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A B S T R A C T

The three experiments described in this thesis investigate the fun-
damental properties of ultracold atoms. Using laser cooling and
evaporative cooling, a dilute gas of sodium atoms is cooled to
∼ 100 nK. Under these circumstances a Bose-Einstein condensate
(BEC) forms, where millions of atoms collapse into the lowest en-
ergy state of the system and share a macroscopic wavefunction.
The experiments are done in an ultrahigh vacuum and the atoms
are manipulated remotely using laser beams, magnetic fields, and
RF-fields. Using ultracold atoms allows unprecedented control over
the internal and external degrees of freedom of the system, making
it very suitable for precision measurements. Ultracold atoms also
serve as a model system for more complicated or remote fields
such as solid-state physics and cosmology.

In the first experiment the refractive index of an ultracold bosonic
gas is studied.The atomic clouds are analysed for temperature and
number of particles using nearly non-destructive phase-contrast
imaging. After each pulse of probe light a small fraction of the
atoms is lost, while the cloud is simultaneously slightly heated.
This makes it possible to study the scattering rate as a function of
temperature using only a single sample. It is observed that the scat-
tering rate increases by more than a factor of 3 below the critical
temperature for BEC compared to the classical value. The results
are in good agreement with the predictions by theoretical work
that takes two-body correlation and the Lorentz-Lorenz correction
into account. The method is also used to perform calorimetry on
the Bose gas and directly measure the heat capacity of the BEC.

The second chapter deals with magnetism in ultracold gases.
When cooling an ultracold gas containing different spin compo-
nents below the critical temperature for BEC, stable magnetic do-
mains form. The appearance of these domains and the dynamics
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of the domain walls are studied. The spin mixture is prepared by
applying an RF-sweep to ground state atoms in the presence of a
magnetic field. Spin dynamics are induced by applying magnetic
gradients. Spin drag, which is the transport coefficient responsi-
ble for the damping of spin currents, was measured in a two-
component system. Furthermore, a new method for spin-resolved
phase-contrast imaging is presented, which is used to study time
evolution in situ non-destructively.

The last experiment focuses on spontaneous symmetry breaking.
When passing a continuous phase transition, spontaneous sym-
metry breaking causes the development of domains with an in-
dependently chosen order parameter. The domains are separated
by boundary defects. In this experiment the spontaneous creation
of solitons was observed, which are boundary defects in the phase
of the condensate, as well as magnetic domain walls, which are the
boundary defects in the magnetisation. Through the Kibble-Zurek
mechanism it is possible to determine the critical exponents that
characterize the phase transition. The critical exponents are pre-
dicted to be universal, i.e. they do not depend on the microphysics
of the system, so the results from our ultracold atoms lab can help
answer universal questions from for example cosmology and from
the early universe.
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1
I N T R O D U C T I O N

The work described in this thesis is part of the research field of ul-
tracold atoms and Bose-Einstein condensation, a field which origi-
nated in the 1970s and 80s when scientists discovered how to cool
atoms using lasers. The basic principle is to selectively transfer mo-
mentum from the laser light to the atoms in order to narrow the ve-
locity distribution. This idea was proposed in independent papers
by Ted Hänsch and Arthur Schawlow [1], and by Dave Wineland
and Hans G. Dehmelt [2], both in 1975. In 1978, Dave Wineland and
his colleagues managed to cool magnesium ions to below 40 Kelvin
in an experiment [3]. They used laser light that was tuned slightly
below resonance so that for particles moving towards the beam,
the frequency becomes Doppler shifted towards the resonance fre-
quency. This causes the particles to selectively absorb photons in
the direction opposite to their velocity, slowing them down.

In 1982, William Phillips and Harold Metcalf published the first
paper on laser deceleration of neutral atoms, where they use a
magnetic field that is large at the entrance of the apparatus and
gradually becomes smaller [4]. This configuration, now known as
the Zeeman slower, keeps the atoms resonant with the laser light
as they are slowed down by compensating the change in Doppler
shift by a Zeeman shift caused by the magnetic field. Then in 1987

Steven Chu and co-workers showed that atoms can be trapped as
well as cooled using radiation pressure in combination with a mag-
netic field in a magneto-optical trap (MOT) [5].

Laser cooling techniques kept being improved and by 1988 a tem-
perature of 40 microKelvin was reached [6], a million times lower
than ten years earlier. The temperatures achieved in this experi-
ment were much lower than expected. Claude Cohen-Tannoudji’s
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2 introduction

group was able to explain the anomalous low temperatures by con-
sidering multiple atomic states and specific polarisations of the
light [7]. The enormous progress led to improvements in precision
measurements, among which the accuracy of atomic clocks, and
paved the way for new physics at even lower temperatures.

After evaporative cooling was added to the arsenal of cooling
techniques, it did not take long before one of the long-standing
goals in the field of cold-atoms was achieved: the realisation of
Bose-Einstein condensation (BEC). In nature there are two classes
of particles, bosons and fermions, which obey Bose-Einstein and
Fermi-Dirac statistics respectively. Fermions are restricted by Pauli’s
symmetrisation principle from occupying the same state, while this
process is stimulated in the case of bosons. At very low tempera-
tures, a macroscopic population of bosons can condense into the
lowest energy quantum state of a system, forming a BEC. This
phenomenon was proposed by Satyendra Nath Bose and Albert
Einstein in 1924 [8, 9], hence the name.

BEC was observed in a dilute atomic gas for the first time in
1995 by Carl Wieman and Eric Cornell and co-workers in a rubid-
ium gas at 170 nanoKelvin [10], and independently in a sodium
gas in the group of Wolfgang Ketterle [11]. Soon after, BEC was
also reported for lithium atoms [12] and up to now BEC has been
obtained for more than 15 different isotopes.

The behaviour of an atomic gas changes drastically when it passes
the phase transition to Bose-Einstein condensation. Above the crit-
ical temperature, the distribution is mainly determined by the ki-
netic energy and interactions of the individual particles, while in
the condensate the atoms can collectively be described by a single
wavefunction. The realisation of a gaseous BEC has thus opened
a window into the quantum world, offering a system where fun-
damental quantum mechanical effects can be studied on a macro-
scopic scale. For example, the particle-wave duality can be made
visible on a millimeter scale by letting two expanding BECs inter-
fere [13]. Other examples are superfluidity [14, 15] and the appear-
ance of quantised vortices [16, 17].

Furthermore, the level of experimental control over the degrees
of freedom in the system is unprecedented. The potential land-
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scape can be custom-made using magnetic fields and laser light in
all dimensions, the interactions between particles can be tuned [18],
and also the internal degrees of freedom of the atom can be ma-
nipulated. This makes ultracold atoms very attractive as a model
system to simulate interesting phenomena in other fields such as
solid state physics or cosmology, where it is difficult to do well
controlled experiments. Using counterpropagating laser beams, a
periodic potential can be made resembling a crystal lattice with no
impurities and with variable well depth [19, 20]. Black holes have
been modeled using BECs [21], and light has been slowed to 17
m/s in an ultracold atomic gas [22]. The field is still expanding
rapidly and the number of applications will keep on growing.

The work described in this thesis belongs in both categories;
it studies fascinating fundamental quantum phenomena that ap-
pear when cooling a gas below the critical temperature of Bose-
Einstein condensation, but also addresses issues that have impor-
tant implications for other fields: the interaction between matter
and electro-magnetic radiation, spontaneous symmetry breaking
processes, and magnetism. Working with ultracold atoms allows
us to study these universal phenomena in a well controlled en-
vironment. Central themes in the thesis are the non-destructive
measurement of the time evolution of dynamic systems, and the
formation of domains in the process of spontaneous symmetry
breaking. The measurements have all been performed in a single
setup. The components responsible for reaching the conditions for
Bose-Einstein condensation in a dilute atomic gas, in itself a siz-
able experimental challenge, are the same for each experiment. By
making a limited number of technical adjustments it is possible to
switch between the different systems that have been investigated.

The work is presented as follows: Chapter 2 describes the exper-
imental setup in Utrecht which can produce sodium BECs with a
record number of 300 · 106 condensed atoms. The advantage of hav-
ing a large number of particles is that measurements can be done
in the hydrodynamic regime, where both the thermal cloud and
the BEC are in local equilibrium, while most other experiments are
in the collisionless regime. This makes it possible to locally define
thermodynamic quantities and study transport processes within
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the sample. All the historical milestones described earlier, such as
the Zeeman slower and the MOT, are also discussed here.

Chapter 3 describes an experiment where we determine how the
refractive index of an atomic cloud is modified by the long-range
correlations that exist in a BEC. Using near-resonant light and
phase-contrast imaging, the sample is simultaneously measured,
and slightly heated and depleted. By taking 100 shots of the same
sample in series, the effect of atom-light interactions is measured
over a wide range of conditions using a single sample. We find that
the pair correlation function of the BEC significantly changes the
properties of the system. The results also enable us to determine
the heat capacity.

Chapter 4 covers the spontaneous formation of magnetic do-
mains in a mixture of two spin components below the critical tem-
perature. In a thermal cloud the two spin components remain uni-
formly mixed, but below the phase transition the system becomes
immiscible. A novel imaging technique is introduced which allows
for spin-dependent non-destructive imaging of magnetic domains
in situ, and this is employed to measure the spin conductivity of
the system dynamically.

Finally, chapter 5 treats the non-equilibrium dynamics of sponta-
neous symmetry breaking in second order phase transitions. When
passing the critical point at a finite rate, domains form where the
value of the order parameter is chosen arbitrarily. At the positions
where these domains meet, a mismatch in the order parameter will
arise and a defect is formed. We consider two situations. In one
case, where all atoms are in the same spin state, the order param-
eter is the phase of the condensate wavefunction and the defects
are dark solitons. In the other case we have a mixture of spin com-
ponents, where the order parameter is the magnetisation and the
defect is a magnetic domain wall. The Kibble-Zurek mechanism
predicts that the number of defects depends on the rate at which
the phase transition is passed according to a power law contain-
ing the universal critical exponents, and this is confirmed by the
experimental results.



2
E X P E R I M E N TA L S E T U P

2.1 introduction

The experiments described in this thesis are performed at extreme
conditions in terms of vacuum pressure and temperature. In or-
der to study the effects of quantum statistics in an atomic gas, the
temperature must be very low. In the high temperature limit, all
systems obey the classical Maxwell-Boltzmann distribution. How-
ever, at sufficiently low temperatures the quantum nature of the
particle becomes important, bosons start to behave differently from
fermions, and the distributions take a different shape. For bosons,
the relevant temperature is the critical temperature associated with
the phase transition to Bose-Einstein condensate. For typical den-
sities achievable in the lab, this temperature is several hundreds of
nanokelvin (while at the extremely high density of a white dwarf,
quantum statistics already becomes important at a temperature of
thousands of Kelvin). It requires a sizable experimental effort to
achieve this temperature and to keep the atoms stable under these
conditions. First of all, the sample must be thermally isolated from
the surroundings, which are at room temperature. This is achieved
by creating an ultra high vacuum (UHV) where the pressure in the
experimental chambers is as low as 10−12 mbar.

To cool the atoms, several techniques are applied in series. First
of all laser cooling is employed, where momentum is transferred
from the light field to the atoms selectively in the direction oppo-
site to their velocity in order to slow them individually, and cool
the gas as a whole. Subsequently, the gas is evaporatively cooled.
This technique exploits the fact that in an equilibrium distribution
not all particles carry the same energy, and there is even a finite
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chance to find a particle with an arbitrarily large energy. By re-
moving all particles which carry for example 10 times the average
energy, one can remove a lot of energy without losing many parti-
cles. In the process of rethermalising to the new equilibrium tem-
perature, more atoms will attain such a large energy, and they can
be removed as well. This process can be continued until the gas
has reached the desired temperature.

In this chapter the experimental setup necessary to perform these
cooling steps is described, as well as other aspects of the experi-
ment, such as imaging, trapping, and spin preparation.

2.2 properties of
23

na

The atom which is used in all of the experiments described in this
thesis is 23Na, the only stable isotope of sodium, which is the sec-
ond element in the group of alkali metals. Alkali metal atoms are
commonly used in laser cooling and trapping experiments because
of their suitable electronic structure. The transitions between the
3

2S ground state and the 3
2P excited state are historically des-

ignated as the Frauenhof D-lines. The 3
2P is split into the fine-

structure doublet 3
2P J=1/2 and 3

2P J=3/2, because of the coupling
between the orbital angular momentum of the outer electron L and
its spin angular momentum S. Here J = L + S is the total electron
angular momentum which runs from |L − S | ≤ J ≤ L + S, where
L = 1 for a p-orbital and S = 1/2 for an electron, all in units of
h̄.

Each of the levels also has a hyperfine structure as a result of
the coupling between the magnetic dipole moment of the nuclear
spin I, and J. The total atomic angular momentum is given by
F = I + J, where F can take the values from | J − I | ≤ F ≤ J + I ,
and I = 3/2. This gives rise to the level scheme in Figure 2.1.
The optical properties of the D-line transitions and other sodium
properties are given in Table 2.1.
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Figure 2.1: The hyperfine splitting of the 32S1/2 ground state and the
32P3/2 excited state of sodium and the corresponding tran-
sition frequencies. The wavelength is given for vacuum. All
values are taken from Ref. [23].
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Atomic number Z 11

Total number of nucle-
ons

Z + N 23

Atomic mass m 22.989 769 280 7(28) u

Melting point TM 97.80
◦C

Nuclear spin I 3/2

Frequency ω0 2π · 508.848 716 2(13) THz

Wavelength (vacuum) λ 589.158 326 4(15) nm

Lifetime 3
2P3/2 τ 16.2492(77) ns

Natural linewidth
(FWHM)

Γ 2π · 9.7946(46) MHz

Saturation intensity cy-
cling transition

Isat 6.2600(21) mW/cm2

Recoil velocity vr 2.9461 cm/s

Recoil energy Er 2π· 25.002 kHz

Doppler temperature TD 235.03 µK

Magnetic dipole con-
stant, 32S1/2

Ah f s h· 885.813 064 40(50) MHz

Electron spin g-factor gS 2.002 319 304 3622(15)

Electron orbital g-
factor

gL 0.999 976 13

Nuclear g-factor gI -0.000 804 610 80(80)

s-wave scattering- a0 48.91(4)aB

lengths a2 54.54(2)aB

Bohr radius aB 5.291 772 108 2(17)·10−2 nm

Table 2.1: Sodium properties (32S1/2 → 32P3/2)
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2.3 laser system

Laser cooling works by selectively transferring momentum from
the light field to the atoms. However, the atom must scatter tens
of thousands of photons in the process, so it is necessary to use a
closed optical transition. The 3

2S1/2, Fg = 2 → 3
2P3/2, Fe = 3 (cy-

cling) transition is closed, except for some off-resonant scattering
to the Fe = 2 excited state at low magnetic fields. From the Fe = 2
state the atoms can decay into the Fg = 1 ground state. These atoms
are returned to the cycling transition via the 3

2S1/2, Fg = 1 →
3

2P3/2, Fe = 2 transition, a process often referred to as repumping.

Since these two transitions are about 1.8 GHz apart, two separate
lasers are required to generate the light. During most of the work
in this thesis, two single frequency ring-dye lasers were used, but
these have recently been replaced by two Toptica TA-SHG Pro laser
systems. The dye lasers are fully described in Refs [24, 25]. The
Toptica TA-SHG Pro is a modular laser system containing a high
power diode laser which delivers 80 mW of 1178 nm light and has
a bandwidth of about 1 MHz. This light is amplified in the tapered
amplifier (TA), boosting the power to over 2 W. The infra-red light
is frequency doubled using second harmonic generation (SHG) in
a non-linear crystal in a resonant cavity, resulting in an output
power of 1.2 W of 589 nm light. The laser is locked using a vapour
cell containing sodium as a reference, using frequency modulated
saturated absorption spectroscopy [26]. A schematic overview of
the laser design is shown in Figure 2.2.

The laser light created this way is split into multiple beams using
polarising beam splitter cubes. The beam powers can be adjusted
using λ/2-waveplates. The light is passed through acousto-optic
modulators (AOMs) in order to generate the correct frequencies
and is coupled into polarisation-maintaining optical fibers mounted
in a fiber-port. The optical setup is shown in Figure 2.3, including
the frequencies at which the AOM’s are operated.
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Figure 2.2: Schematic representation of the Toptica TA-SHG Pro laser.
1178 nm light is generated in the DL 100 Pro, which is then
amplified in the TA and frequency doubled in the SHG cavity.

2.4 generating cold atoms

2.4.1 The oven

The source of the sodium atoms used in the experiment is a 50
gram solid bar of sodium that is placed into a cylindrical vacuum
chamber, which consists of nw-35 conflat parts. The chamber is
heated to create a sodium vapour. The vapour can exit the cham-
ber through two diaphragms, forming a collimated atomic beam
with an average velocity of 800 m/s. The chamber located between
these two diaphragms is known as the second chamber. It is con-
nected to the first chamber by a 6 mm-diameter tube, allowing the
atoms, which have a divergence that is too large to pass through
the second diaphragm, to flow back and be recycled.
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Figure 2.3: Schematic representation of the laser setup [27]. The bottom
laser is locked to the Fg = 1 → Fe = 1, 2 cross-over and pro-
duces the repump beams, probe beam and spin polarisation
beam. The top laser is locked to the Fg = 2→ Fe = 3 transition
and produces the laser beams that drive the cycling transition.
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beam power AOM detuning transition

(mW) (MHz) (MHz)

Zeeman >180 -257 -337 2→ 3

Zeeman repump 20 -228 -308 1→ 2

MOT XY 20 67 -13 2→ 3

MOT Z 6 66 -14 2→ 3

MOT repump 5 97 0 1→ 2

Probe abs. 0.01 -110 + 2·87.5 0 1→ 1

Probe PCI 0.05 -110 - 2·87.5 -350 1→ 1

Spinpol 5 90 27 1→ 1

Table 2.2: Specifications for all laser beams in the experiment.

