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Abstract:
This thesis reports on the implementation of a dark spontaneous force
trap for cesium to suppress collisional loss from a double MOT for
lithium and cesium. In a dark SPOT, the fraction of atoms in the
excited state is reduced by up to 99% compared to a MOT. Therefore,
the rate of collisions involving cesium atoms in the excited state (lightassisted collisions) is much smaller. Since those collisions have been the
largest loss channel for lithium and cesium atoms from the double trap,
the starting conditions for photoassociation of LiCs molecules have been
improved by this work.
The cesium MOT was analyzed prior to the implementation based on
absorption imaging. The applied methods are described and the results
are presented. The optical design of the dark SPOT setup is documented.
The dark SPOT has been characterized and traps ≈ 4·107 cesium atoms
at a density of ≈ 7 · 109 cm−3 . The temperature of the trapped sample
is ≈ 300µK.
The collisional loss from the double MOT and the Li MOT/Cs dark
SPOT has been analyzed and is with the dark SPOT suppressed by
≈78% for cesium and by ≈99% for lithium. Photoassociation out of the
Li MOT/Cs dark SPOT has been achieved and the photoassociation
rate is signiﬁcantly increased.

Zusammenfassung:
Die vorliegende Arbeit beschreibt den Einbau einer dunklen Spontankraftfalle (dark spontaneous force optical trap, dark SPOT),
um kollisionsbedingte Verluste einer doppel-magneto-optischen Falle
(magneto-optical trap, MOT) für Lithium und Cäsium zu unterdrücken.
In einer dark SPOT ist der Anteil der Atome im angeregten Zustand im
Vergleich zur MOT um bis zu 99% reduziert. Dadurch ist die Rate der
Kollisionen, an denen Cäsiumatome im angeregten Zustand beteiligt
sind (light-assisted collisions, lichtinduzierte Stöße) viel geringer. Da
diese Kollisionen den größten Verlustkanal für Lithium und Cäsium aus
der Doppelfalle ausmachten, wurden die Ausgangsbedingungen für die
Photoassoziation von LiCs-Molekülen durch diese Arbeit verbessert.
Vor dem Einbau der dark SPOT für Cäsium wurde die Cäsium-MOT
anhand von Absorptionsbildern untersucht. Die Methoden werden in
dieser Arbeit beschrieben und die Ergebnisse vorgestellt. Der optische
Aufbau der dark SPOT ist hier dokumentiert.
Die dark SPOT wurde charakterisiert und fängt ≈ 4 · 107 Cäsiumatome
bei einer Dichte von ≈ 7 · 109 cm−3 . Die Temperatur des gefangenen
Ensembles ist ≈ 300µK.
Die kollisionsbedingten Verluste aus der Doppelfalle wurden analysiert
und sind mit der Cäsium-dark SPOT um ≈78% für Cäsium und um
≈99% für Lithium unterdrückt. Es wurde die Photoassoziation aus der
Li MOT/Cs dark SPOT erreicht und die Photoassoziationsrate konnte
erheblich gesteigert werden.
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Introduction
During the last decade, the analysis of ultracold (∼ 100µK to ∼ 1mK) quantum
systems and their interactions has led to fundamental tests of quantum mechanics,
like the creation of atomic [Dav95, And95] and molecular BECs [Joc03]. Ultracold
gases oﬀer fascinating opportunities to study atomic and molecular interactions in
a controlled manner.
Compared to atoms, molecules have additional internal degrees of freedom. Rotational and vibrational excitation lead to a much more complicated energy level
structure. Experimentally, this poses new challenges, leading to the discovery of
eﬀects beyond purely atomic physics.
Because of the manifold of energy levels, molecules do not feature closed transitions
and can therefore not eﬃciently be laser-cooled, even if laser cooling of molecules was
proposed [Bah96,Di 04] and might theoretically be possible. Other cooling methods
exist, and are employed depending on the experimental requirements. Molecules
can be sympathetically cooled, e.g. while magnetically trapped by helium buﬀer
gas cooling [Wei98], reaching temperatures of at least 400mK. Temperatures of
the same order of magnitude can be reached by formation of molecules in Henanodroplets [Mud04]. Even lower temperatures of at least 25mK can be achieved
by Stark deceleration [Bet99] with adjacent trapping in electrostatic [Bet00] or electrodynamic traps [vV05].
All these methods let us end up with molecular ensembles with temperatures in the
mK range. The production of molecules at even lower temperatures and with a
known internal state distribution can be done by producing Feshbach molecules, i.e.
molecules in the last bound state in the molecular ground state, or by photoassociation.
The formation of photoassociated molecules from ultracold atoms, i.e. at ultracold
temperatures, poses a promising approach for experiments with ultracold molecules.
The formation of heteronuclear molecules with a large permanent electric dipole moment [Aym05] brings the investigation of strong interactions into play, since these
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molecules interact by dipole-dipole interaction. Because of the large permanent
electric dipole moment of these molecules, the interaction strength can be tuned
by applying electromagnetic ﬁelds [Avd03, Avd06]. The controllability in electromagnetic ﬁelds makes them as well candidates for promising quantum computation
schemes [DeM02]. Beyond that, chemical reactions involving these molecules are
very auspicious to investigate [Kre05, Avd03].
At the Freiburg LiCs Experiment we want to produce and manipulate LiCs molecules,
as LiCs has the largest permanent electric dipole moment among all alkali dimers
(up to 5.7 Debye in the ground state).
LiCs molecules can be formed via photoassociation from the trapping light inside two
spatially overlapped magneto-optical traps (MOTs), one for Li and one for Cs, which
has been presented by our group recently [Kra06a, Kra06b]. We have also achieved
photoassociation using a dedicated photoassociation laser, thereby addressing deﬁned internal molecular states [Lan07].
Even though the results are promising, the production rate of molecules is still
low compared to the amount of molecules needed for storage for further experiments. Polar molecules can be trapped electrostatically [Kle07], whereas both unpolar and polar molecules can be trapped in magnetic traps [Van02, Wan04] or in
dipole traps [Tak98]. At our experiment, we are aiming at trapping the molecules
in a crossed dipole trap formed by a 130W CO2 and a 3W ﬁber laser. With ultracold LiCs molecules in the dipole trap, a manifold of experiments would be possible.
One could investigate ultracold exchange reactions like Li + Cs2 ←→ LiCs + Cs
depending on the temperature of the molecular ensemble or on the internal state
of the molecules. One could also investigate the lifetimes of the molecules, the
favoured decay channels or orientation eﬀects [GF06, May07] in electrostatic ﬁelds
with molecules in the dipole trap. For all these experiments, we need to increase the
molecular production rate.
It was already realized in 1998 [Sch98a] that a very large amount of the Li atoms
is lost from the double MOT prior to the photoassociation process by light-assisted
collissions with Cs atoms. Even though the eﬃciency of the photoassociation was
improved by applying a dedicated photoassociation laser [Lan07], we still had to get
rid of the collisional loss of lithium atoms due to the presence of the cesium atoms.
We implemented a so-called dark spontaneous force optical trap (dark SPOT) for
Cs instead of the Cs MOT. The implementation of the Cs dark SPOT and the con-
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sequences for the experiment are reported on in this thesis.
In a dark SPOT, the atoms are stored in the lower hyperﬁne state of the electronical
ground state (6S1/2 , F = 3 for cesium) so that collision processes between atoms
of the same species are no longer dominated by the dipole interaction but by the
far weaker van der Waals-force and the losses are therefore strongly suppressed, see
e.g. [And94]. Collisional loss of atoms of the same or diﬀerent species that is caused
by collisions involving cesium atoms in the excited state, is reduced with the dark
SPOT.
By the implementation of the cesium dark SPOT we have improved the starting
conditions for the photoassociation, as we now start with twice as much cesium
atoms in the double trap at higher density and with sevenfold as much lithium
atoms than before. Additionally, the background of molecules formed ’accidentially’
by the trapping light can be reduced by the installation of the Cs dark SPOT, since
the trapping light might now no more match the photoassociation wavelength. After the implementation of the cesium dark SPOT, the cesium-induced collisional
loss from the lithium MOT was investigated and found to be strongly suppressed.
Photoassociation experiments have been carried out yielding an increased molecular
production rate.
This work is structured the following way: chapter 1 describes the basics of laser
cooling and the magneto-optical trap. The characterization of the cesium MOT is
presented. Chapter 2 is about the theory of the dark SPOT and how the setup was
realized at our experiment. Results of the characterization are shown. In chapter
3, the achieved suppression of the collisional loss of lithium in the presence of the
cesium dark SPOT is shown. First results of photoassociation out of the combined
trap cesium dark SPOT/lithium MOT are presented, exhibiting an increased production rate compared to the double MOT. In chapter 4, the results of this work
are summarized.

3

1 The cesium magneto-optical
trap
This chapter starts with a short introduction to laser cooling and trapping of atoms
in section 1.1. Section 1.2 is about the loss of lithium atoms from the double MOT
in the presence of the cesium MOT. A measurement of the loss is shown and the
loss mechanism is outlined, thereby motivating the central point of this work, the
transformation of the cesium MOT into a cesium dark SPOT. In section 1.3, the
laser system for the cesium MOT is analyzed and the measured features of the laser
system are presented. Section 1.4 is about the absorption imaging system that was
started up in this work. Methods used for the analysis of the cesium MOT and
the cesium SPOT are explained. At the end of this chapter, sections 1.5 and 1.6
summarize the measured characteristics of the cesium MOT.

1.1 Laser cooling
Electromagnetic radiation can exert a force on atoms and can therefore accelerate
or decelerate them. In 1970, Ashkin [Ash70] hypothesized that ’atoms or molecules
could be trapped with laser light tuned to speciﬁc optical transitions’. Today, however, the deceleration of neutral atoms and the trapping in magneto-optical traps
(MOTs) have become standardized methods to prepare dense cold atomic ensembles
for a manifold of diﬀerent experiments.

4
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1.1.1 Atom-light interaction basics
There are two forces acting on an atom that is exposed to a laser ﬁeld: The dipole
force and the spontaneous force, i.e. the radiation pressure caused by absorption
and emission of photons.
Both forces can be used to trap atoms in adequate laser ﬁelds. As the dipole force
is reviewed in context of the planned upgrade of the dipole trap used in our experiment in [Glü07] and is not of particular importance for the experiments reported
on in this diploma thesis, the following basics on laser cooling are limited to the
description of radiation pressure traps. For details on the dipole force and dipole
traps, see [Gri00].

Radiation pressure: the spontaneous force
If an atom is exposed to a laser ﬁeld we can deﬁne the detuning ∆ of the laser ﬁeld
as
∆ = ωL − k · v − ω0 ,
(1.1.1)
with ωL as the laser frequency, k the momentum vector in units of , v the velocity of
the atom in the laboratory frame in the direction with respect to the laser photons,
and ω0 the resonance frequency of the atom.
In a setup of red-detuned (∆ < 0) counterpropagating laser beams, the atom will
most probably absorb a photon from the laser beam opposing its direction of motion
because of the Doppler eﬀect.
If an atom absorbs a photon from the laser ﬁeld, it absorbs the momentum carried
by the photon
pphoton = kphoton
(1.1.2)
and λ being the laser wavelength.
with |k| = 2π
λ
Since the atom emits absorbed photons in statistical directions, but the absorption
is always from the direction of the laser beam opposing its direction of motion,
the eﬀective momentum transfer leads to a deceleration caused by the so-called
spontaneous force
F = k Γscatt ,
(1.1.3)

5
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with Γscatt as the photon scattering rate. As the scattering rate depends on the
detuning ∆ of the laser from the atomic resonance, the spontaneous force can be
written as
ΓCs
I/Isat
F = k
(1.1.4)
·
 2
2
I
∆
1 + Isat + 4 ΓCs
with ΓCs being the natural linewidth of cesium, I the intensity of the laser beam
and Isat as the saturation intensity of the concerned atomic transition.
A setup of counterpropagating laser beams acting on the atom as described above
is called optical molasses. The counterpropagating laser beams exert a damping
force on the atomic motion so that an atomic ensemble can be cooled, as the temperature is deﬁned via the velocity distribution within the atomic sample.
In 1D, the velocity dependence of the damping is shown in ﬁgure 1.1.

Figure 1.1: Velocity dependence of the optical damping forces for one-dimensional optical
molasses. The two dotted traces show the force from each beam, and the solid curve is
their sum. Taken from [Met99]

.
Optical molasses itself does not depend on the position of the atom. That means
that optical molasses alone damps the atomic motion but does not compress or trap
the atomic sample.
Nevertheless, a 3D setup of optical molasses is the basis of the magneto-optical trap

7
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(MOT) and of the dark spontaneous force optical tap (dark SPOT).

Limitations of optical molasses cooling
The energy of the photons absorbed from the light ﬁeld becomes kinetic energy
because the atoms recoil from each event. The atomic ensemble is thereby heated.
The damping and the heating compete and result in a non-zero kinetic energy in
the steady state that lets the atoms undergo a random walk in momentum space.
The temperature associated with that steady state is the Doppler temperature
TD =

ΓCs
,
2kB

(1.1.5)

with kB being Boltzmann’s constant. The Doppler temperature poses a lower temperature limit reachable by molasses cooling.
Lower temperatures than the Doppler temperature are achieved by so-called subDoppler cooling, which summarizes eﬀects caused by the spatial variation of the
polarization of the laser light, e.g. Sisyphos cooling. For sub-Doppler cooling, the
attainable limit is caused by the residual momentum transfer from a single photonic
emission and is given by the recoil temperature
Trec =

(k)2
.
mkB

(1.1.6)

Temperatures below the recoil temperature can be reached using Raman sideband
cooling as is planned for our experiment, see [Lan07].

1.1.2 Trapping in a MOT
As mentioned in section 1.1.1, optical molasses cooling does depend on the atomic
momentum, but not on the position of the atom. Therefore it does not result in a
trapping potential, but only in a damping of the atomic motion.
A MOT combines the optical molasses setup with an inhomogenous magnetic quadrupole
ﬁeld that splits the energy levels of the atom into the hyperﬁne sublevels by the ZeeG
man eﬀect. Typical magnetic ﬁeld gradients are of the order of 10 cm
. Based on
radiative selection rules, the interaction with the slightly red-detuned counterpropagating lasers results in a trapping potential that does spatially conﬁne the atomic
ensemble.

8
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Figure 1.2: MOT Principle. On the left the intersection region of the 6 circularly polarized
MOT beams and the magnetic ﬁeld coils that create the Zeeman splitting. On the right the
spatial variation of the Zeeman sublevels. Based on radiative selection rules the circularly
polarized light drives the atoms on a cycling transition and creates a 3D trapping potential.
Taken from [Ste07] and [Lan07].

If we imagine an atom as a two-level system, with a ground state F=0 and an excited
state F=1, the right image in ﬁgure 1.2 shows how these levels split up in 1D in the
inhomogenous magnetic ﬁeld. Note that the ﬁeld is zero in the center of the MOT.
An atom that leaves the center of the trap becomes at some distance resonant with
the trapping laser opposing its direction of motion. This is due to the fact that the
lasers are red-detuned from the atomic resonance to ωL and are adequately σ + - or
σ − -polarized.
It is important to keep in mind that real atoms are not two-levels systems, but
they have a larger number of electronic energy levels that are split up into Zeeman sublevels. In alkali-metal atoms the cooling cycle is never completely closed.
Oﬀ-resonant excitation leads to a leaking of the atoms out of the so-called cycling
transition into other states and ﬁnally in the electronic hyperﬁne ground state. This
process is counteracted by the implementation of a ’repumping’ laser that transfers
the atoms back into a hyperﬁne level of the excited state from that the atoms can
decay back into the cycling transition.
A more detailed description of the MOT can be found in [Met99], here the description
shall be limited to the relevant details about lithium and cesium.

1.1. LASER COOLING

Figure 1.3: Cycling transition for a real atom on the example of Cs. For the case that an
atom leaves the cycling transition and reaches the lower hyperﬁne state of the electronic
ground state, a so-called repumper is necessary to transfer the atom back into the cycling
transition, i.e. the cooling transition.

Trapping Li and Cs
Cesium (133 Cs) is the heaviest of the alkali metals. The nuclear spin is I=7/2. The
other species used in our experiment is lithium. Whereas there is no other stable
isotope of cesium, we only make use of the bosonic1 7 Li with a nuclear spin of I=3/2
that has a natural occurence of 92.4%.
Figure 1.4 shows the ﬁne- and hyperﬁne structure of the D2 lines of Li and Cs.
Since the hyperﬁne splitting of the 2P3/2 state for Li is of the same magnitude as
its natural linewidth, the splitting is not resolved for optical transitions. Therefore,
polarization gradient cooling is applicable for Cs, but impossible for Li, because the
involved states cannot be addressed separately.
Table 1.1 summarizes the relevant features of Li and Cs for trapping and cooling.
For cesium, [Ste98] is a compendium containing details on many properties including
Clebsch-Gordan coeﬃcients. Sources for the values summarized in table 1.1 can be
found there.
In our experiment, the atoms are not trapped from the background gas but are evap1

The fermionic isotope 6 Li has a nuclear spin of I=1. Throughout this thesis, ’lithium’ means
7
Li.

9

10

CHAPTER 1. THE CESIUM MOT

Figure 1.4: Energy levels of the ground state and the ﬁrst excited state of the D2 lines
of Li and Cs. The hyperﬁne splittings of the 2P1/2 state of Li and of the 6P1/2 of Cs are
not shown.

orated from an oven that is designed similar like the one presented in [Sta05]. For
eﬃcient loading of the Cs and the Li MOT we use a Zeeman slower [Phi82, Phi98]
wherein the atoms escaping from the oven nozzle are kept on resonance with an
opposing laser beam and are thereby slowed down to or below the trapping velocity
of the MOT. Details on our Zeeman slower can be found in [Eng97]. Figure 1.5
shows the basic setup of the apparatus.

