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Kurzzusammenfassung

Das Verhalten von kalten (15 1K) Calcium-Atomen in einer geeigneten optischen
Dipolfalle wurde untersucht. Prozesse, die die Phasenraumdichte des in der Dipol-
falle gespeicherten Calcium-Ensembles begrenzen, wurden identifiziert und unter-
sucht. Zusammen mit der experimentell bestimmten Grundzustands-Streuldnge
wurden die Aussichten fiir die Realisierung eines Calcium Bose-Einstein-
Kondensats erortert. Die Dipolfalle wurde so konzipiert, dass ihr Betrieb mit der
Laserkiihlung auf dem schmalen Interkombinationsiibergang 4s* 'S, — 4s4p Py
bei 657 nm vertrédglich ist. Atome, die in einer auf dem Interkombinationsiibergang
operierenden magneto-optischen Falle gekiihlt und gespeichert werden, konnen
nur begrenzt in die Dipolfalle transferiert werden, da das 657 nm Laserlicht zur Pho-
toassoziation von Cas-Molekiilen fiihrt, die aus der Dipolfalle verloren gehen. Die
entsprechende Zweikorper-Verlustrate konnte zusammen mit der Einfangrate der
Dipolfalle und den Verlustraten der magneto-optischen Falle in einem Modell erfafst
werden, das die Ladedynamik der Dipolfalle beschreibt. Eine maximale Steigerung
der Phasenraumdichte des Calcium-Ensembles auf 0.045 konnte im Kreuzungsbe-
reich zweier Dipolfallen erreicht werden. Der Transfer von Atomen aus einer Einzel-
falle in den Kreuzungsbereich beider Fallen wird durch elastische Stofle hervor-
gerufen. Die Teilchenzahl im Kreuzungsbereich wird durch inelastische Dreikorper-
Stofie begrenzt, deren Rate jedoch mehr als eine Grofienordnung kleiner ist als die
elastische StofSrate. Die Ladedynamik des Kreuzungsbereichs wird durch ein Mo-
dell beschrieben, das die verschiedenen Raten berticksichtigt. Die Grundzustands-
Streuldnge wurde durch Photoassoziations-Spektroskopie unterhalb der 4s* 'S, +
4s4p'Py Asymptote bestimmt. Im Vergleich zu fritheren Messungen erlaubten ver-
besserte experimentelle Bedingungen einen grofseren Bereich von Kernabstianden
zu erfassen. Die damit verbundenen genaueren Messungen liefern nun einen Be-
reich der Streuldnge zwischen 340a, und 700a, und 16sen damit die Diskrepanz
zwischen den Ergebnissen fritherer Messungen. Als Ergebnis der Untersuchun-
gen ist es nun moglich den experimentell aussichtsreichsten Weg fiir die Erzeu-
gung eines Calcium Bose-Einstein-Kondensats aufzuzeigen, das zahlreiche neue
und faszinierende Forschungsmoglichkeiten bietet.

Schlagworte: kalte Calcium-Atome, optische Dipolfallen, elastische und inelas-
tische Stofse, Photoassoziations-Spektroskopie






Abstract

The behavior of cold calcium atoms in a suitable optical dipole trap was inves-
tigated. Processes which limit the phase-space density of the calcium ensemble,
stored in the dipole trap, were identified and investigated. The ground state scat-
tering length was experimentally determined. The consideration of these results
allowed to discuss the perspectives for the realization of a calcium Bose-Einstein
condensate. The realized dipole trap is compatible with the laser cooling on the nar-
row intercombination transition 4s2 'S, — 4s4p 3P, at 657 nm. The atoms are cooled
and stored in a magneto-optical trap (MOT) operating on the intercombination tran-
sition. The transfer of the atoms from the MOT into the dipole trap is limited by
density dependent losses, caused by the 657 nm radiation. This laser light induces
the photoassociation of Ca; molecules, which can not be trapped in the dipole trap.
The respective two-body loss rate and the capture rate of the dipole trap as well as
the loss rates of the MOT could be combined in a model, which describes the loading
dynamics of the dipole trap. A maximum phase-space density of 0.045 could be real-
ized in the crossing region of two dipole traps, which are spatially overlapped. The
number of particles in the crossing region is limited by inelastic three-body losses,
whose loss rate is more than one order of magnitude smaller in comparison to the
rate of elastic collisions. The loading dynamics of the crossing region is described by
a model, which considers the different rates. The ground state scattering length was
determined by photoassociation spectroscopy at the 4s* 'S, + 4s4p'P; asymptote.
In comparison to previous measurements the improved experimental conditions al-
lowed to investigate with the photoassociation spectroscopy an enlarged range of
internuclear separations. This was accompanied with a more accurate determina-
tion of the scattering length. Its value covers a range between 340a, and 700a, and
resolves therefore the discrepancy between the results of previous measurements.
As a result of the presented investigations it is now clear, which most promising
methods can be employed to reach a calcium Bose-Einstein condensate with a num-
ber of fascinating novel research opportunities.

Keywords: cold calcium atoms, optical dipole traps, elastic and inelastic colli-
sions, photoassociation spectroscopy
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Chapter 1

Introduction

During the last decades the creation and investigation of cold and dilute gases has
enabled a great progress in the understanding of atomic and molecular physics.
Moreover, microkelvin cold atomic samples found important applications for preci-
sion measurements, e. g. in time and frequency standards [Did04], and they are used
to investigate ultracold collisions [Wei99, Jon06]. The experimental demonstration
of fascinating quantum mechanical phenomenons like Bose-Einstein condensation
and the creation and investigation of quantum gases [Ang02] are as well part of this
research field.

An important tool for the creation and manipulation of these cold gaseous en-
sembles is the laser. Already in the 1970"s the cooling of atomic ensembles by laser
radiation was suggested by Hansch and Schawlow [Han75]. In the 1980°s a success-
tul deceleration of atoms could be demonstrated [Ert85, Pro85] as well as the cooling
of an ensemble by an arrangement of six counterpropagating laser beams [Chu85],
the so-called optical molasses. In 1987 the magneto-optical trap [Raa87] was devel-
oped, which combines the optical molasses with an inhomogeneous magnetic field
and allows beside cooling a spatial confinement of the atoms.

The method of laser cooling provides cold dilute atomic clouds with tempera-
tures below hundred microkelvin and offered the perspective for the experimental
realization of the Bose-Einstein condensation, which was predicted by A. Einstein
in 1925 [Ein25]. Based on S. N. Bose’s work on the statistics of photons [Bos24], Ein-
stein concluded that in an ideal gas of massive non-interacting bosons' a large frac-
tion of particles would occupy the lowest quantum state, if the gas temperature falls
below a certain critical value. Particles can be regarded as wave packets with a spa-

tial extension described by the thermal de Broglie wavelength \gg = \/h?/(2rmkgT),
which depends on particle mass m and temperature 7' as well as the constants
h (Planck’s constant) and kg (Boltzmann’s constant). At the critical temperature the
wavelength \gg becomes comparable to the particle distance and the wave pack-
ets start to overlap. The condition for this quantum-mechanical phase transition
is achieved if po\Jy = 2.612, with p, as the peak atomic density?. To avoid a

!Bosons are particles with a zero or integer spin.
2For a harmonic trapping potential this condition is equivalent to Ne = 1.202(kgT)?/ (h’w,wyw.),
with the critical number of atoms N. and the oscillation frequencies w;, wy, w..

9
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condensation into a liquid or solid sample before quantum-degeneracy is achieved,
sample densities are necessary which are five orders of magnitude smaller than in
earth atmosphere on the ground. Only at these densities (p ~ 10'® cm~?) the rate for
the formation of molecules is significantly smaller than the elastic collision rate and
the gas reaches a thermal equilibrium before molecules and clusters are created. The
low density requires a sufficient long matter wavelength and therefore temperatures
around a microkelvin to fulfill the condition of quantum-degeneracy.

Since the laser cooled ensemble temperatures are too high, it was necessary to
develop a method to achieve temperatures around a microkelvin. This was done
by evaporative cooling [Hes86] in a magnetic trap. By these means it became pos-
sible to achieve quantum-degeneracy for the three alkaline elements *'Rb [And95],
?Na [Dav95] and "Li [Bra95], seventy years after Einstein’s prediction.

With the Bose-Einstein condensate (BEC) a macroscopic matter wave is real-
ized providing an ideal model system to experimentally investigate quantum phe-
nomenons. Such phenomenons in solids can be modeled by a BEC in a periodic
potential of an optical lattice. The optical lattice acts on the atoms of the BEC in the
same way as the crystalline periodic potential on the electrons. With a **Rb BEC in
an optical lattice the quantum phase transition from a superfluid to a Mott insulator
could be demonstrated [Gre(02]. Furthermore the dispersion of matter wave packets,
realized by a BEC, could be controlled by using an optical periodic potential [Eie03].

Another important achievement of a BEC is the realization of a "laser" for matter
waves. In analogy to a laser with light the atom laser generates a coherent atomic
beam with a brightness that is orders of magnitude higher than that of conventional
atomic beam sources [Blo99]. By means of a highly collimated and slow atomic
beams it should be possible to create atom interferometers with a significant better
signal-to-noise ratio than state of the art interferometers. In atom interferometry
the wave character of the atoms is used comparable to the electromagnetic wave
in optical interferometers. Here the mass of the particles offers the possibility to
realize interferometers as inertial sensors for the determination of the gravitational
acceleration g and the Newtonian gravitation constant G as well as the fine structure
constant a.

For atom interferometric high precision experiments and for the realization of
frequency standards the most abundant alkaline earth elements **Mg, *°Ca and
¥Sr are of great importance. These elements possess no nuclear spin and a non-
degenerate ground state, which does not split in external magnetic fields. Further-
more alkaline earth isotopes feature a very narrow intercombination transition be-
tween their singlet and triplet states, which enables high resolution atom interfer-
ometry. To benefit from the narrow linewidth and the insensitivity of the ground
state to external magnetic fields, it is desirable to realize an alkaline earth BEC as a
source for coherent matter waves.

Despite all efforts it was not possible to create an alkaline earth BEC until now.
The electronic structure of these elements made it necessary to develop new cooling
methods. After laser cooling on the singlet transition 1S, —1P; [Rus98, Kis94, Kat99a]
the absence of a magnetic substructure of the ground state in alkaline earth elements
prevents the application of sub-Doppler laser cooling techniques [Let88, Coh90].
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Temperatures below the millikelvin range could be achieved after the development
of Doppler cooling methods on the narrow intercombination transition 'S;—*P;.
This narrow-line cooling firstly succeed in ®Sr [Kat99a, Vog99] and later in *°Ca
by artificially broadening (quenching) the upper level of the narrow line [Bin01]. In
all cases the atoms are stored in a magneto-optical trap (MOT), which operates on
the 'Sy—>P; transition. The temperature of the atomic ensemble corresponds to one
photon recoil of the cooling laser (400 nK) in the case of Sr and for Ca temperatures
around 10 K can be achieved.

The phase-space densities of up to 10~2 of the magneto-optical trapped Sr ensem-
ble [Kat99a] was further increased in a crossed-beam far-off resonance optical dipole
trap to a value of 0.1 [Ido00]. The achieved phase-space density in this dipole trap
was limited by light-assisted two-body collisions, which occur during the loading
of the crossed-beam trap. The laser which created the dipole trap operated at the so-
called "magic wavelength". At this wavelength it is possible to trap the atoms and
manipulate them like if they were in free space [Kat99b]. The trapping laser light of
a specific polarization produces the same Stark shift of the ground state 'Sy and of
one Zeeman component of the excited state *P;. This allows narrow-line Doppler
cooling inside the dipole trap and enables to transfer up to 80% of the MOT atoms
into the dipole trap.

