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Zusammenfassung
Diese Diplomarbeit beschreibt die Erzeugung und Charakterisierung eines Gases
magneto-optisch gefangener 87 Rb Atome (MOT), das effizient von einem in einer
kompakten und modularen zweidimensionalen magneto-optischen Falle (2D-MOT)
erzeugten kalten Atomstrahl geladen wird. Dies realisiert einen ersten Kühlschritt
zur rein optischen Erzeugung eines Bose-Einstein-Kondensats (BEC) für Experimente mit aus dichten Atomgasen angeregten Rydbergatomen. Die 2D-MOT wurde
aufgebaut und ihre Leistungsfähigkeit durch Laden einer dichten Sechsstrahl-MOT
für einen neuen experimentellen Aufbau charakterisiert. Mehr als 3 · 108 Atome
können in der Sechsstrahl-MOT in weniger als 200 ms geladen werden, was einer
Laderate von ≈ 4 · 109 /s entspricht. Mit dem Verfahren der saturierten Absorptionsabbildung konnten wir dichte atomare Wolken untersuchen und feststellen, dass
5 · 106 Atome von der MOT in eine optische Dipolfalle transferiert werden können. In
Kombination mit schnellem evaporativem Kühlen in der Dipolfalle ermöglicht es die
Leistungsfähigkeit der 2D-MOT in dem neuen Aufbau BECs in etwa 5 s zu erzeugen.
Dies stellt einen hervorragenden Ausgangspunkt für kommende Experimente mit
Rydbergatomen in dichten ultrakalten Quantengasen dar.

Abstract
This diploma thesis reports on the generation and characterisation of a gas of
magneto-optically trapped 87 Rb atoms (MOT) efficiently loaded from a high flux cold
atom beam generated in a compact and modular two-dimensional magneto-optical
trap (2D MOT). This constitutes the first cooling step in the all-optical realisation
of a Bose-Einstein condensate (BEC) for experiments on Rydberg atoms excited
from dense atomic gases. A 2D MOT was built and its performance characterised
by loading a dense six-beam MOT for our new experimental apparatus. Over 3 · 108
atoms can be trapped in the six-beam MOT in less than 200 ms corresponding to
a loading rate of ≈ 4 · 109 /s. Using saturated absorption imaging we could probe
dense atomic clouds. It was found that 5 · 106 atoms can be transferred from the
MOT to an optical dipole trap. In combination with fast evaporative cooling in
the dipole trap, the good performance of the 2D MOT facilitates the production
of BECs in this new setup in experimental cycle times of about 5 s. This offers
an excellent starting point for upcoming experiments on Rydberg atoms in dense
ultracold quantum gases.
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1 Introduction
The development of laser cooling and trapping techniques, including the deceleration
of atomic beams [1] and magneto-optical traps (MOTs) [2], has opened up an entirely
new field of physics. This has allowed experiments to be performed on atoms in
precisely controlled environments where effects due to thermal motion do not play a
role. Transferring laser cooled atoms to conservative magnetic or optical traps and
subsequent evaporative cooling enabled the achievement of Bose-Einstein condensation
[3, 4]. Since then, a great variety of experiments on ultracold gases and Bose-Einstein
condensates (BECs) have been performed. Some of these include the interference of
coherent matter waves [5], the simulation of complex many-body systems in optical
lattices [6], or the production of molecular BECs [7, 8].
The development of these techniques has given rise to many new areas of research,
for example the field of ultracold Rydberg gases. Rydberg atoms are atoms excited to
high electronic states n where the excited electron is on average found at large distances
from the nucleus. They exhibit exaggerated properties such as a high polarisability
scaling as n7 , strong van-der-Waals interactions scaling as n11 , and relatively long life
times scaling as n3 . The strong interactions possible between Rydberg atoms opens
new roads to study few-body and many-body quantum physics in strongly correlated
regimes.
Over the last two years, including the duration of this thesis project, we planned
and realised a new experimental setup to study interacting Rydberg atoms in dense
atomic gases. For these experiments, good control over external fields and good optical
access to the main science chamber for various trapping, excitation, and imaging beams
are essential. In addition, reproducible experimental conditions and short duty cycles
to perform many measurements in short periods of time are desired. Therefore, we
have favoured an all-optical approach for BEC production (following to Clement et
at. [9], see figure 1.1) that allows for much faster evaporative cooling as compared
to conventional magnetic traps. However, it is first necessary to laser cool and trap
many atoms in order to efficiently load the optical dipole trap. For this, two seemingly
contradictory requirements have to be met: High partial pressures of rubidium atoms
are necessary to achieve high MOT loading rates, while at the same time it is imperative
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Figure 1.1 Overview of the cooling cycle. First a MOT is loaded from a 2D MOT, from
which a dipole trap is loaded where the atoms are evaporatively cooled to the BEC
transition. Adapted from [10].

that ultra-high vacuum (UHV) conditions are maintained. These requirements can be
fulfilled using a switchable cold atom beam source that allows to temporarily increase
the local density during MOT loading.
This thesis reports on a two-dimensional magneto-optical trap (2D MOT) [11] which
serves as a high flux atom source used to load a six-beam MOT and ultimately an
optical dipole trap. We favoured this approach over other cold atom beam sources such
as double MOT systems [12] or Zeeman slowers [1] as it could be implemented in the
form of a compact, simple, robust and modular setup. As such a 2D MOT is ideally
suited for experiments with ultra-cold gases and Rydberg atoms. The separation of the
atom source from the main chamber by a differential pumping tube prevents any ions
emitted from the alkali dispensers from reaching the main UHV chamber such that
they cannot influence the properties of Rydberg atoms. Additionally, the 2D MOT
can be attached to a small CF16 flange of the main vacuum chamber such that good
optical access is maintained. The magnetic field required to make a 2D MOT is based
on permanent magnets [13], providing a field which is very stable and decays quickly
such that it does not influence experiments in the main chamber. The 2D MOT is
used to efficiently load a six-beam MOT. From the MOT the atoms are transferred
into an optical dipole trap for evaporative cooling towards the BEC transition. The
setup and characterisation of the evaporation process were performed in parallel to
this thesis by Aline Faber [14], while this project was primarily focused on the laser
cooling and trapping aspects of the experiment needed to load the optical dipole trap.

Contents of this thesis
This thesis contains the following chapters. In chapter 2, various atom sources for
loading a magneto-optical trap are introduced and compared, and our choice of a 2D
MOT is motivated. Chapter 3 presents the experimental setup of the new Rydberg
experiment with a focus on the 2D MOT and the six-beam MOT and the corresponding
laser systems which were set up during this thesis. Other important components of the
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apparatus such as the vacuum system and the optical dipole trap are also introduced.
Chapter 4 introduces the methods used to determine the properties of atoms trapped
in a MOT or optical dipole trap, with a focus on the accurate estimation of trapped
atom numbers and loading rates. To characterise the system we used fluorescence
detection and we investigated an accurate technique for measuring atom numbers in
high density regimes using saturated absorption imaging. In chapter 5, these techniques
are applied to characterise and optimise the MOT loading from the 2D MOT and
the performance of our 2D MOT is compared to other experiments. Finally, chapter
6 summarises the entire cooling cycle of the experiment towards the BEC transition
including evaporative cooling in the optical dipole trap and discusses the contribution
of the fast MOT loading to short overall cycle times.

3

2 Cold atom sources
Most Bose-Einstein condensation (BEC) experiments implement a magneto-optical
trap (MOT) as a first cooling step from which an optical dipole or magnetic trap is
loaded. It is crucial to be able to transfer a large number of atoms from the MOT to
the optical or magnetic trap as a large fraction of the initially transfered atoms will be
lost during evaporative cooling. Therefore, it is desirable to trap high atom numbers in
the MOT before the transfer begins. In order to benefit from the short cycle times for
the production of BECs (a few seconds) that can be achieved in optical dipole traps,
it is also desirable to load the MOT as quickly as possible. Another crucial factor is
that a low background pressure is required to avoid losses in the dipole trap due to
collisions with background gas atoms.
Since the ability of a MOT to capture atoms is limited by its capture velocity vc ,
faster atoms will not contribute to the MOT but still deteriorate the background
pressure and therefore increase trap loss rates. On the other hand, a high density of
atoms is desirable to increase the MOT loading rate. Consequently, many MOTs in
BEC experiments are not loaded from sources within the main UHV chamber, but from
dense cold atom beams prepared in a separate vacuum chamber under higher pressure
conditions. Ideally, the beam contains mostly atoms below the capture velocity of the
MOT.
Besides the desire for high MOT loading rates and low background pressures, there
are two additional considerations that have to be taken into account in the context of
experiments with ultracold Rydberg atoms: Since Rydberg atoms are very sensitive to
electric and magnetic fields and commonly detected by field ionisation, the number of
unwanted ions in the main chamber shall be kept at minimum. Additionally, a compact
setup with little periphery is desirable to save space and maintain good optical access
to the main chamber for various trapping, excitation, and imaging beams.
After briefly presenting the concept of a MOT and the resulting consequences for
the loading process, several atom sources are presented and their efficiency is discussed:
simple background loading, light induced atom desorption (LIAD), and loading from
atom beams prepared under higher pressure conditions, i.e. by a Zeeman slower, double
MOT systems, or a two dimensional magneto-optical trap (2D MOT). As we opted to
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Figure 2.1 Magneto-optical trap. The atoms are cooled by three pairs of counterpropagating laser beams and trapped at the zero postion of a quadrupole magnetic field.

implement a 2D MOT, this type of source and its variants will be discussed in more
detail.

2.1 Magneto-optical trapping of atoms
Magneto-optical traps have become a standard tool in the field of cold atom gases since
they can cool and trap neutral atoms down to temperatures of a few µK. The atoms
are cooled by counter-propagating red-detuned laser beams with opposing circular
polarisation and can be trapped if additional linear magnetic field gradient fields,
usually generated by a pair of coils in an anti-Helmholtz configuration, are applied (see
figure 2.1) [15, 2]. The atoms are then trapped at the centre between the coils where the
magnetic field is zero. The following paragraphs summarise the underlying principles
of magneto-optical trapping and the influence of the various MOT parameters will be
discussed.
Laser cooling and optical molasses
The following discussion considers the simplified case of a two level atom interacting
with a counter-propagating laser beam. Each time the atom absorbs a photon from
the laser beam, it decays back to the ground state by either stimulated or spontaneous
absorption. In the former case, the momentum of the emitted photon is equal to
the absorbed photon and the net momentum change of the atom after absorption
and re-emission is zero. In the latter case, the direction of the emitted photon is

6

2.1 Magneto-optical trapping of atoms

Figure 2.2 Velocity dependent force in optical molasses. The solid line corresponds to
the combined force of the molasses, the dashed lines to the forces of the single beams.
Taken from [16]

isotropically random. Hence, averaging over many spontaneous emission processes, the
atom will experience a net momentum change only in the direction of the beam. This
momentum change can be described by a so-called spontaneous force that can be used
to decelerate and hence cool atoms. If the laser beam with wavevector ~k is detuned by
δ from the atomic resonance and the atom is moving at a velocity ~v the atom will see
the beam with an effective detuning δef f = δ − ~k~v and experience a velocity dependent
force
F~sp (~v ) = h̄~k

(Γ/2)(I/Isat )
,
1 + I/Isat + (2δef f /Γ)2

(2.1)

where Γ is the linewidth, Isat the saturation intensity of the transition, and I the
intensity of the beam. As moving atoms are more likely to interact with a counterpropagating laser and hence feel a decelarting spontaneous force if it is red-detuned
δ < 0, a combination of of two red-detuned counter-progating laser beams can be used
to cool an atom cloud in one dimension (we assume the z-axis). The spontaneous forces
due to the two opposing beams are given by
F~± (~v ) = ±h̄~k

(Γ/2)(I/Isat )
,
1 + I/Isat + (2(δ ∓ |~k~v |)/Γ)2

(2.2)
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where the indices +/− refer to the beams in +z/−z-direction. If added up the forces
can be approximated by
F~om (~v ) = F~+ + F~−
=

8h̄k 2 δ
I/Isat
~v + O((|~k~v |/Γ)4 ).
γ (1 + I/Isat + (2δ/Γ)2 )2

(2.3)

As this approximation is linear in ~v , it describes a damping force for δ < 0 and the
configuration of two counter-propagating, red detuned beams is therefore also refered
to as optical molasses. The force as a function of velocity can be found in figure 2.2.
While the recoil due to the spontaneous emission of the photons on average has no
effect on the momentum of the atom, it does induce a random walk of the atom in
momentum space effectively heating the cloud. This process competes with the cooling
due to the spontaneous force and thus limits the minimum temperature to the so called
Doppler limit TD = h̄γ/2kB . However, already in the first experiments with optical
molasses temperatures below the Doppler limit were observed [17]. The assumption of
a simple two-level atom turns out to be too simple. Optical pumping between different
substates can lead a further cooling [16].

Trapping in a magnetic quadrupole field
In an optical molasses the atoms are cooled, but not trapped as the spontaneous force
is not spatially dependent. This can be achieved by applying a linear magnetic gradient
field B(z) = (∇B)z. The field lifts the degeneracy of the magnetic sublevels of both
the ground and excited states and the energy difference is shifted by
µ0 B(z) = (ge me − gg mg )µB B(z),

(2.4)

where mg and me are the magnetic quantum numbers of |gi and |ei, gg and ge
their Lande-factors, and µB is Bohr’s magneton. The effective detuning becomes
δef f = δ − ~k~v + µ0 B(z)/h̄. The spontaneous force now depends on the atoms position
and magnetic substates. By choosing opposing σ + /σ − -polarisation for the beams
propagating in +z/ − z-direction, the atoms are optically pumped to the mg = ±Jg →
me = ±Je transitions (assuming Je = Jg + 1). This causes atoms for z < 0/z > 0
to scatter more light from the beam propagating in +z/−z direction resulting in a
restoring force towards z = 0 where the atoms can be trapped.
Besides the intensity of the cooling light and the availability of capturable atoms,
the properties of the MOT, such as atom number, density, temperature, and capture
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rate are mainly dependent on two parameters: the magnetic field gradient ∇B and
the detuning δ of the cooling light. At a constant detuning δ, a smaller gradient will
increase the volume in which atoms are captured and trapped, while a steeper gradient
will confine the captured atoms more strictly. Consequently, a popular way to achieve
high loading rates and a high density, is a so called compressed MOT [18] where the
MOT is loaded at a low gradient and subsequently the density is increased by ramping
the gradient to a higher value. Meanwhile, the detuning determines the maximum
velocity of atoms that will be cooled and captured. At a large detuning, faster atoms
are more strongly subjected to the cooling forces so that more atoms can be captured,
however the force on slow atoms will be less so that they are cooled less efficiently.
An increased detuning also increases the capture volume. An important value for the
loading of a MOT is its capture velocity vc , the initial velocity up to which an atom
is slow enough to undergo a sufficient number of scattering processes to be actually
trapped before leaving the cooling volume. Its exact value depends on the parameters
of the MOT, typical values are on the order of 30 − 40 m/s [19].

2.2 Background loading
The most simple solution to load a magneto-optical trap is to capture the atoms from
the background gas in the vacuum chamber [20]. A common source for the atoms are
dispensers in which atoms are dissolved from a intermetallic compound containing the
desired element by resistively heating the compund applying a current. Due to its
simplicity, background loading is common in experiments where further cooling beyond
the MOT stage is not required. It has however, several drawbacks. The amount of
atoms below the capture velocity is relatively low so that long MOT loading times are
required for large atom numbers. In principle, this issue can be overcome by increasing
the pressure in the main chamber, however this also means that the number of fast
atoms above the capture velocity and consequently the loss rates due to background
collisions are increased. A solution to decrease the effect on the background pressure is
to pulse the dispensers [21]. In fact, the first ever BEC [3] was produced starting from
a background loaded MOT, but due to the required low background pressure a MOT
loading time of 300 s was necessary to trap 107 atoms.
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2.3 Light induced atomic desorption
A method to enhance the loading of a MOT from background gas is light induced atom
desorption (LIAD), a process closely related to the photoelectric effect [22]. Similar to
an electron in a solid, an atom on a solid surface can be desorbed from the surface by a
photon with energy hc/λ if the energy is higher than the potential energy with which
the atom is bound to the surface. A more thorough theory describes the process as
follows: An electron is dissolved from the material by the photoelectric effect and then
absorbed by an alkali ion on the surface. Instead of the previous attractive ion-surface
interaction, the atom-surface interaction is repulsive and the atom is desorbed from
the surface [23]. The wavelength used to dissolve atoms from the surfaces is usually
in the blue to UV range, alternatively a intense white light source can be used [22].
Similar to the photoelectric effect, the number of desorbed atoms and hence also the
loading efficiency depends on the wavelength and the intensity of the light source
and increases for shorter wavelengths and higher intensities [24, 25]. The desorption
characteristics also depend on the combination of atom species and surface material.
The desorbed atoms’ velocity is relatively low so that a large fraction can be captured
into the MOT. Klempt et al. [25] were able to achieve loading rates of 1.2 · 109 /s for
87
Rb at a wavelength of 395 nm and an intensity of 16 mW/cm2 in a glass-cell with
a background pressure of 10−9 mbar. It is to be noted that these values do not only
depend on the atomic species, but also on the surface material.
A typical loading cycle for a LIAD loaded MOT involves three steps [22]: Illumination
of the glass cell to increase the vapour pressure and loading of the MOT, holding the
trapped atoms in the MOT while the background pressure recovers, and possibly a
transfer to futher traps under low pressure conditions.
One of the major advantages of LIAD compared to loading a MOT directly from
dispensers is that once the MOT is loaded and the LIAD light is turned off, the pressure
in the vacuum chamber is quickly restored to the initial value before the light was
turned on. Hence, the losses due to background collisions are reduced. Anderson and
Kasevich [22] found a double exponential decay for the background pressure with a
short and dominant component recovery time below 10 s and a long component of
approximately 160 s. They suggest that the shorter recovery time component is due to
atoms being adsorbed by the surface, while the longer is due to less efficient adsorption
of further atoms as a second layer on top of the atoms adsorbed directly on the surface.
Bose-Einstein condensation including a LIAD loaded MOT as a first cooling step has
been achieved on atom chips [26, 27] and in an optical dipole trap [28]. In the latter
case, the MOT loading rate was 3 · 106 /s and after 12, s there were about 1.7 · 107
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atoms in the MOT. After 6 s evaporation, a BEC of 104 atoms could be produced. The
MOT loading time is relatively long and the atom number in the BEC relatively small
compared to other BEC setups, however LIAD allows for very compact setups.
A disadvantage of LIAD especially in the context of our Rydberg experiment is
that the wavelengths of the light usually used for LIAD is near or above 480 nm,
the wavelength usually used for the second step of two-photon Rydberg excitations.
Therefore, unwanted Rydberg atoms or ionised atoms could be created by the LIAD
light and interfere with experiments and the detection of Rydberg atoms via field
ionisation.