2.4.2 Zeeman slower

At a temperature of 295 ◦C, which is the usual operating tempera-
ture, the oven provides a flux of 6 · 1012 atoms/s [28]. This can be
increased to 1.5 · 1013 atoms/s at an oven temperature of 325 ◦C.
In order to load these atoms into the magneto-optical trap (MOT),
their velocity must be lower than the capture velocity of the MOT,
which is about 40 m/s. To increase the fraction of atoms that ful-
fill this criterium, the beam is slowed down using a Zeeman slower.

The atoms are decelerated by momentum-transfer from a counter-
propagating laser beam tuned to the cycling transition. At the start
of this process the atoms are moving at a large velocity, and have
a large Doppler shift. As they decelerate the Doppler shift will
decrease, shifting the resonance frequency in the lab frame. To
compensate for this, the magnetic coils of the Zeeman slower pro-
duce an inhomogeneous magnetic field such that the change in
Zeeman shift over the length of the Zeeman slower exactly can-
cels the change in Doppler shift, keeping the atoms resonant with
the applied laser beam. This design causes the Zeeman slower to
work for only a single velocity class at every position. This has
the effect of narrowing the velocity distribution. At first only the
fastest atoms are decelerated, and as the beam progresses down
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the slower, the velocity criterium is lowered and also atoms with a
lower initial velocity start being slowed. Effectively this sweeps all
atoms into the same velocity class, thus lowering the longitudinal
temperature.

To ensure that no atoms are lost from the cooling transition in
the low magnetic field region, some repump light is mixed into
the Zeeman beam using an Electro-Optical Modulator (EOM) op-
erating at 1713 MHz. In the new laser setup this is done using a
separate repump beam.

The flux of slow atoms after Zeeman slowing is approximately
8 · 1010 atoms/s at 70 m/s or 2 · 1010 atoms/s at 20 m/s [28]. This
value is determined in a double pass absorption measurement un-
der an angle of 45 ◦. From the amount of absorption the cold atomic
flux can be calculated, and from the Doppler shift the velocity of
the atoms is determined. The cold flux can be increased by using
more power in the Zeeman laser beam or by raising the tempera-
ture of the oven, but not indefinitely since this increases the back-
ground pressure, and the hot flux has a negative influence on the
trapped atoms in a later stage of the experiment.

2.4.3 Magneto-optical trap

The slowed atoms are captured in the magneto-optical trap (MOT),
which consists of three circularly polarised retroreflected laser beams
(one pair for every spatial dimension), a repump beam containing
a dark spot, and a magnetic quadrupole field. The main beams
are detuned slightly below the cycling transition resonance fre-
quency. The x and y-beams are produced in the same AOM with
δ = −1.4 Γ, while the detuning of the z-beam is δ = −1.3 Γ, with
Γ the natural linewidth. This small difference is applied to prevent
the beams from forming a static optical lattice in the overlap re-
gion. The combination of Doppler shift and Zeeman shift causes
the atoms to be cooled and confined by the radiation pressure [29].

Atoms that are scattered to the Fg = 1 state are returned to
the cycling transition by the repump beam, which is tuned to the
Fg = 1→ Fe = 2 transition. Note that previously in this experiment
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the Fg = 1 → Fe = 1 transition was used for repumping, but this
was not optimal. The center part of the repump beam is blocked by
a 12 mm opaque disc to create a dark-spot MOT. By removing the
repump light from the center region of the MOT, the atoms will
fall back to the Fg = 1 dark state and this reduces the radiation
pressure in the center of the trap, allowing for higher densities and
thus higher atom numbers. The lower limit for the temperature in
a sodium MOT is in the order of the Doppler temperature.

2.4.4 Transfer to the magnetic trap

To cool the gas further it is transferred to a magnetic trap (MT)
in a cloverleaf configuration after being spin polarised, since only
the F = 1, mF = −1 state is magnetically trapped. The trap has
cylindrical symmetry and depending on the currents through the
various coils, it can have an aspect ratio between 64 (cigar) and 0.5
(poffertje). The radial confinement is created by the cloverleaf coils,
and the axial confinement is made by the combination of the pinch
and bias coils. The latter are two sets of circular current loops of
different size and with an opposite direction of current flow, such
that the magnetic field cancels in the center of the vacuum cham-
ber, but the curvature does not. This creates a local minimum in
free space where the magnetic field is zero. In such a zero-crossing
the spin orientation is no longer defined relative to the direction
of the magnetic field causing Majorana flops, which lead to losses
from the trap [30]. To prevent this, a homogeneous field is added
to the configuration such that there is still a local minimum, but it
is not zero. The magnitude of this field is referred to as the bottom
of the trap and it determines the exact trap shape. At full confine-
ment, the magnetic field creates a harmonic potential with radial
frequency ωrad = 2π · 96 Hz and axial frequency ωrad = 2π · 15
Hz. These frequencies can be determined by inducing a dipole os-
cillation in a cloud of atoms and measuring its frequency using
phase-contrast imaging (see section 2.5.2). Further details of the
MT can be found in Ref. [31].
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2.4.5 Evaporative cooling

The process of evaporative cooling is based on selectively remov-
ing atoms with an energy above a certain threshold value εc from
the ensemble, while rethermalising collisions keep producing more
atoms with such a large energy. The higher this threshold energy
is chosen, the more efficient the cooling process is, but it is also
slower, since the chance of producing an atom with a larger energy
decreases exponentially. As the temperature of the cloud becomes
lower, the criterium for evaporation can be adjusted accordingly.
Adjusting the threshold value can be arranged by making the con-
fining potential weaker or stronger, or by actively targeting atoms
in a certain energy class. The latter is called forced evaporation and
is used in this experiment, since this allows us to keep the confin-
ing potential constant. Selectively removing the highly energetic
atoms is achieved here by using an RF-field to drive the transition
between the magnetically trapped |F = 1, mF = −1〉 state and the
untrapped |F = 1, mF = 0〉 state. The resonance frequency of this
transition depends on the magnetic field strength due to the differ-
ence in Zeeman shift for both states:

h̄ ωRF = gF ∆mF µB B, (2.1)

where h̄ is the reduced Planck’s constant, ωRF is the frequency of
the RF-field, gF is the hyperfine Landé g-factor, mF is the magnetic
hyperfine quantum number of the state, µB is the Bohr magneton
and B is the magnetic field strength. The RF-frequency is chosen
such that the atoms, which have enough energy to travel into the
region of large magnetic field, become resonant with the RF-field
and are spin-flipped and removed from the trap.

The magnetic potential for the atoms is given by gF mF µB B but
since the center of the trap is not at B = 0, this can be rescaled to
V(~r) = gF mF µB (B(~r)− B0), with B0 the trap bottom. The evapo-
ration parameter η is defined as the ratio between the trap depth
and the temperature,

gF mF µB (B∗ − B0) = η kB T, (2.2)

where B∗ is the value of the threshold magnetic field where atoms
are removed from the trap, which depends on the RF-field that is
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applied. As the RF-frequency changes, so does B∗. The parameter
η is important when applying evaporative cooling, as it indicates
how many times the average energy a particle must have in order
to be removed from the trap. The value of η is typically between 6
and 10, depending on how fast the cooling procedure is performed.
It is generally most efficient to keep η constant during the whole
cooling stage. This leads to an expression describing the efficiency
of the evaporative cooling

Ṫ/T = α Ṅ/N, (2.3)

where α = 1
3 (η − 2) in the absence of any other loss mechanisms.

In the experiment there are also background losses and three-body
recombination, leading to a reduction of α. Optimising α is done
experimentally and it typically has a value of around 1.5.

An important benchmark in the evaporative cooling stage in our
experiment is the point at ωRF = 2π · 7 MHz, which is often used
for calibration. For successful experiments at large aspect ratios it
is necessary to have at least 2 · 109 atoms at this point, which corre-
sponds to an optical density of 3.0 in an absorption measurement
after a time of flight of 25 ms. A full measurement of the number of
particles versus temperature can be found in Refs. [25, 24]. When
lowering the RF-frequency enough, a Bose-Einstein condensate is
created at a temperature of approximately 1 µK. The gas can be
cooled further to increase the condensate fraction.

2.4.6 Optical dipole trap

Maxwell’s equations state that a local magnetic maximum in free
space is not possible and a trapping potential based on a local min-
imum in the magnetic field only works for low-field seeking states,
where gF mF > 0. So for experiments with multiple spin states (dif-
ferent values of mF), a different trapping mechanism must be used.
For charged particles, the Coulomb interaction can be used for this
purpose. For neutral atoms in the µK region, a much weaker mech-
anism is already sufficient. Optical dipole traps rely on the inter-
action between far detuned light and the induced electric dipole
moment in the atom. The detuning is chosen such that the optical
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excitation is kept extremely low. The trapping mechanism is inde-
pendent of the sub-level of the electronic ground-state, making it
ideal for experiments on spin dynamics.

The optical dipole force arises from the dispersive interaction
of the induced dipole moment in the atom with the intensity gra-
dient of the light field [32]. Therefore an intensity maximum (or
minimum depending on the sign of the detuning ∆) in free space
can be used for atom trapping. The interaction potential is given
by

Udip = − 1
2 ε0 c

Re(α) I, (2.4)

while the scattering rate is

Γsc =
1

h̄ ε0 c
Im(α) I, (2.5)

where I is the light intensity and ε0 is the vacuum permittivity.
Thus the potential energy of the atom is proportional to the real
part of the polarisability α, while the absorption results from the
imaginary part of α. When the atom is considered in Lorentz’s
model of a classical oscillator and the rotating wave approximation
is applied, these expressions simplify to

Udip =
3 π c2

2 ω3
0

Γ
∆

I (2.6)

and

Γsc =
3 π c2

2 h̄ ω3
0
(

Γ
∆
)2 I. (2.7)

From this result it can be seen that the dipole potential scales as
I/∆, while the scattering rate scales as I/∆2. Therefore a large de-
tuning is used in combination with a high intensity to keep the
scattering as low as possible for the desired trap depth. For the
more complex expressions for the trap potential and the scattering
rate for multi-level atoms, see Ref. [32].
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In the experiments described in this thesis, a beam of 1070 nm
laser light is used, focussed to a waist w0 = 48 µm. The Rayleigh

length is given by zR =
π w2

0
λ = 6.8 mm. Since this is much larger

than the waist of the beam, the potential is cigar shaped with an
aspect ratio of approximately 200. At a power of 3 W the trap depth
is around 40 µK. To efficiently transfer the atoms to the dipole trap,
they must be colder than 4 µK, corresponding to an evaporation
parameter η of 10. Subsequently, the trap depth can be lowered
by reducing the laser power for further evaporation. The optical
dipole trap is intensity stabilised by a feedback loop containing an
AOM, a PID controller, a reference signal from the computer, and
the signal of a photo diode measuring the actual light intensity in
the experiment. The power of the diffracted beam in the AOM is
controlled by the output of the PID controller, which compares the
reference signal to the signal of the photo diode. An AOM is very
fast (a response time in the order of nanoseconds), so this method
can compensate for fluctuations caused by mechanical vibrations
or thermal effects.

2.5 imaging

Different imaging techniques can be used depending on the spe-
cific requirements of the experiment. To study the conditions in
the MOT and just after transferring to the MT, fluorescence imag-
ing can be used. This comprises pumping the atoms into the Fg = 2
state using the repump beam and then driving the cooling transi-
tion, while recording the light generated by spontaneous emission
on the CCD chip. This signal is a measure for the number of atoms,
but has to be calibrated using a different technique in order for it
to be quantitative. However, for optimisation purposes it is very
useful. The two techniques, which give absolute atom numbers
and are used for most experiments, are absorption imaging and
phase-contrast imaging (PCI).
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2.5.1 Absorption imaging

In absorption imaging a beam of resonant light is shone onto the
atoms and imaged on the CCD chip. Some of the light will be scat-
tered by the atoms and will therefore be removed from the beam,
casting a shadow on the camera (Andor iXon 885). This process is
described by Lambert-Beer’s law

I = I0 e−
∫

σ ρ dx ≡ I0 e−OD, (2.8)

where σ = Cg,e
3 λ2

2 π is the cross section with Cg,e the relative tran-
sition strength from the ground state g to the excited state e, ρ

is the atomic density and OD is the optical density. Since images
from the camera are two-dimensional, it is not possible to measure
the 3-D density directly, but only the column density. This can be
calculated as

ρcolumn = OD/σ = −log(I/I0)/σ. (2.9)

Since σ is a known property of the transition, we need to deter-
mine the quantity I/I0, which is known as the transmittance. This
quantity is measured by taking 3 images in series. The first is an
exposure with the probe beam on and with the atoms in the beam
path. This image (Iatoms) contains the probe beam profile and the
shadow cast by the atoms. The second image (Iprobe) is taken when
the atoms are no longer there. This image contains only the pro-
file of the probe beam. The last image (Ibackground) is taken with the
probe beam turned off to measure the contribution of background
sources. The images are used to construct the transmittance as

T = I/I0 = (Iatoms − Ibackground)/(Iprobe − Ibackground). (2.10)

From the transmittance, the column density can be determined for
each pixel on the camera. Taking the sum over all pixels gives the
total number of atoms.

In most cases some assumption can be made about the den-
sity distribution, for example a Maxwell-Boltzmann distribution at
high temperatures, or the Thomas-Fermi profile for a pure BEC. A
2-dimensional fit can then be made using the distribution function
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as a fit function and with only two free parameters: the tempera-
ture and the total number of particles. This method determines the
equilibrium properties of the system as a whole and is much less
susceptible to noise.

Absorption imaging is not sensitive to power fluctuations since
the optical density is a relative quantity, when the probe intensity
is much lower than the saturation intensity. However, it is sensi-
tive to frequency fluctuations of the probe light on the MHz scale,
since the absorption cross section depends on the detuning from
the atomic resonance, which has a Lorentian shape with a width of
Γ = 10 MHz. This means the laser bandwidth must be lower than
1 MHz, and the frequency of the AOM’s must be accurate within
the same range, as well as the Zeeman shift due to stray magnetic
fields.

A second consideration for absorption imaging is the dynamic
range of the technique. Since the signal is proportional to e−OD, the
signal to noise ratio becomes too low for optical densities above 3.
In situ the optical density of a BEC is larger than 100, so before
imaging the cloud is released from the trap and expands to re-
duce the density. This procedure is called time-of-flight. When the
expanded size becomes much larger than the initial size, it repre-
sents the velocity distribution rather than the density distribution
of the original cloud. When the cloud is hydrodynamic, the atoms
can still interact during the expansion and the process becomes
more complicated.

2.5.2 Phase-contrast imaging

Absorption imaging is a destructive method which does not allow
measuring the dynamic evolution of a single system. One has to re-
produce the sample for every measurement in such a series. Since
this introduces shot-to-shot fluctuations and takes a lot of time, it
is preferred to use a non-destructive technique, which can be used
in situ. Phase-contrast imaging is such a technique [33].
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(a) (b)

Figure 2.4: a) An image of I/I0 using absorption imaging. At the posi-
tions, where the signal is 1, the transmission of the probe light
is 100% and there are no atoms. In the center of the image,
absorption by the cloud of atoms reduces the transmittance
almost to 0. b) An image of I/I0 using phase-contrast imag-
ing. In the peripheries of the image the signal is 1, φ = 0 and
there are no atoms. Towards the center of the image, the col-
umn density and φ increase and the signal first rises to 4 and
then decreases to 0, as is expected based on Equation (2.11).
In the center the density is largest, even though the signal is
low there.

Phase-contrast imaging is based on the phase shift, which is in-
duced by the refractive index of the atomic cloud. The light, which
has passed through the atoms, is let to interfere with the unper-
turbed light that travels around the atoms and is shifted by a con-
stant phase θ. In this way the phase shift induced by the atoms is
mapped on to an intensity profile, which can be measured on the
camera. This technique was invented by Frits Zernike, for which
he received the Nobel prize in 1953.

In our experiment we apply a constant phase shift θ = π/3 to
the unperturbed light, which gives the following relation between
the measured intensity on the camera and the induced phase φ

I/I0 = 2− cos φ +
√

3 sin φ. (2.11)
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The phase φ is related to the column density, which is the quantity
of interest, via the polarisability

φ(x, y) = k
α

2 ε0

∫
ρ(x, y, z)dy = k

α

2 ε0
ρc(x, z), (2.12)

where the integration is along the line-of-sight of the probe beam,
which is the vertical axis in the experiment. Since α is a complex
number, the phase φ(x, z) is too. The real part of φ, which is pro-
portional to Re(α), yields the phase shift induced by the atoms,
while the imaginary part proportional to Im(α) is associated with
scattering.

For large detuning from the atomic resonance the imaginary part
of α becomes very small, while the real part remains substantial.
This allows measuring the density distribution while hardly dis-
turbing the system, making it possible to perform multiple mea-
surements on a single sample. Also, since the dependence of I/I0

on φ is oscillatory, the signal to noise ratio does not become a prob-
lem for large densities as is the case for absorption imaging. This
makes it possible to do the measurements in situ.

2.5.2.1 PCI setup

To create a phase-contrast image, the plane containing the atomic
cloud must be imaged onto the camera, and the unperturbed part
of the probe light must be phase shifted by π/3. This is done by a
combination of two lenses and a phase spot, shown schematically
in Figure 2.5.

The combination of the two lenses magnifies the image by a fac-
tor of 3. The choice in focal length for the first lens is limited by
the fact that it has to be outside the vacuum chamber. The second
lens is chosen such that the resolution of a pixel on the camera be-
comes approximately the same as the diffraction limit, which gives
the highest level of detail possible in such a setup.