1.1.3 Atomic density in a MOT
The density attainable in a MOT is limited by various processes that compete with
the trapping mechanism. Depending on the dominating limitation process, each
limitation can be assigned a density-limiting regime. A detailed analysis is [Tow95],
only the most important characteristics shall be outlined here.
Temperature-limited regime
For a very small number of trapped atoms (N  104 ), the density is relatively
low, and interatomic eﬀects like collisions can be neglected - the trapped atoms act
independently. Both the spatial and momentum distribution are close to Gaussian

1.1. LASER COOLING

Figure 1.5: Experiment chamber without any optics mounted. The lithium and cesium
atoms are evaporated from the oven on the right and have then a velocity distribution
with a maximum at a several hundred m
s . In the Zeeman slower, the atoms are slowed
down below the trapping velocity of the MOTs that is of the order of several ten m
s . The
double MOT for lithium and cesium is located in the central area of the main chamber in
the left part of the image.
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Feature
atomic number
atomic mass
nuclear spin
D2-line wavelength
nat. lifetime
nat. linewidth
ground state hyperﬁne
splitting
Doppler temperature
recoil temperature
static Polarizability

7

Symbol
Z
m
I
λD2
τD2
ΓD2

Li

133

Cs

∆νHFS,S1/2

3
1,165×10−26 kg
3/2
670,962 nm
26,97 ns
2π·5,92 MHz
803,5 MHz

55
2,207×10−25 kg
7/2
852,347 nm
30,47 ns
2π·5,223 MHz
9,193 GHz

TD,D2
Trec,D2
αstat,S1/2

142 µK
6,1 µK
2
2,7×10−39 Asm
V

125 µK
0,198 µK
2
6,63×10−39 Asm
V

Table 1.1: Relevant features of 7 Li and 133 Cs for cooling and trapping. State-dependent
parameters refer to the D2 line and the 2S1/2 ground state respectively.

and can be characterized by three radii rx,y,z and a temperature T. Often the atom
in the trap is modelled as classical oscillator. One can then use the equipartition
theoreme to calculate the radius ri,T of the trap
1
1
2
κii ri,T
= kB T,
2
2

(1.1.7)

with κii as ’spring constant’.
The peak density in the temperature-limited regime is

n0 =

N0
3 .
√
2 2πrT

(1.1.8)

The temperature does not depend on the number of trapped atoms N and the cloud
radius is independent of N. Diﬀerent from the other regimes, the density is therefore
proportional to N.
For such dilute clouds, the temperature in the MOT is the same as for optical molasses, i.e. with the ﬁeld gradient being zero. In [Dre94], the measured temperature
of a few µK for this case is well below the Doppler temperature for Cs at 125µK.
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Multiple scattering regime
For atom numbers exceeding 104 , the reabsorption of scattered photons starts to
play a major role. The restoring forces that have been modeled for the temperaturelimited regime above by a simple spring constant themselves are modiﬁed by scattering so that there is only an empirical model [Tow95].
It was experimentally found that the density in the multiple scattering regime is
almost independent of the number of trapped atoms. The reabsorption of scattered
photons creates a repulsive interatomic force and the density is then given by [DS91]
nM S =

3κc
Itot σL2 (σr /σL

− 1)

,

(1.1.9)

with Itot as the total light intensity from the six trapping beams, σL as the optical
cross section for the absorption of photons from the laser ﬁeld and σR as the optical
cross section for reabsorbing photons reradiated from atoms in the cloud.
The radius in the multiple scattering regime is given by the limited density and the
number of trapped atoms:

1/3
N
1
rM S = √
.
(1.1.10)
2π nM S
Compared to the temperature-limited regime, the multiple scattering within the
atomic cloud causes the temperature to rise with the cube root of the total atom
number.
Two component regime
For the restoring force on an atom inside a MOT is not a linear function of the
position of the atom, the MOT radius does not increase constantly when loading
more and more atoms into the trap. As the force gradient df /dz is large in the
center of the trap and smaller outside this region, there is an area in the center
of the trap where the restoring force is relatively strong and an area outside the
central region where the restoring force is relatively weak. Therefore, when loading
the MOT beyond the limit of multiple scattering, atoms are trapped outside the area
of the strong conﬁnement forming a second, ring-formed cloud of Gaussian density
distribution.
The boundary from that the MOT enters the two-component regime can be assumed
to be
rMS = rtwo−component ,
(1.1.11)
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thereby somewhat underestimating the true radius of the cloud when it is close to
the two-component regime.

1.2 Collisional loss from the double trap
For the formation of ultracold molecules at our experiment, we use a double MOT,
i.e. two separate MOT systems. Both trapped clouds of lithium and cesium are
overlapped and molecules are photoassociated in the overlapping volume. The eﬃciency of the photoassociation process is among other things given by the number
of available atoms and their density.
Measurements made by our group earlier [Sch99a] and have recently shown that we
loose a very large amount of the trapped lithium out of the double MOT due to
inelastic light-assisted collisions with cesium atoms in the excited state. This loss
of lithium atoms which are not available for photoassociation limits the production
eﬃciency of the photoassociation process and had to be overcome.

1.2.1 Light-assisted collisions
Collisions between cesium atoms and between cesium and lithium atoms are discussed in chapter 3. Here, only the concept of light-assisted collisions shall be
outlined to motivate the installation of a dark SPOT for cesium.
The ﬂuorescence (∝ atom number) of the double MOT, i.e. the lithium MOT fully
overlapped with the cesium MOT, exhibits the behavior shown in ﬁgure 1.6. The
graph shows the atom numbers deduced from the atomic ﬂuorescence in the lithium
and cesium clouds when the traps are singly or simultaneously present. On the left,
the Cs MOT alone is present, on the right the lithium MOT. In the central part of
the image, atom numbers are shown for the case when both traps are simultaneously
present. The clouds aﬀect each other, resulting in a decrease of the trapped lithium
atom number by 7/8 due to the presence of the Cs MOT and a decreased cesium
atom number by 1/2 due to the presence of the Li MOT.
The main channel for the loss of lithium atoms has been identiﬁed to be collisions
of lithium in the ground state with cesium in the excited state [Sch98a]. Those
collisions are called light-assisted because they involve the excitation of the cesium
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Figure 1.6: Loss from the double MOT when both MOTs are simultaneously present.
The atom number of lithium drops to approximately 1/8, the atom number of cesium
drops to approximately 1/2.

atom into the 2P3/2 state. During a light-assisted collision which leads to trap loss,
the excitation energy of the cesium atom is partly (emission of a red-shifted photon
at short internuclear distance) or fully (ﬁne-structure changing collision) converted
into kinetic energy of both collision partners. Due to its low mass, the velocity gain
of the lithium atom from a collision is 19 times as large as the velocity gain of the
cesium atom and can easily exceed the capture velocity of the MOT. The lithium
atom is then lost from the trap. For details on the collision process, see section 3.2.
The same processes can lead to loss of cesium atoms from the double MOT, albeit
with smaller probability, and cause the decrease of the atom number to 1/2 of the
atom number in the case of the solely present cesium MOT. It is important to
understand that the dominant loss processes involve cesium atoms in the excited
state.
To overcome this drawback, the fraction of Cs atoms in the excited state has to
be reduced. In the MOT, the fraction of excited atoms is kept excessively large by
the continous pumping of the atoms in the cooling cycle, thereby creating a large
fraction of atoms in the excited 6P3/2 state that enable the described loss channel
for especially the lithium atoms in the 2S1/2 state. The fraction of atoms reaching
the lower hyperﬁne ground state that therefore do not take part in the cooling
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cycle anymore are forced back as quick as possible by the strong repumper and no
noteworthy number of atoms can accumulate in the lower hyperﬁne ground state.
In the MOT, the repumper has to be as strong as possible to keep almost all atoms
in the cooling cycle. Hence, the light-assisted collision rate in the MOT is always
large.
To reduce the number of cesium atoms in the excited state and bring more atoms
into the ground state to suppress this loss channel, we had to switch from a trap with
a large fraction of atoms in the excited state to a trap with a only a few, or better
with even no atoms in the excited state. For that matter, the cesium MOT was
transformed in this work into a SPOT (see chapter 2) with the focus not only being
the possible density increase as proposed for the ﬁrst SPOT realized [Ket93], but
being the attainment of a large fraction of cesium atoms in the ground state in the
center of the lithium MOT to suppress light-assisted collisions, while not decreasing
the total atom number.
density
In our setup, the Cs atom number is the most
1 mm
signiﬁcant parameter - more than the denLi
sity - because the Cs MOT is at good overlapping conditions totally covered by the relatively hot and large Li MOT. Figure 1.2.1
Cs
shows a ﬂuorescence image of the Cs MOT being enclosed by the lithium MOT (taken from
Figure 1.7: Fluorescence image
[Sch99a]).
of the Cs MOT covered by the Li
MOT

Why no dark SPOT for lithium ?
As pointed out in [Sch98a], collisions of Cs atoms with Li atoms in the excited
state do not lead to trap loss, since all potentials existing between ground state
cesium atoms and excited state lithium atoms are repulsive [Bus87]. The collision
process requires an acceleration of the colliding atoms along an attractive potential
as explained in chapter 3.
An increase of the trapped atom number or the density of the trapped atoms is
also not to be due. In [Sch98b], a dark SPOT for lithium was installed, ﬁnding the
number of trapped atoms and the density of the sample approximately unchanged,
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altough the distribution of the trapped Li atoms among the Li energy levels had
changed.

1.3 MOT characterization
As a preparation prior to the installation of the Cs dark SPOT, the Cs MOT was
characterized. The locking system and especially its bandwidths were checked and
improved and the magnetic ﬁeld compensation was analyzed and upgraded.

1.3.1 Cs MOT/SPOT laser linewidths
To drive the relevant transitions for the Cs MOT, the MOT lasers (Cooling lasers,
repumper laser, Zeeman slowing laser) are locked to atomic transitions using PID
servo loops and are, if necessary, frequency shifted by the use of AOMs.
An experimentally relevant feature in the context of laser frequency locks is the
achieved laser linewidth that can be caused by the limited bandwidth of the controller system. Typical linewidths for frequency locked lasers are in the range from
several MHz down to kHz [Tha99].

1.3.2 Locking bandwidths
The DBR diode lasers for the Cs MOT are locked to the required transitions using diﬀerent locking techniques. In the servo loops PID controllers are used, i.e.
controllers that act proportionally, integrally and derivatively on deviations from a
setpoint. Figure 1.8 shows a very simple scheme how the frequency locks are realized
in general.
The laser light from the diode laser is used in the experiment, but it is also continously analyzed, e.g. using Doppler-free spectroscopy or beating it with laser light
from an already locked laser. The methods used for the locks of the cesium MOT are
listed in table 1.2. Other methods exist and are used depending on the experimental
requirements or the desired locking frequency.
Table 1.2 lists the locking schemes employed in the Cs MOT setup.
From such a sideline experiment (like Doppler-free spectroscopy), an error signal that
is proportional to the deviation of the wavelength from the desired locking frequency
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Figure 1.8: Scheme of a diode laser frequency lock

Laser
Cs
Cs
Cs
Cs
Cs
Cs

A
B
D
F
G
H

Application

Lock type

Repumper
DAVLL
Master
DAVLL
Zeeman deceleration Beating lock
Cooling
Beating lock
Fill-In (SPOT)
FM-Lock
Depumper (SPOT)
DAVLL

Locking scheme reference
PhD thesis KL Corwin, 1999
PhD thesis KL Corwin, 1999
[Sch99b, Rit04]
[Sch99b, Rit04]
[Bjo80, Bjo83]
PhD thesis KL Corwin, 1999

Table 1.2: Locking schemes of the Cs MOT lasers

(e.g. from the atomic resonance of the Doppler-free spectroscopy) is generated. The
error signal is input to a PID controller. The PID controller keeps the laser locked
to the locking point (e.g. the resonance) at all times by creating a feedback signal,
so that the error signal is kept zero.
Deviations from the lock point are damped by the use of these control loops. In case
that the deviation is very slow (’drift’), even a control loop of very small bandwidth
will be able to re-adjust the control current of the laser diode suﬃently quick. In case
that deviations happen on shorter timescales, i.e. at higher frequency, the elements
in the control loop will introduce a phase shift to the feedback signal. For deviations
at high frequency, the introduced phase shift becomes large. At frequencies larger
than the bandwidth of the servo loop, the phase shift becomes large enough to even
increase the deviation from the lock point by counter-reacting.
As long as the phase shift introduced by the servo loop stays smaller than 90◦ , the
PID servo loop damps the deviations and the feedback is degenerative. From the
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frequency at that the phase shift introduced by the servo loop becomes larger than
90◦ onwards, the PID servo loop does not aﬀect the deviation or even ampliﬁes the
deviation. The operation of the laser is then de-stabilized by the servo loop.
Therefore, when measuring the bandwidth of a servo loop, one has to measure the
frequency at which an artiﬁcal perturbation causes the phase shift introduced by
the elements of the servo loop to reach 90◦ . From that frequency onwards, the servo
loop becomes useless.
To measure the phase shift for a given deviation amplitude at diﬀerent frequencies,
so-called Bode plots (see [Tie02]) were measured. A Bode plot is a depiction of a
measurement of the gain, or the amplitude output by the servo loop together with
the phase shift of the measured signal compared to a reference signal. In most cases,
the amplitude is measured with respect to a reference amplitude and is then given in
dB. In our case, the amplitude is the remaining deviation from zero, i.e. the average
deviation from the lock point at the relevant frequency. Details on the used PID
controllers and more details on Bode plots are given in [Glü07].
To characterize the locking bandwidths of our system, we have applied a continuous
perturbation (a sine wave) onto the servo loop using a lock-in ampliﬁer (Standford
Research Model SR850). The feedback of the servo loop is then measured by the
lock-in ampliﬁer and compared to the reference signal that caused the deviation at
each frequency. Additionally, noise spectra have been analyzed using a spectrum
analyzer (Advantest R3261A) and a fast oscilloscope (LeCroy Wavepro 7000) in
FFT mode. Figure 1.9 shows a scheme of the bandwidth measurement setup, ﬁgure
1.10 shows a typical Bode plot measured.
The noise spectra show the same characteristic as exhibited by the amplitude measurement (upper part of the Bode plot) and are therefore not additionally shown
here. When adjusting PID parameters (proportional gain, integration time constant
and derivative time constant), one can use a standardized adjustment procedure for
PID controllers (see [Tie02,Sch03]) but the results can still be improved by monitoring the amplitude and position of the servo bump (see [Wei00]) or the variation of
the Bode plot when ﬁne-tuning the found settings from the simple standard method.
Adjustment was done by ﬁrst applying the standard procedure, then maximazing
the bandwidth deﬁned by the frequency at that the phase shift reaches 90◦ and afterwards decreasing the height of the servo bump by a reasonable amount: In most
cases it turned out that the height of the servo bump and thereby the amplitude of
the oscillations when the laser is locked could be decreased by an order of magnitude
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Figure 1.9: Block scheme of measurement setup for obtaining Bode diagrams in closedloop conﬁguration.

Laser
Cs
Cs
Cs
Cs

B
D
F
G

Application
Master
Zeeman deceleration
Cooling
Fill-In (SPOT)

Bandwidth
38.7
18.4
41.9
13.0

kHz
kHz
kHz
kHz

Table 1.3: Bandwidths of the Cs MOT laser locks

while maintaining ∼ 90% of the maximum bandwidth.
Table 1.3 lists the measured bandwidths of the servo loops in our setup. Measurements of the laser linewidths have shown that the very diﬀerent bandwidths do not
inﬂuence the linewidths of the lasers that are dominated by the features of the used
laser diodes.
Laser linewidths
Diﬀerent from radio frequencies up to the GHz range, the oscillations of the electric
ﬁeld of light are not directly accessible for measurement. Most of the existing measures of laser linewidths (e.g. the Allan variance) are based on directly counting the
zero crossings of an oscillation and calculating the frequency by integrating over an
adequate time interval.
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Figure 1.10: Typical bode plot, here the closed loop Bode plot of the cooling laser loop.

Nevertheless, linewidths of frequency stabilized lasers can be measured by measuring
the beating signal with another laser that has only a slightly diﬀerent wavelength.
To create a beating between two lasers, the laser beams are superimposed while running at equal modes and polarization, thereby superpositioning the electric ﬁelds.
Measurement of the beat note is then done by shining the light of the superimposed
laser beams onto a fast photodiode, so that the intensity on the photodiode is


I(t) = |(E1 (t) + E2 (t))| = |E1 (t)| + |E2 (t)| + 2R E1 (t)E2 (t)
2

2

2

(1.3.1)

with
Ei (t) = e(i(ωi t+δφi (t)))

with ω2 > ω1 .

(1.3.2)
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The term E1 (t)E2 (t) contains the diﬀerence frequency as


E1 (t)E2 (t) = e(i(ω2 −ω1 )t) · e(i(δφ2 (t)−δφ1 (t)))

(1.3.3)

and gives thereby the frequency at that the beat note is expected.
In case that the frequency diﬀerence of both lasers is small enough ( GHz), the
beat note caused by the linewidths of both the lasers can be measured. Nevertheless,
the linewidths of the lasers can be obtained albeit under limitations from the width
of the beat note.
In case that the operation frequency of one laser is much more stable than that of the
other one, the width of the beat note is determined by the intensity spectrum of the
less stable laser. In our case we beat lasers of equal construction and have made no
speciﬁc assumption on the character of the frequency ﬂuctuations. In case that the
noise of the laser frequency is mainly white, the width of the beat note is Lorentzian
as for each of the single lasers and is given by the sum of the linewidths of both lasers.
To measure the linewidth of the Cs MOT lasers, we have measured the beat note by
mode-matching and focussing two independently locked lasers onto a fast photodiode
(Electron Optics Technology Model ET-2030A). One of these two lasers was the
master laser (CsB), the other one the ﬁll-in laser (CsG). The servo loops of the
master laser and the ﬁll-in laser have very diﬀerent bandwidths. Therefore the
obtained linewidth can be seen as an upper limit for the Cs master laser (CsB) and
a lower limit for the Cs ﬁll-in laser (CsG).
The beat note was measured using a spectrum analyzer (Advantest R3261A) at
spectral resolution of 100kHz (instrument limit =
 timebase 10µs), and the measured
linewidth is
13.6 ± 1.2 MHz,
(1.3.4)
so that the linewidth of each single laser can be assumed to be
6.8 ± 0.6 MHz.

(1.3.5)

To extract the experimentally critical linewidth of the Cs cooling laser, we measured
the beat note between the cooling laser (CsF) and the master laser (CsB) by the
same procedure. The cooling laser (CsF) is locked via a beating lock to the master
laser (CsB). The measurement was done using a fast digital oscilloscope in FFT
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mode (LeCroy Wavepro 7000) to be able to measure on short time scales.
The measurement was done at a time base of 10, 2 and 1µs. The resulting linewidths
are listed in table 1.4.
Time base
10 µs
2 µs
1 µs

Linewidth [total]
9.6 ± 2.3 MHz
8.0 ± 3.5 MHz
6.7 ± 3.8 MHz

Table 1.4: Combined linewidth of the Cs MOT cooling laser (CsF) locked with respect
to the Cs master laser (CsB)

The width of the measured beat note depends on the time base / sampling time.
Even at 1µs, the linewidth is still 6.7 ± 3.8 MHz, made up by the single linewidths
of the two lasers. We have found linewidths in that range for other combinations
of lasers. Note that the uncertainties of the measured linewidths grow with shorter
observation times. Since the number of acquired data points decreases at smaller
sampling times, the statistical error of the Lorentzian ﬁt increases. Figure 1.11 shows
a typical beat note taken at the shortest time scale of 1µs.

Figure 1.11: A typical beat note measured. The measured linewidth is the average of
230 such beat notes

Based on these measurements, we can say that the linewidths of the lasers of the Cs
MOT system are not given by the limited bandwidths of the used servo loops but
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by the inherent linewidths of the used laser diodes. The measured laser linewidths
in the rage of 5 to 7 MHz agree well with the linewidths that can be estimated from
absorption laser scans that we have done during this work with dilute clouds. In
such scans of the absorption laser, we ﬁnd the linewidth to be approximately the
sum of the natural linewidth of the driven transition in cesium and the linewidth of
the laser.
Long-term drifts
In connection with the analysis of the servo loops and the laser linewidths, other
elements in the servo loops beyond the PID controllers have been checked. Since in
all servo loops except the one of the repumper laser (CsA) acusto-optical modulators (AOMs) are implemented, their optical setups do at least contain one voltage
controlled oscillator (VCO). The VCOs have a strong inherent temperature dependence. By investigation of this temperature dependence and the long-term frequency
stability of the VCOs, we have found drifts in the range of up to 0.5 MHz at time
scales of 5 hours, varying with the room temperature. Since the AOMs shift the
laser frequency by the VCO frequency, the lasers show at least equally large drifts
on this time scale.
We found out that the drifts of the VCOs dominate over other long-term drifts of
the laser system and explain the frequency drifts of the laser system on very long
time scales.
In case that long-term stability of the laser system becomes an issue, the VCOs have
to be actively temperature stabilized.

