Rev. Lett. 75, 3783–3787
(1995).
[188] C. R. Ekstrom, J. Schmiedmayer, M. S. Chapman, T. D. Hammond, and D. E.
Pritchard. Measurement of the electric polarizability of sodium with an atom
interferometer. Phys. Rev. A 51, 3883–3888 (1995).
[189] Y. Shin, M. Saba, T. A. Pasquini, W. Ketterle, D. E. Pritchard, and A. E.
Leanhardt. Atom interferometry with Bose-Einstein condensates in a doublewell potential. Phys. Rev. Lett. 92(5), 050405 (2004).
[190] E. A. Hinds, C. J. Vale, and M. G. Boshier. Two-wire waveguide and interferometer for cold atoms. Phys. Rev. Lett. 86, 1462–1465 (2001).
[191] E. Altman and E. Demler. Condensed-matter physics - relaxation after a tight
squeeze. Nature 449, 296–297 (2007).
[192] S. Du, M. B. Squires, Y. Imai, L. Czaia, R. A. Saravanan, V. Bright, J. Reichel,
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Summary
This thesis reports on experiments that are aimed at investigating the properties
of dilute atomic gases at temperatures near absolute zero (≤ 1 μK). At such low
temperatures the atoms show behavior diﬀerent from what we are used to at room
temperature. Most notably a phase transition occurs when the de Broglie wavelength
of the atoms becomes of the order of the inter-particle spacing and the atoms form
a Bose-Einstein condensate (BEC), revealing the quantum nature of matter.
The goal of our experiment is to provide fundamental physical knowledge, like the
understanding of the one-dimensional dynamics and the coherence properties of cold
bosonic gases. Furthermore it is expected that the technology and the techniques
developed to this end will result in new products such as extremely precise sensors
and clocks. Some even speculate that these developments may one day culminate
in the realization of a quantum computer, which is predicted to be immeasurably
more powerful for some speciﬁc tasks than current-day computers.
In the experiment we cool clouds containing several million 87 Rb atoms down
from room temperature to typically ≤ 1 μK using the techniques of laser cooling
and evaporative cooling. The cold gas is suspended in a magnetic ﬁeld in a vacuum
to prevent heating and loss through contact to the surroundings. The magnetic ﬁeld
is produced by an atom chip: a device consisting of a planar substrate and a microfabricated wire pattern through which we send current. We trap the atoms either in
a static ﬁeld, made with stationary currents or in a ﬁeld which is the combination of
static and radio-frequency (rf, ∼ 2 MHz). The potential originating from the latter
is named rf-dressed potential to distinguish it from the static potential.
Chapter 1 of this thesis outlines the historical developments that preceded modern cold atom experiments. It touches upon the initial development of quantum
mechanics and the discovery of Bose-Einstein condensation in the beginning of the
20th century. Equally important for practical experiments were technical developments in the second half of the century like the invention of the laser and the
computer. The new insights and technology came together in the development of
laser cooling of neutral atoms in the 1980s and the successful use of atom chips for
BEC in the new millennium.
Chapter 2 is devoted to calculation of the trapping potential in which we produce
and capture our cold gas clouds. In the ﬁrst part of the chapter we provide several approximations with diﬀerent levels of accuracy for the potential of our static
magnetic trap formed by a Z-shaped wire on the atom chip. In the second part we
give expressions for the rf-dressed potential. The rf-dressed potential oﬀers exciting
new possibilities to manipulate the precise shape of the trapping potential through
the amplitude, polarization and frequency of the rf-ﬁeld. Most notably a single potential minimum can be transformed into a double-well potential in a smooth and
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continuous way, allowing a BEC to be split in two parts.
Chapter 3 describes the atom chip with which we produce our magnetic ﬁelds.
First we describe the micro-fabrication process that includes optical lithography and
gold vapor deposition to produce gold wires of ∼ 2 μm thickness and ≥ 5 μm width.
Careful fabrication is essential to create smooth, defect-free potentials. In the second
part of the chapter we characterize the chip. We routinely send 2.25 A of current
through a 125 μm wide wire which corresponds to a current density of 106 A/cm2 .
The maximum current density of ≥ 107 A/cm2 is achieved in more narrow wires.
The chip wire current is limited by the thermal resistance between the wires and
the surroundings which is 9.9 K/W. Initial characterization indicates the roughness
of the magnetic potential is ΔB/B ∼ 5 × 10−5 at 77 μm distance from the chip
surface.