To create an accurate PCI image, the atoms must be exactly in fo-
cus with the camera, and the phase spot must be positioned in the
focal point of the unperturbed part of the probe beam. Alignment
is made easier by exploiting the effect of off-resonant defocus-contrast
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Figure 2.5: The optical path of phase-contrast imaging. The two lenses
image the sample onto the camera with a magnification of 3.
The unperturbed light is focussed by both lenses onto a phase
spot where a phase shift of π/3 is induced. The intensity pat-
tern created by interference is measured on the CCD camera.

imaging [34]. When removing the phase-spot, an off-resonant im-
age of the BEC is made. If the lenses are not aligned properly, the
plane that is imaged will be positioned either slightly in front or be-
hind the atomic cloud. The BEC itself deforms the wave front, and
this deformation will become visible as interference on the camera.
Only when the image plane lies exactly on the BEC, will the result-
ing image be uniformly flat. After the lenses are aligned perfectly
using this technique, the phase-spot can be aligned by moving it
into the focal point. Previously, we have seen that failure to prop-
erly align the lenses can cause a deformation of the PCI image and
a change in the apparent aspect ratio, which presents problems in
the analysis.

2.6 spin preparation

A number of experiments have been performed using multiple
spin states. Since the atom has nuclear spin I, orbital angular mo-
mentum L and electron spin S, the definition of a spin state is
slightly more complicated than for electrons in solid state physics.
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We consider the total atomic angular momentum F, where each of
the hyperfine levels contains 2 F + 1 magnetic sublevels mF. These
sublevels are degenerate in the absence of an external magnetic
field, but when such a field is applied, the energy of these states
become different. In the experiments described in this thesis the
states mF = −1, 0, 1 of the F = 1 ground state are used. Note that
L = 0 for the ground state.

The energy of these states can be calculated by diagonalising the
Hamiltonian

H = Hhyper f ine + HB = Ah f sS · I +
µB

h
(gS S + gI I) · B. (2.13)

The terms represent the hyperfine interaction, and the coupling be-
tween the electron spin and nuclear spin with the magnetic field.
Here gS and gI are the electron spin and nuclear g-factors that
account for various modifications to the corresponding magnetic
dipole moments, and Ah f s is the hyperfine structure magnetic dipole
constant. The value of gS is almost exactly 2 (see Table 2.1), and
the term gII ·B can be neglected because gI is very small. We write
the Hamiltonian as an 8x8 matrix, with a row for every possible
combination of mS = −1/2, 1/2 and mI = −3/2, −1/2, 1/2, 3/2.
The expression for the hyperfine splitting can be simplified as
S · I = sz iz + sx ix + sy iy = sz iz +

1
2 (s− i+ + s+ i−), with + and

− signifying the raising and lowering operators. The result is

H =



3 A
4 −

µB B
h 0 0 0 0 0 0 0

0 A
4 −

µB B
h 0 0

√
3 A
2 0 0 0

0 0 − A
4 −

µB B
h 0 0 A 0 0

0 0 0 − 3 A
4 −

µB B
h 0 0

√
3 A
2 0

0
√

3 A
2 0 0 − 3 A

4 +
µB B

h 0 0 0

0 0 A 0 0 − A
4 +

µB B
h 0 0

0 0 0
√

3 A
2 0 0 A

4 +
µB B

h 0

0 0 0 0 0 0 0 3 A
4 +

µB B
h


,

(2.14)

where the off-diagonal terms are the result of the raising and low-
ering operators. Here Ah f s is abbreviated as A and we take B = B ẑ.
The eigenvalues of this matrix are a function of B and give the en-
ergy of each magnetic sublevel. These are plotted in Figure 2.6. It
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is immediately apparent which states are high-field seekers, which
are low-field seekers and which states are insensitive to the mag-
netic field.

F=1

F=2

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

-2 ´ 109

-1 ´ 109

0

1 ´ 109

2 ´ 109

magnetic field HTL

e
n

e
rg

y
HH

z
L

Figure 2.6: The energy of the magnetic sublevels of the F = 1 and F = 2
ground states as a function of magnetic field. In the low field
regime, the hyperfine splitting is dominant and the Zeeman
shift is almost linearly dependent on the magnetic field. There
are 5 F = 2 states and 3 F = 1 states. At high magnetic field
the coupling between the electron spin and the magnetic field
dominates and the states assemble into equal groups of mS =
1/2 and mS = −1/2. At B = 0 we retrieve the hyperfine
splitting of 1.77 GHz.

2.6.1 Spin flipping

During the process of evaporative cooling in the MT, all atoms are
in the |F = 1, mF = −1〉 state, which is a low-field seeking. In or-
der to populate other spin states, we couple the different magnetic
states with an RF-field with frequency h̄ ωRF = ∆E. This is the
same procedure as the RF-flipping during the evaporative cooling,
but now the flipped atoms are not lost. In the low field regime
the energy difference ∆E between the magnetic sublevels in the
F = 1 ground state depends almost linearly on B, with the propor-
tionality constant of h

µB
· 0.7 MHz/Gauss. The RF-field is generated
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in a specially designed antenna with 10 windings located directly
against the window of the vacuum chamber. The antenna is res-
onant for frequencies around 3 MHz, and is driven by the signal
from a function generator, via an RF-amplifier.

The technique that is used for the spin preparation is a non-
adiabatic passage across the resonance. In a two-level system the
transition dynamics of such a process are described by the Landau-
Zener formula [35, 36]. This states that the probability of a diabatic
transition between the two states depends on how fast the pertur-
bation variable q is changed. In the experiment this corresponds
to either changing the magnetic field strength or the RF-frequency,
from below to above the resonant value (or the other way around).
For example, consider two states with energies −α q(t) and α q(t),
which are degenerate at q = 0. When there is a coupling Ω between
these states, the Hamiltonian is given by

H =

(
α q(t) Ω

Ω∗ −α q(t)

)
(2.15)

and the eigenvalues will have an avoided crossing at q = 0, as
illustrated in Figure 2.7.

When the parameter q(t) is changed at a constant rate v, such
that q(t) = v t, the Landau Zener formula yields the probability to
make the transition from the initial state to the other as

P = exp(−2 π
Ω2

2 h̄ α v
). (2.16)

This result can also be calculated numerically by solving the time-
dependent Schrödinger equation.

H Ψ = i h̄
∂Ψ
∂t

(2.17)

with Ψ = a1(t) ψ1 exp(−i E1(t) t/h̄) + a2(t) ψ2 exp(−i E2(t) t/h̄),
where ψ1,2 are the eigenstates of the Hamiltonian H with eigen-
values E1,2. The boundary conditions are taken as a1(−∞) = 1 and
a2(−∞) = 0. Figure 2.8 shows a1(t) a1(t)∗ and a2(t) a2(t)∗, which
represent the probabilities of being in state 1 or 2, as a function of
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Figure 2.7: Level crossing diagram for two states. The dashed lines show
the eigenvalues, when there is no coupling. These are called
the bare states. The solid lines represent the dressed states,
which correspond to the eigenvalues in the situation, when
there is a coupling between the states.

time as the system passes the resonance. The values used in the ex-
ample are Ω = 2, α = 2, h̄ = 1, and v = 5. The system is initially in
state 1 and after the passage through the resonance it evolves into
a superposition of both states. The faster the passage is performed,
the larger the part of the wavefunction that is transferred to state 2.
In this example the Landau-Zener formula predicts that the proba-
bility to end up in state 2 to be 0.28461, while the numerical result
for state 2 at t = ∞ is 0.28511, which is consistent within 0.2%.

In the F = 1 ground state that is used in the experiment there are
three spin states, where the energy as a function of magnetic field
is approximately linear, but there is a small quadratic contribution
which is not the same for the different states. This means the mF =

−1 → mF = 0 resonance is slightly shifted relative to the mF =
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Figure 2.8: The results of the numerical calculation of the time evolution
of the states as they are swept through the resonance. The sys-
tem starts in the blue state and, after some oscillations close to
the resonance, goes into a superposition where both red and
blue are non-zero. The final value of the red line corresponds
to the outcome of the Landau-Zener formula. The yellow line
shows the sum of the two probabilities, which remains ≈ 1,
showing the system remains properly normalised.

0 → mF = +1 resonance at a given magnetic field. This situation
can be modeled using the Hamiltonian

H =

α q(t) + δ/2 Ω1 0

Ω∗1 0 Ω2

0 Ω∗2 −α q(t)− δ/2

 (2.18)

where δ is called the quadratic Zeeman-shift, α is given by the lin-
ear Zeeman shift, and v and Ω are determined by the duration
and the amplitude of the RF-sweep. In the experiment this descrip-
tion corresponds to sweeping the RF frequency across the reso-
nance at a non-zero magnetic field. The three states in the Hamilto-
nian can be interpreted as the |1, 0〉 sublevel, the |1,−1〉 level plus
an RF photon, and the |1,+1〉 level minus an RF photon, where
the energy of the RF photon is the perturbation parameter that is
changed linearly in time. Two states that can be coupled will be-
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come degenerate when the RF-frequency is resonant, but due to
the quadratic Zeeman shift, the two resonances in this system lie
δ apart. Since the sweep is performed at a constant homogeneous
magnetic field, δ is a constant in this description.
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Figure 2.9: Level crossing diagram for three states. The dashed lines show
the eigenvalues when there is no coupling. These bare states
correspond to the magnetic sublevels mF = −1, 0, 1 of the
F = 1 ground state. The solid lines represent the dressed state
when the states are coupled by the RF-field. Far away from
the resonance the dressed states and the bare states converge.
It can be seen that you can transfer from one bare state to
another by following a dressed state. This principle is used in
the experiment to change the spin populations.

In Figure 2.9 the eigenvalues of this Hamiltonian are plotted as a
function of q(t). There are two resonances with two avoided cross-
ings. This figure illustrates the importance of the directionality of
the sweep. When the sweep is performed from low to high and
the system starts in the bare state mF = −1, following the red
dressed state across the resonance (adiabatic passage at very low
velocity) brings the system into the mF = 0 bare state. However,
when the sweep is performed from high to low, and the system
starts in the mF = −1, the blue dressed state is followed and the
system ends up in the mF = +1 bare state. The final state is deter-
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mined by the order in which the resonances are passed. Again, the
time-dependent Schrödinger equation can be used to calculate the
population of each state after the sweep. By choosing the proper
coupling strength, sweep velocity and sweep direction we can pre-
pare a 2 or 3-state superposition with any desired population ratio.

In the experiment the superposition state that is created by the
sweep quickly decoheres and a mixture is created where the pop-
ulation of each state is proportional to the probability of the wave-
function being in that state. The population of both spin compo-
nents in a 2-component configuration is measured as a function of
the sweep velocity at a constant RF amplitude by changing the
length of the RF-sweep that is sent to the antenna. Figure 2.10

shows the experimental results.
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Figure 2.10: The fraction of atoms transferred from the mF = −1 to the
mF = 0 spin-state as a function of sweep time for a set sweep
range. All the parameters in the Landau-Zener formula are
either known properties of the transition or can be controlled
externally. The coupling strength depends on the amplitude
of the RF-signal sent to the antenna and can be quantitatively
determined from this measurement.

The dependence of the spin flipped population on sweep veloc-
ity follows Equation 2.16 as expected and by fitting this Landau-
Zener formula we can determine the parameter Ω for each RF
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amplitude that is set. In principle the coupling strength can also
be calculated from the RF power that is emitted from the ampli-
fier. However, because the exact transmission properties and ge-
ometry of the antenna are not known precisely, it is difficult to
determine the absolute value of the amplitude of the RF-field at
the location of the atoms, and the amplitude that is sent to the
amplifier only serves as a relative measure. The measurement in
Figure 2.10 serves as a calibration of the coupling strength, and we
now have full control over all the parameters in the process of spin
preparation with a non-adiabatic sweep.

It is also possible to manipulate the spin of the atoms using RF
pulses at fixed frequency and at a constant homogeneous mag-
netic field. When subjected to a resonant oscillatory driving field,
a two-level quantum system will show cyclic behaviour. The sys-
tem will oscillate between the two bare quantum states with fre-

quency Ω =
√

Ω2
rabi + ∆2, where Ωrabi is the Rabi frequency and

∆ the detuning from resonance. By applying pulses with a length
that matches a fraction of the period of the Rabi cycle, such as a
π/2-pulse, the system can be brought into a well defined superpo-
sition. We have also used the pulse technique to prepare different
spin configurations, but it is found that the sweep method is more
robust and gives more reliable results, since it is less sensitive to
small variations in the magnetic field or the RF power.

2.7 controlling the experiment

All of the techniques described in this chapter have to properly
synchronised to be able to perform an experiment. The hardware is
centrally controlled from a computer, which runs a program based
on WordGenerator 3.14, developed at MIT [37]. The program has a
graphical user interface and controls a digital card with 32 chan-
nels (National Instruments PCI-6534) and an analog card with 8

channels (National Instruments PCI-6713), a direct digital synthe-
sizer (Novatech Instruments Inc. DDS8m, 100MHz), as well as the
camera. In the program, a time line can be created in which the
digital and analog channels can be programmed to perform a se-
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quence of actions. These channels are connected to the hardware
of the experiment. AOM’s, switches, shutters, and triggers are con-
trolled by digital channels, while the current through the magnetic
coils and the power of the laser beams is controlled by the analog
channels. The RF-signal for evaporative cooling is generated in the
DDS. When running the program, all time steps are evaluated in
series and all of the stages of the experiment will be executed with
a time precision of 10 µs.



3
E N H A N C E D L I G H T S C AT T E R I N G I N A
B O S E - E I N S T E I N C O N D E N S AT E

3.1 introduction

The interaction between light and matter is the subject of inten-
sive study in many disciplines, from cosmology to nanophotonics
and photovoltaics. Also in the field of ultracold atoms it is very
important to understand the interaction between atoms and light.
Resonant and near resonant light is used for imaging purposes,
and laser fields are used to manipulate the atoms, for example
in optical traps, Bragg pulses, Raman coupling, etc. In this chap-
ter we study the interaction between light and matter for a non-
condensed thermal cloud and for a BEC, which is an interesting
regime as it represents the transition to the situation where there
are more than one atom in a cubic wavelength, ρ λ3 > 1. In this case
the atoms no longer respond independently to electro-magnetic
radiation. Theoretical descriptions of the optical properties of de-
generate gases contain many approximations of which the validity
regimes are not always clear [38, 39, 40, 41, 42, 43]. Experimental
results are needed to shed more light on subject.

In this experiment, the interaction between light and matter is
studied by illuminating a cloud of ultracold atoms with near res-
onant light. We combine the process of inducing atom-light inter-
actions with the process of phase-contrast imaging (PCI), so the
light that is used for imaging purposes is also the light which in-
teracts with the atoms. PCI is the imaging technique where the
real part of the refractive index is measured. The detuning can be
chosen such that refraction of the light and the number of scatter-
ing events is small, but the phase shift remains substantial. This

33
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allows for multi-shot non-destructive imaging of a single sample,
instead of reconstructing from many different samples. This elimi-
nates shot-to-shot fluctuations.

However, the imaginary part of the refractive index will never be
exactly zero, so the atoms will still scatter some photons. Normally
this is a disadvantageous effect which should be minimised, but in
this study this property is exploited. The pulse of light will simul-
taneously create an image and induce a small amount of particle
loss and heating. By making a series of images of a single cloud,
the sample can be measured over a range of densities and tem-
peratures, giving information on the atom-light interactions over
the whole range of conditions. PCI is employed at such a large de-
tuning that the interaction is sufficiently small that there will only
single scattering and no non-linear effects in the light intensity.

3.2 experiment

Using laser cooling and evaporative cooling a cloud of 250 · 106

atoms is produced at 3 µK in a cigar shaped magnetic trap with
trap frequencies ωax = 2π · 15.1 Hz and ωrad = 2π · 96.0 Hz. This
is still well above the critical temperature for Bose-Einstein conden-
sation, which is around 1 µK. A series of 100 consecutive images
is phase-contrast imaged on a CCD camera at a detuning of −350
MHz relative to the |F = 1〉 → |F′ = 1〉 resonance with a frame
rate of 200 Hz. The probe pulses are 80 µs long with an intensity
of 50− 200 µW/cm2. The temperature and the chemical potential
are extracted from each image by fitting the data using the Popov
approximation, which includes interaction effects of the thermal
cloud above T = 0. The number of particles can be calculated from
the chemical potential and the temperature. The results for the
number of particles in a representative measurement are shown in
Figure 3.1. This measurement is repeated for different light inten-
sities and initial conditions and the results are consistent.

Subsequently, a Bose-Einstein condensate is produced with 35 ·
106 particles at a temperature of 500 nK in the same trap. Once
again the sample is imaged 100 times using PCI at the same probe
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Figure 3.1: The relative number of particles as a function of exposure
time for a sample above TC (red circles) and for a BEC (black
crosses). The statistical error is visible through the spread in
the points. Previous work with PCI [44] has shown that sys-
tematic errors in the imaging technique are below 1%.

intensity, heating the sample and inducing losses in the process.
The results are also shown in Figure 3.1. The y-axis is logarithmic
so the slope can be interpreted as an exponential loss factor. The
loss rate in the BEC is clearly larger than the loss rate in the thermal
cloud. This shows that the scattering rate in the BEC is enhanced.
Also it can be seen that the loss rate (slope) decreases gradually as
the BEC is depleted and approaches the value of above TC.

In order to estimate the accuracy of our analysis we compare
the temperature at which the BEC fraction becomes zero with an
independent calculation of TC for our trap geometry and number
of particles. We find agreement within several percent, indicating
that our method of phase-contrast imaging is extremely accurate.
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3.3 model for independent particles

The Lorentz oscillator model provides the simplest picture of the
interactions between atoms and light [45]. When subjected to electro-
magnetic radiation, a dipole moment is induced in the atom which
interacts with the electric field. This process is described by the po-
larisability of the atom, which has a real and an imaginary part.
Since for an atom absorption and scattering are the same process,
the scattering rate of an atom depends on the imaginary part as

Γsc =
I

h̄ ε0 c
Im(α), (3.1)

and the phase shift which is measured in PCI depends on the real
part as

φPCI(x, z) = k
Re(α)
2 ε0

ρc(x, z), (3.2)

as is derived in sections 2.4.6 and 2.5.2.