2.4 Zeeman slower
Zeeman slowers [1] are one of the most common atom beam sources for MOT loading.
The main principle is to decelerate a beam of atoms originating from e.g. an oven
with a counter-propagating cooling beam. Apertures can be placed behind the oven in
order to preselect atoms with low transversal velocities. The Zeeman shift of the atoms
energy levels in a magnetic field along the slower is used to compensate the Doppler
shift due to the atoms motion. The field is varying spatially in order to keep the
decelerating atoms resonant with the cooling beam. It can be either decreasing with a
σ + -polarised beam or increasing with a σ − -polarised cooling beam [29] towards the end
of the slower. As there is no transversal cooling of the atoms, the atom beams usually
have a high divergence. The divergence can be reduced by subjecting the atom beam to
two dimensional optical molasses in the transversal directions [30]. Without transversal
cooling, the divergence of the beam after leaving the slower depends not only on the
transversal, but also on the final longitudinal velocity as a slower beam which is in
general desirable for MOT loading, will have more time to diverge transversally over a
constant distance.
In Zeeman slowers, high atom fluxes of over 1012 /s have been achieved for rubidium
[31]. The disadvantages of Zeeman slowers include their relatively large size as the
final velocity of the beam depends on the length of the slower and complex vacuum
periphery is needed, and the effort involved with the design of the magnetic field to
keep the slower beam intensity low such that the MOT is not disturbed by the cooling
beam passing through it [32]. As in the case of LIAD, the impairment of experiments
with Rydberg atoms by ions could pose a problem since there is no strict separation of
the actual thermal atom source (e.g. the oven) preventing ions generated by the atom
source from reaching the main science chamber.
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I
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Figure 2.3 Zeeman slower. An atom beam is cooled by a counterpropagating laser beam.
A spatially varying magnetic field shifts the atoms on resonance depending on their
velocity.

2.5 Double MOT systems and low velocity intense
source
In a double MOT system or low velocity intense scource (LVIS), a cold atom beam is
prepared from a seperate MOT in a high pressure chamber and the atoms are then
transferred to a second chamber with better vacuum conditions. The first MOT is
generated in a vapour cell [20] with the high pressure allowing for fast loading and
also reducing the vacuum periphery needed. The high pressure region is separated
from the main chamber, e.g. by a differential pumping tube. There are several ways of
transferring the atoms from the first MOT to the capture region of the second. One
possibility is a magnetic transfer [33], another one to push the atoms out of the first
MOT by a low power pushing beam [34]. A further common variant is the so called
low velocity intense scource (LVIS) [12].
In a LVIS (see figure 2.4), one of of the first MOT’s beam axes coincides with axes of
the atom beam towards the second MOT. It is retro-reflected by a mirror on the surface
of the differential cooling stage. A quarter wave plate with a hole in the centre is
mounted on top of the mirror to change the retro-reflected cooling beam’s polarisation.
The hole of the pumping stage creates a thin tube through the centre of the MOT
where the cooling beam is not retro-reflected. In this region the atoms are pushed
by the initial beam through the pumping stage and towards the second MOT in the
main chamber. The beam surrounding the imbalanced tube acts as an aperture as
atoms leaving the tube are recaptured and recycled in the MOT. A plug beam just
before the hole of the pumping stage can be used to push the atoms to the side away
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First MOT:
high pressure

Second MOT:
low pressure

atom beam
imbalanced
cooling beam

differential
pumping stage

Figure 2.4 Low velocity intense source (LVIS). The atoms are captured from dense background vapour in the first MOT. They are pushed out of the first MOT as the MOT
light of one of the beams is not retro-reflected in the centre of the beam axis.

from the hole interrupting the atom flux. This enables to load the second MOT in
pulses. Since atoms from the thin atom beam can already be lost due to collisions
with background atoms of relatively low energy, the vapour pressure is an important
parameter. If it is too low, the first MOT and the atom beam are loaded ineffectively.
If it is too high, too many atoms are lost due to background collisions. Lu et. al. [12]
were able to achieve a pulsed 87 Rb atom flux of 5 · 1010 s−1 with a velocity distribution
peaking at 14 m/s, however with 500 mW of cooling and 20 mW of repumping power.
The high laser power needed can be explained by the relatively large beam diameter of
the MOT beams of 4 cm. The large diameters are necessary to increase the loading
rate of the first MOT by increasing its capture volume, as the loading rate of the first
MOT ultimately also limits the amount of atoms that can be transferred to the second.
This dependence on the capture volume of the first MOT imposes limitations to the
degree of compactness of the setup that can be achieved.

2.6 Two dimensional magneto-optical trap
An atom source closely related to a double MOT system is a two dimensional magnetooptical trap (2D MOT) [11]. Just like in the first MOT in a double MOT system, the
atoms can be efficiently captured in a high pressure vapour cell. In a 2D MOT, two
counter-propagating cold atom beams are generated by subjecting a gas of atoms to
magneto-optical trapping in two dimensions, transversal to the desired beam axis. One
of the beams is directed towards the MOT position in the low-pressure main chamber

13

2 Cold atom sources

cooling
beam

second
atom beam

cooling
beam

quadrupole
field

differential
pumping stage
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Figure 2.5 Two-dimensional magneto-optical trap (2D MOT). An atom beam is created
by subjecting the atoms to magneto-optical trapping transversal to the desired beam
axis.

where the atoms are captured in the MOT. The lower pressure in the main chamber
is maintained by separating the vapour cell from the main chamber by a differential
pumping tube. The magnetic field gradient is provided by a longitudinal quadrupole
field, usually generated by two pairs of elongated racetrack coils in a anti-Helmholtz
configuration. A schematic overview of a typical 2D MOT setup can be found in figure
2.5. The trapped atoms are then transversally confined to the zero line of the gradient
field perpendicular to the cooling beams, their longitudinal velocity is not affected. The
slower the initial longitudinal velocity component of an atom in the direction of the
zero line, the more time the atom spends in the cooling volume resulting in a tighter
confinement on the trap axis. Hence, slower atoms are more tightly confined to the
beam axis and will diverge less from it while moving towards the end of the of the
cooling volume. Consequently, slower atoms can be separated from faster ones by an
aperture. In practice, this aperture usually is the hole of the differential pumping tube
separating the vapour cell from the main UHV chamber. The ability to realise a 2D
MOT in a high pressure vapour cell without need for bulky vacuum systems enables
relatively compact setups, while providing a high atom flux comparable to a LVIS, but
at lower cooling power [11].
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Figure 2.6 2D MOT with pusher beam. In addition to the cooling beams, a red-detuned
pusher beam is propagating along the longitudinal axis to enhance the atom flux by
turning around atoms initially moving in the wrong direction.

2.6.1 Pusher beam
In the simple 2D MOT configuration, the atoms are cooled only transversally. Therefore,
two atom beams are created in opposing directions (compare figure 2.5). Besides the
desired beam directed towards the MOT in the main chamber, a second beam is
propagating in the opposite direction. As the setup is symmetric along the longitudinal
axis, this counter-propagating beam has the same properties as the first beam, but
the atoms do not contribute to the flux towards the MOT. A so-called pusher beam is
an usually red detuned laser beam [35] propagating along the zero field line towards
the main chamber. Its purpose is to decelerate and eventually turn around the atoms
in the second beam so that the flux towards the MOT in the main UHV chamber is
enhanced. An schematic overview of the beam configurations is shown in figure 2.6,
simulation of the effect of a puhser beam in phase space in figure 2.7.
As the pushing beam mostly affects atoms moving in the wrong direction and hardly
affects atoms in the right beam due to its red detuning, the atoms usually have a
very low longitudinal velocity towards the MOT once they have been turned around.
Therefore they can make a large contribution to the flux loaded into the MOT. The
efficiency of the pusher beam mainly depends on two parameters: The intensity has to
be sufficiently high so that especially faster atoms in the counterpropagating atom beam
undergo a sufficiently high number of scattering processes to be turned around. The
other important parameter is the detuning. The further the pusher beam is detuned to
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Figure 2.7 Simulation of pusher beam effect in phase space. A fraction of the atom beam
propagating in the wrong direction is turned around. The atoms that were turned
around tend to accumulate at low velocities. Courtesy of B. Hölktemeier [36].

the red, the faster the maximal velocity class that can be addressed due to the Doppler
shift. If the detuning is too large, however the absorption rate by slow atoms becomes
rather low and less atoms are turned around. If the detuning is too low, only a few
slow atoms can be addressed and slow atoms already moving in the right direction
might receive an additional momentum kick if the line is power-broadened.

2.6.2 2D+ MOT
A further extension of the 2D MOT related to the pusher beam, but also double
MOT systems is the so called 2D+ MOT [11]. In addition to the cooling beams, an
imbalanced optical molasses is applied along the longitudinal axes. The molasses
beam towards the differential pumping stage corresponds to the pusher beam, the
counter-propagating beam is often referred to as retarder or retarding beam. It can
either be retro-reflected at the pumping stage if a quarter wave plate is mounted in
front of it as in case of the LVIS [12] or the retarder can be a separate beam reflected
onto the longitudinal axis by an angled reflecting surface of the differential pumping
tube as in [11]. The former configuration requires less laser power as the pusher beam
is recycled, the latter configuration has the advantage that the intensity of each beam
can be adjusted independently. In both cases there is a small tube on the centre of
the longitudinal axis where there is no retarding beam due to the hole in the pumping
stage and the atoms are pushed towards the main chamber by the pusher beam as
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Figure 2.8 2D+ MOT with imbalanced optical molasses. Due to the imbalanced optical
molasses, the atoms are also cooled in the longitudinal direction.

in an LVIS. In order to create at net flux towards the main chamber, the molasses is
imbalanced with a stronger pusher beam. The deciding parameters are as in case of
the pusher beam the intensity, more specifically also the intensity balance between the
beams and the detuning.

2.7 Our approach: A compact and modular 2D MOT
Considering the various advantages and disadvantages of the atom sources presented
in the previous sections, the atom source of choice for our new Rydberg experiment is
a 2D MOT as it meets all requirements: high MOT loading rates, the possibility to
keep a low background pressure in the main chamber, no ions in the main chamber
disturbing experiments with Rydberg atoms, and the ability to realise a compact setup
maintaining good optical access to the main chamber. All other sources presented fall
short compared to a 2D MOT, in at least one of the criteria mentioned.
Simple background loading is unfeasible as the low pressures necessary for the
production of Bose-Einstein condensates in an optical dipole trap cannot be achieved
unless one can live with very long MOT loading times. The same holds true for LIAD.
While in principle suitable to create a BEC in an optical dipole trap [28], the slow MOT
loading resulting from the need of a low background pressure significantly increases
the duty cycle time. Other sources allowing for faster MOT loading allow to benefit
more strongly from the short evaporation times that can be achieved in optical dipole
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traps. Additionally there is the issue that the short wavelength LIAD light could lead
to the creation of unwanted Rydberg atoms or ions.
Zeeman slowers can provide the desired high atom fluxes and lead to high loading
rates, but have two major disadvantages: Their sophisticated design including the
need for a complex vacuum system. This takes up a lot of space on the optical table
and impairs the optical access to the main chamber. Additionally, ions created in the
actual atom source are more likely to reach the region where the actual experiments
are carried out and might perturb the experiments with Rydberg atoms.
In principle, an double MOT or LVIS would also be a feasible alternative to a 2D
MOT since they can offer comparable atom fluxes and MOT loading rates and in both
cases the experiments in the main chamber are not impaired by ions created in the
atom source. Due to the large size of the cooling beams in a LVIS however, larger
cooling power is needed and more space taken up compared to a 2D MOT so that the
latter appears to be more suitable considering our criteria.
As mentioned a 2D MOT fulfills all required criteria for our atom source. The
compactness of the setup compared to the standard 2D MOT setup presented in this
chapter, can be increased by using several smaller instead of one large cylindrical
cooling region [37]. Our 2D MOT setup also incorporates permanent magnets for
the generation of the quadrupole field [13] resulting in low, due to its stability well
controllable far field and provides the ability to apply a pusher beam or optical molasses
on the beam axis for a 2D+ configuration to enhance the atomic flux. The realisation of
a compact and modular 2D MOT setup is described in the next chapter that presents
the setup of our new Rydberg experiment.
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This chapter describes the experimental setup of the new Rydberg experiment. The
focus is on the magneto-optical trap (MOT) and the two-dimensional magneto-optical
trap (2D MOT) used for fast and efficient MOT loading. The implementation and
characterisation of the MOT and the loading from the 2D MOT, including the corresponding laser systems, was the central topic of this thesis. From the MOT, the atoms
are loaded into an optical dipole trap and evaporatively cooled towards Bose-Einstein
condensation.
After giving an overview of the general setup and the vacuum system, the 2D
MOT and MOT setups are presented including all important aspects, such as laser
systems, optical and mechanical setups, and magnetic trapping and compensation
fields. Additionally, the setup of our optical dipole trap, implemented in parallel by A.
Faber [14] is briefly summarised.

3.1 Overview of the Rydberg setup
The Rydberg experiment is set up on two optical tables. The first is mainly used to
prepare the various laser beams and hosts the laser systems for the MOT, 2D MOT,
imaging, and Rydberg excitation, the second hosts the vacuum system and the dipole
trap laser system. A major design consideration was to built the setup as compact and
modular as possible. Most optical setups are built on separate breadboards so they
can be moved without loosing alignment. For example, our dipole trap and 2D MOT
module were built and pre-aligned in separate laboratories and only fine adjustment
was necessary once moved to the main experiment. The light is transfered between
the various parts of the experiment by polarisation maintaining single mode optical
fibres. All optical and mechanical setups around the main chamber are as space saving
as possible, maintaining good optical access to the main chamber. This is especially
advantageous in the context of experiments with ultracold Rydberg atoms due to the
various laser beams needed for cooling and trapping, excitation, imaging, etc. An
overview of the vacuum chambers can be found in figure 3.1 and the optical setup in
the horizontal plane can be found in figure 3.2.
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Figure 3.1 Overview of the vacuum system. The 2D MOT is generated in a glass cell
separated from the main chamber by a differential pumping tube and not connected
to any vacuum pumps. The vacuum in the main chamber is maintained by a titanium
sublimation and an ion pump.

Vacuum system
The main ultra high vacuum (UHV) chamber (Kimball Physics MCF800-SS204040-16)
features four CF40 and four CF63 viewports in the horizontal plane, and sixteen CF16
view ports at an angle above and below the horizontal plane. The horizontal cooling
beams for the MOT and the crossed dipole trap reservoir beams propagate through the
science chamber via the CF40 viewports, one of which is also used to connect the main
chamber to the vacuum pumps. The dimple for the dipole trap and the horizontal
imaging are each set up through opposing pairs of CF63 viewports. The smaller CF16
viewports are intended for various detection and monitoring purposes, currently the
fluorescence detection of the MOT and a camera for MOT observation. Also the glass
cell in which the 2D MOT is prepared and which is separated from the main chamber
by a differential pumping stage is mounted on a CF16 viewport. A custom, home-built
connection piece (see figure 3.4) holds not only the glass cell, but also the weight of
the entire related periphery.
The main UHV chamber is coated with a non-evaporative getter (NEG) coating and
the vacuum is maintained by an ion pump and a titanium sublimation pump. The
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Figure 3.2 Overview of the experiment in the horizontal plane. The MOT beams and the
reservoir of the dipole trap pass the main chamber through opposing CF40 viewports.
The larger CF63 viewports are reserved for the dipole trap dimple and the horizontal
imaging system. On the long MOT axis, the quarter wave plates are built into the
outcouplers. The outcoupler numbers correspond to the outputs of a fibreport cluster
for multiplexing of MOT light.

entire vacuum system was baked out over three weeks at temperatures of up to 200 ◦ C.
After bake-out, the pressure in the main chamber settled below 10−11 mbar and is
maintained at this level up to this date. The exact value of the pressure is unknown as
it is below the lower limit of our ion gauge.

Detection of Rydberg atoms
Inside the chamber, a detector for Rydberg atoms is mounted [38]. It enables detection
of Rydberg atoms which are field ionised and subsequently detected by multi channel
plate (MCP) or channeltron ion detectors. Electric fields are applied to enable spatial
resolution and also to null electric fields during experiments up to an accuracy of
5 mV/cm. The entire detection system was designed to not obstruct the optical access
inside the chamber.
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Experimental control
Most parts of the experiment can be conveniently controlled via the LabView interface
of an experimental control system. This system is based on so called LogicBoxes
developed in our inhouse electronics workshop. Each LogicBox contains a FPGA chip
as well as four sub-modules for various applications, e.g. digital-to-analog converters
(DACs) to control the electronic components of the experiment or analog to digital
converters (ADC) to record analog signals generated in the experiment, e.g. the signal
of a photodiode monitoring MOT fluorescence. The timing sequence for a particular
experiment is pre-defined by the user in the LabView interface and uploaded to the
FPGA via an USB connection. In principle time resolutions of up to 10 ns can be
achieved.

3.2 Implementation of the 2D magneto-optical trap
Like most components of the new Rydberg setup, the 2D MOT was designed to be
modular and compact. Its glass cell is mounted at an angle above the horizontal plane
around the main chamber to maintain optical access and breadboard space. The optical
setup is fibre based and built from compact optics modules in a cage surrounding the
cell, splitting the cooling beams into up to four adjacent circular cooling regions and
can also include a pusher beam or optical molasses for a 2D+ MOT if desired (see
sections 2.6.1 and 2.6.2). The cylindrical quadrupole field is generated by permanent
magnets [13] instead of field coils. The setup is presented in the following sections, an
overview can be found in figure 3.3. For the most part, the design is consistent with
the 2D MOT implemented in the neighbouring MOTRIMS experiment. However, some
modifications were made which after simulations and experience with the MOTRIMS
2D MOT promised an increased atom flux [36]. These include a change from elliptically
to circularly shaped cooling beams and the addition of a fourth cooling region.

3.2.1 Mechanical setup and vacuum
The centre piece of the mechanical and vacuum setup for the 2D MOT is a custom
designed connection piece (see figure 3.4) built inhouse by our mechanical workshop.
Attached to the main chamber by three threaded rods and a bellow allowing alignment
of the atom beam position in the main chamber, it holds the entire weight of the 2D
MOT periphery. Therefore, no supporting pillars are needed and the optical access
to the main chamber as well as the breadboard space in the horizontal plane are
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Figure 3.3 Overview of the 2D MOT setup. All optical parts and the permanent magnets
creating the longitudinal magnetic quadrupole field are mounted in a cage around the
2D MOT glass cell. Adapted from [36].

only minimally obstructed. The piece contains a differential pumping tube with a
hole diameter of 0.8 mm, connections and feedthroughs for the rubidium dispensers,
and serves as a mount for both the glass cell and the cage containing the 2D MOT
optics and the magnets for the quadrupole field. The glass cell (Japan Cells, Schott
Tempax Borofloat glass, dimensions 245 mm × 35 mm × 35 mm) is coated with an
anti-reflective coating on the outside and left uncoated inside. Two enriched 87 Rb
(Alvatec Alvasource AS-3-Rb87(98%)-20-F) dispensers are used as atom source and
were conditioned during bake-out. As there is no ion gauge connected to glass cell, the
actual pressure conditions in the cell remain unknown. The cell is not connected to a
separate vacuum pump and the vacuum is maintained only by the pumps of the main
chamber through the differential pumping tube.