1.4 Absorption imaging
Analysis of an ultracold atomic cloud can be accurately done by irratiating laser light
onto the cloud and observation of the shadow cast by the cloud onto a CCD camera.
From these images, the position of the cloud, the atom number, the dimensions of
the cloud, the density of the particles and the temperature within the cloud can be
obtained.
The technical setup of our imaging system was perpared [Gie06] prior to this work.
In this section, the theory of absorption images is brieﬂy reviewed based on the
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quantum mechanic derivations for the absorption cross section from [Ste98]. A few
relevant complements concerning the setup are made, and the experimentally used
imaging procedure developed during this work is described.
Resonance ﬂuorescence in a two-level atom
The optical Bloch equations describe a two-level atom interacting with a monochromatic light ﬁeld
iΩ
(ρ̃ge − ρ̃eg ) + Γρee
2
iΩ
= − (ρ̃ge − ρ̃eg ) − Γρee
2
iΩ
= −(γ + i∆)ρ̃ge − (ρee − ρgg )
2

ρ̇gg =

(1.4.1)

ρ̇ee

(1.4.2)

ρ̃˙ge

(1.4.3)

with ρij as the matrix elements of the density operator ρ := |ψψ|, Ω as the resonant
Rabi frequency, ∆ as laser detuning from the atomic resonance and Γ as the natural
decay rate. γ = Γ/2 + γc is a phenomenological decay rate which takes an increase
of the natural decay rate due to collisions collisions γc into account.
In case of purely radiative damping (γ = Γ/2), the excited state population becomes
the steady state solution
ρee (t → ∞) =

(Ω/Γ)2
.
1 + 4(∆/Γ)2 + 2(Ω/Γ)2

(1.4.4)

The total photon scattering rate Rsc (integrated over all frequencies and directions)
is then given by Γρee (t → ∞)
 
Γ
(I/Isat )
(1.4.5)
Rsc =
2 1 + 4(∆/Γ)2 + (I/Isat )
with the saturation intensity
I
Isat

 2
Ω
=2
Γ

(1.4.6)

By identifying the scattering cross section with the power radiated by the atom
divided by the energy ﬂux irradiated, i.e. the scattered power is σI, the scattering
cross section can be written as
σ=

σabs
1 + 4(∆/Γ)2 + (I/Isat )

(1.4.7)
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and the on-resonance cross section is
ωΓ
.
2Isat

σabs =

(1.4.8)

Note that the saturation intensity depends on the polarization of the pumping light
as well as on the pumping eﬃciency. In case that diﬀuse magnetic ﬁelds from
laboratory electronics etc. give rise to a magnetic quantization axis with respect to
that the σ +/− -polarized light acts no more purely polarized, the pumping eﬃciency
can be increased by the application of a so-called guiding ﬁeld, i.e. a magnetic ﬁeld
that is strong enough to dominate over diﬀuse ﬁelds, but is still weak enough to not
shift the energy levels of the trapped atoms out of resonance.
In most cases the smallest saturation intensity for the manifold of possible transition
in a real atom is quoted as saturation intensity. Saturation intensities for possible
dipole transitions in a Cs atom can be found in [Ste98].

Circularly polarized light
Since we irradiate the atomic cloud with circularly polarized light for optical pumping, the saturation intensity for circularly polarized light is the signiﬁcant parameter.
In case that the pumping light is circularly polarized, the photon transfers its angular
momentum to the atom upon absorption. Due to this ’pumping’, the atomic population is transferred to the largest corresponding angular momentum in agreement
with radiative selection rules. In our case, we use σ + -polarized light to transfer the
atomic population into the F = 4, mF = 4 ←→ F = 5, mF = 5 cycling transition.
In this case, the saturation intensity Isat reduces to
Isat =

ω 3 Γ
12πc2

(1.4.9)

3λ2
.
2π

(1.4.10)

and the cross section becomes
σabs =

The values are only valid in the steady state. During pumping with polarized light
for example, the saturation intensity will be 2.70 mW/cm2 in the beginning and
will decrease to 1.10 mW/cm2 [Ste98] at equilibrium due to saturation of the driven
transition.
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1.4.1 Absorption imaging model
The absorption in an atomic cloud is given by Beer’s absorption law


−α(ω, x, y, z) dz
I(ω, x, y) = I0 (ω, x, y) ·

(1.4.11)

with α(ω, x, y, z) as absorption coeﬃcient that equals the scattering cross section in
the above section. The absorption coeﬃcient depends on the atomic density
α(ω, x, y, z) = n(x, y, z) · σabs (ω)

(1.4.12)

with n(x, y, z) as the atomic density and α(ω) as the frequency-dependent absorption cross section.
The absorption in the atomic cloud can be written as



I(ω, x, y) = I0 (x, y) · exp −σabs (ω) n(x, y, z)dz .

(1.4.13)

The density distribution in both the MOT and the SPOT is assumed to be Gaussian
and is therefore
x2
y2
z2
(1.4.14)
n(x, y, z) = n0 · exp −
+
+
2σx2 2σy2 2σz2
with σi as Gaussian widths in all 3 directions in space.
Since we take 2-dimensional images of the atomic cloud, we have to integrate over
the observation direction z and get

√
x2
y2
.
(1.4.15)
n(x, y, z)dz = n0 · 2πσz exp −
+
2σx2 2σy2
Thus the absorption of the atomic cloud is given by
I(ω, x, y) = I0 (x, y) · exp −n0 · σabs (ω) ·

√



x2
y2
2πσz · exp −
+
2σx2 2σy2


. (1.4.16)

For the evaluation of the absorption images, we rewrite this equation and use
 
 2

√
I
x
y2
ln
+
= −n0 · σabs (ω) · 2πσz · exp −
.
(1.4.17)
I0
2σx2 2σy2
Keep in mind that the dimensions in the absorption image are obtained in units of
pixels. These have to be rescaled by means of the camera objective used, i.e. in our
experiment 10.25 µm/pixel and 25.92 µm/pixel respectively.
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Figure 1.12: Optical setup for absorption imaging from trap to camera. Not to scale.

1.4.2 Taking absorption images
Remarks on the imaging setup
The absorption laser beam is taken from the Cs master laser (CsB) that is locked to
the 6S1/2 , F = 4 −→ 6P1/2 , F = 4/5 crossover resonance. The absorption laser light
is frequency shifted by approx. 125 MHz by double passing it through an AOM so
that the 6S1/2 , F = 4 −→ 6P1/2 , F = 5 resonance is addressed by the σ + -polarized
absorption laser light. The absorption laser has been scanned to ﬁnd the resonant
imaging frequency shift at 2 · 62.83 ± 0.17MHz.
The absorption laser light is passed through an optical ﬁber to the main experiment
table and travels along the z axis through the experiment chamber. In the MOT
plane, the waist of the absorption laser beam is approximately one inch [Gie06].
The optical setup for absorption imaging on the main experiment table is realized
as shown in ﬁgure 1.12.
Analysis basics
For the analysis of the trapped atomic ensemble, equation 1.4.17 is used, i.e. the
required images for evaluation are
1. Background image
The background image is taken prior to each measurement and is subtracted
from the images taken by the camera, i.e. all images taken are background
subtracted.
As the background critically aﬀects the gradient at the slope and the peak
height of the Gaussian shape in the logarithmized and divided image (see
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below), especially a thorough background subtraction becomes an issue when
working at very low absorption laser intensities, see section 1.4.5.
2. Absorption image
The absorption image provides the parameter I in 1.4.17, i.e. the intensity
with the absorbing cloud in the beam.
3. Division image
The division image provides the parameter I0 in 1.4.17, i.e. the intensity
without the absorbing cloud in the beam. The division image is taken very
long after switching oﬀ the magnetic ﬁelds and the MOT light, so that the
cloud has by then vanished.
After taking the images, an additional divided image is computed and saved - the
camera program or the Mathematica program developed during this work takes the
logarithm of both the absorption- and the division image and subtracts the division
image from the absorption image, so that the divided image
 
I
log(I) − log(I0 ) = log
(1.4.18)
I0
represents the left part of equation 1.4.17. See appendix A for more details on the
evaluation of the saved FITS images.
Experimental procedure
At the beginning of each measurement, a background image has to be taken and is
then subtracted from all images taken subsequently by the camera. It is advisable to
work at sparse ambient light when taking absorption images. The general procedure
for taking a single evaluable image is shown with usual timings in table 1.5.
Note that the exposure time for the absorption image of 2ms is extremely long due
to the low intensity used for taking the images for this work. For future experiments,
exposure times of hundreds of microseconds are to be used at correspondingly higher
intensity.
The adjustment of the switching timings of the magnetic ﬁelds was done by measuring the feedback of the switching using a pick-up coil. It is planned to apply a
guiding ﬁeld to deﬁne a quantization axis while applying the pump pulse. We have
already applied a guiding ﬁeld once experimentally and have found the detected

29

30

CHAPTER 1. THE CESIUM MOT

Time
0 ms
0.7 ms
4.4 ms
1804.4 ms

Action

Duration (if applicable)

MOT loading
until desired ﬂuorescence intensity is reached
MOT oﬀ
pump pulse
0.1 ms at high intensity
absorption image
2.0 ms at very low intensity
division image
2.0 ms at very low intensity

Table 1.5: Imaging procedure for taking a single image. Timings are exemplarily and are
adapted to e.g. the used absorption laser light intensity. The magnetic ﬁelds are switched
oﬀ with the MOT light prior to imaging.

atom number to be approximately a factor of 2 increased due to the better pumping
eﬃciency, see section 1.4.5.
When analyzing the SPOT, an additional ’ﬁll-in’ (repump-) pulse must be applied
prior to the pump pulse, as the atoms in the dark state (see chapter 2) are not
resonant for the 6S1/2 , F = 4 −→ 6P1/2 , F = 5 pumping/absorption laser light.

1.4.3 Evaluation methods
Depending on the measured feature of the atomic cloud and on the quality of the
image, diﬀerent evaluation methods came to use for this work. In this section, common methods and methods developed for this work are presented.

Figure 1.13: Absorption image of the MOT
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Gauss ﬁt to the projection onto the x- or y-axis
Starting with equation 1.4.17
 
 2

√
I
x
y2
ln
+
= −n0 · σabs (ω) · 2πσz · exp −
,
I0
2σx2 2σy2

(1.4.19)

we assume that the images are taken exactly at the atomic resonance frequency
σabs,0 and integrate over the y-direction. We get


 ∞  
√
√
I
x2
dz = −n0 · σabs,0 · 2πσz 2πσy · exp − 2 ,
(1.4.20)
ln
I0
2σx
−∞
which is a simple Gaussian that can easily be ﬁtted for analysis. Note that the left
part of equation 1.4.20 is simply the projection onto an axis, i.e. the sum of the lines
or columns of the image in one direction, as it is done technically in the evaluation.
Our ﬁtting function is


(x − m)2
A · exp −
+ C,
(1.4.21)
2σx2
thus

√
√
1
2πσx 2πσy 2πσz · √
(1.4.22)

 2πσx
Gaussian volume
while we assume the cloud to be totally symmetric, i.e. σx = σy = σz , which yields
the total atom number
√
A · 2πσx
N0 = n0 · VGaussian =
.
(1.4.23)
σabs,0
A = n0 σabs,0

√

From the atom number, the density can be calculated making again the above assumption for the Gaussian volume2
n0 = √

N0
2πσ

3 .

(1.4.24)

It is advisable to project the image onto both the x- and the y-axis, to ﬁt both
results and then to average. In case that the cloud is not symmetric in x- and ydirection, e.g. due to alignment issues, one has to omit averaging.
This method is the simplest one and can be used in most cases. The most rigid
2

Keep in mind that the images are taken after a ﬁnite expansion time. Therefore, an accurate
result for the density can only be obtained using a σ(0) instead of σ(timage ) that has to be
obtained from a temperature measurement done under equal conditions by extrapolation.
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condition is that of the Gaussian density distribution being fully represented by the
image. If multiple scattering in the center of the cloud inhibits the transmission
of the absorption laser light, this is not correct. Therefore, it is advisable to check
whether slices through the image have Gaussian forms and do not contain e.g. an
area of equal close-to-zero values at the position of the cloud caused by absorption
above the detection limit. If something like this occurs, the method is no more
applicable and the method presented below that is based on ﬁts to the wings of a
number of slices through the image is more appropriate.

Figure 1.14: Projection of the lines of the image onto an axis. The green line is the ﬁt
to the data.

Gauss ﬁt to the wings of central slices of the image
If the shape of the cloud in the image does not represent the expected Gaussian
density distribution of the particles, we detect the center of the cloud in the image
(by using the above method but extracting the ﬁt parameter for the center of the
Gaussian function only) and select a number of slices through the center of the cloud
in x- and y-direction. The number of slices selected depends on the dimensions of
the cloud of the particular measurement.
For those slices, the central part is neglected in the evaluation, i.e. the ﬁt is made
using the ’wings’ of the absorption proﬁle only. The wings are deﬁned by analysis
of the absorption and the division image and extraction of the area in the image
where the representation of the cloud is not aﬀected by instrumental or experimental
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issues.
Later, we average over the selected slices to compensate for noise.
Diﬀerent from equation 1.4.17 we do not start from a 2D image of the cloud but
from a single slice which is given by

ln
Our ﬁtting function is

thus A equals

I
I0


= −n0 · σabs,0 ·

√



x2
2πσz · exp − 2 .
2σx

(1.4.25)



(x − m)2
A · exp −
+ C,
2σx2

(1.4.26)

√
A = n0 σabs,0 2πσz .

(1.4.27)

Again, we assume the cloud to be totally symmetric, i.e. σx = σy = σz , which yields
the total atom number
N0 = n0 · VGaussian

√
A · ( 2πσx )3
=
.
σabs,0

(1.4.28)

The density is again calculated using equation 1.4.24.

Figure 1.15: In case that the absorption of the cloud is very strong due to high atomic
densities and/or very low absorption laser light intensities, the transmission drops to zero
at the center of the cloud. In this case, the image does no not represent a Gaussian
density distribution anymore and therefore a Gaussian is ﬁtted to single lines of the image
for evaluation.
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Figure 1.16: Fit to the wings of the image to correct for high absorption in the middle
of the cloud due to multiple scattering of the absorption laser light and/or low absorption
laser intensities on the CCD chip

Density measurement: absorption laser frequency scan
The density in the atomic cloud can be measured by making use of the well-known
detuning dependency of the absorption cross section
σabs (ω) = σabs,0 ·

Γ2
,
4(ω − ω0 )2 + Γ2

(1.4.29)

and equation 1.4.17.
When measuring the column height at the spot of maximum absorption only, the
exponential function in equation 1.4.17 becomes 1 and we get
 
√
I
1
(1.4.30)
= −n0 · σabs,0 · 2πσz ·
ln
 2
I0
1+4 ∆
Γ

with ∆ being the detuning from the atomic resonance.
Note that the results deduced from these measurements are very sensitive to the
linewidth Γtotal , i.e. the combined linewidth of the transition plus the laser linewidth
on the time scale of the imaging, as can be seen from equation 1.4.30. Therefore,
one can extract the linewidth of the absorption laser from the linewidth measured
(measured linewidth ≈ natural linewidth + laser linewidth) in case that the density
of the observed sample is small and line broadening eﬀects can be neglected. In
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Figure 1.17: Typical ﬁt to an absorption laser scan, here for a scan of the cloud in a
detuned dark spot, resulting in a peak density of 3.4 ± 1.2 · 109 cm−3

.
an analysis like this, we ﬁnd approximately the same laser linewidth as measured
before, see section 1.3.1.
Temperature measurement: ballistic expansion thermometry
For temperature measurement, we use expansion thermometry. We release the cloud
and take images at diﬀerent times after release, thereby analyzing the expansion
dynamics. The temperature of the atomic cloud can be deduced from the expansion
velocity.
The method is based on the equipartition theoreme. If we observe the expansion of
the cloud in one direction, i.e. if we observe only one degree of freedom we can write
1
1 2
kB T = mvtherm
2
2

(1.4.31)

with v being the thermal velocity of the atoms in the cloud, thus being vtherm =
σ
and σ being the σ-radius of the atomic cloud. Thus one gets
texpansion

σ(texp ) =

σ 2 (0) +

kB Trad 2
t .
matom exp

(1.4.32)
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Figure 1.18 shows a typical ﬁt to the radii obtained in a ballistic expansion thermometry measurement. The parameters obtained from the absorption images are
averaged over a number of cycles, each starting with the ﬁrst image taken after 4.4
ms and the last image always taken 10.4 ms after the release from the trap.
While the cloud is illuminated by the absorption laser beam, it keeps on expanding,
i.e. the absorption characteristic is the result of an integration over the time of
illumination. Especially when the imaging time is long, i.e. at low absorption laser
light intensities, one must compensate for that in the evaluation by rescaling the time
axis appropriately. If the cloud is illuminated only several hundred microseconds for
imaging in the future, these corrections can be omitted.

Figure 1.18: Typical ﬁt to the data obtained by expansion thermometry. Every data
point is an averaged result from 8 images taken at each expansion time. Two such ﬁts
are obtained for every measurement: One in the x- and one in the y-direction of the
absorption image. The single shown error bar represents the typical range of the error
estimation (statistical deviation of the σ-width of the cloud for each measurement in 8
cycles taken).

We found that the internal shutter of the camera is relatively slow as it needs ∼ 3ms
to open fully. For this reason it was not possible to take the ﬁrst image earlier than
∼ 4.0ms after release of the cloud until the end of this work. As the beam diameter
in front of the camera is considerably large, a large shutter is needed and even the
implementation of a ’turbo’ shutter with an overdrive circuit that drives the shutter
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coil with high current (see appendix C for the circuit diagram of the built shutter
driver) did not solve the problem.
The eﬀect of this issue on the temperature estimation is quite small as only the
slope of the ﬁtting function is relevant for it and can even from images taken that
late after release be quite accurately obtained. Nevertheless, the extrapolation to
σ(0) is fairly inaccurate from our data points and aﬀects the accuracy of our density
measurements as they are based on the σ(0) radius of the cloud.
Figure 1.19 shows typical images of the expanding cloud taken form the temperature
measurement ﬁtted in ﬁgure 1.18.

Figure 1.19: Typical images of the expanding cloud used for temperature measurements.
T represents the time after the release from the trap.

The results presented in this thesis that are based on absorption images have been
evaluated using Mathematica. The developed scripts do read unprocessed FITS
images that have been saved directly by the Labview interface of the camera, extract the information required for evaluation, process the images provided and do
additionally average over many images, if nevessary. The FITS deﬁnition, some key
features that come to use in the image processing, and remarks on the evaluation
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scripts can be found in appendix A.