When an atom scatters a photon it makes the transition to an ex-
cited state and then spontaneously decays back into a ground state.
In this experiment all of the atoms are in the |F = 1, mF = −1〉
to begin with because they are trapped in a magnetic trap. This
means that when being exposed to π-polarised light, they can be
excited to the |F′ = 1, mF = −1〉 and the |F′ = 2, mF = −1〉 states
with probabilities determined by the appropriate Glebsch-Gordan
coefficients. From these excited states the atom can spontaneously
decay to the original state |1,−1〉, but also to |1, 0〉, |2,−2〉, |2,−1〉
and |2, 0〉 states. All of these other magnetic states are not low field
seeking states, so atoms which decay into these states will not be
trapped by the MT and will be lost from the system. The scattered
atoms will also gain an average amount of energy in the process.
This can be calculated by averaging the contribution of two pho-
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ton momenta, one for the absorption and one for the spontaneous
emission

p2
transf =

(
h̄ ω

c

)
1

4 π

∫ π

0
dθ
∫ 2 π

0
dφ sinθ

∣∣∣∣∣∣∣∣
sinθ cosφ

sinθ sinφ

1 + cosθ


∣∣∣∣∣∣∣∣
2

= 2
(

h̄ ω

c

)2

.

(3.3)

The corresponding energy is given by h̄2 ω2

m c2 , which is equivalent
to two times the recoil energy. This energy will be redistributed
among the remaining atoms via collisions, heating the cloud. Be-
cause these experiments are performed in the hydrodynamic regime,
the untrapped atoms will also redistribute their energy before they
leave the system.

This description, where all atoms are considered to be indepen-
dent, gives a theoretical prediction for the loss rate and amount of
energy added to the system as a function of the experimental pa-
rameters. We quantitatively analyse the data and compare to this
theoretical model. For independent atoms, the atom polarisability
for a system with g ground states and e excited states is given by

α(∆) = i
ε0 c σλ

ω ∑
g,e

Cg,e

1− 2 i ∆g,e
Γ

, (3.4)

where i =
√
−1, ε0 is the vacuum permittivity, c is the speed of

light, σλ = 3 λ2

2 π is the cross section for light, Cg,e is the relative
transition strength and ∆g,e is the detuning for the transition from
ground state g to excited state e. A prediction for the number of
particles as a function of time can be made by calculating the prob-
ability of scattering a photon and the probability of decaying back
into an untrapped ground state during the time interval of a mea-
surement. This gives the fraction of atoms that is lost during the
exposure time of a single image, for which we define the coeffi-
cient gloss. The length of the probe pulse is controlled by switching
an AOM. The intensity of the light is determined from the number
of electron counts in the CCD-camera with a calibrated quantum
efficiency. At large detuning the polarisability becomes insensitive
to the angle of the polarisation of the probe light [25].
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For the parameters used in the experiment, an exponential loss
rate is calculated of 26.5 s−1. The data of the thermal cloud in
Figure 3.1 gives a slope of 23.8 s−1, which is a factor 0.9 of the
theoretical prediction. This result shows that the non-condensed
atoms above TC can be successfully described using the model for
independent atoms. The deviation from a factor of exactly 1 can be
attributed to systematic errors such as determining the exact probe
intensity in the vacuum chamber at the location of the atoms, since
the probe beam is not fully homogeneous.

The prediction based on the independent particle model devi-
ates up to a factor 3 from the loss rate that is measured in a BEC.
To verify whether an increase in the density alone can account for
this, the Lorentz-Lorenz correction is calculated for a typical po-
larisability in our experiment [46]. This correction accounts for the
modification of the polarisability in dense materials by local fields
created by nearby atoms that have become polarised. Incorporating
the correction in the polarisability yields

α∗ = α
1

1− 1
3

ρ α
ε0

, (3.5)

where ρ is the atomic density which is typically 3 · 1020 m−3 for a
BEC in the center of the trap. This correction leads to an enhance-
ment of only 2% in the scattering rate, and does not explain the
experimental results.

3.4 modification of the refractive index

However, there are other non-linear effects which are relevant for
the conditions of a BEC. Calculations are done in Ref. [39] up to
second order in ρ0 with which we will compare our results. A cor-
rection for the polarisability is derived containing the quantum
corrections to the pair correlation function and the modification
of the absorption frequency and linewidth by the resonant dipole-
dipole (Van der Waals) interaction.
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This calculation is evaluated for our experimental parameters in
the case of ∆ = −350 MHz to obtain a theoretical prediction for
the enhancement of the scattering rate based on these corrections.
Since we probe many tens of linewidths from resonance, the po-
larisability is small and the dipole-dipole term, which scales with
(α ρ)2, can be neglected. The expression for the polarisability is
corrected by a factor 1

1+A with

A ≡ −1
3

α ρ0

ε0︸ ︷︷ ︸
Lorentz-Lorenz

− α ρ0

ε0

∫
d3 r g̃xx(~r) e−ikmz h(r)︸ ︷︷ ︸

pair correlation function

, (3.6)

where ρ0 is the local atomic density, h(r) is the pair correlation
function, which is a measure of the spatial fluctuations around the
homogeneous average density (not to be confused with the radial
distribution function which is 1 + h(r)), and the function g̃xx is
given by

g̃xx = g̃0

[(
1 +

3 i
kc r
− 3

k2
c r2

)
cos φ sin θ −

(
1 +

i
kc r
− 1

k2
c r2

)]
,

(3.7)

g̃0 = − k3
c

4 π
ei kc r

kc r , km = k
√

1 + α ρ0
1+A , kc = k

√
1 + α ρ0, k = 2 π

λ is the
wave number of light in vacuum and φ, θ and r are polar coordi-
nates. Several different definitions for the wave vector are used in
the calculation (k, kc, km), which represent corrections to different
orders in ρ. These higher order corrections introduce an imaginary
part in the wave vector which is necessary to make the integral con-
verge, since the pair correlation function only decays as 1/r [47].

Since A depends on the polarisability α, which itself is corrected
by A, we solve A iteratively starting at A0 = − 1

3
α ρ
ε0

, after which the
integral for A is evaluated leading to a new value A1. This process
typically converges to a constant value within a few percent in 3
iterations.

The results for the enhanced polarisability are shown in Figure
3.2 as function of temperature for a typical density. Both the real
and the imaginary part of the polarisability are already increased
above TC due to the correction, acting as a precursor for Bose-
Einstein condensation. The imaginary part is largest just below TC.
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Figure 3.2: The enhancement of the imaginary (a) and real (b) parts of
the polarisability calculated as a function of temperature for
a homogeneous density of 2.5 · 1018 m−3, which is representa-
tive for the conditions around TC. The polarisability starts to
increase when approaching TC from above, acting as a precur-
sor for Bose-Einstein condensation.

It is remarkable that the enhancement becomes 1 at T = 0. This is
the result of how the pair correlation depends on temperature.

The pair correlation function is plotted as a function of distance
for several values of the phase-space density in Figure 3.3. Above
TC (low phase-space density) the pair correlation function has a
high value at r = 0 but decays to zero quickly compared to the
inter-particle distance. Below TC the function decays more slowly,
but the initial value starts to decrease. Close to T = 0 (high phase-
space density) the decay length of the pair correlation function
goes to infinity and the initial value drops almost to zero. The ex-
pression for the enhancement contains the integral of the pair corre-
lation function over space including the oscillating term exp(−i km z).
The oscillating term averages the integral over length scales larger
than the wavelength of the light. This causes the enhancement fac-
tor to go down at very low temperature, even though the correla-
tion length is extremely large in this case, and explains why the
enhancement has a peak value just below TC. The refractive index
of the gas is the same at high temperature and at T = 0 even
though the underlying physics is completely different.
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Figure 3.3: The pair correlation function h(r) as a function of distance
for several values of the phase-space density. The x-axis has
been scaled to the wavevector of the probe light, which has
the same order of magnitude as the inter-particle distance.
For low phase-space densities (0.03 and 1) the pair correlation
function starts at 1 but decays quickly. As the phase-space
density becomes larger, the decay length becomes longer. Be-
low TC (PSD of g3/2(1) = 2.6124) the initial value starts to go
down, going all the way to 0 at T = 0.

We find that the relative change of the imaginary part of the po-
larisability is much larger than that of the real part. For a Lorentzian
shaped resonance, the relation between the imaginary and real
parts of the refractive index is given by the Kramers-Kronig re-
lation [44]

Re(N )− 1 =

(
2 ∆
Γ

)
Im(N ). (3.8)

The fact that we find that the imaginary part of the polarisability
is enhanced much more than the real part violates this proportion-
ality. However, the Kramers-Kronig relation is more general and
states that the imaginary part of any analytic function at a cer-
tain point is determined by the integral over all of the real part of
that function, and vice versa. This shows that changes in the real
part of the polarisability closer to the resonance can influence the
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imaginary part at large detuning, they do not necessarily have to
change proportionally to one another. The result of Equation 3.8
is only valid for a Lorentzian function and does not apply to the
enhanced situation.

3.5 comparison with experimental data

In order to compare the results of the homogeneous calculation
with the experimental results, the enhancement is averaged over
the density distribution in the trap. It is important to check whether
the local density approximation can be used in this averaging pro-
cess or whether the inhomogeneity will influence the enhancement,
since the enhancement is caused by neighbouring atoms which
may have a different density. It is found that A already reaches
60% of its final value when integrating over a finite volume with
radius 10 µm. The size of our sample is in the order of several
tens of microns radially and hundreds of microns axially, which
indicates that the use of the local density approximation is fairly
justified in this case.

The enhancement depends on the number of particles and the
temperature, both of which are experimentally determined in a
measurement. This means the enhancement can be calculated for
every data point in the series. Figure 3.4a shows a two-dimensional
plot for the enhancement as a function of the fit parameters µ and
T after averaging over the trap. The results of an experimental run
are shown by the black crosses. The conditions during the experi-
mental run change over time due to the losses and heating induced
by the probe light. Figure 3.4b shows the results for the correction
factor as a function of exposure time.

Based on this result an independent prediction can be made of
the number of particles as a function of time with no free parame-
ters, where it is assumed that the exponential loss rate is the value
for independent atoms multiplied by the enhancement factor for
the conditions in the trap, which are also a function of time. The
result is given by the dashed red line in Figure 3.5. There is very
good agreement between the experimental data and the indepen-
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Figure 3.4: a) The net enhancement of the scattering rate as a function of
µ and T after averaging over the trap. The experimental condi-
tions are shown by the black trace. The conditions change dur-
ing the measurement due to the losses and heating induced
by the probe light. b) The enhancement as a function of the
exposure time. These values are the same as those shown in
a) when following the black trace from high to low µ.

dent calculation. The prediction containing the enhancement ac-
curately describes the higher loss rate for a BEC and also shows
the loss factor becoming gradually lower as the measurement pro-
gresses, approaching the value for the thermal cloud.

It can be concluded that the effect of the pair correlation function
significantly changes the refractive index of the gas in this regime
and the experimental data can be explained well by taking this ef-
fect into account.

3.6 specific heat of a bec

The scattering rate including the enhancement factor has been de-
termined, so the amount of energy which is added to the system
during the exposure can be calculated, allowing us to determine
thermodynamic properties as a function of internal energy simi-
lar to the work of [48]. The energy that is added to the system is
equal to the number of scattering events multiplied by the average
energy 2 Er that is acquired by a scattered atom. This gives a to-
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Figure 3.5: A logarithmic plot of the remaining fraction of particles in a
BEC (black crosses) as a function of exposure time and an in-
dependent calculation of the loss rate based on the intensity of
the probe light and the enhancement induced by the pair cor-
relation function in the BEC (dashed red line). The enhance-
ment is taken into account by solving a differential equation
containing an expression for the enhancement as a function of
exposure time. For this purpose the temperature and number
of particles as a function of time are approximated by a high
order polynomial in order to be able to take the derivative.

tal energy increase of ∆E = 2 N Γscat texp Erecoil . Since the analysis
of the phase-contrast images directly provides the temperature of
the cloud as a function of the total exposure time, it is possible to
determine the heat capacity of the cloud, defined as

C =
∂ E
∂ T

. (3.9)

Here the heat capacity is the temperature derivative of the inter-
nal energy, under the condition that the trap parameters remain
unchanged. For a box potential this corresponds to keeping the
volume constant, but in the case of a harmonic potential it means
the trap frequencies are kept the same, which define a constant
’harmonic volume’ ωax ω2

r , analogous to Refs. [49, 50].
Figure 3.6 shows the temperature of the sample during a mea-

surement that crosses the critical temperature TC. There is a dis-
continuity in the derivative at an exposure time of 6.3 ms, which
corresponds to the point where TC is crossed. The presence of a
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Figure 3.6: The temperature of the sample as a function of exposure time.
During the measurement the temperature crosses the transi-
tion temperature and the BEC disappears. The black crosses
signify data points containing a BEC, while the red circles
correspond to measurements, where only a thermal cloud is
present. The dashed line is a polynomial fitted to the data to
be able to determine the derivative.

discontinuity is in agreement with theory for second-order phase
transitions. In order to suppress the noise while determining the
derivative of the temperature, a high-order polynomial is fitted to
the temperature data below TC, and a linear relation is taken above
TC. The temperature rises at the start of the exposure, but this in-
crease becomes gradually less and just before TC the temperature
even goes down. After passing TC, the temperature increases at a
larger rate compared to below TC.

This behaviour can be understood by considering the energy bal-
ance of the system. Consider every PCI image as a separate event
where the number of particles stays approximately constant. The
energy of the system is increased by the thermalisation of scattered
atoms and is reduced by the small loss of atoms carrying energy.

For a classical gas, the process of losing atoms does not affect the
temperature as long as the average energy of a lost particle is equal
to the average energy of the whole sample (while in evaporative
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cooling, the cooling effect is realised by removing only highly en-
ergetic atoms). However, for a BEC the situation is different. Here
all the thermal energy is carried by the non-condensed atoms, and
there is a reservoir of inert atoms in the BEC that carry a negligi-
ble amount of interaction energy compared to the thermal energy.
Removing an atom from the condensate therefore does not change
the energy or the temperature of the sample. But removing a ther-
mal atom removes 3 kB T of energy. Since the thermal cloud is sat-
urated below TC, removing a thermal atom will cause an atom to
leave the BEC and fill the vacated thermal state. Since the atom
from the BEC carries nearly no energy, the total energy that is dis-
tributed over the same number of thermal particles decreases and
the temperature goes down. As soon as the sample passes TC, the
reservoir of atoms carrying no energy that can replace a thermal
atom is depleted and the cooling effect stops.

During the measurement sequence the balance between the en-
ergy being added to and removed from the system shifts. At a
low temperature, most atoms are in the BEC where the scattering
rate is enhanced by the pair correlation function, causing a large
increase in energy. As the density decreases and the temperature
increases this effect becomes gradually weaker.

The losses are mainly from the BEC at the start of the measure-
ment, which hardly affects the energy of the system. As the ther-
mal fraction increases and the temperature rises, the number of
thermal atoms that are lost and the energy that they carry grows.
At a certain point, the removal of energy overtakes the addition,
and the temperature of the cloud starts to go down again. This
cooling as a consequence of the phase-contrast imaging can be seen
in the temperature data in Figure 3.6.

The energy balance can be written as a differential equation. The
amount that energy changes during the exposure of a single image
is given by

∆E = 2 N Γsc texp Erecoil − gloss E. (3.10)

Note that the enhancement factor is incorporated in Γsc in the first
term, but the non-enhanced result gloss is used for the second term,



3.6 specific heat of a bec 47

since all the energy is carried by the thermal cloud for which the
enhancement is negligible. When solving this differential equation
for the condition of the experimental run, we find that for the right
boundary conditions indeed dE

dt changes sign at approximately the
same point in time as where the cooling in the BEC starts.

Now that both ∆E and ∆T have been found, the specific heat can
be determined. The value of the specific heat is evaluated for the
parameters of each data point and the result is shown in Figure 3.7.
In this calculation the measured value of the number of particles
and temperature is used for each data point. For the derivatives
terms in the solution of the differential equation, a polynomial fit
to the experimental data of the temperature and the number of
particles is used to reduce the noise.
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Figure 3.7: The reduced heat capacity in units of N α kB calculated us-
ing experimental data for a measurement going from BEC
(black crosses) to thermal cloud (red circles). The red solid
line shows the theoretical prediction for the heat capacity of a
non-interacting Bose gas in a harmonic trap.
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Figure 3.7 shows the experimentally determined specific heat
and the model for a non-interacting Bose-gas in a harmonic trap
(solid line) [51] given by

C(T)
3 N kB

= 4
ζ(4)
ζ(3)

(
T
TC

)3

(3.11)

below TC and by C = 3 N kB in the classical limit.
The experimental results show the heat capacity increasing up

to T = TC and reaching a value above 3 N kB. The experimentally
determined values of the specific heat are slightly lower than the
model for the non-interacting Bose gas. At TC there is a disconti-
nuity and the specific heat jumps to a constant value, but one that
is lower than the value of 3 N kB that is expected for a classical
gas. The calculation based on the experimental results is sensitive
to parameters like the boundary conditions of differential equation
Eq. 3.10 and the values of the temperature and energy derivatives,
when they become very small. Also, the analysis of the PCI images
at TC is more sensitive to distortions in the image such as inter-
ference patterns. However, these effects do not sufficiently explain
the low value for the heat capacity that is found for temperatures
above TC.