3.2.2 Laser system
In order to operate the 2D MOT, the light of two lasers is needed. The magneto-optical
cooling and trapping of the 87 Rb atoms is carried out on the |52 S1/2 , F = 2i −→
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Figure 3.4 Custom designed connecting piece for the 2D MOT. This piece is used to
attach the 2D MOT module to the main UHV chamber, it contains the differential
pumping tube, connections for dispensers, holds the glass cell and the cage with the 2D
MOT periphery, and is mounted on a bellow for alignment of the atom beam direction.
Adapted from [36].
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Figure 3.5 Photograph of the 2D MOT connecting piece. The photograph shows the
connecting piece attached to the main chamber during assembly of the vacuum system
before mounting the 2D MOT glass cell.
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|52 P3/2 , F 0 = 3i transition. A fraction of the light provided by the laser for the 2D
MOT cooling is branched off and can be used for an additional pusher beam or to
operate a 2D+ MOT. In practice, the MOT cooling cycle is not a perfectly closed
system. The red detuning from the cooling transition leads to a small probability that
the atoms are excited to the F 0 = 2 hyperfine substate from where they may decay to
the F = 1 hyperfine level of the ground state. Also, some atoms end up in the F = 1
hyperfine substate due to collisions with other atoms. In order not to be lost from the
cooling cycle, the atoms need to be optically repumped by a second laser to the F = 2
hyperfine substate via the |52 S1/2 , F = 1i −→ |52 P3/2 , F 0 = 2i transition. Without this
repumper laser, the atoms would not undergo sufficiently enough scattering processes
with the cooling light to be trapped. An overview of the various transitions needed to
operate the 2D MOT can be found in figure 3.6.
The following paragraphs describe the setups generating the cooling and repumping
light for the 2D MOT and how the lasers are locked to the desired frequencies.

2D MOT cooling light
The light for the 2D MOT cooling and pushing beams is provided by a Toptica DLX
110 diode laser running at a wavelength of 780 nm. After the laser box, the beam passes
an optical isolator in order to protect the laser diode from back-reflections. A Galilei
telescope (+100 mm and −50 mm lenses) is then used to reduce the beam size to the
optimal diameter for efficient diffraction in the acusto-optical modulators (AOMs) and
fibre coupling (see figure 3.7).
Next, a combination of a half wave plate and a polarising beam splitter (PBS) is
placed in order to branch off a small fraction of the light for a double pass (AOM type:
Crystal Technology 3080-125) leading to the spectroscopy setup [40] and shifting the
main beam −2fspec below the lock point. The main beam is split by another PBS
into two beams for the 2D MOT cooling and pushing beams. Both beams pass AOMs
(cooling light: IntraAction ATM-1101A2, pushing light: Crystal Technology 3110-120)
in a single pass configuration running at fcooler and fpusher , respectively. These AOMs
serve as a switch and in combination with the locking AOM determine the cooler and
pusher detunings
δcooler = 2π(fcooler − 2fspec )

(3.1)
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Figure 3.6 Level scheme of the 87 Rb D2 line. The arrows show the transitions on which
the various beams needed for the MOT and 2D MOT run. Data from [39].
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and
δpusher = 2π(fpusher − 2fspec ).

(3.2)

This setup allows to change the detuning of the cooling and pushing beams by shifting
the locking point of the laser. Therefore, the detunings can be changed while the
frequencies of the switch AOMs stay constant. The AOMs can therefore be set up in a
more efficient single pass configuration increasing the cooling and pushing light powers.
All AOMs in this setup are used without any further beam shaping as this proved to
be highly efficient (up to 90% single pass efficiency). Following the AOM, the pushing
beam is directly coupled into an optical fibre, while the cooling beam is superimposed
with the repumper light with which it is multiplexed into the same fibre towards a
fibre port cluster for distribution between the two 2D MOT axes. An overview of all
laser beams in the MOT and 2D MOT setup can be found in figure 3.6.
Due to the fact that both the cooling and pushing beam AOMs are set up in a single
pass configuration, the detuning of these beams cannot be controlled separately as a shift
in the radio frequency of the lock AOM will affect the detuning both beams. Instead,
the frequency of one of the single pass AOMs has to be adapted and subsequently
the respective fibre coupling has to be reoptimised. As a small shift in the frequency
causes only a minor change in the respective beam’s diffraction angle, this can be done
quickly. Therefore we decided against a double pass configuration as the set frequency
will not be changed, once the optimal parameters for the 2D MOT are found. This
way, there is more laser power available.
Repumper
The source of the repumper light is a home built diode laser. An overview of the beam
path can be found in figure 3.7. The beam passes a prism pair to optimise the beam
shape and an optical isolator to protect the diode from back reflections. Then, some
light is split off by a combination of a half wave plate and a PBS, directly coupled into
an optical fibre, and sent to the spectroscopy breadboard. In contrast to the other
two lasers, an AOM in a double pass is not necessary as the repumper is supposed
to be running on resonance at any time and hence no adjustment of the lock point
is needed. The main beam is then split into two beams providing repumper light for
the MOT and the 2D MOT, respectively. Both beams pass single pass AOMs (Isomet
1205C-2-804B) that shift the frequency by fRpM OT and fRp2DM OT respectively from
the lock point (see the following section for details) to the resonance of the repumping
transition. Both AOMs are placed at the focus of Kepler telescopes (+300 mm and
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+250 mm or +300 mm lenses) in case of MOT repumper slightly reducing the beam
waist for optimal fibre coupling. The 2D MOT repumper beam passes another lens
pair (+100 mm and −50 mm) that is used to adapt the beam divergence. This way, we
are able to efficiently couple and multiplex the 2D MOT cooler and repumper beams
into the same fibre.
Frequency stabilisation and locking scheme
The spectroscopy beam paths for the 2D MOT and MOT cooling and repumping
lasers were set up on a separate breadboard by N. Schnellbächer for his Bachelor
thesis [40]. The laser light is transferred to the spectroscopy board via optical fibres.
The cooling lasers are locked by modulation transfer spectroscopy [41] directly on
the |52 S1/2 , F = 2i −→ |52 P3/2 , F 0 = 3i cooling transition [39]. Modulation transfer
spectroscopy offers the advantage that the error signal amplitude of the cooling
transition is significantly higher than the crossover peaks while in standard frequency
modulation spectroscopy the crossovers are usually stronger than the resonances. A
detailed description of the spectroscopy setup and the locking techniques used can
be found in [40]. A locking scheme including various frequencies of the AOMs in the
laser system can be found in figure 3.8. Because the light for the spectroscopy double
pass is split off from the main beam, the main beam is running at a frequency 2 · fspec
below resonance resulting in detunings δcooler = 2π · (fcooler − 2fspec ) and δpusher =
2π · (fpusher − 2fspec ) as mentioned before.
As the repumper laser is supposed to run on resonance with the |52 S1/2 , F = 1i −→
|52 P3/2 , F 0 = 2i transition and the single pass AOM is needed in order switch the
repumping light on and off, it is locked by frequency modulation spectroscopy on the
cross over between the F 0 = 1 and F 0 = 2 hyperfine substates of the 52 P3/2 state. The
gap between the crossover resonance and the repumping transition is overcome by
shifting the frequency of the repumping light with the +1 order of the switch AOM
by +fRpM OT = +fRp2DM OT = 78.5 MHz in the repumper beam path. The role of the
AOM frequencies is visualised in figure 3.9.

3.2.3 Light multiplexing
The light for the 2D MOT is multiplexed in a compact fibre port cluster module from
Schäfter+Kirchhoff. The module basically contains a PBS cube and a half wave plate.
The distribution of the incoming, superimposed cooling and repumping light can be
distributed between the two fibre outputs by adjusting the position of the half wave
plate. Additionally, the power of the incoming light can be monitored by a photo diode.
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Figure 3.7 Overview of the repumper and 2D MOT laser systems. After a small fraction
of light is branched off for laser locking, the repumper light is split between the MOT
and 2D MOT. Both beams can be switched on and off by single pass AOMs. The DLX
110 provides light for the 2D MOT, after branching off some light for laser locking, the
light is split up to provide light for the cooler and pusher beams. The cooling light is
superimposed with the repumper light before being sent to the 2D MOT cube.
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Figure 3.8 Locking scheme of the 2D MOT cooling laser system. The main beam runs
at −2fspec below the 2D MOT cooling transition. The cooling and pushing light are
shifted to the final detunings by the respective switch AOMs.
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repumper, from 52S1/2, F=1
Figure 3.9 Locking scheme of the repumper laser. As the repumper is locked on the cross
over between the F 0 = 1 and F 0 = 2 hyperfine substates, single pass switch AOMs are
used to shift the repumping light on resonance.
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2D-MOT y‘ (0,5)
2D-Rp y‘ (0,5)

2D-MOT
2D-Rückpumper

2D-MOT x‘ (0,5)
2D-Rp x‘ (0,5)

Figure 3.10 Fibre port cluster for multiplexing of the 2D MOT cooling and repumping
light. The cooling and repumping light is superimposed before being coupled into the
same fibre towards the cluster. The branching between the vertical and horizontal
cooling regions can be adjusted by the half wave plate. Drawing by Schäfter+Kirchhoff.

From the fibre outputs, the light is then transferred to the two cooling axes of the 2D
MOT. One output additionally contains a polariser to clean the polarisation of the
light. An overview of the optical design can be found in figure 3.10.

3.2.4 Optical setup
All optics needed for the 2D MOT are mounted on the cage surrounding the glass
cell (see figure 3.3). The light is sent to the module from the laser table via polarisation maintaining single mode optical fibres. There are four outcouplers: two
for the horizontal and vertical cooling beams (Schäfter+Kirchhoff 60FC-T-4-M100S37) also containing the repumper light for the actual 2D MOT as well as one each
(Schäfter+Kirchhoff 60FC-Q780-4-M40-54-Q) for a pusher and retarder beam to allow
for a setup with either a single pusher beam or a 2D+ configuration. An overview of
the beam arrangement can be found in figure 3.11.
Instead of using two single large elliptical beams as cooling beams as in most 2D
MOT setups, e.g. [11, 35, 42, 43, 44], we implemented a series of four circular adjacent
cooling regions. Ramirez-Serrano et al. [37] showed that the loss of atoms from the
atom beam due to the gaps between separate cooling regions is low. They observed a
drop in the MOT loading rate of about 10% for two circular cooling regions with 10 mm
diameter placed 10 mm apart. A major advantage of having several separate cooling
regions is that no large cylindrical telescopes are needed for beam widening, therefore
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PBS modules for four half wave plates
cooling regions
cooling beam
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glascell
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mirrors

retarding beam
(2D+ setup only)

Figure 3.11 Overview of the 2D MOT optical setup. The 2D MOT has up to four circular
cooling regions. The cooling beams are retro-reflected. On the longitudinal axis a
pusher beam or optical molasses for a 2D+ configuration can be added.

significantly reducing the volume occupied by the 2D MOT. Also, the power of the
cooling light is distributed more evenly along the entire cooling volume. Originally, our
setup intended to use three elliptical cooling regions with 1/e2 aspect ratios of 11 mm
to 22 mm. However, numerical studies [36] have shown that the flux from the 2D MOT
can be increased by choosing circular beams and adding a fourth cooling region. After
the fibre coupler, the beam has a 1/e2 diameter of 19.7 mm and is linearly polarised.
The beam is separated into up to four seperate cooling beams by the subsequent PBS
cubes. The intensity that is reflected into the glass cell can be arbitrarily distributed
amongst the four cooling regions by adjusting the branching ratio with the half wave
plates in between the cubes. For the last cooling region, the beam is reflected by a
mirror instead of a PBS. The last cooling region is cut off by the edge of the glass
cell though it was implemented anyway in order to test the numerical predictions.
Before passing the glass cell, the beams obtain the σ-polarisation for magneto-optical
trapping by passing quarter wave plates. After passing the glass cell the beams are
retro-reflected by mirrors in front of which quarter wave plates are mounted turning the
direction of the circular polatisation after being passed twice. The PBS cubes and the
retro-reflecting mirrors are both mounted in compact optics modules also containing the
polarisation optics. The wave plates were purchased unmounted and glued into brass
rings that can be turned in the optics modules to adjust the polarisation. The modules
are connected to mirror mounts and can be tilted in order to align the cooling beams.
See figure 3.12 for photographs of the modules. The geometrical beam alignment of the
cooling regions was carried out before the cage was mounted onto the connecting piece.
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PBS cube

mirror mount

mirror mount

mirror

quarter
wave plate
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quarter
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Figure 3.12 Compact optics modules for the 2D MOT. Left: PBS cube used to reflect a
fraction of the cooling light into the glass cell. The half wave plates are used to control
the fraction of light that is branched off, the quarter wave plate give the cooling beams
the desired σ-polarisation. Right: Retro-reflection module containing a mirror and a
quarter wave plate that turns the orientation of the polarisation after being passed
twice.

The pusher beam with a 1/e2 diameter of 7.2 mm originates from a fibre coupler on
the back of the cage, is reflected into the glass cell by a mirror, and propagates along
the centre line of the cell. Its polarisation can be adjusted by a quarter-wave plate
incorporated into the fibre coupler. The pusher beam is aligned through the hole of the
differential pumping tube and the centre of the opposing CF16 viewport. A retarder
beam can be superimposed with the pusher beam in opposing direction to implement
an imbalanced optical molasses for a 2D+ MOT configuration. Just as for the pusher
beam, the polarisation is adjusted by a quarter wave plate inside the fibre coupler. It
is subsequently reflected onto the pusher axis by the angled surface of the differential
pumping tube. Note that the hole of the pumping stage blocks out a small fraction of
the beam creating a small region without optical molasses where the atoms are pushed
towards the pumping stage by the pushing beam as in an LVIS. The wave plates for
the pusher and retarder beam are set to create opposing σ-polarisations. However,
usually only the pusher beam is in use.

3.2.5 Magnetic fields
The cylindrical quadrupole magnetic field providng the trapping field gradient around
the longitudinal axis of the 2D MOT is in most cases generated by two pairs of racetrack shaped coils in an anti-Helmholtz configuration [11]. In this case, inaccuracies
in the magnetic field, e.g. due to the earth’s magnetic field can be compensated by
imbalancing the currents in a pair of coils. We decided however, to alternatively
implement the quadrupole magnetic field by an array of permanent magnets, an idea
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concieved by Tiecke et al. [13]. Therefore, two additional pairs of compensation coils
have been implemented to be able to shift the zero line of the gradient field. This
enables us to move the atom beam so that it passes through the hole in the differential
pumping tube towards the MOT in the main chamber.

Quadrupole field
As mentioned, the 2D quadrupole field for the 2D MOT is generated by permanent
magnets. This approach has several advantages: Firstly, the magnets do not use up a
lot of space so that the desired compact setup can be implemented. Secondly, in the
chosen arrangement, the magnets produce only a very small far field at the postion
of the MOT and optical dipole trap in the main UHV chamber. This is important as
the Rydberg atoms are detected by field ionisation. A strong magnetic field would
influence the ions’ trajectories and thus impair the ability to detect them. Thirdly,
the field is not subject to fluctuations of electric currents allowing for a more stable
operation of the 2D MOT and non-fluctuating far-fields that can be compensated more
easily. Last but not least, permanent magnets can be purchased at low prices, therefore
reducing the cost of the setup as no electric power supplies are needed.
As magnets, rectangular neodymium box magnets are chosen (Eclipse N750-RB,
dimensions 25 mm × 10 mm × 3 mm with the centre field line along the short axis).
Six magnets are setup in a line on each side where the two inner magnets are placed
3.5 mm, and the second and fifth magnet 3.2 mm further from the centre line than the
outer magnets to provide a constant field gradient also on the edges of the field where
there are no neighbouring magnets and no overlap with their fields. The magnets are
mounted onto a magnet holder (see figure 3.13), fixated with glue, and are covered
by an additional Plexiglas cover to prevent the magnets from falling out if the glue
fails, possibly damaging the 2D MOT glass cell or any of the surrounding optics. The
field gradient can be adapted by changing the distance of the magnet holders from the
centre of the glass cell. Overall, five positions are available corresponding to distances
of 34.8, 37.8, 40.8, 43.8 and 46.8 mm for the inner edge outer magnets from the centre
of the glass-cell. The magnet holder is mounted at angle of 45 ◦ with respect to the
cooling beams in order to provide the desired field gradient in the planes of the cooling
regions. In our setup we chose to operate the 2D MOT with a field gradient of 16 G/cm
which proved to be the optimal value in the similar MOTRIMS 2D MOT setup [36].

34

3.2 Implementation of the 2D magneto-optical trap
translation stage (omitted in our setup)
magnet holder

pumping tube

glascell

y
z

x
Figure 3.13 Magnet holder for the 2D MOT. The twelve permanent magnets generate
the longitudinal quadrupole field. The field gradient can be changed by adapting the
distance of the holder from the centre. The centre magnets are set back to generate a
constant field gradient throughout the trapping region. Adapted from [36].

The resulting magnetic field is given by the sum of the twelve magnets
~ x)
B(~
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(3.6)

Here, M refers to the magnet’s magnetisation while (x0 , y0 , z0 ) and (x1 , y1 , z1 ) are the
coordinates of two opposing corners of the magnet. Figure 3.14 shows the quadrupole
character of the calculated magnetic field in the z = 0 plane at the centre of the
longitudinal axis.
To create a magnetic field with a zero line as constant as possible, each magnet’s
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Figure 3.14 Quadrupole field generated by an array of permanent magnets. The right plot
shows a zoom into the centre of the field. Taken from [36].

magnetisation is individually determined by measuring the magnetic field component
Bz along the centre axis where x = 0 and y = 0 with a Hall probe on a translation stage.
For the installed magnets, an average magnetisation of (9.1 ± 0.1) A/m is found. Note
that the systematic error on these measurement is mainly determined by the thickness
of the Hall probe of about 1 mm and a possible slight angle of the probe with respect to
the magnet during the measurements. However, since these errors are of a systematic
nature, the measurement should still give a good indication of the magnetisation of one
magnet with respect to the others’. Magnets with similar magnetisations are placed
opposite each other in order to provide a straight zero line along the length of the
glass cell. Subsequently, the field gradient along the 2D MOT cage is characterised by
measuring the magnetic field with a Hall probe for three different distances (37.8, 40.8,
and 43.8 mm for the outer magnets) of the magnets from the glass cell centre. The
results are shown in figure 3.15 and are in good agreement with the calculated gradients
for M = 9.1 A/m.
Compensation fields
The compensation of offset fields is especially important in a 2D MOT. Due to the
small size of the hole in the differential pumping tube (0.8 mm), even a small offset
field of about 0.3 G like the earth’s magnetic field, can for a gradient of 15 G/cm shift
the zero field line of the quadrupole field by 0.2 mm and cause the atom beam to
miss the opening. In order to apply the compensation fields, two pairs of rectangular
(23.5 cm × 11 cm) compensation coils are attached to the 2D MOT cage. The coils are
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Figure 3.15 Magnetic field gradient along the centre of the glass cell. Measured for three
different distances of the (outer) magnets from the centre: 37.8 mm (blue), 40.8 mm
(red), and 43.8 mm (green). The curves correspond to the calculated gradients for a
magnetisation of 9.1 A/m. The positioning error is due to the thickness of the Hall
probe, the errors in the gradient correspond to the errors of the linear fit to the measured fields as function of position.

located at a distance of 10.5 cm from the centre of the glass cell and each contains 22
windings of Kapton insulated copper wire.