1.4.4 Guiding ﬁeld and upgraded magnetic ﬁeld
compensation
As mentioned above, the pumping eﬃciency prior to imaging the cloud can be
improved by providing a magnetic quantization axis that dominates over diﬀuse
magnetic ﬁelds in the laboratory. To provide a quantization axis during pumping
of the observed atomic cloud, we applied a small homogenous magnetic ﬁeld along
the z-axis, so that the σ + -polarized absorption laser light can eﬃciently pump the
atoms of the trapped ensemble into the closed transition 6S1/2 , F = 4, mF = 4 ←→
6P1/2 , F = 5, mF = 5, even if there are other disturbing magnetic ﬁelds present.
Therefore, a new compensation coil for the z-direction with a larger diameter was
installed, so that the coil on top of the experiment chamber could be used for the
application of a guiding ﬁeld.
The new z-direction magnetic ﬁeld compensation coil had been planned previously
to have 50 windings above and 50 windings below the chamber and to be mounted
symmetrically with respect to the MOT center at a prepared cage around the chamber. Due to apparative limitations, it was impossible to comply with that planning
and the lower compensation coil is now mounted below the table with a increased
winding number of 56 to compenzate for the larger distance from the trapping area.
Additionally, it hat to be mounted slightly displaced in the x- and y-direction against
the upper one with 20 windings now. The displacement in both directions is 15 and
25mm, see ﬁgure 1.20.
The required current for best magnetic ﬁeld compensation has been found doing recapture experiments with the MOT, maximizing the number of recaptured atoms at
diﬀerent current settings for the installed z-compensation coils. Simulations below
have been done for the found operation current of 575mA. Figure 1.20 displays the
now realized geometry and ﬁgure 1.21 shows a simulation of the symmetry of the
magnetic ﬁeld provided by the slightly displaced coils as installed.
Even if the now realized geometry exhibits a non-zero ﬁeld gradient in z-direction
(see ﬁgure 1.22) in the close surrounding of the MOT, the thereby caused splitting
is neglectable. From the magnitude of the non-zero ﬁeld in the surrounding of the
MOT, the caused Zeeman splitting of the 2P3/2 ,F=3 state of Lithium has been calculated and is shown in ﬁgure 1.23.

1.4. ABSORPTION IMAGING

39

Experimentally, the new compensation has proved advantageous when adjusting the
overlap of the Li and Cs cloud.

Figure 1.20: Coil geometry as installed. The lower z-compensation coil had to be mounted
displaced out of symmetric position due to apparative limitations. For these large coils,
simulations show that the asymmetry of the compensation ﬁeld is still neglectable compared to other diﬀuse ﬁelds in the laboratory.

Guiding ﬁeld
In one measurement, a guiding ﬁeld was provided using circular coils directly mounted
at the chamber. The winding number is N=35, the diameter ∼ 155mm. We applied
a ﬁeld of 1.98G at a current of 550 mA.
With the application of the guiding ﬁeld, we detected more than twice as many
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Figure 1.21: Qualitative image of the magnetic ﬁeld strength in the MOT plane. The
asymmetry is caused by the shift of the lower coil out of the optimum position due to
apparative limitations. For an ideal setup, the ﬁeld strength in the MOT are would be
zero.

Figure 1.22: Theoretically remaining
gradient in z-direction, non-zero due to
the shift of the lower coil out of the
optimum position.

Figure 1.23: Remaining Zeeman splitting of the (2P3/2 ,F=3) state of lithium
caused by the shift of the lower coil out
of the optimum position.

atoms, see 1.4.5. Due to problems with switching the ﬁeld, the guiding ﬁeld could
not be used in all measurements.
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1.4.5 Remarks on imaging intensities, optical pumping and
absolute analytic results
The imaging system was started up for the ﬁrst time during this work and experiments have been carried out not only altering the trapping conditions but also
altering the imaging parameters yielding detailed experience on how to operate the
imaging system and how to extract absolute values. This section is on the extraction
of absolute values from absorption images and on the uncertainties of the extracted
absolute values in this work. It is of crucial importance to fully understand the coherences of the absorption cross section and the used imaging intensity, the timings
involved and the consequences of the imaging conditions for the obtained results.
As already deduced in equation 1.4.7, the absorption cross section is
σ=

σabs
.
1 + 4(∆/Γ)2 + (I/Isat )

(1.4.33)

In case that the absorption images are taken on resonance, i.e. ∆ = 0, the equation
reduces to
σabs
σ=
,
(1.4.34)
1 + (I/Isat )
even more clearly exhibiting the critical dependency of the absorption cross section
on the imaging intensity. All images taken during this work have been taken at
imaging intensities far below the saturation intensity, so that I < Isat . Nevertheless
we decreased the imaging intensity down to a very low level to make sure that
I << Isat and thereby justifying the assumption σ = σabs .
For lowering the intensity 550 times below the saturation intensity we paid the
unfortunate price of approaching the detection limit of the camera, which cannot be
corrected accurately in the evaluation, and which poses a problem for the reliability
of the absolute values given in this work. Especially the absorption imaging of dark
SPOT is aﬀected because the cloud became so dense that in the area around the
center of the cloud no photons of the imaging light reached the CCD chip anymore.
This eﬀect that can already cause problems at higher imaging intensities is even
worsened at the very low intensities used since the contributions from operating close
to the detection limit, i.e. at a relatively bad signal-to-noise level, and contributions
from multiple scattering within the cloud cannot be distinguished precisely.
It has turned out that even when using imaging intensities that nearly bleach the
CCD chip at the exposure times used, the saturation intensity is not reached by far,
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meaning that we scattered about 1000 photons per atom at ’high’ intensities and
even less at the intensities used.
We found that for future measurements using absorption imaging, we will have to
use imaging intensities of the highest level possible and to shorten the exposure time
as much as possible, since we will stay well below the saturation intensity even then,
so that the above assumptions are still justiﬁed but a number of problems in the
evaluation will be solved.
In principle, the intensity could be reconstructed from the division images taken,
by taking the quantum eﬃciency (36%), the ADU (1.3, analog to digital units per
pixel) gain and the exposure time into account. Since the correction factors are
based on the diﬀerences found between single measurements before and after critical
changes in the setup, the results would though be aﬀected by systematic errors and
uncertainties. Therefore, all atom numbers and densities presented in this work
are uncorrected raw results from the images, since the maximum reliability of the
measurements is conserved by that.
Some of the numerous measurements done allow reliable estimations of lower limits
of the real atom numbers from the raw data. The methods for that and the correction
factors obtained are presented in the next section, though not applied in the rest of
the document.

Applicable correction factors
To be able to make a realistic estimate for the real atom numbers and densities,
we have deduced correction factors from the measurements taken before and after
the alteration of imaging parameters or other experimental conditions aﬀecting the
absorption imaging. These are listed below and can be kept in mind when comparing
numbers between measurements. Note that all numbers, even after application of
the obtained correction factors are always lower limits, since detected atoms have
deﬁnitely been trapped, whereas the number of undetected atoms is unknown.
• Application of guiding ﬁeld - increased eﬃciency of optical pumping
The application of a guiding ﬁeld resulted in an increase of the measured atom
number of the meanwhile unchanged SPOT by a factor of
Cguiding ≈ 2.09
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as lower limit. This factor can be applied for all measurements since all presented measurements have been taken without the application of a guiding
ﬁeld. We do not know if the imaging pulses that were used to characterize
the MOT have already been intense enough to pump all atoms into the closed
cycle.
• Underestimation of the cloud height due to increased background level
Although the background has been subtracted prior to each measurement,
changes of the ambient light and reﬂections from even rough surfaces inside
the chamber begin to play a role at very low imaging intensities. This increased
background level does decrease the absolute value of the logarithm of the ratio
of the absorption- and the divison image ln II0 and thereby the cloud height.
From sets of images taken at diﬀerent intensities, we ﬁnd that the results
presented in this work do at least have to be multiplied by
Cheight ≈ 1.22
as lower limit, though the real magnitude of the eﬀect is unknown and might
be much larger.
• Overestimation of the cloud radius due to increased background level
When comparing the results from the same measurements as above, we ﬁnd
for the same trap the σ-radii obtained being overestimated by at least a factor
of
Cσ ≈ 1.14
as lower limit for the measurements taken at very low imaging intensity. This
aﬀects of course the measured density for the SPOT as the cloud radius enters
the density as a cubic value.

For the MOT, the atom number in the trap can also be deduced from collision rates,
since the rate coeﬃcients are known from measurements [Sch98a]. Measurements
based on the collision rates resulted in densities about a factor of two larger than
the ones obtained from absorption images. This is in agreement with the increased
atom number / density detected with the application of a guiding ﬁeld.
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1.5 Fluorescence level calibration based on
absorption images
Since trapped atom numbers were often monitored during this work on-line by observing the ﬂuorescence intensity of the cloud, the voltage obtained from a photodiode collecting ﬂuorescence light from the MOT has been calibrated using the
absorption imaging system. The result is
cal = 6.2 ± 0.3 · 106 atoms/V

(1.5.1)

at a cooling laser detuning of -13.6MHz, i.e. -2.6 Γ from the 6S1/2 , F = 4 →
6P3/2 , F = 5 resonance. The measurement of atom numbers from ﬂuorescence has
to be considered carefully, since one has to make sure that the trapping conditions
(cooling laser detuning must be unchanged, the trap must not be moved out of
focus of the photo diode !) equal the ones used for calibration. Nevertheless, the
ﬂuorescence of the trapped cloud poses a good ﬁgure of merit for monitoring when
working at the apparatus and gives at least the order of the atom number.

1.6 MOT characteristics
Prior to the implementation of the dark SPOT for the reasons given in 1.2, the Cs
MOT was characterized, thereby starting up the imaging system described in 1.12.
The MOT was then stepwise rebuilt to a SPOT, always re-analyzing the trapping
conditions after each step.
In this section the trapping conditions directly before the installation of the SPOT
are documented. Keep in mind that all atom numbers and densities presented in
this work are uncorrected, in the sense that no corrections for optical thickness,
apparative limitations and low imaging intensities have been applied, see section
1.4.5.

1.6.1 Temperature, atom number and density
The temperature of the trapped sample was measured many times under diﬀerent
conditions, among other things thereby simultaneously monitoring the expansion
characteristic of the cloud at the given circumstances in an optical molasses using
the CCD cameras that observe the cloud. Switching from MOT conditions to the
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conditions of an optical molasses was done by switching the magnetic ﬁelds oﬀ using the experiment control. It turned out that the sample temperature was not
signiﬁcantly aﬀected by focussing on attaining isotropic expansion when aligning
the trapping beams. Therefore, the MOT beams were always aligned to trap the
maximum atom number.
The results of the temperature measurements done with the MOT, and the atom
numbers and densities deduced from single images are shown in table 1.6. For the
density calculation, the σ0 -radii measured in 1.6.1 have been taken into account.
Parameter
Temperature
σ(t = 0)-radius
Atom number
Atom density [cm−3 ]

Results (averaged over x/y)
236 ± 26µK
1.07 ± 0.02mm
4.4 ± 0.3 · 107
2.4 ± 0.1 · 109

Table 1.6: Results from temperature-, atom number- and density measurements before
implementing the dark SPOT. Measurements have been done at a cesium oven temperature
of 90◦ C. The errors of the temperature- and the σ(t = 0)-measurement are dominated by
the diﬀerences of the results in x- and y-direction of the absorption images. For the errors
of the atom number- and density measurement, the ﬁtting errors and Gaussian error
propagation have been taken into account.

It is obvious that we currently do not cool the atoms down to the Doppler limit (TD
is 125µK for Cs) or below the Doppler limit. Reasons for that might be the large
linewidth of the diode lasers of the Cs MOT system and the trapping conditions
that are optimized to trap the maximum atom number instead of maximizing the
eﬀects of the sub-Doppler forces [Tow96].
We trap the atoms at high trapping laser intensity and load a very large number
of atoms into our trap, thereby creating a large cloud of atoms up to a diameter of
more than 3mm. Cesium MOTs of similar size were examined by Sesko et al. and
our temperatures measured are even below the ones presented in [Ses91] (1mK in a
trap of 3mm diameter).
To be aware of involved experimental dependencies and to be able to fully control
the trapping parameters, the trapping lasers have been scanned in their frequencies
and the trapped atom number and density has been measured at the same time.
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The results are explained in the following section.

MOT laser scans
To measure the dependency of the attainable atom number vs. the red-detuning of
the MOT-lasers, the Zeeman slowing laser and the cooling laser have been scanned
in frequency.
The detuning of the repumper laser was scanned after the implementation of the
dark spot (see chapter 2) - for MOT operation the repumper was always optimized
on-line for trapping the maximum atom number.
Figures 1.24, 1.25, 1.26 and 1.27 show the results of the frequency scans of the
cooling- and the Zeeman slowing laser.
The scan of the cooling laser exhibits a maximum of the trapped atom number at
-3±0.25 ΓCs . Since the eﬀect on the density of the trapped atoms in the scanned
interval is by way of comparison smaller than the one on the atom number, the
detuning has to be optimized to trap the maximum atom number.
Since the Zeeman slowing laser is used for the deceleration of the atoms from the
oven, thereby increasing the loading rate of the trap, the detuning of the Zeeman
slowing laser does not substantially aﬀect the attainable density, but the atom number, exhibiting a clear maximum at -11±1 ΓCs . To be able to compare numbers,
before and for the rest of the experiments presented in this work, the MOT and
SPOT have always been operated at a detuning of the cooling laser of −2.6 ± 0.1
ΓCs and a detuning of the Zeeman slowing laser of −10.7 ± 0.1 ΓCs in agreement
with the results of the presented measurements.
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Figure 1.24: Atom number vs. the detuning of the cooling laser from the F=4 −→ F’=5
resonance. The measurement exhibits a clear maximum at -3±0.25 ΓCs .

Figure 1.25: Atom density vs. the detuning of the cooling laser from the F=4 −→ F’=5
resonance.
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Figure 1.26: Atom number vs. the detuning of the Zeeman slowing laser from the F=4
−→ F’=5 resonance. The measurement exhibits a clear maximum at -11±1 ΓCs .

Figure 1.27: Atom density vs. the detuning of the Zeeman slowing laser from the F=4
−→ F’=5 resonance.

2 The cesium dark spontaneous
force optical trap
This chapter starts with an introduction to the dark SPOT by outlining the trapping
mechanism, the technical realization and its features in section 2.1. Section 2.2 is on
the requirements on the cesium dark SPOT and on the design of the setup as installed
in our experiment. In section 2.3, experiments from the initial to the optimum
conﬁguration of the Cs dark SPOT setup are presented and the characteristics of
the detuned Cs dark SPOT are shown. The last two sections of this chapter 2.4 and
2.5 are on the characterization of the Cs forced dark SPOT.

2.1 Introduction to the Dark SPOT
The term ’dark SPOT’ (dark spontaneous optical trap) designates a trapping setup
that was set up for the ﬁrst time by Wolfgang Ketterle et al. [Ket93] and is technically very similar to the setup of a MOT. Dark SPOTs have been set up by many
other groups, e.g. [Hai04, Ker04, Wan05], making use of the seemingly slight but
eﬀectively large diﬀerences that exist compared to the MOT, especially of the possible density increase compared to a similar MOT and the suppression of loss due
to light-assisted collisions.
The ﬁrst SPOT realized was installed to overcome the limited atomic density attainable in a MOT (see 1.1.3) that is caused by the absorption and re-emission of
photons from the trap light, thereby creating a net pressure to the outside of the
trap. Addressing this eﬀect, the initial idea was to diminish the repumping light
intensity in the trap in order to reduce the scattering rate of the atoms and thereby
to raise the density limit for the atomic sample. In terms of the operating regimes
of a MOT outlined in section 1.1.3, the density-limited regime comes into action at
a SPOT density that is one order of magnitude larger than the one for the MOT.
Ketterle et al. were able to increase the atomic density in the sodium SPOT by 1-2
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orders of magnitude compared to the sodium MOT.
In this chapter, the dark SPOT is introduced, ﬁrst traditional and then with focus
on the suppression of light-assisted collisions.

2.1.1 Dark SPOT theory
To reduce the repumping light intensity in the MOT, the central area of the repumper beam is blocked by a non-transmitting object1 .
In the center of the “dark” area, where
the repumper is blocked, the atoms are
transferred or are oﬀ-resonantly excited into
the ’dark’ 6S1/2 ,F=3 state and are neither
re-excited by any repumper, nor are they
sensitive to the cooling light left unblocked.
Diﬀerent from the MOT, where the fraction
of atoms in the lower hyperﬁne ground state
is kept small, in the dark SPOT this fraction
is kept large or even intentionally populated
very strongly and a large number of atoms
can accumulate in the dark region, interacting only via the weak van der Waals-force.
By this method, the density in the trap can
be increased, and an area in the center of the
trap is created where the atoms are shielded
from light-assisted collisions.

