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Introduction

Weakly interacting Bose-Einstein condensates (BEC) of alkali-metal atoms
have been realized for more than 15 years [1, 2, 3, 4, 5, 6]. They are not only
used to investigate ultra-cold gases, but also as models and tools in, for exam-
ple, solid state physics [7, 8], tests for general relativity [9], lower-dimensional
systems [10], quantum information and entanglement [11], building blocks for
bounded states such as (dipolar) molecules [12, 13], Efimov states [14] and even
simulators for atomic nuclei [15]. At the moment it seems there is no limit
to the possibilities for investigations with these systems. These experiments
use the system built from ultra-cold atoms with no unintentional impurities,
where external (trapping, motion, interaction) as well as internal (energy lev-
els, angular momentum) degrees of freedom are accessible and controllable to
very high accuracy. At the same time, these systems are very well isolated
from the environment due to the ultra-high vacuum, in which the experiments
are performed.

The atoms are cooled down to temperatures in the order of 100 nK with
densities of 1020 atoms /m3 — a million times thinner than air. Under these
conditions the quantum nature of the atoms becomes dominant not only for
the internal degrees of freedom, but also for the external degrees of freedom.
Bosonic atoms do not only collide, but interfere like waves with each other
due to their large thermal de Broglie wavelength

Λ =

√
2π~2

mkBT
. (1.1)

Here ~ = h/2π, where h is the Planck constant, m is the mass of the atom, kB
is the Boltzmann constant and T is the temperature. The de Broglie wave-
length Λ is in the order of 1 µm at a temperature in the order of 100 nK.
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2 1. INTRODUCTION

Figure 1.1: Sketch of an axial (horizontal direction) hydrodynamic radial (ver-
tical direction) collisionless cloud. The cross indicates the mean free path that
is larger (smaller) than the extend of the cloud in the radial (axial) direction.
Hence, the cloud is collisionless (hydrodynamic) in the radial (axial) direction.

If temperatures are sufficiently low, atomic waves overlap and form a macro-
scopic wave function after a phase transition: The Bose-Einstein condensate
(BEC). Usually the samples have the size of a few hundred µm with a few
thousands to a few tens of millions atoms.

In Utrecht, we managed to produce up to 300 million atoms in the BEC
that is up to 3 mm long depending on the trap geometry [16]. Due to the large
number of atoms, the experiments are deep in the hydrodynamic, collisional
dominant regime not only for the BEC, but also for the thermal cloud. Fig.
1.1 illustrates the principle of hydrodynamic behaviour for an atomic cloud.
If in the most cases a particle collides with another particle, before it reaches
the end of the cloud, the cloud starts to behave hydrodynamic, like a fluid.
This indicates that the particle has a mean free path shorter than the size of
the cloud and may equilibrate locally in pressure and temperature. On the
contrary, if a particle of the cloud may traverse the cloud without a collision,
the cloud behaves collisionless. The mean free path is longer than the size of
the cloud and a local equilibrium cannot be reached. In that case equilibrium
is only reached with the entire cloud simultaneously and macroscopic motion
is recovered in collective modes only.

It is important to remember that 4He below the lambda point also behaves
as a superfluid as shown in many experiments [17, 18]. As a fluid, it is hydro-
dynamic. However, the fluid is strongly interacting. Therefore, it is difficult to
describe and understand accurately by theory [19]. Experimentally, it is diffi-
cult to separate the condensate from the superfluid and the thermal cloud from
the normal fluid, since the condensate fraction is not known [20, 21, 22, 23].
For alkali-metal atoms, where the interactions are comparably weak, the su-
perfluid and the normal fluid can be separately identified. Furthermore, this
allows very detailed study of superfluidity and two-fluid hydrodynamics with
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all their hallmarks, such as frictionless flow [24], vorticity [25, 26], heat con-
duction, and first and second sound [27]. The last two phenomena require
an ultra-cold cloud that is hydrodynamic for both the normal- and the su-
perfluid which is hard to achieve experimentally. Second sound is mainly a
density wave in the Bose-Einstein condensate and has been measured in detail
[27]. This is not the case for first sound, which mainly propagates as den-
sity wave in the thermal cloud. Therefore, although first sound is well known
from daily life, it has not been measured below the transition temperature to
Bose-Einstein condensation in a dilute gas.

Another important aspect is the special response of a superfluid to induced
angular momentum. The superfluid is irrotational. This means that it cannot
spin like water in a bucked, when the bucked is rotated. However, it can
accumulate angular momentum in discrete quanta ~ and form vortices. A
natural question to ask is, what happens to a superfluid at rest, when only
the normal fluid is stirred. Since the superfluid flows with no friction, if it
flows with a speed below the critical velocity, there should be no transfer
of momentum between the superfluid and the normal fluid. It is likely that
this applies to angular momentum as well. However, it was shown in an
earlier experiment in Utrecht [28] that there is transfer of momentum from
the thermal cloud to the Bose-Einstein condensate. The question is whether
the superfluid will absorb angular momentum from the thermal cloud and if
so, what is the mechanism.

Interesting hydrodynamic experiments can be done not only below the
transition temperature but also above the transition temperature. The bosonic
nature of the atoms plays an important role in both regimes. Above the
transition temperature, the Bose enhancement of collisions as depicted in Fig.
1.2 is significant. Bosons as opposed to fermions tend to bunch into the same
momentum state. Therefore, if two bosons collide with momenta ~p1 and ~p2,
the resulting momenta after the collision ~p1

′ and ~p2
′ not only depend on the

two directly involved bosons but also the bosons nearby not taking part in
the collision directly. If there is a boson x with momentum ~px, such that
energy and momentum conservation allow ~p ′1,2 to scatter to ~px, the collision
probability is enhanced. At low temperatures, the width of the momentum
distribution of the cloud becomes smaller. Therefore, more momenta that
are already populated can be reached by the bosons colliding and the collision
probability is enhanced. However, since the width of the momenta distribution
becomes smaller, it is likely that the bosons before and after the collision
differ little in their momenta. This means that despite the strongly enhanced
collision rate the momentum transfer from one boson to the other is limited.
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(a) (b)

Figure 1.2: Enhancement of collisions in a ultra-cold Bose gas. (a) Collision
with no third atom close by. All directions are evenly likely to scatter to.
(b) The presence of a third atom enhances the probability for one particle
scattering to the same momentum state and the total collision probability.

For fermions the exact opposite is true. They tend to anti-bunch and
collisions are suppressed at low temperatures. If there is already a fermion in
the state, where the colliding fermions may scatter to, the scattering to that
state is blocked and accordingly the collision probability of the two fermions
is reduced.

With the spin degree of freedom and the Bose enhancement of the colli-
sions, macroscopic effects can be observed, such as enhanced spin drag. Spin
drag is an important effect in solid state spintronics [29], where the spin degree
of freedom, rather than the charge of the electrons, is manipulated and trans-
ported. The essence of this effect is that a current of spin up electrons drag
along spin down electrons which are initially at rest. In an atomic Bose gas,
spin drag has a rather different character because the electrons are fermions
and collisions are suppressed at low temperature. With a hydrodynamic sam-
ple of ultra-cold atoms, it is possible to build a complementary system for a
deeper understanding of spin drag. Similarly, there are many other effects in
electronics that can be mapped onto spintronics such as the Hall, Peltier and
Seebeck effect, which in turn can be studied in an ultra-cold Bose gas [30, 31].

With the foregoing discussion of hydrodynamics, it is clear that drag can
only be observed in collisionally dense clouds. Whereas in electronics the
electron gas is always hydrodynamic, in ultra-cold atomic physics this is not
always the case. It is therefore essential to have a large, hydrodynamic, ultra-
cold cloud not only to study two-fluid dynamics but also to make connections
to other fields in physics, where hydrodynamic conditions are naturally ful-
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filled.
The transition from collisionless to hydrodynamic behaviour has been stud-

ied by measuring quadrupole oscillations [32] above the transition tempera-
ture. To quantify the hydrodynamicity, a parameter is introduced [33]. The
hydrodynamicity in a harmonic trap γ is the dimensionless ratio of collision
rate and axial trap frequency. A number greater than one implies that an
atom collides with other atoms many times during one oscillation in the trap.
Therefore, the larger this number becomes, the more hydrodynamic the gas
in the trap is. For a classical gas, i.e. for temperatures much larger than the
transition temperature Tc, the hydrodynamicity is

γ =
mNσω2

r

2π2kBT
, (1.2)

where N is the number of particles, σ is the collisional cross section between
two colliding atoms and ωr is the radial trap frequency [34].

The large hydrodynamicity allows for the study of two-fluid hydrodynam-
ics, in which it is possible to excite and detect hydrodynamic modes locally
such as sound modes. Furthermore, it allows to measure transport phenomena
such as heat conduction, drag, viscosity and others. Especially the transport
of spin has attracted a lot of interest in the last decade. A detection of trans-
port phenomena requires a sensitive measurement of the (local) density profile
and good reproducibility.
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1.1 Thesis overview

In Chapter 2 of this thesis, the setup and the changes as compared to previous
Ph.D. studies to achieve more hydrodynamicity and flexibility are presented.
Measurements of the BEC production that show where the setup may be im-
proved for more hydrodynamicity, are stated. The greater flexibility of imaging
and trapping are also shown.

In Chapter 3, phase contrast imaging is discussed as a sensitive method to
measure the local density and used for non-destructive measurements of ultra-
cold clouds. The latter circumvents stringent requirements for reproducibility
and speeds up the data acquisition by factor of 100. The implementation of
singular value decomposition for analysis of the images is introduced.

In Chapter 4, we use the precision of PCI to detect the propagation and the
decay of incoherent phonons. This can be interpreted as heat conduction. The
results are compared to first sound and indicate that indeed first sound may
have been measured for the first time below the transition temperature Tc in
a dilute, ultra-cold Bose gas.

Chapter 5 presents our ability to make vortices in a spherical trap with low
trap frequencies while maintaining a large number of Bose-Einstein condensed
atoms. To do so, carefully adjusted homogeneous magnetic fields to compen-
sate for gravitational sag are used. An abrikosov lattice of vortices has been
observed. In this trap, it was planned to investigate on an exchange of angular
momentum from the thermal cloud to the BEC.

In Chapter 6, the dynamics of an axially hydrodynamic and radially collision-
less ultra-cold thermal cloud are investigated under sudden relaxation of the
axial trapping potential. Radially travelling “waves” are observed. The anal-
ysis of this observation suggests that these “waves” only exist in an axially
hydrodynamic and radially collisionless cloud.

In Chapter 7, the spin drag experiment is presented. A mixture of two spin
species is prepared. An external force is applied on one spin species. This
species drags along the other species, which is not directly affected by the ex-
ternal force. The resulting drag coefficient is measured as a function of phase
space density. Bose enhancement of spin drag is observed. This experiment
opens the door to other bosonic transport experiments in future.
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Experimental Setup

2.1 Introduction

In general, to produce an ultra-cold samples of alkali atoms several stages of
cooling are needed. First, the alkali-metal gas is produced by evaporating
metallic sodium atoms in an oven. The alkali-metal gas passes an orifice in
the oven with a velocity in the order of several 100 m/s and enters the Zeeman
slower. A laser is counter-propagating the atomic beam in the Zeeman slower
[35]. The light beam exchanges momentum with the atoms and slows them
down. In our experiment the final velocity is in the order of 30 cm/s. In a
next step the atoms are trapped in a magneto-optical trap (MOT) [36], where
lasers shine on the cold cloud from six different directions. The atoms in the
MOT have a temperature in the order of several 100 µK. To achieve even
colder temperatures and higher densities, the atoms are transferred to a trap,
where forced evaporative cooling is performed. In the experiment outlined in
this thesis, this is a magnetic trap (MT). The cooling is done by selectively
removing the hottest atoms from the trap. Due to the increase of the density
and the decrease of temperature, a BEC is formed at temperatures in the
order of . 1 µK.

In this chapter, the requirements for experiments on ultra-cold hydrody-
namic clouds are explained. The fundamental properties of Sodium are listed.
The setup is characterized with an emphasis on the parts that are improved
as compared to descriptions of former experimentalists working on the ex-
periment [37, 38, 16]. It is outlined, how large BECs are made by using a
large flux of atoms in the slower for a large atom number in the MOT and
efficient transfer from the MOT to the MT. The modification of the MT and
the cooling thereof are described for the evaporative cooling of the atoms that

7
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leaves about 1 × 109 atoms at the transition temperature to Bose-Einstein
condensation. The experiment is capable of producing 3 × 108 atoms in the
Bose-Einstein condensed state. After evaporative cooling, the cloud can also
be transferred to a far of resonant optical trap (FORT) for spin-independent
trapping and large hydrodynamicity of the order of 60, which is a 7-fold im-
provement as compared to the magnetic trap [16]. Last but not least, the
imaging system of the setup is described that allows fast interchanging of four
imaging techniques: Absorption imaging, fluorescence imaging, near-resonant
phase contrast imaging and the non-destructive phase contrast imaging.

2.2 Requirement for ultra-cold hydrodynamics

Experiments in this thesis can only be performed based on the fact that the hy-
drodynamic two-fluid regime is reached. In order to reach the hydrodynamic
regime, large numbers of atoms are needed while keeping their interactions
weak. In section 1.2, γ is introduced to quantify the hydrodynamic behaviour
of a classical gas, where Bose statistics plays no role. The trapped gas behaves
hydrodynamic when γ > 1, which means that an atom, starting at one end
of the cloud and moving along the trap, collides many times before it eventu-
ally reaches the other side of the cloud. On the contrary, γ < 1 signifies to
collisionless behaviour, where the atom collides with other atoms only after
several oscillations. By inspecting Eq. 1.2, it is clear that there are four pos-
sibilities to increase the hydrodynamicity: Either the number of atoms N , the
collisional cross-section σ, the radial trap frequency ωr should be increased,
or the temperature T should be lowered.

Large numbers of atoms are achieved by keeping the density low and thus
suppressing 3-body losses. For 3-body losses, two atoms form a molecule and
the third atom carries away the binding energy released in form of kinetic
energy. The high-energy atom (E/kB ≈ 1 mK) should not collide with other
atoms, which would lead to an avalanche of 3-body losses [39]. Therefore, a
large aspect ratio is chosen, so that this high-energy atom has a large solid
angle to escape the cloud in the radial, collisionless direction.

Another possibility to increase γ is to increase the cross-section by using
Feshbach resonances [40, 41]. However, this also leads to a strong increase of
the 3-body losses and is therefore unfavourable.

The increase of the radial trap frequency ωr can be achieved by two means:
a stronger magnetic confinement in the radial direction and by implementing
a optical dipole trap. The former is limited due to the achievable currents. By
using magnetic confinement, trap frequencies in the order of several 100 Hz
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have been reported elsewhere [42, 43]. For optical dipole traps, trap frequencies
in the order of kHz can be achieved. This technique is applied and described
in section 2.12.

Last but not least, the temperature can be decreased. However, at low
temperatures the thermal cloud starts to form a Bose-Einstein condensate
(BEC) and eventually only the BEC remains.

In conclusion, the best strategy is to increase the number of atoms and the
radial trap frequency while keeping the temperature above the transition tem-
perature Tc. However, if an experiment is done in the two-fluid hydrodynamic
cloud, the temperature must be set just below Tc to avoid a large decrease of
hydrodynamicity in the thermal cloud.

The processes to achieve a large number atoms in an axially weak trap are
described in the following sections. The properties of the alkali-metal sodium
are listed, which lead to the laser system used for the laser cooling and imaging.
The evaporation of solid metallic sodium in the recirculating oven is described,
from where a beam of atoms is passing an orifice into the Zeeman slower. From
the Zeeman slower, a cold flux of atoms (30 m/s) is extracted and loaded in
the magneto optical trap (MOT). The MOT contains at least 3.9×1011 atoms.
The atoms are then efficiently transferred to the magnetic trap (MT) by using
spin polarisation [44], which produces at least 4 × 1010 atoms in the MT.
The temperature is further decreased by forced evaporative cooling. If the
evaporative cooling is efficient, the density will increase in the harmonic trap
and run-away evaporative cooling is accomplished. In this experiment, the
axial confinement is relaxed to prevent 3-body losses that accompany large
collision rates [45]. In this way, we are able to make BECs with 3×108 atoms.

2.3 Sodium properties

For laser cooling and imaging the atoms, the optical properties of the sodium
23Na are important and listed in Tab. 2.1 [46]. The lowest optical transitions
are the D1 and D2 lines. The different lines split due to the spin-orbit coupling
as depicted in Fig. 2.1. The wavelength is around 589 nm (yellow light).
The energy levels are further split up by the hyperfine structure F , due to
the coupling of the nuclear spin I with the total angular momentum of the
electron J = S + L. L represents the orbital angular momentum and S is
the electron spin. Each hyperfine level F is degenerate in 2F + 1 magnetic
sublevels that split up in a magnetic field.

Laser cooling requires a strong transition, where the excited atoms can
only decay to the same ground state — a so-called cycling transition [47].



10 2. EXPERIMENTAL SETUP
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Figure 2.1: Lowest energy levels of sodium. Frequency shifts are given in MHz.

wavelength (vacuum) λ 589.158326 nm
line width Γ 9.795(11) MHz
recoil velocity vr 2.946 cm/s
recoil temperature Tr 2.3998 µK
Doppler temperature TD 235 µK
Saturation intensity Isat 6.26 mW/cm2

Table 2.1: Some numbers concerning laser cooling of sodium.

This is necessary because it needs several thousands of photon momenta to
stop a single atom. In the case of Sodium, this is the 32S1/2(Fg = 2,mg =
2) → 32P3/2(Fe = 3,me = 3) transition. However, in zero magnetic field,
where the splitting of the excited states is less than 60 MHz, the atoms have
a small chance to be excited in the 32P3/2(Fe = 2) state and to decay to
the 32S1/2(Fe = 1) ground state, where they are lost for laser cooling. This
happens in the zero crossing of the Zeeman slower and in the centre of the
MOT. Therefore, a repumping beam on the Fg = 1 → Fe = 1 transition is
necessary.
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2.4 Laser system

The most common way to produce light of 589 nm wavelength is through the
use of dye lasers, as in our experiment. Solid state lasers for 589 nm have only
very recently been developed [48]. Since the Fg = 1 → Fe = 1 transition and
the Fg = 2 → Fe = 3 transition are about 1.7 GHz apart, we use two dye
lasers as depicted in Fig. 2.2.

76

Na

Na

non-destructive PCI

Zeeman

MOT Z

MOT XY

1772

F=1 Probe

Repump Spinpol

21
Beat

Lock-In

Lock-In

62 61200

80

-110 63 90

1717

F=1 laser

F=2 laser
Millennia

Verdi

Figure 2.2: Upper part is the F = 1 laser system for imaging, repumping and
spin polarization. The lower part is the F = 2 laser system for cooling and for
non-destructive PCI. The red white modulated bars are AOMs for frequency
shifting of the laser light. The frequency shift is written next to them in units
of MHz. The blocks with the circle and the wiggle inside represent EOMs
for side band creation, where the shift is given in MHz. The spirals represent
fibre and their incoupling objectives. Ellipses are lenses for focusing. Sodium
vapour cells are drawn as rectangles with the label Na. Black bars are beam
dumps. Half circles are fast diodes. The square with the diagonal on the right
side is a beam splitter to combine the rest light of the two lasers. The box
with “Beat” is spectrometer giving the beat frequency in MHz. Not drawn are
the shutters preventing light that is leaking from the AOMs to be fed through
the fibres.
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The first laser (Spectra 380D) is used for the repumping beam of the MOT,
for probing on resonance, near resonant precision phase contrast imaging (PCI)
as described in Chapter 3, and for spin polarizing before transferring the atoms
into the MT [44]. The power, the frequency shifts of the light coming out of
the laser, and the on/off timing of these beams are controlled by acoustic
optical modulators (AOM). The repump beam power is power stabilized with
the following circuit. The laser power is measured with a photo diode at
the output of the fibre after a polarizing beam splitter. This signal is then
feed to a proportional integrated (PI) feedback circuit, from which the laser
power is stabilized with an AOM. The output power and detuning from the
Fg = 1 → Fe = 1 transition are given in Tab. 2.2 for the different laser
beams. The dye laser is pumped with an argon ion laser (Coherent Innova 90)
at 514 nm at a power of 3 to 5 W depending on the age of the dye. During
the research described in this thesis, this laser has been replaced with a CW
solid state laser at 3 W power due to the finite lifetime of the argon ion laser
cathodes. The output of the dye laser is about 200 mW and the linewidth is
1 MHz according to specifications.

The second laser (Coherent 899, replacing the former Spectra Physics laser)
is used for producing the two MOT XY beams, the MOT Z beam and the
Zeeman slower beam. These beams are used for laser cooling. Further, the
laser is also used for producing the probe for non-destructive PCI imaging
near Fg = 2→ Fe = 3 transition. The MOT beams are back reflected, so that
atoms in the MOT see light coming from all six directions. The Zeeman slower
laser beam has two side-bands at ±1753 MHz with 14% of the intensity of the
central frequency (EOM). The power and frequency detuning from the cycling
transition are found in Tab. 2.2. This laser is pumped with a continues wave

beam power [mW] AOM [MHz] detuning [MHz] transition

repump 2.5 63 0 Fg = 1→ Fe = 1
spinpol 2.5 90 1790 Fg = 2→ Fe = 0
probe < 0.6 -110-x -573 - 227 Fg = 1→ Fe = 1
Zeeman > 180 270 -346 Fg = 2→ Fe = 2
MOT Z 2.5 63 -14 Fg = 2→ Fe = 3
MOT XY 13 62 -15 Fg = 2→ Fe = 3
non-destr. PCI < 1 540 2386 Fg = 1→ Fe = 1

Table 2.2: Cooling and probe beam specifications. The x in the row for probe
stands for all frequencies the AOM can reach (-100 to -50 and +50 to +100)
and 2nd order may be used.
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(CW) solid state laser at 532 nm (Spectra Physics Millennia) with a power
of 5 W. The output of the dye laser is 1.4 W. Compared to other dye laser
systems [43], there is no high pressure nozzle used and the output power is
very good. The width of this laser is 100 kHz according to the specifications.
Light of the second laser, that is not used for cooling or probing, passes an-
other EOM with a frequency shift of 1713 MHz. The frequency shifted light
is combined by a non-polarizing beam splitter cube with the first laser and fo-
cussed onto a fast photo diode. This generates a beat frequency of ≈ 21 MHz
that depends on the relative frequency that the lasers are locked to. The width
of the beat is only 1 MHz, which is the linewidth specified for the F = 1 laser.
That indicates that the F = 2 laser must have a linewidth much lower than
1 MHz.
In order to complete the list of dye lasers used, another dye laser for specific
experiments is listed here. The laser (Coherent 699) is used for the experi-
ments in Chapter 5 and pumped at 5 W (Coherent Verdi). This dye laser has
an output of 1 W at central frequency of the gain medium. The gain medium
used for all dye lasers is Rhodamine 6G that is solved in methanol. For the
optimal mixture for the F = 2 laser 1 g rhodamine 6G is dissolved in 10 ml
methanol. From this solution, 6.5 ml is mixed into 800 ml ethylenglycol, which
is pumped at a pressure of 50 psi through a nozzle. The dye jet is the gain
medium for the laser.

2.5 Laser locking

Both dye lasers are internally stabilized with a temperature stabilized reference
cavity. However, the laser frequency still drifts away from the resonance tran-
sition in a time period of several hours. To prevent the drift, external locking
with frequency modulated Doppler free absorption spectroscopy is used [49].
The intensity of a weak probe beam counter-propagating a strong saturating
pump beam in a hot vapour cell of sodium is measured by a photo diode. In
this way, the Doppler broadening of the resonance due to the velocity of the
hot atoms in the vapour is cancelled in the spectroscopy.

The pump beam is double passed through an AOM (Fig. 2.2) that detunes
the laser frequency time-dependent with a fast dither frequency of 61 kHz and
an amplitude of 1 MHz. The dither frequency of the AOM and the signal
from the photo diode are fed to a lock-in amplifier. This apparatus measures
only the signals from the photo diode that are synchronized with the dither
frequency. Therefore, all low frequency noise in the form of power dither from
the laser or electronic noise, which usually has a power spectrum of 1/f , where
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f is the frequency, is effectively removed. The derivative of the absorption
spectrum is detected as depicted in Fig. 2.3.
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Figure 2.3: Spectra for locking the lasers. a) is the Fg = 1 → Fe = {0, 1, 2}
transitions and b) the Fg = 2→ Fe = {1, 2, 3} transition. The spectra (green)
are averages of 16 measurements and the red line is a fit through the data.

From the fits to these spectra, we deduce an effective line-width of 15 and
17 MHz for the Fg = 1 and Fg = 2 spectra, respectively. Since the spectral
width of the lasers are less than 1 MHz, the slight increase of the linewidth
comes probably from pressure broadening.

The laser is locked to the zero crossing of the lock-in signal. For the repump
laser, it is the crossover of Fg = 1 → Fe = 1 and Fg = 1 → Fe = 2 transition
and for the cooling laser, it is the Fg = 2→ Fe = 3 transition. The detuning
of the laser depends on the driving frequency of the AOM. For the repump
laser, this is 80 MHz leading to a detuning of −63 MHz from Fg = 1→ Fe = 1
transition. For the cooling laser, it is 76 MHz.