The necessary last step to reach quantum-degeneracy could be demonstrated
for '™Yb, which has a similar electronic structure as alkaline earth atoms and al-
lows therefore direct comparisons. In a crossed-beam optical dipole trap the atoms
were successfully evaporatively cooled towards BEC [Tak03a]. Here by gradually
lowering the trapping potential the most energetic atoms were evaporated and the
ensemble thermalized at a lower temperature. The evaporation process is driven
by elastic collisions, whose corresponding rate is determined by the s-wave scat-
tering length at microkelvin temperatures. The knowledge of the scattering length
allows therefore to estimate the perspectives for the realization of a BEC. Here al-
kaline earth atoms offer an advantage in the investigation of cold collisions. The
non-degenerate ground state simplifies the comparison between experiment and
theory, which is more complicated for alkali atoms, due to their hyperfine structure
in the ground state. A well established method for the investigation of cold colli-
sion properties is the analysis of the photoassociation process, in which to colliding
ground state atoms form an excited molecule by absorbing a photon. The photoas-
sociation process depends on the scattering properties of the ground state as well as
of the excited molecular state. For alkaline earth-like atoms photoassociation spec-
troscopy was first applied in Ca [Zin00] and produced lately remarkable results for
Sr [Yas06, Zel06] and Yb [Toj06]. Only for Ca data from molecular spectroscopy
are available [All03], which allow to compare and verify the ground state scatter-
ing length, determined by photoassociation spectroscopy. Determinations of the
Ca ground state s-wave scattering length showed different results: the value from
classical molecular spectroscopy [AllIO3] favors a longer scattering length between
250 ap and 1000 ag (ap ~ 0.052918 nm is the Bohr radius), whereas photoassociation
measurements [Deg03] gave a length of 50 ay to 300 ay. The results show a posi-
tive scattering length, which is considerably larger than the Sr length [Mic05] and



12 Introduction

similar or larger than the '™Yb ground state scattering length [Tak04]. Similar to
'™YD, evaporative cooling in a crossed-beam optical dipole trap also seems to be a
promising way to reach quantum-degeneracy in Ca.

Investigations showed, that the alternative route for the realization a Ca BEC
in the metastable state P, is not successful. In the ensemble of the magnetically
trapped metastable Ca atoms below 10 1K, the inelastic collision rates dominate the
elastic ones, which prevents evaporative cooling [Han06]. However in the ground
state, the perspectives for the realization of a Ca BEC seems to be promising. The
Ca ensemble can be laser cooled down to temperatures around 10 K. Similar to the
very successful demonstration with Sr, the narrow-line cooled Ca atoms have been
transfered to an optical dipole trap, operating at a magic wavelength. Previously the
magic wavelengths of Ca have been experimentally determined [Deg04b] to 800 nm
and ~ 1 um, which are well accessible for lasers.

This thesis had the purpose to address three questions, which are crucial for the
realization of a calcium BEC:

e To clarify the discrepancy in the determined ground state scattering length,
e to find optimum conditions for an optical dipole trap with calcium and

e toidentify and investigate the processes, which limit the phase-space densities
in the dipole trap.

An improved value of the ground state scattering length has been determined
by photoassociation spectroscopy. In comparison to the previous photoassocia-
tion measurements [Deg04a, Zin00], the new experimental conditions allowed to
generate photoassociation spectra with a significant improved signal-to-noise ratio.
With it an enlarged range of internuclear separations were accessible with the pho-
toassociation spectroscopy, which allowed for a more accurate determination of the
ground state scattering length.

An efficient loading of precooled atoms from the MOT into an optical dipole trap
requires, that this trap is compatible with narrow-line Doppler cooling. This condi-
tion is realized if the dipole trap operates at a "magic wavelength". However inves-
tigations showed, that only one of the previously determined "magic wavelengths"
promises an efficient transfer. By means of a model, which describes the narrow-
line cooling inside a dipole trap, the choice of the optimal wavelength for the dipole
trap will be explained. In order to find optimum conditions for the transfer of atoms
from the MOT to the dipole trap a model was developed, which describes the load-
ing process. A similar model is applied to describe the transfer of atoms from a
single-beam dipole trap to a crossed-beam dipole trap.

From the analysis of the temporal decay of the number of atoms, stored in the
dipole trap, the different loss processes could be identified. Of special interest are
density dependent loss processes, which limit the phase-space densities. Consid-
erable are losses due to the formation of molecules initiated by the light of the
MOT as well as three-body losses at the highest densities, as they are expected in
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a crossed-beam dipole trap. To distinguish between light-induced two-body losses
and three-body losses, the decay measurements were carried out in a single-beam
and in a crossed-beam dipole trap with and without light of the second stage of the
MOT. The derived two-body loss coefficient was compared with the theoretical pre-
dictions of the photoassociation process at the asymptote of the intercombination
transition [Ciu04]. The derived three-body loss constant was compared with other
atomic species and with the expected elastic collision rates.

The thesis is organized as follows:

Chapter 2 describes the preparation of the 10 K cold atomic ensemble in the
two-stage magneto-optical trap. Special attention is paid to the preparation of a
cold and dense sample in order to have optimum conditions for the transfer to an
optical dipole trap. The chapter is introduced by a description of the experimental
setup.

To evaluate the prospects for the creation of a “°Ca BEC it is necessary to know
the size and the sign of the ground state scattering length. The determination of
the scattering length by photoassociation spectroscopy is therefore subject of the
following chapter 3. Besides the scattering length an improved value of the atomic
lifetime of the state 4s4p'P; was derived.

In chapter 4 the transfer of atoms from the second stage of the magneto-optical
trap to a suitable optical dipole trap for *°Ca is investigated. As it was pointed out
(see above), the choice of the wavelength of the dipole trapping laser is of impor-
tance for an efficient transfer of atoms. This circumstance is discussed at the begin-
ning of the chapter, followed by a description of the dipole trap setup, realized with
a laser of feasible wavelength. Subsequently a model is presented, which describes
the loading and loss processes of the dipole trap. It appears that density dependent
two-body losses limit the transfer of atoms, which are caused by the light of the
MOT.

The realization of a crossed-beam optical dipole trap is the subject of chapter 5.
It starts with a description of the trapping potential, which is created by two inter-
secting dipole traps. The transfer of atoms into the trap at the crossing region is
analysed subsequently. The previously developed loading model for a single-beam
dipole trap is adjusted for the crossed-beam trap. Here an additional loss process
limits the transfer of atoms, caused by three-body collisions.

The present results will be concluded in chapter 6 and an outlook to further
experiments and applications will be given.
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Chapter 2

Laser cooling of calcium in a two-stage
magneto-optical trap

In this chapter the preparation of a 10 1K cold ensemble of calcium atoms will be
explained. After a discussion of the calcium level scheme and the cooling methods,
the experimental setup will be described. Experimentally, the main focus is directed
on the generation of a cold and dense ensemble of atoms, optimized for the transfer
to an optical dipole trap, which will be investigated in detail in chapter 4.

2.1 Calcium level scheme - standard Doppler cooling
and narrow-line cooling

The generation of a cold ensemble of “°Ca atoms is performed by laser cooling in
a two-stage magneto-optical trap (MOT) [Raa87, Met99]. The first stage uses the
dipole allowed transition 4s* 'S, - 4s4p 'P; in the singlet system at 423 nm (see
fig. 2.1). However a small fraction of excited atoms (107°) [Bev89] decays via the
4s53d 'D, state into the metastable states 4s4p 3P, and 4s4p 3P, and is therefore lost
from the MOT. This leak in the cooling cycle is closed by repumping atoms from
the 4s3d 'D, state to the 4s5p 'P; state from which they subsequently decay into
the ground state. The expected final temperature of the ensemble is given by the

oppler limit 1p = =2 = 0.8 mK, where v, denotes the transition linewidth, kg
Doppler limit 7p = {22 = 0.8 mK, wh d h ition linewidth, &

Boltzmann'’s constant and ~ Planck’s constant. In the experiment ensemble temper-
atures of 1.5 mK can be realized.

The non-degenerate ground state of *°Ca does not allow for sub-Doppler cool-
ing [Let88, Coh90]. Hence to reach temperatures suitable for further evaporative
cooling in an optical dipole trap other methods have to be applied. The second stage
of the MOT uses the narrow intercombination line (v, = 27 - 380 Hz) between the
ground state 'S, and the triplet state *P; for laser cooling of the ensemble. This cool-
ing method (narrow-line cooling [Vog99]) differs from the standard Doppler cooling
on a strong transition as used in the first stage. The linewidth ~, of the intercombi-

15
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Figure 2.1: Excerpt from the energy level diagram of “°Ca. The optical transitions which are in-
volved in the cooling scheme are shown as colored lines. The dashed lines indicate spontaneous decays.
For the most relevant transitions the wavelengths and the corresponding Einstein A-coefficients are
shown.

nation transition is smaller than the change in the Doppler shift caused by the recoil

of a single cooling photon Mex — 9. 23 kHz, where m denotes the atomic mass and

2
kex is the norm of the wave vector of the exciting light. It is therefore necessary to
use a broad band of laser frequencies for efficient cooling since, otherwise an atom
would be out of resonance after absorbing a cooling photon [Wal89]. If only a single
frequency for cooling is used, another problem would be, that only a small range
of velocities could be addressed. Because of the narrow intercombination line the
cooling force is only 1.5 times larger than the gravitational force and its compensa-
tion by the cooling force is experimentally difficult. The scattering rate and therefore
the cooling force is increased by an artificial reduction of the lifetime of the 4s4p *P;
state. This is done by exciting atoms from the 4s4p °P; state to a third level (4s4d
'D,) from which they quickly decay via the 4s4p *P; level to the ground state. With
this so-called quench technique [Bin01, Cur0O1] temperatures of about 10 ;K could
be achieved.

2.2 Experimental setup

For the generation of a sample of cold calcium atoms an extensive experimental
setup is needed. It mainly consists of different laser systems, which are necessary
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Figure 2.2: Schematic sketch of the horizontal plane of the central part of the experiment. Illustrated
are the relevant laser beams of the two-stage MOT and the spectroscopy and reference beams with
its detection devices: photo multiplier tube (PMT) (657 nm fluorescence), avalanche photo diode
(APD)(423 nm fluorescence) and CCD camera (absorption images). The different coils of the setup
are depicted in grey: 1. main and 2. secondary coil (Zeeman slower), 3. counter coil, 4. quadrupole
coils, 5. Helmholtz coils and 6. compensation coils.

for cooling and detecting the atoms, of a vacuum chamber with the coils for the
MOT inside and of a source of calcium atoms (for details see [Naz07]). A schematic
drawing of the horizontal plane of the main part of the experimental setup is shown
in figure 2.2. Table 2.1 summarizes the properties of the different laser beams needed
at the experiment. Table 2.2 gives an overview of the magnetic fields used for prepa-
ration and detection of the atomic sample. In the spherical vacuum chamber a base
pressure of 10~Y mbar is realized. The six main windows of the chamber and the
windows for the Zeeman slower beam, the molasses beams and the spectroscopy
beams have an antireflection coating in the visible range. For dipole traps six win-
dows with coatings from the visible to the near infrared are available.