3.3 Implementation of the 6-beam magneto-optical
trap
The following sections describe the setup of our MOT: the fibre based laser system,
also providing imaging light and including light multiplexing in compact fibre port
clusters, the optical setup around the main UHV chamber with six independent cooling
beams, and the magnetic field configuration of the quadrupole and compensation fields.
Like most parts of the experiment, the MOT setup was built to be modular and to
preserve the optical access to the main vacuum chamber.
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3.3.1 Laser system
In principle, the MOT laser system is very similar to the that of the 2D MOT.
Again, one laser is operating on the |52 S1/2 , F = 2i −→ |52 P3/2 , F 0 = 3i transition
and provides the cooling light for the MOT. Additionally, the light provided by this
laser is also used for imaging and Rydberg excitations. The repumping light on the
|52 S1/2 , F = 1i −→ |52 P3/2 , F 0 = 2i transition is provided by the same laser and setup
as in the 2D MOT and was described in section 3.2.2. An overview of all MOT and
2D MOT transitions can be found in figure 3.6.
MOT cooling light
The cooling light for the MOT is generated by a Toptica TA 100 tapered amplifier laser.
Overall, the laser can provide an optical power of up to about 1 W behind the isolator.
The subsequent beam path is presented in figure 3.16. Behind the laser, a mirror pair
is used for overall alignment of the beam. Afterwards, the beam passes a combination
of a half wave plate and a beam sampler plate. Here, a small fraction of the light is
split from the main beam and passes an AOM (type: Crystal Technology 3080-125) in
a double pass configuration. After the double pass, the light is sent through an optical
fibre to a spectroscopy setup for frequency locking of the laser.
Meanwhile, the main beam passes a Kepler telescope (+300 mm and +250 mm lenses)
reducing the beam diameter for optimal coupling efficiencies into the optical fibres. At
the focus of the first lens, a single pass AOM (Crystal Technology 3110-120) is passed.
The positive first diffraction order of the AOM is subsequently coupled into an optical
fibre and used for the MOT cooling beams. The AOM is acting as a switch to quickly
switch off the MOT light when needed. In combination with the spectroscopy double
pass frequency fspec , the set frequency fswitch of this AOM determines the detuning
δM OT of the cooling light (see also figure 3.17):
δM OT = 2π(fswitch − 2fspec ).

(3.7)

As in the 2D MOT laser system, this setup allows to change the detuning of the MOT
cooling beams by shifting the locking point of the laser. Therefore, the MOT detuning
can be changed while the frequency of the switch AOM stays constant, again allowing
the use of an efficient single pass setup increasing the cooling light power available.
Once the MOT is turned off, the entire laser power is in the zeroth order and can be
used for other purposes, e.g imaging or excitations.
The zeroth order of the beam is subsequently split into three beams by combinations
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of PBS cubes and half wave plates. These beams are then also frequency shifted through
AOMs (horizontal and vertical imaging: Crystal Technology 3080-125, third double
pass: Neos N23080) in double pass configurations and are coupled into optical fibres.
The upper two double passes provide light for absorption imaging on the horizontal and
vertical axes of the main chamber, the third can be used for various applications, e. g.
optical pumping to a dark state during dipole trap loading or as a first step of a Rydberg
excitation. The spectroscopy and imaging double passes are set up using demagnifying
3 : 1 Galileian telescopes consisting of +75 mm and −25 mm focal length lenses. The
distance between the lenses is slightly larger than 50 mm. This enables us to built
reversible beam paths by placing the AOMs at a focus behind the telescope and a cat
eye lens at its own focal length from the AOM. This way, the beam always has a focus
when passing the AOM and regains the optimal diameter for fibre coupling allowing for
good coupling efficiencies. The imaging light (for time of flight absorption imaging) is
supposed to be resonant with the |52 S1/2 , F = 2i −→ |52 P3/2 , F 0 = 3i transiton. Hence,
the AOMs are set to the same frequencies fimg = fspec as the AOM in the spectroscopy
double-pass.
The repumping light for the MOT is supplied by the same laser as for the 2D MOT
(see section 3.2.2).
Frequency stabilisation and locking schemes
The MOT laser is frequency locked analogously to the 2D MOT system on the
|52 S1/2 , F = 2i −→ |52 P3/2 , F 0 = 3i transition by modulation transfer spectroscopy
(see [40] for details on the setup). Figure 3.17 visualises the role of the different
frequencies in the MOT laser system. The laser is locked on the cooling transition, but
the main beam runs at −2fspec below resonance due to the double pass AOM before
the fibre to the spectroscopy resulting the MOT deutning δM OT = 2π · (fswitch − 2fspec ).

3.3.2 Light multiplexing
Like the for the 2D MOT, the cooling and repumping light for the MOT is multiplexed in a custom designed and compact fibre port cluster system manufactured by
Schäfter+Kirchhoff (see figure 3.18). The system has three inputs and six outputs.
Input 1 is used for the repumping, input 2 for cooling, and input 3 for imaging light.
The laser power at each input can be monitored by a photodiode. The six outputs
correspond to the six MOT beams and both, cooling and repumping light is sent
through all six fibres. Imaging light can be provided on three of the outputs, one
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Figure 3.16 Overview of the MOT laser system. First, a small fraction of light is split off
and sent to the spectroscopy board for laser locking after passing an AOM in double
pass configuration. The main beam passes a single pass AOM used to switch the MOT
cooling light provided by the +1 diffraction order. Three additional double passes
(background corresponds to colour of mirror mounts) provide light for various purposes,
e.g. imaging or excitations.
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TA, from 52S1/2, F=2 at spectroscopy
Figure 3.17 Locking scheme and AOM frequencies of the MOT laser system. The main
beam in the MOT laser system runs −2fspec below the MOT cooling transition. It is
shifted to the desired detuning δM OT = 2π · (fswitch − 2fspec ) by the switch AOM. The
imaging double pass AOMs run at fimg = fspec to shift the imaging light on resonance.

for each axis of the MOT. The fibre couplings were adjusted to provide maximum
power and polarisation stability for the cooling light. The branching ratios can be
controlled by half wave plates and are set to achieve the desired ratios of the cooling
light (doubled for the vertical beams due to the MOT gradient field configuration).
This leads to an unequal distribution of repumping light in the MOT beams. Currently,
the imaging light is superimposed with the upper beam for the vertical MOT axis.

3.3.3 Optical setup
The MOT is made up by six independent cooling beams with two counter-propagating
beams along each of the three perpendicular cooling axes. See figure 3.2 on page 21 for
an overview of the MOT beams in the horizontal plane. The cooling beams have a 1/e2
diameter of 19.7 mm. Each beam originates from a fibre coupler (Schäfter+Kirchoff
60FC-T-4-M100S-37) and is subsequently reflected twice by a pair of 2 inch mirrors
that are used for alignment through the main vacuum chamber. Each pair of counterpropagating beams has opposing σ-polarisation which is adjusted by quarter wave
plates placed after the mirror pairs on the short horizontal and vertical axes. On
the long horizonal axis, the quarter wave plates are built into the fibre couplers
(Schäfter+Kirchoff 60FC-Q780-T-4-M100S-37). We use six independent instead of
three retro-reflected MOT beams. While increasing the cooling power needed, this
setup provides balanced cooling intensities. This is necessary to achieve an optically
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Figure 3.18 Fibre port cluster for multiplexing of the MOT cooling and repumping light.
The intensities at the various outputs can be controlled by adjusting the half wave
plates. Note that the role of the repumping and cooling inputs have been switched in
the actual setup. Drawing by Schäfter+Kirchhoff, optical design by C. S. Hofmann und
M. Repp.
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fibre outcoupler

mirror pair

Figure 3.19 Outcoupler module for the horizontal MOT beams. The module is mounted
vertically to save space on the breadboard.

dense, high atom number MOT while also leading to a more symmetric shape.
In order to keep as much space as possible available for further optics on the horizontal
breadboard, three of the four fibre outcouplers in this plane and the subsequent mirror
pairs are placed on compact outcoupler modules tilted by 90 ◦ (see figure 3.19) to save
breadboard space. Additionally, 1 inch metal discs are glued onto the back of all 2
inch mirrors so they can be mounted with 1 inch mirror mounts and no bulky 2 inch
mounts are needed. The beams pass into the main chamber through CF40 viewports.
The beams are aligned on the centre of the main chamber using plastic discs mounted
onto the viewports with a small hole drilled through the centre.
The vertical cooling beams are reflected through the top and bottom viewports of
the main chamber. Each beam is reflected onto the vertical axis by a third fixed 2 inch
mirror at an angle of 45 ◦ above/below the central axis. Hence, the mirror pair can be
reached more easily for beam alignment and also additional beams could be overlapped
more easily for future purposes.

3.3.4 Magnetic fields
Besides the optical cooling setup presented in the previous paragraphs, the other
important component of a MOT is a magnetic field gradient. In our case it is provided
by the usual pair of coils in an anti-Helmholtz configuration. In addition, three pairs of
compensation coils are implemented to compensate external magnetic fields resulting
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e.g. from devices in the lab (especially the ion pump) or the earth’s magnetic field. The
compensation is needed to keep the zero field position of the gradient field constant
independent of the actual field gradient applied. This is important when compressing
the MOT by increasing the field gradient [18]. In the following, the most important
parameters of the MOT gradient and compensation fields are summarised.
Quadrupole gradient field
As mentioned, the magnetic quadrupole field for the MOT is created by two coils in
an anti-Helmhotz configuration. The coils were homebuilt (designed by C. Hofmann
and G. Günter) in our inhouse mechanical workshop and are mounted symmetrically
outside the main UHV chamber (see figure 3.1) at a distance of 200 mm from each other.
The coils are made from copper wire with a square profile of 4 mm × 4 mm and a hollow
core with a diameter of 2.5 mm for water cooling. Each coil consists of four layers of 10
windings with a inner radius of 93 mm. At a current of 200 A, the coils produce a radial
field gradient of about 20.9 G/cm and an axial gradient of 41.8 G/cm. The higher
gradient in the axial direction of the field leads to a decreased cooling volume along
the vertical axis of the MOT. This is compensated by doubling the intensity of the
corresponding cooling beams compared to the beams in the horizontal plane. During
typical MOT operation the coils are operated at a current of 50 A corresponding to a
radial field gradient of 12.5 G/cm.
Compensation fields
The compensation fields in the horizontal plane are generated by two pairs of coils
mounted on the four CF63 viewports of the main chamber. The coils with an inner
radius of 60 mm are approximately 215 mm apart and consist of two layers of Kapton
coated copper wire with 10 windings creating an almost homogeneous field of 1.915 G
in the centre of the UHV chamber at a current of 5 A. The compensation field in the
vertical direction is created by a pair of coils with an inner radius of 96 mm mounted on
the outside of the CF160 flanges on the top and bottom of the main chamber. The coils
are approximately 125 mm apart and consist of 10 layers of three windings each. In the
centre of the main chamber, an almost constant homogeneous field of 1.902 G is created
at a current of 5 A. Besides compensation of stray magnetic fields, the compensation
coils serve another important purpose defining the quantisation axes for absorption
imaging. It will be shown in the next chapter that a well defined quantisation axis
provided by an approximately homogeneous magnetic field is important to properly
interpret absorption images of the atoms trapped in our MOT or dipole trap.
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3.4 Optical dipole trap
This section is intended to give a short overview of our optical dipole trap as it was
used to calibrate the imaging setup and, even more importantly, the ability of fast
evaporative cooling in the dipole trap is the deciding factor in producing Bose-Einstein
condensates in short duty cycle times. A detailed description of the trap setup and its
characterisation can be found in the diploma thesis of Aline Faber [14]. A thorough
review on the underlying physics and the different types of optical dipole traps can be
found in [46].
In an optical dipole trap [46], atoms can be trapped due to attractive or repulsive
forces extorted on them by the electric field component of a laser beam. The atoms are
~ = −α(ω)E
~ 2 arising from the interaction of the electric
subjected to the potential −~pE
~ with the atoms’ induced electric dipole moment p~ = α(ω)E,
~ where α(ω) is the
field E
frequency dependent polarisability of an atom. Treating the atom-light interaction
quantum-mechanically as a second-order perturbation, the resulting potential can be
approximated for a Gaussian trapping beam with frequency ω, minimal waist w0 , and
Rayleigh length zR as
V (~x) ≈ −V0
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The potential depends on the detuning from the nearest transition frequencies ωD1
and ωD2 (D1 and D2 lines for alkali atoms and a near-infrared trapping beam), the
spontaneous decay rates ΓD1 and ΓD2 , and the power P of the dipole trap beam. For
the trap depth, the second fractions with a sum in the denominator can be neglected
for small detunings. For a red detuned laser beam (ω < ωD1 , ωD2 ), the potential has a
minimum at the point of maximal intensity and is therefore attractive. Besides the
detuning and the beam geometry, the laser power P is a crucial parameter for the depth
of the potential which increases with increasing power. Since the spatial dependence of
the approximated potential is quadratic, it can be expressed as a harmonic potential
V ~x = −U0 + mωr 2 r2 /2 + mωz 2 z 2 /2 with a radial trapping frequency
s

ωr =

4V0
mw0 2

(3.10)
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Figure 3.20 Overview of the dipole trap setup. The trap consist of a wide reservoir created by two crossed beams for transfer of atoms from the MOT and a tightly focused
dimple providing a strong confinement of the trapped atoms. Courtesy of A. Faber [14].

and an axial trapping frequency
s

ωz =

2V0
.
mzR 2

(3.11)

The trapping frequencies are characteristic for the trap and can be measured by
observing oscillations of the trapped atoms.

Setup
Our optical dipole trap is realised as a combination of a reservoir trap generated by the
crossing of two Gaussian laser beams and an additional tightly focused beam called
dimple which intersects with the reservoir beams at an angle of 45 ◦ [14]. The large
reservoir allows to efficiently transfer a large number of atoms from the MOT to the
dipole trap. Transferring a large number of atoms from the MOT to the dipole trap is
important to achieve high density thermal clouds or even Bose-Einstein condensates
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as most of the atoms will be lost during the subsequent evaporative cooling which
is the crucial step in reaching high densities and low temperatures. A fraction of
the atoms transfered to the reservoir subsequently thermalises into the dimple due to
elastic collisions with other atoms. In the dimple, the density of the atoms is strongly
increased leading to a higher collision rate so that their temperature can be reduced
by evaporative cooling towards the BEC transition temperature. For the reservoir,
two crossed beams were favoured over a single Gaussian beam to increase the axial
confinement of the trap. The chosen geometry, similar to that of Clement et al. [9],
also helps to overcome a problem that would occur during evaporation (see section
6.2) if only a single beam was used. When reducing the beam power to decrease the
trap depth, the spatial confinement of the atoms is also reduced due to a change in
the trapping frequencies. By choosing a configuration of a intersecting reservoir and
dimple, the trap depth (via the reservoir power) and the confinement of the atoms (via
the dimple power) can be controlled almost independently.
The laser light for the dipole trap is provided by an Innolight Mephisto solid state
laser supplying a light power of 1 W at a wavelength of 1064 nm and subsequently
amplified by a Nufern fibre amplifier to a power of up to 50 W. The beam path following
after the amplifier is shown in figure 3.20. At the PBS after the mirror pair, the laser
light is divided up between the reservoir and the dimple. The following AOMs are used
to control the intensities in the reservoir and dimple during experiments by adjusting
the RF power. The second AOM in the reservoir path then splits the light into two
beams for the crossed reservoir trap. In a rather unique scheme, the plane inside the
AOM is than imaged by the two subsequent lenses to the centre of the main chamber,
creating the desired crossed dipole trap with beam waists of 110 µm/108 µm near the
crossing. The lenses in the dimple beam path are chosen to create a waist of 23 µm at
the crossing of the trap.
The trapping frequencies were measured to be ωc,a /2π = 42.5+1
−2 Hz in the axial
direction for the combined trap at beam powers of 415 mW and 465 mW in the reservoir
+0.1
and 31.5 mW in the dimple, ωd,r /2π = 324+3
−4 Hz in the radial and ωd,a /2π = 7.7−0.1 Hz
in the axial direction for the dimple at the same power, and ωr,r /2π = 81+1.5
−1.4 Hz in the
radial direction for the reservoir trap at beam powers of 678 mW and 780 mW. Note
that the axial trapping frequency of the combined trap is significantly higher compared
to the dimple trap on its own highlighting the importance of the presence of the crossed
trap not only to serve as a reservoir but also to increase the axial confinement of the
atoms in the dimple. More details can be found in the diploma thesis of Aline Faber
[14].
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In order to characterise the different steps in the cooling cycle towards Bose-Einstein
condensation, it is necessary to observe various properties of the trapped atoms. Some
examples include the number of trapped atoms, their density, their temperature, and
their spatial distribution. In our experiment, two different methods were implemented:
Firstly, simple fluorescence detection of atoms in our MOT for fast diagnosis during
alignment. Secondly, two absorption imaging [47] setups were constructed for accurate
probing of atom clouds at high densities, e.g. in a large MOT or optical dipole trap.
These techniques will be described in this chapter before they are applied to characterise
the experimental cycle in the last two chapters of this thesis.
After a short introduction to the relevant principles of light-atom interactions, this
chapter presents the various setups implemented and gives details on their calibration.

4.1 Light-atom interactions
Both fluorescence detection and absorption imaging rely on the interactions between
atoms and light in order to provide information about the number and distribution of
trapped atoms. Both make use of the absorption of resonant or near-resonant laser light
by atoms. In the case of fluorescence detection, the intensity of isotropically scattered
photons from the near-resonant MOT beams due to spontaneous emission is observed
from which the atom number can be deduced. Absorption imaging is based on the fact
that the absorption and spontaneous scattering of photons from a resonant laser beam
creates a shadow in the beam corresponding to the spatial distribution of the atoms.
Therefore, this section briefly summarises the relevant physical processes [48, 39], i.e.
how to extract the relevant cross sections, semi-classically and including spontaneous
emission. The discussion is limited to the simplified case of a closed two-level atom
with a ground state |gi and an excited state |ei interacting with an electro-magnetic
wave in the dipole approximation
~ = E0 ~e−iwt + h.c.,
E
2

(4.1)
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where E0 is the electric field amplitude, ~ the normalised polarisation vector, and ω
the frequency of the wave.
The transition rates between the two levels including spontaneous emission are
described in the rotating wave approximation by the optical Bloch equations
Ω0
(ρge − ρeg ) + iΓρee ,
2
Ω0
(ρeg − ρge ) − iΓρee ,
iρ̇ee =
2
Ω0
Γ
iρ̇eg =
(ρgg − ρee ) + δρeg − i ρeg ,
2
2
Ω0
Γ
iρ̇ge =
(ρgg − ρee ) − δρge − i ρge .
2
2

iρ̇gg =

(4.2)
(4.3)
(4.4)
(4.5)

Here, the density matrix elements ρgg and ρee describe the population of the states |gi
and |ei, the elements ρeg and ρge describe the coherences, i.e. the phase relations between
|gi and |ei, δ is the detuning of the laser from resonance, Γ the spontaneous decay
rate of the excited state corresponding to the Einstein A-coefficient, and Ω0 = dE0 /h̄
the resonant Rabi frequency with which the transition is driven and depends on the
transition dipole moment d2 = 30 h̄Γλ3 /8π 2 . The optical Bloch equations are solved
by
s0 /2
,
1 + s0 + (2δ/Γ)2
iΩ0
1
,
=
Γ − 2iδ 1 + s0 /(1 + (2δ/Γ)2 )

ρee = 1 − ρgg = 1 −

(4.6)

ρeg = ρ∗ge

(4.7)

where s0 = 2Ω0 2 /Γ2 = I/Isat is the on-resonance saturation parameter with the
saturation intensity Isat = πhcΓ/(3λ3 ) = c0 Γ2 h̄2 /4d2 and the incident light intensity
I = c0 E0 2 /2.
Absorption of laser light by atoms
The influence of the atoms on a single laser beam passing through the cloud with
√
density natom is described by the refraction index n = 1 + χ ≈ 1 + χ/2 of the atom
cloud. It can be derived from the optical susceptibility [49]
χ=

−2natom d2
ρeg .
0 h̄Ω0

(4.8)

The real part of the refraction index describes the dispersion, the imaginary part the
absorption of the light by the atoms. A light wave will be absorbed and diffracted
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according to
Z
~ = E0 ~ · exp (i(k n dz − ωt)) + h.c.
E
2
R
R
E0
=
~ · e−iωt · eikL · eik Re χ dz/2 · e−k Im χ dz/2 + h.c.,
2

(4.9)

where the first term describes the oscillation of the wave, the second a constant phase
shift, the third the diffraction and the fourth the absorbtion by the atoms. The
absorption cross section σ can be computed from the transmitted fraction T of the
light
T =

R
R
I
= e−k Im χ dz = e−σ natom dz
I0

(4.10)

and we obtain
2d2
k · Im ρeg
0 h̄Ω0
σ0
,
=
1 + I/Isat + (2δ/Γ)2

σ=

(4.11)

with the resonant low-intensity cross section σ0 = 3λ2 /2π = h̄ωΓ/2Isat . We so far
assume a closed two level system. For multi-level atoms, the situation becomes more
complicated. While a system closely resembling a two level atom can in theory be
realised in some cases through optical pumping, many factors have to be taken into
account for real experiments with multi-level atoms. We have to account for magnetic
field imbalances, polarisation imperfections, and unknown populations of Zeeman
substates. Any imperfections lead to a decrease in the actual transition rate. To
account for this, we introduce an effective saturation intensity Isat,ef f = αIsat where
α > 1 is a dimensionless correction parameter [50]. Since σ0 ∝ Isat −1 , this also leads to
an effective resonant low-intensity cross section σ0 /α. In the following, the consequences
for the absorption of resonant laser light (δ = 0) by an atom cloud are summarised.
First in the low intensity limit I/Isat,ef f ≈ 0 and then in general.