2.6 Oven

As a source for gaseous sodium, solid metallic sodium is evaporated in a re-
circulating oven made of standard vacuum pipes of 316 L chemical resistant
stainless steel. It consists of a first chamber that is heated to 295, 300, and
310 ◦C at the bottom, middle and top, respectively as shown in Fig. 2.4. The
atomic vapour passes a 6 mm diaphragm and enters the second, cold cham-
ber. This chamber is connected with a thin tube with 4 mm inner diameter
to the bottom of the first chamber for recirculation. Through the tube, the
condensed sodium may flow back from the second to the first chamber. This
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Figure 2.4: Schematic drawing of the oven for evaporation of Sodium

recycles the evaporated sodium. It is good practice to set the oven every
month on recirculation mode, which is done by setting all heating elements
slightly above 100 ◦C with the heater at the bottom at 100 ◦C. In addition,
the tube for recirculating should be heated slightly above 100 ◦C. The beam
of atoms from the nozzle passes another 10 mm diaphragm, through which the
beam enters a chamber connected to a diffusion pump. The diffusion pump is
used to remove atoms that are not moving along the Zeeman slower, such that
the pressure is kept low. Since the gas load at this point is large, a diffusion
pump is used instead of turbo pumps further down the stream of the atomic
beam. The average velocity is ≈ 700 m/s, which corresponds to a temperature
of 295 ◦C. Before entering the Zeeman slower, the atomic beam passes an-
other 12 mm diaphragm. During 8 years of operating, this diaphragm slowly
clogged with sodium, which was deposed from the oven. Due to fact that the
oven had occasionally been refilled, the sodium also oxidized and could not
be melted away. It has been replaced and must be heated to ≈ 100 ◦C when
the oven is set for recirculating. Heating is not possible, when the setup is in
operation, due to a significant increase of background pressure in the Zeeman
slower. Therefore, heating of this diaphragm is only on over night or when the
oven is set for off-line recirculation.
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2.7 Zeeman slower and hot/cold flux optimization

A decreasing field Zeeman slower is used that is changed into an increasing field
Zeeman slower near the ultra high vacuum (UHV) chamber to slow down the
atoms in the atomic beam from the oven together with the counter propagating
Zeeman slower laser. For a large MOT, a large flux of cold atoms is required.
This requires a large flux of atoms, that are not slowed in the first place. To
measure the flux of non-slowed atoms, a probe beam at the cycling transition
is passed twice perpendicular through the beam. The probe intensity is much
lower than the transition temperature and is linearly polarized. As a reference,
a parallel beam is used that passes the vacuum but not the atom beam. The
flux of non-slowed atoms from the oven absorbs 5% of the light. Knowing the
cross section, the atomic beam diameter d = 2 cm, and the velocity this leads
to a flux of about (4.94± 0.25)× 1012 atoms/s.

The flux of slowed atoms is measured and optimized with a probe, scanning
the cycling transition that crosses the cold beam at 45◦. In this way, the
Doppler shift can be used to measure the speed of the atoms. As in the
measurement for the non-slowed atoms, there is a reference beam that does
not pass the atom beam. The cold flux at an average velocity of 58.3 m/s
is (3.5 ± 0.2) × 1011 atoms/s. The detuning of the Zeeman slower laser is
−270 MHz and is not sensitive within several line-widths. The same is true
for the side bands set at ±1750 MHz needed to pump back the atoms into
the cycling transition. However, the relative intensity is relevant and is found
to be at an optimum at 14% of the central line intensity. The side bands are
necessary, since the atoms have a finite chance to drop into the F = 1 state,
where they are lost for the cooling transition. Therefore, the side band at
+1750 MHz, which is resonant with the Fg = 1 → Fe = 2 state, pumps the
atoms back to the cooling cycle. The total power for the light in the Zeeman
slower is 180 mW. More power still yields slightly more flux of slowed atoms.

2.8 Magneto optical trap (MOT)

The MOT is made of 3 back reflected, 5 cm wide beams covering all three
directions of space. A quadrupol magnetic field made with anti-Helmholtz coils
produces a field gradient of 5 G/cm. The lasers are 1.5 linewidths detuned
below the Fg = 2 → Fe = 3 transition, such that only the atoms moving
out of the centre, where the magnetic field is non zero, are pushed back.
This works only if the atoms are in the Fg = 2 state. However, atoms may
fall into the Fg = 1 state where they are lost. Therefore, a repump beam
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at Fg = 1 → Fe = 1 transition is used to pump the atoms back into the
cycling transition. To avoid heating due to the cooling light itself, the repump
beam has a dark spot in the centre such that only atoms moving out of the
centre are subject to repumping. A more detailed principle of operation is
described in Ref. [36]. The MOT beams in the plane of the Zeeman slower
(MOT XY) have a detuning of −15 MHz from the cycling transition at the
optimum. For the beam perpendicular to the Zeeman slower beam (MOT
Z), a detuning of −14 MHz is optimal. The detunings are relatively small
compared to other setups [43]. To measure temperature and number of atoms
in the MOT a fluorescence measurement is performed. This method is chosen
because the optical density of the cloud is too large for absorbtion imaging
this stage. However, fluorescence measurements must be calibrated using a
reference measurement with another method, since the signal does not provide
an absolute value for the number of atoms. Also the temperature, determined
from the width of the cloud after different time of flights, has to be calibrated.
This is due to the finite size of the probe beam. The probe beam itself has a
Gaussian intensity distribution, which maps on the fluorescence.

As a reference, a cold cloud after evaporative cooling is used that is much
smaller and has much less optical density. This cloud is imaged with absorp-
tion imaging. The temperature of the atoms in the dark-spot MOT is found
to be 174±10 µK by using standard fluorescence measurements with different
time-of-flight. For large timer-of-flights (> 20 ms), the finite size of the probe
beam has an influence on the size of the cloud. The number of atoms in the
dark spot MOT is measured to be ≈ 4× 1011 atoms by using a small time-of-
flight (5 ms), such that the atoms do not spread further than the size of the
probe beam.

2.9 Transfer to the Magnetic Trap (MT)

In a magnetic field, the degeneracy of the hyperfine magnetic substates is
lifted. Atoms in the states |F = 1,m = ±1〉 are attracted towards lower or
higher magnetic fields, respectively, depending on the magnetic number m, so-
called low and high field seekers. Atoms in the m = 0 state are not sensitive to
magnetic fields. Producing a magnetic field maximum in space is not possible
according to Maxwell equations. Therefore, only the low field seekers in the
|F = 1,m = −1〉 state are trapped in the magnetic field minimum, which is
only one third of the atoms in the MOT. To increase the number of atoms
transferred from the MOT to the MT, the atoms are spin polarized in a high
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magnetic field with two simultaneous short laser pulses. One is at the F =
1→ F = 2 transition from the XY MOT beams and the other one is with σ−

light between the |F = 1,m = 1〉 and |F = 1,m = 0〉 → |F = 2,m = −1〉
transition at a magnetic field strength of 100 G [44]. This process increases
the number of atoms by a factor 1.5, which is less than in the results of Ref.
[44]. However, in our case the number of atoms in the MOT is larger and the
optical density of the cloud may limit the efficiency of the spin polarization.

The overlap of the MT and the MOT is optimized by shifting the minimum
of the magnetic field of the MOT. This is produced by using moderate currents
running around a cage outside of the coils for the MT and MOT. The currents
of the opposite faces of the cage run parallel so that a small homogeneous
field is created. The MT is slowly turned on to mode match the MT and
the MOT. The temperature in the MT is measured in time-of-flight to be
around 230(20) µK. The slight temperature increase of the atoms in the MT
as compared to the atoms in the MOT is due to the transfer. The heating
is small and given the number of atoms in the order of 1010 not crucial for
the cooling. The number of atoms is measured, as in section 2.8. If spin
polarization is applied, we find 3.9 × 1010 and 2.8 × 1010 atoms, when spin
polarization is not applied. The latter have a temperature of 360(20) µK.
The measurements are taken after 10 sec. Therefore, evaporative cooling may
take place during that time, which leads to a lower temperature, depending
on the number of atoms. The ratio of atom numbers, when spin polarization
is applied and not, is increased mainly due to difference in temperature in
the beginning of the cooling cycle. The number of detected atoms is a lower
limit for the real number of atoms, since the cloud may be opaque even for
fluorescence imaging. This effect also partially explains the small difference in
the number of atoms, when spin polarization is applied or not.

2.10 Magnetic trap (MT)

The centre of the MT is to a very good approximation a harmonic trap. For
the vortex experiment described in Chapter 4, a spherical trap is needed where
the trap frequencies in all three directions are identical. For the creation of
such a trap, significant changes have been made to the original setup [37].
Therefore, the properties of the clover leaf trap are outlined in this section.

2.10.1 MT geometry

The MT is a well-known clover leaf trap [37] consisting of antiparallel pinch-
bias coils for the axial trapping and clover leaves consisting of quarter circles
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for radial trapping (see Fig. 2.6). The highest trap frequencies are 16 Hz in
the axial and 116 Hz in the radial direction. The current through all 8 clover
leaves coils each with 20 windings is up to 372 A. The current through the-
ses coils is set in series to suppress magnetic field fluctuations due to current
fluctuations. Through the pinch-bias coils (pinch 12 windings, bias 15 wind-
ings) runs a current of up to 200 A. Pinch-bias coils are in series to suppress
fluctuations. The bias coils can be partly bypassed with a shunt with up to
125 A for transferring the atoms from the MOT to the MT and making large
homogeneous magnetic fields. The MOT coils with 24 windings carry a cur-
rent of up to 20 A. For fine tuning the minimum magnetic field, the fine-tune
coils (up to 20 A and 9 windings) are used that are not cooled. The magnetic
field has a minimum in the centre. However, this is not the trap minimum due
to gravitational sag. The sag is caused by gravity and usually negligible com-
pared to the restoring force of the trap. For the usual radial trap frequencies
(116 Hz), this is 18 µm. However, for weak trapping in the vertical direction
as described in Chapter 4, this is no longer the case.

In addition to these coils, there is a cage with current loops around the
setup to compensate for the earth magnetic field and to conveniently optimize
the overlap between the MOT and MT as mentioned earlier. The current on
each side of the cage runs parallel to the current in the opposite face. Due to
the fact that the size of the cage is much larger than the size of the actual trap,
the magnetic field produced by these loops in the centre is nearly homogeneous.
The coils lying in the vertical plane perpendicular to the plane of the clover
leaf coils are for compensating the gravitational sag. A homogeneous magnetic
field in the horizontal the radial direction of the trap is generated. Adding
this field to the magnetic field of the MT results in a shift of the minimum,
effectively eliminating the gravitational sag for the trapped sodium atoms, as
described in detail in Chapter 4.

2.10.2 Cooling of the MT

The cooling of the wires for the MT is necessary not only to prevent melting
of them due to a large current but also to keep the geometry stable. The coils
heat up to more than 80 ◦C and expand, the magnetic field strength at the
bottom of the trap changes. Therefore, if the temperature of the coils changes
from shot to shot, the magnetic field at the trap minimum changes from shot
to shot, which in turn changes the temperature after RF cooling of the atoms.
Therefore, the temperature of the coils has to be reproducible within 0.5 ◦C.

The clover leaf trap consists of hollow square wires with a thickness of
4 mm and an inside diameter of 1 mm. Through the inside of the copper
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wires, cooling water is pumped with pressure of 15 bar. The cooling water of
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Figure 2.5: Closed cooling system for the MT coils.

the building is neither stable in temperature (±5 ◦C) nor clean. Therefore,
the water circulates in a closed cooling system that uses the cooling system
of the building as a heat dump. To stabilize the temperature of the cooling
water, a heater heats the water to a temperature of 18 ◦C, higher than the
external cooling circuit of the building, such that the cooling water has a stable
temperature. Since the coils are made of copper and the heater was zinc plated
inside, this leads to a galvanic corrosion (a battery). This is determined by
taking a sample of the cooling water and testing the chemical composition. The
zinc eventually clogged the copper coils. The coils were cleaned by pumping
1 molar hydrochloric acid in the opposite direction with a separate pump.
It is important that only the coils are cleaned and that the acid does not
reach the operational pump itself made of stainless steel. Since the cleaning
procedure had to be repeated more and more often (every 2 weeks at the
end), the heater is removed and a new system is installed as shown in Fig.
2.5. In the new system, temperature is kept stable at 18◦C by using a three
way valve consisting of two valves opening and closing in alternate fashion.
Since the two valves are normally closed, that is when no power is supplied
they are closed, an electronic circuit prevents the closing of both valves at the
same time to prevent a stop in the flow of the cooling water to the MT coils.
With the three way valve the return flow of hot water from the coils is either
passed to the reservoir or feed through the cooling blocks. The latter are
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cooled by the cooling system of the building as in the original cooling circuit.
The temperature in the closed system is measured just before the reservoir
and feed back through a PI stabilisation to switch the three way valve. The
reservoir averages out the remaining fluctuations in temperature of the water.
The flows through the different coils are shown in Fig. 2.6. The benchmarks
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MOT
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dlt
drt

drb
dlb

Fine Tune

Figure 2.6: Left (door side of the lab) and right part of the MT. The most
inner circle are the fine tune coils that are not cooled since the current flowing
through the coils is small.

as measured with a separate pump at a pressure of 6.9 bar = 100 psi are given
in Tab. 2.3.

2.11 Evaporative cooling and Bose-Einstein conden-
sation

To further decrease the temperature and increase the phase space density of the
atoms, evaporative cooling is applied by using radio frequency (RF) transitions
from the trapped |F = 1,m = −1〉 to the untrapped |F = 1,m = 0, 1〉 states.
The transition is resonant, when the Zeeman splitting of the hyperfine states
due to the magnetic field matches the RF frequency:

1

2
BµB = ~ωRF ≡ ηkBT , (2.1)
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where B is the magnetic field strength, µB is the Bohr magneton and 2πωRF
is the RF frequency applied. Here η is a dimensionless number that relates
the temperature of the cloud to the RF frequency applied. This factor should
be in the order of 10 for efficient cooling. A small number leads to a large
loss rate and a large number leads to no cooling within the lifetime of the
atomic cloud. The bottom of the trap usually corresponds to a RF frequency
of 2.73 MHz, which is the minimum Zeeman splitting between the trapped
and untrapped states due to the magnetic field strength at the minimum of
the trap. The cooling cycle starts at 60 MHz corresponding to 2.7 mK, which
is about 10 times larger than temperature of the atoms (η ≈ 10).

The RF frequency is ramped down to 2 MHz above the trap minimum
corresponding to a temperature of 10 µK, where three-body losses are still
negligible. At this point the trap is slowly opened in the axial direction to lower
the density and therefore keeping the collision rate at about 90 Hz such that
three body losses and its detrimental effects of the avalanches are suppressed
[39]. The transition temperature is reached around 1 µK with approximately
1 × 109 atoms. Further cooling leads to Bose-Einstein condensation with up
to 3× 108 atoms in the condensate.

The cooling characteristics are shown in Fig. 2.7 and 2.8. Fig. 2.7 shows
the temperature vs the applied RF frequency νRF to measure η. The curve
starts at about 180 µK and ends at 10 µK. For lower temperatures, the cool-
ing curve has been studied elsewhere [16]. It appears that η is more than 16
at the beginning of the cooling. However, this may be an artefact due to the
finite size of the probe beam for fluorescence imaging, where the centre of the
cloud is illuminated with more light than its wings. To compensate for this
effect, the temperatures are calibrated with measurements at low tempera-
tures, where the clouds are imaged with fluorescence and absorption imaging

clover-leave coils other
coils flow [ml/s] coils flow [ml/s] coils flow [ml/s] coils flow [ml/s]

wlt 5.5 dlt 5.0 wpinch 8.3 dpinch 8.3
wrt 5.2 drt 5.3 wbias 4.2 dbias 4.3
wlb 4.5 dlb 5.1 wMOT 3.6 dMOT 3.7
wrb 4.9 drb 5.3 wfine - dfine -

Table 2.3: Flow through different coils. The coding is w(window), d(door),
l(left), r(right), t(top) and b(bottom). The flow is measured in ml/s at a
pressure of 100 psi = 6.9 bar.
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Figure 2.7: Temperature vs RF frequency above the trap minimum. Red dots
are measurements, when spin polarization is applied. Black dots are without
spin polarization. Blue are clouds taken with fluorescence imaging, where the
width and number of atoms are calibrated with the lowest data points taken as
a reference. Green are measurements where an additional RF power of 2 dBm
is applied. Measurements that result in a temperature of more than 100 µK
have a large systematic error and should not be trusted.

and the two methods can be compared directly. However, since the clouds
at high temperatures are much larger, the scaling factor for the temperature
may not be constant and the width may be dominated by the size of the probe
beam. At lower temperatures (< 100 µK), absorption imaging is possible. It
is found that η ≈ 6 for clouds, where no spin polarization is applied, which is
consistently lower compared to the case of spin polarization, since the clouds
are at slightly higher. At the same time, the effect of a 2 dBm power increase
of the RF amplification is shown. This increases η by 10% as compared to
values, when no increase of RF is applied, and by 30%, when neither increase
of RF power nor spin polarization is applied. At 2 MHz η = 11.3± 1.5, which
is about a factor 2 larger compared to the beginning of the cooling curve.
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The efficiency for evaporative cooling is defined as [50]

β =
d log T

d logN
. (2.2)

The cooling efficiency can be determined by plotting the number of atoms vs
the temperature in a log-log plot. This is shown in Fig. 2.8 with and without
spin polarization and with increased RF power. Since the OD for clouds at
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Figure 2.8: Number of atoms vs temperature of the atoms. For an explanation
of the symbols used, see Fig. 2.7.

high temperature is large, fluorescence measurements are applied in the same
fashion as explained above for Fig. 2.7. For high temperatures, the number
of atoms seems to be almost constant and therefore β is very large. This
is an artefact of the fluorescence measurement, where a significant part of
the cloud is outside the probe beam due to thermal expansion in TOF. The
cloud may be opaque for the fluorescence probe in the centre as well, so that
less fluorescence occurs. Therefore, the curve should be trusted only up to
100 µK. At temperatures and ODs, where absorption imaging can be applied,
the spin polarization increases the number of atoms by roughly a factor 1.5 as
compared to the measurements without spin polarization. For measurements,
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where spin polarization is applied, β ≈ 1.2 and for measurements, where
no spin polarization is applied, β ≈ 1. At these temperatures, the effect
of an increased RF power is negligible as compared to measurements where
only spin polarization is applied. However, effect of the increased RF power
is clearly visible at lower temperatures and shows an 50% increase of the
number of atoms at the end of this curve and the average β ≈ 1.4. Also note
that the efficiency of the cooling increases as the slope of the measurements
decreases considerably. This is so-called run-away evaporation starting already
at 20 MHz, which is essential to reach Bose-Einstein condensation. Assuming
a constant efficiency at high temperatures, 2× 1010 atoms are found after the
transfer from the MOT to the MT can be inferred.

The current through the gradient coils was later increased such that the
radial trap frequency is 116 Hz. Due to the increase of the trap frequency the
trap volume is effectively smaller and therefore the density is higher. The trap
is then axially relaxed already at an RF-frequency of 5 MHz.

2.12 Far of Resonant Trap - FORT

For the experiment described in Chapter 7, two different spin species in the
Fg = 1 manifold have to be trapped. Thus spin independent trapping is
necessary. Therefore, an optical dipole trap is built that is far from resonance:
a far of resonance trap (FORT). The theoretical relations of the FORT are
derived in Ref. [51] and here only the resulting trapping potential is given:

U(r, z) = −I(r, z)
3πc2

2ω3
0

(
Γ

ω − ω0
+

Γ

ω + ω0

)
, (2.3)

where c is the speed of light, ω0 the resonance frequency and ω the frequency
of the laser used for the FORT. The intensity I(~x) = I(r, z) can be calculated
using the relations for Gaussian beams, where radial symmetry is assumed
[52]:

I(r, z) =
2P

πw2
0

(
w0

w(z)

)2

exp

( −2r2

w2(z)

)
. (2.4)

Here r and z are cylindrical coordinates, P the power of the laser, and the
waist w(z) is defined as

w(z) = w0

√
1 +

(
z

zR

)2

. (2.5)
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The minimum waist w0 is defined as the radius of the focal spot at I(w0, 0) =
I0/e

2, where I0 = I(0, 0) and zR is the Rayleigh range defined as

zR =
πw2

0

λ
. (2.6)

From Eq. 2.3 and 2.4 it is evident that the trap is not fully harmonic and has a
finite depth. The effective trap frequencies strongly depend on the amplitude
of the oscillation, as shown in Fig. 2.9. The effective trap frequencies are
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Figure 2.9: Effective trap frequency as a function of amplitude. (a): radial
direction, (b): axial direction. The blue line corresponds to an numerical sym-
mulation of an atom oscillating the the trap where the effective trap frequency
is determined. The green line corresponds to an approximation to first non-
vanishing order of the amplitude dependence of the effective trap frequency
as explained in the text. The grey line coorespoonds to the harmonic ap-
proximation of the trap, where the effective trap frequency equals the trap
frequency.

calculated by integrating the equation of motion numerically with different
start positions, while the start velocity is zero. The trap frequencies in the
centre can also be computed by taking the second derivative in r, z of Eq.
2.3 at the trap minimum and equating the result to mω2

r,z. This results in

ωr =
2

w0

√
U0

m
ωz =

√
2

z2
R

U0

m
, (2.7)

where ωr,z are the trap frequencies in rad/s and U0 = −U(0, 0) is the trap
depth.

However, for a Gaussian trap, ωx and ωz do not only depend on amplitude,
but also on the axial and radial position, respectively:
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Figure 2.10: (a) Radial trap frequency as a function of the axial position. (b)
Axial trap frequency as a function of the radial position. The trap frequency
goes to zero, marking the breakdown of the harmonic approximation.
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as shown in Fig. 2.10. As shown in Fig. 2.10 (b), the harmonic approximation
is not even valid within the waist w0, where this approximation breaks down
at the point where the trap frequency becomes zero at 32 µm. Trapping,
however, still exists, since the term forth in r and second order in z of the
Taylor expansion of the potential is positive.

Since the trap frequency of a single atom depends on the amplitude, the
trap frequency of a thermal cloud in the FORT depends on temperature. To
derive a formula that relates the average effective trap frequency that the
atoms experience to the temperature, we expand Eq. 2.4 to the fourth order
and find

ωr(r, z) ≈ ωr
(

1− r2

2w2
0

− z2

z2
R

)
ωz(r, z) ≈ ωz

(
1− z2

2z2
R

− 2r2

w2
0

)
. (2.9)

Comparing these approximations to the effective trapfrequencies on the prin-
cipal axis of the trap as shown in Fig. 2.9, we find good agreement for oscilla-
tions in the radial direction and in the axial direction for amplitudes less than
3 mm. To relate the corrections with the temperature, we relate the widths
of the clouds σr,z to the temperature:

mω2
rσ

2
r & kBT mω2

zσ
2
z & kBT . (2.10)

Solving Eq. 2.10 for the width and using these widths in Eq. 2.9, the temper-
ature dependence of the trap frequencies as seen by the cloud are found:
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kBT
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)
. (2.11)

The results are lower limits of the influence of the temperature on the average
trap frequencies. However, these corrections to the trap frequencies are large
even for temperatures that are only 0.1U0/kB.

In our experiment, an Ytterbium fibre laser from IPG is used as a light
source with a power exceeding 5 W at a wavelength of 1070 nm. The setup
for the laser is schematically drawn in Fig. 2.11. The laser light is first lead

Fibre

FORT

Beam dump

AOM

PI

Figure 2.11: Setup for the FORT. The laser beam is drawn red. The atomic
cloud is yellow, ellipses are lenses and blue squares are mirrors. The grey
square is a beam sampler. The half circle is a light diode. Not drawn for
clarity are the laser and the vacuum chamber.

through an AOM for power stabilisation and switching. The AOM (M1145-
T80L from ISOMET) can split off more than 85% of the incoming power.
The beam is mode matched to a fibre, such that more than 80% pass through
the fibre. This is done to eliminate any thermo-optical or non-linear effects
of the AOM. There is a beam sampler that samples the laser power, which
is focussed onto a photo diode. The latter is connected via a proportional
integrated (PI)-controller with the AOM for power stabilisation. The laser
passes a telescope to expand the beam diameter. With a last lens the laser is
focused on the ultra-cold sample in the UHV chamber. The maximal power
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is 3.5 W at the experiment. All lenses used are achromatic doublet lenses for
better foci.

Since the axial trap frequency is low, the FORT has to be aligned very
carefully. In order to achieve this, a garden hose filled with water, where the
ends are 6 m apart such that the derivation from to the horizontal is less than
1/6000 rad. To avoid beam divergence at this distance a diaphragm is centred
around the second lens of the beam expanding telescope.

The waist w0 is measured to be 46(1) µm with a beam profiler, where the
effect of the window of the vacuum chamber is neglected. The ellipticity is
0.95, which is the ratio of main axis of the fitted profile. This leads to to a
Rayleigh range zR = 6.3 mm. The depth of the FORT is calculated to be
62 µK by using Eq. 2.3 and dividing U0 by kB. However, the effective trap
depth is lowered to 51 µK due to gravitational sag and the finite size of the
vacuum chamber (25 mm).

2.13 Imaging of the cold atoms

In our experiment four different imaging techniques are implemented: fluo-
rescence (FI), absorption (AI), precision- and non-destructive phase contrast
imaging (PCI). Depending on the size of the cloud and the type of experiment,
a different imaging technique is favourable.

In FI the atoms are first pumped to the Fg = 2 ground state via the
Fg = 1 → Fe = 1 transition. There they can be driven on the closed cycling
transition Fg = 2 → Fe = 3 many times during the illumination yielding a
large fluorescence signal.

The advantage is that low optical density requirements are relaxed due to
the cycling transition and large and hot samples can be imaged. However, the
temperature range is limited to temperatures, where the width of the probe
beam is larger than the size of the cloud. The disadvantage is that the intensity
of the fluorescence, from which the density and number of atoms are derived,
has to be calibrated with another imaging technique and is prone to intensity
and frequency fluctuations.

For the AI technique, resonant probe light shines on the cloud and the
shadow in the light beam is imaged onto the camera. This technique is less
sensitive to power fluctuations. However, it is sensitive to the detuning from
resonance by for instance magnetic fields and may only be applied to low den-
sities after time-of-flight (TOF). In situ, where the clouds have large optical
densities OD, the absorption cannot be quantified. The signal is proportional
to exp(−OD), where OD is in the order of 100-1000 in situ. Since the back-
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ground noise is in the order of 1%, the signal cannot be resolved. Therefore,
TOF of several tens of milliseconds is usually used to lower the optical density
to less than 3. If TOF is large compared to the trap inverse of the frequency,
the in situ size of the cloud is negligible and the momentum distribution in the
cloud is observed. There are two preconditions for this to be the case: First,
the cloud is not hydrodynamic in all directions [53]. Then the cloud may re-
distribute the momenta during TOF and cool. Second, the interaction of the
atoms is negligible compared to the temperature. Otherwise the cloud may
especially in the radial direction accelerate the atoms outwards and therefore
changing the in situ momentum distribution. So AI is especially suited for
low densities and imaging of momentum distributions.