An oven filled with approximately 2 g of calcium granulate serves as a source of
atoms. The oven consists of a stainless steel cylinder of 40 mm length and an inner
diameter of 9 mm mounted in vacuum. The cylinder is surrounded by a wire, which
heats the granulate up to 620°C. The evaporated hot atoms pass through a nozzle of
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10 mm length, which consists of seven bores of 0.5 mm diameter. From their average
initial velocity of 750 m/s the atoms are then decelerated by a Zeeman slower setup.
This part consists of two coils with currents flowing in opposite directions and of
cooling light, which is 510 MHz red-detuned from the 'S, - 'P; transition. Over
the length of the main coil (300 mm), the spatially varying magnetic field makes
sure, that the cooling light is always in resonance with the decelerating atoms at the
corresponding position. Behind the main and the secondary coil, the magnetic field
returns to zero and the laser is no longer in resonance with the slow atoms. At the
end of the 380 mm long decelerating distance the atoms have a velocity of 40 m/s. A
two-dimensional optical molasses collimates and deflects the slowed atomic beam
by an angle of 15° into the center of the MOT.

The first stage of the MOT is generated by six independent, pairwise counter-
propagating and mutually perpendicular laser beams and by a magnetic quadrupole
tield. The water cooled coils for the quadrupole field are placed inside the vacuum
chamber, which allows a fast switching of the field within 200 us. The two coils are
in anti-Helmholtz configuration and create a quadrupole field gradient along the
symmetry axis of 0.6 T/m at a current of 40 A. The symmetry axis is oriented along
the vertical direction, which is denoted by the z-axis in the following.

For the second stage of the MOT the same coils are used at a lower current of 1 A
(0.015 T/m). Here the pairs of counterpropagating circularly polarized beams are
generated by retroreflection. In the vertical direction the beam of the quench laser
(quench beam) is irradiated from below and retroreflected from the top. During the
cooling the change in the Doppler shift and therefore the acceleration is significantly
smaller than in the first stage of the MOT and the magnetic field gradient must be
reduced. Otherwise, if the change of the Zeeman shift would become bigger than
the change of the Doppler shift, the atoms run out of resonance and the cooling
stops. Hence the second stage of the cooling is very sensitive to external magnetic
tields. With three pairs of compensation coils these perturbations could be elimi-
nated. Furthermore for the second stage of the MOT it is necessary to operate an
additional coil, which compensates a magnetic field gradient of 0.5 mT/m caused
by the second coil of the Zeeman slower setup [Naz07].

Beside cooling, the narrow intercombination line is also used for spectroscopy.
Two counterpropagating beams are therefore sent into the chamber. In addition a
homogeneous field is necessary, which is generated by a pair of coils in Helmholtz
configuration. Each of the coils surrounds one of the quadrupole coils. The fluo-
rescence light of the intercombination line is detected by a photo multiplier tube
(PMT) and that of the 423 nm transition by an avalanche photo diode (APD). Inside
the chamber plane convex lenses with a focal length of 90 mm collimates the 423 nm
and the 657 nm fluorescence light. Afterwards a combination of a color and inter-
ference filter blocks remaining non-resonant light. The resonant detection beam is
used to take 1:1 absorption images of the atomic cloud. The imaging system consists
of two achromats with a resolution of ~ 16 ym and a CCD-camera.



Experimental setup 19

Table 2.1: Experimental parameters 1: Beam properties

beam radius! detuning power
Zeeman slower - —510.0 MHz 22.5 mW
molasses 5 mm —18.0 MHz 20.0 mW
1t MOT 10 mm —28.0 MHz 0.6 mW
detection 4.2 mm 0.0 MHz 0.015 mW
2"d MOT 2.5 mm —0.24 MHz 3.9 mW (hor.)
2nd MOT 2.5 mm —0.24 MHz 7.8 mW (vert.)
quench 4 mm - 80 mW
spectroscopy 1 1.85 mm 0.0 MHz 13.0 mW
spectroscopy 2 1.64 mm 0.0 MHz 10.2 mW

Table 2.2: Experimental parameters 2: Magnetic fields

coil current magentic magnetic
field tield gradient

Zeeman slower 9.8 A 0.1 T (Bmax) -

(main coil)

Zeeman slower 12.8 A 0.04T -

(secondary coil)

counter coil 13.0 A - 0.5 mT/m

quadrupole coils 25 A..80 A - 0.015T/(Am)

(1t MOT)

quadrupole coils 1L.OA..3.0A - 0.015T/(Am)

(2" MOT)

Helmholtz coils 5 A 0.2mT/A -

The light for the first stage of the MOT, the Zeeman slower, the molasses as well
as the detection beam is generated by a frequency doubled titanium-sapphire laser
(Coherent MBR 110). As frequency doubler serves a lithiumtriborat crystal (LiB3Os,
LBO) placed in an external built-up cavity (refer to [Deg04a]). The frequency of the
423 nm radiation is stabilized to a separate calcium atomic beam. In total an optical
power of 0.5 W is available, which is subsequently split up by polarization optics
and frequency shifted by acousto-optical modulators (AOM).

The number of stored atoms in the first stage of the MOT can be increased by a
factor of three, if the decay channel across the 4s3d 'D, state is closed (see Fig. 2.1).
This is done by repumping the atoms from 4s3d 'D, state to the 4s5p 'P; state.
The corresponding laser radiation at 672 nm is generated by a diode laser (Top-
tica DL100) with an output power of 5 mW. It is stabilized by means of a lock-in
technique to a cavity with fixed length. The cavity consists of a glass-ceramic spacer
(Ohara Clear Ceram) with optically contacted mirrors. The long term drift amounts
to approximately 30 MHz per year. The offset frequency between laser and cavity is

'The radius of a laser beam is defined at the point, where the intensity is decreased to 1/e2.
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Figure 2.3: The laser system at 657 nm for spectroscopy and the second stage of the MOT. The dif-
ferent slaves are injection locked to the stabilized light of the master. AOM: acousto-optic modulator,
FI: Faraday isolator, BS: beam splitter, PBS: polarizing beam splitter, /2, \/4: retardation plates.
Second stage cooling without a) and with b) the possibility to reduce the optical power of the cooling
light in the zeroth order of an AOM and additional by a movable filter glass.

adjusted by a double pass AOM that also introduces the frequency modulation for
the stabilization. In order to switch the repumping light, the first order of a further
AOM is coupled into a fiber, which carries the light to the vacuum chamber.

The 657 nm radiation for the second stage of the MOT and for the spectroscopy is
provided by a master diode laser, which injection locks slave diode lasers. The diode
lasers are temperature stabilized and provide an optical output power of 50 mW
(Mitsubishi, 120G14-01). The master laser is stabilized by the Pound-Drever-Hall
technique [Dre83] to a reference cavity made of ultra low expansion glass. The tem-
perature stabilized cavity is placed in vacuum. A special mounting reduces the sen-
sitivity to vibrations [Naz07]. Beside its function as reference, the cavity furthermore
serves as a filter for the high-frequency laser frequency noise [Naz07]. To minimize
acoustic perturbations of the cavity, the whole setup of the master is situated in a
separate quiet room. Hence the stabilized and filtered light is sent through a fiber
to the experiment after an amplification of the power by a slave laser. Frequency
fluctuations caused by the fiber are actively compensated [Sto04].

Figure 2.3 shows the setup at the calcium experiment. First the stabilized light
coming through the fiber is amplified by slave 1. The main part of the light power is
intended for possible frequency measurements and is therefore sent through a fiber
to a frequency comb. The remaining light power serves for the injection lock of three



Optimization of the phase-space density in the second stage of the MOT 21

more slaves. Slave 2 and 3 are used for the spectroscopy beams and slave 4 gener-
ates the light for the second cooling stage. The spectroscopy beams are switched
by AOMs. The radio frequency of the AOM4 (81 MHz) in front of slave 4 is sinu-
soidally frequency modulated (fmoq = 15 kHz, peak-to-peak amplitude 0.75 MHz)
in order to broaden the spectrum for the cooling light (see above 2.1). The modu-
lation is realized by a voltage controlled oscillator (VCO), which is controlled by a
frequency generator. Since the AOM is operated in double pass configuration the
frequency of the cooling light is shifted by 162 MHz and the peak-to-peak amplitude
of the generated cooling spectrum amounts to 1.5 MHz. To eliminate stray light at
the experiment and to get more power, the cooling light is switched by a mechanical
shutter based on a galvanometer with a moving magnet. Cooling light and spec-
troscopy light are sent through an optical fiber to the experiment.

For the cooling at the intercombination transition the quench technique is ap-
plied. As quench laser at 453 nm serves a commercial system (Toptica, TA/DL-SHG
110), which consists of a tunable, grating stabilized diode laser, a tapered amplifier
and an external frequency doubling stage. The doubling stage is a folded ring cav-
ity, which contains a potassium niobate crystal (KNbO;). Up to 200 mW of optical
power in the frequency doubled light can be achieved. The laser is stabilized to a
tunable cavity. To assure long term stability, an additional laser is stabilized to the
same cavity. The beat of this helium-neon laser with an iodine stabilized helium-
neon laser is kept constant by means of the voltage at the piezo element of the cav-
ity (cf. [Deg04a]). The 453 nm radiation is switched by an AOM, whose first order is
coupled into a fiber, which carries the light to the experiment.

2.3 Optimization of the phase-space density in the sec-
ond stage of the magneto-optical trap

The laser cooled ensemble in the two-stage MOT is intended to be transfered to an
optical dipole trap. To a good approximation an optical dipole trap can be regarded
as a conservative trap without any additional dissipation mechanism or thermaliz-
ing conditions beside elastic collisions. Therefore only atoms at the position of the
dipole trap with sufficient low kinetic energy to remain trapped can be transfered
from the MOT. This section investigates the optimum conditions for the creation of
a high phase-space density in the second stage of the MOT, in order to have an ideal
starting point for the loading of the dipole trap (see chapter 4).

As it was described above (see section 2.1) and illustrated in Figure 2.4, the two-
stage cooling sequence starts with the 423 nm MOT loaded from the Zeeman slowed
atomic beam by the two-dimensional deflection molasses. The loading of the first
stage of the MOT is typically completed after a time of 1 s when the number of
atoms saturated due to light-induced losses. At a quadrupole field of 0.38 T/m the
number of stored atoms reaches 4.5 - 10% at a peak density of 1.4 - 10'° cm ™ and a
temperature of 2 mK (see table 2.3). After 1 s of first stage cooling, the second stage
of the MOT followed by irradiating the atoms with the broadened spectrum of the
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Figure 2.4: Cooling sequence for the preparation of a 12 ;1K cold sample (refer to the text).
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657 nm cooling light together with the 453 nm quench light. Simultaneously the
quadrupole gradient is reduced to a value of 0.015 T/m.

In the following subsections the configuration of the quench beams, the param-
eters of the 657 nm cooling light and the parameters of the magnetic field gradient
are varied in order to find the optimum cooling conditions.