Figure 2.1: Normal MOT, one trapping volume

Figure 2.2: SPOT, two diﬀerent regions

Population transfer into the dark state
For cesium, the population transfer into the dark state is not as eﬃcient as for
the lighter alkali atoms due to the larger mass, in turn causing a larger hyperﬁne
splitting. The large hyperﬁne splitting causes the oﬀ-resonant excitation rate to be
1

In this work, the word “spot” is used synonymically for the trapping type “SPOT” (then in large
letters) and the blocking object in the repumper, that has for symmetry reasons the form of a
small circular area, a “spot” (then in small letters).
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small. Therefore a number of techniques have been developed to eﬃciently transfer
the atoms into the dark state. Depending on the trapped species and the experimental focus there are diﬀerent operating modes for a dark SPOT:
• Detuned dark SPOT
In case that the oﬀ-resonant excitation rate into a state that can decay into
the dark state is large enough, reasonably large dark state fractions can be
reached for some species (e.g. sodium) by detuning the repumper further from
the resonance. Thereby the eﬀective intensity of the repumper is decreased
and the fraction of dark atoms becomes thus larger.
• Forced dark SPOT
In case that the oﬀ-resonant excitation rate is small (e.g. for cesium), an
additional so-called “depumper” laser has to be installed. The depumper is
used to populate an energy level from that the atoms can decay into the dark
state (see ﬁgure 2.3) by means of a dipole transition. This method can be

Figure 2.3: Schematic level scheme of Cs with the MOT lasers and a depumper that
populates the 6P3/2 ,F=4 state, from that the atoms can decay into the dark 6S1/2 ,F=3
state.

combined with the method above, even if in that case one has to be able
to separately detune the repumper in the Zeeman slower and in the trap.
Otherwise, when loading from a Zeeman slower in that the atoms have to
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be repumped in the slowing process very strongly, a large detuning of the
repumper causes the loading rate of the trap to drop by orders of magnitude
and is therefore not desirable.
• Transient dark SPOT
By changing the conditions from those of a MOT to those of a SPOT, molasses temperatures can be reached together with high densities. The trapping
scheme is quite impractical because of high collisional losses causing a short
trapping time. In our particular case the trapping scheme is not favourable
because the SPOT would in that case no more operate continously. A cyclic
loading of the trap would cause the photoassociation experiments that involve
scans of the photoassociation- or REMPI laser to take much longer than they
already do.
Bright- and dark state fraction
There are two fractions of atoms in a dark SPOT at all times, the so-called bright
state fraction p,
Nu
p=
(2.1.1)
Nu + Nd
i.e. the atoms in the ’bright’ state 6S1/2 ,F=4, and the so-called dark state fraction (1 − p), i.e. the atoms in the dark state 6S1/2 ,F=3. The ﬂuorescence of the
trapped atoms is then a factor p smaller as for a MOT with the same atom number.
The fraction of atoms in the dark state can be increased by shining in a so-called
’depumping laser’, i.e. a laser that pumps the trapped atoms into a state that can
decay into the dark state via a dipole-allowed transition.
If Rrep is the repumping rate and Rdep is the depumping rate, the inverse values are
the lifetimes of atoms in the upper (Nu ) and the lower (Nd ) hyperﬁne ground states,
i.e. τu is the lifetime in the upper, and τd is the lifetime in the lower hyperﬁne state.
The numbers of atoms in the upper and lower hyperﬁne ground states are then
τu
Rrep
Nu
=
=
.
(2.1.2)
Nd
τd
Rdep
In case that the number of atoms in the dark state Nd is large compared to the
number of atoms in the upper hyperﬁne ground state Nu , the time that a trapped
atom spends in the dark state is related to the dark state fraction by
1
τd
≈ .
(2.1.3)
p
τu
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Dark SPOT density and atom number
Equal to the regimes in a MOT (see 1.1.3), there are similar limitations for the
density and the trapped atom number in a dark SPOT. The features exhibited by a
dark SPOT and the limiting processes are discussed in [Tow96] and shall therefore
be only outlined here.
• Multiple-scattering regime
In the multiple-scattering regime the density is proportional to the density in
a MOT
OT
nM
MS
ndS
.
(2.1.4)
MS =
p
This dependency can be interpreted as that only the fraction of atoms in the
bright state limits the attainable density in a dark SPOT in the regime where
the dipole interaction dominates other loss processes like e.g. collisions with
the background gas.
• Temperature-limited regime
In the temperature-limited regime, the atoms move independently in the volume determined by the trap temperature and the “spring constant” [Tow95,
Wal90] of the trap only. Caused by the small number of trapped atoms, the
scattering within the cloud is insigniﬁcantly small.
To make an assumption on the density in this regime, one has to use the
equipartition theoreme 12 κrT2 = 12 kB T and make the assumption that the density distribution in the cloud is at least close to Gaussian. One then ﬁnds that
in this regime, the density decreases in the dark SPOT when the dark state
fraction is increased as

3/2
κ
N
dS
nT = √ 3
p3/2 .
(2.1.5)
kB T
2π
• Free travel-limited density regime
In case that the repumping rate is low and the depumping rate is high, the time
of an atom spent in the dark state becomes long. In that case the atoms are

traveling for a mean time τd with a root-mean-square velocity v = kB T /m a
mean distance of λ ∼ vτd and thereby broaden the trap dimensions compared
to those of a MOT with the same atom number (∼ 107 ). In that case one
can again start from a similar ansatz as above with the equipartition theoreme
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1
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and gets similarly to the density in the temperature-limited
N
nλ = √ 3
2π



m
kB T

3/2 

p
τu (1 − p)

3
.

(2.1.6)

In this work a substantial increase in density was reached, nevertheless the work has
been focussed on the decrease of the rate of light-assisted collisions. This decrease
of collisional loss between atoms of the same species is based on the reduction of the
collisional cross section by making the van der Waals-interaction the leading term
in the interaction series between two equal atoms in the trap instead of the resonant dipole-dipole interaction. A more detailed discussion can be found in chapter 3.
The collision cross-section for two trapped atoms of the same species can be written
as
σ = ρgg σg + ρee σe
(2.1.7)
Atoms in the excited state interact strongly with ground-state atoms of the same
species via the resonant dipole-dipole interaction, i.e. σe > σg . Using equation 2.1.7,
the ratio of the atom number in a MOT to those in a SPOT is thus
NdS
1 + ρee (σe /σg − 1)
.
=
NM OT
1 + ρee (σe /σg − 1)p

(2.1.8)

With p < 1, a larger number of atoms can be loaded into the SPOT compared to
the MOT.

2.2 Dark SPOT setup
Planning the dark SPOT setup was eased and hindered at the same time by the
running and already having proved itself successful apparatus. One of the guidelines
when planning the setup was to leave the basic Cs MOT setup unchanged and to keep
the SPOT removable enabling the experimenter to switch back to MOT operation
quickly by only taking the blocking spots out of the beams. A fundamental diﬀerence
from other experiments in which dark SPOTs are used, is that we load the MOTs
from an evaporation oven through a Zeeman slower. The Zeeman slowing light is
superimposed with repumping light in front of the ﬁber which transfers the Zeeman
slowing light to the experiment table. Hence, a blocking spot in the Zeeman slowing
beam blocks not only the repumping light in the beam, but also creates a cigar
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shaped hole2 in the Zeeman slowing beam, thereby decreasing the loading eﬃciency.
Townsend et al. write in [Tow96] that they were unable to achieve high dark state
fractions for Cs without an additional depumper due to the very small oﬀ-resonant
excitation rate populating the dark state. We found that both of the pre-installed
lasers for the prepared Cs Raman sideband cooling setup [Lan07] can be locked to
atomic resonances from which they can be frequency-shifted using AOMs to the
required transitions. The optical setup for the transfer of both the depumper and
the ﬁll-in had to be realized. The ﬁll-in laser is an additional resonant repumper
irradiated into the center of the dark SPOT trap that is used to transfer the dark
atoms into the bright state for ﬂuorescence analysis or absorption imaging.

2.2.1 Spot material and extinction ratio
The spot material plays an important role, although being a very trivial part of the setup.
The ﬁrst idea was to use a small metal chip because of the zero transmission of even very thin
chips. Nevertheless, a metal chip would backreﬂect the in forward direction extincted central
beam and could very easily scratch the surface of
the anti reﬂection coated mounting glass plate.
Another idea was to use sticky tape, but we were
unsure if the solvent used for the glue would corrode the coating of the glass plate when experimenting with diﬀerent spot sizes, then removing
and re-attaching the spot again and again.
Figure 2.4: One of the spots,
The now installed spot is made from thin black
mounted to a 1 inch glass plate
plastic, taken from the protective slider of a
(AR coated). The spot in the
3.5inch computer diskette drive disk, and was
Zeeman beam is mounted at a 2
stamped out using a customary ticket-punch.
inch glass plate.
The material is non-transparent, light and therefore easy to attach and easy to work with. It is soft enough to not easily scratch
the coating or surface of the mounting glass plate. We stick it to the glass plate by
using a drop of water so that it is basically held by the surrounding pressure when
2

The spot is sharp in the MOT plane only.
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dry. Now, after experimenting and ﬁnding the optimum parameters for dark SPOT
operation, the spot does not have to be removed and re-attached anymore and can
be glued to the glass plate in case it falls oﬀ.
The spot must be imaged onto the center of the trap as otherwise repumping light
is diﬀracted into the trap from the edges of the spot and avoids the creation of
a suﬃciently large dark state fraction or requires an unnecessary large amount of
depumping light, thereby strongly heating the trapped sample.
Since the SPOT should be designed to be removable, the diameters of the beams at
the position of the trap had to be kept unchanged. For all three repumper beams

Figure 2.5: Exemplary result of the extinction measurements. The black curve is the
beam proﬁle measured by scanned the pinhole without the spot but all imaging lenses in
the beam through the trap plane. The red curve is the same measurement with the spot
imaged onto the trap plane.

the extinction ratio of the spot was checked beforehand using a separate beam setup
that fully corresponds to the beams in the real setup. The spot was placed into
the beam and a 200µm pinhole was moved through the plane of the virtual trap
location. Behind the 200µm pinhole a lens was placed, focussing the transmitted
light onto the detector of a power meter. The extinction ratio was found to be lower
than the detection limit, i.e. at least 1 : 2.5 · 104 . Figure 2.5 shows an exemplary

2.2. DARK SPOT SETUP

Figure 2.6: Qualitative image of the spot imaged onto a CCD detector

result of the measurements.
The tolerance of the imaging quality against misplacement of the spot or the lenses
was not systematically measured though we can say that a Fresnel diﬀraction spot
was not visible until the longitudinal misplacement exceeded 10 centimeters. Figure
D.1 in appendix D shows the result for a spot misplaced by 22 centimeters, which
can of course never happen in the experiment. In the experiment, the misplacement
even for our very long beam paths might be of the order of one centimeter, but
no larger. A longitudinal misplacement of the spot in the Zeeman slowing beam of
20mm from its position decreased the dark state fraction in the detuned dark SPOT
by an amount of the order of 5%.
Figure 2.6 shows the extinction caused by the spot imaged onto a CCD chip. The
deviation from a perfectly round spot is due to imperfections of the used ticket-punch
and brittleness of the used material.

2.2.2 Imaging of the spot and optical setup
The imaging setup for the spot is designed as compact as possible, given that the
cooling laser beams had to be left unchanged, and the setup had to be designed
ﬂexible in terms of changing from SPOT- back to MOT operation by removing the
spots only. Therefore, the imaging of the spots had to be realized by 1:1 imaging
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Figure 2.7: Beam paths as they were planned for the repumper beams that enter the
experiment chamber superimposed with the cooling laser beams. Not to scale.

Figure 2.8: Beam paths as they were planned for the Zeeman beam. The Zeeman beam
contains repumping light and has to be focused into the oven nozzle to optimize the loading
rate of the trap. Not to scale.

setups.
For the repumper beams that enter the experiment chamber superimposed with the
cooling laser beams, the minimum focal lengths of the imaging optics are given by
the position of the last polarizing beam splitter (PBS) in front of the trap. In this
PBS, the cooling laser beams are superimposed with the collinear repumper beams,
and since the cooling beams shall of course not be focused, the imaging lens could
be only positioned in the repumper beam in front of the PBS.
The minimum focal length of the imaging lens in the Zeeman beam which is already
superimposed with repumping light when put through the optical ﬁber to the main
experiment table, was given by the distance from the optical trap to the window
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of the experiment chamber. Taking all those aspects into account, the setups have
been chosen to be designed as 4f-imaging setups lengthening the already extensive
repumper beam path to up to 4m from spot to the trap. Figure 2.7 shows a drawing
of the setups for the repumper beams (collinear with cooling beams) and ﬁgure 2.8
a drawing of the setup of the Zeeman beam that is superimposed with a repumper
beam. Figure 2.9 shows the optical setup of the cesium dark SPOT on the experiment table. Figure 2.10 shows the optical setup of ﬁll-in and the depumper laser on
the experiment table.

2.3 The detuned dark SPOT
Transforming the MOT setup into that of a Cs dark SPOT has been done by taking
single, controlled steps. We characterized the trap after each alteration and made
sure to achieve equal conditions for the MOT after each step. The main steps have
been
• rebuilding the repumper beams and making sure that the MOT is not aﬀected
when the spot is not in the beam
• rebuilding the Zeeman slowing beam and making sure that the MOT is not
aﬀected when the spot is not in the beam
• setting up the beam path of the ﬁll-in laser to be able to measure the dark
state fraction
• placing a spot of 3.5mm in the Zeeman slowing beam and ﬁnding the right
spot size and repumper detuning.
• unblocking the repumper beams that are superimposed with the MOT beams,
installing the additional spot
• characterizing the detuned dark SPOT
• setting up the beam path of the depumper. Implementation of the ﬁll-in and
the depumper into the experiment control.
• characterizing the forced dark SPOT
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Figure 2.9: Repumper beam paths on the experiment table as modiﬁed for the SPOT
setup. All dimensions are measured and are inaccurate by up to 5mm. The optimum
positions of the lenses and the spots are found experimentally (optimizing the dark state
fraction). The window ﬂanges of the chamber have been assumed to have a thickness of
10mm. The dimensions are not to scale.
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Figure 2.10: Fill-In and depumper beam paths. All dimensions are measured and are
inaccurate by up to 5mm. Not so scale.

2.3.1 Dark state fraction measurement
One characteristical parameter of a dark SPOT is the dark state fraction (1 − p).
There are two ways to measure the dark state fraction with our apparatus:
1. The dark state fraction can be measured by ﬂashing the MOT with the ﬁll-in
laser (additional resonant repumper irradiating the trap) and by monitoring
the ﬂuorescence.
The dark atoms are pumped back into the bright state and the ratio of the
ﬂuorescence levels in the dark and in the bright pumped state directly corresponds to the number of atoms in the bright- and in the bright- plus the
number in the dark state. A typical measurement is shown in ﬁgure 2.11.
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In a forced dark spot it is very important to switch the depumper oﬀ as long as
the ﬁll-in is on, since otherwise a second closed cycle is formed and the sample
will be blown out of position by the radiation pressure. Furthermore, a precise
dark state fraction measurement is impossible in this case due to the constant
depumping of the bright-pumped atoms.

Figure 2.11: Fluorescence levels when irradiating a ﬁll-in pulse onto the detuned dark
SPOT. The decrease of the ﬂuorescence after the overshoot is caused by intra-trap collisions
and atomic movement of the entire sample.

Figure 2.12: Absorption images, the left one is the bright state fraction, i.e. no ﬁll-in
pulse was applied before imaging the sample. On the right is an image of all atoms, i.e. a
ﬁll-in pulse was applied before imaging the sample.

2. The dark state fraction can be measured by taking absorption images. For
that, one image has to be taken without applying a ﬁll-in pulse before taking
the image and a second one has to be taken with the application of a ﬁll-in
pulse before taking the image. The ratio of the detected atom numbers then
directly corresponds to the atom number in the bright and the atom number
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in both the bright and the dark state.
Figure 2.12 shows typical images from such measurements, the bright atom
number is 9.3 · 106 , the total atom number is 5.7 · 107 , the bright state fraction
from the shown example is 16.3%, i.e. the dark state fraction is 83.7%. Due to
leaking light passing through an AOM in the ﬁll-in laser setup, the dark state
fraction could not be as accurately measured as from the ﬂuorescence during
this work. For future measurements, an additional shutter has to be installed
that fully blocks the ﬁll-in light while measuring the bright atoms only. At
very large dark state fractions, only ∼ 5 · 106 atoms remain in the bright state.
Such small atom numbers can not be detected accurately.

2.3.2 Spot size
The optimum spot size had to be determined experimentally. For that, both repumper beams in the x/y plane have been blocked, leaving only the repumper light
from the Zeeman slowing beam. Hence, the conﬁnement was only very strong in
2D. Since the spot in the Zeeman slowing beam creates a conical dark area in the
slowing beam, the size of the spot in the Zeeman beam has the most signiﬁcant
eﬀect on the loading rate of the trap. Both of the other repumper beams have been
unblocked later using the same spot size that has been found to be the optimum for
the Zeeman beam.
The diameter of the spot in the center of the trap and thereby the ratio of both
the ’bright’ and ’dark’ areas (areas with / without repumping light being present)
inside the trap has been altered systematically between 2.0 ± 0.2 mm and 5.0 ± 0.2
mm. The large error comes from the ticket-punch used and the knowledge of the
spot not being perfectly round, see section 2.2.1. For each diameter of the spot, the
trap was characterized. The main objective was to ﬁnd the spot size for that:
• the size of the dark zone does not decrease below that of the Li cloud trapped
in the MOT
In the volume occupied by the Li cloud, only dark Cs atoms shall be present,
minimizing the losses caused by light-assisted collisions. In case that the volume of the dark zone of the Cs trap would be smaller than that of the Li
cloud trapped in the MOT, light-assisted collisions would again cause signiﬁcant losses of Li atoms in the outer bright area of the Cs cloud.
Therefore, the here discussed features of a detuned dark SPOT have been mea-
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sured with diﬀerent spot sizes, although no spot of a diameter smaller than
3.5mm (FWHM diameter of the Li cloud) should be used.
• the loading rate is kept suﬃciently large
Since the Zeeman slowing laser light containes both cooling and repumping
light, the necessary block in that beam creates a ’hole’ in the Zeeman slower,
reducing the intensity in the center and therefore decreasing the loading rate.
For the MOT, the loading rate was in the range of 1.2·107 −6.2·108 , depending
on the oven temperature (70 to 110◦C). Clearly, the observed loading rate for
the dark spot must be corrected by the ratio of the dark state fraction vs.
bright state fraction as the dark atoms do not take part in the cooling cycle
and are therefore not detected by the photodiode,


1−p
spot
+1 ,
(2.3.1)
Natoms = cal · Uﬂuo ·
p
with cal being the calibration factor from the ﬂuorescence calibration, Uﬂuo
the voltage from the monitoring photodiode, and p the bright state fraction of
the trapped atoms. The dark state fraction was measured in the steady state
only, therefore for ﬁnding the optimum spot size based on the loading rate,
the loading rate of bright state atoms was taken into account only.
It turned out that the loading rate is not as important as it was thought of
when designing the dark SPOT setup. The collisional loss from the trap is
so eﬃciently suppressed that even at a small loading rate the loading still
exceeds the loss rate, even when releasing and recapturng the cloud in the
photoassociation process of our pulsed experiment. Nevertheless, when selecting the optimum spot size, maintaining a large loading rate was one of the
basic conditions.
• the atom number is large
We need to trap as much atoms as possible in the overlapping region of the Cs
SPOT and the Li MOT. In case that the other requirements are fulﬁlled, the
spot with which the largest number of atoms is trapped has to be selected.
• the dark state fraction without additional depumper is large
This condition poses the weakest restriction to the selection of the spot size,
as the dark state fraction can be increased by irradiating the depumper or if
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Figure 2.13: Spot size vs. loading rate of bright state atoms

it would have been necessary, by additionally detuning the repumper laser.
Nevertheless, it is advantageous to need only low intensities of depumper light
as the heating of the trap caused by the depumper is then kept as small as
possible.
The inﬂuence of the dark state fraction from the spot size comes from the
mean time spent by a dark atom in the dark state, which in turn is aﬀected
by the mean velocity, i.e. the trap temperature and the distance traveled by
the atom before again being repumped outside the dark region. These eﬀects
are strongly coupled, especially in our system where the loading rate is also
directly aﬀected by the size of the spot.
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Figure 2.14: Spot size vs. atom number in steady state

Figure 2.15: Dark state fraction vs. spot size
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As can be seen from the measurements shown above, the atom number in steady
state does depend on the spot size. The loading rate is strongly aﬀected whereas
the spot size plays a minor role for the dark state fraction in the SPOT. For the
experiments presented in this work, we decided to use a spot size of 3.5mm diameter
making a compromise basically between loading rate and ﬁtting of the Li MOT
(FWHM diameter is 3.5mm) into the dark zone of the Cs dark SPOT at a reasonably
large trapped atom number.

2.3.3 Repumper detuning dependency
The ﬁrst experiment done with the dark SPOT was the investigation of the trapping
parameters in dependence of the detuning of the repumper. For this analysis, we
installed only the spot in the repumper beam that is superimposed with the Zeeman
slowing beam and blocked the other repumper beams.
We measured the detuning at that the maximum atom number is trapped (see ﬁgure
2.16) and measured the dependency of the dark state fraction on the repumper
detuning (see ﬁgure 2.17).
We found the optimum detuning for trapping the maximum atom number in the
detuned dark SPOT to be in the range of
∆repumper = −65MHz i.e. − 12.5ΓCs

(2.3.2)

to the red from the F=3 → F’=4-resonance.
The MOT was always operated at a repumper detuning of ∆repumper = 0, as for MOT
operation the most eﬃcient repumping of the Cs atoms is required. Measurements
with the forced dark SPOT were done for two diﬀerent repumper detunings, once
at a repumper detuning of 0 MHz and once at a repumper detuning of -12.5 ΓCs .