Precision PCI is a method, where the accumulated phase of off-resonant
light passing through the cloud is measured rather than its transmission or
absorption. This method is usually used to measure the cloud in situ, which
has the advantage that the physics of the expansion in TOF does not have
to be known. It is insensitive to power or frequency fluctuations, since the
frequency of the light used is several tens of linewidths away from resonance.
A disadvantage of this technique is that the size of the sample should be
relatively small, as discussed in Chapter 3.

These three techniques are destructive, so that only one measurement of
the sample can be taken at a time. However, if the detuning for PCI imaging
is increased, the cloud can be imaged non-destructively due to the negligible
absorption. Although many images of one cloud can be taken, the accumulated
phase decreases and thus the accuracy the technique.

A schematic drawing of the implementation of all these imaging techniques
is shown in Fig. 2.12. First, AI from the side is used for large thermal clouds
and especially in Chapter 7, where different spin states are imaged by using
a Stern-Gerlach technique. The light is from the F = 1 laser and is then sent
through the vacuum chamber at 45◦ to the vertical axis on the camera.

The same imaging direction is used for FI for MOT optimization. The
pumping beam is Fg = 1 → Fe = 1 probe from top to down. This beam is
not shone against the camera. For the cycling transition the MOT Z beams
is usually used.

For PCI at Fg = 1 → Fe = 1 transition with a detuning almost con-
tinuously from 100 MHz to 413 MHz can be used for precision [54] and to
do semi non-destructive measurement where the condensate is considerably
heated but not destroyed after a single shot. To quickly change the detuning
or switch to resonance a cat eye was build (see Fig. 2.2) to double pass the
AOM from which the appropriate order can conveniently chosen with the use
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Figure 2.12: Imaging of the sample: precision phase contrast, non-destructive
phase contrast, absorption and fluorescence imaging. Direction of gravitation
is from left to right

of a diaphragm. Last but not least, light with a detuning of −2.4 GHz from
the Fg = 1 → Fe = 1 transition for non-destructive measurements can be
used. The phase contrast techniques are discussed in more detail in Chapter
3.

For the non-destructive imaging technique, a fast frame transfer camera
(Andor iXon 885) is installed. The camera can image the sample every 3 ms.
The camera has a resolution of 1004 × 1002 pixels with a front illuminated
chip. There is a second blind area below the active area with the same size for
intermediate storage. This allows readout while taking the next picture. The
camera can be set into three different modes: Single image, frame transfer and
fast kinetics mode. The purpose of the first mode is taking a single image,
which is directly transferred to the PC. The second mode allows full frame
acquisition with more than 30 pictures/s and the number of pictures is only
limited by the amount of memory. However, if the area of interest is smaller,
the frame rate can be considerably larger depending mainly on the height of
the (sub-)frame and only slightly on the position of the subframe. The smaller
and lower the subframe is, the larger frame-rate is possible. Ultimately fast
kinetics mode can be set. In this mode the chosen subframe is moved only
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with its height and not read out. This allows for 2004/h pictures in series,
where h is the height of the frame. However, the active area outside of the
picture must be covered.

The camera may also be used in electron multiplying mode (EM-mode).
This improves the signal-to-noise ratio at the expense of the dynamic range.

This is used for weak fluorescence of atoms, when thin resonant laser beams
are aligned. It may also be used for measuring the initial growth the light in
super-radiance scattering [55, 56, 57]. Further details of the camera can be
found in Ref. [58].

The camera software is built into the computer program Word Generator,
which controls the sequence of steps. The program is written in the program-
ming language C at MIT. It is discovered that the SDK for the camera interface
supplied by the manufacturer had a huge memory leak of 8 MB, which is two
pictures. The error was removed from the software by the company after
giving a proof of this.



3

Phase Contrast Imaging

In this chapter the phase contrast imaging (PCI) technique applied to cold
atoms is outlined. This technique can be used for precision measurements
and for non-destructive imaging, where 100 pictures of the same condensate
can be taken to study dynamical effects. For precision measurements some
of the results have already been published in Ref. [54]. Therefore, a sum-
mary of this part is presented and some annotations neglected are outlined.
Non-destructive imaging is implemented in our experiment and is discussed
in this chapter. An improvement for the data processing using single value
decomposition (SVD) is also outlined.

3.1 Introduction

Phase contrast imaging (PCI) is widely used in science, where the object to
be imaged is transparent. The essence of PCI is the different manipulation
of the background light compared to the light that travels through the object
of interest: The background light is focused in the back focal plane of the
imaging system and manipulated. Three different variants of this technique
are common. The first technique consists of blocking the background light
in the focus of the back focal plane completely. The light diffracted by the
object will not be in the focus of the back focal plane and therefore only that
light will be in the image plane (dark field imaging). In the second technique
the background light is partially blocked, which is known as the Schlieren
method. In this method the dark spot in the backplane in the first method is
divided into two equal half disks and one half is removed. In the image the
gradient of the phase is converted into an intensity. The last method is phase
contrast imaging, where the background light is shifted with a phase φ as

33
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compared to the light travelling through the object. This causes constructive
and destructive interference in the image plane, as a function of the acquired
phase of the light going through the sample. This is the invention of Zernike
[59], for which he received the Nobel prize in 1953. In the experiments outlined
in this thesis the Zernike method is applied and therefore explained in detail.

3.2 Phase contrast imaging

The method of Zernike can be described as follows: The electro-magnetic field
in the object plane is

Eo(~x) = Eoe
iξ(~x) , (3.1)

where Eo is the amplitude of the electro-magnetic field and ξ(~x) the complex
phase distribution, which takes in account the acquired phase and absorption
at a point ~x in the object plane. The temporal part is irrelevant for the
description and suppressed. This field is Fourier transformed in the back focal
plane, also known as the Fourier plane of the first lens. The background light
in the object plane, which has a transversal ~k⊥ = 0, is focused in a central spot,
whereas the light diffracted by the object is not. This allows to manipulate
the ~k⊥ = 0 and ~k⊥ 6= 0 separately component. In the Zernike method the
phase of the focused light is shifted by a constant phase φ. For the final
image the electro-magnetic field in the Fourier plane of the first lens is Fourier
transformed by a second lens. The electro-magnetic field in the image plane
then becomes

Ei = Eo

(
eiξ(~x) + (eiφ − 1)

)
. (3.2)

The −1 at the end of the equation is to subtract the unperturbed electro-
magnetic field (background) from the original field in the object plane which
is replaced by a phase shifted field. By taking the absolute square of the
amplitude, the relative intensity or signal S = Ii/Io, where Ii,o is the intensity
at the image and object plane, respectively,

S = 3− 2 (cos(ξ(~x)) + cos(φ)− cos(ξ(~x)− φ)) . (3.3)

Note, for φ = 0 (no phase shift) S = 1, as expected.
In the experiment three different pictures are taken. The first picture Ps, is
taken with the object in place, the second Pb (background) without the object
and the third Pd (dark) without the light . They are combined in the following
manner:

S =
Ii
Io

=
Ps − Pd
Pb − Pd

. (3.4)
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This subtracts the readout noise and the counter offset of the camera. The
noise in the light field due to dirt is divided out. The part of the image light,
which has not passed through the object, has a signal of one.

Assuming the light is phase retarded, when travelling through the object,
the phase spot φ in the focal plane should be phase retarding as well to have an
increasing signal for increasing accumulated phase. If that is not the case, the
signal will first go to zero and then increase. However, since the Bose-Einstein
condensate density distribution has a very strong gradient near the edge of
the condensate, this is unfavourable. This part will form a thin dark ring
before the signal is increasing, which may be disadvantageous for the fitting
procedure.

For the phase spot there are three relevant choices. First, consider a φ =
π/2 retardation. This is the phase spot most commonly used, since it is most
sensitive for small phase retardations. Second, the φ = π retardation. This
leads to the largest signal to noise ratio and is useful, when the background
noise is very large. Third, the φ = π/3 retardation for a large visibility. The
visibility v is defined as

v =
max(S)−min(S)

max(S) + min(S)
. (3.5)

For φ = π/3, v reaches 1. This phase spot is favourable, when the light is
acquiring large phase shifts in the imaged object and the noise is of less im-
portance. In practice, it also allows to align the imaging such that the object
is in focus. Then the minimal signal is zero, if absorption plays no role.

To complete the discussion of PCI theory the relation between column
density ρc and phase ξ as given in [54] is presented:

ξ(x, z) = k

∫ (√
1 +

ρ(x, y, z)α/ε0
1 + C

− 1

)
dy , (3.6)

where k = 2π
λ is the wave number of the probe light, ρ(x, y, z) the local density,

α the polarizability of the atom, C = −1
3ρ(x, y, z)α/ε0 to take into account

the influence of the surrounding atoms and ε0 is the vacuum polarizability.
The integration is along the line of sight. The polarizability α is [54]

α =
iε0σλ
ω

∑
g,e

Cg,e〈Fg,mg|σ̂gg(β)|Fg,Mg〉
1− 2iδe/γ

(3.7)

where Cg,e are the relative transition strengths, σ̂gg is the rotated density
matrix according to the Wigner formula, δe is the detuning from the transition,
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PBS

f1 f2

PS =π/3

f1 f2

Figure 3.1: Phase contrast imaging as implemented in the experiment. Dark
field and Schlieren method only differ from the centre of the glass plate after
the lens. The edged dip in the phase plate (PS) is then replaced with a dark
spot or a half dark spot respectively. The polarizing beam splitter (PBS) is
installed for an additional optical access to the cloud.

σλ is the cross-section for absorption

σλ =
3λ2

2π
, (3.8)

and γ is the natural linewidth. Eq. 3.6 shows that by measuring the accumu-
lated phase ξ(x, z) information about the density distribution ρ(x, y, z) of the
atoms can be obtained.

3.3 Implementation and setup

In Fig. 3.1 the implementation of our setup is schematically depicted. From
this drawing it is clear that the two lenses used are not set in a telescope
configuration. This is because the first lens has to be outside of the vacuum
chamber and has a focal length of f1 = 250 mm and at the same time a sample
magnification is required for precise determination of the density distribution.
That means that the second lens must have a focal length greater than the first
lens. Since the camera resolution is 9 µm and the first lens has a resolution
of 3.6 µm, f2 = 750 mm is an optimal choice. Given the focal lengths a
4f -correlator is impractical. However, for any imaging system it holds that
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only the spatially flat partial wave (~k⊥ = 0) in the object plane will be in the
focus at the back focal plane. Since only this part of the light has to be phase
shifted, the phase contrast imaging is essentially unaltered from the original
Zernike configuration.
The probe beam is about 2 cm wide, which is much larger than the objects
imaged. The lenses are achromatic lenses and for our wavelength, they are
nearly diffraction limited and produce the maximum resolution possible. They
have diameter of 2 inch.

For the full alignment which usually takes a day, the lenses are first roughly
set at focal distance from either the object or the image. Then they are tilted
and translated such that the reflections of the three surfaces of these composite
lenses are back reflected on the probe beam. Then the focus is adjusted for
the last tenth of millimetres. The phase plate (PS) is set in the focus of the
imaging lens constructed from these two lenses. The polarizing beam splitter
(PBS) is put in for optical access to the sample with another probe beam for
manipulation (see Chapter 4). Since the distance between the two lenses does
not influence the imaging in first order, the other effects due to the PBS, like
not perfectly interferometrically flat surfaces, are assumed to be negligible.

3.4 Limitations to the ideal case

The method described up to now did no take into account limitations of the
optics. In Ref. [54] the effects of a finite size of the beam and focus in the
phase spot are omitted. Here we discuss these effects in detail and show that
precise compromises have to be made to obtain the best image. The spot size
in the back Fourier plane is finite and its width wf is given by

wf =
λf

πwo
, (3.9)

where λ is the wavelength of the probe, f the focal length, wo is the waist
before the lens [52]. Even if the intensity of the probe is homogeneous over
the full width of the lens, there will be a finite spot size due to the diffraction
limit [60]. This sets a minimum for the size of the phase spot and therefore
not only the background light may go through the phase spot.

A simulation is performed for PCI. In the object plane the electric field
has a phase distribution that resembles a pure BEC with no absorption and
6 rad phase shift. The amplitude of the electro-magnetic field Eo is a Gaussian
distribution centred around the BEC. To simulate the imaging technique, we
use the fact that a lens is a fast Fourier transformer (FFT) [60]. With this
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knowledge at hand the simulation consists of two FFTs and a phase retardation
of the field in the centre of the Fourier transformed electro-magnetic field
between the FFTs. In this simulation there are several free parameters: The
size of the lens D, the waist wo, which is incorporated in Eo, φ the phase
retardation of the phase spot, d the diameter of the phase spot and σBEC the
size of the BEC. The lens diameter limits the resolution and effect of the phase
retardation of the phase spot is derived analytically in Eq. 3.2. These two
parameters are therefore kept fixed at D = 50 mm and φ = π/3.

Most critical is the size of the phase spot as shown on the left side of Fig.
3.2. The lowest curve shows that if d is too small, not all the background light
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Figure 3.2: The axial (left) and radial (right) cross section of the PCI signal,
where the cross sections are taken through the centre of the BEC. The axial
and radial size of the BEC are chosen to be 2 × σBECax = 2 mm and 2 ×
σBECrad40 µm. The different curves are for different phase spot diameters run
from top to bottom: d = 188, 94, 47, 24, 12 and 6 µm.

goes through the phase spot and the contrast is strongly reduced. This can
also be misinterpreted as strong absorption. However, the difference is easily
revealed, when a phase spot of φ = π/3 is chosen. Then the signal should go to
zero for a certain acquired phase, when the phase spot has the right size. The
next two curves for d = 12 and 24 µm show the best possible signal. However,
the signal does not reach 4 at all. This is because lowest spatial modes ~k⊥ ≈ 0
of the light that are taking part in the formation of the image of the sample
are also overlapping with the ~k⊥ = 0 or DC mode due to the finite resolution
of the first lens that acts as a fast Fourier transformer. Since the sample is
large 2 × σBEC ax = 2 mm these modes carry information of the form of the
object imaged.
On the right side of Fig. 3.2 the radial cross section 2× σBEC rad = 40 µm is
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shown, which is much smaller compared to the axial cross section (note the
change in the horizontal scale). Here the lowest spatial modes lie much higher
and the finite size of the focus does not overlap with the spatial modes creating
the image of the sample. For phase spots that are too large, the shape of the
sample is strongly modified. The central intensity of the sample is increased
that leads, when a fit is applied, to a larger accumulated phase than actually
acquired. Furthermore the background is altered as well. If the phase spot is
slightly too large as for d = 94 µm curve, then the altered background near
the BEC resembles a thermal cloud, which clearly affects the interpretation
of the signal. This is especially important when samples with large thermal
clouds are imaged, since the wings of these distributions fall off like a Gaussian
distribution. The deeper reason for this effect is that low ~k⊥ will be removed
with the ~k⊥ = 0 as well, if the phase spot is too large. Taking these effects
into account leads to a correct interpretation of the results.
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Figure 3.3: Influence of the beam size on the PCI imaging. The beam waists
are from top to bottom w0 = 1.6, 3.1, 6.3, 12.5, 25, 50 mm. d = 2w0. Clearly
the background is shifted, when the beam size is comparable to the sample
size.

The size of the probe beam is varied and the results are shown in Fig.
3.3. The effect of different focal spot sizes as compared to the size of the
phase spot is removed by scaling the size of the phase spot with the size
of the beam diameter. For beam diameters much larger than the sample
there is no effect except for a small decrease in the background and a slight
decrease of visibility. The former is purely due to energy conservation of the
total signal, since on average the signal of the BEC is larger than 1, which
is the background. Therefore, the background signal in the image plane is
slightly lowered. However, if the beam diameter is approaching the size of the
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BEC strong modifications of the image are expected. First, the background is
mimicking a thermal cloud again. Second, the signal itself is strongly modified.
The effects are rather strong, when small beams wo ≤ σBEC are used, and the
effects are much larger than by altering the size of the phase spot alone. Similar
to the variation of the spot size the problem disappears, when small objects
wo � σBEC are imaged. This is true for both the lowering and deformation of
the background signal as seen on the right hand side of Fig. 3.3. The decrease
of background is stronger, when the phase of the BEC is larger (not shown)
which is clear since more light is used for the signal.

In conclusion, the optimal parameters for PCI are a beam with a waist
much larger than the sample to be imaged, a phase spot with a diameter
that just covers the size of the beam at the backfocal plane. Note that these
two restrictions are crucial, when PCI is applied to large objects. In the
experiment the beam waist is limited to 12.5 mm due to the finite size of the
vacuum chamber. As shown in Fig. 3.3, the image is not affected. For the
size of the phase spot a diameter of 24 µm would be the optimum. However,
in this simulation the lenses are perfect. In the experiment they are not and
abberations widen the spot size in the back focal plane. Therefore, a d = 50 µm
for the phase spot is choosen, which only slightly affects the imaging.

3.5 Precision measurement and single-value decom-
position

The great advantage of PCI as a precision measurement is that it can detect
the column density more accurately due to increase of the signal by a factor
4, as compared to absorption imaging. Furthermore, the quasi-periodicity of
the signal for PCI is beneficial, as compared to the exponential decreasing
signal in AI. For AI we have I/I0 = exp(−OD), where OD ∝ σλρc and ρc is
the column density. These two effects make PCI less prone to background
noise. The imaging is much less sensitive to detuning and magnetic fields as
compared to AI, since δ � γ and δ is also larger than the hyperfine splitting.
The derivation of the phase and the absorption as well as the precision are
discussed in Ref. [54]. A possible limitation of the measurement lies in the
noise of the background image.

An improvement in the existing method is done by adaptive removal of
background noise, as in Ref. [61]. The idea is that in the denominator of Eq.
3.4 consists of one background. The noise in this image, which is not present in
the numerator, will appear in the final image S. Instead, the background image
can be constructed as a linear superposition of many background images, such
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that it resembles the signal as much as possible outside the region, where there
are atoms to be imaged. Then the signal processing of Eq. 3.4 will not add
any additional noise to the final image. To construct the background images a
region of the signal picture Ps with no atoms is selected and transformed into
a vector ~s. The same is done for this region in several background pictures bi
with i the index for the background images. These vectors are combined to
form a matrix B. Then the linear equation

~s = B~a (3.10)

is solved, where the vector ~a contains the coefficients for the backgrounds. The
solution is found by computing the pseudo-inverse B(−1) by using single value
decomposition (SVD):

~s′ = BB(−1)~s , (3.11)

where s′ is the constructed background. In general, Eq. 3.10 is under determi-
nated and the solution is given as a vector (background) closest to the vector
sought, namely the projection on the subspace spanned by the background
vectors. An important assumption made is that these background vectors are
linearly independent of each other. This requirement is in practice always
fulfilled by the shot noise. Another assumption is that the backgrounds are
similar to the signal in the sense that they span the subspace in which the
signal vector is in the best case included. This subspace has the same number
of dimensions as the number of background pictures taken. If not, not only
shot noise will be introduced but also additional fringes due to fringes in the
background images.

The resulting improvement of applying the adaptive background construc-
tion using SVD is shown in Fig. 3.4 for AI. The area for the background
construction are enclosed with the black lines. For the case of absorption
imaging the reduced noise is immediately visible. To quantify the noise reduc-
tion the variance σ2 is divided by the mean for a horizontal line lying outside
the BEC and outside the areas with which the background is constructed. The
division by the mean is done to compare the relative noise between the images.
The noise is reduced by a factor 4 using 80 pictures and choosing relatively
small background areas to estimate and construct the optimal background.

In the case of PCI the results for this method are less pronounced, as can
be seen in Fig. 3.5. Despite the fact that large areas for background estimation
have been chosen, the noise reduction is only 20% as compared to a factor of
four in absorption imaging, applying the same number of background pictures.
We attribute this lower performance to the fact that in PCI not only intensity
noise is crucial, but also phase noise in the object plane plays a role. Since in
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Figure 3.4: The effect of SVD on absorption imaging. The upper left picture
is the original picture using Eq. 3.4. The black lines in the corners enclose
the area for the background construction. In the upper right SVD is applied.
The graphs below the picture show horizontal cuts through the images at the
background for y=75 pixels.

PCI the phase rather than the intensity is measured, this noise is important as
well. Furthermore, phase noise may not be static, since the density of the air
around the setup may fluctuate due to the heat transfer of the cables feeding
the coils. Even a large number of pictures taken shortly after each other does
not remedy the situation as shown in Fig. 3.6.

3.6 Non-destructive imaging

Most of measurements in the field of ultra-cold atom optics use destructive
absorption imaging making the data acquisition time rather lengthy. PCI with
a large detuning is an attractive alternative, since only a small fraction of the
light gets absorbed and the sample remains nearly unperturbed. Another ad-
vantage is that the dynamics of the cloud can be more accurately determined.
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Figure 3.5: The effect of SVD for PCI. See for an explanation the caption of
Fig. 3.4. Here the cut is at y=90.

For destructive imaging each time step in the dynamics requires a new initial
cloud, whereas for non-destructive imaging the time step can be measured us-
ing a single cloud thus no additional noise is introduced by taking a different
initial cloud for each time step. The only limitation is the temporal resolution
that is limited by the acquisition speed of the camera. The non-destructive
imaging makes the data acquisition up to a 100 times faster as compared to
taking a single image for each time step. Non-destructive PCI exploits the
fact that absorption is proportional to 1/δ2 and dispersion is proposal to 1/δ,
where δ is the detuning from resonance. The detuning should be adjusted to
the expected column density. For large column densities the detuning can be
set very large. In our experiments this is about −2.4 GHz or 240 linewidths
by using the second order of the AOM of the Zeeman slower. A sample of a
series is shown in Fig. 3.6 together with a series where SVD is applied. Here
we used the backgrounds of all picture to construct the ideal background for
a single picture. As in destructive PCI the noise reduction is small. However,
the backgrounds are all set near one after the SVD algorithm is applied. For
the experiments in Chapter 4, where the column densities are large, this still
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a) b) c) d)

Figure 3.6: Non-destructive PCI. a) original series b) vertcial cross section
through the background. c) image after the SVD algorithm has been applied.
d) same cross section as in b) after the SVD algorithm has been applied.

gives excellent PCI signals of up to 4. With the detuning possible with the
F = 1 laser the imaging clearly destroys the sample in a few shots, until the
signal becomes lower than 4 with no rings. For axially elongated traps, where
the column density is low, the signals are strongly reduced using this detun-
ing. We therefore use 373 MHz, where the absorption is moderate and small
enough for about 20 shots.

Experimentally, we found as a rule of thumb that the detuning should be
chosen such that there are no rings visible yet. That is the probe light should
accumulate a phase of less than π. If the phase is larger, the absorption seems
to increase faster than expected from the Kramers-Kronig relation, given by

Re(φ) =
2δ

γ
Im(φ) . (3.12)

The relation states that for a given detuning absorption and phase retardation
are proportional to each other. The increased absorption may have its origin in
interference of the probe beam within the cloud such that standing waves may
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occur and this increases the absorption. Similar as in a gradient index fibre,
part of the light may be reflected inside the BEC, and increase absorption.

3.7 Conclusion

The simulation shows that the ideal PCI signal as in Eq. 3.3 is not reached
even for perfect lenses and a 4f -correlator. The effect of a finite phase spot
diameter and probe beam waists can easily be interpreted as absorption by
the cloud. The size of the phase spot is important, when large objects are
imaged, and it must be well chosen for the imaging system. The effect of
a phase spot that is slightly too large, can easily be misinterpreted being as
due to the thermal cloud. However, this can recovered when comparing the
cross-sections along the long axis and the short axis with each other, since the
latter is much less sensitive for the spotsize. The beam diameter should be as
large as possible for a good tight focus in the back image plane, such that low
transversal ~k⊥ are well separated from the zero mode in the back focal plane.

The SVD algorithm for noise reduction has been introduced. The effects
of SVD algorithm for noise reduction are much larger in absorption imaging
as compared to PCI. In absorption imaging a noise reduction by a factor 4 is
achieved, whereas for PCI this is usually in the order of 20%.

The non-destructive PCI speeds up data acquisition by up to a factor of
100. However, small accumulated phases have to be taken as it seems that the
absorption is enhanced if the phase acquired by the probe light while travelling
through the cloud is larger than π.
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4

Vortices

4.1 Introduction

A superfluid is a fluid that flows without friction and is irrotational. The latter
follows from the fact that the superfluid obeys the hydrodynamic equation of
potential flow [50]:

~v =
~
m
~∇φ (4.1)

where ~v is the local velocity of the superfluid, ~ the Planck constant divided
by 2π, m the mass of the atom and φ the phase of the condensate. Since φ is
a scalar, it holds that

~∇× ~v = ~∇× ~∇φ ≡ 0 , (4.2)

which shows that a superfluid is irrotational. However, the superfluid can pick
up angular momentum in the form of vortices that are phase singularities and
Eq. 4.2 holds if and only if the charge of the vortices is an integer multiple
of 2π. Vortices have been produced in different ways and observed in dilute
gases by different groups [25, 62, 63, 64].

The frictionless flow stems from the fact that to make an excitation in the
superfluid there is a critical velocity an obstacle must have compared to the
superfluid. In weakly-interacting ultra-cold gasses the superfluid corresponds
almost directly to the Bose-Einstein condensate and the critical velocity is the
sound velocity c =

√
µ/m with µ the chemical potential. The normal fluid is

the thermal cloud.
In an earlier experiment [28], where the condensate is oscillating with re-

spect to the thermal cloud, it is observed that there is friction between the two
fluids. Motivated by this result the creation of vortices is attempted by stirring

47
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the thermal cloud alone. This seems contradictory, since the character of the
superfluid is that it does not have friction with the normal fluid. Therefore
it should not pick up angular momentum to create vortices, the hall mark of
superfluidity. However, Ref. [28] shows that there is exchange of momentum.
This may be possible when the normal and the superfluid are hydrodynamic
in a microscopic sense and thus collisionally opaque. The main difference be-
tween the experiment discussed in Ref. [28] and the experiment outlined here
is that in Ref. [28] the exchange of momentum between the superfluid and the
normal fluid is observed as opposed to the exchange of angular momentum, as
discussed in this chapter.