2.3.1 Configuration of the quench laser beam

The lowest temperatures and highest densities could be observed simultaneously
only if the quench beam is realized as a standing wave in the vertical direction. If
the quench beam irradiates the atoms in three directions (3 standing waves), the
temperature increases by a factor of 1.5, the number of atoms and the density de-
creases to about one half. Here the cloud has a root mean square radius (rms) in the
vertical direction of o, = 0.33 mm and in the horizontal plane of o, = 0, = 0.55 mm.
If the quench beam is only applied in the vertical direction the cloud radius in this
direction amounts o, = 0.26 mm and o, = 0, = 0.63 mm. The unfavorable condi-
tions for three dimensional quench cooling are probably due to a higher total quench
rate, which produces more 423 nm photons in the cooling cycle and a power imbal-
ance between the beams, which results in a heating effect. This is connected with the
loss of atoms with high kinetic energy, since observations for longer cooling times
showed that the ensemble temperature falls to a value near 10 K but this takes three
times longer than in the case of only vertical quench cooling. Due to the quench ef-
fect, the cooling force is also increased in the horizontal plane which results in the
smaller horizontal dimensions of the cloud.

After the first stage the quadrupole field is decreased within 200 ps to 0.015 T/m.
The cooling spectrum is broadened to 1.5 MHz and its high frequency edge is de-
tuned with respect to the resonance by about —240 kHz. Up to 15% of the atoms
can be transfered to the second stage of the MOT. If the cooling transition is only
quenched in the vertical direction the cooling is finished after a duration between
50 ms and 100 ms. The ensemble achieved a temperature around 10 pK, which
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Figure 2.5: Development of temperature (black squares) and number of atoms (red circles) as a
function of cooling time, if quenching is only applied in the vertical direction. The particle numbers
are measured by the blue fluorescence of the sample. After 100 ms the final temperature around 10 ;K
is reached. The initial fast decay of atoms is attributed to the loss of the hottest atoms. The measured
lifetime of the MOT is between 400 ms and 600 ms (red line).



24 Laser cooling of calcium in a two-stage MOT

2.6 T T T T T 30 3.0 T T T I.' - 4.0
N i i o n
24 i . ] o - 28 o o
22 |- | 25 - - 35
i . 26 u .
2.0 -— | | d 24 g
—~ 18 1 20 430 &~
; | 4 22 ?
E 16 = - 5 £
4 =) C)
~ F -— n - 20 3 - L] ~
e 14 - : 1.5 °
o N - 4 o 425 o
=t - 18 ot
*o 12 |- * g
a L 116 o
10 | ° —» ] 10 - © 20
0.8 -_ O © - 14 © ’
L o o - 05 [ o
06 [ - 12 2T
[ IS NS RS MR | PPN RSN B S IV
-300 -200 -100 0 100 0.02 0.03 0.04
8 (kHz) dB/dz (T/m)

Figure 2.6: Left: Temperature (red circles) and density (black squares) in the second stage of the
MOT as function of the detuning of the high frequency edge of the cooling comb. The measurement
was carried out at a quadrupole gradient of 0.015 T/m. Right: Number of atoms (red cicles) and the
corresponding density (black squares) against the quadrupole gradient for a detuning of —200 kHz.

changes for longer cooling times only marginally.

2.3.2 Detuning of the cooling laser and magnetic field gradient

The detuning of the high frequency edge of the cooling comb achieves the highest
peak densities p, and lowest temperatures 7" around —200 kHz at a magnetic field
gradient of 0.015 T/m (see fig. 2.6, left). An increase of the sample density can be re-
alized by higher quadrupole fields. As can be seen in the right part of figure 2.6, the
density starts to saturate at higher quadrupole fields around a two times higher den-
sity. The temperature is slightly increased (16 pK) but the number of atoms drops
to a fourth of the value at 0.015 T/m. Therefore the atoms are captured at a low
gradient (8 mT/m) of the magnetic field and subsequently the gradient is increased
during 45 ms by a factor of four. With this compression sequence the number of
atoms in the MOT is two times higher as if it would be in the case of a continu-
ous loading at high gradient. The achieved phase-space density of an ensemble of
2.6-107 atoms is only 1.5 times higher in comparison to an ensemble of 4.9-10 atoms
at a continuous loading at a lower gradient. If the sample is compressed in such a
mannet, a faster decay of atoms is observed than in the case of a continuous loading
at a gradient of 1.5 G/cm. Density dependent losses are unlikely, if the estimated
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Figure 2.7: Decay measurements of the second stage of the MOT. Red curve: the MOT is realized
at a constant quadrupole field of 0.015 T/m and a detuning of —250 kHz. The quadrupole field is
increased from 8 mT/m by a factor of four during the cycle (green curve). If in addition the detuning
is decreased (—200 kHz) the highest densities and fastest decays are observed (black curve).

two-body loss coefficient (3 ~ 2 - 107!% cm?3/s, see chapter 4) is taken into account,
because the loss rates are two orders of magnitude smaller than the trap lifetime of
about 0.5 s. Again in the denser and hotter samples the decay is given by the loss
of atoms with high kinetic energy, comparable to the observations with the different
configurations of the quench beam (see fig. 2.7).

2.3.3 Broad- and small-band spectrum of the cooling laser

In further investigations a decrease of the sample temperature could be realized by
changing the laser spectrum of the cooling laser from broad-band to small-band
comparable to the case of strontium [Kat99a]. The small-band consists of five single
frequencies separated by 15 kHz and was realized by a VCO, controlled by a fre-
quency generator. The VCO has two modulation inputs and can be controlled either
by the frequency generator with which the broadened spectrum is generated or by
that one for the small-band spectrum. A TTL-signal controls, which frequency gen-
erator modulates the VCO. Aside from the cooling spectrum a setup was realized,
which allows a simultaneously reduction of the optical power in the cooling beam
(see tig. 2.3b)). The zeroth order of an AOM (AOMS in fig. 2.3b)) allows to vary the
power between 100% and 50%. An additional filter glass, which was moved in the
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Table 2.3: Parameters of the two-stage MOT

parameter 1.stage of the MOT 2.stage of the MOT

quadrupole field 0.38 T/m 0.015 T/m

intensity 0.5 mW /cm? 40 mW /cm?

(horizontal beams)

intensity 0.5 mW/cm? 80 mW/cm?

(vertical beams)

intensity — 320 mW /cm?

(single quench beam)

detuning —28 MHz —240 kHz

comb width — 1.5 MHz

temperature 2mK 12 uK

peak density 1.4-10"% em™3 3.2-10" cm™3

number of atoms 4.8-108 4.5-107

trap radius Oy =0y=0,=13mm 0y, =0y, =0.63 mm,
o, =0.26 mm

phase-space density 21077 1.5-107°

optical path, transmits 10% of this power. The filter glass is mounted on the movable
arm of a mechanical shutter, realized in the same way as the shutter for switching
the cooling light. After 50 ms of broad-band cooling the spectrum is switched to the
small-band. Best results were obtained, when the center of the small-band spectrum
was detuned by —400 kHz to the resonance. Furthermore the total optical power
is decreased to 10% of the broad-band power. In this configuration a temperature
of 7 uK and a density of 1.4 - 10'® em™* (50% of the broad-band density) could be
realized. The number of stored atoms was reduced to 50% of the atoms stored in the
broad-band case.

2.3.4 Conclusion

The investigations of the second stage of the MOT showed the best conditions con-
cerning density, temperature and lifetime, if a quenching of the cooling transitions is
only applied in the vertical direction. Efforts to increase the density by compressing
the sample by means of the quadrupole field resulted in a two times higher density,
but this approach halves the number of atoms and the trap lifetime. A change of the
cooling spectrum from broad- to small-band is by far not as successful as in the case
of strontium [Kat99a]. The temperature only halves, in comparison to a decrease of
one order of magnitude in the case of strontium. Also the number of atoms and the
density halves in this approach. If the loading model of the dipole trap (see 4.2.2)
is applied to the different sequences similar particle numbers are expected for the
compression sequence and the sequence with a constant gradient of 0.015 T/m. Be-
cause of the better geometrical overlap between MOT and dipole trap when the
gradient is ramped, the loading rate 7, (see 4.2.2) could be increased by a factor of
about five, however the smaller MOT lifetime (217 ms) and particle number as well
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as the higher temperature (17 ;K) prevented a higher absolute number of atoms in
the dipole trap. For the sequence with the change of the cooling spectra, a higher
loading rate is expected, since the capture range is increased due to the lower tem-
perature of the MOT atoms. However the absolute number of transfered atoms to
the dipole trap is smaller, since the MOT contains less atoms (1.4 - 107) compared to
the MOT with constant low magnetic field gradient.

Because of the good reproducibility in the number of atoms, temperature and
density, the further experiments with the dipole trap are carried out with a MOT
realized at a constant low gradient of 0.015 T/m. Table 2.3 summarizes the optimum
transfer conditions for the preparation of the second stage of the MOT.
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Chapter 3

Collisional properties of calcium
atoms

3.1 Photoassociation spectroscopy

The photoassociation measurements presented in this chapter were originally pub-
lished in The European Physical Journal D 44, 73-79 (2007). The results and con-
siderations that are reproduced from there, are clarified by quotation marks. The
subsection 3.2.1 and the sections 3.3, 3.4, 3.5 are completely cited.

Photoassociation (PA) describes the process if two colliding ground state atoms
are excited to a bound molecular state by absorbing a photon, which is resonant
with the molecular line. The generated molecule is in a vibrational level close to
the dissociation limit, where the molecular properties are mainly determined by the
long range part of the molecular potential. This region of the potential is easier to
describe than the short range part and is directly related to atomic properties, such
as the lifetime of the excited state and the ground state scattering length. In the
case of °Ca, the theoretical description of the PA process is simplified by the non-
degenerate ground state. The obtained PA spectra contain therefore informations of
the interatomic collision properties of cold atoms. In contrast to the PA spectroscopy,
the molecular spectroscopy investigates the deepest bound vibrational levels. A
comparison of the results from both methods yielded a significant deviation in the
calcium ground state scattering length [Deg03, All03]. Since an exact knowledge of
the scattering length is necessary, to evaluate the perspective of the generation of
a Ca BEC by evaporative cooling, a new PA measurement was carried out. It cov-
ers an extended energy interval of the B '3} molecular state below the asymptote
45 1Sy + 4s4p 'P; (sec. 3.2). The measured PA spectra are theoretically described by
a quantum mechanical model (sec. 3.3). "To precisely reproduce the observations
and to determine absolute photoassociation rates, accurate potential curves are nec-
essary for the ground and excited state. Via the adjusted potentials we gain access
to the ground state scattering length and the dipole-dipole coupling constant Cs5 of
the excited state. In section 3.4 we discuss the results of the adjustment and give
improved values for the lifetime of the atomic level 4s4p 'P; and the ground state
s-wave scattering length."

29
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Figure 3.1: Illustration of the photoassociation process. a) A pair of colliding ground state atoms,
described by the s-wave scattering function (black curve in the lower part of the figure), is resonantly
excited (green arrow) to a bound molecular state (black curve in the upper part of the figure) near the
dissociation limit 4s* *So + 4s4p 'Py. The corresponding molecular potentials of the ground X '3}
and excited state B ' are shown as red curves. The excitation to different molecular levels (blue
lines in the upper part of the figure) probes the scattering wave function at different internuclear
distances. The internuclear distance is given in units of the Bohr radius ag. An example of such
a photoassociation spectrum of the vibrational level v* = 85 below the asymptote of state B '3}
is shown in figure b). The detuning Af is measured with respect to the dissociation limit 4s® S
+ 4sdp 'Py. At a temperature of 1.5 mK transitions to the rotational levels with quantum number
J = 1and J = 3 are observed.