2.4 The forced dark SPOT
Since the hyperﬁne splitting of the energy levels in cesium is very large due to
cesium being the heaviest stable alkali atom, the oﬀ-resonant excitation rate is very
small. Therefore, no suﬃciently large dark state fraction could be reached with Cs
while simlutaneously keeping the loading rate at a high level, i.e. while keeping the
repumper laser on resonance (cf. ﬁgures 2.17 and 2.16).
By shining in the depumper laser, the loading rate can be kept high and a large
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Figure 2.16: Trapped atom number vs. repumper detuning. The rise in the very left
part of the image at a detuning of approx. -42.5 ΓCs might be caused by the repumper
being detuned to the next possible repumping transition F=3 → F’=3.

dark state fraction can be reached at the same time. For the experiments done
with the forced dark SPOT, the conﬁguration for the detuned dark SPOT was
maintained and an additional depumper laser stimulating the transition F=3 →
F’=3 was irradiated. Measurements have been done for a repumper detuning of
-12.5 ΓCs from the resonance (largest atom number attained with no depumping),
and for zero detuning from resonance (largest loading rate).

2.4.1 Dependency depumper power vs. dark state fraction
The dependency of the created dark state fraction on the depumper intensity has
been measured and is shown in ﬁgure 2.18. It turned out that intensities below
100µW are suﬃcient to create dark state fractions beyond 90%, even when the repumper is not detuned from the resonance. The dark state fraction can be increased
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Figure 2.17: Dark state fraction vs. repumper detuning. The rise in the very left part
of the image at a detuning of approx. -42.5 ΓCs might be caused by the repumper being
detuned to the next possible repumping transition F=3 → F’=3. Errors are estimated
from short-term ﬂuctuations of the dark state fraction on a time scale of seconds.

up to 99%, while suitable atom numbers and densities are found between 90 and
95%, see section 2.4.3.
When working with the dark SPOT, the depumping intensity can be optimized online maximizing the number of atoms in the trap. Due to the very low depumping
intensities required, and due to the large deviations of the dark state fraction caused
by intensity drifts of the depumper laser, the depumper laser has to be stabilized in
its intensity for future experiments. For the experiments presented, the intensity of
the depumper has been limited in two steps: At ﬁrst, the intensity has been limited
directly after the isolator of the diode laser setup that provides the depumping
light by the use of a combination of a PBS and a λ/2 waveplate. At this point,
intensity drifts can be caused by temperature changes aﬀecting the polarization
optics. Secondly, the depumping intensity was then optimized by adjusting the
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Figure 2.18: Dependency of the created dark state fraction on the depumping intensity

diﬀraction eﬃciency (control voltage of the RF attenuator) of an AOM in the optical
laser setup. Since the AOM is already installed in the beam, a servo loop controlling
the depumper intensity should be quick and easy to install.

2.4.2 Detuning scans of the cooling- and Zeeman slowing
laser
Frequency scans of the cooling- and the Zeeman slowing laser in SPOT conﬁguration
have been done to be able to compare the SPOT conﬁguration with the Cs MOT
conﬁguration. As the measurements in ﬁgures 2.19 through 2.22 show, we could
resume operation at the same settings as for the MOT for SPOT operation of the
Cs trap, even if the characteristics exhibited by the detuning scans are slightly
diﬀerent from those of the cesium MOT.
When comparing the results shown in 2.19 through 2.22 with the results of the
detuning scans of the cesium MOT (1.24 through 1.27), one ﬁnds that the trapped
atom number and the density of the trapped atoms depends stronger on the detuning
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Figure 2.19: Detuning of the cooling laser vs. trapped atom number in the forced dark
SPOT

Figure 2.20: Detuning of the cooling laser vs. trapped atom density in the forced dark
SPOT
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Figure 2.21: Detuning of the Zeeman slowing laser vs. trapped atom number in the
forced dark SPOT

Figure 2.22: Detuning of the Zeeman slowing laser vs. trapped atom density in the
forced dark SPOT

2.4. THE FORCED DARK SPOT

of the cooling laser in the Cs dark SPOT. This is probably caused by the relatively
thin ’bright shell’ around the dark zone inside that the atoms are pumped in the
closed transition. Since the time spent by an atom in the cooling cycle is much
smaller in the dark SPOT than in the Cs MOT, the dependency on the detuning is
much stronger.
The characteristics of the scan of the Zeeman slowing laser do also diﬀer from the
ones obtained for the cesium MOT. Here in turn the dependency on the detuning
is weaker. The atom density and trapped atom number is nearly constant over a
wide range from -6 through -10 ΓCs , i.e. approximately four linewidths, which is
probably due to the decreased loss rate from the trap. The measurement was done
at each detuning after the steady state was reached, i.e. in case that the loss rate
is small, the same atom numbers and densities can be attained at diﬀerently large
loading rates over a wide range of Zeeman laser detunings. For each detuning, the
time necessary for loading is diﬀerent, but leads to almost the same trapped atom
numbers and atom densities.
Repumper detuning for the forced dark SPOT
We learned that when working with the forced dark SPOT, the repumper detuning
has to remain at 0 as then the capturing cross-section of the trap is the largest
and the highest density as well as the largest loading rate is obtained. The dark
state fraction is smaller, but can easily be optimized by adjusting the depumping
intensity, thereby not yet excessively heating the trap (see section 2.4.4).

2.4.3 Attainable density in the Cs forced dark SPOT
A traditionally important characteristic of a dark SPOT is the attained density, not
least compared to the MOT before. One expects to be able to raise the density of
the trapped atomic sample by an order of magnitude if the density was limited by
multiple scattering beforehand.
We measured the attainable density depending on the adjusted dark state fraction
for a detuned repumper (-12.5 ΓCs ) and for the repumper kept on resonance, thereby
keeping the loading rate large. Every data point consists of a temperature measurement at the speciﬁc dark state fraction to obtain σ(t = 0) and a measurement of the
atom number. The measurement of the atom number at each dark state fraction
was done by scanning the depumper intensity over the relevant range for 5 times,
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Figure 2.23: Plot of the density vs. the dark state fraction. The marked area is enlarged
in ﬁgure 2.24. For every data point, a temperature measurement at the very dark state
fraction was taken to ﬁnd the relevant σ-radius of the cloud prior to expansion. Afterwards,
at each dark state fraction a series of images has been taken, and trapped atom numbers
and densities have then been evaluated.

later averaging over the elements that belong together in all 5 scans. Thereby, the
eﬀects of long-term drifts of e.g. the depumper intensity have been minimized.
Analog to the experiments shown, we have also scanned the intensity of the ﬁll-in
laser, shining it continously into the dark SPOT. In that case, the dark state fraction
as well as the atom number and density in the trap is continously reduced. When
shining in the ﬁll-in laser at maximum intensity, we end up at similar conditions as
in the MOT.

2.4. THE FORCED DARK SPOT

Figure 2.24: Dark state fraction vs. density, the region of maximum density

Figure 2.25: Plot of the trapped atom number vs. dark state fraction in the region in
that the maximum density is attained. The atom number is about two times larger than
the one measured with our Cs MOT.
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Figure 2.26: Heating of the trap due to depumping of the trapped atoms

2.4.4 Trap heating induced by forced depumping

As mentioned in section 2.2, the depumping of the atoms into the dark state heats
the trap since a second closed cycle with the repumping light is formed, in the best
case only at the outer surface of the dark region in the trap, in the worst case with
weak repumping light in the center of the dark region. Figure 2.26 shows a measurement of the caused heating.
As has been pointed out in section 1.6.1, our Cs MOT is relatively hot, in particular
we do not cool the trapped atoms below the Doppler limit. Based on these conditions, our SPOT as well is not as cold as reported by other groups and we measure
only a moderate heating in comparison to other groups that are using dark SPOTs.
Due to the large contrast of the starting conditions for our SPOT we cannot say if
the heating is relatively weak due to the very good imaging of the SPOT onto the
trap or if we just do not measure a strong eﬀect due to the atomic sample already
being hot, and the heating being dominated by other eﬀects.

2.5. CHARACTERISTICS OF THE CS DARK SPOT

2.5 Temperature, atom number and density in
the Cs dark SPOT
Table 2.1 shows typical results found for the trapped atom number, density and
temperature in the Cs dark SPOT. When comparing the numbers with the ones
presented for the MOT, especially the atom number, keep in mind that the measurements for the SPOT have been done at 70◦ C only to make sure that the ﬂuorescence does not saturate the monitoring photodiode when pumping the atoms into
the bright state.
Parameter
Temperature
σ(t = 0)-radius
Atom number
Atom density [cm−3 ]

Results (averaged over x/y)
322 ± 23µK
0.97 ± 0.02mm
3.8 ± 0.2 · 107
6.7 ± 0.2 · 109

Table 2.1: Results from temperature-, atom number- and density measurements for the
dark SPOT. Measurements have been done at a cesium oven temperature of 70◦ C. The
dark state fraction was ∼ 93% and the repumper was not detuned from the resonance.
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3 Collisional loss and
photoassociation
This chapter is about the ﬁrst experiments done with the Cs forced dark SPOT
and is structured the following way: In section 3.1, the processes leading to trap
loss from the cesium MOT and from the cesium SPOT are brieﬂy outlined and an
experiment on the diﬀerent lifetimes of the traps is presented. Section 3.2 is about
the loss processes induced by cesium atoms in the double trap. The mechanisms
leading to loss of lithium and cesium are reviewed. A measurement of the loss from
the double MOT and from the Li MOT / Cs SPOT is presented and loss rates are
deduced for each double trap. Sections 3.3 and 3.4 are on ﬁrst photoassociation
experiments out of the Li MOT/Cs SPOT system.
Ultracold collisions have been and are of strong interest, since they involve one or
only a few partial waves and are of highly quantum mechanical nature. Ultracold
collsions are very sensitive to long-range interatomic forces.
As pointed out in the introduction of this thesis, we have observed strong losses
from the traps due to inelastic collisions out of the spatially overlapped Cs and Li
MOT. These losses have already been examined earlier by our group [Sch99a]. The
suppression eﬃciency of the collisional loss by implementing a Cs dark SPOT has
been examined for this thesis. The relevant eﬀects taking place during collisions of
ultracold atoms are reviewed in this chapter. Experimental results on collisional loss
of lithium and cesium are presented afterwards.
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3.1 Collisional loss from the cesium
MOT/SPOT
Two atoms of the same species in the ground state (S+S) interact with each other
at long range via the van der Waals-force that is proportional to
VvdW ∝

C6
.
r6

(3.1.1)

The cross section in that case is a few orders of magnitude [Ste92, Wei03] decreased
compared to the interaction of two atoms of the same species with one atom in the
excited state (S+P) that interact via the resonant dipole-dipole interaction which is
proportional to
C3
Vdip−dip ∝ 3 .
(3.1.2)
r
Two atoms of diﬀerent species, both in the ground state or one of them in the
ground- and one in the excited state, always interact via the van der Waals-force.
There are three kinds of collisions that can happen in an ultracold atomic gas trapped
in a MOT. Collisions can take place between two ground state atoms (ground state
collisions), an excited and a ground state atom (singly excited state collisions), and
between two excited state atoms (doubly excited state collisions). As the rates for
doubly excited state collisions are very low due to the necessary involvement of two
excitations, they shall be neglected in this overview. For more information on this
subject, see [Wal94].

1. Ground state collisions can lead to trap loss because of induced changes in the
hyperﬁne state of the involved atoms. The kinetic energy gain of the atoms
can lead to trap loss. For the change of the hyperﬁne state one can write
CsA (6S1/2 , F = 4) + CsB (6S1/2 , F ) →
CsA (6S1/2 , F = 3) + CsB (6S1/2 , F ) + Ekin

(3.1.3)

or
CsA (6S1/2 , F = 4) + CsB (6S1/2 , F = 4) −→
CsA (6S1/2 , F = 3) + CsB (6S1/2 , F = 3) + Ekin .

(3.1.4)
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The kinetic energy gain is small compared to the capture velocity of the MOT.
Therefore trap loss due to ground state collisions can be neglected.

2. Singly excited state collisions cause trap loss at a large rate as the energy
transfer of internal energy into relative kinetic energy is large and the interaction is strong due to the long-range resonant dipole-dipole interaction causing
the collision.
There are two energy-transfer mechanisms, radiative escape (radiative redistribution) and ﬁne-structure changing. Radiative escape means that the energy
diﬀerence between an absorbed laser photon and a photon that is spontaneously emitted is large enough for the atoms to gain enough kinetic energy
to leave the trap.
CsA (6S1/2 ) + CsB (6P3/2 ) −→ CsA (6S1/2 ) + CsB (6S1/2 ) + ω

(3.1.5)

For this process, the dynamics involved play a very important role, as the
energy diﬀerence between the two photons (absorbed and emitted photon) depends on the interatomic separation, i.e. an atom that emits a photon at close
interatomic range can leave the trap whereas an atom that emits a photon at
large atomic separation can not.
A ﬁne structure changing collision means that if the atoms reach small interatomic separations without spontaneous emission, a ﬁne-structure changing
transition
CsA (6S1/2 ) + CsB (6P3/2 ) −→ CsA (6S1/2 ) + CsB (6P1/2 )

(3.1.6)

can occur. Atoms of the same species thereby gain kinetic energy of half the
hyperﬁne energy diﬀerence each.

3.1.1 Cs SPOT in experimental Li conﬁguration
All measurements that have been reported on up to here have been done at optimized
Zeeman slower- and magnetic ﬁeld conditions for the Cs MOT. Since the loading rate
of the lithium MOT is insuﬃcient at optimum conﬁguration of the Zeeman slower
for loading the Cs MOT, the Zeeman slower has to be optimized for loading the
lithium MOT in double MOT/SPOT conﬁguration. The loading of the Cs MOT in

81

3.1. COLLISIONAL LOSS FROM THE CESIUM TRAP

Figure 3.1: Ground state and excited state collisions. Ground state collisions occur on the
6S + 6S curve. Singly excited state collisions involve excitation by the lasers at large R (1).
After acceleration (2) on the excited state potential, the excited state can decay (radiative
redistribution, 3a) or change ﬁne structure at small R (3b). Modiﬁed from [Wal94].

that case slower but not as ineﬃcient as for the lithium MOT the other way around.
One has to keep in mind that some of the numbers given above in this work, though
not the characteristics, might be slightly modiﬁed by this instance.

3.1.2 Measurement of the collisional loss
As a ﬁrst test of the eﬀects of the implemented Cs dark SPOT on interatomic
collisions, the 1/e decay time of the Cs MOT and the Cs SPOT has been measured.
For this measurement, no Li MOT was present and therefore collisions happened
between Cs atoms and Cs atoms and between Cs atoms and the background gas
only. In this case, one can set up a rate equation for the atom number in the trap
dN
= L+ − kpN −
dt


n2 (r, t)d3 r


intra-trap collisions
β

(3.1.7)

with L+ being the loading rate, N the atom number, n the density, kpN the loss
rate due to collisions with the background gas at pressure p, and the last term
representing the trap loss due to Cs-Cs collisions in the trap. For traps like ours
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that trap large atom numbers above 104 , the density distribution becomes a constant
uniform value nc [Wal94]. In this approximation, the steady-state atom number in
the trap is
L+
N=
.
(3.1.8)
kp + βnc
At good vaccuum conditions, the attainable atom number is limited by the last term
in equation 3.1.7.

Figure 3.2: Decay of the Cs MOT due to collisions

Figure 3.2 shows the result of the ﬂuorescence measurement (∝ atom number) when
closing the oven valve and thereby setting the loading rate to zero. In the beginning
the decay characteristic is slower than exponential due to the density re-distribution
from uniform to Gaussian. In the central part of the image, one can see the exponential decay of the trapped cloud due to inelastic intra-trap collisions. As can be seen
in the right part of ﬁgure 3.2, the density in the cloud has become very low and the
cloud keeps decaying slowly due to collisions with the background gas. We ﬁnd 1/e

3.1. COLLISIONAL LOSS FROM THE CESIUM TRAP

Figure 3.3: Decay of the Cs SPOT due to collisions

lifetimes of (5.0 ± 0.1)s for the collisional decay caused by singly excited state collisions. For the calculation of this collision rate, the decay rate from obtained the ﬁt
to the decay caused by intra-trap collisions and background collisions (’combined’)
has been reduced by the decay rate found for the decay caused by background gas
collisions only, i.e.
τintra−trap = τcombined,ﬁt − τbackground,ﬁt .
(3.1.9)
The lifetime of the decay caused by background gas collisions is (30.0 ± 1.9)s .
Figure 3.3 shows the same measurement with the SPOT instead of the MOT. The
decay exhibits a fundamentally diﬀerent characteristic compared to the one with
the MOT. The decay starts with intra-trap collisions and background gas collisions
causing a lifetime due to by intra-trap collisions of (187.3 ± 0.1)s. After about 18
to 20s, the decay characteristic is dominated by collisions of cesium atoms with the
background gas at a lifetime of (19.8 ± 0.2)s, most probably caused by background
gas collisions only.
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The sample in the dark SPOT has a fundamentally longer lifetime from the beginning on. The faster decay due to collisions with the background gas might be
caused by the higher temperature of the sample leading to a higher collision rate.
Note that the increased density leading to a higher collision rate, is not included in
this analysis.
The measurements presented have been done with the Cs dark SPOT. For the measurement at MOT conditions, the ﬁll-in laser was irradiated continously at high
intensity, thereby eﬃciently repumping the trapped cesium atoms.

3.2 Collisional loss from the Li MOT / Cs dark
SPOT
The focus of this work was to reduce light-assisted collisions in the double MOT.
After the analysis of the decay of the cesium trap alone, the loss caused by the
simultanous presence of the lithium- and cesium clouds has been investigated.
Only the analysis of the processes causing the loss from the double trap are outlined,
since they were investigated in detail in [Sch98a]

3.2.1 Processes inducing loss of cesium
Two loss processes for cesium exist in our double trap addtitional to the ones outlined
in section 3.1.2.
• cesium ﬁne-structure state changing collisions:








Cs 6P3/2 + Li 2S1/2 = Cs 6P1/2 + Li 2S1/2 + Ekin .

(3.2.1)

• emission of a red-shifted photon from an excited state cesium atom during a
collision:








Cs 6P3/2 + Li 2S1/2 = Cs 6S1/2 + Li 2S1/2 + Ekin + ωr .
(3.2.2)
Both of the presented loss processes are ’light-assisted collisions’ and can lead to
loss of lithium from the double trap as well. Measurements conﬁrm that the loss
processes are independent of the population of the 2P3/2 state of lithium, as was
expected from the potential structure that is repulsive only [Bus87].
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3.2.2 Processes inducing loss of lithium
Both processes mentioned above that can lead to cesium loss can lead to lithium
loss, too. This is due to the fact that in case that the gain in kinetic energy is large
enough to eject a cesium atom from the trap, it will be always large enough to eject
the lighter lithium atom that gains a 19 times larger velocity from a collision with
a cesium atom.
One additional loss channel exists for lithium.