Stirring of the cloud can be done by moving blue detuned laser beams
that are smaller than the cloud through the cloud. The separate stirring of
the thermal cloud and the BEC can be achieved by using the fact that the
BEC is concentrated in the centre of the trap, while the thermal cloud extends
over a much larger region. In this chapter it is outlined, how a large spherical
symmetric cloud is prepared and stirred and how vortices are observed.

4.2 Angular momentum in a BEC

The theory of angular momentum in a superfluid is shortly presented in this
section. The total angular momentum of the BEC is Nv2π where Nv is the
number of vorices and 2π is the vortex phase-charge, i.e. the total phase a
BEC has acquired when making a loop around a single vortex. When making
a loop around all vortices, which is a circle with the Thomas-Fermi radius R,
it is found that [25, 65]

2πNv =

∮
|∇φ|ds =

∫ 2π

0
|∇φ|Rdϑ = 2πR|∇φ| , (4.3)

where the contour integral is over a path s, which is chosen to be a circle. By
using Eq. 4.1 it is found that

2πR
m

~
v = 2π

m

~
R2ωrot , (4.4)

where ωrot is the stirring angular frequency. This frequency is limited to the
trap frequency, since for higher frequencies the atoms may escape the trap.
The size of the vortex core is given by [50]

ξ =

√
~2

2mµ
, (4.5)
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which is the healing length. The vortices are single charged a short time after
creation, since a multiply charged vortex is energetically unfavourable [50].
The vortices created form the famous Abrikosov lattice [66].

4.3 Hydrodynamicity in the angular direction

Experiments in dilute ultra-cold gasses are usually only hydrodynamic in one
direction with a hydrodynamicity parameter γ, as discussed in chapter 2. In
this experiment the hydrodynamicity of interest is not in the axial direction,
but in the radial direction. The hydrodynamicity is defined as

γ = Γ
τ

2π
, (4.6)

where Γ is the average collision rate and τ is the round trip time. The factor
1/2π is a scaling introduced in Ref. [33], such that the collision rate can be
compared to the trap frequency ω. This is the trap frequency in the direction
of interest. The average collision rate Γ is given by [34]

Γ =

∫
n(~x1, ~p1)n(~x2, ~p2) |~p1−~p2|m δ(~x1 − ~x2)σcolld~x1d~x2d~p1d~p2∫

n(~x1, ~p1)d~x1d~p1
(4.7)

where n(~x1,2, ~p1,2) is the local phase-space density, δ(x1−x2) is the δ-function
and σcoll = 8πa2 is the cross-section for bosons with scattering length a. Here
contact interaction is assumed. For a classical gas n(~x, ~p) is

n(~x, ~p) = n0

(
2πβ

m

) 3
2

exp

[
−β
(
V (~x) +

~p 2

2m

)]
, (4.8)

where n0 is the density in the centre, β = 1/(kBT ) and V (~x) is the trapping
potential which is in our case harmonic and given by

V (~x) =
1

2
m(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) . (4.9)

The integration can be performed analytically for a classical distribution by
splitting off the centre of mass motion from the relative motion. In the homo-
geneous case with no trapping potential this reduces to

Γ = σcollnvrel , (4.10)

where n is the density and vrel is the average relative velocity of the atoms:

vrel =
√

2vtherm = 4

√
kBT

πm
. (4.11)
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In a harmonic trap and a classical gas the atoms have a collision rate of

Γht =
mNσcollωxωyωz

2π2kBT
=
σcolln0vrel

2
√

2
, (4.12)

where N is the total number of atoms in the trap. The time an atom needs to
return to its initial position τ is then 2π/ωz. By replacing ωx,y with ωr, the
expression hydrodynamicity of Eq. 1.2 is retrieved.

For the experiments outlined in this chapter the relevant direction is the
angular direction around the long axis and therefore

τ =
l

v
=

2π

ωr
, (4.13)

where l is the length of the trajectory which is in this case a circle, and v is
the velocity of the atom. The result is the same as for a hydrodynamicity in
the radial direction. This leads to a radial or angular hydrodynamicity of

γrad =
mNσωrωz

2π2kBT
. (4.14)

To avoid three body losses the density has to be lowered. For an experiment
that requires hydrodynamicity in only one direction, it is preferred to lower
the axial trap frequency. If a three body collision occurs, the atom with a large
momenta may escape in the radial direction, which is collisionless. However,
in this experiment a hydrodynamicity in the radial direction is required. It is
therefore better to lower the radial trap frequency to avoid three body losses.
Furthermore, it is beneficial to increase the axial trap frequency ωz to avoid
hydrodynamicity in all directions, such that the high energy atoms after a
three body collision may leave the cloud in this direction.

4.4 Spherical trap

When lowering the trap frequencies the effect of gravitation increases and
displaces the trap minimum. For the trapping potential in the direction of the
gravitation y, the centre is found from

dV (0, y, 0)

dy


y=y0

=
d
[

1
2mω

2
ry

2 −mgy
]

dy


y=y0

= 0⇒ (4.15)

y0 =
g

ω2
r

. (4.16)
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Here g is the gravitational acceleration on earth. If the sag is large, a slight an-
harmonicity of the trap will alter the trap frequency, since the second derivative
of the trapping potential is not independent of position as in a harmonic trap.
However, radial symmetry is important to avoid shape oscillations that may
be excited, when the BEC is rotating. To avoid the sag at low trap frequencies
it is decided to stir the BEC along the direction of gravitation. Naively one
may think that starting from a cigar-shape trap and opening the trap in the
radial direction leads to a symmetric trap viewed along the gravitational di-
rection. The gravitational sag becomes irrelevant in that case. However, this
is not the case. To understand why, the clover leaf trap is revisited by taking
the gravitational sag into account.

The magnetic field of the clover leaf, pinch, bias, and fine tune coils lead
to a field of [37]

Bx(x, y, z) = B′y −B′′xz (4.17)

By(x, y, z) = B′x−B′′yz (4.18)

Bz(x, y, z) = B0 −B′′(z2 − x2 + y2

2
) , (4.19)

with

B′ = IcK
′ (4.20)

B′′ =
IpbK

′′
p + (Ipb − Is)K

′′
b

2
(4.21)

B0 = IpbKp + (Ipb − Is)Kb + IfKft , (4.22)

where K, K ′, K ′′ are parameters that have been measured in Ref. [37], Kft (for
the fine tune) is calculated and Ic, Ipb, Is and Ift are the currents for clover-
leaf coils, pinch-bias coils, shunt and fine-tune coils, respectively. The z-axis
corresponds to the long axis of the trap that is perpendicular to the plane of
the clover leaf coils. The y-axis is parallel to the gravitational direction and
the x-axis is parallel to the Zeeman slower.

The potential gFµBBtot is due to the magnetic moment of the atoms in-
teracting with the magnetic field, where gF is the Landé-factor, which is 1/2
for Sodium in the ground state, µB is the Bohr magneton and Btot the total
field strength. This is given by

Btot =
√
B2
x +B2

y +B2
z (4.23)

The trap frequencies are then found by differentiating twice with respect to
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Figure 4.1: Contour plots for a spherical trap when gravitation is neglected.
(a) Top view and (b) Side view.

the coordinates at the trap centre:

ωx =

√
gFµB

m

dBtot

dx2
(4.24)

ωx = ωy =

√
gFµB

B′2−B0B′′

B0

m
(4.25)

ωz =

√
2gFµBB′′

m
(4.26)

For a spherical trap the potential is depicted in Fig.4.1. Here the trap fre-
quencies are about 14.6 Hz in these plots.

Including gravitational sag the potential becomes

V (x, y, z) = gmy + gFµBBtot(x, y, z) (4.27)

The minimum is obviously shifted down. The sag can be found to be in first
order

∆y =
B0

−B′2 +B0B′′
(4.28)

by setting the derivative with respect to y of Eq. 4.27 equal to zero. This shows
that a large curvature, gradient or bias field are advantageous to prevent sag.
In the experiment the trap frequencies we are seeking are about 15 Hz. The
gravitational sag is more than 1 mm as can be seen in Fig. 4.2 (b). This
corresponds to an increase of the field strength of 0.46 G.
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Figure 4.2: Contour plots for a spherical trap when gravitation is included.
(a) Top view and (b) Side view

The potential in the vicinity of the trap centre is depicted in Fig. 4.2. On
the left of Fig. 4.2 the potential is plotted as viewed along the gravitational
force. The shape of the potential with the main axes in the diagonal direction
of the potential is clearly visible. The deeper reason for the tilting is the
antisymmetry of the magnetic field generated by the clover leaf coils.

For a better understanding of the antisymmetry and its effect on the trap-
ping potential the ~B-field projections on the x−, y− , and z− planes as shown
in Fig. 4.3. In all plots the field strength is minimal in the centre as expected.
Looking from the side at the x = 0 plane the antisymmetry of the magnetic
field is recovered. The centre plot, which gives a bird view of the trap, shows
the point symmetry of the trap in that plane. The first two ~B-field projec-
tions show why the trap becomes elliptic with the main axis in the diagonal.
The arrows in the upper left and lower right corner of the left and centre plot
enclose an obtuse angle in 3D. Therefore the total field strength is reduced
in the area of these corners. In the other corners, the upper right and lower
left, the field strength is enhanced, since the arrows enclose an acute angle.
Looking along the symmetry axis of the coils as in the third plot of Fig. 4.3,
the field is again point symmetric. In what follows it is important to note that
for x = 0 in this cross section the field is horizontal and antisymmetric around
y = 0.

The task is to compensate for the gravitational sag to put the sample back
into the centre of the magnetic trap. The obvious solution is using magnetic
levitation by using a field gradient opposite to the direction and equal in
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Figure 4.3: Projections of the 3D ~B-field on the x = 0 (radial side view),
y = 0 (radial top view) and z = 0 (axial view) planes. The arrow indicates the
direction of the field projected on the planes. The size of the vector indicates
the field strength of the projected ~B-field.

strength of the earth’s gravitation. However, by looking at the vector field of
the magnetic trap near the trap bottom as in Fig. 4.3 a much simpler solution
can be found. From the third picture showing the projection of the ~B-field
on the z = 0 plane it can be immediately seen that the field has a horizontal
component that is anti-symmetric around the y = 0 plane. It is now clear
that an additional homogeneous field coming from the right will increase the
field strength for the lower half space (y < 0) and decrease the field strength
for the upper half space (y > 0). The field strength is also increased in points
with a finite x and zero y coordinate, where the field is along the y-direction.
However, since the direction of the field is perpendicular to the field added,
the field strength is only increased by about 40% as compared to points with
zero x and negative y coordinate. In conclusion the gravitational sag can be
compensated to first order by a horizontal homogeneous field. To compensate
for the shift in the horizontal direction due to homogeneous field applied,
another homogeneous field in the vertical direction may be added.

4.5 Experimental realization

The experimental realization of the experiment is lined out in four steps: Con-
structing the trap, cooling in the trap and producing a BEC, stirring of the
cloud and finally observing vortices.
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4.5.1 Trap

The necessary field to compensate for gravitational sag is easily produced
using a cage surrounding the setup originally designed to compensate the
earth magnetic field as depicted in Fig. 4.4. Around the faces perpendicular

53
cm

24 cm

44
cm

x

y
z

Figure 4.4: Cage configuration for earth magnetic field, transfer from MOT to
MT, and gravitational sag compensation. The red disks in the centre are the
boxes for the coils of the MT. Coils for the earth magnetic field compensation
and transferring the atoms form the MOT to the MT are not drawn for clarity.

to the x-axis are 20 windings of wire that carry a current of maximal 5A,
such that a Helmholtz like configuration is obtained. This produces a near
homogeneous field in the centre of the trap with a field strength of up to
1.7 Gauss, which is three times the field to be compensated. The curvature of
the magnetic field strength due to the fact that the compensation coils are not
exactly in Helmholtz configuration is negligible. This is due to the size of the
cage as compared to the region interest. Around the other faces of the cage
the currents are used for overload from MOT to the MT and for compensation
of the earth magnetic field. The currents used in these wires are less than 1 A
with the same number of windings.

With the approximate values at hand, it is now possible to produce the
spherical trap and fine tune the trap frequencies. It turned out that the trap
frequencies are rather sensitive to the applied currents, so that non-destructive
PCI is an invaluable tool for measuring the trap frequencies quickly and reli-
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Figure 4.5: Oscillation of a BEC in the horizontal (top) and vertical (bottom)
direction. The squares are the fitted centre of mass of the pictures taken with
non-destructive PCI. The lines are fits through the points. Measured trap
frequencies for the upper graph are 15.44(7) Hz and 14.4(8) Hz and for the
lower graph they are 14.97(7) Hz and 15.23(9) Hz.

able as shown in Fig. 4.5. A beat of two frequencies in each direction is visible
and the fit determining the two frequencies involved is shown. To find the
correct frequencies, the displacement in horizontal as well as vertical position
on the picture are fitted in two steps. First, the genetic algorithm Pikaia is ap-
plied. This algorithm is very stable and approaches the optimal values quickly
from the start. However, its convergence is rather slow. Therefore, in a second
step, a non-linear Levenberg-Marquardt algorithm with the start parameters
as determined in the first algorithm is used. The best values are 15.44(5) Hz
and 14.38(77) Hz for the horizontal and 14.97(7) Hz and 15.23(9) Hz for the
vertical direction for the data shown in Fig. 4.5.

To understand the four trap frequencies it has to be remembered that
in a harmonic trap there are three main frequencies. The trap frequencies
are measured in the x− and y− direction and they do not have to match
the main axis of the harmonic trap. Therefore, a beating occurs and this is
measured. Since there are only three main trap frequencies, two measured trap
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frequencies must be identical to each other. The two highest trap frequencies
are closest to each other and therefore stem from the same main axis. This
has been checked by taking a second measurement one second earlier, where
similar results are obtained. Taking these measurements in account the trap
frequencies are found to be 14.38(13), 15.02(4), and 15.25(3) Hz. Since the
lowest frequency has the largest error, which is due to a low amplitude on the
images taken, it is likely that this frequency is in the gravitational direction
and does not matter for the actual experiment.

As a measure of roundness of the trap the visibility of the aspect ε ratio is
used:

ε =
ωmax − ωmin

ωmax + ωmin
(4.29)

If the visibility is zero, the trap is a perfect sphere. for our trap, ε is less than
0.01 which is favourable as compared to other experiments [25] and should lead
to long lifetimes of the vortices. The frequencies found and the current values
used agree well with the values calculated with the simple model introduced
earlier. However, it must be noted that a complete simulation of the magnetic
trap that uses the exact position of all wires, shows that a perfect spherical
trap cannot be produced with a clover leaf trap, since the magnetic fields
produced by the different coils influence all trap frequencies. Therefore the
tunable parameters are strongly coupled making a vanishing ε impossible to
achieve.

4.5.2 Cooling

The cooling is optimized for a large condensate by opening the trap radially
just before three body losses start to dominate. This also removes any dipole
oscillation, since the trap moves due to imperfections, when its shape is altered.
The amplitudes can become rather large, since the trap frequencies are very
low and this is fatal for the stirring experiment explained below. At the final
stage we produced a BEC with 136× 106 atoms as seen in Fig. 4.6. The large
number of atoms might be surprising, since the aspect ratio is one and thus
exactly opposite from an elongated trap, which inhibits the suppression of
avalanches [39, 45]. However, the density and therefore the chemical potential
are rather low: n = 1.21×1020 atoms/m3 and µ/h = 1.93 kHz as compared to
a cigar shaped trap, where densities of n = 3× 1020 atoms/m3 and a chemical
potential of µ/h = 4.6 kHz are reached. Therefore, three body collisions
starting these avalanches are much less likely to occur and the cloud is only
slightly hydrodynamic.
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Figure 4.6: PCI picture of a spherical BEC containing 136 × 106 atoms. De-
tuning from resonance for PCI: −373 MHz.

4.5.3 Stirring lasers

To create vortices in the BEC the method used in Ref. [25] is adopted. This
method uses two thin blue-detuned laser beams that repel the condensate
locally by the dipole force. The two beams are slowly twisted around the
centre of the BEC. The stirring creates the vortices in the BEC by inducing
angular momentum in the cloud. Two laser beams are used to suppress dipole
oscillations that can have large amplitudes due to the low trap frequency.

The stirring laser is split off from the Verdi pump laser (532 nm) for the
F = 1 laser and fed through a fibre. The cloud is stirred from below opposite
to the imaging direction, as shown in Fig. 4.7. This laser is sent through two
AOMs (frequency shifters) that are set with 90◦ angle to each other. The first
order of each AOM is optimized for maximum power deflection and focused
with 100 mm lens that is at focal distance from the AOMs. This ensures
parallel stirring beams. Except for the optimized first orders of the AOMs, all
other orders are blocked with a diaphragm. The AOMs are controlled from
the computer. A fast alternating square function is superimposed to a slow
sine and cosine signals as shown in Fig. 4.7. These signals are sent to voltage
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Figure 4.7: (a): Setup to stir the sample. The octagon represents the vacuum
chamber, yellow the probe laser, green is the stirring laser(s), blue are mirrors
ellipses are lenses, and the square with the diagonal is a PBS. Red are crossed
AOMs. (b) Signal sent to the voltage to frequency converters of the AOMs
for two stirring beams. The alternating frequency is drawn with a much lower
frequency for clarity than used in the experiment.

to frequency converters, which drive the AOMs. The alternating frequency is
2 kHz, much faster than the atoms can respond to and therefore this procedure
effectively generates two stirring beams. The stirring frequency is chosen to
be 12 Hz, which is according to Ref. [25] the optimal frequency for our trap.
The circle formed in the back focal plane of the first lens is then imaged on the
ultra-cold cloud by using a 300 mm lens, a large 5 cm polarizing cube beam
splitter and the first lens (150 mm) to image the sample on the camera.

4.5.4 Observing vortices

To observe the vortices it is essential that the vortex axis is parallel to the line
of sight and the vortex cores are large. To make sure that the vortex axis is
parallel to the line of sight, a diaphragm is aligned above the BEC such that
both the diaphragm and the BEC are imaged concentrically. By closing the
upper diaphragm a thin probe beam is produced, which is used for aligning
the stirring beams by overlapping the probe beam and the stirring beam.

The vortex core has in situ a size of less than 1 µm, which is below the
resolution of the imaging system. To facilitate the imaging of the vortices a
long time of flight of 143 ms is chosen. The size of the vortex is estimated to
be 48 µm after this time of flight. The imaging is adapted for the long time
of flight by using a 150 mm lens instead of a 250 mm lens for in situ imaging,



60 4. VORTICES

as shown in Fig. 4.7. This increases the magnification of the imaging system
from 3 to 5. To align the stirring beam in the BEC a third 130 mm lens is
used to image the BEC in situ. The pictures in Fig. 4.8 clearly show a violent
rotating distortion in the BEC. The first picture shows the BEC just after the
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Figure 4.8: In situ absorption imaging of a cloud just after switching off the
stirring beam showing two “tentacles” (a)) and after switching off the stirring
beam for 20 ms (b)).

stirring beams have been switched off. The second picture shows the BEC
20 ms after the beams have been switched off. It is clearly seen that the BEC
has rotated and that the BEC is healing from the strong perturbation of the
stirring beams.

The BEC is stirred for 100 ms and then left to equilibrate for 5 s. The
result is shown in Fig. 4.9. There are 56 vortices identified in the picture
that form an Abrikosov lattice [66]. It is estimated that about 42% of the
BEC is seen on the picture by applying a Thomas-Fermi over the sample. By
assuming constant vortex density we estimate that we have produced about
130 vortices. From Eq. 4.3 208 vortices are expected using the Thomas-
Fermi radius RTF for the cloud. When the missing sites in the Abrikosov
lattice and the vortices on the very edge are accounted for, there are about
20 more vortices. In total we find about 180 vortices. The vortices are more
than 100 µm in diameter, which is in agreement with calculations using the
expected density after time of flight. Therefore, the time of flight is too large,
since the imaging resolution is better than 10 µm. This is because in an initial
estimation the centripetal force that induces an extra radial expansion was not
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Figure 4.9: a): Absorption image of a BEC after 143 ms TOF with vor-
tices. b): Abrikosov lattice superimposed on the absorption image. Circles
are identified vortices (56). Dotted circles are missing and suspected vortices.

taken into account. Less time of flight is also beneficial for seeing the whole
BEC and identifying vortices near the edge.

Although the result shows, that the experiment is capable of producing
vortices, our initial idea to stir the thermal cloud to produce vortices in the
BEC, was not pursued, because of lake of time.

4.6 Conclusion

It is outlined how a 15 Hz spherical sag free trap is constructed with a round-
ness of better than 1%. With the same method also oblate low frequency traps
can be engineered. A BEC with 136×106 of atoms has been produced. In the
experiment 56 vortices have been observed and this number is extrapolated
to be 133 vortices in the BEC, when the whole BEC is imaged. Taking into
account suspected vortices and extrapolating these numbers, 181 vortices may
have been created, which is close to the expected 208 vortices. The results
clearly show that the original aim is feasible and may give important results
concerning two fluid dynamics. The time of flight may be chosen shorter to
capture the whole BEC on the picture. However, the time of flight should be
sufficiently large not only to see the vortices but also to make sure that the
thermal clouds thins sufficiently during that time. The low trap frequency is
convenient, since the thermal cloud expands independent of the trap frequency,
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whereas the BEC expands proportional to the trap frequency for large time
of flights.



5

Heat conduction or first
sound in a BEC

5.1 Introduction

In a Bose gas cooled below the transition temperature Tc there are two hydro-
dynamic sound modes: first and second sound. This is due to the fact that
there is a finite density of a superfluid (BEC) in addition to the normal fluid
(thermal cloud). When the Bose gas is cooled just below Tc the first sound
mode is much faster than the second sound mode and it is mainly a modula-
tion in the thermal cloud. First sound below Tc is a continuation of the sound
experienced in daily life. The second sound mode is a modulation mainly
in the superfluid. By lowering the temperature the speed of the first sound
mode decreases, whereas the speed of second sound increases. If kBT becomes
comparable to the chemical potential µ, these two sound speeds are nearly the
same. At this temperature the speed of first and second sound form an avoided
crossing and the character of these modes interchange. For lower temperatures
first sound mode is dominated by interactions and is mainly a density mode
of the nearly fully Bose condensed gas. Its speed then follows asymptotically
the mode describing second sound before the avoided crossing and is nearly
constant. Second sound has a slowly increasing speed for temperatures above
the avoided crossing. However, for temperatures below the avoided crossing,
the speed of second sound decreases by lowering the temperature and follows
the asymptote of the first sound.

The Utrecht experiment is one of the most suitable experiments to study
propagating hydrodynamic sound modes due to the large size of the condensate.
Propagating modes have been observed in other experiments as well [67, 68].

63
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The first propagating sound mode was observed by the MIT group in a BEC
by impinging a far blue detuned laser to the centre of the cloud to induce a
dimple in the density and suddenly switching of the laser [68]. The detection
was done by using non-destructive PCI. The group observed a dependence
of the speed as a function of BEC density. However, they did not observe a
dependence in the speed of the sound mode as a function of temperature. This
is the Bogoliubov speed of sound, which can be derived for zero temperature.
In an experiment conducted at Utrecht using the same technique to excite the
cloud and detecting the sound mode with precision PCI, we found that the
speed of sound depends on both temperature and density [27]. This sound
mode is identified as a propagating second sound mode in a dilute Bose gas.

In Ref. [16] an ultra-cold cloud below the transition temperature is excited
by inducing heat locally. The excitation is rather strong and 7 modes have
been distinguished that incorporate the entire cloud. These modes included an
out-of-phase oscillation of the normal and the superfluid, which is reminiscent
for second sound, as well as a standing first sound mode in the thermal cloud.
However, propagation of the first sound mode in a dilute Bose gas remains to
be measured. The most interesting phenomenon to observe is the propagation
of both sound modes simultaneously in a partially condensed Bose gas.

In this chapter an experiment is outlined, where primarily heat is induced
by use of a Bragg pulse, similar to Ref. [69]. This induces locally more thermal
cloud and therefore a density fluctuation in the normal fluid. If the excitation
is strong, the condensate is locally strongly depleted, which in combination
with the heat induced excites both first and second sound. To detect these
modes PCI after a short time of flight is used. The time of flight is necessary
to convert phonons that are part of normal fluid into thermal particles upon
sudden decrease of the density. To better observe and analyse the propagation
the SVD algorithm introduced in chapter 3 is used not only to remove the
background noise, but also to enhance the signal in the images.

5.2 First and second sound

In daily life sound is a hydrodynamic mode propagating through air as a den-
sity modulation. However, at ultra-cold temperatures there are two sound
modes due to a non-zero density of the superfluid ns in addition to the normal
fluid nn. This second sound mode is first predicted by Tisza [70] and indepen-
dently with a completely different theory by Landau [19]. Second sound has
been observed in Helium below the lambda point by Peshkov [71]. However, in
helium interactions are very strong and it is a true fluid such that the specific
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heat at constant pressure and volume cp,v respecitvely, are nearly the same:

εLP =
cp − cv
cv

≈ 0 . (5.1)

This ratio is also known as the Landau-Placzek ratio [72]. Therefore, first
sound is a density wave and second sound a thermal wave with no modulation
in density. If interactions are weak and densities are low, as is the case in
a dilute Bose gas, εLP is no longer zero and the clear separation of thermal
and density wave is not possible. To describe the first and second sound
mode in a dilute Bose gas, the hydrodynamic continuity equations for density
n = nn + ns, flux nn~vn + ns~vs, and the entropy density s are used. These
equations are derived by Landau on general arguments. In the homogeneous
case the equations are:

∂n

∂t
= −~∇ · (nn~vn + ns~vs) (5.2)

∂(nn~vn + ns~vs)

∂t
= − 1

m
~∇p (5.3)

∂ns

∂t
= −~∇ · (ns~vn) (5.4)

∂~vs
∂t

= − 1

m
~∇µ (5.5)

where n = ns + nn is the total density, ~vn,s are the velocities of the normal
and superfluid phases and p is the pressure. The last equation is the relation
between superfluid flow and the chemical potential.