Qualitatively the results clearly show that the heat capacity of a
BEC increases as TC is approached from below, followed by a dis-
continuity at the critical temperature and a lower constant value in
the thermal cloud. To address the qualitative differences between
the results and the model, a more detailed study of the energy bal-
ance must be done, as there appear to be unexplained heat sources,
especially above TC. For example, the effects of hydrodynamicity
on the redistribution of energy by the scattered atoms and other
mechanisms such as trap heating may have an influence on the
energy balance of the system and thus on the experimental deter-
mination of the specific heat. But at this point we do not have a
full explanation for the deviation of the experimental results from
the model. It may also be possible to perform the experiment in an
optical dipole trap, such that there will no longer be losses due to
spin flips, making the energy balance less complicated.
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In conclusion, we have measured the number of particles and
temperature in a cloud of ultracold atoms when subjected to near-
resonant light, and have observed a density and temperature de-
pendent enhancement of the loss rate in the condensate in agree-
ment with theoretical work. This allows us to determine the amount
of energy which is added to the system and therefore the specific
heat of the condensate. The results show a discontinuity at TC and
are in fair agreement with calculations for a non-interacting Bose-
gas.





4
S P I N D R A G I N A T W O C O M P O N E N T B O S E
C O N D E N S E D G A S

4.1 introduction

A powerful way to study materials and understand the mecha-
nisms which determine their properties is to measure the trans-
port properties of the material. For example, how transport coef-
ficients depend on temperature provides important information
on the transport mechanism, as is the case for superconductivity,
quantum Hall effect etc. Examples of transport properties that one
can study are electrical conductivity, thermal conductivity, and the
Seebeck effect. In condensed matter physics, where most of the
commercial applications are developed, it is difficult to perform
a clean transport measurement, because of the many interfering
effects that also contribute, such as electron-electron interactions,
a lattice potential, phonons, and impurities. By using special ge-
ometries some of these effects can be circumvented. For example,
using two separate layers [52] makes it possible to study the contri-
bution of Coulomb interactions to the damping of a charge current.

In spintronics, the quantity that is studied is the spin current,
and the corresponding transport coefficient is the spin resistivity
[53]. Spin based devices have a number of advantages over ones
based on conventional electronics [54]. Also, using the spin degree
of freedom is analogous to the bi-layer solution as a way to define
two internal subsystems which can be compared to each other. This
is especially useful when studying a short-range interaction where
the two components cannot be separated spatially. Spin resistiv-
ity is fundamentally different from charge resistivity because for

51



52 spin drag in a two component bose condensed gas

electrons, and other charge carriers, the charge and mass are fixed
together, and momentum conservation also provides charge cur-
rent conservation for electron-electron interactions. This is not the
case for spin currents, and the additional damping effect caused by
interactions among the carriers themselves is known as spin drag
[55, 56].

There has been work in the cold-atom field where the study of
spin currents in spinor gases has been employed to study the short-
range interatomic interactions for both non-condensed bosons [57,
58] and fermions [59, 60]. These systems obey the same equations
of motion as those in solid-state physics, but without the scattering
effects caused by disorder and phonons. Therefore there is a great
deal of similarity between spin transport in ultracold atoms and
conventional charge transport. Charge currents are described by
Ohm’s law ~j = ~E/ρ, a simple linear relation between the applied
electric field ~E and the current density ~j. Here the proportionality
constant ρ is the resistivity, which contains all relevant mechanisms.
Analogously, the spin current density~js can be described as

~js =
~F↑ − ~F↓

ρs
(4.1)

for a two-component mixture, where ~F↑↓ is the force on the spin up
or spin down component respectively, and ρs is the spin resistivity.
In a cold-atom experiment there are no extrinsic dissipative effects,
so the spin resistivity is entirely determined by spin drag (similarly
the charge resistivity is 0 in such a system).
In Refs. [58, 60] it is found that for Bose gases the spin drag coef-
ficient increases at low temperatures, while for fermions spin drag
is suppressed. This is caused by the change in collision rate under
these circumstances, and is a direct indication of how quantum
statistics influence the mechanism underlying spin drag.

Here spin drag is studied in a spin-one Bose gas below TC ex-
perimentally. In this regime the material properties become very
different due to Bose-Einstein condensation of the atoms. If we
extend the mechanism responsible for spin drag above TC to the
system with BEC, the spin drag coefficient is expected to go to
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zero because of the superfluid nature of the BEC. There will no
longer be any collisional events through which momentum can be
transferred from one spin-component to the other.

4.2 experimental methods

4.2.1 Magnetic domains

Using laser cooling and evaporative cooling schemes we produce
a cloud of 200 · 106 atoms at 2 µK in an elongated cigar shaped
magnetic trap with trap frequencies ωax = 2π · 1.5 Hz and ωrad =

2π · 96.0 Hz. The atoms are transferred into an optical dipole trap,
formed by the 48 µm focus of a 1070 nm laser beam. At full confine-
ment the dipole trap has a power of 3 W and a trap depth of 40 µK.
Using an RF-sweep at a homogeneous magnetic field of about 3
Gauss, 50% of the population is transferred from the magnetic sub-
state mF of the hyperfine level F, |F, mF〉 = |1,−1〉, to the magnetic
substate |1, 0〉 creating a two-component system. Subsequently the
power of the optical trap is reduced such that its trap depth be-
comes lower, and the gas is evaporatively cooled to Bose-Einstein
condensation.

Quantum mechanical scattering in the low energy limit is de-
scribed by a scattering length a. This scattering length completely
determines the elastic collisional cross section σ which is given by
σ = 8 π a2 for indistinguishable bosons. Scattering for all partial
waves with l > 0 goes to zero because the relative energy of the
particles is lower than the centrifugal barrier.

The nonlinear Schrödinger equation in general describes the evo-
lution of complex fields in nonlinear dispersive media. For a wide
range of experimental conditions, the dynamics of a BEC can be de-
scribed accurately by such an effective mean field theory, which is
much simpler than the full many-body Schrödinger equation. The
specific model that is used is the Gross-Pitaevski equation (GPE)
[51]. In BECs the nonlinearity is the result of the interatomic inter-
actions. In the low energy limit this interaction is s-wave scattering,
which can be described by the interatomic potential V(r′ − r) =
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g δ(r′− r). Here the coupling constant g is given by g = 4 π h̄2 a/m
[61]. This results in an effective mean field energy of g n(r) with
n(r) the density, which is positive or negative depending on the
sign of a. When two particles in the F = 1 ground state scatter, the
total spin of the collision can run from |F1 − F2| ≤ Ftot ≤ F1 + F2,
but since the particles are bosons and the wavefunction has to be
symmetric, only even values are allowed. This leaves the possibil-
ity of the scattering through the total spin channels Ftot = 0 and
Ftot = 2. These channels both have a scattering length associated
with them, a0 = 48.91(40) aB and a2 = 54.54(20) aB. The scattering
length for two colliding particles with different spin orientations
is a linear combination of these two. For our experiment, the fol-
lowing combinations are relevant: collisions between the hyperfine
magnetic substates |F, mF〉 = |1,−1〉 and |1,−1〉, and |1,−1〉 and
|1, 0〉 are described by the scattering length a2, while collisions be-
tween the states |1, 0〉 and |1, 0〉 have scattering length 50.78(40) aB

[62]. Since the |1, 0〉 + |1, 0〉 scattering length is lower than the
|1, 0〉 + |1,−1〉 scattering length, it is favourable for the atoms to
separate into spin domains, thus lowering the effective interaction
energy. This is analogous to describing the system as effective spin-
1/2, which has a ferromagnetic ground state. The formation of spin
domains in a BEC was first reported in Ref [63], and Ref [64] re-
views the progress in understanding spinor Bose gases.

The domain wall between the magnetic domains has a width
depending on the difference between the scattering lengths as

ξ =
2 π h̄√

2 m |c2| n
, (4.2)

where c2 = 4 π h̄2

3 m (a2 − a0) depends on the difference between the
scattering lengths. The parameter ξ is also referred to as the spin
healing length [65].

The experimental results confirm this prediction of domain for-
mation. When a spin mixture is cooled below the critical temper-
ature for Bose-Einstein condensation, macroscopic spin domains
form, which are spatially separated for imaging purposes using the
Stern-Gerlach technique. Figure 4.1a shows such a measurement.
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Two hemispheres can be identified that have been displaced verti-
cally. These are the density distributions of both spin-components
after time-of-flight. Using a small vertical magnetic field gradient
the different spin components atoms are displaced by a small dis-
tance just before the imaging. In situ the two hemispheres are po-
sitioned next to each other in the trap in equilibrium separated by
a domain wall. Together they form a Thomas-Fermi profile. How-
ever, the position of the domains in the trap is not what is expected
based on the concept of minimising the mean-field energy. The
mean field energy will be lowest when the spin component with
the lowest scattering length accumulates in the center of the trap
where the density is highest. The other component will then float
on top of this. For the purpose of measuring spin drag a small axial
magnetic gradient is applied to create this antisymmetric composi-
tion where there is only one domain wall in the center.

(a) (b)

Figure 4.1: Absorption images after time-of-flight and vertical Stern-
Gerlach splitting. a) Two magnetic domains separated by a
domain wall that has a width smaller than the imaging reso-
lution. b) An image of a superposition state, where the equilib-
rium Thomas-Fermi profile can be identified two times with
half the contrast.

4.2.2 Spin superposition

A second procedure is to reverse the order in which the spin prepa-
ration stage and the cooling stage are performed. First a BEC is cre-
ated in the |1,−1〉 state and afterwards the RF-sweep is executed.
In this case we do not see the formation of domains. In the time-
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of-flight image Figure 4.1b there are two identical Thomas-Fermi
profiles for both spin components. Our interpretation of this con-
figuration is that during the RF-sweep the cloud is not brought
into a 50-50% mixture of spin components as before, but that it
is brought into a superposition state of both components. This in-
dicates that every atom has a 50% chance to be detected in each
spin component, and the Stern-Gerlach technique will generate
two identical profiles with half the contrast shifted vertically rel-
ative to one another. The mean field interaction of all atoms will
be identical in this case, so the formation of domains is not ener-
getically favourable. The coherence time of this superposition state
appears to be longer than the lifetime in the optical dipole trap.

4.3 spin drag

To measure the spin resistivity, it is necessary to apply a spin de-
pendent force such that ~F↑ − ~F↓ in Equation 4.1 is non-zero. In
this experiment a magnetic field gradient is used, which is spin
dependent, since the Zeeman shift is not the same for the differ-
ent spin states. For this purpose the MOT-coils are set in an anti-
Helmholtz configuration to make a linear gradient, and an extra
bias field is applied to shift the zero-crossing out of the area of
interest and at the same time to suppress the spin changing colli-
sions |1, 0〉+ |1, 0〉 → |1,−1〉+ |1,+1〉. This ensures that the pop-
ulations of all spin components are fixed during the measurement.
Absorption images are made after time-of-flight and Stern Gerlach
splitting to measure the position of each spin component as a func-
tion of time after the spin dependent force has been turned on.
Equation 4.1 states that the spin current is proportional to the spin
dependent force. For the 50− 50% mixture of the experiment, the
spin current is defined as

~jspin = n↑ v↑ − n↓ v↓ =
n
2

∆ẋ. (4.3)

The spin current can only have a finite value if there is some mech-
anism which transfers momentum between the spin components
in a velocity-dependent way, or the spin current will increase in-
definitely. In cold atom experiments the only possible mechanism
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is spin drag. There are no other damping mechanisms such as im-
purities or lattice vibrations. The relative equation of motion of the
spin components is given by

∆ẍ + 2 γ ∆ẋ +
1
m

dV(∆x)
dx

=
~F↑ − ~F↓

m
. (4.4)

This equation has a steady state solution, where the final relative
velocity is proportional to the spin drag rate γ. The solution to
Equation 4.4 is fitted to the experimental results with fit parame-
ters γ, ∆ẋ0 and ∆x0. In this solution we account for the fact that the
clouds continue moving during the time-of-flight, which can cause
an extra relative displacement. The measurement is repeated for
different values of ~F↑ − ~F↓, which should all give the same values
for γ in the regime of linear response, where γ is independent of
~F↑ − ~F↓.

When the momentum transfer takes place via collisions, as is the
case above TC, the spin drag rate γ can be interpreted as the inter-
component collision rate averaged over the inhomogeneous cloud,
with an additional factor 2/3 as a result of the projection of the
collision event onto the axis along which the measurement is per-
formed [58]. When the experiment is performed below TC the spin
components demix into magnetic domains and no longer overlap
except in the domain wall region and the collisional interaction can
be seen as an effective mean field energy. This means that it has to
be verified experimentally whether Equation 4.4 is still valid, and
the drag rate γ requires a new interpretation in terms of local ef-
fects for this new system.

4.3.1 Experimental data

When the spin dependent force is applied, the magnetic domains
start to move with respect to each other. The center of mass of both
spin components is measured and the relative position is plotted
as a function of time. Figure 4.2 shows a representative measure-
ment series at a spin dependent force of 9.48 · 10−26 N, which cor-
responds to an acceleration of 2.5 m s−2.
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Figure 4.2: The relative position of the two spin components after time-
of-flight as a function of time after the spin dependent force
has been turned on. Every data point is the result of a new
sample since absorption imaging is a destructive method. The
relative position is larger in this measurement than it is in situ,
due to the relative velocity during time-of-flight. This can be
accounted for in the solution to the equations of motion. In
the first 10 ms the force is ramped to the full value after which
a constant relative velocity is found until the Thomas-Fermi
profile starts to disintegrate after 30 ms.

The experimental data shows three different regimes. In the first
10 ms the magnetic force is ramped up sufficiently slow to avoid
an overshoot as a result of the power supply overcompensating.
This time is limited by the self inductance of the magnetic coils.
After 10 ms the relative position increases linearly in time until it
changes sign indicating the spin components have switched posi-
tion. After this, the distribution is far from equilibrium and the
Thomas-Fermi profile disintegrates and the position becomes very
difficult to determine. The linear regime corresponds to a constant
steady state spin current as a result of a balance between the mo-
mentum transfer from one component to the other and the momen-
tum increase due to the force. If this balance is determined by the
constant material property spin resistivity, the slope of this linear
regime should be proportional to the applied force (Equation 4.1).
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The experiment has been performed for different values of the spin
dependent force, and the result is given in Figure 4.3. This shows
that we are indeed in the regime, where Equation 4.1 is valid. This
means that we can successfully measure the quantity spin resistiv-
ity in the system of magnetic domains. However, this does not tell
us the local mechanism that is responsible yet. In fact, considering
there is now a BEC and a non-condensed fraction for both spin
components, we may be dealing with the combined effect of mul-
tiple mechanisms leading to the final value of γ.
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Figure 4.3: The steady state relative velocity as a function of the applied
spin dependent force. The linear dependence that is found val-
idates Equation 4.1 and allows us to define the proportionality
constant ρs.

In this case, ∆x has been defined as the relative position of the
centers of mass of both spin components. However, there are more
options how to define an x: the center of mass of the BEC, center of
mass of the thermal cloud, center of mass of the whole component,
or the position of the domain wall. These parameters may respond
differently to the applied force, which can provide information on
the underlying mechanism. Figure 4.4 shows the motion of the
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Bose-condensed part of the cloud and the non-condensed part sep-
arately.
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Figure 4.4: The relative position of the BEC (black crosses) and the ther-
mal cloud (red circles) as a function of the time after the
spin dependent force has been turned on, for the case that
magnetic domains have formed. The dashed lines are a fit to
the linear part of the behaviour. The domains switch position
when the relative displacement is equal to 0.

These results show that the dynamics for the two parts are not
the same. The BEC moves much faster, and soon overtakes the ther-
mal cloud. Also, the BEC disintegrates after passing its neighbour-
ing domain, while the thermal cloud remains in the steady-state
situation for much longer and with a lower relative velocity.

4.3.2 Linear superposition state

The spin drag experiment has also been performed on the super-
position state, where there is no domain formation. The sample is
first cooled to BEC and then the RF-sweep is applied. Subsequently
the spin-dependent force is applied and the position of the differ-
ent spin components is monitored as a function of time. A typical
result is shown in Figure 4.5.
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Figure 4.5: The relative position of the BEC (black crosses) and the ther-
mal cloud (red circles) as a function of the time the spin de-
pendent force has been turned on for the superposition state.
The dashed lines are a fit to the linear part of the behaviour.

This result shows very different behaviour than the measure-
ment with two domains. In the thermal cloud it is still possible to
identify a relative velocity, but the BEC data shows no trend and
has large fluctuations. This is because the Thomas-Fermi profile
becomes unstable quickly. However, from the fact that the relative
position does not increase with time we can conclude that spin
drag in such a superposition state is very large. This behaviour
can be understood when considering every atom to be in the same
superposition state. The spin-dependent force will give each atom
the same acceleration and there will be no relative displacement.
This can be interpreted as infinite spin drag.

However, the results are in contradiction with the fact that Stern-
Gerlach splitting works, since this procedure is also based on a
spin-dependent force and here the different spin components do
acquire a non-zero relative displacement. The difference is that
Stern-Gerlach splitting is performed during time-of-flight, while
the spin drag measurement is done in the trap. The high density
and corresponding strong interactions therefore seem to be respon-
sible for keeping the superposition from decohering. A similar ef-
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fect of interactions on a superposition state has been observed in
Ref. [66].

4.3.3 Discussion

We have measured the steady state relative velocity of two spin
components when subjected to a spin dependent force, and have
found that this velocity is proportional to the applied force in the
regime that is studied here. The relative velocity is larger for a
BEC than for the thermal fraction of the sample, implying that a
the transfer of momentum occurs in a different way. The velocity of
the BEC soon becomes higher than the speed of sound. The excita-
tions created by this high velocity may be the mechanism responsi-
ble for the damping for BEC, while inter-component collisions are
the damping mechanism for the thermal fraction [58]. When the
sample is prepared as a superposition of both spin components
we only find a non-zero relative velocity for the thermal fraction.
The condensed atoms all experience the same force and therefore
no relative displacement builds up over time. This implies that the
coherence time of the superposition state is much longer for the
BEC than for the thermal fraction.