3.2 Experimental realization

The photoassociation (PA) measurements were carried out in the first stage of the
MOT at a temperature of 1.5 mK. The frequency f;. of the PA laser is red-detuned
(Af = fL— fo < 0) with respect to the 'Sy—'P; transition frequency fo. In the PA pro-
cess a resonant photon excites two colliding ground state atoms to a bound molec-
ular state B 'X}. "The spontaneous decay of the molecule produces with significant
probability a pair of hot atoms, which is no longer trapped in the MOT. Thus, PA
induces an additional, frequency dependent trap loss. The signature of this loss is
a change of the number of trapped atoms." The PA induced trap loss achieves more
than 35%, which is in comparison to previous PA measurements [Deg04a, Zin00] an
increase of more than one order of magnitude. These clearly improved PA signals
are due to an enhancement in lifetime (< 3 s) and peak density (= 6 - 10'° cm™?)
of the MOT. The former allows a longer illumination of the atomic cloud by the PA
beam and more Ca, molecules will be generated and the latter results in a higher
PA rate. "Under these improved experimental conditions it was possible to extend
the region, in which photoassociation lines were observed, to 182 GHz below the
asymptote. Typically, the maximum trap loss was kept below 20% by reducing the
PA laser power to avoid saturation of the rotational lines." The increase in the den-
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Figure 3.2: Time sequence of the photoassociation measurement. At each detuning with respect to
the atomic resonance the measurement consists of two cycles. The MOT is loaded at a low magnetic
field gradient and subsequently compressed by increasing the gradient. The loading ends at the high
gradient by switching off the Zeeman slower and the molasses. The generation of Cay starts by
shining in the photoassociation (PA) laser for 1.5 s. The blue fluorescence at the beginning and at
the end of the PA process is detected (F1, F2) and compared with the respective fluorescence signals
without the PA laser (F’1, F’y) in order to calculate the relative PA-induced losses L.

sity is accomplished by an optimized loading scheme of the MOT: For 600 ms a high
number of atoms are captured at a low gradient of the magnetic field of 0.23 T/m.
In the following 400 ms the gradient is increased to a value of 1 T/m and the high
densities are achieved. With this compression sequence the number of atoms in the
MOT is 10 times higher compared to a continuous loading at a high gradient. The
loading of the MOT is stopped by turning off the Zeeman slower and the deflection
molasses. The atomic cloud is then illuminated by the PA laser for 1.5 s. At the
beginning and at the end of the PA phase, the fluorescence of the atoms are detected
by an avalanche photo diode. From the corresponding fluorescence signals (F} at
the beginning, F, at the end) the fraction of remaining atoms N = F,/F is calcu-
lated. "The whole sequence of loading, ramping the gradient up and holding it for
1.5 s is repeated without the light from the photoassociation laser. Accordingly, the
ratio N’ = F}/F] is determined that differs from N by the PA-induced losses." The
relative PA losses L are then given by L = 1 — N/N’. Such a PA cycle is repeated
for forty times at each detuning A f to guarantee an optimum signal-to-noise ratio.
Figure 3.2 summarizes the time sequence of the PA measurement. "For the first mea-
surements, a standing wave was used for photoassociation. The intensity variation
of the standing wave is included in the simulations to account for the different sat-
uration behavior in nodes and antinodes. The standing wave was later omitted to
simplify the theoretical description."

The PA laser is a frequency doubled titanium-sapphire laser, which is stabilized
to a reference cavity to keep the laser frequency within +1 MHz. The AOM-switched
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PA beam has a diameter of 3.8 mm. A spatial variation of the intensity is neglected
in the quantitative description of the PA spectra, since the diameter of the atomic
cloud only amounts to 1 mm. The typical peak intensity ranges between 2.0 W/cm?
for v* = 72 and 8.0 W/cm? for v* = 85. "Here, the vibrational quantum number v* is
counted with respect to the asymptote [Zin00, Deg03], since the absolute assignment
is unknown. Our calculations using an approximated potential for the state B give
an absolute value for the vibrational assignment of about 177". Small detunings
—73 GHz < Af < —65 GHz are determined by observing the beat note between
cooling and PA laser. Larger detunings —185 GHz < Af < —73 GHz are measured
by a wavelength meter and are calculated then from the calcium 'Sy—'P; transition
frequency of 709 078.382(1) GHz [Deg04a]. In both cases the determination of the
detunings has an uncertainty of 1 MHz.

3.2.1 Photoassociation-induced loss coefficient

"The theoretical model, which we will describe in section 3.3, predicts the
photoassociation-induced atomic density loss p = —[p* using a loss coefficient /3.
This coefficient determines together with the background collision rate! yor the
time evolution of the atom number N (t) in the trap, when other many body effects
can be neglected:

N = _’YMOTN — B/d37"p2(f’)
= N 8 N? 3.1
= —IMOTLV — m . (3.1)

Here, p(7) is the local density and o is the root-mean-square (rms) trap radius. We
have assumed for the trap a Gaussian density distribution and that ( is constant
over the trap dimension because of the wide photoassociation beam. This equation
describes the decay correctly if no loading of the MOT is present, as it is the case in
our experiment during the photoassociation phase. The solution of the differential
equation 3.1 is

Nof(1 — exp(—WMOTt))] - (3.2)

N(t) = N, — t) |1
(t) = Noexp(—ymort) [ + Soro b2

with the initial atom number ;. Equation 3.2 can be used to express the relative
photoassociation-induced trap loss L(t)

_ po(1 — exp(—yvort)) o
L(t)=1- [1 + CEET— ] , (3.3)

where we made use of the expression for the initial peak density p

No

Po = W- (3.4)

!Only in this chapter yjor denotes the background collision rate of the first stage of the MOT. In
the other chapters y\joT denotes the corresponding rate of the second stage of the MOT.
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With the help of equation 3.3, one can express 3 in terms of the experimentally ob-
served trap loss L:

2% 2ot 1
po(1 — exp(—mort)) (1 —L(t) 1) ' (3.5)

Note, that according to its definition at the beginning of this section /3 depends nei-
ther on the PA time nor on the density. If the trap parameters p, and yvor are known,
it is possible to derive the absolute value of 3 from the experimental results.

The trap lifetime 7,51 was determined several times during each PA measure-
ment via recording the decrease of the trap fluorescence during hold times (> 10 s)
at high MOT gradient. It showed a simple exponential decay at all times such that
the assumption of negligible two and three-body losses is justified (compare eq. 3.1
for 3 = 0).

The peak density p, was determined by recording absorption images initially
without imaging lens. We assumed cylindrical symmetry of the atomic cloud around
the strong vertical axis and o in equation 3.4 is replaced by o2 0, for the weak and
strong axis of the MOT, respectively. For high MOT gradient we observed peak
densities py between 3 - 10 cm™ and 9 - 10'° cm 3. Additionally, we took absorp-
tion pictures of the released cloud and modeled the expansion using the atomic
temperature, which is known from spectroscopy of the Doppler-broadened inter-
combination line *P;—'S; [Deg05]. These measurements showed that the density
deduced from earlier absorption images was slightly too small, probably due to a
cloud seemingly enlarged by diffraction effects. Modeling the diffraction effects and
later adding a lens to image the shadow of the cloud on the CCD-camera yielded
that though the absolute measured densities are at most a factor of 2 too small, the
relative densities are correct within a few percent. Hence, the experimentally deter-
mined absolute values of  from equation 3.5 have a large uncertainty due to the
renormalization of the density but relative ones can be compared with theory with
high accuracy.”

8=

3.3 Theoretical description

"The trap loss signal, which is experimentally observed, depends on three factors:
the excitation process, the subsequent decay mechanism including the recapture
probability and the response of the trap to the PA-induced losses. The combination
of the first two factors leads to the photoassociative loss coefficient /3, which was in-
troduced in section 3.2.1. The trap response on the PA-induced losses was analyzed
in the same section. The aim of this section is the theoretical modeling of B. If B is
known for the experimental conditions of laser power and frequency, as well as for
a given temperature of the atoms in the trap, the relative losses can be calculated
according to equation 3.3.

To calculate the 3 parameter, we follow the approach developed by Bohn and
Julienne [Boh99] that can be applied very successfully for the description of pho-
toassociation spectra [Lis02]. Using the reflexion approximation, the excitation /



34 Collisional properties of calcium atoms

stimulated emission rate I'/h and the light shift £, of the transition due to coupling
of the photoassociation laser field can be calculated:

I — QW(Kad)Q <68£Zb> |f0(é%§)| ’ (36)
By = (Vi ) B0l 67)

This requires for a given collision energy e the regular (f,) and irregular (g) scat-
tering wave function of ground state atoms at the Condon point Ro. Note the
minus sign in equation 3.7, which corrects a typing error in equation (3.7) in ref-
erence [Boh99]. The vibrational spacing in the excited state B 'X is expressed
by 0FE,/0v at the energy of the molecular level (£;). The ground state asymptote
S+, serves as energy reference.

Viad 1s the radiative coupling between the continuum state and the excited bound
molecular level. It incorporates selection rules and relative transition strengths to
different rotational levels J from various partial waves ¢ according to the Wigner-
Eckart theorem [Edm57] for a transition ¢,m, — J, M for polarization ¢ (¢ = 0: 7
polarization; ¢ = +1: o* polarization):

3rc?h I
(Viaa)® = vmeol(RC)(Qf +1)(2J +1)
(1 g N (e gy 68
mey q —M 0 00 ' )

Here, 7 is the lifetime of the atomic level 4s4p 'P;, w denotes the angular transition
frequency of the 'S to 'P; transition, and I is the intensity of the PA laser field. The
function f,,01(R) describes retardation effects of the dipole moment and is given in
equation (4) of [Mac01]. The zeros in the second 3.J symbol appear, since we are
dealing with a so called parallel transition between two 'Y states.

Additionally, the derivative of the potential U(R) of the excited state is needed
at the Condon point

ou
D¢ = oR|, (3.9)

The regular and irregular wave functions are determined using the potential curve
of the ground state given in reference [All03] as starting point. The B state potential
curve is represented at large internuclear distance by the atomic pair energy D for
1S,+1P,, dispersion coefficients C's and Cg, and the rotational barrier involving the
reduced mass p:

Cs Cs  R[J(J+1)+2]

=D - — ret = 5a
U(R) Rl ~ e 2uR?

(3.10)

fret denotes the retardation of the resonant dipole-dipole interaction according to
e.g. equation (3) in [MacO1]. The inner part of the potential (R < 0.95 nm) is
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replaced by a boundary condition following the idea of the accumulated phase
method [Cru99]. The boundary condition and the dipole-dipole coupling constant
(s can be adjusted to match the observed level structure. The constant Cj is in-
cluded to check the sensitivity of the (s determination on higher order dispersion
coefficients.

We checked the validity of the reflexion approximation, on which the formal-
ism relies, by comparison with calculations involving the full integration over both
wave functions. For this purpose, the potential of the state B had to be parametrized
over the full range of internuclear distance, and the inner part was taken from ref-
erence [All04]. No significant deviation was found. Thus it was possible to use
the reflexion approximation to reduce the numerical effort to a level that allows for
systematical investigations of different experimental conditions and potentials.