Using the Gibbs-Duhem relation

ndµ = dp− sdT (5.6)

in Eq. 5.5 and linearising around equilibrium (nn,s(~x, t) = nn,s + δnn,s(~x, t),
s(~x, t) = s+ δs(~x, t)), two wave equations can be derived:

∂2δn

∂t2
=

1

m
∇2δp (5.7)

∂2δs

∂t2
=

ns
mnn

s2∇2δT . (5.8)

Equation 5.7 resembles the wave equation of sound above Tc. However, here
n = nn + ns is the total density. In Eq. 5.8 the ratio ns/nn appears, which
depends on n and T . Equations 5.7 and 5.8 are therefore coupled and do
not represent first and second sound as normal modes. In the experiment the
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quantities that can be measured are n and T and not s and p. Replacing δs
and δp by

δs =

(
∂s

∂n

)
T

δn+

(
∂s

∂T

)
n

δT (5.9)

δp =

(
∂p

∂n

)
T

δn+

(
∂p

∂T

)
n

δT (5.10)

(5.11)

and using a plane wave Ansatz

δa = δa0 exp(i(~x · ~k − ωt)) , (5.12)

where a stands for either n or T , the equations become[
1

m

(
∂p

∂n

)
T

− c2

]
δn+

[
1

m

(
∂p

∂T

)
n

]
δT = 0 (5.13)[

−
(
∂s

∂n

)
T

c2

]
δn+

[
1

m

ns
nn
s2 −

(
∂s

∂T

)
n

c2

]
δT = 0 (5.14)

where c2 = ω
k is the sound velocity. The non trivial solutions of these equations

are found by setting the determinant to zero. Thus the velocities of first and
second sound are:

c2 =
1

2m

(∂p
∂n

)
s

+
nss

2T

nncv
±
√((

∂p

∂n

)
s

+
nss2T

nncv

)2

− 4
nss2T

nncv

(
∂p

∂n

)
T


(5.15)

where the following relations have been used [34]:

cv = T

(
∂s

∂T

)
n

(5.16)(
∂p

∂n

)
s

=

(
∂p

∂n

)
T

+

(
∂p

∂T

)
n

(
∂T

∂n

)
s

(5.17)

−1 =

(
∂s

∂n

)
T

(
∂T

∂s

)
n

(
∂n

∂T

)
s

. (5.18)

Here cv is the specific heat per particle at constant volume and the last two
equations are thermodynamic identities. Using the definition of first and sec-
ond sound, the ‘+’-sign applies to first sound and the ‘−’-sign to second sound.
If ns = 0, i.e. T > Tc, the velocity of first sound is

c =

√
1

m

(
∂p

∂n

)
s

=

√
Ks

mn
, (5.19)
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where Ks is the adiabatic bulk modulus. Under these conditions the solution
with the ‘−’-sign in front of the discriminant of Eq. 5.15 is zero and therefore
the second sound mode does not exist.

To determine the character of the sound modes the ratio between the
temperature perturbation δT/T and the density perturbation δn/n has to be
known. From Eq. 5.14 it is found that the ratio between the perturbation of
the temperature and the density should be

(
δT

T

)
=

(
mc2 −

(
∂p
∂n

)
T

)
n(

∂p
∂T

)
n
T

(
δn

n

)
, (5.20)

where c2 is given by Eq. 5.18.
To find the sound speeds for a dilute gas the equation of state has to

be known, which includes the interaction between the normal and superfluid.
Here we use the Hartree-Fock approximation (HF) that only takes into account
the real particle excitations and no phonon-like excitations. The latter can be
taken into account by using a Popov theory [73, 50] or, when real particle
excitations are negligible, i.e. T < µ/kB, by using Bogoliubov theory [74, 50,
75]. These three descriptions are mean field theories, which do not take into
account fluctuations in density [75]. However, at the phase transition these
fluctuations are of the same order as the mean field and therefore the theory
fails to describe the sound velocities near that point. Since the interactions
are weak, we identify the superfluid as the Bose-Einstein condensed atoms and
the normal fluid as the thermal atoms.

Using the Bose-Einstein statistics, the partition function can be calculated,
from which the grand potential Ω = −PV can be determined. The interactions
have to be build in self-consistently such that

µ =

(
∂A

∂N

)
T,V

= U0(2nn + ns) , (5.21)

as required in HF, where U0 is the effective interaction

U0 =
4π~2a

m
, (5.22)

with a the scattering length. Here A = Ω + µN is the Helmholtz free energy.
It can be shown that

Ω = −kBTV
Λ3

g 5
2
(z′)− U0

(
n2 − 1

2
n2
s

)
V (5.23)
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fulfills this requirement. Furthermore, we used that

n = nn + ns =
g 3

2
(z′)

Λ3
+ ns , (5.24)

is the total density and gα(x) are the Bose functions or polylogarithms defined
as

gα(x) =

∞∑
k=1

xk

kα
. (5.25)

Further,

z′ = exp(−βnsU0) (5.26)

and Λ is the de Broglie wavelength introduced in Chapter 1 in Eq. 1.1. Then
the thermodynamic quantities p and s can be derived

p = −
(
∂A

∂V

)
T,N

=
kBT

Λ3
g 5

2
(z′) + Uo(n

2 − 1

2
n2
s) = −Ω

V
(5.27)

s = − 1

N

(
∂A

∂T

)
V,N

=
5

2

g 5
2
(z′)nn

g 3
2
(z′)n

+
nnnsU0

n
. (5.28)

At this point it is important to recall that(
∂p

∂T

)
n

= −n2

(
∂s

∂n

)
T

, (5.29)

which is used in the derivation of the above equations. The partial derivatives
to calculate the speed of first and second sound are rather lengthy expressions
and omitted here.

The form of the curves for entropy s, pressure p and normal density nn,
as well as z′ and µ/(kBT ) are plotted for a fixed total density as a function of
temperature in Fig. 5.1. In Fig. 5.2 the resulting sound speeds are plotted as
a function of temperature. The zero temperature Bogoliubov sound is plotted
for comparison. The kink in the curve for the first sound mode and the jump
from zero for the Bogoliubov and second sound mode at high temperature
mark the phase transition. This is due to the domination of the fluctuations
with respect to the mean field near the transition temperature that the HF
theory does not take into account. The kinks are therefore not physical and
show the limitations of the theory. The speed of the first sound mode is
decreasing for decreasing temperature, since nn and p are decreasing, while
the speed of second sound is increasing.
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Figure 5.1: Entropy s(red), pressure p (green), and density of normal fluid nn
(turquoise) all normalized to 1 at 2µK as a function of temperature keeping
the total density n = 1.3 × 1020atoms/m3 fixed. The density corresponds to
a typical average density of the BEC in the trap. z′ (blue) is 1 at Tc around
1.8 µK for this density. The ratio of µ/(kBT ) (purple) is shown as well.

At a temperature of about 60 nK the avoided crossing for the two sound
modes is observed (inlet Fig. 5.2), where kBT ≈ µ. At this point first and
second sound interchange their character. The speed of first sound hardly
changes for lower temperatures and approaches the Bogoliubov speed of sound
[74] at zero temperature:

cB =

√
nsU0

m
. (5.30)

The speed of second sound in the same regime drops to zero. The repulsion
of the curves is in the order of

min(∆v) ≈
√
U0
√
nnns
m

, (5.31)

and is therefore caused by the interactions between the normal and superfluid.
At lower temperature the HF theory fails, since it does not take thermal
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Figure 5.2: First (blue) and second (red) sound as a function of temperature
keeping the density at 1.3× 1020 atoms/m3. Black: Bogoliubov sound in the
condensate. Inlet: Avoided crossing between first and second sound. Crosses
correspond to measurements and the colour of them to the character.

phonons into account. Therefore, second sound does not go to zero for zero
temperature, as pointed out in Ref. [76].

To understand the character of the sound modes the ratio of the modula-
tion in temperature and density is shown in Fig. 5.3. At high temperatures
the first sound mode is a mixture of thermal and density mode, where the
ratio of the excitation is in the order of 1. Second sound is for these tem-
peratures a nearly pure density mode and the perturbation in temperature
has the opposite sign of the density perturbation. This indicates that for
first sound normal- and superfluid are flowing in phase and for second sound
the normal and superfluid are flowing out-of-phase. Approaching the avoided
crossing first sound is increasingly a thermal mode, whereas for the second
sound mode the perturbation in temperature remains very small. However, at
the avoided crossing, the character of these modes dramatically change. First
sound changes rapidly to a mode that has a significant density modulation.
Second sound suddenly becomes a nearly pure thermal wave.
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Figure 5.3: Relative amplitude of temperature and density perturbation of
the first (blue) and second (red) sound mode. Inlet: Same quantity near the
transition temperature.

5.3 Experiment

From the discussion above it is clear that to induce first sound the sample
should be heated locally. This is achieved by generating excitations with a
Bragg pulse locally in the cloud and letting the cloud rethermalize. Since the
cloud is hydrodynamic in the axial direction, this leads to a local increase in
temperature.

5.3.1 Bragg pulse

To generate heat locally, Bragg pulses are used in the radial direction of the
cloud. The atoms go through a lambda transition from a state |k = 0;F =
1,m = −1〉 to a state with |k 6= 0;F = 1,m = −1〉 via an excited state [77],
as depicted in Fig. 5.4. This transition is resonant when the total energy and
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Figure 5.4: Bragg diagram for a single atom. The atom is first in the ground
state with k = 0. It then passes a near resonant lambda transition with a
detuning δ from the excited state to a ground state with finite k.

momentum of the atom and the photon are conserved:

~ω = ~ω′ + εp (5.32)

~~k = ~~k′ + ~p (5.33)

where ~~k, (~~k′) and ~ω, (~ω′) are the momenta and energies of the photon
before (after) the transition. p and εp is the momentum and kinetic energy of
the atom after the interaction with the photon, assuming the atom is initially
at rest. The dispersion relation of ~p and εp is the Bogoliubov dispersion relation
[74]:

εp =

√
(cBp)2 +

(
p2

2m

)2

(5.34)

The dispersion relation takes the phonon spectrum of the excitation into ac-
count, which is linear in p and dominant for small p. The momentum transfer
of two lasers intersecting at an angle Θ is

p = 2~ sin

(
Θ

2

)
2π

λ
. (5.35)

The frequency difference ∆ω = ω− ω′ can be calculated by dividing εp in Eq.
5.34 by 2π~. The maximum momentum transfer from the laser to the atom
occurs, when two lasers beams are counter-propagating. Assuming that the
frequency difference between the two lasers is small compared to the frequen-
cies of the lasers and the excitation is made for a free atom with εp ≈ p2/(2m).
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It is found that

∆ω =
4π~
mλ2

=
2vr

λ
, (5.36)

where vr is the recoil velocity shown in Tab. 2.1 in Chapter 2. For sodium
∆ω = 99.6 kHz, whereas the resonant frequency is in the order of several
hundred THz. This also confirms the assumptions made of a free atom, since
the chemical potential is µ/(2π~) < 5 kHz. For small angles the momentum
transfer can be made so small that the excitations made are in the phonon part
of the excitation spectrum, which is cBp < µ. This is important for T ≈ µ/kB,
since the perturbation should be small for sound.

5.3.2 Excitation and detection

The BEC is trapped in a cigar shaped magnetic trap with radial trap frequen-
cies of 95.5 Hz and an axial trap frequency of 1.1 Hz for one experiment and
1.5 Hz for another, at a temperature of 375 and 250 nK, respectively, and a
chemical potential of 4.0 kHz. To generate heat locally, we use weak 100 kHz
Bragg pulses that excite atoms in the radial direction of the cigar shaped BEC.
This is done with a near resonant, back reflected laser pulse perpendicular to
the long axis of the cloud. The laser pulse has a side band with a frequency
difference of 100 kHz. The side band is made by driving the AOM at two
frequencies generated by two direct digital synthesizers with a common clock.

For resonant Bragg diffraction we choose Θ = 180◦ and with the back re-
flection the momentum transfer from the laser beam to the atoms is in both
directions. This suppresses a local dipole oscillation and improves rethermal-
ization. The laser pulse has detuning of 173 GHz corresponding to 0.2 nm in
wavelength with a power of 20 nW, a pulse length of 10 µs and a 1/e2 waist
of 400 µm . For another experiment we choose Θ = 3◦ with no back reflection,
but two laser beams (700 and 290 nW) both having a side band at 900 Hz.
The difference in power of the two intersecting laser beams is an experimen-
tally determined optimum and due to imperfect overlap with the cloud of one
beam. The pulse duration is 1 ms. This excites the atoms in the radial di-
rection in a similar way as the experiment for measuring heat conduction in a
thermal cloud [69]. Since the sample is hydrodynamic in the collisional sense,
these excitations will thermalize locally, which leads to a thermal gradient in
the axial direction.

For detection the trap is switched off to allow 20 ms time of flight (TOF).
During this time the density of the BEC decreases and therefore the Bogoli-
ubov sound velocity drops. The sudden decrease of the sound velocity trans-
forms the initial phononic excitations into real particle excitations that fly
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away during TOF. This creates visible density fluctuations in the condensate
that can be imaged and quantified. However, the density fluctuations are still
small compared to the density of the condensate. Therefore imaging is done
with PCI at −283 MHz. This has the advantage that it accurately measures
the local density. The signal in PCI increases algebraic rather than exponen-
tial as in AI. In AI small density fluctuation on top of the large density are
not visible, since large optical densities cannot be measured accurately. To
overcome this difficulty in AI a large TOF would be necessary, while a high
spatial resolution is necessary. The latter is not compatible with the imaging
system of our setup.

In Fig. 5.5 the condensate is imaged in situ and after 20 ms time of flight.
From the first two images it is apparent that the total density fluctuation is

a

b

c

d

e

f

g

h

Figure 5.5: In situ (a,c,f,g) and after 20 ms TOF (b,d,f,h) PCI pictures in pairs
just after excitation (a,b), after 30 ms (c,d), 60 ms (e,f) and 150 ms (g,h) the
excitation. The width of the pictures is 2.3 mm and the height is 0.21 mm for
the in situ picture and 0.57 mm for the picture after 20 ms TOF.

weak (a, in situ picture), whereas the density modulation of the BEC is very
strong (b, TOF picture). The thermal cloud is not visible, since this part of the
sample dilutes much faster than the condensate. It is apparent that the small
density fluctuations in the BEC are not visible in situ (c and e) but clearly
visible after TOF (d and f). Density fluctuations propagating along the axis
of the BEC are observed as seen on c and d in Fig. 5.5 shortly (30 ms) after
the excitation and in (e) and (f) in Fig. 5.5, where the fluctuations already
reached the ends of the sample (60 ms) in situ and after TOF respectively. At
even longer times (150 ms) the condensate in the middle heals accompanied
with a strong interference pattern that can be seen in situ (g) as well as after
TOF (h). This interference pattern covers the whole condensate and relaxes
such that the condensate is in the ground state after a long time (> 1 s), which
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is not shown here.

The experiment is repeated with 900 Hz Bragg pulses on a sample (not
shown), which has a temperature of 250 nK perpendicular to the horizontal
axis. Similar phase fluctuations are observed, but weaker since the heat and
temperature induced are much smaller. This proves that the observed density
fluctuations after TOF are originally incoherent phonons, since only phononic
excitations are possible at these frequencies and no total density modulation
in the superfluid is induced as opposed to the case of the excitation of second
sound.

5.4 Analysis

For the excitation of sound the perturbations should be small compared to the
equilibrium value. Otherwise the response is non-linear and the local speed of
sound where the excitation takes place differs strongly from the equilibrium
speed of sound. In addition, both the first and the second sound mode may
be excited. Since the excitation is weak, the signal is weak as well. Therefore,
the signal is enhanced in two steps. In a first step, the SVD algorithm is used
to suppress fringes in the sample, as discussed in Chapter 3. This removes
all static background noise. In a second step, the SVD algorithm is used
again, now for all pictures the whole picture is decomposed and the principal
value of the diagonal matrix is removed [78]. This removes the most common
features, in this case the BEC in these pictures and only the differences are
visible. These differences are the small density fluctuations we are looking for.
Samples of pictures after the first and second step are shown in Fig. 5.6. In

a)

b)

c)

d)

Figure 5.6: a) Image of the cloud 35 ms after the excitation before removing
the first singular value of the SVD decomposition. b) Same image after remov-
ing the first singular value of SVD. c) same as a) but 60 ms after excitation.
d) same as b) again after 60 ms. The width of the pictures is 2.3 mm.

a) and c), two samples are shown, where only the first step has been applied.
The second step, where all static signal is removed, is shown in b) and d). The
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static signal is contained in the first eigen picture of the SVD decomposition
and the associated eigenvalue is about 90% of the sum of all eigenvalues. This
second step in SVD therefore allows to significantly enhance the weak dynamic
signal.

To investigate the heat transport and the rethermalization of the sample a
Fourier transform of the two series is performed. For each time step and each
horizontal line in the SVD picture, where the first singular value is removed,
a fast Fourier transform (FFT) is performed. Then the signal is summed up
over the width of the condensate and the logarithm of the sum is shown as a
function of time in Fig. 5.7 for weak excitation (900 Hz) and in Fig. 5.8 for
a strong excitation (100 kHz). The FFT is done after the SVD processing
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Figure 5.7: Fast Fourier transform of the images, where a weak (900 Hz)
excitation is applied on the BEC. The FFT is applied after removing the
common features with SVD. The image is Fourier transformed along the long
axis of the BEC line by line and the resulting curves are added up. The
intensity of each component is represented in colour with logarithmic scale.

to remove the shape of the sample in the FFT spectrum. The spread of the
wavenumbers in Fig. 5.7 reaches its maximum around 50 ms by only increasing
slightly from the beginning. At 200 ms latest no further diminishing of the
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Figure 5.8: Fast Fourier transform the images where a strong excitation
(100 kHz) is applied. See Fig. 5.7 for explanation.

spread of the wavenumbers can be seen. The gap in the spectrum at 100 ms
is due to an empty picture, where no sample is imaged.

For the strong excitation in Fig. 5.8 it is seen that the spread in wavenum-
bers is increasing in the first 45 ms and at that time the maximum spread is
reached. This coincides with the time when the fluctuations have reached the
edge of the sample. Over the next 400 ms the spread of the wavenumbers is
diminishing, except for the peak appearing at around 120 ms at k = 110/mm.
The excitation is so strong that it cuts the BEC almost into two halves as
shown in Fig. 5.5 b). Therefore this peak is due to the interference of two
sides of the almost halved sample as shown in Fig. 5.5. The weak signal just in
front of this peak for all wavenumbers is due to an empty picture. The dimin-
ishing spread can be interpreted as rethermalization of the complete sample,
like for the weak excitation discussed before. Compared to the trap frequency
(1.5 Hz) the rethermalization time is of the same order or faster. The fast
rethermalization shows the strongly enhanced heat conduction in the conden-
sate, where heat is not only transported by diffusion of particles but also by
phonons in the condensate.
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To determine the speed of the heat propagation a measure of the local
density fluctuation is needed. For a pure condensate there are no density fluc-
tuations that exceed Poissonian variance of the number of atoms in a given
volume. Since the density is in the order of 1020 atoms/m3, the latter is in
practice not directly measurable. However, number fluctuations have been
measured elsewhere [79]. Here, the interest lays in macroscopic density fluctu-
ations in the condensate. Since the average density distribution of the cloud is
removed with the SVD algorithm, only the density fluctuations remain. The
strength of these fluctuations may be measured by determining the standard
deviation locally from the mean density.

A slightly modified standard deviation of an area with w pixels in the
horizontal direction and the full width of r pixels in the vertical direction is
calculated from

v2(l) = max
(
φl

2 − α(φl)
2, 0
)

(5.37)

with

φl
2 =

r,l+w/2∑
i=1,j=l−w/2

(
φij
wr

)2

(5.38)

and

φl =

r,l+w/2∑
i=1,j=l−w/2

φij
wr

, (5.39)

where φij is the value of the signal enhanced picture at the point (i, j). This
is a function of the phase retardation due to the local density, as discussed in
Chapter 3. If α = 1 the standard deviation of the signal in the area w × r
around the horizontal position l is recovered. If α > 1, the fluctuations have
to be stronger than the standard deviation. Therefore, α is a threshold for
fluctuations.

The values are plotted for w = 20, α = 20 in Fig. 5.9. On the left side
the result of the analysis is shown for a weak excitation. For the analysis,
the threshold α has been set to 150, which is the width of the picture, and
the picture is binned by a factor of 3 to suppress high spatial frequency noise.
There is a signal travelling outward to both ends of the cloud starting at
x ≈ 1300 µm. Applying a linear fit for the first 6 red dots marking the
local maxima of the signal the velocity is found to be −7.2(7) mm/s and
6.6(1.0) mm/s, respectively.

On the right side the result of a similar analysis with a much stronger
excitation of a 100 kHz Bragg pulse is shown. For this analysis, α = 1 and the
curves show the local standard deviation of the PCI signal. Here two pairs
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Figure 5.9: a): Analysis of the weak small-angle excitation at ≈ 250 nK.
For each curve the minimum is subtracted and the curves are shifted by the
amount of time after the excitation. The red dots are at the maximum of the
signals. The green line is a linear fit to the red dots. b): The same for a strong
excitation at 375 nK. There are two pairs of signals travelling outward. For
the first pair the red dots are again the local maxima of the signal. For the
second pair the red dots mark the minimum and maximum of the derivative.
The green lines are linear fits to these dots.

of waves are travelling outward. For the first pair, the two signals start at
different locations just outside the excitation region. This is due to the rather
large waist needed for a 100 kHz Bragg pulse, where back reflection of the
laser is used. The signal travels initially with a velocity of −12.1(1.7) mm/s
and 11.9(5) mm/s. Subsequently the velocities are slowing down due to the
decrease in density of the sample. At 30 ms a second signal is moving outward
that has a characteristic strong derivative. These signals are travelling with
−4.4(4) mm/s and 3.9(2) mm/s , respectively. There is also a clear oscillatory
signal appearing in the centre.

To compare the velocities with the speed of first and second sound in the
homogeneous case a local density approximation (LDA) is used. For second
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sound, this results in an average density of half the central density at an axial
position z. This results in a factor 1/

√
2 for the speed of second sound. For

first sound, we assume that the speed is reduced by the same amount. Here
an averaging over the radial density is not applicable, since the thermal cloud
extends over an infinite region in the radial direction. The velocities of the
waves and their interpretation as first and second sound are shown in Tab.
5.1.

temperature sound mode measured velo. measured velo. expected velo.
[nK] left [mm/s] right [mm/s] [mm/s]

250 first 7.2(7) 6.6(1.0) 12.0
375 first 12.1(1.7) 11.9(5) 14.5
375 second 4.4(4) 3.9(2) 5.6

Table 5.1: Measured and expected velocity of first and second sound modes.

Comparing the speed of the signal for the weak excitation at 250 nK and
the fast signal at 400 nK to the speed of first sound depicted in Fig. 5.2, it
appears that the measured speed is lower than we expected from the LDA
averaging performed before. However, since the excitations are mainly due to
a local increase of the density in the thermal cloud, they may be interpreted
as first sound modes. The rather low speed may be explained by the fact that
the thermal cloud expands further than the BEC or the sample is not fully
hydrodynamic in both super- and normal fluid separately [80]. Less likely a
lower speed is measured, because of the strong excitation as in second sound.
Second sound is excited by modulating the superfluid density, which is done
by creating a dimple in the density. Therefore, the local density is lowered,
which lowers the local speed of second sound. However, for first sound the
mode is mainly a thermal excitation, which has an increasing speed for larger
temperatures. Therefore, the local speed of first sound should be increased for
a large excitation.

The second wave of the strong excitation, seen as a sudden change in
the standard deviation of the PCI signal in Fig. 5.9 b), is due to a density
modulation. The signal starts later, since it is due to the condensate healing,
where the two halves of the condensate merge with each other. The speed of
this signal is about 50% lower than the expected speed of second sound at this
temperature and is a clear density modulation. The low speed is likely due to
the fact that the density is strongly modulated (50% or more) and the local
speed of sound is therefore lowered. For this reason, it can still be interpreted
as a second sound mode. The oscillatory behaviour of the standard deviation
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is most likely due to the interference of the two halves of the condensate.

5.5 Conclusion

Signals of first sound below the transition temperature, i.e., a density wave in
the thermal cloud, have been detected and analysed by using SVD algorithms.
The excitation is done by using a Bragg pulse that induces heat locally in the
ultra-cold sample. However, the speeds of the signal identified as first sound
has a lower speed than expected. This may be due to the radial trapping and
the fact that the thermal cloud extends radially over a larger region than the
BEC.

Also the excitation of both first and second sound by inducing a strong
heat pulse have been observed. The speed of second sound is strongly reduced
due to the strong excitation, such that the density and therefore also the speed
of sound are locally reduced. However, a temperature dependence remains to
be investigated. Of great importance is a similar excitation at temperature
below the chemical potential (kBT < µ). In that case the avoided crossing can
be measured and characterized. The Fourier analysis of the sample shows the
speed of the total rethermalization of the sample, which is in the order of the
trap frequency, despite the fact that the sample is deep in the hydrodynamic
regime in a collisional sense. It is believed that this fast rethermalization
is due to first sound modes and the strongly enhanced heat conduction of a
superfluid.
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6

Excitations in the
axial hydrodynamic,
radial collisionless regime

6.1 Introduction

In the foregoing chapters the hydrodynamicity plays an essential role in the
experiment. The clouds are hydrodynamic, collisional dominated in the axial
direction only and in the interpretation the radial direction is insignificant for
the experiment, i.e., the radial direction is averaged over. The cloud is in the
radial direction collisionless such that in that direction only collective modes
are expected. Note that collective modes depend only on the trap geome-
try. Therefore, travelling waves that have a hydrodynamic character are not
possible. However, it is questionable, whether an axial hydrodynamic cloud
does not alter the physics in the radial direction as well. In that case rether-
malization may be possible with collisions taking place mainly in the axial,
hydrodynamic direction. An effect of a fully hydrodynamic cloud has been
studied by Shvarchuck et al. [53]. In that case, the aspect ratio of the thermal
cloud goes from cigar to pancake shaped. In this chapter an experiment is
described, where a thermal cloud is allowed to expand in the axial direction
only. It is observed that after time of flight in the radial direction steps in
the density appear instead of the expected, continuous Gaussian distribution.
It is found that these steps are generated even at time scales much larger
than expected from the radial trap frequency. Furthermore, it is found that
after a short time these steps travel with constant velocity outward. To un-
derstand the mechanism we have varied the trap frequency, temperature and

83
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Figure 6.1: Waves travelling in the radial direction. The horizontal direction is
parallel to the axial direction of the trap. The image is taken after 71 ms hold
time after the excitation. T = 13 µK, N = 2.8×109, ωrad = (2π) 111.4(5.4) Hz
and ωax = (2π)1.27 Hz.

hydrodynamicity and analysed the steps as a function of these parameters.