Chapter 4 describes the experimental setup apart from the atom chip. It includes
the ultra-high vacuum system, laser system, magnetic coils and control computer
hard- and software. Special attention is given to the rf generators that we use
to produce the rf magnetic ﬁelds. These sources were developed in-house. Their
advantage with respect to commercially available function generators is that they
can be reprogrammed much faster (within 10 μs) allowing much more ﬂexibility in
the design of experiments.
In chapter 5 we present several experiments in which we use BECs to characterize
the rf-dressed potential. We use both rf spectroscopy and measurements of the
oscillation frequency to show that potential variations due to small longitudinal
magnetic ﬁeld variations can be suppressed by at least a factor of 10 compared to the
bare magnetic potential. This eﬀect can be of use when making smoother waveguides
on atom chips. We perform vertical splitting of a BEC by transforming the single
potential minimum into a double-well potential. We show that it is possible to
compensate the eﬀect of gravity by tuning the static and rf ﬁeld gradient and have
equal distribution of the atoms over the two wells. In chapter 5 we also describe a
spatial beamsplitter.
Finally, chapter 6 provides some initial results of atom-chip-based matter-wave
interference experiments. We obtain matter-wave interference by vertically splitting
a BEC and releasing it from the double-well potential. The overlapping atom clouds
interfere. From analysis of the interference pattern we determine several properties,
like the imbalance of the double-well potential and the phase coherence length. The
release of the atoms from the double-well rf-dressed potential is non-adiabatic and
transfers the atoms into a distribution of Zeeman states. We show the Zeeman
state distribution can be manipulated through the exact switch-oﬀ procedure of the
trapping potential.

Samenvatting
In dit proefschrift doen we verslag van experimenten om de eigenschappen van ijle
atomaire gassen dichtbij het absolute nulpunt (≤ 1 μK). Bij deze lage temperaturen
gedragen de atomen zich anders dan bij kamertemperatuur. Meest opvallend is een
faseovergang die optreedt wanneer de De Broglie golﬂengte van dezelfde grootteorde wordt als de interatomaire afstand en de atomen een Bose-Einstein condensaat
(BEC) vormen, waarmee hun quantummechanische aard duidelijk zichtbaar wordt.
Het doel van onze experimenten is om fundamentele fysische vragen te beantwoorden. Denk bijvoorbeeld aan een beter begrip van de dynamica van eendimensionale (1D) systemen en de coherentie van gassen bestaande uit Bosonen. Verder
is de verwachting dat de technieken die voor deze experimenten worden ontwikkeld,
zullen leiden tot nieuwe produkten zoals zeer precieze sensoren en klokken. Volgens
sommigen zouden deze ontwikkelingen zelfs kunnen leiden tot de constructie van
een quantumcomputer, een computer die voor bepaalde toepassingen oneindig veel
sneller is dan hedendaagse computers.
In ons experiment koelen we gaswolkjes bestaande uit miljoenen 87 Rb atomen af
van kamertemperatuur tot ≤ 1 μK, waarbij we gebruik maken van twee verschillende
technieken: laserkoeling en verdampingskoeling. Het koude gas sluiten we op in een
magneetveld in een vacuumsysteem om het contact met de omgeving te minimaliseren en opwarming en verliezen te voorkomen. Het magnetisch veld maken we met
behulp van een atoomchip, die bestaat uit een substraat waarop we een draadpatroon gemaakt hebben waardoor we stroom sturen. We vangen de atomen ofwel in
een statisch magnetisch veld of in een magneetveld dat bestaat uit een gecombineerd
statisch en een radiofrequent (rf, ∼ 2 MHz) magnetisch veld. De potentiaal volgend
uit zo’n gecombineerd veld noemen we rf-gemodiﬁceerd (engels: rf-dressed) om het
te onderscheiden van de statische potentiaal.
Hoofdstuk 1 van dit proefschrift schetst kort de ontwikkelingen die vooraf gingen
aan experimenten met koude atomen zoals we die nu doen. We vermelden hoe de
quantummechanica ontstond en het principe van Bose-Einstein condensatie werd
ontdekt aan het begin van de 20e eeuw. Afgezien van deze theoretische ontwikkelingen was ook de ontwikkeling van de techniek in de tweede helft van die eeuw erg
belangrijk. Denk aan de uitvinding van de laser en de ontwikkeling van de microfabricage voor de productie van computerchips. De nieuwe theoretische inzichten
en nieuwe technologie kwamen samen in de tachtiger jaren bij de ontwikkeling van
laserkoeling voor neutrale atomen en in het gebruik van atoomchips om BECs te
produceren.