Values of I' and E; were tabulated for the vibrational and rotational levels of
interest for a series of collision energies ¢ with & - 500 kHz energy spacing at the
respective experimental PA laser intensity. Partial waves ¢ are considered up to
¢ = 6. Using ' and F}, the excitation probability |S|* to a given molecular level
(v*, J) can be expressed by

1 T
IS(A, 6,0, 0", ) = T me)

= 5. 3.11
20+1 % [e — (A + Ei(m)]? + (m—kl;(mz)) ( )

The decay rate v is determined by the lifetime of the excited molecular level, which
is for the long range levels of the state B in good approximation twice the atomic
lifetime of the level 4s4p 'P;. The detuning A/h = [v(v*, J) — 1] is defined between
the molecular level at energy hv(v*, J) and the laser frequency ..

We define a modified trap loss probability S*, that reflects the probability that a
spontaneous decay leads to a trap loss

[5** = (1 —p)IS[". (3.12)

The pre-factor (1 — p) in equation 3.12 takes into account the probability p that a de-
cay does not lead to a trap loss. Simulations of our MOT show that decay processes
that produce atom pairs with a kinetic energy of below 0.7 K lead most likely to
a recapture and therefore do not appear as trap loss. The probability of such decay
processes can be calculated within the Franck-Condon approximation, which is well
justified for the long range part, at which the decay predominantly takes place. The
recapture probability p is calculated for each molecular level (v*, J) summing over
outgoing partial waves /. It is in the order of 40% to 25% for v* considered in this
work.

Integrating |S*|* over collision energies ¢ assuming a Boltzmann distribution in
the trap and summing over / yields the trap loss parameter /3

. 9
B(A,'U*, J) = @
4

The factor 2 accounts for the fact that two atoms are lost if one molecule is decaying.
The integration is truncated for high energies at values, for which the Boltzmann

‘ 2

(20+1) / de exp(—e/kpT) |S:[2. (3.13)
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Figure 3.3: Saturation behaviour of the photoassociation resonance v* = 72, J = 1. The line is a
fit according to equation 3.3 assuming a linear dependence of 3 on the irradiance.

factor has dropped to 10~ of its maximum value for the experimentally determined
atom temperature T'. (7 is the partition function for the atomic temperature 7'

2w kel 3/2
Or = (%) . (3.14)

Knowing our experimental conditions, equations 3.13 and 3.3 can be used to quan-
titatively describe the observed photoassociation spectra. As we will discuss in
section 3.4.3, the relative intensity of the rotational lines is very sensitive to the

ground state scattering wave function and in particular to the ground state scat-
tering length [Tie96]."

3.4 Results

3.4.1 Saturation behavior

"To compare the relative intensities of the rotational lines belonging to one vibra-
tional level observed by photoassociation, it is important to avoid saturation of the
trap loss and thus leveling of the line intensities. On the other hand, strong signals
with good signal-to-noise ratio are preferable for a precise determination of the line
intensity.

Since we observe comparatively high atom loss and accordant density reduction,
saturation due to the depletion of the trap can be expected [Wes04]. This effect
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vt J=1 J=3 Ro
85  —182.470(10) —182.115(10) 4.4nm
80  —126.611(10)  —126.323(10) 5.0nm
72 —67.087(10)  —66.901(10)  6.2nm
69  —51916(10)  —51.777(10) 6.7 nm

Table 3.1: Summary of level binding energies Ey, in the B 1 potential curve determined by the
line shape simulations (see text). The corresponding detunings Ey/h from the asymptote are given
in GHz. The last column gives the classical outer turning point Rc.

depends on the number of photoassociated molecules and therefore on the PA laser
intensity and the photoassociation time. But saturation may also arise from the
irradiance dependence of the PA loss coefficient (3 itself.

To distinguish both processes and to determine a good working point, we have
measured relative trap loss L as a function of the PA laser irradiance on the line
v* = 72, J = 1. The results are shown in figure 3.3, saturation is clearly visible.
The line depicts a fit of the observed trap loss by equation 3.3 under the assumption
that /3 is proportional to the irradiance, thus not saturated. Only this proportionality
constant was fitted, the other quantities in equation 3.3 were determined indepen-
dently.

The good description of the data by the fit shows that the saturation is due to the
depletion of atoms from the trap by photoassociative-induced losses. Indications
for the saturation of B are not visible. For the experiments described below, the
irradiance was chosen such that a trap loss of 25% was not exceeded."

3.4.2 Level structure

"The newly observed photoassociative resonances down to —182 GHz below the
asymptote 4s? 'Sy + 4s4p 'P; allowed for an improved long range description of
the state B !X The asymptotic model described in section 3.3 was used to fit the
observed level energies. Since the classical outer turning point of v* = 85 is located
at 4.4 nm only, the potential description (see eq. 3.10) was extended with respect
to reference [Deg03] by the van der Waals coefficient ;. As energy reference the
lowest asymptote 4s* 'S, + 4s* 'Sy was chosen. Hence the atomic pair energy D is
given by the transition energy 7w of the Ca resonance line 'Sy—'P;.

In the determination of the level energies from the photoassociation spectra, spe-
cial care has to be taken to avoid errors by two effects: most importantly, the thermal
averaging (see equation 3.13) leads to a line shift, which is not negligible at a temper-
ature of the atom cloud of 1.5 mK. Secondly, light shifts as described by equation 3.7
can be significant.

Both effects can be modeled quantitatively by the formalism described in sec-
tion 3.3. As we will discuss in the next section, a very satisfactory description of
the spectra can be achieved. The level energies used to calculate the detuning A
in equation 3.11 can be regarded as free of the above mentioned effects. Of course,
the analysis invokes the potential of the excited state itself via equations 3.6 and 3.7
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and the dependence of the rotational structure on the potential. Consequently, the
calculations have to be done iteratively, but require a few iterations only to achieve
convergence. A list of the determined level energies is given in table 3.4.2.

Since the leading ('3 coefficient originating from the resonant dipole-dipole in-
teraction in the potential description (see eq. 3.10) is connected to the decay rate v,;
of the atomic level 4s4p 'P; via the expression

2w3

Vat
we can give an improved value for v,.. With C3/hc = 0.52306(20) - 10> cm™'nm?,
one finds v,, = 2.1558(8) - 10% s™'. The uncertainty stems mainly from the corre-
lation with the Cy coefficient, which was set to Cg/hc = 32.2 cm~'nm° and is var-
ied by a factor of 2 to give the error limit above. The fit quality of the observed
photoassociation levels is not altered significantly. The uncertainty from the va-
lidity of the asymptotic description plays a minor role, which we verified by re-
placing the nodal line by an approximated short range potential (see sec. 3.3) and
titting the repulsive potential branch. The relative variation of C5 was found to
be below 5 - 107*. The new value for 7, is in agreement with our previous one
(2.150(19) - 10® s~! in reference [Deg03]) and in remarkable agreement with the the-
ory value of 2.156(30) - 10® s™! in reference [Por01], but shows some deviation from
recent calculations (ref. [Bus06], 2.169 - 108 s71)."

3.4.3 Scattering length

"Due to the comparatively high temperature in our experiment, the influence of
higher partial waves than the s-wave is of importance. At least f-waves contribute
considerably to the spectra, as can be seen by the presence of J = 5 resonances in
the spectra depicted in figure 3.4. The lines show results of simulations using the
model described in section 3.3 under the respective experimental conditions for se-
lected different ground state scattering lengths. The scattering length was changed
by slight variation of the repulsive branch of the ground state potential. As was
mentioned before in section 3.2, the atomic density had to be adjusted by a factor of
about 1.5 to match simulations and experiment. The long range potential of X '3
is given by the parameters reported in [A1103].

As can be seen in figure 3.4, the new measurements are well described by the
simulations and fit best to a ground state s-wave scattering length in the interval of
340 ag to 700 ag (ap ~ 0.052918 nm is the Bohr radius). The sensitivity of the relative
line intensity J = 1/J = 3 on the scattering length is due to a strong variation of the
relative amplitude of s- and d-wave over the internuclear distance, which is probed
at different R by the vibrational levels in the excited state (see eqs. 3.6 and 3.7). The
range of Rc = 4.4 nm ... 6.7 nm is around the maximum of the d-wave rotational
barrier at about 5.85 nm.

For these measurements, the temporal stability of the setup is of great impor-
tance, since changes in the trap lifetime, atomic pair density, or PA laser power
change the observed trap loss. Hence, in addition to the recordings in figure 3.4
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Figure 3.4: Measured photoassociative spectra of v* = 72 (right hand side) and v* = 80 (left
hand side) are depicted by dots. The lines show simulations according to the respective experimental
conditions with different ground state s-wave scattering lengths.

several spectra of the discussed lines were quickly recorded with low frequency res-
olution to be insensitive to drifts in the setup. These measurements confirm the
interval of the scattering length given above. In a previous publication [Deg03] we
reported on a determination of the ground state scattering length by similar means
but with data up to v* = 72. Then we found a description that favored scattering
lengths around 85 ay. We did not notice the ambiguous description of our previ-
ous data by the two scattering lengths 85 ay and 465 ay due to the lack of data at
large detunings and a limited range of investigated scattering lengths. With the new
measurements it became apparent that the small scattering length of 85 a, cannot de-
scribe the whole data set as can be seen in figure 3.4. Therefore, a scattering length
of 85 g has to be ruled out now. The new analysis is also in much better agreement
with data from classical spectroscopy [All03], which gives a value between 200 ay
and 800 ay. Obviously, the old photoassociation data should be describable with the
new potential parameters to give a consistent picture. We have checked this and as
example a scan of v* = 72 from 2003 is given together with a new and old (85 a,
scattering length) simulation in figure 3.5. The description is quite satisfactory."

3.5 Conclusion

"We described new photoassociation experiments at the asymptote 4s* 'Sy + 4s4p 'P;
of *°Ca. A considerably extended energy interval was covered, which is related to an
enlarged range of Condon points in internuclear separation. Therefore, we deduced
more accurately the ground state scattering length from our new photoassociation
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Figure 3.5: Photoassociation data of v* = 72 from 2003 (dots) [Deg03] together with a simulation
according to the model described here (full line) and a s-wave ground state scattering length of 465 ay.

The dashed line is a simulation using a scattering length of 85 ag. Experimental details are given in
[Deg03].

data.

The observations are quantitatively very well described by a model that uses
the molecular potentials and experimental conditions to predict the photoassocia-
tion spectra. By comparison of simulation and experiment we are able to give an
interval for the ground state s-wave scattering length of 340 ay to 700 ag. This is
in good agreement with values from classical spectroscopy [All03] and resolves the
discrepancy to previous PA experiments [Deg03].

With the new data, we are also able to give an improved value of the long range
dipole-dipole coupling constant Cs of the excited state B '3, from which we deduce
the decay rate 7,, = 2.1558(8) - 10® s~! for the 4s4p 'P; state of “°Ca."

The scattering length and therefore the cross section of **Ca seems to be sufficient
large in comparison to elements, which could be Bose-Einstein condensed by evap-
orative cooling in an optical dipole trap. '™Yb has a similar electronic structure like
earth alkaline elements and a smaller scattering length of 19ay, < a < 57a, [Tak04].
Also ®"Rb [Bar01], which was the first element with which a BEC in a dipole trap
could be created, has a smaller scattering length of about 100 a,. Therefore evapo-
rative cooling in an optical dipole trap also seems to be a promising way to reach
quantum-degeneracy in “’Ca.

Consequently the following chapter 4 investigates optimum conditions for an
optical dipole trap for **Ca and identifies possible loss processes, which limit the
phase-space density in the dipole trap.