• cesium hyperﬁne-structure state changing collisions:








Cs 6S1/2 , F = 4 + Li 2S1/2 = Cs 6S1/2 , F = 3 + Li 2S1/2 + Ekin (3.2.3)
The kinetic energy gain is as large as the hyperﬁne ground state splitting of cesium,
i.e. ∼ 9.1 GHz. At a trapping velocity of less than 33.8 ms of the lithium MOT, this
energy diﬀerence can lead to the loss of lithium from the trap.

3.2.3 Measurement of the cesium-induced collisional loss
Figures 3.4 and 3.5 show ﬂuorescence measurements and thereby the atom numbers
in the double traps and how both traps for Li and Cs aﬀect each other when they
are simultaneously present.
The suppression of light-assisted collisions can be deduced from these measurements
by analyzing the loading curves and the atom numbers attained in both traps when
they are singly or simultaneously present.
To investigate the eﬀect of the transformation of the Cs MOT into the Cs SPOT
on the lithium and cesium losses, we can ﬁrst analyze the loading characteristics of
both traps when they are singly present, and can deduce global load- and loss rates
in a simpliﬁed model. Having obtained this, the analysis of the atom numbers when
both traps are simultaneously present yields the lithium loss rate due to collisions
with cesium atoms and the cesium loss rate due to collisions with lithium or cesium
atoms.
In detail, the evaluation is done as follows. We can use equation 3.1.8, and rewrite
it in a simpliﬁed form
L+
Loading rate
Ntrap =
= −,
(3.2.4)
Loss rate
L
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Figure 3.4: Fluorescence for each of the MOTs singly present (left and right) and for
the simultaneous presence of both MOTs (center). Collisions lead to strong loss from the
double MOT.

with L+ as loading rate and L− as the global loss rate when the Cs MOT/Cs SPOT
or the Li MOT is singly present. With that, a function representing the loading
characteristic can be ﬁtted to the parts that represent the loading of the singly
present traps in ﬁgures 3.4 and 3.5

N(t) =


L+ 
−L− (t−t0)
1
−
e
.
L−

(3.2.5)

For the loading of the Cs dark SPOT, we can monitor the loading of the bright state
atoms only, as the dark atoms are of course simultaneously loaded.
From equation 3.2.5 we deduce the global loading- and loss rate for lithium. Neglecting other loss processes, and assuming that the loading rate is not aﬀected by
the presence of both the traps, we can extract the cesium-induced lithium loss rate
from the equilibrium atom number of lithium in the case where both the lithium-
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Figure 3.5: Fluorescence for the Li MOT (right) and the Cs SPOT (left) singly present
and for the simultaneous presence of both traps (center). The collisional loss from the
double trap is strongly suppressed.

and the cesium traps are present
NLi,singly present
· L− − L−
NLi,with Cs


NLi,singly present
− 1 · L− .
=
NLi,with Cs

L−
Li−Cs =

(3.2.6)
(3.2.7)

For Cs, the method is done the same way, and by comparison of the Cs-induced loss
rates in case of the Cs MOT being present and the Cs SPOT being present together
with the lithium MOT, the suppression eﬃciency can be calculated yielding the
fraction of collisions that take place with the Cs SPOT in comparison with the Cs
MOT.
Results
Note that for this measurement, the overlap between Cs SPOT / Li MOT was even
better than for the Cs MOT / Li MOT, i.e. the collisional loss due to collisions with

88

CHAPTER 3. COLLISIONAL LOSS AND PHOTOASSOCIATION

Loss of
suppressed by (Cs SPOT/Cs MOT)
Cs caused by excited state Cs
79.8%
Li caused by excited state Cs
97.2%
Table 3.1: Suppression ratio of light-assisted collisions when comparing loss rates in the
Cs SPOT and the Cs MOT.

Cs are rather under- than overestimated in the measurement with the Cs MOT.
Additionally, the density in the Cs dark SPOT is somewhat higher, also increasing
the collision- and therefore the Li-loss rate. Both of these eﬀects can not be taken
accurately into account for the measurement shown. Nevertheless, we can say that
the deduced decreases of the loss rates are lower limits when comparing Cs MOT
and Cs SPOT at equal densities.
To compare the eﬀect of the increased atom numbers in the photoassociation volume to prior experiments made from the double MOT, we did photoassociation
experiments out of the new double trap.
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3.3 Photoassociation from the Li MOT / Cs dark
SPOT
This section is on photoassociation experiments done at the LiCs experiment out of
the double MOT and out of the Li MOT/Cs SPOT setup.
The section starts with an introduction to photoassociation and how the detection
of the produced molecules is done at our experiment. Afterwards, experimental results from the double MOT are compared with results achieved with the Cs SPOT
instead of the Cs MOT exhibiting larger molecular formation rates due to improved
starting conditions.

3.3.1 Photoassociation of LiCs molecules An experimental outline
There are methods for the cooling of molecules using billard-like collisions like e.g.
helium buﬀer gas cooling, counterrotating nozzles or collisions with atomic beams
or making use of the Stark eﬀect in pulsed electric ﬁelds. With these methods, the
molecules can be cooled down to 1mK, but not deeper.
For the formation of ultracold (i.e. below 1mK) molecules from pre-cooled ultracold
atoms, there are two diﬀerent methods: formation via Feshbach resonances by that
a molecular ensemble in the highest, last bound vibrational state is produced, or
photoassociation, which allows to form molecules that have a narrow distribution of
vibrational states.
We have detected LiCs molecules earlier [Kra06a], that by then were formed by
photoassociation from the MOT light, and we have recently made use of a dedicated
photoassociation laser [Lan07].
Figure 3.6 shows a schematic depiction of the photoassociation process. From two
ultracold atoms in their ground state, an excited molecule is formed by irradiating
a slightly red-detuned energy-matching photon. This process can be summarized in
the following equation
Li + Cs + ω −→ AB ∗ .
(3.3.1)
which leads to the energy conservation condition
atoms
Ekin

molecules
Erot,vib

(3.3.2)
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Figure 3.6: Photoassociation scheme drawn in calculated LiCs level scheme [Kor00]

The selection of the rovibrational level that the excited molecules are formed in is
given by the wavelength of the photoassociation laser photon that is shone in. The
excited molecule produced can decay back into atoms or into a bound molecule in
the electronic ground state X 1 Σ. The probability to end up with a bound molecule
in a speciﬁc rovibrational state in the electronic ground state potential is given by
the Franck-Condon principle: the probability for the spontaneous decay into a speciﬁc rovibrational molecular ground state depends on the overlap of the scattering
wavefunction of the excited molecular state and the scattering wavefunction in the
ground state into that the molecule can decay.
The photoassociation rate into a speciﬁc rovibrational electronic molecular ground
state (X 1 Σ) is therefore the largest for the states that have a large Franck-Condon
overlap with the excited state that the molecule was formed in by the photoassociation laser. The Franck-Condon factor is in general large at the outer classical
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turning point of the molecular potential.
By scanning the frequency of the stabilized [Gie06] photoassociation laser (MBR110, Coherent), a speciﬁc rovibrational state of the excited molecule formed can be
adressed. Based on knowledge about the potential structure of the LiCs molecule
that we have from theory, we scanned the photoassociation laser to ﬁnd photoassociation resonances that lead to large molecular formation rates.

3.3.2 Detection of the molecules - REMPI
The produced molecules are detected in a REMPI (Resonantly enhanced multiphoton ionization) scheme, i.e. ionization via a ’resonant’ intermediate energy level,
using two photons. Figure 3.7 shows the scheme for LiCs energy levels.
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Figure 3.7: Scheme of the photoassociation process and REMPI detection scheme

The ﬁrst photon of a pulsed dye laser (NARROWscan, Radiant Dyes)excites the

91

92

CHAPTER 3. COLLISIONAL LOSS AND PHOTOASSOCIATION

molecule to an intermediate energy level, whereas the second ionizes it so that it
can be detected on an ion detector (see section 3.3.3). Using REMPI, we gain
information on the intermediate energy levels involved in the ionization process at
the accurancy of the laser linewidth. The probability to excite a molecule in a twophoton process without an intermediate energy level (without the ’resonance’) can
be neglected compared to the intended process.

3.3.3 Time-of-ﬂight mass spectrometer
After the ions are produced using REMPI, we detect them using a MCP detector.
To distinguish them from produced Cs+ ions, we use a Wiley-McLaren [Wil55] timeof-ﬂight spectrometer with very high mass resolution [Kra07].

Figure 3.8: Scheme of the time-of-ﬂight (TOF) spectrometer. Ionization takes place in
the intersection region of the trapping beams.

The molecules are ionized in the intersection region of the MOT beams, where the
two MOTs are spatially overlapped. The ions are accelerated in a homogenous
electric ﬁeld and enter a ﬁeld free drift region. Within the drift region, the diﬀerent
masses are spatially separated so that ions of diﬀerent mass arrive at the MCP at
diﬀerent times. The measured signal is a time-of-ﬂight spectrum.
As the mass diﬀerence between LiCs+ ions and Cs+ ions that become ionized by
single photons from the ionizing light is small, the time of ﬂight mass spectrometer
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has to have a very high time-of-ﬂight resolution. A resolution of
m ∼
= 1000
∆rms
is achieved making use of the ’time-focussing’ technique of the Wiley-Mc Laren
setup, i.e. independent from the starting point, ions of equal mass arrive at the
same time at the detector [Wil55]. Figure 3.9 shows the location of the time-ofﬂight spectrometer in our apparatus.

Figure 3.9: Position of the TOF spectrometer in the apparatus

While scanning the frequency of the REMPI laser, we can count the ions detected
at the time-of-ﬂight spectrometer obtaining a count rate of LiCs+ ions that depends
on the matching between the ionizing REMPI laser wavelength and the position
of intermediate energy levels that are necessary for the two-photon ionization. For
details on REMPI spectra and the evaluation of these spectra see [Lan07].

93

94

CHAPTER 3. COLLISIONAL LOSS AND PHOTOASSOCIATION

3.4 Photoassociation eﬃciency out of the Cs
SPOT/ Li MOT
After the implementation and characterization of the Cs dark SPOT, photoassociation experiments out of the new combined optical trap have been done. The
resonances (v=25,J=2), (v=26,J=1) and (v=26,J=2) in the B 1 Π state of LiCs were
found again. Figure 3.10 shows the resonances measured with the dark SPOT setup.

Figure 3.10: Photoassociation resonances of the LiCs molecule. Photoassociation was
done out of the combined Cs SPOT / Li MOT trap. With the new setup, the photoassociation eﬃciency is increased by a factor of at least 2.5. The grey dashed lines are the
detected molecule numbers. The solid line is the molecular production rate estimated from
Poisson statistics.

The photoassociation eﬃciency is increased by a factor of ≈ 2.5 compared to the
count rates given in [Lan07], though we can estimate the real photoassociation rate
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with large uncertainty only. Since the count rates were very low before the installation of the dark SPOT (∼ 0.1/shot), our detection setup is conﬁgured to detect
if molecules have been created in the photoassociation time window before a ’shot’
(ionization pulse), but not to count the number. The molecular production rate
given in the graphs is then obtained by summing over the detected events for a
relatively large number of shots (e.g. 200), and then applying Poisson statistics to
deduce the real production rate.
As pointed out in [Lan07], the real molecular production rate diverges when approaching a count rate of 1 molecule per pulse. With the Cs dark SPOT setup we
count 0.9 molecules per pulse when photoassociating on the (v=25,J=2) resonance,
i.e. we are in the critical regime in that the error of the estimated real atom number
becomes very large.
For future experiments, the detection system must be rebuilt to directly count the
number of ionized molecules per ionization pulse by integrating over the detector
signal instead of counting the events.
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4 Conclusion and outlook
This work documents the successful implementation of a dark SPOT for cesium in
our apparatus. We have characterized the MOT beforehand and have achieved a
four- to ﬁvefold increase in density and an increase by a factor of at least two in
the trapped atom number. We have shown that the loss rate of lithium atoms out
of the double trap due to light-assisted collisions with cesium atoms is reduced by
at least 97%, i.e. at equal conditions for the MOT we can assume lithium trap loss
due to light-assisted collisions with cesium as fully excluded.
Photoassociation out of the new double trap system has been achieved. The resonances used before to create LiCs molecules out of the double MOT have been found
again. We ﬁnd the production rate increased signiﬁcantly.
For the near future, the following changes of the setup are planned in order to increase the stability of the molecular formation rate. An important issue already
mentioned in this thesis is the required stabilization of the depumper to keep the
dark state fraction in the dark SPOT constant. An AOM is installed in the optical setup of the depumper laser and the intensity stabilization should therefore be
quick and easy to install, since only a monitoring photodiode and a feedback circuit
controlling the amplitude of the voltage controlled oscillator (VCO) providing the
rf voltage for the AOM is required. The applicability of a guiding ﬁeld when taking
absorption images should also be investigated, since unbalanced pumping also might
have partly caused deviations in the detected atom number.
Concerning the laser system of the cesium trap, an investigation of the dependency
of the trapping parameters (density, atom number, temperature) from the cooling
light intensity would be interesting, since our trap is very large but not as dense as
cesium MOTs/SPOTs are usually reported to be. As already mentioned in section
1.6.1, the temperature of the trap agrees with the results for other traps of this
size [Ses91], but the density does not. Since we do not loose as much lithium atoms
anymore as from the double MOT, a larger cesium density in the SPOT increases
the pair density for the photoassociation, without increasing the loss rate due to
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collisions at the same time.
Coming to diagnostics, we will need a quicker camera shutter, to be able to properly
analyze the cesium trap. This particularly aﬀects the accurancy of the detected
density. Therefore, the installation of a hard disk drive-shutter is planned, based on
the very simple setup proposed in [LM04]1 .
In conclusion, we managed to improve the overall performance of the apparatus and
produce LiCs molecules now at higher eﬃciency. The ion counting setup has to be
improved to enable the counting of larger molecule numbers per ionization process.
After this, we can collect spectroscopic data of the LiCs molecule, verifying the
assured energy level structure. When the currently set up frequency stabilization of
the cw dye laser is completed, we can start to transfer the produced molecules into
the absolute ground state.
To achieve that, we are going to stimulate the decay into the bound state at the
inner turning point of the B 1 Π potential, see ﬁgure 4.1. We have detailed information
about the Franck-Condon factors involved and will produce ground state molecules
in low vibrational states by stimulated emission, shining in the cw dye laser while
photoassociating the molecules. The detection of the produced molecules will again
be done using REMPI.
Another possible scenario for the eﬃcient production of deeply bound ground state
molecules is to produce the molecules as we do now, including the spontaneous
decay into the molecular ground state potential. The molecules would then be reexcited from the rovibrational state in X 1 Σ+ that is very strongly populated by the
spontaneous decay into the very rovibrational excited state which has the maximum
overlap with the low lying rovibrational ground state.
It is clear that the production of LiCs in the absolute ground state would pose
a great success in the ﬁeld of ultracold molecules, since having an ensemble of the
alkali dimers providing the largest permanent electric dipole moment on hand would
enable us to get a hand on investigations of molecular interactions.
For experiments with LiCs molecules in the ground state, e.g. aligning the molecules
in external electrostatic ﬁelds, thereby making use of the large permanent electric
1

We found that the driving IC LMD18200 (National Semiconductor) can most probably be replaced by the L298 (STMicroelectronics) which can drive two shutters at the same time (and
is cheaper).
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dipole moment provided, we have to accumulate a large ensemble of the molecules
in the dipole trap ﬁrst. For that matter, a dipole trap provided by a 130W CO2
laser will be used. To improve the conﬁnement perpendicular to the beam axis, we
have prepared an intensity-stabilized 3W ﬁber laser (see appendix B), that creates
a dimple potential inside the CO2 trap. It is yet unsure how long LiCs molecules
are stable in the dipole trap.
Once we have a molecular ensemble in the ground state in the dipole trap, there is a
manifold of interesting possible experiments. A very exciting experiment would be
the observation of the exchange reaction
LiCs + Cs −→ Li + Cs2
in dependency of the temperature and the internal states of the molecular ensemble, since the direction in that the reaction takes place is expected to depend on
the availability of reaction energy, and will otherwise evolve in the other direction,
which is a exothermic process.
The temperature will have to be adjusted by evaporative [Ket96] or sympathetic
cooling of the molecules after loading of the dipole trap. Thereby the density will
also be altered.
As also discussed in the introduction, the alignment of the molecules in the dipole
trap by the application of static electrical ﬁelds would also hold a lot to gain, as
surprising eﬀects would be observed, e.g. the collisional properties are predicted to
be tunable by external ﬁelds [Kre06].
If we would be able to control the dipole-dipole interaction of the trapped molecules
in the dipole trap, it might even be possible to achieve a molecular BEC of dipolar LiCs molecules. For that, we might have to improve the apparatus (especially
the vacuum conditions) and maybe the molecules would have to be formed from
even colder atoms inside the dipole trap. Therefore, the cesium atoms could be furtherly cooled by already prepared Raman-sideband cooling [Ker00], for the preparations done see [Lan07]. The lithium atoms could then be sympathetically cooled in
the dipole trap, maybe even additionally evaporatively cooling the ensemble before
and/or after photoassociation. While learning to do that, photoassociation inside
the dipole trap could be investigated in dependency of applied static electrical ﬁelds.
Under certain conditions, the production rate in the dipole trap is predicted to be
increased compared to the photoassociation out of the double MOT/SPOT [Lan07].
It will be necessary to fully control the interactions within the molecular ensemble
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in the dipole trap to create a heteronuclear molecular BEC by evaporatively cooling
the molecules in the dipole trap to degeneracy.
Even if the achievement of a BEC of such strongly interacting particles alone would
be an increadible success, a gate to new physics would be opened. A BEC of dipolar molecules would enable us to do observe eﬀects maybe totally unknown, even if
some eﬀects in dipolar BECs have already been predicted [San00] and observed for
induced dipoles [Lah07].
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Figure 4.1: Transfer scheme into the absolute ground state. Excited state-molecules will
be produced using one the found photoassociation resonances. Bound molecules in low
lying vibrational states will then be produced by stimulating the decay at the inner turning
point of the excited state potential, at that the Franck-Condon overlap with the addressed
ground states is large.

A FITS images
The Flexible Image Transport System is a data ﬁle format for the storage of data
arrays, such as images, that is designed for scientiﬁc use. The full deﬁnition of the
format can be found online at
http://fits.gsfc.nasa.gov/.
The images taken with our CCD camera (Alta U1, Apogee) are stored in the FITS
format.

A.1 FITS standard deﬁnition
The FITS ﬁles consist of a human readable ASCII header that contains metadata of
the stored ’image’ (multidimensional (0-999) primary data array), such as the data
acquisition date and time, the size, number of pixels etc. Any data that the user
desires can be stored in the so-called HDU (header and data unit).
The size of a logical record in a ﬁle that is compatible with the FITS standard is
always 23040 bits long corresponding to 2880 8-bit bytes. Each ’keyword record’ or
so-called ’card image’ in the HDU consists of a 1-8 characters long ’name description’
of the record, a 3 characters long ’value indicator’ (mostly a ’=’) and a up to 70
characters long value of the record with an optional comment.