Hoofdstuk 2 is gewijd aan berekeningen van de magnetische potentiaal waarin
we onze koude gas wolken produceren en opsluiten. In het eerste deel van het
hoofdstuk geven we verschillende benaderingen voor de potential van de statische
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magneetval gemaakt met een Z-vormige draad op de chip. In het tweede deel geven
we uitdrukkingen voor de rf-gemodiﬁceerde potentiaal. De precieze vorm van deze
potentiaal kan aangepast worden via de amplitude, polarizatie en frequentie van het
rf-veld. Meest opvallend hierbij is de mogelijkheid om een potentiaal met een enkel
minimum geleidelijk te vervormen zodat er twee minima ontstaan. Een BEC kan
op deze manier in twee delen worden gesplitst.
Hoofdstuk 3 beschrijft de atoomchip waarmee we onze magneetvelden maken.
We maken gebruik van microfabricage-technieken zoals optische lithograﬁe en PVD
(Physical vapor deposition) om gouddraden te vervaardigen met een dikte van ∼
2 μm en een breedte van ≥ 5 μm. De microfabricage moet zorgvuldig gebeuren
om uiteindelijk gladde en defectvrije potentialen te maken. In het tweede deel van
hoofdstuk 3 karakteriseren we de chip. We sturen gewoonlijk 2.25 A door een draad
van 125 μm breed wat een stroomdichtheid betekent van 106 A/cm2 . De maximale
stroomdichtheid van ≥ 107 A/cm2 bereiken we in smallere draden. De stroom door
de chipdraden wordt begrensd door de warmteweerstand tussen de draden en de
omgeving die 9.9 K/W bedraagt. Uit een eerste karakterisatie blijkt dat de ruwheid
van de magnetische potentiaal ΔB/B ongeveer 5 × 10−5 is op een afstand van 77 μm
van het chipoppervlak.
Hoofdstuk 4 beschrijft de experimentele opstelling met uitzondering van de atoomchip. Het ultrahoogvacuumsysteem, het lasersysteem, de magneetspoelen en de
besturings hard- en software komen aan bod. We besteden veel aandacht aan de rfbronnen die we gebruiken om de rf magneetvelden mee op te wekken. Deze bronnen
hebben we zelf ontworpen op basis van DDS-technologie. Ze hebben als voordeel dat
ze heel snel geprogrammeerd kunnen worden (binnen 10 μs). Dit is veel sneller dan
commercieel beschikbare rf-generatoren wat veel ﬂexibiliteit geeft bij het uitvoeren
van onze experimenten.
In hoofdstuk 5 beschrijven we verschillende experimenten waarin we BECs gebruiken om de rf-gemodiﬁceerde potentiaal te karakteriseren. We gebruiken rfspectroscopie en metingen van de valfrequentie om te laten zien dat variaties in
de potentiaal ten gevolge van kleine variaties in het longitudinale magneetveld tot
minstens een factor 10 kunnen worden onderdrukt vergeleken met een normale magnetische potentiaal. Dit eﬀect kan mogelijk gebruikt worden om betere golfgeleiders
op atoomchips te maken. We splitsen een BEC in verticale richting door het enkele
potentiaalminimum te transformeren in twee minima. We laten zien dat het daarbij
mogelijk is om de zwaartekracht te compenseren, zodat een BEC gelijkelijk over de
twee minima wordt verdeeld door de verticale gradient van het statische en het rf
magneetveld juist te kiezen. Ook beschrijven we in hoofdstuk 5 hoe het mogelijk is
een condensaat te splitsen terwijl het zich voortbeweegt door de rf-gemodiﬁceerde
potentiaal, zodat we een ruimtelijke bundelsplitser (engels: spatial beamsplitter)
creëren.
In hoofdstuk 6 tenslotte geven we de eerste resultaten van experimenten waarin
we kijken naar de interferentie van materiegolven. We verkrijgen de interferentie
door een BEC verticaal te splitsen en vervolgens te laten vallen uit de potentiaal
met twee minima. Tijdens het vallen expanderen de twee atoomwolken waarbij
ze overlappen en interfereren. Middels analyse van het interferentiepatroon bepalen
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we verschillende zaken, zoals het potentiaalverschil tussen de twee potentiaalminima
en de fase coherentie lengte. Het loslaten van de atomen uit de rf-gemodiﬁceerde
potentiaal gebeurt niet-adiabatisch waardoor de atomen na het loslaten in verschillende Zeemantoestanden terecht komen. We laten zien dat de verdeling van de
atomen over de verschillende Zeemantoestanden beinvloed kan worden door de precieze manier waarop de potentiaal uitgeschakeld wordt. Hierbij maken we gebruik
van de ﬂexibiliteit van de door ons zelf ontworpen rf-generatoren.
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