Chapter 4

Optical dipole traps for calcium and
their properties

After the preparation of the calcium ensemble in the two-stage MOT (see chapter 2)
an optical dipole trap is necessary to further increase the phase-space density. The
conditions for an efficient transfer of atoms from the MOT to an optical dipole trap
are subject of this chapter. A description of the trapping potential will be followed
by an investigation, how laser cooling inside the dipole trap can be assured and
therefore an efficient transfer of atoms to the dipole trap can be achieved. This in-
vestigation leads to a model, which allows the choice of a suitable dipole trap for
calcium. The experimental setup of this dipole trap is described afterwards. Subse-
quently the loading dynamics and the processes, which limit the maximum achiev-
able number of atoms in the trap are investigated.

4.1 Theoretical description of the trapping potential

The storage and trapping of neutral atoms in optical dipole traps relies on the elec-
tric dipole interaction with light, far-detuned from any atomic resonances. The elec-

trical field E (7, t) of the laser beam polarizes the neutral atom and therefore induces
an atomic dipole moment P(7, ), which oscillates with the frequency w of the driv-
ing field. The interaction of the induced dipole moment P(7,¢) and the driving field
E(7,t) is described by the potential U(7) = —%(ﬁ(ﬁ t) - E(7,t)), where the brack-
ets denote the time average over the fast oscillations of the electric field. For the
Zeeman component m; of a considered atomic state i, the potential is given by the
ac-Stark shift U;(w, p, m;, 7) and depends on frequency w and polarization p of the
electric field amplitude E(7). The dipole potential U; of the state i can be expressed
by the atomic polarizability a and intensity 1(7) = egcE(7)?
—ai(w, p, m;)

Ui(w,p, m;, 7) = T[(F)- (4.1)

By using second-order perturbation theory it is possible to calculate the polarizabil-
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Figure 4.1: The most important couplings of the 1Sy and 3Py state, which contribute to their ac-
Stark shifts.

ity a; [Deg04b]

Api(2J, + 1) < Je 1 )2_ (4.2)

a;(w, p,m;) = 6mepc® N R
z( ) P Z) 0 k%:k ?k(w?k_MQ) —mg p my

The sum runs over all states k, which couple to the state of interest i by transitions
with Einstein coefficients Aj; and frequencies w;;. Zeeman components m;, m;, and
total angular momenta J;, J;, of the states i and k as well as the polarization p of the
electric field are represented in the 3./-symbol. From the intensity distribution I(7)
of a Gaussian laser beam with the optical power P propagating in z-direction!

P

2 r? 22
I(r,z) = 7T/w2<2)exp <_2w2—(z)> ,w(z) = woy | 1+ 2 (4.3)

follows the radial and axial shape of the potential. Here w(z) denotes the radius,
where the intensity of the laser beam decreases to 1/e* and 2x = mwi/\ is the

Rayleigh length.
Close to its minimum the dipole potential can be approximated by a harmonic po-
tential
r\2 z\?2
U(r,z) ~ —|Up| ll -2 <—) - <—> ] , (4.4)
Wy ZR

where |Uy| = |U(r =0,z = 0)| denotes the potential depth. In the harmonic trap
the corresponding frequencies for the radial w, and axial motion w, of an atom with

mass m are given by
4|U, 21U,
Wy = | 02|, W, = |—g‘. (4.5)
muwy mzg

!Differing from chapter 2, the z-axis defines in this chapter the direction of beam propagation and
not the vertical axis.
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Figure 4.2: Normalized light shifts k for the ground state 'Sy and for the excited state 3Py with its
Zeeman sublevels m and different polarizations 7 or o= of the dipole trapping laser as a function of its
wavelength. At two wavelengths one can observe an equal shift of the 'Sy state and of one component
of the 3Py state. These are the magic wavelengths indicated by a circle. The vertical lines are due
to poles in the polarizability from the transition 4sdp 3Py - 4s4d 3Dy 2 at 1.9 pm and 4sdp 3Py -
4s5s 3Sq at 612 nm.

As soon as the cooling process in the second stage of the MOT is finished, a
transfer of the atoms into an optical dipole trap is necessary, to further increase the
phase-space density. A far-detuned dipole trap can be regarded as a conservative
trap, since a dissipation mechanism is not present in the trap. To efficiently trans-
fer atoms into the dipole trap it is necessary that the trap is compatible with the
dissipative cooling force of the MOT. In such a trap the number of atoms and the
phase-space density will increase with time until loss mechanisms prevail. If one
considers the dipole-allowed cooling transition at 423 nm the light field of a trapping
laser with A > 423 nm induces an attractive potential of the ground state 4s4s'Sy
and a repulsive potential of the upper cooling state 4s4p'P;. For the spin-forbidden
transition of the second cooling stage the situation differs. In both states an attrac-
tive potential is induced by the trapping laser, since they couple independently to
the respective singlet and triplet states (see fig. 4.1). This different behavior is due
to the small dipole moment of intercombination transitions in comparison to that of
the allowed transition.

Figure 4.2 shows the normalized shifts x(\) = —a(\)/(2¢pch) of the ground state
4s* 1Sy and the excited state 4s4p *P; as function of the laser wavelength ) for differ-
ent polarizations. At two wavelengths the ac-Stark shift of the ground state is equal
to the shift of one of the Zeeman sublevels of the excited state. One zero-crossing
for the mg = 0 - mp = 0 transition is realized at a trapping laser wavelength of
800.8 nm [Deg04b] for m-polarized radiation. At the same wavelength this can be
observed for the mg = 0 - mp = 0 transition with o + -polarized light. At a laser
wavelength of 983 nm [Deg04b] a second zero-crossing for the mg = 0-mp = F1
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Figure 4.3: The dipole potential of the ground and the excited states as a function of the distance r
from the center of the trapping laser beam. In case a) at a wavelength of 514 nm (Ar™ laser) the 1Sy
state has a bigger shift in comparison to the different states of 3Py. In case b) the opposite situation
is considered, realized by a dipole trap at a wavelength of 10.6 pum (COq laser). The experimental
parameters of case a) are an optical power of 8 W and a beam waist of 110 pm. In case b) a power of
80 W is focused to a beam waist of 220 pm. The band indicates the broadened spectrum of the cooling
laser.

transition occurs for ¢ * -polarized light of the trapping laser. An operation of the
dipole trap at these so-called "magic wavelengths" allows to manipulate the trapped
atoms as if they were in free space [Kat99a].

The question arises at which of these two magic wavelengths the dipole trapping
laser should operate in order to have the best possible transfer of atoms from the
MOT to the dipole trap. This becomes clear if two limiting cases are considered. In
the first case the light shifts of all Zeeman components of the excited state are smaller
than the shift of the ground state. This situation was realized in a dipole trap, which
operates at the wavelength of an Ar™ laser at 514 nm (compare [Deg04a], [Gra07]).
Figure 4.3 a) shows the radial dependence of the dipole potential for ground and
excited state in the center of the trap. Also depicted is the spectrum of the cooling
laser, which is red-detuned below the atomic resonance. Inside the dipole trap the
cooling spectrum is red-detuned with respect to the *P; states for all polarizations
of the trapping laser. Thus the velocity dependent cooling forces are also present
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in the dipole trap. In the center of the trap the detuning is up to 400 kHz increased
in comparison to the outside, if the relevant trap parameters are taken into account.
Therefore the scattering of cooling photons is decreased and an efficient cooling
is only expected at the edges of the dipole trap. In the second case the opposite
situation is considered: the light shift of the ground state is smaller than the shifts
of the excited states. Experimentally this case was observed in a dipole trap, which
operates at a wavelength of 10.6 ym, realized by a CO, laser [Gra07]. Hereby the
spectrum of the cooling laser is no longer red-detuned inside the dipole trap, as can
be seen in figure 4.3 b). Atoms which arrive at the dipole trap as well as atoms at
rest will be directly excited, since velocity dependent cooling forces are not present
inside the trap. In the center of the trap the increased resonant scattering on the
narrow line and on the quench transition leads to heating and no atoms can be
stored.

4.2 An optical dipole trap suitable for calcium

From previous investigations the best transfer of atoms from the MOT to the dipole
trap is expected, if the dipole trap is realized at the magic wavelength of
(983 £ 12) nm. At this wavelength one Zeeman component of the cooling transi-
tion is not shifted, if the dipole trap is operated with circular polarized light. For
the other Zeeman components the cooling laser becomes further red-detuned and
an additional heating should not appear. Close to this magic wavelength a Yb:YAG
(ytterbium doped yttrium aluminum garnet) disc laser was available for the realiza-
tion of the dipole trap, which provides at high optical power a good beam quality.

4.2.1 Experimental setup and measurement sequence

The dipole trap is realized by a Yb:YAG single-frequency disc laser, which has an
output wavelength of 1030 nm. It is a prototype laser developed and built by the
Institut fiir Strahlwerkzeuge at the university of Stuttgart. The Yb:YAG crystal disc
is pumped by a diode laser, which provides up to 100 W optical power at a wave-
length of 940 nm, resulting in an output power of 25 W at 1030 nm. Due to its
special design, the laser provides at this high power a high beam quality. Differ-
ent from usual solid state lasers the crystal is made of a 200 ym thin disc, whose
backside is placed on a heat sink [Gie94]. This geometry avoids the spurious for-
mation of thermal lenses at intensive optical excitation. The crystal is pumped from
its front. The backside of the disc has a high reflecting coating for the pumping and
the laser wavelength. Therefore the crystal disc also serves as a mirror of the res-
onator. As it is shown in figure 4.4 the resonator is z-shaped and contains an etalon
and a Lyot filter to select different wavelengths than 1030 nm. In the present work a
tuning closer to the magic wavelength around 980 nm was not carried out, since the
emission cross section of Yb:YAG at these wavelengths is one order of magnitude
smaller than around 1030 nm [Trd07]. The observed power instability at an output
between 18 W and 25 W is smaller than +2% after the warm-up of the system (~ 1
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hour).

The setup (see fig. 4.4) for the optical dipole trap consists of two similar optical
paths, used for a trap in the horizontal plane ("horizontal trap") and for a 20° tilted
trap ("tilted trap") with respect to the horizontal plane. Both optical paths, separated
by a polarizing beam splitter, include an AOM! to switch the light of the dipole trap
and to control the optical power. The AOMs have a large aperture of ~ 2 mm to
allow the switching of beams with a respective large diameter and to avoid there-
fore the damage of the AOM crystals at high optical powers. The different AOM
driving frequencies result in a 30 MHz relative frequency shift between both beams,
which avoid the interference if the beams are overlapped in the crossed-beam op-
tical dipole trap (see chapter 5). In the case of the tilted trap the light of the first
order is coupled into a fiber by two achromats (tilted trap) or by two high-power
resistant lens systems (horizontal trap), respectively (company: Linos). The fibers
are mounted in a five axis fiber aligner system manufactured by New Focus (model
9091), which provides a good mechanical stability. The fibers which carry the light to
the experiment have a large mode field diameter (MFD) between 15 ym and 20 ym
and allow therefore to guide high laser powers. They use a photonic crystal struc-
ture and provide single-mode operation in a wavelength range between 0.6 —1.0 ym
(company: Crystal Fibres). The fiber for the tilted trap (type: LMA-PZ-800, MFD
20 pm) is polarization maintaining around a wavelength of 1 ym. This fiber type was
not available for the earlier installed horizontal trap (type: LMA 20, MFD 15 um).
Additionally a test beam of resonant 657 nm radiation can be coupled into one fiber,
to inspect the overlap of the horizontal dipole trap with the MOT. On the side of
the experiment a similar setup for the creation of both traps is realized. The light
coming from the fiber is collimated and subsequently focused to a beam waist of
~ 33 pm. The collimation lens (focal length f = 100 mm) as well as the focusing
lens (focal length f = 300 mm) are best form lenses (company: B. Halle). The fo-
cusing lens is mounted on a three-axis translation stage, which allows to move the
focus in each direction by £8 mm. The beam waist was measured by observing it
with a CCD-camera. A change of the waist size could be not observed if the lens
was moved by +3.0 mm perpendicular to the axis of beam propagation. Between
both lenses the polarization optics are placed to generate circularly polarized light.
Two photo detectors collect the stray light from beam traps and allow to monitor
the optical power.