4.4 imaging

Doing a measurement on spin dynamics using absorption imag-
ing is not optimal for two reasons. First, for every time time step a
new sample has to be produced and the whole experimental proce-
dure has to be repeated. This introduces shot-to-shot fluctuations
and takes a lot of time. Secondly, in order to identify the differ-
ent spin components, Stern Gerlach splitting is performed during
time of flight. The time of flight that is used for this purpose is
30 ms, which not negligible compared to the duration of the spin
drag experiment itself. The different components acquire a relative
velocity during the experiment, and the clouds keep moving with
these different velocities during the time-of-flight, thus increasing
the relative position. The relative position as shown on the y-axis
in Figure 4.2 is actually not achieved within the time that is shown
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on the x-axis, but also contains the extra displacement built up dur-
ing time-of-flight as a result of the different velocities of the compo-
nents. This effect is taken into account in the differential equation
describing the position of the different components used in the fit
procedure, but this makes the measurement less direct. We would
like to study the motion of the domains in situ, but this is not pos-
sible using absorption imaging since the optical density is far too
high. A solution is phase-contrast imaging, a non-destructive imag-
ing technique using near resonant light. However, in its usual form
this imaging technique will not be able to distinguish between dif-
ferent spin components [44]. This can be solved using a different
kind of probe light.

4.4.1 Spin dependent phase-contrast imaging

Phase-contrast imaging (PCI) is a technique where the real part of
the refractive index is measured. The detuning of the probe light
can be chosen such that the phase shift due to the index of refrac-
tion remains substantial, while the number of scattered photons
becomes negligible. As is derived in 2.5.2, the relation between the
column density and the acquired phase is given by

φ(x, z) = k
Re(α)
2 ε0

ρc(x, z), (4.5)

and the polarisability α is given by

α(∆) = i
ε0 c σλ

ω ∑
g,e

Cg,e

1− 2 i ∆e
Γ

. (4.6)

In the usual application of phase-contrast imaging, linearly po-
larised probe light is used. For large detuning (much larger than
the hyperfine splitting) it can be shown that the polarisability be-
comes independent of the angle between the quantisation axis, de-
termined by the direction of the magnetic field vector, and the po-
larisation direction of the light field [25]. This causes the contrast
of the imaging to be insensitive to the spin orientation of the atoms
relative to the quantisation axis. When imaging a configuration of
magnetic domains in situ, all components will have the same con-
trast and the image will be a smooth Thomas-Fermi profile, where
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the domains are not visible.

In this study we exploit the fact that the sum of the transition
strengths is not the same for σ+ and σ− light when driving the tran-
sition |1,−1〉 → |e,−1± 1〉, while the transitions |1, 0〉 → |e,±1〉
are equal in strength due to symmetry. Taking a PCI image with
circularly polarised light will give a spin dependent contrast, and
when taking two images, one with σ+ light and one with σ− light,
the densities of the individual spin components can be reconstructed.
This technique makes it possible to measure the spin density non-
destructively in situ, which allows for unprecedented experiments
in spin dynamics. The technique used in Ref [67], where only a
single circularly polarised probe beam is employed, does not work
as well for sodium as it does for rubidium since the hyperfine
splitting is much smaller in sodium. In rubidium a single tran-
sition can be driven while still being detuned far enough to be
non-destructive, but in the case of sodium the other hyperfine
levels will be so close that they also contribute causing the spin-
dependence to be averaged out. Therefore two probe beams of
different polarisation are used. The technique is far superior to
studying the Faraday rotation in a single probe beam as done in
Ref [68], as it allows for spatially resolved spin-dependent imaging
and has all the advantages of conventional PCI.

The transition strength between two hyperfine sublevels |F, mF〉
and |F′, m′F〉 is proportional to the square of the matrix element
〈F, mF| e rq |F′, m′F〉, which can be calculated using Wigner 3-j and
Wigner 6-j symbols [69]. When these values are normalised to the
weakest non-zero transition, which is |2, 0〉 → |1, 1〉, this gives the
following relative transition strengths

σ+ : |1,−1〉 → |2,−2〉 = 30 (4.7)

σ− : |1,−1〉 → |0, 0〉+ |1,−1〉 → |1, 0〉+ |1,−1〉 → |2, 0〉 = 50
(4.8)

σ± : |1, 0〉 → |1,±1〉+ |1, 0〉 → |2,±1〉 = 40. (4.9)

Using a liquid crystal variable retarder to switch the polarisation
of the probe beam, two images are made with σ+ and σ− light
within 5 ms. The switch time of the retarder is about 2 ms from
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high to low voltage, and 15 ms back. This makes it possible to
study dynamics on a 20 ms timescale.

The signal which is measured on the CCD chip is the intensity
of the light. This quantity is related to the accumulated phase φ as
shown in Equation 2.11:

I/I0 = 2− cos φ +
√

3 sin φ. (4.10)

Since the normalised intensity I/I0 is non-linear with the accu-
mulated phase and even has oscillatory behaviour, this signal is
difficult to interpret. With a single component this unwrapping
procedure is still possible by making assumptions about the shape
of the density distribution, but for the two-component system we
require the difference in accumulated phase between the two polar-
isations. The intensity values of both images can be subtracted, but
there is no one-to-one relation between I/I0 and φ, let alone a sim-
ple linear relation. For this reason the detuning from resonance is
chosen so large that the polarisability is small and thus φ remains
small for our densities. In this limit I/I0 = 1 + 2 sin(θ) φ +O(φ2)

is linearly dependent on φ and we can subtract the measured in-
tensities for both polarisations to get the difference in accumulated
phase. By taking a linear combination of both measurements the
spin densities of both components can be reconstructed as

ρ↑ = a↑
Iσ+

I0
− b↑

Iσ−
I0
− (a↑ − b↑) (4.11)

ρ↓ = a↓
Iσ+

I0
− b↓

Iσ−
I0
− (a↓ − b↓) (4.12)

where the combinations a↑/↓ and b↑/↓ give only the density of a sin-
gle spin component, cancelling the signal of the other component
completely. Theoretically, the ratio of these coefficients is given by
the relative transition strengths, which are 40 : 40 to cancel the con-
tribution of mF = 0 and 30 : 50 to cancel mF = −1. This is only
true when the quantisation axis, defined by the magnetic field vec-
tor, points exactly in the propagation direction of the probe light.

The values that we find empirically to work best are a↑ = 1.75 :
b↑ = 1.65 to cancel the mF = 0 and a↓ = 1.46 : b↓ = 2.17 to cancel
the mF = −1, which are determined by minimising the visibility of
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(a)

(b)

Figure 4.6: Magnetic domains in a BEC imaged with two different tech-
niques. a) In situ image of the domains using the new spin
dependent phase-contrast imaging technique. The image is
reconstructed from two shots obtained with probe light of dif-
ferent polarisations. The colour table shows the magnetisation
ρ↑ − ρ↓ normalised to the central density ρ0, such that red
indicates the presence of one spin component and blue the
other, and the value is always between −1 and 1. The angle
that the sample seems to have is exaggerated by the aspect
ratio of the image, it is in fact only 4 ◦. b) Similar domain
structure in absorption imaging after time-of-flight and verti-
cal Stern-Gerlach splitting to spatially separate the domains.
The legend shows the transmittance of the probe light, which
is between 0 and 1.
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that particular component in the experimental data. The empirical
results deviate up to 10% from the theoretical prediction, which
can be explained by the presence of a small uncompensated mag-
netic field and does not affect the validity of the method. Figure
4.6 shows the domain structure in a BEC for both spin depen-
dent phase-contrast imaging and absorption imaging after Stern-
Gerlach splitting. Here, the domain structure is not forced into the
anti-symmetric configuration by magnetic gradients as is the case
in the spin-drag experiment.

Subtracting one image from the other will give a lower signal
to noise ratio, as the values can become very small. To ensure that
only the signal associated with the presence of atoms is considered,
and not fluctuations in the background, the sum of both images is
taken to create a mask. Only the areas where the sum of the two
images has a large value are taken into account. This is the reason
that the background of Figure 4.6a is uniformly zero.

Oscillations of the cloud in the trap on the time scale of the
repetition rate of the imaging will cause the process of subtraction
of the images to be jeopardised, as the density distribution as a
whole will have moved. We have verified that this effect is only
minimally present in the peripheries of the cloud, as the amplitude
of any oscillation in the system is only a couple of µm, which is
much smaller than the radial size of the cloud at 30 µm.

4.4.2 Spin drag mechanism

Using the spin dependent PCI technique we have repeated the
spin-drag measurement in situ using only a single sample to mea-
sure a whole trace. This is the advantage of non-destructive imag-
ing. Since the sample is radially only a few times larger than the
pixel size (and diffraction limit) of our imaging system, the optical
dipole trap is decompressed as far as possible to increase the size
of the condensate. This gives trap frequencies of 2π · 1.5 Hz and
2π · 220 Hz. A spin-dependent force is applied and the position of
the different spin components is measured as a function of time. A
typical result is shown in Figure 4.7.
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Figure 4.7: The axial position of the different spin components as a func-
tion of time after the spin dependent force has been turned on.
The colours represent the different spin components. The blue
domain moves to the right with a constant velocity and over-
takes the red domain. After several shots the domain shape is
far from equilibrium and disintegrates.

We see the same behaviour as in the absorption series, but the
new imaging technique now shows how the domains are passing
each other. This is done by radial demixing, the different spin com-
ponents separate spatially in the radial direction and slide past
one another. This is possible as long as the size of the system is
larger than the spin healing length, which is the case for this ex-
periment, where the spin healing length is approximately 10 µm
and the radial size is 30 µm. Under those circumstances it is ener-
getically most favourable to separate. This feature is impossible to
see in time-of-flight, since this method visualises the momentum
distribution rather than the spatial distribution in the trap. Figure
4.8 shows a spin PCI image of a domain being pushed upwards in
order to pass the second domain while the spin dependent force
drives it towards the right. The excitations created in the overlap
region of the two BEC’s may be the mechanism responsible for the
damping of the motion of the BEC.
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Figure 4.8: An in situ image of the magnetic domains during a spin drag
experiment. The blue domain is pushed upwards as the spin
dependent force drives it to the right. The width of the do-
main wall is smaller than the radial size of the condensate
allowing for domain formation in this direction.

4.5 summary

The spin drag mechanism for a Bose condensed system is very dif-
ferent compared to the situation above TC. In the latter case the
two components are completely overlapped and therefore atoms
of one spin component can interact with atoms of the other spin
component at every location. In the local density approximation
this allows for a homogeneous description. Below TC the compo-
nents demix into separate domains and can only interact in the do-
main wall region. In equilibrium the domain wall will be oriented
perpendicular to the most weakly confined axis as this minimises
the surface energy. When a spin dependent force is applied such
that the domains are forced to pass each other, the system will
also demix radially as long as the system size is larger than the
spin healing length. A spin drag rate can be determined for the
total spin current, but a separate spin drag rate can also be deter-
mined for the BEC fraction and the non-condensed fraction. We
have measured that the BEC has a lower spin drag rate than the
thermal cloud, consistent with the observation that the BEC’s have
a smaller interaction volume only in the domain wall.





5
S P O N TA N E O U S S Y M M E T RY B R E A K I N G A N D T H E
K I B B L E - Z U R E K M E C H A N I S M

5.1 introduction

This chapter describes experiments on the non-equilibrium dynam-
ics of passing a second-order phase transition, such as Bose-Einstein
condensation, in a cigar shaped trap. A second-order (or continu-
ous) phase transition is characterised by a macroscopic order pa-
rameter which is zero above the critical temperature, and non-zero
below. The order parameters arises from symmetry breaking, it is
an additional parameter needed to describe the state of the sys-
tem below the critical temperature. At the critical temperature the
order parameter susceptibility diverges, causing the value of the
order parameter to be chosen spontaneously.

When a system traverses a second-order phase transition at a
finite rate, the order parameter may assume different values at dif-
ferent locations, forming domains. The boundary between such
domains will be a topological defect and the Kibble-Zurek mech-
anism (KZM) predicts the number of defects to have a power-law
dependence on the velocity at which the phase transition is passed
[70, 71]. One of the interesting claims of KZM theory is that the ex-
ponent of this power-law contains critical exponents which have
values that are a universal property of the symmetry group to
which the phase transition belongs. This means that the results
from well controlled cold-atom experiments can be applied to ex-
otic and inaccessible systems with the same symmetry group, such
as cosmology, where Kibble pioneered this topic describing cosmic-
string and monopole formation. The dimensionality of the system

71
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and whether the system is homogeneous or inhomogeneous de-
termine how the power-law depends on the universal critical ex-
ponents [72], and can even cause the formation of defects to be
suppressed [73].

In our experiment, two phase transitions that exhibit sponta-
neous symmetry breaking are studied. A single spin-component
gas can be cooled to Bose-Einstein condensation, where the or-
der parameter is the phase of the condensate, and the defect is
a vortex or a soliton. We can also cool a gas containing two spin-
components below the critical temperature such that magnetic do-
mains form. Here the order parameter is the magnetisation and
the defect is a magnetic domain wall. Furthermore, the lifetime of
the defects will be studied which plays an important role in the
experimental determination of the critical exponents.

5.2 theory

A second-order phase transition is defined as a phase transition
that has a discontinuity in the second derivative of the free energy,
so there is no latent heat. These phase transitions are characterised
by critical exponents, which describe the behaviour of parameters,
such as the correlation length, close to the critical point. A critical
exponent k is defined as

k def
= lim

TR→0

log| f (TR)|
log|TR|

, (5.1)

where f (TR) describes the relevant parameter and TR is the relative
temperature defined as

TR =
T − TC

TC
, (5.2)

with TC the critical temperature of the phase transition.
For a single component, the two relevant parameters in the tran-

sition to BEC are the correlation length ξ and the relaxation time
τ. The correlation length, or healing length, is the distance over
which the wavefunction returns to its bulk value when subjected
to a local perturbation. It is defined such that the kinetic energy
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term and the interaction term in the time-independent GPE are
equal when varied on a scale of ξ. The relaxation time is the time
in which the system will return to equilibrium after a perturbation.
These quantities are described near the critical point as

τ =
τ0

|TR|ν z (5.3)

and

ξ =
ξ0

|TR|ν
, (5.4)

where ν and z are critical exponents of the phase transition, and τ0

and ξ0 depend on the microphysics of the system. Since TR goes
to zero at the critical point, the parameters diverge. In the case of
the relaxation time, this phenomenon is called critical slowing-down.
The critical exponent ν has been determined experimentally for a
trapped Bose gas without the use of KZM in Ref [74].

In this research the dependence of the temperature of the system
on time is taken to be linear around TC, T(t) = T0

(
1− t

tQ

)
where t

is time, tQ is the quench time, and T0 is the initial temperature, and
we define TF as the temperature at the end of the quench. When
cooling below the critical point, a condensate will nucleate first in
the center of the trap where the density is largest. The speed at
which perturbations of the newly chosen order parameter travel is
given by [75]

s =
ξ

τ
=

ξ0

τ0
|TR|(z−1) ν. (5.5)

This velocity determines the distance over which information on
the order parameter can be communicated within a certain amount
of time. This creates a causal horizon which represents the furthest
places that information on the order parameter can reach. The in-
formation velocity can be compared to the speed at which the crit-
ical front moves outward in the trap. The critical front is defined
as the collection of points which are exactly at the phase transition
(critical temperature) and where the order parameter becomes non-
zero for the first time. If information on the order parameter from
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another location can reach this point in time, the order parame-
ter will be chosen coherently with the other location. If this is not
the case, the order parameter will be chosen at random because of
spontaneous symmetry breaking. In a trap the critical front is an
equipotential surface, just like the causal horizon. When the tem-
perature decreases, the critical front moves outwards, as the phase
transition is passed at more and more places. The speed of the criti-
cal front depends on the spatial derivative of the density, and since
the density distribution is in equilibrium with the trap, it depends
on the derivative of the potential.

The center of the trap is the place where BEC will be reached first
during the cooling stage since the density is highest there. The ve-
locity of the order parameter information will be zero (|TR| = 0)
and the speed of the critical front is infinite (the derivative of
the potential is zero in the center). This means that the critical
front will always overtake the order parameter information for any
quench time. However, the domains can not be smaller than the cor-
relation length, so it is still possible to create a single large domain
with no defects when the quench is performed sufficiently slow.

If the quench is performed so fast that the critical front is still
ahead of the order parameter information at a distance larger that
ξ, multiple condensates can nucleate with independent locally se-
lected order parameters and defects will emerge at the locations
where a mismatch in the order parameter arises. There can only be
an integer number of defects in the system.

In a 3D single-component Bose-Einstein condensate the order
parameter is the phase of the wavefunction and the defects are vor-
tices or vortex lines [76]. But in an elongated system like the one
in this experiment, the size of a vortex is comparable to the radial
size of the condensate and the vortex will escape from the system.
In an effective 1D geometry the defect related to phase nonuni-
formity is the dark soliton [77], which cannot escape radially, and
which is a solution to the Gross-Pitaevski equation. Such a soliton
manifests itself as a density depletion proportional to the amount
of phase slip. A π-soliton corresponds to the maximum phase mis-
match and the density is completely depleted. We can expect the
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spontaneous symmetry breaking in our elongated system to give
rise to these solitons [78].

The Kibble-Zurek mechanism predicts the total number of soli-
tons in the system N to be [75]

N ∝
(

1
tQ

)(1+2 ν)/(1+ν z)

. (5.6)

The absolute number of solitons will depend on the microphysics
of the system, but the dependence on the quench time is given
solely by the critical exponents. This formula gives a real number,
but the actual number of defects in one experiment can only be an
integer number. Also, the creation of defects is not a determinis-
tic process. The number of solitons will not the be same every time
since the phase of each domain is chosen at random. Because it is a
stochastic process it will be Poisson distributed. In order to test the
prediction in an experiment, the measurement has to be repeated
many times to determine the expected value of the probability dis-
tribution, which can be compared to the predicted value.

In the KZM prediction the lifetime of a soliton is assumed to be
infinite. This is not actually the case and the measured number of
solitons in an experiment may depend on their survival rates.