6.2 Experiment

In the experiment, the atomic cloud is cooled to 30 µK in a 16× 116× 116 Hz
trap. The trap is suddenly relaxed in the axial direction to 1.27 Hz. After a
hold time the cloud is released and after 20 ms time-of-flight (TOF) an image
is taken. In Fig. 6.1 a snap shot is shown. The distinct sharp edges in the
cloud can be seen clearly. At these edges the column density drops suddenly.
These edges propagate like waves outward in the radial direction, while in
the centre new edges are generated. After some time (216 ms) the parts of
the clouds return and collide, as shown in Fig. 6.2. The fact that the two
first axially outward moving clouds collide is clearly visible as a thickening
in the centre. This is a strong indication that the cloud is hydrodynamic in
the axial direction. The experiment is repeated for a much lower temperature
(13 µK), where the edges become sharper as will be shown in the Analysis
section below. For lower radial trap frequencies similar effects are seen. If the
trap is opened on a time scale of 1/ωrad, no excitations are seen.
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Figure 6.2: Two parts of the cloud that moved outward due to the sudden
decrease in trap frequency collide after 216 ms. T = 30 µK, N = 4.5 × 109,
ωrad = (2π) 111.4(5.4) Hz and ωax = (2π) 1.27 Hz.

6.3 Analysis

For the analysis the images are integrated in the horizontal (axial) direction
resulting in the radial profile ODz(r, t) that is the axially integrated optical
column density for each time step t. The profile ODz(r, t) is then differentiated
with respect to r, which leads to OD′z(r, t). To enhance the signal OD′z(r, t)
is multiplied by

√
|OD′z(r, t)|, which acts as a non-linear amplification of the

differentiated profiles. The slopes in signal are therefore enhanced, which
amplifies the signal above the noise. These curves are plotted in Fig. 6.3 for
T = 30 µK. Through out the rest of this chapter we will call these signals
edges. We will not call them waves for reasons that become clear below. In
Fig. 6.3 it is seen that the speed, at which the edges are travelling outward, is
decreasing with hold time. In the beginning, there are two edges symmetrically
travelling outward at the same time. However, in an alternating fashion the
edge travelling to the left is much weaker compared to the edge travelling to
the right and vice versa. After 60 ms this symmetric generation of edges is
no longer observed and only one of the edges on either side is generated every
13 ms. The edges are still visible after 200 ms, which is much longer than the
inverse of the radial trap frequency. The frequency of the generation for the
edges after 60 ms corresponds to the trap frequency. This has been checked
by measuring the frequency of the generation of these edges for several radial
trap frequencies.

The speed of each travelling edge seems to decelerate when looking at the
peaks long after their generation. However, this is just a visual illusion that
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Figure 6.3: Derivative of the absorption in the radial direction. Red dots
show the position of the maximum (right) and minimum (left). The width of
the thermal cloud (T = 30 µK) extends over approximately 1.1 mm (shaded
region). N = 4.5× 109, ωrad = (2π) 77.4(6.4).
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Figure 6.4: Edges moving outward for a lower temperature T = 13 µK
corresponding to a width of 0.71 mm (shaded region). N = 2.8 × 109,
ωrad = (2π) 111.4(5.4) Hz. For a description see Fig. 6.3.
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appears because the signal is slightly increasing, when the wave is moving
outward. The position of the maxima and minima are marked with a red dot.

The edges appear to have a different origin for left and right travelling
edges that leaves a gap between the right and left travelling waves. This gap
(approximately the grey shaded region in the centre in Fig. 6.3) between the
left and right travelling edges is due to the weak signal in the centre. The
large optical density (OD) of the cloud covers the much smaller OD difference
of the edge. Also the region, where the edges are created, cannot be smaller
than the period or ”wavelength”. The edges expand over a larger region near
the centre as can be seen from the second edge moving to the left in Fig. 6.3
and are steepening when moving outward. Note that the gap is approximately
the thermal width of the cloud, which is indicated with the shaded region in
Fig. 6.3. This indicates that the edges are from the thermal cloud detached
shells of density, since they exist outside the thermal cloud. The large stepwise
gradient in the density indicates well defined momenta travelling away from
the centre of the cloud. Finally, since the edges are mainly present outside
the width of the thermal cloud, they propagate with supersonic speeds. The
fact that the edges are “outside” the thermal cloud is the reason why we do
not refer to them as waves. A wave is a perturbation propagating in the
medium that does not displace the medium over distances larger than than
the wavelength of the wave.

To determine the speeds at which these edges are travelling outward, a
linear fit is applied in Fig. 6.3 to each travelling edge as a function of time.
The slope of the fit yields the velocity and is shown in Fig. 6.5. The speed
of the edges decays exponentially in time. The speed starts at 333(24) mm/s
and 245(23) mm/s, decays exponentially to a final speed of 22.4(9) mm/s and
22.1(9) mm/s with a decay rate ξ of 0.043(2) s−1 and 0.0441(3) s−1 for the
left and right travelling edges, respectively.

The initial and final speeds are proportional to the trap frequency, as can
be seen in Fig. 6.6. Note that the linear fits do not cross the origin. The initial
velocity has an offset of −670(170) mm/s and a slope of 12.1(1.8) mm, while
the final velocity has an offset of −63(12) mm/s and a slope of 1.06(13) mm.
This leads to a crossing of the linear fits with the x-axis at 56 and 59 Hz,
respectively. The asymmetry between the speeds for the left and right travel-
ling wave is at present unclear to us. Calculating the radial hydrodynamicity
γrad with the number of atoms (N = 4.5 × 109) and temperature (30 µK)
it is found that the collision rate at a radial frequency of 56 Hz corresponds
to 1 collision per round trip in the radial direction. This indicates that the
travelling waves are not collisionless modes, but exist in the transition region



6.3. ANALYSIS 89

0 50 100 150 200
t [ms]

0

50

100

150

200

250

300

350
v
 [
m
m
=s

]

Figure 6.5: Velocity of the edges travelling outward as seen in Fig 6.3. Blue
(red) corresponds to edges travelling to the left (right) in Fig. 6.3. Error bars
correspond to the uncertainties resulting from a linear fit for a single travelling
edge. Solid lines are the result of an exponential fit to the data. The grey
horizontal line corresponds to the average speed of sound for T = 30 µK.

between hydrodynamic and collisionless behaviour.

In Fig. 6.7 the decay rate is plotted as a function of the trap frequency.
The solid line is a fit to the data. Note that the fitted line does not cross the
origin, but crosses the x-axis at 57 Hz similar to the fits found in Fig. 6.6.
This confirms the conclusion that at least 1 collision per round trip is required
for the existence of the observed edges. The red data point (N = 4.5 × 109)
is clearly not on the line through the other points. The reason becomes clear
when calculating the hydrodynamicity γ in the radial direction as defined in
Eq. 4.6 in Chapter 4. As in Eq. 4.14, just before the opening of the trap, it
can be found that in this case 2πγrad ' 1.8. This indicates that the atoms
collide several times within one round trip τ in the radial direction. The
pressure equilibrates during that time and the speed of the edges damps. This
increases the decay of the radial wave speed since the pressure may equilibrate
due to atoms moving in the radial direction alone.

By lowering the temperature and keeping the radial trap frequency fixed,
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Figure 6.6: Initial and final travelling speeds of the edges vs the trap frequency
νrad. The trap frequencies are measured in a separate dipole oscillation ex-
periment (not shown). The vertical error bars indicate the uncertainty in
the initial and final speed determined from the fit as shown in Fig. 6.5 for
νrad = 111.4(5.4) Hz, where the weighted mean is taken for right and left trav-
elling edges. The blue line is a fit to the data. All data is taken at T = 30 µK.
The number of atoms is in all cases N = 4.5× 109, except for the upper right
black data point, where the number of atoms is reduced to 3.3 × 109. The
red data point is a sample, where the cloud enters the radial hydrodynamic
regime.

no effect on the initial and final speeds are observed. However, the steepness
of the steps is clearly increased, as can be seen by comparing Fig. 6.4 with
Fig. 6.3. Note that the peaks in the profiles cross several lines in Fig. 6.4
unlike in Fig. 6.3, which indicates a sharper edge in Fig. 6.4.

6.4 Discussion

The speed of sound of a Bose gas including interactions is given by:

c =

√
5

3

kBT

m
+

2nU0

m
. (6.1)

The density is in the order of 1019 atoms/m3 and the effect of the interaction
on the speed of sound is negligible. For the experiments shown c = 134 mm/s
for T = 30 µK and c = 89 mm/s for T = 13 µK. Although this is in the same
order of magnitude as observed in the experiments, the speed of the edges does
not depend on temperature, but on the trap frequency ωrad. Note that in the
beginning of the measurement the edges move even faster than the average
thermal speed of the atoms in the trap.
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Figure 6.7: Decay rate ξ of the speeds as a function of the trap frequency
νrad. Errors are obtained with same fits as in Fig. 6.6. The number of atoms
and temperature are as in Fig. 6.6.

The speed of the edges strongly varies over time and drops below the initial
speed of sound long after the excitation, where the speed of the edges remains
constant. When opening the trap the temperature may change and therefore
the speed of sound. Since the process is thermally isolated and the cloud is
hydrodynamic in the axial direction, the lowest temperature is reached, when
the cloud is adiabatically opened. This means that the average phase-space
density

ρ = n̄Λ3(T ) (6.2)

is conserved. The average density n̄ is given by

n̄ =
Nωxωyωz

2
√

2π3/2

(
m

kBT

) 3
2

. (6.3)

The final temperature Tfinal becomes

Tfinal = Tinital

(
ωz,final

ωz,init

)1/3

, (6.4)
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with Tinital the initial temperature. Since c is proportional to
√
T , from Eq.

6.4 it is found that

vfinal

vinit
=

(
ωz,final

ωz,init

) 1
6

. (6.5)

Inserting the trap frequencies used in the experiment (ωz,init = (2π) 16 Hz
and ωz,final = (2π) 1.27 Hz) results in a decrease of only 34%. However, the
velocity of the travelling edges lowers by more than a factor of 10, as shown in
Fig. 6.5. Therefore, the edges cannot be explained as sound waves travelling
in a medium that is in thermal equilibrium.

The fact that the speeds are proportional to the radial trap frequency may
be an indication that the observed edges are collisionless modes. However, this
is in contradiction with the bare observation of the edges, since a collisionless
cloud cannot carry waves, which can only travel in a hydrodynamic medium.
Furthermore, the cloud is in an intermediate regime between collisionless and
hydrodynamic in the radial direction, since the mean free path is less or slightly
lager than the size of the cloud. This is supported by the observation that
when looking at the speed of edges as a function of the trap frequency, which
is in this case proportional to the hydrodynamicity, the speed becomes zero
when the collision rate of the atoms equals the trap frequency.

Although rethermalization, which needs about 3 collisions per atom, may
not be reached locally, pressure needs only about 1 collision to equilibrate [34].
Therefore hydrodynamic waves that are a pressure/density modulation above
Tc may still be possible. However, these waves will not obey Eq. 5.19 derived
in Chapter 5, since the pressure modulation must be adiabatic, which is not
possible here. The speed and form of the edges suggest that they are shock
waves. Shock waves have been observed in other systems [81], where sound
waves cannot exist. However, in that case the mechanism behind the propa-
gation lays in the non-linear term in the interaction of the colloids involved.

In the experiment we measure the column density, which is the 3D density
distribution integrated over the line of sight. Thus, the 3D distribution is not
completely known. It is seen that the edges are generated first symmetrically
and then anti-symmetrically. Therefore an Abel transformation for the 3D
distribution, which assumes a radial symmetric distribution, is not possible
[82]. A possible density distribution is shown in Fig. 6.8, which is a spiral
of high density forming the edges seen in the images. In the experiment the
spiral rotates which gives rise to the travelling edges. In the beginning two
spirals that are mirror images of each other are turning in opposite direction
such that the generation of these edges is symmetric. The resulting total
angular momentum may be due to an eccentric rotation of the trap due to
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Figure 6.8: Possible 3D distribution of the density of the atomic gas as seen
along the long axis of the sample: A rotating spiral

imperfections of the trap, after opening the trap in the axial direction.
The mechanism that generates these waves and the physics of their prop-

agation is not understood. Since the travelling edges are measured on a
timescale shorter than the inverse of the axial trapfrequency, a possible expla-
nation that only requires axial hydrodynamicity may be that when the trap
is suddenly opened, the cloudis not in thermal equilibrium. Atoms with high
energy, but moderate angular momentum may escape the cloud in the axial
direction. Particles with low angular momentum may not escape the cloud in
the axial direction, since it is hydrodynamic. This may be calculated by eval-
uating hydrodynamicity as a function of the radius by using Eq. 4.7 without
integrating in the radial direction. The result is

γax(r) = 2
mNσω2

r

π2kBT
exp

(
−mr

2ω2
r

2kBT

)
(6.6)

In Fig. 6.9 the hydrodynamicity as a function of the radial position is plotted,
illustrating the effect described above. At the same time, the atoms with high
angular momentum have on average a low translational speed due to energy
conservation. Therefore, only atoms with moderate angular momentum may
escape the cloud in axial direction resulting in a hole of the distribution in
angular momentum. Note the large axial hydrodynamicity in the centre. The
average hydrodynamicity in the axial direction ≈ 2. The hole in the angular
momentum distribution will be closed as soon as these atoms return to the cen-
tre after half a trap period of the axial trap frequency. This time period is long
compared to the time period, in which new waves are generated. Therefore, a
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Figure 6.9: Axial hydrodynamicity as a function of radius.

rethermalization may only take place in the radial direction during that time.
However, the atoms with low angular momentum may rethermalize quickly,
since for them the cloud is hydrodynamic [83]. Therefore a redistribution for
the coldest atoms may occur and the process repeats itself. Also, since the
particles with high energy escape or stay in an orbit with high angular mo-
mentum contribute significantly to the temperature, the cloud may be much
colder in the centre than expected from adiabatic processes.

6.5 Conclusion and Outlook

We observed edges in density travelling in the radial, collisionless direction,
while the excitation is made in the axially, hydrodynamic direction. From the
analysis we find that these edges only exist in a regime, where the cloud is
radially in a regime that is neither hydrodynamic nor collisionless. On the
contrary for the phenomena at least 1 collision per oscillation is required. If
the cloud enters the radial hydrodynamic regime, strong damping is observed.
The speed of sound does not match with the speed the edges travel outward at
any time after the excitation. Furthermore, the radial hydrodynamicity is not
large enough to reach thermal equilibrium within one trap period. Therefore
we exclude an observation of sound. However, the edges may be shockwaves.

For a better understanding of this phenomena, we suggest that the experi-
ment should be repeated for a cloud radially truly collisionless (γrad < 1/(2π))
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and for a cloud that is fully hydrodynamic. From the former it is expected
that no edges appear following the discussion after Fig. 6.6, where we pointed
out that at least one collision per round trip is necessary. The more difficult
regime to reach is the radially fully hydrodynamic regime. The measurements
suggest that the damping of the edges will be very strong and that the phe-
nomenon may even disappear as in collisionless regime, because pressure and
temperature may equilibrate within one trap period. Furthermore it interest-
ing to explore these waves near and below Tc, where Bose statistics play an
important role.
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7

Spin Drag in a Bose Gas

7.1 Introduction

It is well known that the charge current in a conductor is proportional to the
applied electric field. This famous relation, known as Ohm’s law, is the result
of relaxation of the current due to charge carriers undergoing collisions, pre-
dominantly with impurities and lattice vibrations in the material. The field
of spintronics [84, 85, 29, 86, 87], where the spin of the electron is manipu-
lated rather than its charge, has recently also led to interest in spin currents.
Contrary to charge currents, these spin currents can be subject to strong relax-
ation due to collisions between different spin species, a phenomenon known as
spin drag [88]. This effect has been observed for electrons in semi-conductors
[89] and for cold fermionic atoms [90, 91], where in both cases it is reduced
at low temperatures due to the fermionic nature of the particles. Here, we
perform a transport experiment using ultra-cold bosonic atoms and observe
spin drag for bosons for the first time. By lowering the temperature we find
that spin drag for bosons is enhanced in the quantum regime due to Bose stim-
ulation, which is in agreement with recent theoretical predictions [30]. Our
work on bosonic transport shows that this field may be as rich as transport
in solid-state physics and may lead to the development of advanced devices in
atomtronics [92].

7.2 Experiment

Ohm’s law can be written as ~j = ~E/ρ, showing the simple linear relation
between the applied electric field ~E and the current density ~j. The electrical
resistivity ρ comprises a wealth of information on the material and its careful

97



98 7. SPIN DRAG IN A BOSE GAS

measurement over the last century in solid-state physics has introduced new
intriguing phenomena, like high-temperature superconductivity [93] and the
integer [94] and fractional [95] quantum Hall effect. For the case of spin
currents in two-component cold-atom systems with pseudo-spin up and down
a similar relation applies [30]:

~js =
~F↑
ρs
, (7.1)

where the applied force ~F↑ on particles with spin up, mass m and density n
leads to a drift velocity difference ∆~v between the two spin species. This results
in a spin-current density ~js = n∆~v, which is inversely proportional to the spin
resistivity ρs. Because of the absence of impurities and an ionic lattice the
spin resistivity ρs = mγ/n is for ultra-cold atoms completely determined by
the spin-drag rate γ. This rate is a measure for the transfer of momentum via
interactions between the two spin species. The similarity between Ohm’s law
and Eq. (7.1) can be understood from the analogy between their underlying
physical mechanism. In both cases the external force or field leads to an
acceleration, which on average is interrupted after a time τ and this leads to a
finite current. For spin currents in ultra-cold atoms the particles with one spin
collide with particles of another spin and these collisions do not conserve the
spin current, as shown in Fig. 7.1a. This is the microscopic origin of spin drag.
It is important to emphasize that in electronic systems spin-drag effects also
exist, but are usually small compared to the effects of impurities and phonons
[89, 88], whereas for ultra-cold atoms they are the only effect and therefore
dominant.

To observe spin drag in trapped ultra-cold atomic quantum gases, we set
atoms with pseudo-spin up into motion with respect to atoms with pseudo-
spin down and observe, how atoms with spin down are dragged along with
the atoms with spin up. In our first method, the constant force method, we
apply a constant force ~F↑ on only the spin species up as shown in Fig. 7.1b.
After a short period a constant drift velocity difference ∆~v has developed
between the two spin species, where the ratio of the applied force ~F↑ and ∆~v
is proportional to the drag rate γ. This method is well suited for a large drag
rates, but for weak drag a steady state may not be achieved before the two
clouds are spatially separated. Therefore for small drag rates we apply our
second method, the oscillation method. In this method the centers of the two
spin species are first separated from each other and then start to oscillate in
the trap. The decay time of the relative oscillation is proportional to the drag
rate. For both methods we have to detect the change in relative position of
the clouds as a function of time. We apply a Stern-Gerlach technique [96] in
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F

b) c)a)

Js Js

Jm

t

Figure 7.1: Schematical representation of the experimental methods – a) Colli-
sion of two atoms with different spins [89]. The mass current ~jm in this process
as shown by the horizontal arrow is conserved, whereas the spin current ~js as
shown by the vertical arrow is not conserved. In this example the spin cur-
rent is reversed. b) Schematic representation of the measurement: Two spin
species (blue, yellow) are prepared and a force acts on only one spin species
(yellow). Due to the spin drag the other spin species (blue) is dragged along.

a direction perpendicular to the applied force to spatially separate the spin
species and image the clouds with absorption imaging.

In the experiment we load up to 4.6× 108 23Na atoms into a cigar-shaped
optical far-off-resonant trap (FORT) with trap frequencies of ωrad/2π = 835 Hz
in the radial and ωax/2π = 3.5 Hz in the axial direction. The trap is tight in
the radial direction to obtain a large density, thereby producing a collisionally
opaque and hydrodynamic sample in the axial direction. The temperature
is between 2 − −8 µK and is always kept above the critical temperature for
Bose-Einstein condensation. The atoms in the trap are initially all in one spin
state. For stability and to maximize the interspecies collisions we then flip
about 50% of the atoms to another spin state, creating an equal mixture of
spin species up and down (See Methods).

In Fig. 7.2 we show an example of the constant force method. The force
is applied on the spin species up such that this cloud starts to move to the
left and due to spin drag the spin species down is dragged along. Careful
observation shows that the upper cloud of spin species up is skewed: The left
wing of the cloud is longer than the right wing. This is a first, direct indication
of spin drag, which is shown more clearly in Fig. 7.2b in the profiles along the
pulling direction through the center of each cloud. The clouds are fitted to
skewed Gaussian distributions as shown in Fig. 7.2b to determine the center
of mass. As indicated with the two vertical lines in Fig. 7.2b, the difference in
position between the two clouds is much smaller than the width of the clouds
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Figure 7.2: Measurement for the constant force method – A single measure-
ment for the constant force method on a cloud with 1.5× 108 atoms at 4 µK.
The spin species up is accelerated with 1.01 m/s2 to the left. a) Pseudo color
image of the measured absorption along a line-of-sight through the two clouds.
The upper cloud is in the spin up state, whereas the lower cloud is in the spin
down state. The separation between the clouds results from the Stern-Gerlach
technique after the spin drag to facilitate the imaging of the individual clouds.
The difference in width of the clouds in the vertical direction develops during
the detection stage. c) Absorption of the two clouds in the horizontal direc-
tion, where the lower curve is for the upper cloud (spin up) and the upper
curve is for the lower cloud (spin down). The two curves are obtained by mak-
ing a cut through the 2D-image of Fig. 7.2a at the height of the respective
clouds. The red/orange curves are for spin state up/down and represent a fit
with the skewed Gaussian distributions for the individual clouds. The skew in
the two distributions is a direct result of the drag of the upper cloud exerted
on the lower cloud. Notice that the separation between the two clouds is small
compared to the width of the clouds.
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such that local effects can be neglected.

To obtain the spin-drag rate this measurement is repeated for different
magnitudes of the force and different durations during which the force is ap-
plied. In all cases we measure the relative displacement as shown in Fig. 7.2b.
The result for different duration t is shown in Fig. 7.3. After a short time
the difference in position between the two clouds is linear in time, indicating
that there is a constant drift velocity ∆v between the two spin species. This
is direct evidence for spin drag as the drag leads to friction between the two
spin states. In the absence of drag the difference in position would show a
quadratic dependence on time due to the ballistic motion of the atoms. The
curvature for short times (t < 5 ms) in Fig. 7.3 is due to the fact that the two
clouds are initially not in a steady state. However, the clouds are collisionally
opaque, i.e., they are in the hydrodynamical regime, and the two clouds reach
quickly a steady state. In our analysis we allow for this by solving the coupled
equations of motion for the centers of the two clouds [97] and the results are
used to extract γ from the data.

Equation 7.1 is only valid for small applied force F↑, such that the response
of the clouds is still in the linear regime. Two of us [97] showed that for ultra-
cold atoms to be in the linear-response regime ∆v should be well below the
thermal velocity vth =

√
8kBT/πm, where kB is the Boltzmann constant and

T the temperature. In the experiments vth is of the order of 6 cm/s, whereas
typical values for ∆v are of the order of 1 mm/s. Thus we expect that our
experiments are in the linear regime. In the inset of Fig. 7.3 we have tested
this assumption by measuring ∆v as a function of the acceleration F↑/m. The
line is a linear fit that shows good agreement with the data, which indicates
that this measurement is indeed in the linear regime. Since we conducted this
measurement with the lowest number of particles and thus lowest drag rate,
this proves that all our measurements for the constant force method are in the
linear-response regime.

As mentioned, for lower drag rates we applied the oscillation method.
Here, only 3–7×106 atoms are loaded into the FORT. Atoms with spin up are
spatially separated from atoms with spin down by exerting with a constant
force on the spin species up for a period, after which the force is switched
off. The atoms in spin state up start to oscillate in the trap and drag along
the atoms in spin state down, which are initially at rest. In Fig. 7.4 we show
the relative displacement between the two clouds as a function of time after
releasing the atoms. Since the drag rate γ is much larger than the axial trap
frequency ωax, the relative oscillation is overdamped and the decay rate is
given by βd = 2ωax

2/γ, which allows us to extract the spin-drag rate γ from
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Figure 7.3: Experimental results for the constant force method – Relative dis-
placement ∆x between the position of the two clouds as a function of duration
t that the force is applied. The data points are indicated by the red dots and
the blue line is a fit to the data using the solution of the coupled equations
of motion of the two clouds. After a short period (t < 5 ms) ∆x is linear in
time, indicating that there is drag between the two clouds. All data points are
offset due to an artefact in the Stern-Gerlach technique, which shifts after the
spin drag the axial position of the two clouds with respect to each other by a
constant amount. The inset shows the drift velocity ∆v as a function of the
strength of the force F↑. The straight line is a fit to the data, which shows that
the experiments are in the linear-response regime for the drag, where Eq. (7.1)
holds.
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the measurements. Even for the lowest drag rates the oscillation remains
overdamped.
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Figure 7.4: Experimental results for the oscillation method – The relative
displacement ∆x in position between the two clouds for the oscillation method
as a function of time t after the release of the atoms. The relative oscillation
is overdamped, in which case the decay rate βd of the oscillation is given by
βd = 2ωax/γ with ωax the oscillation frequency in the trap and γ the drag
rate. The red points are the data points and the blue curve is a fit to the data
assuming exponential decay. All data points are offset due to an artefact in the
Stern-Gerlach technique, which shifts after the oscillation the axial position of
the two clouds with respect to each other by a constant amount.