A.2 Processing FITS images with Mathematica
The FITS images stored by the camera program consist of a 2880 bytes long HDU
that can be input to Mathematica by reading the full ﬁle as characters (see section
’Extract number of pixels...’ in the example of a FITS import ﬁle to Mathematica
on the following pages) and ignoring the subsequent content after the HDU. The
required information, like the pixel numbers in x- and y-direction, can be extracted.
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Since the camera saves the values of each pixel as 16bit entry in the primary data
array of the FITS ﬁle, the ﬁles are fed to the Mathematica scripts as 16-bit unsigned
integers (see section ’Read absorption/division image’ in the example of a FITS
import ﬁle to Mathematica on the following pages), and the HDU is cut oﬀ by
removing the ﬁrst 1440 entries of the FITS ﬁle.
The 2-dimensional data arrays (images) of a single ﬁle or of a series of ﬁles can then
be processed using the developed Mathematica scripts for the methods described in
section 1.4.3.
The following pages contain the part of a Mathematica script that is relevant for
reading in a FITS ﬁle.

B Intensity-stabilized 3W ﬁber
laser
A 3W ytterbium ﬁber laser (IPG Laser Model YLD-3-1064-LP) for a crossed dipole
trap has been stabilized in a research project prior to the work in this thesis. Here,
only the results shall be outlined. Detailed information on the theory and operation
of a single beam dipole trap in our experiment can be found in [Mud03].

B.1 Application of the ﬁber laser in the
experiment
For the trapping of cesium atoms, lithium atoms and LiCs molecules, a crossed dipole
trap of a 130W CO2 (13.6µm wavelength) and a 3W ﬁber laser (wavelength 1.064µm)
will be set up. Since any deviation of the laser intensity critically aﬀects the depth
of the dipole trap and since intensity noise can lead to parametric heating [Sav97],
both lasers must operate at constant intensity. Therefore, oscillations and drifts
at frequencies close to twice the trap frequencies must be suppressed. To eliminate
intensity ﬂuctuations of the lasers, we will control the intensity at bandwidths above
twice the trap frequencies using AOMs with PID controllers in the beam paths of
the trapping lasers.

B.2 Trap parameters for the crossed dipole trap
Trap frequencies have been calculated to make realistic estimates on the trap frequencies. Depending on the detuning of the trapping lasers from the atomic resonance, the potentials of the single beams have to be calculated diﬀerently.
• Case 1: very far detuned from the resonance
If the trapping lasers are very far detuned from the resonance (quasi-electrostatic
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trap, QUEST), the trapping potential can be calculated in a classical picture
treating the trapped particles as harmonic oscillators in a cylindrically symmetric trapping potential [Gri00]. The trapping potential is then given by
I(r)
,
(B.2.1)
20 r
with αstat being the static polarizability, I(r) the intensity distribution of the
trapping beam, r the distance from the beam axis and 0 the electric constant.
The intensity distribution of the laser beams is assumed to be Gaussian. The
static polarizabilities can be found in [Lid03]. For the LiCs molecule, the static
polarizability had to be assumed to be the sum of the Li and the Cs atom.
Udip = −αstat

• Case 2: not very far detuned from the resonance
The polarizability can no longer be seen on as static and the trapping potential
is given by
3πc2 Γ
Udip =
I(r),
(B.2.2)
2ω02 ∆
with c being the speed of light, ω0 the resonance frequency, Γ the linewidth of
the resonance and ∆ the detuning from the resonance.
When calculating the potentials for lithium and cesium caused by our lasers in cases
1 and 2, the results agree well for both methods in case of the CO2 laser and diﬀer
approximately by a factor of 2 for the ﬁber laser. This is due to the detuning of the
ﬁber laser being 45 times (Cs) smaller than the one of the CO2 laser and 26 (Li)
times smaller for the ﬁber laser, respectively. That means that for the ﬁber laser,
the trapping potentials have to be calculated using the method for case 2.
For the calculation of the trap parameters of the crossed dipole trap, the potentials
have been calculated assuming that case 1 is valid for the CO2 laser and assuming
that case 2 is valid for the ﬁber laser. The potentials and have then been added
with respect to the geometry as planned, see ﬁgure B.1. The resulting potential was
approximated by a harmonic potential for the calculation of the trap frequencies,
see ﬁgure B.3.
The beam waists of the lasers have been measured [Mül06,Mud03] and are 86 ± 4µm
for the CO2 , and 35 ± 2µm for the ﬁber laser. The trap frequencies have then been
calculated as
mω 2 2
x = f · x2
Uharmonic =
(B.2.3)
2
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Figure B.1: Geometry of the beams as planned
in the experiment
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Figure B.2: Potential surface that is created
by adding the single potentials of the crossed
beams

Figure B.3: Trapping potential created by the CO2 laser, approximated by a harmonic
potential (’ﬁt’)

with f as the ﬁt parameter.
The trap frequency along the direction that the ﬁt was done in is then

2 · 103 f NA
with NA for Avogadro’s constant and m in atomic units
ω=
m
(B.2.4)
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or if the trapping potential is given in mK

2 · 106 f NA kB
with NA with kB for Boltzmann’s constant.
ω=
m

(B.2.5)

B.2.1 Results
Trap parameters for single beam dipole traps
Trap Depths:

CO2 Laser
Li
317±28µK
Cs
779±68µK
LiCs 1096±96µK

Fiber Laser
63 ±7µK
268 ±28µK

(For LiCs not calculated as the linewidths needed for the calculation of the potential
are not available.)
Trap Frequencies:

Li
Cs
LiCs

CO2 Laser
 
 2π 
radial 2π
axial
s
s
2047 ± 178 63 ± 8
736 ± 64
23 ± 3
851 ± 74
26 ± 3

Fiber
 
radial 2π
s
2239 ± 235
1060 ± 111

Laser
 
axial 2π
s
17 ± 3
8±1

(For LiCs the polarizability was assumed to be the sum of the polarizabilities of Li
and Cs.)
Trap parameters for the crossed dipole trap
Trap Depths:

Crossed Dipole Trap
Cs 1047 ± 96µK
Li 380 ± 34µK

B.3. INTENSITY STABILIZATION SETUP
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Trap Frequencies:
Trap frequencies are given along the spatial axes, where X is along the CO2 beam
and Z is orthogonal to both laser beams.
 
 2π 
 2π 
X 2π
Y
Z
s
s
s
Cs 1005 ± 105 901 ± 81
1330 ± 131
Li 2122 ± 223 2394 ± 214 3161 ± 304

B.3 Intensity stabilization setup
The setup is similar to the one proposed in [Don05] and is based on the one described
in [Mül06].

Figure B.4: Setup with PID controller and logarithmically ampliﬁed photodiode.

The trapping light output by the ﬁber laser is passed through a double-pass AOM
setup. The double-pass setup is used for the compensation of frequency jitters of
the rf wave which is driving the AOM. The AOM is the key element of the intensity
control. Since the diﬀraction eﬃciency of the AOM depends on the amplitude of the
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rf wave in the crystal, the intensity can be stabilized by controlling the rf amplitude
that is input to the AOM.
The laser intensity is monitored by the photodiode. The ampliﬁer of the photodiode
was designed to have a logarithmic characteristic, so that drifts and ﬂuctuations with
the same relative magnitude compared to the setpoint intensity lead to the same
absolute voltage diﬀerence, independent of the adjusted laser power. To realize the
’logarithmic photodiode’ (colloquial for the logarithmically ampliﬁed photodiode),
a logarithmic ampliﬁer (Model AD8305, Analog Devices) was equipped with a photodiode (Model S1223, Hamamatsu) and was conﬁgured for this application. The
photodiode and the ampliﬁer were installed in a housing that was equipped with a
black ≈ 5cm long metal tube in front of the photodiode to minimize the inﬂuence of
ambient light. The PID servo loop is realized as shown in the scheme in ﬁgure B.5.

Figure B.5: AOM Control Circuit

The PID controller receives a setpoint voltage that corresponds to a laser power that
is to be held constant. An adequate output voltage is output to a voltage - current
converter (which is basically a 6.7kΩ resistor, not shown in ﬁgure B.5) that forwards
the output signal as a current from 0 to 2.2mA to the control input of the attenuator.
The attenuator (Mini circuits ZMAS-1 model) was modiﬁed with a TFAS-2SM chip
to increase the bandwidth of the servo loop. When the attenuator receives a control
current at the control input, it lessens the attenuation of the amplitude of the radio
frequency proportionally to the control current. The radio frequency at ∼ 80 MHz
is then ampliﬁed and input to the AOM.

B.4. CONTROL EFFICIENCY OF THE SERVO LOOP
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Figure B.6 shows the setpoint voltage / output power characteristic of the setup.

Figure B.6: Voltage/Power characteristic of the setup: the plot shows the setpoint voltage
at the input of the PID controller against the output laser power for the experiment

B.4 Control eﬃciency of the servo loop
The eﬃciency of the PID control system was investigated by monitoring the intensity
deviations in front of and behind the AOM. In order to measure the stabilized and
the unstabilized intensity at the same time, a second photodiode was installed in
front of the AOM whereas the logarithmic photodiode of the control system was
used to monitor the intensity behind the AOM.
Both signals have been read from an oscilloscope measuring at a given sample rate
and thereby at diﬀerent ﬂuctuation frequencies. The intensity ﬂuctuations and drifts
are depending on the adjusted output power at the ﬁber laser, i.e. the higher the
output power of the ﬁber laser, the smaller the ﬂuctuations tend to be (up to a few
percent of setpoint at settings below 1W and below 1% of setpoint from 1W onwards
on a time scale of seconds). Since the laser will always be operated at maximum
power and the intensity for the dipole trap will be set via the AOM, measurements
have been carried out for an output setting of 3W.

112

APPENDIX B. INTENSITY-STABILIZED 3W FIBER LASER

Figure B.7: Setup for the monitoring of long-term intensity drifts

B.4.1 Long-term drifts
From the measured intensities at the photodiodes, the deviations from the setpoint
intensity were calculated.
Long term drifts as shown in ﬁgure B.8 are well suppressed by the control system.
The measurements reveal an oscillation at 50Hz and 100Hz at the logarithmic photodiode that comes from the laboratory light. We will need to upgrade the photodiode
housing with an optical ﬁlter to eliminate this disturbance.
To analyze the control eﬃciency at larger frequencies, measurements have been carried out at higher sample rates of the oscilloscope. Deviations of the uncontrolled
laser intensity tend to diminish at larger frequencies, so that ﬂuctuations at frequencies larger than a few ten to hundreds of Hz cannot be measured reliably with this
method. Therefore and due to the much better accuracy, bandwidth measurements
and measurements at higher frequencies were carried out using a lock-in ampliﬁer.

B.4. CONTROL EFFICIENCY OF THE SERVO LOOP
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Figure B.8: Intensity in front of (uncontrolled) and behind the AOM (controlled) during
500ms

B.4.2 Short-term drifts
Bode plots have been measured similarly as described in 1.3.2. A perturbation
(reference sine wave) was added to the control voltage of the closed servo loop,
thereby modulating the output power from between 1.9 and 2.0W up to between
0.4W and 2.0W. The frequency of the reference sine wave, and of the perturbation,
at which the phase shift introduced by the servo loop reaches 90◦ has been measured
at diﬀerent perturbation amplitudes. Figure B.9 shows the bandwidth of the PID
servo loop in dependence of the perturbation amplitude.

B.4.3 Enhancement of the attenuator
The attenuator ZMAS-1 by Mini Circuits that is used in the AOM control circuit is
by default equipped with a PAS-1 chip by Mini Circuits. The frequency bandwith of
the PAS-1 given in the speciﬁcations for the control port is from DC to 50kHz, which
is in good agreement with the measurement shown in ﬁgure B.10. Mini-Circuits
oﬀers another attenuator chip TFAS-2SM with diﬀerent speciﬁcations and a 10 times
larger frequency bandwidth at its control port. Due to the larger bandwidth, we
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Figure B.9: Bandwidth of the PID servo loop at diﬀerent perturbation amplitudes added
to the setpoint voltage

expected the TFAS-2SM attenuator to be able to ramp the attenuation and therefore
the laser intensity much faster than the PAS-1. The PAS-1 was removed from the
ZMAS-1 housing and replaced by the TFAS-2SM.
To verify the increased bandwidth, the 80MHz input frequency from the VCO was
modulated with a reference sine wave at the control input of the attenuator. At the
output of the attenuator we received a beat of the 80MHz input with the sine wave
fed to the control input as envelope. We measured the phase shift of the envelope
introduced by the servo loop using the lock-in ampliﬁer with the PAS-1 and with
the TFAS-2SM. Figure B.10 shows the results.

B.5 Summary
Drifts and ﬂuctuations of the intensity of the ﬁber laser are damped by the PID
control system at and far above of twice the trap frequencies for single beams at the

B.5. SUMMARY
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Figure B.10: Phase shift of the envelope of the VCO frequency caused by the attenuator
when inputting a sine wave to the control port. The noise level of the measurement is large
because all ﬁlters of the lock-in ampliﬁer had been switched oﬀ for this measurement.

expected deviations of the laser power (1% and below). The bandwidth of the AOM
control circuit was increased by implementing the TFAS-2SM chip in the attenuator.
For the intensity control of the crossed dipole trap by the experiment control we will
have to analyze the output voltages from the PC card we are using. Good stability
of the output voltage of the PC card that controls the laser intensity will be a basic
requirement for stable operation of the dipole trap.

C Conﬁguration of the turbo
shutter box

Figure C.1: Overdrive circuit as conﬁgured for the additional ’turbo’ camera shutter.
The shown circuit is a modiﬁcation of the circuit ’164.turbo-shutter’ from the ’quantdyn’
group account.
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D Extinction ratio measurements
As explained in section 2.2.1, the extinction ratio of the SPOT onto the trap plane
has been measured for the repumper beams. Figure D.1 shows an example of the
’Fresnel spot’ that arises behind the spot in case that the spot is not imaged onto
the trap plane or in case that the imaging is imperfect.

Figure D.1: Extinction measurement for a unrealistically far misplaced spot (22 cm).
The Fresnel spot caused by diﬀraction into the ’trap center’ is clearly visible (red dashed
circle).

Note that the beam proﬁle is somewhat deformed in ﬁgures like ﬁgure D.1 due to
a) the real beam proﬁle being convoluted with the transmitting circular hole and
b) due to slight real deformations of the beam proﬁle due to inaccuracies of the
alignment.
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[Sch99a] U. Schlöder, H. Engler, U. Schünemann, R. Grimm and M. Weidemüller.
Cold inelastic collisions between lithium and cesium in a two-species
magneto-optical trap. Eur. Phys. J. D., 73:802, 1999.
[Sch99b] U. Schünemann, H. Engler, R. Grimm, M. Weidemüller and
M. Zielonkowski. Simple scheme for tunable frequency oﬀset-locking of two
lasers. Rev. Sci. Instrum., 70:242, 1999.
[Sch03] M. Schleicher and F. Blasinger. Regelungstechnik. JUMO GmbH & Co. KG,
Fulda, 2003.
[Ses91] D. Sesko, T.G. Walker and C.E. Wieman. Behavior of neutral atoms in a
spontaneous force trap. J. Opt. Soc. Am. B, 8:946–958, 1991.
[Sta05] C. A. Stan and W. Ketterle. Multiple species atom source for laser-cooling
experiments. Rev. Sci. Instr., 76:063113, 2005.
[Ste92] A. M. Steane, M. Chowdhury and C.J. Foot. Radiation force in the magnetooptical trap. J. Opt. Soc. Am. B, 9:2142–2158, 1992.
[Ste98] Steck. Cesium D Line Data, 23rd January 1998.
[Ste07] Jochen Steinmann. Multiphoton Ionization of Laser Cooled Lithium. PhD
thesis, Ruperto-Carola University of Heidelberg, Germany, 2007.
[Tak98] T. Takekoshi, B. M. Patterson and R. J. Knize. Observation of Optically
Trapped Cold Cesium Molecules. Phys. Rev. Lett., 81:5105–5108, 1998.
[Tha99] G. Thalhammer. Frequenzstabilisierung von Diodenlasern bei Diodenlasern
bei 850, 854 und 866 nm mit Linienbreiten im Kilohertz-Bereich. Master’s
thesis, Institut für Experimentalphysik der Naturwissenschaftlichen Fakultät
der Leopold-Franzens-Universität Innsbruck, 1999.
[Tie02] U. Tietze and Ch. Schenk. Halbleiterschaltungstechnik. Springer Verlag,
2002.
[Tow95] C. G. Townsend, N. H. Edwards, C. J. Cooper, K. P. Zetie, C. J. Foot,
A. M. Steane, P. Szriftgiser, H. Perrin and J. Dalibard. Phase-space density
in the magneto-optical trap. Phys. Rev. A, 52(2):1423–1440, August 1995.

Bibliography

127

[Tow96] C. G. Townsend, N. H. Edwards, K. P. Zetie, C. J. Cooper, J. Rink and
C. J. Foot. High-density trapping of cesium atoms in a dark magneto-optical
trap. Phys. Rev. A, 53(3):1702–1714, März 1996.
[Van02] N. Vanhaecke, W. de Souza Melo, B. L. Tolra, D. Comparat and P. Pillet.
Accumulation of Cold Cesium Molecules via Photoassociation in a Mixed
Atomic and Molecular Trap. Phys. Rev. Lett., 89:063001, 2002.
[vV05] Jacqueline van Veldhoven, Hendrick L. Bethlem and Gerard Meijer. ac
Electric Trap for Ground-State Molecules. Phys. Rev. Lett., 94:083001, 2005.
[Wal90] T. Walker, D. Sesko and C. Wieman. Collective Behavior of Optically
Trapped Neutral Atoms. Phys. Ref. A, 64:408–412, 1990.
[Wal94] T. Walker and P. Feng. Measurements of collisions between laser-cooled
atoms. Adv. At. Mol. Opt. Phys., 34:125–170, 1994.
[Wan04] D. Wang, J. Qi, M. F. Stone, O. Nikolayeva, H. Wang, B. Hattaway, S. D.
Gensemer, P. L. Gould, E. E. Eyler and W. C. Stwalley. Photoassociative production and trapping of ultracold KRb molecules. Phys. Rev. Lett.,
93:243005, 2004.
[Wan05] D. Wang, E. E. Eyler, P. L. Gould and W. C. Stwalley. State-selective
detection of near-dissociation ultracold KRb X 1 Σ+ and a3 Σ+ molecules.
Phys. Rev. A, 72:032502, 2005.
[Wei98] J. D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich and J. M. Doyle.
Magnetic trapping of calcium monohydride at millikelvin temperatures. Nature, 395:148, 1998.
[Wei00] M. Weidemüller. Mixtures of ultracold atoms and the quest for ultracold
molecules. Habilitationsschrift, Max-Planck-Institut für Kernphysik und
Universität Heidelberg, 2000.
[Wei03] Matthias Weidemüller and Claus Zimmermann, editors. Interactions in
Ultracold Gases. Wiley-VCH, Weinheim, 2003.
[Wil55] W. C. Wiley and I. H. McLaren. Time-of-ﬂight mass spectrometer with
improved resolution. Rev. Sci. Instr., 26:1150–1157, 1955.

Danksagung
Matthias Weidemüller
hat mir vor etwas mehr als einem Jahr versprochen viel zu verlangen, aber auch viel
zu geben. Beides hat genau gestimmt. Ich hatte während der Zeit in seiner Gruppe
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angegebenen Quellen und Hilfsmittel benutzt habe.

Freiburg, den .........................

....................................................
Christian Glück