In the case of a gas with two spin components, the procedure is
similar to the one described for a single component system. The
difference is that here the order parameter is the magnetisation.
The susceptibility χ is defined as the derivative of the order pa-
rameter with respect to the source field, in this case the magnetic
field. This parameter diverges at the critical point as

χ =
χ0

|TR|γ
(5.7)

where γ is one of the critical exponents. The minimal size of a mag-
netic domain is the spin healing length given in Equation 4.2.

In mean field theory, the value of these critical exponents for a
scalar field are given by ν = 1/2, z = 2, and γ = 1. But other the-
ories predict different values which can deviate up to a factor of 2
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depending on the dimensionality and the universality class. In or-
der to distinguish between different theoretical predictions and to
verify their validity both for systems in the field of ultracold atoms
as well as other fields, an accurate measurement of the exponents
is needed for many different configurations.

5.3 experimental results for solitons

5.3.1 Experimental procedure

A cloud of atoms is cooled in the magnetic trap to just above TC us-
ing the standard laser cooling and evaporation cooling procedures.
The final trap frequencies are ωr = 2π · 96 Hz in the radial direc-
tion and ωax = 2π · 1.5 Hz in the axial direction, corresponding
to an aspect ratio of 64. The axial confinement can be increased to
lower the aspect ratio. The system is quenched through TC creat-
ing a BEC. This last step is performed using an RF antenna which
is designed with a resonance around 3 MHz (the same antenna
is also used for spin preparation in other experiments), while the
conventional antenna is broadband and works from 60 MHz up to
1 MHz. This allows us to use larger RF power at the critical point,
which is necessary because during the quench the temperature is
lowered much faster than usual. The atoms are spin-flipped when
they reach the point in the magnetic trap where they become reso-
nant with the RF-field. However, the atoms are only in the resonant
area for a limited time. The RF-power has to be sufficiently high
to spin flip most of the atoms during the time that they are reso-
nant. The faster the quench is performed, the more atoms have to
be flipped, requiring a higher RF-power.

The temperature is lowered in a linear way at a rate that can be
varied by setting tQ. The procedure is schematically represented in
Figure 5.1.

In situ the solitons are smaller than the optical resolution so the
measurement is performed by releasing the BEC from the trap, al-
lowing it to expand for 60 ms. The expansion is fastest in the radial
direction. An absorption image is taken from the top and the focus
of the imaging system is adjusted to position of the BEC after the
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Figure 5.1: A schematic representation of the cooling sequence around
the critical point. The atom cloud is first cooled slowly to T0,
just above TC, which has a typical value of 600 nK. Subse-
quently the system is quenched to the constant reference tem-
perature TF far below TC in the time interval tQ. A wait time
tW can be applied afterwards, followed by 60 ms of time-of-
flight (TOF) and the absorption image. The quench time and
wait time are varied in the experiment.

time of flight. Due to an obstacle in the optical path it is not possi-
ble to move the lens further, so the measurement cannot be done
at a longer TOF. An example of such an absorption image is given
in Figure 5.2. Absorption imaging is a destructive method so it is
impossible to track the motion of individual solitons in the system
this way.

In Figure 5.2, two solitons can be identified. In order to be able to
count these solitons automatically, the image is edited to remove all
information that is not necessary for counting the solitons. Using
the method of singular-value decomposition [79], the background
is reconstructed from many images to remove interference patterns
as much as possible. To remove the absorption profile of the BEC
itself we transform the image to Fourier space. The soliton shape
has a different frequency in Fourier space than the much larger
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Figure 5.2: An absorption image of a BEC after time-of-flight containing
two solitons. The colour bar shows the transmittance. The im-
age shows a Thomas-Fermi profile containing two lines where
the density is lower than the surrounding area. These density
depletions are dark solitons and the depth of the depletion
corresponds to the phase-slip over the soliton.

BEC profile. By removing the frequency components associated
with the BEC shape, only the solitons remain. Since the solitons
are straight lines in this experiment, we can sum over the perpen-
dicular axis. This gives line profiles as in Figure 5.3, where the
signal of the solitons is much larger than the noise level. When
comparing this result to a reference value, a program can easily
count the number of solitons in an image. In the case that a soliton
has a contrast lower than the reference value, it will not be counted.
However, this is not a problem in this case since we study only the
dependence of the number of solitons on quench time and wait
time, and are not interested in the absolute number of solitons. Af-
ter all, the absolute number depends on the microphysics, while
the dependence on quench time is the universal property we aim
to determine. As long as the low contrast solitons are rejected in a
consistent way, this will not affect the determination of the expo-
nents. The assumptions that is made is that the depth of a soliton
is independent of the number of solitons in the system. Since the
phase of each domain is chosen at random, we expect this assump-
tion to be valid.
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However, images where solitons start to overlap and become in-
distinguishable do pose a problem. Counting two solitons as one,
since they are too close to each other, causes solitons to be rejected
more often at large soliton numbers, and this introduces a bias in
the analysis. Therefore, the quench times are chosen such that the
number of solitons is always small enough to be counted reliably.

(a)

(b)

Figure 5.3: Two line profiles of the absorption image of Figure 5.2 before
and after editing in Fourier space. a) Original profile, where
the Thomas-Fermi profile is visible with two density modula-
tions at the location of the soliton. b) Processed profile, where
the BEC profile has been removed in Fourier space, leaving
two peaks for the two solitons. The height of the peaks is
much larger than the noise level, allowing a program to de-
tect the solitons automatically.

The experiment is performed for different quench times and for
different wait times. For each setting the experiment is repeated up
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to 50 times in order to be able to determine the expected number
of solitons accurately and to reduce the uncertainty.

5.3.2 Experimental data

The number of solitons is counted for a series of quench times and
wait times. Figure 5.4 shows an example of the outcome of such
a measurement sequence with a quench time of 2.5 s and no wait
time. The number of solitons that is found is not reproducible in
every experiment as is expected for a stochastic process. The result
for the number of solitons is fitted with a Poisson distribution giv-
ing the expected value µ. Since for Poisson distributions the vari-
ance is equal to the expected value, the uncertainty in µ is given
by σµ =

√
µ/Nm, where Nm is the number of measurements in the

sequence. The value for tQ is chosen such that the majority of the
samples contains a soliton, but there are few enough that they do
not start overlapping with one another.
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Figure 5.4: A histogram of the number of solitons detected in a measure-
ment series divided by the total number of measurements Nm.
The data is fitted with a Poisson distribution, shown as the
solid line. This gives the expected number of solitons µ = 1.35
with an uncertainty of

√
µ/Nm = 0.16.
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5.3.2.1 Quench time

The dependence of the number of solitons on the quench time has
been measured. The atomic cloud is cooled across TC in a quench
with duration tQ, and the length of this cooling step determines at
what rate the system passes the phase transition. The quench time
is varied and we measure the number of solitons that are in the
system for each repetition. In this experiment there is no wait time,
the number of particles is 50 · 106 at the end of the measurement
and the quench is performed from just above TC, which is about
500 nK, to approximately T/TC = 0.5. The results of one of these
measurements are given in Figure 5.5.
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Figure 5.5: The number of solitons as a function of quench time on a
log-log scale. The data points lie on a straight line, indicating
a power-law dependence. The exponent of the power-law is
determined by fitting the data and the result of the fit is shown
as the solid line, which gives α = 3.453± 0.026.

As the quench time increases, the number of solitons decreases.
The fact that the data points lie on a straight line in the double log-
arithmic plot shows that the number of solitons indeed follows
a power-law as predicted by the Kibble-Zurek mechanism. The
data is fitted yielding the exponent of the power-law which is re-
lated to the critical exponents according to equation 5.6. We find
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α = 3.453± 0.026 for the trap configuration with an aspect ratio of
64, and the results for other aspect ratios are given in Table 5.1. The
error in the exponent is very small, showing that the measurement
for determining the exponent of the power-law in the quench rate
is robust. Because of the logarithmic scaling, the system is very
insensitive to disturbances or errors, since the magnitude of such
an interfering effect is exponentially suppressed as a function of
the parameters on the axes. However, the value of α is surprisingly
large compared to literature, where an exponent in the order of 1
is predicted [75]. The following section will explore the effect of a
finite lifetime on the measurement.

5.3.2.2 Decay

In contrast to vortices, solitons do not have a topological charge
and therefore can decay without leaving the system. Dark solitons
behave as particles with a negative mass. As a soliton loses its
energy by scattering thermal excitations, it accelerates and gradu-
ally loses contrast. When the soliton reaches the speed of sound,
its contrast reaches zero and it will have completely disappeared.
The effect of scattering thermal excitations is suppressed at lower
temperatures [80, 81]. There is another mechanism that can be re-
sponsible for the decay of a soliton. In a 3D system, a soliton can
decay into vortex and anti-vortex pairs through the snake instabil-
ity [82, 83]. This effect is be suppressed by strong radial confine-
ment [84]. The fact that we observe solitons instead of vortices as
defects in the experiment is an indication that the radial confine-
ment in the cigar-shaped trap is sufficiently strong to suppress the
snake instability.

To determine the lifetime of the solitons in the BEC, the number
of solitons is plotted versus the wait time for a constant quench
time. The results for a quench time of 2 s are given in Figure 5.6.
Fitting an exponential decay yields a 1/e lifetime of τli f etime =

0.39± 0.07 s for an aspect ratio of 64, the same trap configuration
as is used to measure the data in Figure 5.5.



5.3 experimental results for solitons 83

0.0 0.5 1.0 1.5

0

1

2

3

4

Wait time HsL

A
v
e

ra
g

e
n

u
m

b
e

r
o

f
s
o

lit
o

n
s

Figure 5.6: The number of solitons as a function of wait time tW for
a constant quench time of 2 s. Each data point is the re-
sult of a large number of repetitions to determine µ and σµ.
The lifetime is found by fitting an exponential decay model
< N >∝ exp(−tW/tli f etime).

In Ref [85] the lifetime of dark solitons is calculated as a function
of the trap parameters and the experimental conditions. It is given
by

τli f etime =
h̄ N∗

T R0
. (5.8)

Here N∗ is the number of particles that has to be removed from
the condensate to create the density dip of the soliton, given by
N∗ = M/m, with M = 2 π n0 ξ r2 m the effective mass of the soli-
ton, r =

√
2 R, with R the radial Thomas-Fermi radius, and R0

is the maximum value of the reflection coefficient in the limit of
v → 0, with v the velocity of the soliton. Calculating the lifetime
using the parameters from our experiment we find τ = 0.266 s,
while the experimental result is 0.39 s. An exact agreement is not
expected because the calculation is done in the limit of T � µ or
T � µ, and µ � h̄ ω⊥ or µ � h̄ ω⊥ (3-D or quasi 1-D). Our ex-
perimental conditions are not far enough in one of these limits to
make the assumptions completely valid. The calculation does give
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the right order of magnitude, indicating that we understand the
mechanisms responsible for the damping.

A comparison can be made with the results of a similar study
done at the university of Trento [86]. Here a lifetime of 1.2 s is re-
ported, which is in good agreement with the outcome of equation
5.8 for their experimental parameters (τ = 1.21). However, a life-
time of 0.9 s is also reported for a 400% higher temperature, which
is completely inconsistent with equation 5.8. An increase of a factor
of 4 in temperature should lead to a reduction in lifetime of approx-
imately the same factor. Regardless of the assumptions made in the
calculation, the scaling of the lifetime with temperature should be
far stronger than what is reported in this experimental study.

The lifetime is also measured for two different sets of experimen-
tal conditions. It is found that the lifetime decreases for lower atom
number, consistent with the prediction of Eq. 5.8, as N∗ decreases
in this case. Also, we find that the lifetime becomes longer for lower
aspect ratios, for which the experimental values are shown in Table
5.1. The lower aspect ratio is achieved by increasing the axial trap
frequency while the radial frequency is kept constant. The longer
lifetime is again consistent with Eq. 5.8, as the density and N∗ in-
crease in this configuration.

aspect ratio exponent α σα lifetime τ στ

64 3.453 0.026 0.39 0.07

25 1.9 0.2 - -

15 - - 0.62 0.07

10 2.1 0.2 - -

Table 5.1: The exponent of the power-law dependence of the number of
solitons as a function of quench time, and the lifetime of the
solitons are measured for a number of aspect ratios.
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5.3.3 Correction

In order to compensate for the fact that not all solitons that are cre-
ated will survive long enough to be measured, each data point
from the quench measurement has to be corrected by a factor
exp(t/τli f etime) to give the number of solitons that was originally
created, with t the time between the start of the quench and the
measurement. The results of the number of solitons as a function
of quench time after the correction are given in Figure 5.7.
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Figure 5.7: The extrapolated number of solitons at t = 0 as a func-
tion of quench time on a double logarithmic scale. Each
data point from Figure 5.5 has been corrected by a factor of
exp(t/τli f etime) to find the number of solitons in the sample at
t = 0.

We find the surprising result that the number of solitons in-
creases rather than decreases as a function of quench time. On top
of this, the number of solitons that is extrapolated to have existed
is in the order of 10 − 1000, which would mean there are more
solitons in the BEC than the number of times the healing length
fits into its axial size. Both conclusions are not physically realistic.
Clearly the assumption that the data points can be corrected for
the finite lifetime using the result of the previous section is not
valid.
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The correction could be invalid for a number of reasons. First
of all, not all solitons are created at t = 0, since the density distri-
bution in the trap is inhomogeneous. This means that the critical
temperature is constantly being passed somewhere in the trap, and
solitons are created during the whole quench. This causes the cor-
rection factors to be too large. This effect is likely responsible for
a large part of the overestimation of the initial number of solitons.
If for example the solitons are created evenly during the quench,
more than 60% of the solitons that are measured in the experiment
will have been created in the last 20% of the quench time, and the
total number of solitons after correction is a factor of 30 lower than
under the assumption that all solitons are created at the start of the
quench (using a quench time of 2 s and a lifetime of 0.4 s, which
are applicable to our measurement). But since the trap is harmonic,
the rate at which the phase transition is passed is not constant ev-
erywhere and the assumption that the solitons are created evenly
during the quench is not valid. The actual way the creation of soli-
tons is distributed over the quench time is more complicated and
itself depends on the exponent that we are trying to determine.

A second complication is that the lifetime is assumed to be con-
stant during the quench time. Since the temperature and density
change significantly during the cooling stage, this is not actually
the case. Because the lifetime is short compared to the quench
times, small deviations are exponentially enlarged in the final re-
sult. Based on Equation 5.8, the variation of the lifetime can be
estimated to be no larger than a factor of 2 for the changing con-
ditions in the measurement, but this still has a large impact. For
example, if the lifetime is twice as short in the first half of the
quench because of the higher temperature, the corrected number
of solitons increases with a factor of 12 (again using a quench time
of 2 s and a lifetime of 0.4 s).

The effect of a lower lifetime in the earlier stage of the quench
on the corrected number of solitons is opposite to the effect of the
inhomogeneous distribution, so they balance each other, but nei-
ther can be assessed accurately enough to calculate their influence
without further investigation.
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Measurements have also been done at lower aspect ratios, for
which the results are shown in Table 5.1, but the detection of the
solitons is more difficult here because of the smaller sample size
and higher densities. Also, at a large aspect ratio the orientation
of the soliton is forced to be perpendicular to the long axis more
strongly than at a low aspect ratio. Since a soliton is optimally vis-
ible when it is aligned to the line-of-sight of the imaging, which is
perpendicular to the long axis, the visibility decreases at a lower
aspect ratio. The detection may improve with longer time-of-flight
but this is not possible in this experiment, because of limitations
in the optical setup. We find lower values for the exponents, which
is consistent with a longer lifetime and thus lower correction fac-
tors for the systems having a lower aspect ratio. At an aspect ratio
of less than 10 the defects no longer manifest themselves as soli-
tons, but we also start to detect vortices. These are more difficult
to count, since they are only visible when the core is aligned to the
line-of-sight of the imaging.

5.4 experimental results for magnetic domains

A cloud of atoms is cooled in the magnetic trap to 4 µK using the
standard laser cooling and evaporation cooling procedures. In or-
der to perform experiments with two spin components the gas is
transferred to the optical dipole trap and 50% of the population is
flipped to the |F, mF〉 = |1, 0〉 state (see Chapter 2.6 for more infor-
mation on the spin preparation). The gas is cooled across TC, which
lies at about 3 µK, by lowering the power of the optical dipole trap,
which induces evaporative cooling. The length of the time interval
in which the trap depth is lowered is defined as the quench time.
The faster the quench is performed, the more magnetic domains
appear in the condensate. The domain walls form perpendicular
to the long axis of the cigar shaped trap to minimise their surface
energy.

The images are recorded using absorption imaging after vertical
Stern-Gerlach splitting in an inhomogeneous magnetic field during
time-of-flight to spatially separate the spin components after the
experiment. This technique is the same as the one used in Chapter
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Figure 5.8: Absorption images of magnetic domains in a two-component
mixture below TC after vertical Stern-Gerlach splitting. Image
a) is recorded after a fast quench and contains about 20 do-
main walls. Image b) shows the result of a slower quench and
has only 2 domains walls.

Figure 5.8 shows the results for a fast and a slow quench. The
images show the density distributions of the two spin components.
The different components alternate and the interface between them
is a domain wall. For a fast quench there are far more interfaces
than for a slower quench. Counting the defects in the single spin-
component case is done by looking at density modulations with
a typical size and selecting those that are larger than a reference
value as is described in the previous section. In the case of mag-
netic domains, the absence of one spin component has to be matched
to the presence of the other. At the position where this configura-
tion switches there is a magnetic domain wall. Unfortunately, soli-
tons are also created in the domains during the quench. These are
density depletions in one component without the presence of the
other component at that position. The fact that determining the
presence of a defect now involves analysing two profiles, which
are displaced relative to each other during the Stern-Gerlach split-
ting and which also contain solitons, makes automated counting
very challenging.
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With the help of the human eye the number of magnetic domains
is determined as a function of quench time. The result is plotted in
Figure 5.9.
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Figure 5.9: The number of magnetic domains as a function of the quench
time plotted in a double logarithmic graph. The data points
follow a straight line, which means it can be described by a
power law model. A fit is performed on the data with such a
model, giving an exponent of 1.76± 0.02. The model is plotted
as the solid line.