For the low intensity limit I/Isat,ef f ≈ 0 and a resonant laser beam (δ = 0), the
absorption cross section becomes
σef f =

σ0
.
α

(4.12)

The intensity loss dI(z) of light passing through an atom cloud of density n(x, y, z) for
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a distance dz follows Beer’s law
dI(z)
σ0
= −n(x, y, z) · · I(z).
dz
α

(4.13)

Solving the differential equation and integrating over the thickness of the sample along
the direction of the probe beam yields the column density
n(x, y) =

Z

=−

n(x, y, z) dz
α
I(x, y)
ln
σ0 I0 (x, y)

= odα (x, y)/σ0 ,

(4.14)

where we introduced the modified optical density odα (x, y) = −α ln (I(x, y)/I0 (x, y))
that differs from the common definition od(x, y) = − ln (I(x, y)/I0 (x, y)) by a factor of
α.

For a resonant laser beam propagating through an atom cloud near or above saturation
intensity, the absorption cross section becomes
σef f =

σ0
.
α(1 + I(z)/Isat,ef f )

(4.15)

The absorption along the atom cloud is again given by Beer’s law (equation (4.13)),
but now reads
dI(z)
σ0
= −n(x, y, z) ·
· I(z).
dz
α(1 + I(z)/Isat,ef f )

(4.16)

Solving this for the column density/optical density, we obtain
n(x, y) = −

α
I(x, y)
I0 (x, y)
I(x, y)
ln
+
(1 −
)
σ0 I0 (x, y)
σ0 Isat
I0 (x, y)

= odα (x, y)/σ0 ,

(4.17)

where the first term corresponds to the column density in the case of low probe intensity
(equation (4.14)) and the second describes the change in the absorption profile due to
saturation.
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Figure 4.1 Detection of MOT fluorescence. A fraction of the MOT fluorescence is imaged
onto a photo diode.

4.2 Fluorescence detection
A simple way to determine the number of atoms in a MOT is to detect the fluorescence
of the trapped atoms caused by spontaneous emission of cooling light on a photodiode.
This is usually done by collecting a fraction the fluorescence with a lens and focussing
it onto the photodiode (see figure 4.1). The atom number N can be determined from
the measured photodiode voltage UP D by
r2
N = UP D · κ · γsc · Ephoton ·
4R2
= UP D · κ ·

!−1

Γ/2 · I/Isat
hc r2
·
·
1 + I/Isat + (2δ/Γ)2 λ 4R2

!−1

.

(4.18)

The first fraction between the brackets corresponds to the photon scattering rate
γsc = Γρee (see equation (4.7)) due to spontaneous emission given in photons per
second. Here, Γ = 2π · 6.036 MHz is the linewidth of the |52 S1/2 , F = 2, m = ±2i −→
|52 P3/2 , F 0 = 3, m0 = ±3i MOT cooling transition [39] and the density matrix element
ρee describes the population probability of the excited state |ei, I is the incident laser
intensity, Isat = 1.67 mW/cm2 the saturation intensity of the transition and δ is the
detuning of the incident light from resonance. The second fraction, Ephoton = hc/λ, is
the energy of a single photon at a wavelength of λ = 780 nm, the third corresponds to
the fraction of the fluorescence light collected on an area of radius r at a distance R
from the MOT. The factor κ describes the calibration of the photodiode and converts
UP D to a power. In principle, one would here also have to replace Isat by Isat,ef f = αIsat
as discussed regarding equation (4.11), especially if one considers the complex magnetic
field geometry in a MOT.
In our setup, we positioned a photodiode on a CF16 viewport of the UHV chamber.
A 0.5 inch diameter lens with a focal length of +40 mm is used to focus the beam
onto the photodiode. The distance of the lens from the centre of the main chamber is
approximately 12 cm and 3 cm from the viewport so that in our case r is determined
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by the size of the lens and not the viewport. The lens and the photodiode are mounted
inside a 1 inch lens tube in order to minimise the influence of stray light. The factor
κ = (2.3 ± 0.2) · 10−3 mW/V was obtained by calibrating the photodiode with a low
power laser beam at 780 nm and comparing the voltage to the signal on a power meter
measuring the light power. Due to the large amount of stray light from the high
power dipole trap laser at 1064 nm, a bandpass wavelength filter with 80% transmission
around 780 nm over a bandwidth of 10 nm is placed in front of the photodiode.
While relatively easy to implement and allowing non-destructive in-situ observation
of the atom number in a MOT, fluorescence detection has several drawbacks. Examples
are depending on the photo-diode a bad signal to noise ratio for small atom numbers,
uncertainty in the actual distance between the lens and the MOT, and the lack of a
well-defined quantisation axis in the quadrupole magnetic field produced by the MOT
coils. However, despite all disadvantages, fluorescence detection proved to be a useful
tool, especially during alignment and optimisation of both the MOT and 2D MOT as
the effects of any changes could be observed immediately.

4.3 Absorption imaging
In order to obtain density distributions and to deduce many other physical properties
of atom clouds, absorption imaging [47] is a powerful and commonly used technique in
the field of cold atomic gases. Here, the focus of the discussion is on the determination
of atom numbers. The general idea is to observe the absorption profile of a resonant
probe laser beam that passes through an atomic cloud and is subsequently imaged
onto a charged coupled device (CCD) camera. Usually, three pictures (figure 4.2) are
taken from which a density profile and an atom number is inferred: For the absorption
image A, the atoms are exposed to the probe beam to obtain an absorption profile of
their spatial distribution. Then, the reference image R of the intensity profile of the
probe beam without atoms is taken. Finally, a dark image D is taken without any laser
light. The dark image is subtracted from both the absorption and reference images to
compensate for CCD counts caused by dark currents and stray light resulting in two
intensity profiles
If (x, y) = A(x, y) − D(x, y),

(4.19)

Ii (x, y) = R(x, y) − D(x, y).

(4.20)

As will be shown, these two intensity distributions are sufficient to compute the
column density n(x, y) = −α ln(If (x, y)/Ii (x, y))/σ0 with σ0 = 3λ2 /2π and a correction

54

4.3 Absorption imaging

probe beam

probe beam

absorption image

CCD

CCD

CCD
atom
cloud

no probe beam

no
atoms
reference image

no
atoms
dark image

optical density distributon

Figure 4.2 Absorption imaging. Three images are taken: first, of the absorption of the
probe beam by the atoms that are to be imaged, second, of the probe beam without
absorption, third a dark image without atoms and probe beam.

parameter α > 1 (compare equation (4.11)) in the limit of a weak probe beam and a
low density cloud. For low intensities α is commonly omitted as this only leads to a
systematic underestimation of densities and atom numbers. For higher densities the
method stays similar, but increased intensities and a careful calibraton of α due to
saturation effects are needed [50].

The following paragraphs describe the absorption imaging setups in our experiment,
how the images are evaluated to compute the column density distribution n(x, y) and
atom number from If (x, y) and If (x, y), and finally the method of strong saturated
absortion imaging [50] for probing dense atom clouds including the implementation in
and calibration of our setup.
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Figure 4.3 Overview of the horizontal imaging setup. After leaving the optical fibre, the
probe beam is expanded and obtains circular polarisation. Then, it passes the main
chamber with the atoms and is imaged onto a CCD camera.

4.3.1 Realisation in our setup
In our setup, we realised two absorption imaging setups, one on the vertical and one
on the horizontal axis of the main UHV chamber. In both setups we image on the
|52 S1/2 , F = 2, mF = ±2i −→ |52 P3/2 , F 0 = 3, mF 0 = ±3i transition with σ-polarised
light. After an overview of the setups, details on the actual imaging sequences are
given.

Horizontal imaging
The horizontal imaging beam passes the main chamber through a pair of opposing
CF63 viewports. The probe light originates from a double pass in the MOT laser
system (see section 3.3.1) and is sent to the experimental table via an optical fibre
after which the polarisation axis is adapted with a half wave plate. Its diameter is
increased by the lens of the fibre outcoupler and a +150 mm lens. After passing a
PBS cube to clean the polarisation, a quarter wave plate is used to obtain circularly
polarised light. The imaging of the atom cloud onto the CCD (Allied Vision Guppy
F-038 B/C NIR) is set up for a 1:1 magnfication in 4f configuration including two
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Figure 4.4 Overview of the vertical imaging setup. The imaging light is split from the
MOT cooling light, circularly polarised and passes through the vacuum chamber with
the atoms at a slight angle before being magnified onto the CCD.

doublet +145 mm lenses (CVI Melles Griot LAI-145.0-40). When imaging atoms in
the MOT instead of the dipole trap, the second lens is replaced by a +50 mm lens in
order to demagnify the image of the atoms by a ratio of about 1:3 in order to fit on
the CCD. The quantisation axis for the imaging transition is defined by a homogenous
magnetic field generated by the compensation coils mounted on the same viewports
that are used for the imaging, while the other compensation coils and the MOT coils
are switched off.
Vertical imaging
In principle, the vertical imaging is set up similarly to the horizontal imaging. The
light is again prepared in a double pass in the MOT laser system 3.3.1, but this time
superimposed with the upper MOT beam on the vertical axis in the MOT fibre port
cluster. The large 1/e2 diameter of 18 mm ensures a homogenous probe intensity over
the region of the atom clouds so that the dynamic range of the CCD can be fully
utilised. As the linear polarisations are perpendicular, the imaging light is separated by
a PBS cube after the fibre outcoupler and passes a quarter wave plate to obtain circular
polarisation. It is then sent through the UHV chamber at a slight angle with respect
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to the MOT beam. The imaging itself is again set up in a 4f configuration. Behind
the chamber the beam is expanded by a factor of 15:12 by a combination of 120 mm
and 150 mm singlet lenses set up as a Kepler telescope and finally detected with a
CCD camera (Allied Vision Guppy F-038 B/C NIR as in the horizontal setup). When
imaging at high probe intensities, a LD10 neutral density filter (Thorlabs ND10A) is
placed in front of the CCD to avoid saturation. The quantisation axis for the vertical
imaging is provided by the homogeneous field generated by the vertical compensation
coils, the other compensation coils and the MOT coils are turned off during imaging.
At a later stage this setup will be adapted to include a 4:1 magnification for
better imaging of atoms in the dimple trap and Bose-Einstein condensates. At this
magnification, the setup could possibly be used for direct imaging of Rydberg atoms
through electro-magnetically induced transparency (EIT) [51].

Imaging sequences

The actual imaging sequences differ slightly, depending on whether imaging the MOT
or the dipole trap. Nonetheless, the general procedure stays the same. After releasing
the atoms from the trap, all magnetic fields are turned off except the one defining the
quantisation axis during the imaging process. In case the atoms are imaged from the
dipole trap or a dark MOT phase, a short pulse of repumping light is applied to pump
the atoms to the imaging transition. The cloud is allowed to expand ballistically during
a time of flight of a few ms after which the shape can be described by a two-dimensional
initial Gaussian corresponding to the momentum distribution of the gas. Subsequently,
the CCD is activated. Since the minimal exposure time of the CCD is 64 µs during
which the CCD would saturate at the intensities required, the actual exposure time is
defined by switching the imaging beam on and off. Hence, the minimal exposure time
is defined by the minimal time resolution of the experimental control (2 µs). After
taking the absorption image, the reference and dark images are taken, before resetting
the experiment to the initial conditions.
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4.3.2 Evaluation of the images
According to equation 4.14 for If = I and Ii = I0 the column density of an atom cloud
can be obtained from an absorption image as
n(x, y) =

Z

=−

n(x, y, z) dz
If (x, y)
α
ln
.
σ0 Ii (x, y)

(4.21)
(4.22)

For a ballisticaly expanding thermal cloud after some time of flight, the atoms’ density
distribution will approximately have the shape of a Gaussian. We fit the column density
n(x, y) with a anisotropic two-dimensional Gaussian distribution
cos2 θ sin2 θ
(x − x0 )2
n(x, y) = A · exp −
+
2σx2
2σy2
"

!

"

#

!

sin 2θ sin 2θ
· exp −2 −
+
(x − x0 )(y − y0 )
4σx2
4σy2
sin2 θ cos2 θ
· exp −
+
(y − y0 )2 + A0 ,
2σx2
2σy2
"

!

#

#

(4.23)

where θ is the angle between axes of the coordinate system and the major and minor
axes of the fitted elliptical distribution and A the peak amplitude of the distribution.
The total atom number N in the cloud can now be obtained from the fit parameters as
N = 2πAσx σy σ0 .

(4.24)

In order to improve the fit results, a fringe removal algorithm [52] is applied that
minimises the fringes caused by diffraction on optical elements or dust particles.
The algorithm compensates for slight differences in the position of the fringes when
comparing absorption and reference images, e.g. due to small vibrations during the
time between taking the absorption and reference image. A corrected reference image
Rcorr,j (x, y) for each absorption image Aj (x, y) is composed from all reference images
Ri (x, y) in a measurement series. It is obtained by finding the linear combination
Rcorr,j (x, y) =

X

cj,i Ri (x, y)

(4.25)

i

where each reference image is weighted with cj,i and that minimises the difference
between the absorption and reference image in a specified area of the images where
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the probe beam is not absorbed (e.g. a corner of the image). Besides minimising the
influence of diffraction patterns, the algorithm can also reduce the noise in an image.
Further details can be found in [52, 53].

4.4 Saturated absorption imaging of dense atom clouds
For the probing of dense atomic clouds, low-intensity absorption imaging becomes
unreliable as most of the imaging light is absorbed and the dynamic range of the
CCD would be insufficient to accurately resolve the slight differences in the intensity
profiles for high densities. Figure 4.5 shows a cross section through a dense cloud in
our optical dipole trap probed at 0.13Isat and a Gaussian fit excluding the centre of
the cloud. When compared to the fit of the low density part of the cloud, the optical
density in the dense centre cannot be sufficiently resolved. In principle, the problem
could be overcome by detuning the imaging light, effectively reducing the absorption
cross section. However, the detuning would lead to a real refraction index Re n 6= 1.
Consequently, the atoms would act as a lens and the intensity profile of the probe
beam would be distorted. A popular alternative used in early BEC experiments is
phase contrast imaging [47], a second fluorescence imaging far above the saturation
intensity [54]. A third alternative was implemented by Reinaudi et al. [50] where the
atoms are also probed above saturation intensity, but significantly less laser power is
required. This method was also applied by us.
Imaging near or above saturation
The principle of low-intensity absorption imaging also applies for imaging at intensities
close to or above Isat . However saturation effects have to be taken into account and
the column density is now given by equation (4.17) with If = I and Ii = I0 :
n(x, y) = −

If (x, y) Ii (x, y)
If (x, y)
α
+
)
ln
(1 −
σ0 Ii (x, y)
σ0 Isat
Ii (x, y)

= σ0 odα (x, y).

(4.26)
(4.27)

Note that only the first term is proportional to α, so that a careful calibration of α
is needed to obtain proper results. If α is not taken into account (effectively α = 1)
or too low, the logarithmic term on the left hand side is too small with respect to
the saturation term leading to an underestimation of the optical density. This is
especially problematic when probing at low intensities as − ln(If /Ii ) becomes large
compared to the saturation term. If α is too large, the optical density is overestimated.
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Figure 4.5 Optical density of a dense atom cloud probed at 0.13Isat . In the dense centre,
the optical density is underestimated when compared to a fit to the low density regions
of the cloud.

Figure 4.6 shows the influence of a wrong calibration of α on the logarithmic term and
the optical density for a dense cloud in the dipole trap probed at different intensities.
The calibration procedure is presented in the following paragraphs.
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Figure 4.6 Left: Optical density with (green) and without (blue) saturation term (red)
for α = 1. The logarithmic term is too small and the optical density is underestimated
for low intensities. Centre: α = 1.5. For the correct value of α, the optical density is
independent of the probe intensity. Right: α = 2. The logarithmic term is too large
and the optical density is overestimated for low intensities. Note, that the low optical
density values are due to averaging over a region including the entire atom cloud.
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Figure 4.7 Comparison of probe intensity as a function RF power control voltage on the
VCO module with and without ND filter. With the use of an ND filter a higher range
of imaging intensities is useable without saturating the CCD.