As explained earlier, spin drag is caused by collisions between atoms in
different spin states. It is therefore to be expected that the drag rate γ should
be proportional to the interspecies collision rate γ↑↓. For a non-degenerate gas
Stringari and Pitaevskii [98] find γ = 2

3γ↑↓. The factor 2/3 < 1, independent
of temperature, reflects the fact that for the drag not all collisions contribute
equally because only the velocity component in the direction of the force is
relevant. In Fig. 7.5 we plot our results for the drag rate as a function of
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the interspecies collision rate, which is given for the trap by γ↑↓ = 〈n〉σ↑↓v̄rel.
Here 〈n〉 is the density of one spin species averaged over the trap, σ↑↓ is
the interspecies collisional cross section and v̄rel the relative velocity between
the two colliding atoms averaged over the velocity distribution. As shown in
Fig. 7.5, our results in the non-degenerate regime are in good agreement with
the result of Stringari and Pitaevskii [98].
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Figure 7.5: Drag rate versus the interspecies collision rate in the classical
regime – Drag rate γ as a function of the interspecies collision rate γ↑↓. Here
the results for the constant force method are indicated with black dots and
the results of the oscillation method are indicated by green dots. The red line
represents the prediction of Stringari and Pitaevskii [98] and in this range of
γ↑↓ agrees with our experiment results.

For larger phase-space densities the gas can no longer be considered as
classical and quantum statistics becomes important. For our Bose gas colli-
sions are enhanced at low temperatures due to Bose stimulation. This should
be contrasted with fermionic systems, where the drag rate is suppressed at
low temperatures due to Pauli blocking [90, 91]. Collisions are enhanced due
to two effects. First, the central densities of the gas in a trap with a fixed
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number of particles and temperature increases due to Bose enhancement be-
yond its classical value. Second, the scattering process is enhanced due to
Bose stimulation to the final states. In this regime we no longer expect to find
a temperature-independent proportionality factor between the drag rate and
the interspecies collision rate. Therefore, in Fig. 7.6 the drag rate is shown as
a function of the fugacity z = exp(µ/kBT ), where µ is the chemical potential
of the gas. For z � 1 the gas is in the classical limit, whereas for z = 1 the
gas starts to Bose-Einstein condense. Van Driel et al. [30] showed that the
drag rate scaled as γ/T 2 is a function of the fugacity z only. In Fig. 7.6 we
plot γ/T 2 as a function of the fugacity z, where z and T are determined from
the experiment (see Methods). For a classical gas γ/T 2 depends linearly on
z and the classical result is indicated in the figure with a straight line. For
small z our measurements agree with this result, but for larger values of z the
drag rate increases above the classical rate. Evaluating the expression of van
Driel et al. [30] for the drag rate of an inhomogeneous sample, we find the
Bose enhancement of the drag rate, as indicated in Fig. 7.6 by the blue line.
As can be seen from the figure, our results are in good agreement with theory.
As a measure of the accuracy of the theory we use the reduced chi-squared
parameter χ2

red, which becomes unity for a large number of observations when
the data agrees with the theory. For the classical result we obtain χ2

red =
6.10, whereas the calculations including Bose enhancement yields χ2

red = 1.58.
We emphasize that here χ2

red is used to compare our experimental results to a
theory without any adjustable parameters.

It is important to realize that the experiments presented here can only be
performed when the sample is in the hydrodynamic regime. In this case the
number of collisions during one trap oscillation is much larger than one. To
quantify this we can define a hydrodynamicity parameter [99] φ = γcol/ωax,
with γcol the total collision rate including inter- and intraspecies collisions.
For the current experiments we have reached γcol = 1.4 kHz at an axial trap
frequency of ωax/2π = 3.5 Hz, yielding a hydrodynamicity of φ > 60. This
large hydrodynamicity allows us to quickly reach a steady state. This can
for instance be seen in Fig. 7.3, where a steady state is reached after 5 ms
corresponding to only a few collisions.

In conclusion, we have studied spin drag and determined the spin-drag rate
for a gas of ultra-cold bosonic atoms. We find that in the quantum regime
spin drag is Bose enhanced and up to almost a factor of two larger than the
classical value, which is in good agreement with a recent theoretical prediction
[30]. This shows that the measurement of spin drag is a strong precursor of
Bose-Einstein condensation. Our results pave the way for studies of the trans-
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Figure 7.6: Drag rate versus the fugacity in the degenerate regime – Scaled
drag rate γ/T 2 as a function of the fugacity z = exp(µ/kB). The dots represent
the data points, whereas the curves show the results for the spin-drag rate
using the classical results of Stringari and Pitaevskii [98] (red curve) and the
quantum results of van Driel et al. [30] (blue curve). For small z the gas
behaves classically and the data agrees with both models. For large z (z >
0.5) the data deviates from the classical model and is in agreement with the
quantum model. The results show that the measurement of the spin-drag rate
is a precursor for the phase transition of Bose-Einstein condensation at z = 1.
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port properties of degenerate bosons which are very different from fermionic
systems, such as electrons in ordinary conductors, and give a complementary
picture of transport. Our results are among the first that study transport
properties of ultra-cold atoms and in the long term are important for the
development of atomtronic devices that are based on transport of ultra-cold
atoms [92].

7.3 Methods Summary

Sodium atoms are trapped and cooled in the |F = 1,m = −1〉 ≡ | ↑〉 state
(pseudo-spin up) in a magnetic trap, before transferred to a FORT. In the
FORT a radio-frequency sweep is applied, such that half of the atoms are
transferred to the state |F = 1,m= 0〉 ≡ | ↓〉 state (pseudo-spin down). The
atoms in the FORT are tightly confined in the radial direction and the sample
is hydrodynamic in the axial direction. The force on the atoms is applied using
a magnetic field gradient, which only acts on the spin up atoms. After the
experiment the two clouds are spatially separated using a radially inhomoge-
neous magnetic field and subsequently imaged using absorption imaging. The
spin-drag rate is extracted by solving coupled equations for the position of the
individual spin species and extracting the relative displacement ∆x from the
solutions where the spin-drag rate is a free parameter. This solution can be
compared to the experimental data to extract the spin-drag rate.

The inter- and intraspecies collision rates are determined using the mea-
sured number of atoms in each cloud and the temperature. Combined with
the known scattering cross section σ and the trap frequencies in the radial
and axial direction the inter-, intraspecies and total scattering rate can be
determined.

7.4 Methods

7.4.1 Preparation

The samples were prepared in a magnetic trap by standard laser and evapo-
rative cooling methods of sodium atoms in the |F = 1,m=−1〉 ≡ | ↑〉 state
(pseudo-spin up). There are two major improvements with respect to other ex-
periments concerning the particle numbers: Spin polarizing atoms before the
transfer from the magneto-optical trap to the magnetic trap and decompress-
ing the trap axially at the end of the evaporative cooling stage [100]. The final
trap frequencies are axially ωax/2π = 1.5 Hz and radially ωrad/2π = 116 Hz
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with up to 8× 108 atoms. After evaporatively cooling the atoms to a few µK
the FORT is adiabatically turned on in 400 ms with a trap depth of about
50 µK, an axial trap frequency of ωax/2π = 3.5 Hz and a radial trap frequency
of ωrad/2π = 835 Hz, leading to 4.6 × 108 atoms in the trap. The lifetime is
more than 7 s. The atoms in the |F = 1,m = 0〉 ≡ | ↓〉 state (pseudo-spin
down) are produced with a radio-frequency sweep from below the bottom of
the magnetic trap: 2.6 MHz to 2.71 MHz in 30 to 50 ms. The fraction of
atoms in the |F = 1,m= +1〉 state is estimated to be less than 10% and the
same for all measurements and does not influence the drag rate.

7.4.2 Experiment and Detection

The force on the spin species up is produced by a magnetic field gradient using
anti-Helmholtz coils with a constant offset magnetic field such that the zero
crossing of the field is not in the area of interest. The detection of different
spin species is achieved by turning on the radial magnetic confinement for 5
ms only and then ramping down the FORT in 2 ms for radial cooling. The
radial cooling is performed to assure spatial separation of the two spin species.
After this time the spin species down falls freely due to gravitation while the
spin species up is still radially trapped. An additional time of flight of 5–10
ms before imaging is used depending on the density and temperature of the
clouds. The imaging is performed by sending a probe beam through the two
clouds and detecting the absorption on a CCD camera.

7.4.3 Analysis

The axial position difference is determined by fitting the clouds with a Gaus-
sian distribution multiplied by 1 − Erf(σ(x − x0)), where Erf is the error
function, x0 the central position in the Gaussian distribution and σ a mea-
sure of skewness. From the fits the number of atoms of each species and the
temperature are deduced. The latter is deduced from the length of the clouds
when the force is applied for 1 ms only. Each measurement is repeated three
times for error reduction. Temperature and total number of atoms are also
measured separately by detecting a non-perturbed cloud expanding freely in
30 ms time of flight and fitted with a Gaussian distribution. Especially for
large clouds this is necessary since the anharmonicity of the trap in the axial
direction causes a systematic error in the temperature measurement.
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The differential equations describing the system are

ẍ↑ − γ∆ẋ+
1

m

dV (x↑)

dx↑
=

F↑
m

(7.2)

ẍ↓ + γ∆ẋ+
1

m

dV (x↓)

dx↓
= 0 (7.3)

with x↑,↓ the axial center-of-mass position of spin species up and down, re-
spectively, ∆x ≡ x↑ − x↓, m the atomic mass, V (x) the axial trapping po-
tential and F↑ the applied force on the spin species up. Here drag rate
γ ≡ Γ(∆ẋ)/(f↑f↓mntot ∆ẋ↑↓) is the spin-drag rate with Γ(v) the drag force
on the two clouds, ntot the total density of the atoms, and f↑,↓ the fraction of
atoms with spin up and down, respectively. Neglecting the effect of imbalance
in Γ(v), this expression corrects to leading order for non-equal spin mixtures
and neglects higher-order corrections. These equations are numerically inte-
grated using the initial conditions x↑(0) = x↓(0) = 0 and from the results the
difference in position ∆x as a function of time t is determined. It can be shown
by using similar equations for three spin states that the drag rate between two
of these species as defined above is not influenced by the presence of a third
species, if the three drag rates are the same.

The classical interspecies collision rate is obtained by integrating the in-
terspecies collision rate over the trap and we find [101]

γ↑↓ = 〈n〉σ↑↓v̄rel =
Nf↑f↓ m σ↑↓ ω

2
rad ωax

π2kBT
. (7.4)

where v̄rel is the relative velocity between the two atoms, N is the total num-
ber of atoms and σ↑↓ = 4πa↑↓

2 the interspecies cross section. For 23Na the
scattering length is a↑↓ = 2.80 nm [102].

In the oscillation method the separation between the clouds is induced
using the same magnetic field as in the constant force method and the dis-
placement of spin up is well within the range where the FORT is harmonic.
The solution of the equation of motion is

∆x(t) = ∆x(0) exp

(
−βd t

2

)
(7.5)

with ∆x(0) the initial position difference and βd the decay rate. From βd we
can deduce the drag rate γ using

γ =
2ω2

ax

βd
. (7.6)

To determine γ theoretically we evaluate the microscopic expression for the
spin-drag rate including Bose enhancement given by van Driel et al [30].
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Zusammenfassung

Im Titel dieser Thesis steht: Hydrodynamischer Transport in ultra kalten Bose
Gase. Im folgenden werden wir die Ausdrücke genauer beschreiben. Um die
Experimente die in dieser Arbeit beschrieben werden zu verstehen und mit
anderen Experimenten im gleichen Gebiet zu vergleichen, werden erst ultra
kalte Gase im allgemeinen betrachtet.

Ultra kalte Bose Gase

Unter “ultra kalt” versteht man Temperaturen unter welchen die Beschrei-
bung der Gase mit klassischer Physik versagt. In der klassischen Physik wer-
den Atome durch winzige Kugeln beschrieben, die untereinander stossen. Bei
ultra kalten Temperaturen wird der quantenmechanische Wellencharakter der
Atome wichtig, weil die Wellenlänge in der Grössenordnung von interatomaren
Abständen liegt. Dies führt dazu, dass Atome nicht nur stossen, sondern wie
Wellen untereinander interferieren können. Diese Temperaturen sind im Bere-
ich weniger µK über dem absoluten Nullpunkt bei −273.15 ◦C. Das Gas kon-
densiert in den Experimenten die in dieser Doktorarbeit beschrieben werden
nicht zu einer Flüssigkeit oder gar einem Festkörper, weil die Dichte dafür
viel zu gering ist. Die Dichtheit der Gase die in der ultra kalten Atomphysik
untersucht werden sind eine Million mal kleiner als die Dichte der Luft.

Da in einem Gas sehr viele Atome sind, werden die einzelnen Laufbah-
nen der Atome unwichtig und das Gas wird durch die Statistik der Atome
beschrieben. Gase mit weit höherer Temperatur als ultra kalte Gase wer-
den sehr gut durch die klassische Boltzmannstatistik beschrieben. Für ultra
kalte Gase muss man allerdings eine andere Statistik benutzen, weil quanten-
mechanische Eigenschaften des Gases als ganzes und nicht nur der einzelnen
Atome relevant werden. Bei diesen Temperaturen hat man zwei fundamental
unterschiedliche Statistiken gefunden: Bose-Einstein und Fermi-Dirac Statis-
tik. Ein Bose Gas besteht aus Atomen oder Molekülen, die mit der Bose-
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Einstein Statistik beschrieben werden. Ein Fermi Gas besteht aus Atomen
oder Molekülen, die mit der Fermi-Dirac Statistik beschrieben werden. Um zu
verstehen was der Unterschied ist, betrachten wir folgendes: In der Quanten-
mechanik kann ein Teilchen, bzw. ein Atom oder Molekül in einem endlichen
Raum oder einer Falle nur ganz bestimmte Zustände annehmen zu denen eine
bestimmte Energie gehört. Das hängt damit zusammen, dass die Teilchen auch
einen Wellencharakter haben und nur stehende Wellen im Raum oder in der
Falle erlaubt sind. Die Energieunterschiede der Zustände sind im allgemeinen
sehr klein. Sind mehrere Teilchen vorhanden, dann können diese Teilchen be-
liebige Zustände annehmen solange die gesammte Energie nicht überschritten
wird. Die gemittelte Energie des Gases pro Atom ist proportional zur Temper-
atur. Für Temperaturen die man im Alltag antrifft, ist die Energie des Atoms
viel grösser als der Abstand der Energiezustände und die Wahrscheinlichkeit,
dass zwei Atome den gleichen Zustand bzw. die gleiche Energie haben, sehr
klein. Kühlt man das Gas ab, dann können die Atome stehts weniger Zustände
erreichen. Für Fermionen gilt, dass jeder Zustand durch maximal ein Atom be-
setzt werden kann. Also sind am absoluten Nullpunkt die untersten Zustände
alle jeweils mit einem Atom besetzt. Atome die zu den Bosonen gehören, z.B.
Natrium (23Na) wie in den Experimenten beschrieben, können und neigen dazu
im selbem Zustand zu sein. Bei genügend tiefen Temperaturen und genügend
hoher Dichte wird der Grundzustand, der energetisch tiefste Zustand mit sehr
vielen Atomen besetzt. Es entsteht ein Bose-Einstein Kondensat, wie es von
Einstein postuliert wurde. Dies geschieht unter einem Phasenübergang ähn-
lich dem Phasenübergang von Dampf zu Wasser. Schliesslich, beim absoluten
Nullpunkt sind alle Atome in diesem Zustand. Da alle Atome im gleichen
Zustand sind, beschreiben sie auch genau eine stehende Welle mit einer sehr
grossen Amplitude. Man sagt dann auch, dass sich die Atome kohärent, daher
in Phase bewegen. Atome in der thermischen Wolke hingegen haben keine
Phasenkorrelation. Man sagt, dass sie inkohärent sind.

Bose-Einstein Kondensate wurden zuerst in Helium (4He) realisiert ohne
dabei zu wissen, dass es sich um ein solches handelt. Bei Helium entsteht
ein Kondensat bei einer Temperatur von etwa 2.7 K, da die Dichte sehr viel
grösser ist. Obwohl klare Anzeichen für ein Kondensat gefunden wurden, ist
eine präzise Messung des Kondensates bis heute nicht realisiert. Allerdings
wurden Superfluidität, zweiter Schall und Vortices gefunden die allesamt ein
Bose-Einstein Kondensat benötigen. Superfluidität ist ein Effekt, bei dem die
Flüssigkeit ohne Reibung fliessen kann. Zweiter Schall ist eine neue Form von
Schall mit der sich Signale als thermische Wellen ausbreiten. Vortices sind
kleine Tornados, die in der SuperFlüssigkeit entstehen, wenn man versucht
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eine Superflüssigkeit zu rühren. Der Grund für Schwierigkeit ein Bose-Einstein
Kondensat in 4He zu beobachten ist die relativ starken Wechselwirkungen die,
die Heliumatome untereinander ausüben. Dies führt auch dazu, dass der su-
perfluide Anteil und der Kondensat Anteil nicht miteinander übereinstimmen.

In 1995 haben Wieman und Cornell Rubidum und Ketterle Natrium zum
erstenmal Bose-Einstein kondensiert. In diesem Fall sind die Wechselwirkun-
gen sehr viel schwächer. Dies war möglich durch sogenannte Laserkühlung
mit anschliessender Kühlung durch Verdampfung. Im ersten Schritt wird das
Alkalimetall verdampft. Der heisse Dampf verlässt den Ofen als Atomstrahl
aus einer Öffnung. Ein Laser scheint gegen den Atomstrahl. Dabei zerstreuen
die Atome das Licht und werden abgebremst. Die Atome kommen dann in
einer Hochvakuum Kammer an, in der sechs Laser von sechs Seiten scheinen
und die Atome zusammen mit einem schwachen magnetfeld gefangen halten.
Die Temperatur der Atome ist dann auf einige hundert µK abgekühlt. Da
die Laser die Atome auch aufheizen, können keine tieferen Temperaturen mit
Laserkühlung erreicht werden. Deshalb werden die Atome in eine andere,
magnetische oder optische Falle umgeladen und die Laser für die Kühlung
abgeschaltet. Der nächste Schritt ähnelt dem abkühlen von Kaffee in einer
Tasse über die man blässt. Die heissesten Atome verlassen die Falle und die
übrigen Atome kühlen dadurch ab. Ähnlich wie wenn man über eine heisse
Tasse Kaffee blässt, kann man diesen Prozess forcieren. Bei Temperaturen
von unter einem µK bei einer Dichte von 1020 Atomen/m3 tritt Bose-Einstein
Kondensation ein. Üblicherweise erreicht man damit einige Hunderttausend
bis Millionen Atome in einem Bose-Einstein Kondensat. In Utrecht erreichen
wir bis zu 300 Millionen Natrium Atome im Bose-Einstein Kondensat in einer
zigarrenförmigen Falle. Dies erlaubt es uns Experimente zu machen, die an-
dere Gruppen nicht machen können wie z.B. in der Quantenhydrodynamik,
Superfluidität oder Fortpflanzung von signalen in ultra kalten Gasen.

Hydrodynamik und Transport

Hydrodynamik ist ein Teilgebiet der Physik, das sich mit den Eigenschaften
von Flüssigkeiten und Gasen beschäftigt. Als bestes Beispiel können die Eigen-
schaften von Wasser angeführt werden. Wie fliesst Wasser in einer Röhre? Was
passiert, wenn man Wasser durch eine Verengung presst? Wie breiten sich
Wellen im Wasser aus? Was bestimmt die Schallgeschwindigkeit in Wasser?
Diese Gesetzmässsigkeiten können auch auf Gase angewendet werden, wenn
die Gase genügend hohe Dichte haben und das betrachtete Gefäss in dem
das Gas gefangen ist genügend gross ist. Jedes Gas und jede Flüssigkeit
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besteht aus Molekülen. Diese Moleküle prallen aufeinander. Wenn nun die
Dichte und das Gefäss so gross sind, dass praktisch jedes Molekule auf ein
anderes trifft bevor es von einer Seite des Gefässes auf die andere trifft, dann
ist das Gas hydrodynamisch. Dies bedeutet auch, dass sich im Gas oder in
der Flüssigkeit Schallwellen ausbreiten können. Im Alltag sind diese Voraus-
setzungen fast immer erfüllt. Luft und Wasser sind beide hydrodynamisch
selbst für sehr kleine Gefässe. In den Experimenten die in dieser und an-
deren Doktorarbeiten im Gebiet der ultra kalten Atome beschrieben werden,
ist es keine Selbstverständlichkeit, dass das untersuchte Gas hydrodynamisch
ist. Die Dichtheit dieser Gase ist eine Million mal kleiner als die von Luft
und das Gefäss, in diesem Fall spricht man von einer Falle, ist üblicherweise
kleiner als einen Millimeter in der Länge und nur einige Zehn Mikrometer in
der Dicke. Im Gegenteil, es gibt nur wenige Experimente, wie das Experiment
in Utrecht, die hydrodynamisch sind. Die meisten dieser Experimente sind im
sogenannten kollisionsfreiem Regime. Die Atome können also mehrere male
hin und her bewegen ohne mit anderen Atomen zu stossen. An dieser Stelle
muss noch erwähnt werden, dass es nur zwei wesentliche unterschiede zwis-
chen Flüssigkeiten und Gasen gibt, nähmlich ihre Dichte und ihre Fähigkeit
komprimiert zu werden. Die Dichte von Flüssigkeiten wie Wasser ist so gross,
so dass sie sich immer am Boden eines Gefässes befinden. Sie lassen sich kaum
zu höheren Dichten zusammenpressen und sind daher nahezu inkompressibel.
Gase hingegen breiten sich über das ganze Gefäss aus und lassen sich sehr le-
icht zusammen pressen. Letzteres weiss jeder, der einmal den Schlauch seines
Fahrrads aufgepumpt hat. Wegen der Kompressibilität sind ultra kalte Gase
also nicht einfach nur deshalb interessant weil die Wechselwirkungen schwach
sind.

Das nächste Wort im Titel der Doktorarbeit ist Transport. Unter Trans-
port versteht man in diesem Zusammenhang nicht das transportieren von
Waren von A nach B, sondern lokale physikalische Grössen wie Dichte, Druck,
Wärme und anderen weniger bekannte Grössen wie Ladung und Spin. Spin
wird auch der Eigendrehimpuls genannt. Daher, das Atom oder Teilchen dreht
sich um seine eigene Achse und hat einen quantisierten Drehimpuls. Der
physikalische Mechanismus der dem Transport dieser Grössen zugrunde liegt,
hängt von der Materie ab, in der die Grössen gemessen werden. Legt man
z.B. über einen Metallstab eine Spannung an, dann fliesst ein Strom. Der
Strom ist Transport von Ladung in diesem Fall Elektronen im Metal. Legt
man aber eine Spannung über einen Eimer mit Salzwasser, dann fliesst Strom
durch den Transport von positiven und negativen Ionen. In dieser Doktorar-
beit versuchen wir unter anderem zu verstehen, wie Spin, also der Drehimpuls
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von Atomen in einem Gas tranportiert wird.

Inhalt der Doktorarbeit

In Kapitel zwei wird im Detail beschrieben wie wir Natriumatome bis nahe
an den absoluten Nullpunkt abkühlen und die kalte Wolke messen. Dabei
wird das Augenmerk auf die nötigen Voraussetzungen für hydrodynamische
Experimente, die Eigenschaften von Natrium, den Aufbau des Lasersystems,
den Oven, der magnetischen sowie der optischen Falle gelegt. Es wird auch
gezeigt, wie wir die Wolken und Kondensate mit einer Kamera abbilden.

In Kapitel drei wird die Anwendung von der Phasenkontrastabbildung
wie sie von Zernike entwickelt wurde beschrieben, um präziese Messungen
zu machen oder um eine Wolke mehrere Male zu messen. Gewöhnlich werden
die Kondensate, bzw. deren Schatten einmal abgebildet, da das vom Konden-
sat absorbierte Licht das Kondensat zerstört. Es werden technische Grenzen
gezeigt und Konsequenzen, wenn man diese Grenzen verletzt für Phasencon-
trast Abbildungen.

Kapitel vier behandelt ein Experiment, in welchem ein Kondensat gerührt
wird. Da das Kondensat nach physikalischen Überlegungen nicht drehen kann,
entstehen viele kleine Tornados die den Drehimpuls in quantisierten Mengen
aufnehmen. Ziel dieses Experimentes ist zu sehen, ob und wie Drehimpuls von
der thermischen Wolke auf das Bose-Einstein Kondensat übertragen wird. Um
dies technisch möglich zu machen haben wir die Zigarrenförmige Falle in ein
Kugelförmige Falle umgeformt.

In Kapitel fünf wird beschrieben wie das Kondensat lokal erwärmt wird.
Der Wärmetranport wird beobachted und als ersten Schall interpretiert. Der
erste Schall ist der Schall den man im Alltag hört. Da aber die Dichtheit die in
diesen Experimenten erreicht werden sehr gering ist, wurde erster Schall unter
diesen Umständen nie beobachtet. Das besondere am ersten Schall bei ultra
kalten Temperaturen bei denen ein Bose-Einstein Kondensat existiert, dass
dieser Schall nicht ein Druck- oder Dichtewelle ist sondern eine Wärmewelle.
Zweiter Schall hingegen, eine Dichtewelle im Kondensat, wurde an diesem
Experiment schon vorher zum ersten mal gemessen.