The data points in Figure 5.9 follow a straight line on the dou-
ble logarithmic scale, indicating that in this system the number of
defects can also be described by a power-law. By fitting the data
the value for the exponent of this power-law is 1.76± 0.02. In our
experiment we have found that magnetic domains that are large
compared to the radial size of the condensate remain stable for
many seconds. However, the lifetime of smaller domains may be
lower since they are less strongly stabilised by large aspect ratio of
the cigar shaped configuration. We have not quantitatively deter-
mined the lifetime, but can compare to the study of Ref [87] on the
long-time-scale dynamics of spin textures, which shows that the
domain size grows from its initial value to a stable value within
several seconds, where this final value is comparable to the radial
size of the sample. This confirms that the lifetime of the magnetic
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domains is much longer than that of the solitons and that they
stabilise when they become large enough. If the lifetime has an in-
fluence on the measurement of the exponent, the measured value
will be larger than the actual value.

Since the critical exponents describing this phase transition are
different than the ones for the single component system, the mag-
netic susceptibility instead of the correlation length, we cannot
compare to the theoretical prediction of Ref [75]. It is up to the-
orists to make a prediction for this scaling in a harmonic trap with
a large aspect ratio, taking into account the dimensionality and the
inhomogeneity of the system.

5.5 discussion and conclusion

We have measured the number of solitons in a Bose-Einstein con-
densate and have found that they are Poisson distributed. The
number of solitons decreases as a function of wait time and as
a function of quench time. In this experiment, the lifetime of the
solitons has been determined to be much shorter than the quench
times that are used. This causes the correction factors exp(t/τli f etime)

to become very large. It is not possible to use shorter quench times,
as the number of solitons will then be too large to be properly dis-
tinguished. It is also not reliable to use the given correction factor,
as the uncertainty in the lifetime will be exponentially enlarged
and the exact moment of nucleation is not the same for each soli-
ton.

Altogether, the assumptions that have to be made in order to
correct the results for the finite lifetime are not acceptable in this
situation, which is illustrated by the fact that we obtain a non-
physical negative value for the exponent when using this approach.
To determine the exponent with a low enough uncertainty to be
able to compare with theory in a meaningful way, the lifetime has
to be made much longer, for example in a real quasi-1D system,
and at very low temperatures.

A good alternative is to image the system non-destructively, for
instance using PCI. In this way the solitons can be tracked over
their lifetime, making correction factors unnecessary. Other inter-
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esting experiments can also be done by dynamically following the
evolution of a single soliton. Such a measurement is impossible to
do with a destructive technique, since the spontaneous symmetry
breaking principle causes the system to be non-reproducible. To
be able to do measurements in situ, the imaging resolution limit
must be smaller than the size of the solitons. In principle this can
be realised by adjusting the experimental parameters, but we have
not yet succeeded in our experiment.

Interestingly enough, the work done in Trento [86] does not ad-
dress the issue of correcting the exponent for the finite lifetime of
the solitons. Even though their lifetime is larger than the one in this
experiment, the measurements are still done in the regime where
the quench times are comparable to or larger than the lifetime of
the solitons and which is not fully 1-D (µ > h̄ ωr). Therefore the
conclusions that are drawn are significantly biased. When correct-
ing the data points from their quench measurement for the lifetime
that is given in the article itself, the value of the exponent is low-
ered from 1.38 to approximately 1.05. Since the authors compare
their experimental results to different theories predicting values of
1 and 7/6, this correction is very relevant.

We have succeeded in measuring the power law dependence of
the number of magnetic domain on the quench time when passing
the critical temperature with a mixture of two spin components.
This result may also have to be corrected for the finite lifetime
of the domains, even though the impact is expected to be much
smaller than for the solitons. The measurement is complicated by
the presence of solitons in the magnetic domains. An alternative
is to study the formation of magnetic domains in the quantum
phase transition at T = 0 by scanning the magnitude of the mag-
netic field [88]. This takes the system from a ferromagnetic to an
antiferromagnetic ground state. The number of domains that are
formed can then be measured as a function of the speed at which
this transition is performed [89].
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S A M E N VAT T I N G I N H E T N E D E R L A N D S

Het werk dat beschreven wordt in dit proefschrift is experimenteel
onderzoek met natriumatomen en maakt deel uit van het veld ul-
trakoude atomen binnen de natuurkunde. Ultrakoud is natuurlijk
een subjectieve kwalificatie; wanneer is iets nu eigenlijk ultrakoud?
De één denkt hierbij aan een sneeuwstorm, de ander aan het mo-
ment dat hij op een maandagochtend uit een warm bed stapt. Wij
natuurkundigen noemen dat allemaal gewoon kamertemperatuur.
Pas als we in de buurt komen van 1 Kelvin (1 graad boven het
absolute nulpunt) beginnen we het een beetje koud te vinden. Dat
is ongeveer de laagste temperatuur die met cryogene technieken
(geavanceerde koelkasten) te bereiken is.

Aan het eind van de jaren zeventig werd er een nieuwe koeltech-
niek ontwikkeld die het mogelijk maakt om nog veel lagere tempe-
raturen te bereiken: laserkoeling. Hierbij wordt er gebruik gemaakt
van laserlicht om een atomair gas af te koelen tot ongeveer een mil-
likelvin (duizend keer zo koud). Het principe van laserkoeling is
makkelijker te begrijpen als je je bedenkt dat de temperatuur van
een materiaal niets anders is dan de beweging van de deeltjes waar-
uit het bestaat: als de deeltjes heel snel heen-en-weer stuiteren of
trillen is het warm, als ze bijna stilstaan is het koud. De uitdaging
is dus om een manier te vinden om alle deeltjes stil te zetten. Laser-
koeling bereikt dit door gebruik te maken van het feit dat atomen
licht kunnen absorberen en daarbij ook een kleine hoeveelheid van
de beweging (impuls) overnemen. Als deze overgedragen impuls
tegengesteld gericht is aan de bewegingsrichting van het atoom,
dan zal het een klein beetje afremmen en zal het gas afkoelen.
Een leuke analogie die mijn professor graag bij rondleidingen door
het lab gebruikt is die van een vrachtwagen die met grote snelheid
op je af komt en het enige wat je tot je beschikking hebt is een
(grote) bak met tennisballen. Wat ga je doen? Zoveel mogelijk ten-
nisballen zo hard mogelijk tegen de vrachtwagen gooien! Iedere

103



104 samenvatting in het nederlands

keer dat je de vrachtwagen raakt zal hij een klein beetje vertragen,
dus als je in korte tijd voldoende tennisballen kan afvuren moet
het lukken om de vrachtwagen op tijd tot stilstand te brengen. Op
dezelfde manier kunnen atomen (bijna) tot stilstand gebracht wor-
den met laserlicht. Je hebt ongeveer 30.000 lichtdeeltjes nodig om
een atoom van 800 m/s tot stilstand te brengen, maar dat lukt al
in een milliseconde. We spreken zo langzamerhand wel van koude
atomen, maar nog niet ultrakoud. Daarvoor moet er nog wat meer
gebeuren, want je kan het atoom nooit precies stilzetten, en zelfs
de snelheid die onze figuurlijk vrachtwagen krijgt van maar één
tennisbal is eigenlijk nog te groot. Om het gas nog verder te koe-
len wordt het opgeslagen in een magnetische val, een soort driedi-
mensionaal knikkerputje waarvan de randen zo hoog zijn dat de
atomen niet voldoende energie hebben om er uit te ontsnappen.
Door continu met elkaar te botsen bereiken de atomen een even-
wichtsverdeling. Niet ieder atoom heeft daarbij evenveel energie,
en daar kunnen we gebruik van maken. Als bijvoorbeeld alle ato-
men, die door toevallige botsingen op een zeker moment meer dan
10 keer de gemiddelde energie hebben, uit het systeem verwijderd
worden, dan daalt de totale energie van het systeem flink, terwijl er
nauwelijks deeltjes verloren gaan. De overgebleven energie wordt
dan herverdeeld onder de achtergebleven atomen en deze bereiken
een nieuwe evenwichtsverdeling bij een lagere temperatuur. Deze
techniek heet verdampingskoeling en dit is dan ook eigenlijk pre-
cies hetzelfde als wat je doet wanneer je over je kop koffie of soep
blaast om hem af te koelen.
Als verdampingskoeling lang en efficiënt genoeg wordt toepast
kan de temperatuur tot een paar honderd nanokelvin worden te-
ruggebracht. Onder deze omstandigheden verandert het gedrag
van de atomen. Waar ze eerst als klassieke knikkertjes heen en weer
stuiterden krijgen ze nu merkwaardige kwantummechanische ei-
genschappen: de atomen gaan zich gedragen als golven, ze gaan
onderling interfereren en coherenties opbouwen. De ultieme uiting
hiervan is een Bose-Einstein condensaat (BEC), waar miljoenen ato-
men gezamenlijk de laagste energietoestand bezetten en een golf-
functie delen die meer dan een millimeter groot kan zijn. Nu is het
pas echt ultrakoud. Sterker nog: nergens in het universum is het
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zo koud als in een laboratorium met ultrakoude atomen!

Om dit alles mogelijk te maken bevinden de atomen zich in een
ultrahoog vacuüm. Om ultrakoud te blijven moet de omgeving
ook ultraleeg zijn, want botsingen met luchtmoleculen (die op ka-
mertemperatuur zijn) zouden de atomen onmiddellijk opwarmen.
Dit principe wordt ook toegepast in de meeste thermosflessen, die
twee wanden hebben met een vacuüm ertussen om de warmte-
stroom te onderdrukken. De druk in onze experimentele opstelling
is alleen nog iets lager: vergelijkbaar met die op de oppervlakte van
de maan. En om dit in stand te houden staat een heel arsenaal aan
pompen dag en nacht te draaien.

Voor metingen gebruiken we (resonant) laserlicht. De atomen
worden belicht met een laserbundel en de schaduw die ontstaat
door de absorptie van het licht wordt afgebeeld op een camera.
Hoe minder licht er op de camera komt, hoe meer atomen er in
het pad van de laserbundel aanwezig waren. De vorm van de scha-
duw geeft informatie over de dichtheidsverdeling van het gas. Een
nadeel van deze methode is dat de atomen geëxciteerd worden
door de absorptie van het licht en dit de situatie zodanig verstoort
dat er maar één meting kan worden gedaan. Een alternatieve me-
thode is om licht te gebruiken wat niet precies resonant is en wat
dus nauwelijks wordt geabsorbeerd. Omdat het licht wel iets wordt
vertraagd door de aanwezigheid van de atomen ontstaat er een fa-
severschil, en uit het interferentiepatroon kan de dichtheidsverde-
ling ook worden bepaald.

Met behulp van deze technieken is het in Utrecht mogelijk om
iedere twee minuten een BEC te produceren. In 1995 zou dat al
goed genoeg zijn geweest voor de Nobelprijs, maar tegenwoor-
dig moet je nog een stapje verder gaan. In dit proefschrift worden
drie experimenten beschreven die verschillende aspecten bestude-
ren van BEC, waardoor een dieper inzicht wordt verschaft in de
eigenschappen van kwantummaterie.

In het eerste experiment (hoofdstuk 3) wordt de brekingsindex
van een Bose-Einsteincondensaat bestudeerd. In het experiment
wordt een atomair gas voor een bepaalde tijd blootgesteld aan la-
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serlicht. Door de temperatuur en het aantal deeltjes als functie van
de tijd te volgen kan de interactie tussen het licht en de materie in
beeld worden gebracht. Een elegante en precisievergrotende subti-
liteit is dat het licht waarvan de interactie met de materie wordt
bestudeerd tegelijkertijd ook het licht is waarmee de meting van
de temperatuur en het aantal deeltjes wordt gedaan. Zo wordt het
effect wat je wil meten geïnduceerd door de meting zelf, zonder
verstoringen dus, terwijl het meetmechanisme normaliter hinder-
lijke bijwerkingen geeft.
Het interessantste resultaat is dat de interactie met het licht veel
sterker is in een BEC dan in een wat minder koude wolk die nog
geen BEC is. Er is dus iets bijzonders aan de hand in dat BEC.
Er wordt snel uitgesloten dat het een dichtheidseffect is, waarbij
de atomen zelf elektromagnetische velden gaan produceren ten ge-
volge van de interactie met het licht. Dat effect is veel te zwak
onder deze omstandigheden. Een tweede effect, veroorzaakt door
correlaties tussen atomen blijkt veel sterker te zijn. Een numerieke
berekening levert op dat atomen over tientalle micrometers gecor-
releerd zijn met elkaar in het Bose-Einsteincondensaat en dat dit
een flinke versterking veroorzaakt van de interactie met licht. De
berekening is in goede overeenstemming met de experimentele re-
sultaten. Aangezien de temperatuur wordt gemeten als functie van
de tijd en gedurende de tijd kleine hoeveelheden energie worden
toegevoegd aan het gas door de interactie met het licht, kan ook
de warmtecapaciteit worden bepaald.

Het volgende experiment (hoofdstuk 4) bestudeert magnetisme
in gassen van ultrakoude atomen. De meeste deeltjes zijn namelijk
kleine magneetjes (dit wordt spin genoemd) en dat geldt ook voor
het natriumatoom. De spin die we hier bekijken is de optelsom
van de spin van het buitenste elektron en die van de kern van het
atoom. De rest van de elektronen zitten namelijk in gevulde schil-
len en die compenseren elkaar precies zodat ze een totale spin van
0 hebben. Als er een magneetveld wordt aangezet heeft dat een
wisselwerking met de spin van het atoom. Als de spin in dezelfde
richting staat als het magneetveld levert dit een lagere energie op
en als ze tegengesteld staan een hogere energie. De spin kan ook
loodrecht staan, dan blijft de energie onveranderd.
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Het bijzondere van de kwantummechanica is dat er alleen discrete
mogelijkheden zijn, parallel, anti-parallel of loodrecht (welke in het
proefschrift 1, -1 en 0 worden genoemd). De tussenliggende moge-
lijkheden bestaan niet.
In een optisch pincet, gevormd door het focus van een sterke la-
serbundel, worden de atomen in de ruimte vastgezet en in de ver-
schillende spin toestanden gebracht. Als het gas warm is dan zit-
ten de verschillende componenten gewoon homogeen door elkaar
gemengd, maar als je koelt naar BEC dan organiseren de spincom-
ponenten zich spontaan in magnetische domeinen.
Door middel van magnetische krachten worden deze domeinen
ten opzichte van elkaar bewogen en wordt de onderlinge wrijving
(spin drag) en de beweging van de domeinwanden bestudeerd.
Hieruit wordt informatie gehaald over de interactie tussen de ver-
schillende toestanden. De procedure om een meting te doen waar-
bij het mogelijk is om de spintoestanden te onderscheiden is tame-
lijk complex. De toestanden moeten eerst ruimtelijk van elkaar ge-
scheiden worden door een magnetische gradiënt (een soort helling)
waarna er een foto wordt gemaakt waarop 2 wolkjes van atomen
te zien zijn. Het scheiden van de componenten verstoort de situa-
tie flink, en is dus eigenlijk onwenselijk. Daarom is er een nieuwe
beeldvormingsmethode ontwikkeld die in situ, spin-afhankelijk en
niet-destructief kan meten. Hierbij worden snel achter elkaar twee
foto’s gemaakt met licht van een verschillende polarisatie. De po-
larisatie wordt snel geschakeld door een liquid crystal met vari-
abele vertraging (een soort geavanceerde LCD TV met maar één
pixel). De interactie met gepolariseerd licht is niet hetzelfde voor
de verschillende spintoestanden, dus dat maakt het mogelijk om
de lokale spindichtheid te reconstrueren uit de twee foto’s. Dit is
een sterke verbetering ten opzichte van de oude beeldvormingsme-
thode en maakt het mogelijk om ook spindynamica te bestuderen.

Het laatste experiment (hoofdstuk 5) gaat over spontane symme-
triebreking. Wanneer een systeem een tweede orde faseovergang
passeert dan treedt er symmetriebreking op. Aan de andere kant
van de faseovergang is er namelijk een extra parameter nodig om
de toestand te beschrijven (de ordeparameter) en deze wordt wil-
lekeurig gekozen. Bij BECs hebben we hier ook mee te maken. De
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golffunctie van het condensaat heeft namelijk een fase, en dit is
de ordeparameter. Meestal heb je hier niet zoveel mee te maken,
maar zodra er meerdere BECs naast elkaar bestaan wordt de (on-
derlinge) fase belangrijk.
Wanneer het systeem de faseovergang snel genoeg passeert dan
vormen er zich meerdere condensaten met onafhankelijke fases.
Als deze domeinen vervolgens groeien zullen ze elkaar raken en
ontstaat er op het raakvlak een defect in de vorm van een dicht-
heidsfluctuatie. Deze fluctuatie, soliton genaamd, kunnen we me-
ten. Hoe sneller het systeem langs de faseovergang wordt gedre-
ven, hoe meer onafhankelijke domeintjes er vormen en hoe meer
defecten er worden gemeten. Uiteindelijk is het doel van het ex-
periment om te bepalen hoe het aantal defecten afhangt van de
snelheid waarmee de faseovergang wordt gepasseerd. Dit geeft na-
melijk informatie over de zogenaamde kritische exponenten van de
faseovergang. Faseovergangen kunnen worden ingedeeld in ver-
scheidene symmetrieklassen en de kritische exponenten van een
faseovergang zijn universeel binnen zo’n symmetrieklasse. Dit be-
tekent dat deze resultaten uit een experiment met ultrakoude ato-
men kunnen helpen antwoord te geven op vragen uit de kosmo-
logie en het vroege universum waar andere faseovergangen een
belangrijke rol speelden.
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