Calibration
We obtain the correction parameter α by applying two different yet related methods.
The first follows the approach taken by Reinaudi et al. [50] and involves an empirical
estimation of α where comprable clouds prepared under the same conditions are probed
at various imaging light intensities. In the second approach, both α and the optical
density are deduced directly from a fit to the measurement of the absorbed probe beam
fraction as a function of probe intensity. For both calibration methods some technical
adaptions of the imaging system had to be implemented that shall also described before
giving details on the calibration methods.
Both methods presented involve probing an atom cloud at various intensities, so it is
crucial to have a high degree of control over the probe intensity during the calibration
process. In our experiment, both the intensity and the duration of the imaging pulses
are controlled via our experimental control software. Instead of switching the AOM in
the corresponding double-pass directly using the VCO’s RF power control, a RF switch
(Mini-Circuits ZYSWA-2-50DR) is used. As the switch attenuates the signal, yet high
intensities are desired during the calibration process, a RF amplifier was placed behind
the switch. In order to access the desired range of intensities, which are still determined
by the VCO’s RF control voltage, the RF signal from the VCO is attenuated by 30 dB
before the switch. Switching the VCO directly would not allow for a constant intensity
throughout the exposure time. When activating the AOM by directly switching the
VCO and monitoring the probe pulse with a photodiode, we observed a large spike and
subsequent relaxation to the desired intensity instead of a pulse of constant intensity
throughout the entire exposure time. The resulting fluctuation and uncertainty of the
probe intensity would seriously compromise the ability to calibrate the imaging system.
A second factor to be taken into account when probing at high intensities is the
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Figure 4.8 Empirical dertermination of the parameter α. The optical density is computed
for various values of α at a range of probe intensities. For the right value of α the
optical density should not depend on the probe intensities. Note that this plot only
some measurement points and values of α tried for better visualisation. Note, that the
low optical density values are due to averaging over a region including the entire atom
cloud.

limited time resolution of the experimental control of 2 µs. If entering a non-integer
exposure time near this limit, this can lead to an error of up to several 10%. As the
intensities of the probe beam are calculated from the CCD counts per pixel during
a well-defined exposure time, this error would propagate and ultimately affect the
precision to which the probe intensity is known. In order to prevent the CCD from
saturating while keeping a high dynamic range, we adapt the imaging exposure time
depending on the probe intensity by a empirically determined function texp (I) that
roughly keeps the number of CCD counts constant regardless of the incident intensity
I. In order to increase exposure times also for high intensities a LD10 neutral density
filter was placed before the CCD.
To obtain α empirically, dense clouds of atoms (about 5 · 106 atoms as estimated
after calibration) are prepared in our optical dipole trap. We then probe the clouds
after 4 ms time of flight with different intensities in a range between 0.1Isat and 10Isat
and calculate the optical density odα for various values of α in a range between 1
and 2 (compare figure 4.8). Since the atom cloud is always prepared in the same
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Figure 4.9 Absorbed fraction of probe light as function of probe intensity. The correction
parameter α and the optical density of the atom cloud are obtained by fitting to the
absorbed fraction of probe light.

manner, the actual number of atoms and hence the optical density stays approximately
constant. The optimal value of α is then obtained by choosing the value α∗ for which
the optical density odα∗ varies the least over the entire range of probe intensities applied.
Therefore, the standard deviation σ(odα ) over the measurements at different intensities
is calulated for each α. Subsequently, a parabola is fitted to the standard deviation as
a function of α to obtain the minimum. In contrast to Reinaudi et al. [50], instead of
fitting the data sets with a Gaussian distribution, the optical density is obtained by
summing over all pixels in a region of interest in order to avoid fit errors due to motion
during the exposure time, effectively integrating over the extend of the atom cloud.
As mentioned before the correction parameter α is alternatively obtained by directly
fitting to the absorbed fraction of the probe light abs(x, y) = 1 − If (x, y)/Ii (x, y) as
a function of the relative probe intensity s(x, y) = Ii (x, y)/Isat . The optical density
od(x, y) and α are then obtained as fit parameters. Rewriting of equation (4.17) in
terms of abs and s yields
σ0 od(x, y) = −
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α
s(x, y) · abs(x, y)
ln (1 − abs(x, y)) +
,
σ0
σ0

(4.28)

4.4 Saturated absorption imaging of dense atom clouds

200 µm

Figure 4.10 Optical density distribution and fitted two-dimensional Gaussian distribution
of 5.2 · 106 atoms 4 ms after release from the optical dipole trap. The peak optical
density is 1.25 and the cloud was probed at 4.9Isat using saturated absorption imaging.

which can be rewritten as
abs(x, y) = 1 −

w(s(x, y) · exp (s(x, y) − od(x, y)))
.
s(x, y)

(4.29)

Here, w(x) corresponds to the so-called Lambert W or omega function, representing
the inverse of x · ex . After calculating the absorbed fraction of the probe light abs(x, y)
from the absorption images, α and od(x, y) are obtained as fit parameters. As for the
empirical method, we sum over all pixels in a region of interest in order to minimise
the effect of motion during the exposure time. Figure 4.9 shows the resulting fit to
our calibration data set. Both calibration methods give comparable results for the
parameter α∗ . From the empirical method, we obtain α∗ = 1.45 ± 0.09, a direct fit to
the absorbed fraction of light gives a result of α∗ = 1.51 ± 0.04.
Results
In order to reliably probe dense atom clouds, we calibrated our vertical imaging setup
in order to probe dense atom clouds by saturated absorption imaging [50]. With a
calibration factor of α∗ = 1.51 ± 0.04, we find an average atom number in the dipole
trap of (5.0 ± 0.3) · 106 for our calibration data set where the probe intesity ranged
from 0.1Isat to 10Isat and the atoms were probed 4 ms after release from the trap.
As figure 4.11 shows, the probe intensity does not have an influence on the atom
numbers measured indicating a correct calibration. Figure 4.10 shows the optical
density distribution of a cloud probed at 0.49Isat and the corresponding Gaussian fit.
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Figure 4.11 Atom number in the dipole trap obtained by probing with intensities between
0.1 and 10Isat . After careful calibration (α∗ = 1.51), the results do not depend on the
probe intensity.
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5 Characterisation of the MOT loading
process
The efficiency when loading a magneto-optical trap from a cold atom beam depends
on many parameters of both the MOT and the atom beam. In order to achieve a
fast cycle time, we especially investigate the dependence of the MOT loading rates
on these parameters in order to optimise the efficiency of the MOT loading. A high
MOT loading rate is also important to achieve high final atom numbers as losses can
be compensated more easily.
This chapter first discusses how the data obtained by the methods described in the
previous chapter: MOT fluorescence detection and absorption imaging is interpreted.
Afterwards, the results of the characterisation of the MOT loading are presented, first
the various parameters of the 2D MOT, then the parameters of the MOT. Finally, the
results are summarised and the efficiency of our MOT loading is compared to other
experiments.

5.1 Measurement procedures and evaluation
The data leading to the results presented in this chapter is obtained by the two means
presented in the previous chapter. The atom number in the MOT was determined either
by absorption imaging or by observation of the MOT fluorescence on a photodiode
(see sections 4.3 and 4.2). In the case of absorption imaging, the atom numbers in
the MOT are probed with our horizontal imaging setup (see section 4.3.1 and figure
4.3) which is temporarily adapted to feature a 3 : 1 demagnification in order to fit the
entire region of interest onto the CCD. Thanks to the demagnification, the images
can be taken after a sufficiently long time of flight so that the optical density of the
expanding cloud is below 1 in most cases and the atom cloud should have assumed a
Gaussian column density distribution increasing the accuracy of the fit routines applied
to determine atom numbers. Hence, the atom coulds can be probed at low intensities
and no calibration of the vertical imaging setup for saturated absorption imaging as
described in section 4.4 is needed at this point. This also means, we do not account for
uncertainties arising from imperfect polarisations or magnetic fields in combination

67

5 Characterisation of the MOT loading process

7

MOT atom number

15

x 10

10
5
0

0

1
2
loading time [s]

3

Figure 5.1 Determination of the MOT loading rate. The loading rate of a MOT can be
obtained by a linear fit to the trapped atom numbers for short loading times where loss
processes can still be neglected compared to the loading rate.

with the atoms multi-level structure. As mentioned in section 4.3, this likely leads to
an underestimation of atom numbers and loading rates, but the qualitative behaviour
should not be affected. When observing the fluorescence of the MOT, the voltage from
the photodiode was read out by the ADC read-out of our experimental control system.
Atom numbers are directly inferred from a Gaussian fit to the absorption images
(see section 4.3 for details) or computed from the voltage measured on the photodiode
collecting MOT fluorescence. To determine MOT loading rates, the atom number N
is recorded as a function of the MOT loading time. Either as a series of absorption
images taken after different loading times, or by in-situ observation and real-time
recording of the fluorescence signal of a single loading process via the ADC readout
of the experimental control. For large MOTs, the change in the atom number Ṅ is
described as combination of three processes: the loading rate γload corresponding to
the capturable flux from the 2D MOT, the loss −γ1 N due to collisions with untrapped
and background atoms proportional to the atom number in the MOT, and the loss
−γ2 N 2 due to two-body collisions between trapped atoms proportional to the atom
number squared. This can be formulated as a rate equation:
Ṅ = γload − γ1 N − γ2 N 2 .

(5.1)

In the beginning of the loading process, the atom number is small compared to the
loading rate so that loss processes can be neglected. Hence, we can obtain the loading
rate by a simple linear fit of the form
N (t) = γload (t − t0 )

(5.2)

to the atom numbers at the onset of a MOT loading process. A time offset t0 has been
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included to account for the time the atom beam needs to reach the MOT position after
the 2D MOT has been switched on. An atom with a velocity of 15 m/s for example
would need 10 ms to reach a MOT located 15 cm from the 2D MOT. An example of a
fit to the onset of the MOT loading is shown in figure 5.1.

Errors of atom numbers and loading rates
During our measurements, we found that the dominant error source is the statistical
fluctuation of the atom number between different loading cycles. If fitting a loading
rate to data obtained from absorption images taken after different loading times, these
fluctuations are also reflected in the scattering of the data as each data point is obtained
from an independent loading process. Hence, the confidence intervals of the fit are
given as errors. For results obtained from fluorescence observation, the values are
averaged over several loading sequences to include the statistical fluctuations unless
mentioned otherwise. Typically, we find the relative fluctuations in the atom numbers
to be on the order of 5%.

Errors of laser powers and detunings
For the the various laser powers, we assume relative errors of 5 %, this corresponds to
the fluctuations in the power observed after switching the light with the corresponding
AOMs. These fluctuations often occur for a few 100 ms after switching and the power
becomes more stable afterwards. However, as we are mostly interested in the very early
stages of the loading process, the fluctuations have to be taken into account.
There are no errorbars given for the detunings as the actual errors depend on many
factors, especially stray magnetic fields in the spectroscopy glass cell and at the MOT
and 2D MOT position. These are hard to determine correctly. The detunings given,
correspond the frequency values displayed on the VCO modules driving the various
AOMs.

5.2 2D MOT parameters
We investigated the dependence of the MOT loading rate on various parameters of the
2D MOT: The 87 Rb vapour pressure in the glass cell by changing the dispenser current,
the power and detunings of the cooler and pusher beams, the repumping power and
the size of the cooling volume, represented by the number of cooling regions.
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Figure 5.2 MOT loading rate as a function of 2D MOT dispenser current. A strong dependence of the loading rate on the dispenser current can be observed. The maximal
loading rate of 3.9 · 109 /s is reached for a current of 3.2 A. As the dispenser current only
serves as a rough and not fully reproducible indicator of the pressure in the glass cell no
errorbars are given.

5.2.1 Dispenser current and vapour pressure
The vapour pressure in the glass cell is an important parameter of the 2D MOT as
it determines how many atoms can be captured from the background gas in the first
place. If it is too low, there are only few atoms that can be captured and contribute to
the atom beam. If it is too high, the atom number in the atom beam is decreased as
atoms are lost due to collisions with either background atoms or due to the increased
number of two-body collisions in the atom beam. As there is no ion gauge connected
to the 2D MOT glass cell, we cannot directly measure the dependence on the actual
vapour pressure. However, we can influence the pressure by changing the current of the
rubidium dispensers and thereby changing the rate at which atoms are emitted into
the glass cell. The influence of the dispenser current was investigated on several days.
The resulting MOT loading rates could be reproduced, however not always at exactly
the same, but at similar dispenser currents. This is an indication that the vapour
pressure does not only depend on the dispenser operation, but also other factors, e.g.
the amount of residual atoms in the cell from the operation the days before.
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For these measurements, the 2D MOT was operated at 80 mW total cooling power
at a detuning of 9 MHz and a repumper power of 3 mW distributed over three cooling
regions (1/e2 diameters of 19.7 mm, see figure 3.11 for details on the optical setup),
the pusher beam (1/e2 diameter 7.2 mm) had a power of 39 mW and a detuning of
43 MHz. The MOT itself operated at a cooling power of 81 mW (1/e2 beam diameters
of 19.7 mm), a detuning of 15 MHz, a repumping power of 1.5 mW, and a magnetic
field gradient of 12.5 G/cm. The data was taken by absorption imaging.
We observed an increase in the MOT loading rate for increasing dispenser current
and therefore increasing vapour pressure (see figure 5.2). The maximal loading rate of
(3.9 ± 0.5) · 109 /s is achieved for a current of 3.2 A. The loading rate starts to decrease
again for higher dispenser currents, presumably due to the fact that the increase in the
number of atoms captured into the beam cannot compensate the increased losses from
the beam due to collisions anymore . Qualitatively, similar pressure dependences have
been investigated in other 2D MOT setups [11, 35, 42, 44].
In order to save rubidium and increase the dispenser lifetime, the dispenser current is
usually set to a rather low value of 2.3 A during everyday operation of our experiment as
the loading rates and overall cycle times achieved are still sufficient for most purposes.
Therefore, many of the following measurements are carried out at a dispenser current
of 2.3 A or even 2.0 A instead of the optimal value of 3.2 A as this reflects the actual
conditions during daily operations. At this point it is worth mentioning, that the
pressure in the main experimental chamber remained below the lower limit of our
ion gauge of 10−11 mbar regardless of the 2D MOT dispenser current, confirming the
efficiency of the differential pumping.

5.2.2 Cooler detuning and power
The cooling beam intensities and red detunings are also important parameters of the
2D MOT. For increasing power and therefore intensity, the atom-photon scattering
cross section is increased and the atoms are cooled more effectively until the cross
section saturates. The detuning determines the maximal transversal velocity of atoms
that can be cooled and captured into the atom beam. For larger red detunings, faster
atoms can be captured. Moreover, a larger detuning also increases the volume from
which atoms can be captured which is also dependent on the magnetic field gradient left
constant at approximately 16 G/cm for our setup. On the other hand, the scattering
cross section for slower atoms is decreased for large detunings so that they are cooled
and therefore compressed on the 2D MOT axis less efficiently resulting in an increased
divergence of the atom beam. A low divergence of the atom beam is desirable so that
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Figure 5.3 MOT loading rate as a function of 2D MOT cooler red detuning for various
total cooling powers. At a total cooler power of 57 mW, the highest loading rate is
observed for a detuning of 9 MHz. The data was taken by observation of MOT fluorescence.

a major fraction of the beam passes the differential pumping tube and also to ensure
that most of the flux from the 2D MOT reaches the capture volume of the MOT in
the main chamber.
The detuning of the cooling light is adapted by changing the corresponding AOM
frequencies in the 2D MOT laser system (see section 3.2.2 for details). During the
measurements, the dispensers are running at a current of 2.3 A. The pusher beam power
and detuning are kept constant at 25 mW and 43 MHz, respectively, the repumper
power is 2.5 mW, and the cooling light is distributed amongst three cooling regions.
The atom number is observed by fluorescence detection. The MOT itself is operated at
an overall cooling power of 108 mW, an overall repumper power of 2.7 mW, a cooling
beam detuning of 15 MHz, and at a magnetic field gradient of 12.5 G/cm.
The observed dependencies correspond to our expectations. Figure 5.3 shows the
loading rate dependence on the detuning for various overall cooling powers. For low
detunings, we observe an increase in the loading rate as a larger detuning increases
the transversal capture velocity of the 2D MOT. If the detuning is increased too far
however, the loading rate decreases again. For the cooling power (see figure 5.4), we
observe an increase in the loading rate as expected from the cross section, however
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Figure 5.4 MOT loading rate as a function of the total 2D MOT cooling power for various
red detunings. For the given powers no saturation is observed yet. The data was taken
by observation of MOT fluorescence.

the rates increase almost linearly and no saturation is observed yet. Finally, figure
5.5 shows the dependence on both parameters in a contour plot. Since the first power
measurements show no saturation, an additional measurement at higher powers for
the optimal detuning of 9 MHz is presented in figure 5.6 after optimisation of the laser
system in which the loading rates saturate. The lower overall values are due to the
fact, that this measurement was carried out at a lower dispenser current and therefore
background pressure (2.0 A).

5.2.3 Pusher detuning and power
In a 2D MOT without any cooling on the longitudinal axis, two counter-propagating
atom beams in opposing directions are created of which only one is used for MOT loading.
The flux for MOT loading can be increased by a usually red detuned copropagating
pusher beam. The light force applied by the pusher turns atoms in the second beam
around so that the flux available for MOT loading is increased. The efficiency of the
pushing beam depends mainly on two parameters: its power and detuning.
The light power in the pusher beam should has an influence as the light force increases
for higher intensities. In fact the pusher beam is only resonant with atoms of a certain
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Figure 5.5 MOT loading rate (atoms/s) as a function of total 2D MOT cooling power and
red detuning. The highest loading rates are achieved at a power of 57 mW and a red
detuning of 9 MHz. For higher red detunings, more power is needed due to the reduced
scattering rate, at lower detunings fewer atoms are found below the 2D MOTs reduced
capture velocity. The data was taken by observation of MOT fluorescence.

velocity depending on its detuning. Since many scattering processes are needed to turn
the atoms around, also slow atoms not on resonance will have to scatter the pusher
light, this can be achieved by increasing the intensity and therefore increasing the line
width due to power broadening. If the pusher beam is only slightly red detuned, it
addresses only the slowest atoms in the atom beam and a drop in the flux is expected.
The power and detuning of the pusher beam are adjusted by changing the corresponding AOM’s radio frequency and the RF power. As for the cooler measurements,
the dispensers are running at a current of 2.3 A. The cooling light is again distributed
among three cooling regions and its overall power and red detuning are set to 60.7 mW
and 9.7 MHz, respectively during all measurements. The total 2D MOT repumper power
is 2.5 mW. The MOT is operated at the same values as for the cooler measurements.
The data is again obtained by MOT fluorescence detection.
Figure 5.7 shows the MOT loading rate as a function of the pusher power for different
red detunings. It saturates at higher powers for higher detunings. For detunings of
43 MHz and beyond, the loading rate saturates at approximately 2.8 · 108 /s. Presumably,
there are only few faster atoms in the beam that can be turned around by increasing
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Figure 5.6 MOT loading rate as a function of the total 2D MOT cooling power for a red
detuning of 9 MHz. As no saturation was observed in figure 5.4, the measurement was
repeated after reoptimisation of the laser system. The lower overall loading rates are
due to operating the 2D MOT dispensers at a lower current of only 2 A. This data set
was taken by absorption imaging.

the detuning further. For low detunings (31 MHz), we even find a decrease in the
loading rate beyond a power of 25 mW. Two possible explanations are that the pusher
starts to push atoms beyond the capture velocity of the MOT due to power broadening
of its line width or that the increase in laser power leads to an increase in light
induced collisions. In fact, an increased peak velocity of the atom beams’ velocity
distributions was observed for increased pusher powers in other setups [35, 36] where
velocity distributions of the atom beam were investigated. An interesting point to raise
is that we observe the saturation of the loading rate at much higher powers than those
used in other setups including a pusher beam such as [36, 44, 55]. Nonetheless, even
at small pusher powers, an important influence of the pusher beam can be noticed:
e.g. at 5 W and 43 MHz where the loading rate has dropped by less than a factor of
2 compared to a power of 25 W. Without pusher at all a drop by a factor of 12 is
observed (see figure 5.9).
In figure 5.8, the dependence of the MOT loading rate is presented as function of
both, the pusher power and red detuning in a contour plot. The drop in the loading
rate at 41 MHz is possibly due to fluctuations in the laser power during the experiment.
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Figure 5.7 MOT loading rate as a function of pusher power for various red detunings. The
loading rate saturates at higher values for higher detunings. The data was taken by
observation of MOT fluorescence.