In Kapitel sechs wird ein Experiment beschrieben, welches im Übergangsbe-
reich zwischen hydrodynamisch und -kollisionsfreiem Bereich ausgeführt wird.
Durch eine plötzliche, starke axiale Abschwächung der Falle werden starke,
scharfe, radiale Dichtemodulationen beobachtet. Wir versuchen das Entstehen
dieser Modulationen zu verstehen und finden, dass diese nur in axial hydro-
dynamisch und radial kollisionsfreien Wolken entstehen.
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Das letzte Kapitel behandelt ein Experiment in dem ein Gas durch ein
anderes gezogen wird. Die Wechselwirkungen zwischen den Gasen führt dazu,
dass das eine Gas durch das andere Gas mitgeschleppt wird. Es entsteht
Reibung zwischen den Gasen. Nähert man sich dem Phasenübergang zum
Bose-Einstein Kondensat verstärkt sich der Effekt, was beobachtet und ver-
messen wurde. Um zwei verschiedene Gase zu erzeugen, benutzen wir zwei
verschiedene innere Zustände des Natriumatoms. Die Atome unterscheiden
sich dann in ihrem Spin. Man spricht deshalb auch von “Spindrag” der in
der Festkörperphysik in Elektronengasen gemessen wurde und eine grosse Be-
deutung hat in der sogenannten Spintronik. In diesen Experimenten schwächt
sich Spindrag allerdings ab, wenn man die Elektronen abkühlt, da Elektronen
Fermionen sind und kollisionen unterdrückt werden.



Samenvatting

Op de voorkant van dit proefschrift staat geschreven: “Experimenten in hydro-
dynamisch transport in ijle Bose gassen.” De uitdrukkingen in de titel zullen
in de volgende sectie worden toegelicht. Er zal een algemene beschrijving wor-
den gegeven over extreem koude Bose gassen om de experimenten, beschreven
in deze proefschrift, te kunnen begrijpen en om een vergelijking te kunnen
trekken tussen andere experimenten in hetzelfde veld van de wetenschap.

Extreem koude Bose gassen

“Extreem koud” is een aanduiding van een temperatuursbereik waar de klassieke
natuurkunde geen volledige beschrijving meer kan geven. In de klassieke natu-
urkunde worden atomen beschreven als heel erg kleine, harde bollen, die wis-
selwerkingen met elkaar ondergaan. Echter, bij extreem koude temperaturen
worden de quantummechanische golfeigenschappen van de atomen belangrijk
omdat de gemiddelde afstand tussen de atomen en de golflengte van de atomen
van dezelfde orde grootte worden. Bij hogere temperaturen is de golflengte van
de atomen van vergelijkbare grootte als de grootte van een atoom. Daardoor
zullen atomen bij extreem koude temperaturen niet alleen botsen maar ook
interfereren als golven. De temperaturen waar dit effect plaats vindt zijn in de
orde van een paar micro Kelvin boven het absolute nulpunt van 273.15 ◦C. Het
gas dat wordt besproken in dit proefschrift zal niet condenseren naar een vaste
stof of vloeistof omdat de dichtheid hiervoor veel te laag is. De dichtheden in
de besproken experimenten zijn miljoenen keren kleiner dan de dichtheid van
de lucht.

Doordat er in het gas heel veel atomen zijn, worden de individuele be-
wegingen onbelangrijk en kan het gas worden beschreven door middel van de
statistiek van het ensemble van atomen. Gassen met een temperatuur veel
hoger dan het extreem koude regime kunnen goed worden beschreven met
de klassieke Boltzmann statistiek. Echter, voor extreem koude gassen is niet
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alleen de statistiek van het ensemble belangrijk, maar moeten de quantum-
mechanische eigenschappen van het gas als geheel ook in rekening worden
gebracht. Bij deze temperaturen bestaan er twee fundamenteel verschillende
statistieken: De Bose-Einstein en de Fermi-Dirac statistiek. Atomen die kun-
nen worden beschreven met de Bose-Einstein statistiek worden bososen ge-
noemd, terwijl atomen die kunnen worden beschreven met de Fermi-Dirac
statistiek fermionen worden genoemd. Om een beter begrip te krijgen van de
verschillen tussen deze twee klassen van atomen kijken we naar de volgende
situatie. In de quantummechanica kan een deeltje, een atoom of molecuul
in een eindige ruimte, alleen toestanden bezetten die corresponderen met een
discrete energie. Dit vloeit voort uit het feit dat deze deeltjes ook golfeigen-
schappen hebben en in een eindige ruimte of val alleen staande golven kunnen
vormen. Een lopende golf impliceert dat het deeltje niet is gevangen en dus
de ruimte of val kan verlaten. Voor macroscopische ruimten of vallen is deze
splitsing tussen de verschillende toestanden erg klein. Wanneer er meerdere
deeltjes zijn in een systeem, dan kunnen deze deeltjes zich in elke toestand
bevinden zolang hun totale energie niet groter is dan de totale energie van
het systeem. De gemiddelde energie per atoom in zon soort gas is evenredig
met de temperatuur van het gas. Voor temperaturen in het dagelijks leven
zijn deze energien veel groter dan de splitsing tussen de verschillende toes-
tanden en de kans dat twee atomen dezelfde toestand bezetten is daarmee erg
klein. Echter als het gas wordt gekoeld, hebben de atomen minder toestanden
waarin zij kunnen gaan zitten. Voor fermionen kan er in elke toestand maar
een atoom zitten, waardoor er bij het absolute nulpunt alle laagste toestanden
zijn bezet met precies een atoom. Voor bosonen, zoals natrium (23Na), het
atoom dat in dit proefschrift wordt gebruikt, kunnen en zullen er meerdere
atomen in dezelfde toestand zitten. Bij temperaturen die laag genoeg zijn
en dichtheden die hoog genoeg zijn, zal de laagst energetische toestand, de
grondtoestand, zijn bezet met veel atomen waardoor er zich een Bose-Einstein
condensaat zal vormen, zoals gepostuleerd door Einstein. Dit gebeurt door
middel van een faseovergang, vergelijkbaar met de overgang van damp naar
water. Uiteindelijk zullen alle atomen zich in dezelfde toestand bevinden waar-
door zij allemaal hetzelfde staande golfpatroon hebben met daardoor een hele
grote amplitude van de golf. De atomen zullen zich coherent gedragen en zij
hebben allemaal dezelfde gemeenschappelijke fase. De atomen die overblijven
met een eindige temperatuur en zich dus nog in de thermische wolk bevinden
zullen geen fase correlatie hebben en zijn daardoor incoherent.

Bose-Einstein condensaten werden voor het eerst gemaakt in helium (4He)
zonder door te hebben dat het een condensaat was. In vloeibaar helium zal zich
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al een condensaat vormen bij een temperatuut van 2.7 K, doordat de dichtheid
veel hoger is. Ondanks het feit dat er in dit systeem duidelijke kenmerken zijn
voor een condensaat, kan er tot op de dag van vandaag geen directe meting
voor gedaan worden. Supervloeibaarheid, tweede geluid en vortexen hebben
allemaal een condensaat nodig om te kunnen bestaan; deze zijn echter wel
gemeten. Supervloeibaarheid is een eigenschap van een vloeistof, waarbij deze
in staat is te vloeien zonder wrijving. Tweede geluid is een nieuwe vorm van
geluid waarbij signalen propageren als golven in de temperatuur. Vortexen
zijn kleine tornados die voorkomen in supervloeibare vloeistoffen wanneer er
een bepaalde mate van rotatie in het systeem wordt gentroduceerd. De sterke
onderlinge wisselwerking van atomen in helium is een van de redenen dat het
observeren van een condensaat bemoeilijkt. Dit leidt ook tot een verschil
in de hoeveelheid supervloeibare vloeistof en de fractie van de vloeistof die
daadwerkelijk gecondenseerd is.

In 1995 hebben Wieman en Cornell en ook Ketterle een Bose-Einstein con-
densaat gemaakt van respectievelijk rubidium en natrium waarbij de mate van
wisselwerking een stuk kleiner is. Dit was mogelijk door gebruik te maken van
laserkoeling gevolgd door verdampingskoelen. Voor de eerste stap moet het
alkalimetaal worden gesmolten en verdampt. De hete damp verlaat de oven
door een diafragma en vormt een atoombundel. Een laserbundel wordt in
tegengestelde richting op de atoombundel geschenen. Deze bundel ondervindt
wisselwerking met de atomen, wat deze afremt. Deze atomen arriveren dan in
een kamer onder extreem hoog vacum waar de atomen door zes laserbundels
van zes kanten worden beschenen. Samen met een zwak magneetveld vangen
deze laserbundels de atomen. De atomen worden gekoeld tot een paar hon-
derd microKelvin. Omdat de laserbundels de atomen ook verhitten worden de
atomen overgeladen naar een sterke magnetische of optische val en worden de
laserbundels uitgeschakeld. De volgende stap is vergelijkbaar met het blazen
over een kopje koffie met als doel de koffie af te laten koelen. De heetste
atomen verlaten de val en de overgebleven atomen koelen af. Vergelijkbaar
met het blazen over een kopje koffie kunnen we het afkoelproces ook doet ver-
snellen. Bij temperaturen beneden 1 micro Kelvin (1 µK) en dichtheden van
1020 atomen/m3 zal er zich een Bose-Einstein condensaat vormen. Met dit
proces zullen zich gebruikelijk condensaten vormen met een grootte van een
paar honderd duizend tot een paar miljoen atomen. In Utrecht produceren we
condensaten met een grootte van tot wel 300 miljoen atomen in een sigaar-
vormige val. Dit stelt ons in staat experimenten te doen die voor andere on-
derzoeksgroepen niet mogelijk zijn. Voorbeelden hiervan zijn experimenten in
quantumhydrodynamica en supervloeibaarheid of voortplanting van signalen
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in extreem koude gassen.

Hydrodynamica en transport

Hydrodynamica is een veld in de natuurkunde waar de eigenschappen van
vloeistoffen en gassen worden bestudeerd. Water en zijn eigenschappen zijn
hiervan een goed voorbeeld. Hoe vloeit water door een pijp? Wat gebeurt
er als water door een vernauwing wordt geperst? Hoe planten golven zich
voort in water? Wat bepaalt de snelheid van deze golven? De natuurkundige
wetten kunnen ook worden toegepast op gassen als hun dichtheid hoog en
hun volume groot genoeg is. Elk gas of vloeistof bestaat uit afzonderlijke
moleculen die wisselwerkingen met elkaar ondergaan. Als de dichtheid hoog
genoeg is zodat bijna elk molecuul in ieder geval een keer botst voordat ze de
andere kant van het omsloten volume bereiken, dan kan het gas of de vloeistof
hydrodynamisch worden genoemd. Dit impliceert ook dat geluidsgolven zich
kunnen voortplanten in dit gas of deze vloeistof. In het dagelijks leven zal
er bijna altijd worden voldaan aan de eerder genoemde condities. Lucht en
water zijn beiden hydrodynamisch, zelfs als het omsloten volume erg klein is.
Echter, voor experimenten die zijn beschreven in dit proefschrift is het feit
dat het gas hydrodynamisch is verre van triviaal. Veel van deze experimenten
in ultra koude gassen zijn gedaan in het zogenaamde botsingsloze regime. In
dit regime kunnen de atomen meerdere malen heen en weer bewegen door
het omsloten volume zonder met een ander atoom te botsen. Er moet hier
benadrukt worden dat er maar twee essentile verschillen zijn tussen een gas en
een vloeistof, namelijk hun dichtheid en hun samendrukbaarheid. De dichtheid
van vloeistoffen, zoals water, is zo hoog dat het zich altijd onderin het omsloten
volume zal bevinden. Vloeistoffen kunnen bijna niet worden samengedrukt tot
een hogere dichtheid en zijn daardoor bijna onsamendrukbaar. In tegenstelling
tot gassen die zich evenredig over het volume verdelen en relatief gemakkelijk
zijn samen te drukken. Dit laatste feit is onmiddellijk duidelijk voor iedereen
die wel eens een fietsband heeft opgepompt. Vanwege hun samendrukbaarheid
zijn koude gassen interessant, vanwege hun zwakke interacties.

Een woord dat ook voorkomt in de titel van dit proefschrift is transport. In
de natuurkunde betekent transport niet hoe je een pakketje van A naar B stu-
urt, maar geeft dit informatie over lokale fysische eigenschappen als dichtheid,
druk, temperatuur en minder bekende eigenschappen als lading en spin. Spin
is het impulsmoment, hoeveelheid draaiing van een object rond een as en heeft
een gekwantificeerde hoeveelheid impulsmoment. De oorsprong van het mech-
anisme verantwoordelijk voor het transport van een grootheid hangt af van
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het materiaal, waarin de grootheid wordt gemeten. Bijvoorbeeld als een span-
ningsverschil op een metalen cilinder wordt aangebracht, zal er een stroom
gaan lopen. De stroom is het transport van lading, in dit geval elektronen
in het metaal. Echter, als er een spanningsverschil wordt aangebracht op een
emmer met zout water, dan zal de stroom bestaan uit positieve en negatieve
ionen. In dit proefschrift zal onder andere worden behandeld hoe de spin van
atomen wordt getransporteerd in een gas.

Inhoud van dit Proefschrift

In hoofdstuk twee wordt een beschrijving gegeven van hoe natrium atomen
worden gekoeld tot bijna het absolute nulpunt en hoe we deze koude wolken
kunnen detecteren. De benodigde condities voor hydrodynamische experi-
menten worden benadrukt. Evenals de eigenschappen van natrium atomen,
het laser systeem, de oven en de magnetische en optische val.

In hoofdstuk drie wordt een beschrijving gegeven van metingen gedaan met
behulp van een techniek die bekend staat als fase contrast, zoals ontwikkeld
door Zernike voor zeer nauwkeurige ofwel niet-destructieve metingen. Ge-
bruikelijke methoden beelden de condensaten, of eigenlijk hun schaduw, enkel
een keer af omdat het geabsorbeerde licht destructief is voor de condensaten.
De technische limieten, en de consequenties als deze worden overschreden,
zullen worden besproken.

In hoofdstuk vier wordt een beschrijving gegeven van een experiment waar
in een condensaat wordt geroerd met behulp van een laserbundel. Doordat
een condensaat vanwege zijn fysische eigenschappen niet als geheel kan draaien
zullen er veel kleine tornado’s ontstaan die het totale impulsmoment in discrete
hoeveelheden zullen dragen. Het doel van dit experiment is of de thermische
wolk, met een eindige hoeveelheid impulsmoment, dit impulsmoment over kan
dragen naar het condensaat. Om dit te bewerkstelligen hebben we de sigaar-
vormige val veranderd in een bolvormige val.

In hoofdstuk vijf wordt een beschrijving gegeven van hoe een condensaat
lokaal zal worden verhit. Het transport van warmte zal worden waargenomen
en worden genterpreteerd als eerste geluid. Eerste geluid is de geluidsmodus
die wij elke dag om ons heen horen. Doordat de dichtheid in het experiment zo
laag is, is dit nog niet eerder geobserveerd onder vergelijkbare omstandigheden
als het in experiment. Het speciale aspect van dit eerste geluid, in extreem
koude gassen, waar een Bose-Einstein condensaat bestaat, is dat dit soort
geluid geen druk of dichtheidsgolf is maar een warmtegolf. Tweede geluid is
echter wel een dichtheidsgolf in het condensaat en is in dit experiment geme-
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ten. In hoofdstuk zes wordt een beschrijving gegeven van een experiment dat
is uitgevoerd in de overgang van het hydrodynamische naar het botsingsloze
regime. Door plotseling de val te verzwakken in de axiale richting ontstaan
er sterke, steile dichtheidverstoringen in de radiale richting. We proberen be-
grip te verkrijgen voor de oorsprong van deze verstoringen en vinden dat deze
alleen kunnen bestaan in het axiaal hydrodynamische en radiaal botsingsvrije
regime. Het laatste hoofdstuk beschrijft een experiment waarbij twee gassen
van verschillende spintoestanden door elkaar heen worden getrokken. De wis-
selwerking tussen deze twee gassen zorgt ervoor dat het ene gas door het
andere gas zal worden voortgesleept. De oorzaak hiervan is te vinden in wrijv-
ing tussen deze twee gassen. Er is geobserveerd dat wanneer naarmate de
metingen steeds dichter bij de fase overgang naar Bose-Einstein condensatie
worden uitgevoerd de wrijvingskracht tussen de twee gassen sterk toe zal ne-
men. We gebruiken twee verschillende innerlijke configuraties van natrium
om twee verschillende gassen te produceren. De atomen in deze twee gassen
verschillen alleen in hun spin. Vanwege dit feit wordt het eerder genoemde
effect ook wel ’spindrag’ genoemd, dat ook is gemeten in de vastestoffysica
in elektronengassen van bepaalde materialen. Spindrag is een erg belangrijk
concept in het veld van de spintronica waar de focus ligt op het transport van
spin in plaats van het transport van de lading. In deze experimenten neemt
het spindrag effect af bij dalende temperatuur vanwege het feit dat elektronen
fermionen zijn en botsingen tussen twee gassen van elektronen zullen worden
onderdrukt.



Summary

In the title of this thesis it is written: Hydrodynamic transpport in ultra cold
dilute Bose gasses. In the following we will explain the Expressions in the
title. To understand the experiments discribed in this thesis and to compare
them with others in the same field, the ultra cold gases will be described in
general.

Ultra cold Bose gasses

“Ultra cold” are temperatures where the description of the properties of them
cannot be explained by classical physics. In classical physics atoms are de-
scribed as tiny spheres that collide with each other. However, at ultra-cold
temperatures, the quantum mechanical wave properties are important since
the wavelength of the atoms are in the order of the interatomic distances,
where for much higher temepratures the wavelength are in the order of the
size of the atoms. Therefore, at ultrar-cold temperatures atoms do not only
collide, but also interfere like waves with each other. These temperatures are
in the order of a few µK above the absolute zero temperature at −273.15 ◦C.
The gas in the experiments described in this thesis does not condens to a fluid
or a solid , because the density to do that is much to low. These densities are
a million times smaller than the density of the air.

Because there are a lot of atoms in a gas, the individual trajectories become
unimportant and the gas is described with the statistics of the atoms. Gasses
with a much larger temperature than ultra-cold gasses are described very well
with the classical Boltzmann statistics. However, for ultra-cold gasses other
statistics have to be used because quantummechanical properties of the gas as
a whole and not only of the single atoms are relevant. At these temperatures
two fundamentally different statistics have been found: The Bose-Einstein and
the Fermi-Dirac statistics. A Bose gas consists of atoms or molecules, that
are described by the Bose-Einstein statistics. The atoms are called bosons.
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Similar, a Fermi gas consists of atoms or molecules, that are described by
the Fermi-Dirac statistics. The atoms are called fermions. To understand
what the difference is, we look at the following: In quantum mechanics a
particle, an atom, or a molecule in a finite space or trap can only occupy
certain discrete states with a corresponding energy. This is because particles
also have wave-like properties and only standing waves in a finite space or trap
are allowed. A traveling wave means that the particle is not trapped and may
leave the room or trap. Generally speaking, the energie spaceings are very
small for macroscopic rooms and traps. If there are several particles, they
can occupy any of these states as long the total energy does not exceed the
total energy. The average energy per atom of such a gas is proportional to
the temperature. For temperature encountered in everyday life these energies
are much larger than the spacing of the individual states, and the probability
that two atoms are occupying the same state is very small. By cooling the
gas, however, the atoms have less and less states they can reach. For fermions
it holds that every state can be occupied only once. Therefore, at absolute
zero temperature, the lowest states are occupied with exactly one atom. For
bosons like sodium atoms (23Na) that are used in this thesis it holds that they
can and tend to occupy the same state. At low enough temperatures and
high enough densities the ground state, the energetically lowest state will be
occupied with many atoms. A Bose-Einstein condesate appears as postulated
by Einstein. This happens with a phase transition similar to steam condensing
to water. Finally, all atoms are in the same state. Since all atoms are in one
state, they obey exactly one standing wave with a very large amplitude. The
atoms are then said to move coherently, which means they have all a common
phase. However, atoms remaining in the thermal cloud at finite temperatures
do not have a phase correlation. They are therefore incoherent.

Bose-Einstein condensates where first produced in Helium (4He) without
realizing that there was a condensate. For helium a condensate appears at a
temperature below 2.7 K, since the density is much larger. Despite the fact
that there are clear signatures for a condensate, a precise measurement of the
condensate could not be realized until to day. However, superfluidity, second
sound, and vortices are found which all need a Bose-Einstein condensate. Su-
perfluidity is an effect where the fluid can flow without friction. Second sound
is a new form of sound with which signals propagate as thermal waves. Vor-
tices are small tornados, that appear in the superfluid when rotation is applied
on the superfluid. The reason for difficulties of observing the condensate in
Helium is the strong iteraction of the atoms with each other. This also leads
to a large difference in quantity of the superfluid and the condensate fraction.
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In 1995, Wieman and Cornell, and Ketterle have Bose-Einstein condensed
Rubidium and Sodium respectively. In these cases the interactions are much
weaker. This was possible by using so-called lasercooling followed by evapo-
rative cooling. In a first step the alkalimetal is melted and evaporated. The
hot steam leaves the oven through an orofice and forms an atomic beam. A
laser is shine against the atomic beam. The laser light is diffracted which
slows down the atoms. The atoms arrive in a ultra high vaccum chamber in
which six lasers from six sides are shining against the atoms. Together with
a weak magnetic field these lasers trap the atoms. The atoms are cooled to a
few hunderd µK Since the lasers also heat the atoms, the atoms are transfered
to an strong magnetic or optical trap and the cooling lasers are switched off.
The next step is similar to blowing over a cup of coffee that we wish to cool.
The hottest atoms will leave the trap and the atoms that are left cool down.
Similar to to blowing over the cup of coffee, we can force this process. At
temperatures below 1 µK and a density of 1020 atoms/m3 a Bose-Einstein
condensation takes place. Usually with this process condensates of hunderd
thousand to a few millions atoms are produced. In Utrecht we produce up
to 300 million atoms in a Bose-Einstein condensate in a cigar shapped trap.
This allows us to do experiments that other groups cannot do. Examples are
experiments in quantum hydrodynamics and superfluidity or the propagation
of signals in ultrar-cold gases.

Hydrodynamics and transport

Hydrodynamics is a subfield in physics, where the properties of fluids and gases
are studied. Water and its properites is a good example. How does water flow
in a pipe? What happens if water is pressed through a constriction? How do
waves propagate in water? What determines the velocity of these waves? The
physical laws can also be applied to gasses, if they have a large enough density
and the container is large enough. Every gas or fluid consists of molecules.
These molecules collide with each other. If the density and the container are
so large that almost every molecule collides with another before reaching the
other end of the container then the gas is hydrodynamic. This also means
that sound waves can propagate in the gas or fluid. In everyday life, these
conditions are almost always met. Air and water are both hydrodynamic even
for very small containers. However, for experiments that are performed in
this and other thesises it is not trivial to have a hydrodynamic gas. Most
of these experiments are performed in the so called collisionless regime. In
that case the atoms can move several times across the trap without colliding
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with each other. At this point it should be mentioned that there are only
two essential differences between gas and fluids, namely their density and the
compressability. The density of fluids like water is so large, that is always
at the bottom of a container. Fluids can barely pressed to higher densities
and are therefore nearly incompressable. On the contrary gasses always fill
the entire container and are easy to compress. The latter is clear to everyone
who has pumped the tire of his or her bicycle. Because of the compressability,
ultra-cold gasses are not only interesting because the interactions are weak.

The next word in the title of this thesis is transport. Transport in physics
is not about how to send a package from A to B but local physical quantities
like density pressure heat and other less known quantities like charge and spin.
Spin is the angular momentum of an object that turns around an axis through
its center of mass. Therefore an atom or particle turns around its own axis
and has a quantised angular momentum. The origin of the mechanism that
is causing the transport of a quantiy depends on the material in which the
quantity is measured. For instance if a voltage is applied on a metal rod then
a current flows. The current is a transport of charge, that is in this case the
electrons in the metal. However, if a voltage is applied accross a bucket of salt
water, then the current consists of positiv and negative ions. In this thesis
among other things we are trying to understand how the spin of the atoms in
a gas is tranported.

Content of this thesis

In chapter two a detailed description is given how we cool sodium atoms
to nearly absolute zero temperature and how we measure these cold clouds.
We emphasize the necessary conditions for hydrodynamic experiments, the
properties of sodium, the laser system, the oven as well as the magnetic and
the optical trap.

In chapter three the application of phase contrast imaging as developed by
Zernike is described for accurate or non-destructive measurements. Usually
condensates or to be more precise their shadow is imaged only once. The
absorbed light destroys the condensate. It is shown where the technical lim-
its and what the consequences are when these limits are breached for phase
contrast imaging.

Chapter four discusses an experiment, in which a condensate is stirred with
a laser beam. Since the condensate, following some physical considerations,
cannot turn as whole, many little tornados appear instead that take the an-
gular momentum in descrete quantitites. The aim of this experiment is to see
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whether the thermal cloud with a finite angular momentum can transfer the
angular momentum to the condensate. To realize this experiment we slowly
formed the cigar shaped trap into a sphere.

In chapter five it is described how the condensate is locally heated. The
heat transport is observed and interpreted as first sound. First sound is the
sound mode that we hear in everyday life. Since the density in the experiment
is so low this has never been observed under similar cicumstances as in the
experiment. The special thing of first sound in ultra-cold gasses where a Bose-
Einstein condensate exists is that this sound is not a pressure or density wave
but rather a heat wave. Second sound, however, is a density wave in the
condensate and has been measured in this experiment for the first time.

In chapter six an experiment is described, which is performed in the tran-
sition between the hydrodynamic- and the collisionless regime. By suddenly
opening the trap in the axial direction, strong, steep, and radial density mod-
ulations are found. We try to understnad these modulations and find that
they only exist in the axial hydrodynamic and radial collisonless clouds.

The last chapter describes an experiment where a gas is pulled through
another gas. The interactions between these gasses cause a that one gas is
dragging the other gas. There is friction between these gases. By approach-
ing the phase transition to Bose-Einstein condensation the dragging force is
enhanced which is observed and measured. To realize two different gasses, we
use two different inner states of the sodium atoms. The atoms differ in their
spin. Because of this it is also called “spindrag”, which is measured in solid-
state physics in the electron gasses of materials. Spindrag is very important
in the field of so called spintronics, where the focus lies on transport of spin
rather than charge. In these experiments spindrag decreases with decreasing
temperature, since electrons are fermions and collisions between the two gasses
are therefore suppressed.
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