Regarding the detuning, the loading rate increases for an increased red detuning
because additional atoms at higher velocities can be addressed and turned around by
the pusher beam. However, for detunings beyond 43 MHz a drop in the loading rate is
observed, presumably because the light force on slower atoms is reduced and only few
addiotional faster atoms contribute to the flux for higher detunings.
An important observation (see figure 5.9) is that the influence of the pusher for the
total atom number in the MOT becomes less important after longer loading times of
the MOT. This can be explained by the fact that in a fully loaded MOT only a fraction
of the flux provided by the atom beam is needed to compensate for losses of trapped
atoms. This holds especially for close to optimal values for the dispenser current
(3.1 A) where the actual loading rates are highest and the smallest fraction of the flux
is needed to compensate for trap loss. The improvement of the initial MOT loading
rate by a factor of about 12 is much higher then the improvement in the flux by a
factor of approximately 2 observed in other setups [36]. At this point it is important to
distinguish between the overall flux and the actual MOT loading rate which is limited
by the MOTs capture velocity. Simulations and measurements of velocity distributions
[36, 35] show that the atoms that were turned around, show up as a peak at very low
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Figure 5.8 MOT loading rate (atoms/s) as a function of pusher power and red detuning.
For a detuning of 43 MHz, the loading rate saturates at a power of 25 mW. For larger
detunings, the loading rate saturates at higher powers, but no increase in the loading
rate can be observed. The data was taken by observation of MOT fluorescence.

longitudinal velocities since the light force extorted by a red detuned pusher beam is
very low once the atoms have been turned around. This accumulation of atoms at
a very slow velocities could explain the large increase in the MOT loading rate if it
occurs below the capture velocity of the MOT and if a significant fraction of atoms in
the original atom beams would be too fast to be captured. Additionally, atoms turned
around by the pusher beam can be subjected to the cooling light for distances longer
than the actual cooling regions as they might pass them twice. This would lead to a
stronger spatial confinement and increased likelihood to pass the differential pumping
tube.
2D+ MOT
Besides the application of single pusher beam, we also briefly investigated whether the
MOT loading rate could be further increased by the implementation of a 2D+ MOT
featuring an imbalanced optical molasses on the beam axis. However, no improvement
was observed. In fact, for any significant beam power in the retarder beam the loading
rate dropped. As this result is in agreement with the experiences form the 2D MOT
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Figure 5.9 Ratio of MOT atom number with and without 2D MOT pusher vs. loading
time for various dispenser currents. For longer loading times and the optimal dispenser
current of 3.1 A, the increase due to the pusher is less significant as only a fraction of
the atom beam flux is needed to compensate the losses in the MOT. Data taken by
absortion imaging.

in the neighbouring MOTRIMS experiment [36] no further investigations beyond a
qualitative stage were carried out.

5.2.4 Repumper power
Since the MOT cooling transition is not a perfectly closed transition, e.g. due to
collisions, the red-detuning and magnetic field fluctuations, the atoms might fall into
the lower F = 1 hyperfine level of the ground state. Therefore, an additional component
of repumping light is superimposed with the cooling beams in order optically pump
the atoms back to the cooling cycle. If the repumping power is too low, the atoms are
pumped back and subsequently cooled less efficiently.
We investigated the dependence of the MOT loading rate as a function of the
repumping power in the 2D MOT. The repumping power was adjusted by changing
the RF power sent to the switch AOM for the repumper. For the measurements, the
2D MOT is operated at 73 mW total cooling power at a red detuning of 9 MHz and
a repumper power of 3 mW distributed over three cooling regions, the pusher has a
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Figure 5.10 MOT loading rate as a function of 2D repumper power. Up to 3.2 A dispenser
current, saturation of the loading rate is observed. At higher pressures, the loading rate
starts to drop if the repumping power is too high. The data was obtained by absortion
imaging.

power of 39 mW and a detuning of 43 MHz. The MOT operates at a cooling power
of 81 mW, a detuning of 15 MHz, and a repumping power of 1.5 mW. All data was
obtained by absorption imaging.
The effect of changing the repumper power is investigated at various dispenser
currents and therefore vapour pressures. The results are plotted in figure 5.10. For
increasing vapour pressure, the number of atoms captured into and consequently the
density in the atom beam is increased, and therefore also the rate of hyperfine changing
collisions so that more repumping power might be needed. Our measurements however
show that the loading rate levels out at roughly the same repumping powers of about
3 to 4 mW regardless of pressure as long as the dispenser current is below the optimal
value of 3.2 A. In fact, we observe a decrease in the loading rate for high repumper
powers for high dispenser currents (3.3 and 3.4 A). A possible explanation is that due
to increased loss rates via light-induced collisions it can be beneficial for atoms to
spend more time in the lower hyperfine state similar to a dark MOT [56]. If this held
true, one could think of realising a "dark-spot 2D MOT" with the repumper light sent
in via an angled mirror like the retrader beam in our setup, creating a dark spot with

79

5 Characterisation of the MOT loading process

atom number

4 ´ 108

3 ´ 108

2 ´ 108

1 ´ 108

0
0

2

time @sD

4

6

8

10

Figure 5.11 MOT loading for different numbers of 2D MOT cooling regions. The MOT
loading is enhanced for a increasing number of cooling regions (green: one, blue: two,
red: three regions). Each curve was obtained by fluorescence observation of a single
loading process.

increased density along the atom beam axis. In order to provide repumper light for the
entire remaining cooling volume, the repumping beam would need to have the same
dimensions as the cooling beams which is not the case in our setup.

5.2.5 Size of cooling volume
The length of the 2D MOT cooling volume has an important influence on the atom
flux. For a longer cooling volume, atoms are subjected to the cooling light for a longer
duration and therefore confined more strictly to the longitudinal axis resulting in a less
divergent atom beam into which also atoms with fast longitudinal velocities can be
captured. Measurements of velocity distributions in several experiments have shown
that the flux and the amount of fast atoms indeed increases for longer cooling volumes
[35, 42, 36]. Simulations performed in our group by B. Höltkemeier on the 2D MOT
of the MOTRIMS experiment also indicate that in fact the majority of the atoms
captured into the beam and passing the pumping stage originate from the cooling
region furthest from the differential pumping stage [36].
Figure 5.11 shows MOT loading curves for one, two and three of our circular cooling
regions (always the ones closest to the differential pumping tube) at the same total
cooling power taken by observation of MOT fluorescence. Linear fits to the onset of
the loading curves indicate loading rates of (8.8 ± 0.2) · 107 /s, (5.4 ± 0.1) · 107 /s, and
(5.8 ± 0.3) · 106 /s for three, two, and one cooling region. Especially the step from
one to two cooling regions yields a major increase in the loading rate by almost an
order of magnitude. The half wave plates between the different cooling regions were
used to distribute the laser power amongst the regions. The significant increase in the
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loading rate matches the results of measurements on the cooling volume in other setups
[35, 37, 42, 36]. Note that the relatively low loading rates are due a low background
pressure as the 2D MOT dispensers were only running at 2.0 A.

5.3 MOT parameters: Cooling light detuning
Besides the various parameters of the 2D MOT influencing the loading rate, the MOT
loading rates and final atom numbers also depend on the parameters of the MOT.
These are basically the same as in the case of the 2D MOT: the size of the cooling
beams, cooling beam intensities and red-detuning, repumping power, and the magnetic
field gradient.
We investigated the dependence on the cooling light detuning. As in the case of
the 2D MOT, the MOT detuning determines the maximum velocity of atoms that
can be captured and the size of the cooling volume in combination with the magnetic
field gradient. It is therefore an important parameter to capture a large number of
atoms from the atom beam. For larger red detunings, faster atoms may be captured
in a larger capture volume, but the trade off is that slower atoms will be cooled less
efficiently. To determine the maximal total atom number in the MOT, the MOT was
loaded for 2000 ms so that the atom number practically does not increase anymore.
The data points were taken from just one single measurement each. Therefore errorbars
are omitted as statistical fluctuation of about 5% were observed to be the main error
source on atom numbers during the characterisation process and we did not average
over several data points. Nonetheless, the measurement should give an indication of
the optimal detuning. During the measurements, the 2D MOT was operated at 80 mW
total cooling power and a detuning of 9 MHz, a repumper power of 3 mW distributed
over three cooling regions, and a pusher power of 39 mW and detuning of 43 MHz. The
MOT itself operated at a cooling power of 81 mW, a detuning of 15 MHz, a repumping
power of 1.5 mW, and a magnetic field gradient of 12.5 G/cm.
Figure 5.12 shows the final atom number in the MOT as a function of the detuning.
The maximal atom number is reached for a value of 19 MHz.

5.4 Comparison with other atom sources
The best loading rate that could be achieved for our MOT loading was (3.9 ± 0.5) · 109 /s
at which the MOT is completely loaded in less than 200 ms. The maximum atom
numbers observed during the characterisation process were about 3.5 · 108 atoms (not
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Figure 5.12 Final MOT atom number as a function of red detuning of cooling light. The
largest atom numbers are achieved for a detuning of 19 MHz.

displayed in plots). The optimal 2D MOT parameters to achieve the best loading rates
are summarised in table 5.1. Where a saturation of the loading rate was observed, the
values on the onset of saturation are given. This section will compare the performance
of our setup to other rubidium 2D MOTs and double MOT atom sources listed in 5.2,
in addition some 2D MOTs for other elements are listed. Besides the performance
of the sources, the total laser power used is listed as limitations in the laser power
available are usually one of the most important considerations when the designing an
atom source. When comparing MOT loading rates of the various setups, it has to
be taken account that these are not just dependent on the atom source performance,
but also the properties of the MOT, especially the size of the capture volume and the
capture velocity.
Compared to other rubidium 2D MOTs including a pusher beam, our setup is only
slightly outperformed regarding loading rates by the setup of Müller et al. [55] with a
loading rate of 5.5 · 109 /s. While the overall power is similar and the cooling volume
slightly larger, they use a blue detuned (1.8Γ) pushing beam with a weak power of
0.5 mW that increases the flux by a factor of 4. Another 87 Rb 2D MOT with pusher
beam (only slightly red-detuned by −1.9Γ) was realised by Schoser et al. [35] achieving
a flux of over 6 · 1010 /s. It has to be noted that their differential pumping tube has
a large diameter of 6 mm, consequently, rather fast velocity distributions centered
around 50 m/s with a FWHM of 75 m/s are observed. While flux is very high, it can
be presumed that actual loading rates will be much lower. Much slower atom beams
were created in the 2D MOT of the MOTRIMS experiment in our group [36]. It shares
the design of our setup the only difference being that elliptical cooling regions are used.
An interesting observation is that they need less power (1 mW instead of 25 mW) in
the pusher beam to observe a saturation of the flux. However, our pusher still works
well even for lower power compared to the drop in the loading rate by a factor of 12
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parameter
total cooling power
cooler red-detuning
pusher power
pusher red-detuning
repumper power
cooling regions
magnetic field gradient
dispenser current

value
78 mW
9 MHz
25 mW
43 MHz
3.4 mW
3 × 19.6mm diameter
16 G/cm
≈ 3.2 A

Table 5.1 Optimal 2D MOT parameters for best MOT loading rates. With these parameters a MOT loading rate of (3.9 ± 0.5) · 109 /s can be achieved.

for no pusher beam at all, especially if the detuning is also lowered (see figure 5.7).
Overall our compact and modular setup performs well in comparison.
The best MOT loading rate of 8.4 · 1010 /s for a rubidium atom source is achieved by
Jöllenbeck et al. [57]. Their 2D+ MOT features a rather larger cooling volume with
elliptical beams of 30 mm × 84 mm, this leads to the need of a high total cooling power
of over 300 mW to maintain a high intensity over the entire cooling volume. Another
interesting fact is that the rubidium 2D+ setups listed use the same detuning for the
molasses as for the cooling beams which is much lower than the red detuning of 43 MHz
of our pusher beam. When investigating the ratio, between the pusher and retarder
beam a clear peak was observed by Chaudhuri et al. [42] who achieved a loading rate
of 2 · 1010 /s. When tried to operate a 2D+ MOT we used the same detuning as we use
for the pusher. For our groups MOTRIMS experiment, the lowest detuning tested for
a 2D+ MOT was −24, MHz [36]. Considering the dependencies observed for the cooling
beam detunings, it might be that the molasses was simply very ineffective at the large
detunings. In comparison, a single pusher beam benefits from a large red-detuning as
it allows to address a wider range of velocities and hence more atoms can be pushed
around (see figure 5.8). As our setup suits our needs and performs well with the pusher
beam, a more thorough investigation of a 2D+ configuration was not carried out. Also,
our cooling volume is smaller compare to these sources so that the increase in loading
would likely be rather small. probably would not
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type
2D MOT
2D MOT
2D MOT
2D MOT
2D+ MOT
2D+ MOT
2D+ MOT
double MOT
LVIS
2D+ MOT
2D MOT
2D MOT
2D MOT
2D MOT
2D MOT

species
87
Rb
85
Rb
87
Rb
87
Rb
85
Rb/87 Rb
87
Rb
87
Rb
87
Rb
87
Rb
40
K
41
K
39
K
133
Cs
133
Cs
6
Li

total laser power
115 mW
110 mW
219 mW/130 mW
170 mW
55 mW
32.7 mW
309 mW
45 mW
520 mW
450 mW
270 mW
266 mW
20 mW
20 mW
197 mW

flux
4 · 109 /s
1.1 · 1010 /s
6 · 1010 /s
2 · 1010 /s
9 · 109 /s
1.3 · 108 /s
5 · 109 /s
6.2 · 1010 /s
5.2 · 109 /s
-

loading rate
3.9 · 109 /s
5.5 · 109 /s
2 · 1010 /s
8.4 · 1010 /s
1.4 · 109 /s
8 · 109 /s
1.5 · 109 /s
≈ 109 /s

reference
this setup
[36]
[55]
[35]
[42]
[11]
[57]
[34]
[12]
[58]
[44]
[44]
[43]
[37]
[13]

Table 5.2 Comparison of cold atoms sources. Note that all 2D MOTs listed except [37]
included a pusher beam.
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6 All-optical Bose-Einstein condensation
The ultimate purpose of the new apparatus is to perform experiments with Rydberg
atoms excited from dense ultracold atom gases close to or even below the critical
temperature for Bose-Einstein condensation. As mentioned in the introduction to this
thesis, many proposed experiments such as interaction enhanced imaging of individual
Rydberg atoms [51], formation and observation of crystalline structures, or experiments
with dense gases with admixed Rydberg character, benefit from or require the high
densities that can be reached by evaporative cooling in an optical dipole trap. In
order to achieve these high densites, a cooling scheme similar to Clement et al. [9]
is adopted. This chapter introduces Bose-Einstein condensates (BECs) and typical
features observable in absorption images, the technique of evaporative cooling, a
summary of the cooling cycle, and finally evidence of Bose-Einstein condensation in
our setup. As the MOT loading from our 2D MOT is the main focus of this thesis, its
efficiency in the context of and contribution to the entire cycle is also briefly discussed.
More details on the characterisation and optimisation of the cooling cycle beyond the
MOT and the created BECs can be found in the diploma thesis of Aline Faber [14].

6.1 Bose-Einstein condensation
Bose-Einstein condensation is a phase-transition occurring for bosons at very low
temperatures close to T = 0 K. Bose statistics predict that for a gas of bosons in
three dimensions reaching a critical temperature TC , a macroscopic fraction of the
ensemble will condense into and hence occupy the lowest motional energy state of
the system. The condensed atoms are not described by their separate wavefunctions
anymore, but form a single many-body state composed of all condensed atoms and
behave significantly different than a thermal atom cloud. After explaining why the
atoms condense for the simplified case of a non-interacting ideal Bose gas, two typical
signatures of BECs are presented for the more realistic case of weakly interacting
bosons: Firstly, a parabolic momentum distribution with a higher peak from low
momentum states. At the transition, a bimodal density distribution can be observed
in absorption images taken after a few ms time of flight (TOF) consisting of a sharp
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peak corresponding to the momentum distribution of the condensed atoms surrounded
by a wider and flatter cloud of thermal atoms. Secondly, after release from a harmonic
trap with a high aspect ratio, BECs expand asymmetrically, while thermal clouds
typically show isotropic expansion in all spatial directions. The following discussion
follows closely the corresponding chapters (3, 4, 5, 10, 11) in the text by Pitaevskii
and Stringari [59].

Ideal gas of non-interacting bosons
In an ideal gas of non-interacting bosons in the grand canonical ensemble at temperature
T and for a chemical potential µ, a quantum mechanical single-particle state |ii with
energy Ei is on average occupied by
Ni =

1
e(Ei −µ)/kB T

−1

(6.1)

bosons. As a negative mean occupation for any of the states would be unphysical, the
chemical potential µ has to be smaller then the energy E0 of the lowest state in the
system: µ < E0 . If the chemical potential approaches the energy of the lowest state,
µ → E0 , the occupation number N0 of the lowest state becomes macroscopic. The
higher states are occupied by
NT = N − N0 =

X

Ni

(6.2)

i>0

particles. While the occupation number of the ground state N0 diverges for µ = E0 ,
the occupation number of all excited states NT (T, µ) will approach a critical value
NC (T ) = NT (T, µ = E0 ) decreasing with T . Below a critical temperature TC , N0 is not
negligible anymore compared to NT and to fulfill N = N0 + NT , a macroscopic number
of bosons occupies the ground state |i = 0i. This point marks the phase transition
of a fraction N0 /N of the ensemble from a gas to a Bose-Einstein condensate. For a
harmonic trapping potential
V (~x) =

m
(ωx 2 x2 + ωy 2 y 2 + ωz 2 z 2 )
2

(6.3)

as approximately in our optical dipole trap, the critical temperature is given by
√
3
Tc = 0.94h̄ωho N /kB ,
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(6.4)

6.1 Bose-Einstein condensation
√
where ωho = 3 ωx ωy ωz is the geometric mean of the trapping frequencies. The dependence of the transition temperature on N underlines the importance of our efforts to
achieve high final atom numbers through efficient loading in the dipole trap not only
to achieve high densities but also to facilitate reaching the BEC transition. It can be
shown that the condensed fraction of the ensemble depends on the temperature as
N0
T3
= 1 − 3.
N
TC

(6.5)

For typical harmonic traps used in BEC experiments, critical temperatures are in the
range between 100 and 1000 nK for atom numbers between 104 and 107 in the trap.
Weakly interacting bosons
For a real Bose-Einstein condensate, the previously made assumption of non-interacting
bosons is too simple. The system cannot be described by independent single particle
wave functions anymore, but by a single many-body wave function in the form of a field
operator Ψ̂(~x, t) for the entire condensate. If the interaction potential is sufficiently
short-ranged compared to the mean distance between the condensed bosons, their
interactions can be described by the s-wave background scattering length a0 and a
simple contact interaction in the form of a Dirac-delta potential
Vint = g · δ(~x − ~x0 ),

(6.6)

where the interaction strength is given by g = 4πh̄2 a0 /m. The interaction can in
principle be influenced by tuning the scattering length via Feshbach resonances, however
for 87 Rb, the large positive background scattering length of a0 = 5.2 nm is sufficient for
efficient evaporative cooling. For T ≈ 0 K and a scattering length much smaller than
the inter-particle spacing, the many-body state may be approximated in lowest order
by a classical field or condensate wave function Ψ0 (~x, t) instead of the quantised field
operator Ψ̂(~x, t). This transition from a quantised to a macroscopic classical field is
reasonable for sufficiently high particle numbers in the condensate. The condensate
can then be described by the so-called Gross-Pitaevskii equation
∂
h̄2 2
ih̄ Ψ0 (~x, t) = −
∇ + V (~x) + g |Ψ0 (~x, t)|2 Ψ0 (~x, t).
∂t
2m
!

(6.7)

Besides the kinetic and potential terms known from the Schrödinger equation, an
additional non-linear term occurs describing the interactions between the bosons which
depend on the spatial density n(~x) = |Ψ0 (~x, t)|2 of the condensate. With the condensate
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wave function Ψ0 (~x, t) = Ψ0 (~x)e−iµt/h̄ we get the time independent Gross-Pitaevskii
equation
h̄2 2
∇ + V (~x) + g |Ψ0 (~x)|2 Ψ0 (~x).
µΨ0 (~x) = −
2m
!

(6.8)

Identifying Bose-Einstein condensates in absorption images
There are many indications of Bose-Einstein condensation which can all be experimentally observed by the absorption imaging methods introduced in chapter 4 and
can be used to distinguish a Bose-Einstein condensate from a thermal atom cloud.
Some of these include a sudden increase in the peak density of the atoms when the
transition is reached, a bimodal momentum distribution at the transition temperature
corresponding to the condensed and thermal fractions of a sample, or, for trapping
potentials with high aspect ratios of the trap axes, an asymmetric expansion of the
atoms after release from the harmonic trap.
In order to obtain the typical density distribution of a BEC in a harmonic trap,
we apply the Thomas-Fermi approximation. For repulsive interactions between the
atoms (g > 0), the condensate is expanding and for strong enough interactions the
local variations in the density of the condensate become small. The kinetic term in the
Gross-Pitaevskii equation depending on the gradient of the condensate wave function
can therefore be neglected with respect to the interaction term. The resulting equation




µΨ0 (~x) = V (~x) + g |Ψ0 (~x)|2 Ψ0 (~x)

(6.9)

is solved by the density distribution
!

1
n(~x) = |Ψ0 (~x)| = max 0, (µ − V (~x)) .
g
2

(6.10)

The chemical potential is given by


2/5

h̄ω  15N a 
q
µ=
2
h̄/mωho

(6.11)

in the Thomas-Fermi approximation. By setting µ = V (~x), the spatial extension radius
Ri of the condensate along the i-th trap axis with corresponding trap frequency ωi is
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determined to be
1/5



Ri =

15N a0 
h̄/mωho ·  q
h̄/mωho

q

·

ωho
.
ωi

(6.12)

The density distribution for the condensed state differs from the Gaussian distribution
of a thermal gas not only by its parabolic shape (equation (6.10)), but also by the
fact that it is much narrower due to an increased density of the BEC compared to a
thermal cloud. Just below the critical temperature TC , a significant number NT of the
atoms is still in the thermal gas state. This leads to one of the most characteristic
features of the BEC transition: In TOF imaging a bimodal distribution occurs with
a narrow peak in the centre corresponding to the parabolic momentum distribution
of the condensed atoms overlapping with a wider and flatter Gaussian distribution
corresponding to the uncondensed gas. The expansion of the condensate radii during a
TOF t relates the momentum and density distributions and for a cigar shaped trapping
potential where ωx = ωy  ωz the condensate radii scale as Ri (t) = Ri (0)bi (t) with
bx (t) = by (t) =


bz (t) = 1 +

√
1 + ωx t,

ωz
ωx

2 

ωx t arctan(ωx t) − ln

(6.13)
q



1 + (ωx t)2 .

(6.14)

For sufficiently long expansion times, bx , by and bz increase linearly in t so that the
parabolic density distribution of the condensate is maintained during expansion and
hence is also visible if the condensate is imaged after some time of flight after release
from the trap. The expansion in the z-direction however is significantly slower than in
the x- and y-directions. This marks another significant difference from the uniform
Gaussian momentum distribution and expansion of a thermal cloud. Therefore, the
asymmetric expansion of the condensate is another important characteristic feature
of a BEC that could be observed in absorption imaging. As shown in figure 6.1 on
page 90, our imaging setups (see chapter 4), are setup perpendicular to the axis of
the dimple beam of the dipole trap so that the high aspect ratio of our trap axes and
therefore also an asymmetrically expanding BEC could be observed in our setup.

6.2 Evaporative cooling
The most crucial step in reaching the critical temperature for Bose-Einstein condensation
is evaporative cooling [14]. The principle idea is to remove the hottest atoms of a
thermal gas so that the remaining atoms rethermalise at lower temperatures via elastic
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Figure 6.1 Imaging of atoms in the dipole trap. The imaging setups are set up perpendicular to the axis of the tightly confining dimple beam so that the elongated shape of the
atom cloud can be observed. Courtesy of A. Faber [14].

collisions. In a trapping potential, e.g. an optical dipole trap as in our experiment,
all atoms with a thermal energy larger than the depth of the potential can leave the
trapping volume and are therefore removed from the atom cloud. The trap depth of a
dipole trap is given by [14]
P c2
V0 =
w0

ΓD1
ωD1 3



1
ΓD2
1
+
+
ω − ωD1 ω + ωD1
ωD2 3




2
2
+
ω − ωD2 ω + ωD2

!

,
(6.15)

depending on the detuning from the nearest transition frequencies ωD1 and ωD2 (D1
and D2 lines for alkali atoms and a near-infrared trapping beam), their spontaneous
decay rates ΓD1 and ΓD2 , and the power P of the dipole trap beam. As elastic
collisions between the remaining atoms lead to a rethermalisation of the gas at a lower
temperature, new atoms with a thermal energy larger than V0 are generated and by
their escape from the trap the temperature of the remaining gas is lowered further.
The principle is visualised in figure 6.2. However, for lower temperatures the fraction
of atoms with energies above V0 is decreased so that the cooling by removal of the

Figure 6.2 Principle of evaporative cooling. Sufficiently hot atoms can escape the trapping
potential. As the remaining atoms rethermalise at lower temperatures, the efficiency of
the evaporation can be maintained by lowering the trap depth. Courtesy of A. Faber
[14].
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Figure 6.3 Overview of the cooling cycle. First a MOT is loaded from a 2D MOT, from
which a dipole trap is loaded where the atoms are evaporatively cooled to the BEC
transition.

hottest atoms and subsequent rethermalisation becomes less efficient. It also has to
be considered that the cooling process competes with trap loss due to background
collisions and heating processes. Nonetheless, the evaporation process can be kept up
by lowering the depth V0 of the trapping potential and therefore the thermal energy
needed to escape the trap. In an optical dipole trap as in our experiment, this is
realised by lowering the power of the trapping beams. A problem is that the trapping
frequencies of an optical dipole trap depend on the square root of the trap depth
(see section 3.4). Therefore a reduction of the trap depth also leads to a decreased
spatial confinement and consequently to a decreased collision rate of the atoms. In
our experiment, this problem is reduced by intersecting a wide beam (in our case the
reservoir, see section 3.4) with a tight beam (in our case the dimple). The depth of the
potential is mainly controlled by the power in the wide, the spatial confinement mainly
by the power in the tight beam similar to [9].

6.3 Cooling cycle towards the BEC transition
The cooling scheme to reach the BEC transition employed in the new Rydberg experiment is related to the cycle of Clement et al. [9]. It consists of the following cooling
processes: In our 2D MOT, an atom beam is generated to load our MOT in the main
chamber. After switching off the MOT, the atoms are evaporatively cooled in the
optical dipole trap (see section 3.4 for a summary of the implementation). The first
steps were optimised to maximise the atom number in the reservoir of the dipole trap
to provide a good starting point for evaporative cooling [14]. As discussed in section
3.4, the reservoir is made up by two wide crossed beams and aimed at capturing a large
fraction of atoms from the MOT into the dipole trap. A high atom number to start with
is a necessary prerequisite as a large number of atoms will be lost during evaporative
cooling. The atom number that can be transfered from the MOT to the dipole trap
mainly depends on the size and depth of the dipole trap reservoir, as well as the density
and temperature of the atoms in the MOT. The actual evaporation is carried out in a

91

6 All-optical Bose-Einstein condensation

MOT loading
(2 s)

compression
(100 ms)

dark MOT
(150 ms)

evaporation 1
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evaporation 2
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Figure 6.4 Schematic overview of the cooling cycle. The cooling cycle can be broken
up into the following steps: MOT loading, MOT compression, a dark MOT phase,
and evaporation in three steps in the optical dipole trap. Note that the scaling of the
parameters is only qualitative.

narrow dimple beam intersecting the reservoir providing a strong confinement and a
deep potential. Note that the reservoir not only serves to transfer a large number of
atoms into the dipole trap in the first place, its presence also enhances the confinement
of the atoms in the axial direction of the dimple facilitating the evaporative cooling.
An example of an optimal cooling sequence in order to achieve both short cycle times
and high atom numbers in the condensed state consists of the following steps. In
principle the cooling cycle can be adapted to the specific needs of an experiment e.g.
by shorter evaporations times if smaller and less dense atom clouds are sufficient. The
evaporation cycle beyond the MOT loading was optimised and characterised by Aline
Faber [14].
MOT loading from the 2D MOT
During normal operation the dispensers in the 2D MOT run at a rather low current
of 2.3 A corresponding to a MOT loading rate of about 3 · 108 /s in order to increase
the dispenser lifetime. The MOT is loaded for 2 s from the 2D MOT at a cooling
power of 125 mW, a red-detuning of 19 MHz and magnetic field gradient of 10.45 G/cm.
If shorter cycle times are desired, the duration of the MOT loading can be reduced
significantly by increasing the current of the 2D MOT dispensers as shown in section
5.2.1. The maximal measured loading rate was 3.9 · 109 /s allowing for loading times

92

6.3 Cooling cycle towards the BEC transition

below 200 ms. The dipole trap is already running during the entire MOT operation so
that atoms are continuously transfered to the dipole trap during the loading as well as
the subsequent compression and dark MOT phases.
Compression of the MOT
Once the loading from the 2D MOT is completed, the density in the MOT is increased
by ramping the magnetic field gradient from 10.45 G/cm to 13.38 G/cm in 100 ms.
Since the compression [18] increases the density of the trapped atoms, a higher fraction
of the atoms originally captured in the MOT can be transferred to the dipole trap.
Also, the red detuning of MOT beams is increased to 24.7 MHz. The larger detuning
reduces the scattering rate of the MOT cooling light and thus multiple scattering
of photons. In order to keep the position of the MOT constant, the strength of the
compensation fields is adapted during the compression as well.
Dark MOT
After compressing the MOT, the trapped atoms are transfered to the |52 S1/2 , F = 1i
state to create a temporal dark MOT [56]. This is done by decreasing the repumper
power in the MOT from 141 µW to 0.5 µW in 150 ms. As the repumper power is
reduced, the F = 1 hyperfine level of the ground state effectively becomes a dark
state as the atoms are no longer pumped back to the F = 2 hyperfine level from
which the MOT transition to the |52 P3/2 , F = 3i state is driven. As the atoms trapped
in the lower hyperfine substate are no longer resonant with the MOT cooling light,
they are no longer subjected to heating from radiation pressure caused by multiply
scattered photons and additionally the loss due light-induced hyperfine changing
collisions reduced. Additionally, the power in the MOT cooling beams is decreased
to 11 mW and their red-detuning increased to 48 MHz to also reduce the radiation
pressure on atoms not yet transfered to the lower hyperfine state. After a holding time
of 10 ms, the MOT is turned off. The repumper is turned off slightly earlier so that all
atoms are finally in the |52 S1/2 , F = 1i state. At this point, about 5 · 106 atoms have
been transferred into the reservoir trap at a temperature of approximately 50 µK.
Evaporation in the dipole trap
Evaporative cooling as described in the previous section is the last and crucial cooling
step to achieve Bose-Einstein condensation. In our experiment a typical evaporation
cycle to reach the BEC transition is as follows: After switching off the MOT, the atoms
are freely evaporated in the dipole trap at full power for 40 ms. Then, the intensity
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Figure 6.5 Evidence of Bose Einstein condensation. Absorption images and fitted density
distribution after 22 ms TOF along the center of the cloud. Left: A thermal cloud close
to the BEC transition with a Gaussian density distribution (blue fit). Centre and right:
Partly condensed clouds exhibiting the typical bimodal density distribution. The Gaussian density profile of the thermal gas overlaps with the Thomas-Fermi distributions
(red fit) of the condensed atoms. Courtesy of A. Faber [14].

of the reservoir beams is decreased, lowering the trapping potential depth. This is
procedure is carried out in three steps. First, the power is reduced linearly from 21.5 W
to 3.9 W in the reservoir and exponentially from 2 W to 380 mW in the dimple over
400 ms. In a longer second phase of 4 s, the reservoir power is only slightly further
reduced to 1.12 W, while the dimple power is reduced significantly to 25 mW. The low
change in the reservoir power indicates the importance of a strong axial confinement
during evaporation which is mainly provided by the reservoir trap. In a third and final
step, the reservoir power is reduced to 815 mW and the dimple power to 14 mW.

Observation of the BEC transition
Following the evaporation procedure described above, the BEC transition is observed
at a critical temperature of Tc = 260 nK for our trap parameters. At this point there
are about 105 atoms in the trap. Further reduction of the temperature can lead to a
pure condensates (N0 /N > 0.7) of up to 50000 atoms. Figure 6.5 shows absorption
images for final trap depths of 740 µK, 52 µK, and < 1 µK (from left to right). Below
the absorption images, the density distribution along the horizontal trap axis are
shown. While for 740 µK, the cloud still shows the Gaussian distribution typical for a
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thermal atom gas, the distributions at 52 µK and < 1 µK clearly exhibit the bimodal
density distribution typical for a partly condensed cloud composed of a Gaussian
distribution for the thermal fraction (blue fit) and a parabolic peak corresponding to
the Thomas-Fermi distribution of the condensed atoms (red fit) as predicted in section
6.1.
Contribution of the MOT loading to the overall cycle time
The overall duration of the cooling cycle described above is 8.2 s of which 2 s are used
to load the MOT from the 2D MOT and 5.44 s for evaporative cooling in the dipole
trap. This means that the MOT loading corresponds to roughly one quarter of the
total experimental cycle. Considering that in the above cycle the 2D MOT is operated
at a very low dispenser current of 2.3 A corresponding to a MOT loading rate of about
3 · 108 /s and a final atom number in the MOT of 3 · 108 , there is significant potential
to decrease the MOT loading time by operating the 2D MOT at a higher vapour
pressure for a dispenser current of 3.2 A (see section 5.2.1). In this case the loading
rate is 3.9 · 109 /s and the MOT is fully loaded after less than 200 ms meaning that
the contribution of the MOT loading time to the total cooling cycle becomes almost
negligible. This highlights the capability of our 2D MOT design and the efficiency of
our MOT loading.
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The main goal of this thesis was the realisation and characterisation of the fast and
efficient loading of a magneto-optical trap (MOT) as a first cooling step in the all-optical
production of dense ultracold gases and Bose-Einstein condensates (BECs) of 87 Rb
atoms. The loading of the MOT is the first and one of the most important steps of the
cooling cycle that is followed by fast evaporative cooling of the atoms in an optical
dipole trap. The crucial factor in achieving large atom numbers in our MOT after short
loading times was the implementation of a two-dimensional (2D) MOT that generates
a dense and cold atom beam in a high-pressure vapour which is subsequently captured
by the MOT in the main ultra-high vacuum chamber. The implemented 2D MOT is
very compact and modular thanks to custom built compact optics modules and the
generation of the magnetic gradient field by permanent magnets. The compactness of
the setup helps to maintain good optical access to the main science chamber. This
and the fact that no ions can leak into the main chamber provide excellent starting
conditions to perform experiments with Rydberg atoms.
The following parameters of the 2D MOT turned out to be the most important to
achieve an efficient MOT loading: the length of the cooling volume, the background
pressure, and the use of a pusher beam. We found a very strong dependence of the
loading rate on the number of cooling regions and therefore the size of the cooling
volume. For three cooling regions an increase by a factor of 15 in the loading rate was
observed as compared to one region. We also found a very strong influence of the the
background pressure in the 2D MOT glass cell which was altered by adjusting the
dispenser current. If it is too low, few atoms can be captured into the atom beam,
if it is too high, atoms are lost from the atom beam due to collisions. Finally, the
application of a far red-detuned pusher beam yields a factor of about 12 in the initial
loading rate and 2.5 in the final atom number.
For the optimal parameters we are able to achieve an initial MOT loading rate of
3.9 · 109 /s leading to a fully loaded MOT of 3.5 · 108 in less than 200 ms for total laser
powers of 115 mW in the 2D MOT and 108 mW in the six-beam MOT. In combination
with evaporative cooling in our dipole trap, BECs of up to 50000 atoms can be produced
in experimental cycle times of about 5 s. At 200 ms the duration of the MOT loading
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Figure 7.1 Rydberg EIT (central spot) in a dense cloud after release from the dipole trap.
After 2 ms time of flight the cloud has a density of about 2 · 1010 /cm3 at a temperature
of 40 µK. The EIT contrast is 70%.

is almost negligible compared to the overall cycle time. The capability of our MOT
loading allows us to run the rubidium dispensers at a very low current of 2.3 A during
daily operation to increase the dispenser lifetime. In this case, the MOT is loaded at
an initial rate of about 3 · 108 /s in 2 s leading to an overall cycle time of approximately
8 s.
Besides the implementation of a MOT loaded from a 2D MOT, we also calibrated our
absorption imaging setup for strong saturation absorption imaging [50] to accurately
determine atom numbers and density distributions of dense atomic clouds in our dipole
trap. Low intensity imaging of very dense clouds proves to be problematic as extremely
low intensities after almost total absorption of the probe light cannot be accurately
resolved by CCD cameras due to their limited detection efficiency. After a careful
calibration and determination of a correction factor to compensate for inaccuracies
e.g. in laser polarisations and magnetic fields, we are able to probe dense atom clouds
using probe intensities beyond the saturation intensity of the imaging transition.
After the production of the first BECs in the new apparatus, work is underway
to perform the first experiments with Rydberg atoms. Our Rydberg detector [38] is
currently being tested. It is mounted inside the vacuum chamber and allows to null
stray electric fields, apply fields to tune Rydberg-Rydberg interactions, and to detect
Rydberg atoms via field ionisation. First ions generated by ionisation of 87 Rb atoms
excited to the |52 P3/2 , F 0 = 3i state in our MOT with a blue LED have recently been
detected.
Moreover, first atoms have been excited to Rydberg states via a two-photon laser
excitation. As a first signature of Rydberg excitations, electromagnetically induced
transparency (EIT) has been observed in absorption images of atoms in both our MOT
and dipole trap. The EIT is realised in the ladder scheme of the Rydberg excitation.

98

The transition of the ground to an intermediate state at 780 nm is used for the probe,
the transition from the intermediate to a Rydberg state at 480 nm is used for coupling
beam. Figure 7.1 shows a preliminary image of an atom cloud in the dipole trap that
has been rendered partially transparent for the imaging beam due to the EIT.
The observation of EIT is an important step for the implementation of an imaging
scheme [51] proposed by our group that should enable the direct observation of Rydberg
atoms in absorption images. In order to implement the scheme, a 2D dipole trap is
currently being set up to provide the necessary spatial confinement of the Rydberg
atoms. A successful realisation of the proposed scheme would open up unprecedented
possibilities to study spatially correlated ensembles of Rydberg atoms in our new
experimental apparatus.
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