The measurements of this chapter are carried out in the horizontal trap with a
time sequence illustrated in figure 4.5. After the usual preparation in the first stage
of the MOT the loading of the dipole trap starts as soon as the second stage of the
MOT is switched on and the temperature of the ensemble is low enough. Thereby
the focus of the dipole trap laser beam is in or close to the center of the MOT. When
the MOT is switched off the loading stops and untrapped atoms fall down under the
influence of gravity. The duration of the simultaneous operation of dipole trap and
MOT is denoted as loading time. After the loading period the dipole trap operates
for another 100 ms in order to separate trapped from untrapped atoms. After this

'The AOMs are manufactured by Crystal Technology, type 3110-191 (tilted trap) and A.A, type
AA MTS 80/ A3 (horizontal trap).
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Figure 4.5: Time sequence for the measurements with the dipole trap. The focus of the dipole trap
laser beam is superimposed on the MOT in space and time. After the usual preparation in the 423 nm
MOT the loading into the dipole trap becomes significant as soon as the temperature of the ensemble
in the 657 nm MOT is low enough. When the loading of the trap is finished and the 657 nm MOT is
switched off, the atoms are stored for variable times. The detection of the atoms is performed by taking
absorption images or by measuring the fluorescence light.

time all untrapped atoms fall down under the influence of gravity and have left
the detection region. The period in which only the dipole trap operates is called
storage time. After the storage time the atoms are released from the dipole trap
and the cloud expands for 1 ms - 2 ms before it is detected. For detection either an
absorption image is taken or the blue fluorescence is measured after the atoms were
excited by 423 nm MOT light. At shorter expansion times the atomic ensemb]e is still
too dense and the real number of atoms in the dipole trap would be underestimated
in the detection step.

4.2.2 Loading rate of the dipole trap

At the beginning of the loading phase, the number of atoms increases as NDip(t) =
ro- Nmor -t, where 1y is the loading rate and Nyjor is the number of atoms in the MOT,
which is assumed to be constant. Figure 4.6 shows the initial loading behavior for
an identical trap depth of 140 ;K but different polarized light of the trapping beam.
These trap depths are realized by an optical power of P = 5.5 W at a beam waist of
wy = 33 um. The linear fits to the loading data are used to derive a first approxima-
tion of the loading rates r(. In the following the obtained values will be verified by
a model, which include the loss mechanisms. The experimentally observed loading
rates o can be interpreted by the time 1/r; in which on average one atom in the
MOT achieves the region of the dipole trap and gets trapped. The influence of the
dipole trap potential becomes significant in comparison to the temperature of the
MOT atoms at a radius r.¢ at which U(re) = —kgZ. The radius is given by

1
Teff = Wo - M, (4-6)

2

with n = |Uy/ksT|. The effective trapping volume of the dipole trap is approximated
by a cylinder of the radius re and the length of the MOT Vg = 71/ 27m0. At a tem-
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Figure 4.6: Initial loading behavior in a dipole trap realized with linear () and circular (o) polar-
ized light. The number of atoms increases linearly in time until loss processes prevail over the loading
rate and limit the maximum number.

perature of 12 yK (rms velocity v;ms = 9 cm/s) an MOT atom needs approximately

10 ms to cross the MOT. Since the MOT volume Vyior = V27 63 is about 300 times
larger than the volume V. of the dipole trap, only every Vaor/Vesr - 10 ms~ 3.3 s
an atom reaches the region of the dipole trap. During the transit time through the
dipole trap the kinetic energy of the atom must be removed by the light of the sec-
ond cooling stage. If the experimental parameters (waist w,, optical power P) of the
dipole trap with circular polarized light are considered, the frequency shift between
the ground state and the Zeeman component m = F1 of the excited state amounts
to approximately 100 kHz in the center of the dipole trap. Inside the dipole trap
the high frequency edge of the 657 nm cooling spectrum is therefore up to 100 kHz
additionally red-detuned in comparison to the ideal cooling conditions in free space
(see section 2.3). This only results in a marginal degradation concerning final tem-
perature and density, if the situation in the MOT is considered (section 2.3). The
approximated loading rate ry = 0.3 s~! shows therefore a good agreement with the
measured rate rp = (0.43 £ 0.04) s™! for o-polarized light. The deviation is proba-
bly due to the very simple interpretation of ry. For m-polarized trapping light the
expected frequency shift in the trap center is 800 kHz and an effective cooling is
therefore only possible at the edge of the trapping volume. This qualitatively ex-
plains the lower loading rate of 7o = (0.13 4+ 0.01) s~
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4.2.3 Loss processes in the dipole trap

For longer loading times the number of transferred atoms reaches a maximum and
then decreases. This is caused by loss processes in the dipole trap as well as in
the MOT, which counteract the loading. The loss processes in the dipole trap are
investigated in this section. For this purpose the number of atoms in the dipole
trap is measured as a function of the storage time. As soon as the maximum in the
number of atoms is reached, the MOT is switched off and the decay of the number
of atoms is observed after a delay of 100 ms (see fig. 4.5).

To isolate the influence of the different experimental parameters, the measure-
ment was carried out on the one hand with the 657 nm MOT light and on the other
hand with the 453 nm quench light in addition. In both cases the quadrupole field
of the MOT was switched off. These measurements were compared with the decay
curve in the absence of MOT light. The decay of atoms from the trap is obviously
not exponential (see fig. 4.7). For shorter storage times and therefore at higher den-
sities in the trap one observes in all measurement configurations a faster decay of
atoms. If the light of the second stage of the MOT is kept on during the measure-
ment, this faster decay in the beginning is significantly higher than without MOT
light. The additional irradiated quench light does not influence the decay. This ob-
viously shows, that the increased scattering of cooling photons and therefore their
increased reabsorption does not additionally limit the density. In the absence of
MOT light the primarily fast decay can be attributed to the loss of the hottest atoms
during the first 1 s (see fig. 4.7 b)). The non exponential decay is due to two-body
collisions. The observed decay curve can be described by the following differential
equation

Npip(t) = —pip Noip (t) — 5/0337"/)2(7?7 t) = —pip Noip(t) — \/gLVDN[znp(t)a 4.7)
ip

with the collisional loss coefficient 3, the loss rate vp;j, and the volume of the dipole
trap Vpip. For the dipole trap a three dimensional harmonic potential is assumed.

The effective volume of the dipole trap is given by Vp;, = \/27r3cr§crz with o, and
0. as radial and axial rms-radius of the cloud. In thermal equilibrium the resulting
density distribution p(7) is Gaussian in all directions. The cloud radii are related

to the trap frequencies by o, = /kgT/(mw?), with i = r,z. In the axis of beam
propagation the calculated rms-radius is in good agreement with the value derived
from the absorption images: e.g. at a temperature of 16 ;K the calculated value
amounts o, = 790 ym and the measured is 0. = (840+90) pm. In the radial direction
o, = 5.8 um a comparison with the absorption image was not possible, since the
resolution of the imaging system was insufficient (see 2.2). Therefore the calculated
radial frequency is used to calculate the ensemble densities, volumes and phase-
space densities.
The solution of the differential equation 4.7 is

Npip(0)B(1 — exp(—7pipt))
\/g’yDipVDip

NDip(t) o . )
Noip(0) xp(—opt) |1+

(4.8)



An optical dipole trap suitable for calcium 51

1400 [ T — T T
1200 E ~ E
[ o b)
1000 E 23 | a ER
800 E- 2 L ElS
S E L 3
c E o “a, i ~
o 600 E X 21 i o
E = 3
g 2 2 L oa 14 &
o F L2 o N 1 Z
[&] o o) L
c 400 | © 19 ‘©
3 - 5°F © s e g2
n - Q. o
g r OE) 18 |- a
S C 2t O 1 =
= - - A
200 L o O )
L 16 - ]
| ] | - o o ]
1 1 1 1 1 1 1 1 1 15 1 1 1 1 1 1 1 1 11
0 1000 2000 3000 4000 0 500 1000 1500 2000
storage time (ms) storage time (ms)

Figure 4.7: a): Decay of atoms from the dipole trap as a function of storage time, without any MOT
light (black triangles) and with the MOT light on (red circles). No influence on the decay is observed,
if the quench light is irradiated in addition to the MOT light. The black solid line is a fit according to
equation 4.8. The red solid curve describes the exponential decay (1/vp;, = (3.6 - 0.1) s) after the
hottest atoms are escaped from the trap, which is shown in b): The temperature (red circles) decreases
during ~ 1 s until a value around 16 pK is reached. The corresponding number of particles are
denoted by the black triangles.

Here Npji,(0) indicates the number of initially trapped atoms. The solution was used
as a fit function for the decay curve with MOT light in order to evaluate the value
of 3. From the decay curve without MOT light the loss rate due to background
collisions was determined to 1/ypj, = (3.6 & 0.1) s (see fig. 4.7 a)). By keeping
Ypip fixed to this value, the light induced loss rate 3 was determined. From the
fluorescence curve (see fig. 4.7 a)) a rate coefficient of g = (1.44 + 0.04) - 1073/s
could be derived, which depends on the trap volume. The relation between (3 and
the density related, volume independent rate coefficient j3 is given by! 3 = y, 3 /po,
with the initial fluorescence signal yy and the initial peak density p,. To consider the
initial temperature evolution of the ensemble (see fig. 4.7 b)), the loss coefficient /3
is derived from ( at a storage time of ¢y = 100 ms (19 ¢K) and at t; = 1 s (16 pK).
The range of the two-body loss coefficient is then given by 1.8 - 1073 cm?/s < 3 <
2.6-1071% cm?/s.

'The temporal development of the fluorescence signal y(t) is given by 4(t) = —Dip¥y(t) — %yg (t).
Since the fluorescence signal is proportional to the number of atoms in the dipole trap (y(t) =
Yo Npip (t)/Npip (0)), this differential equation can be converted into the corresponding equation for
the number of atoms: N (t) = —DipNDip (t) — ﬁ‘i’pm)]\%ip (t). By comparing the relevant coeffi-

cient with that one of equation 4.7 follows 3 = yo/3/po.
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et al. [Ciu04].
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Figure 4.9: Comparison of the experimentally obtained collisional loss coefficient [3 (red triangle)
with the theoretically predicted values (black circles) for different ensemble temperatures. The pre-
dicted loss coefficients [Ciu04] are the peak values of the second vibrational level below the 3P1+1S,
limit of the 0} band (see text).

A possible explanation for the appearance of the light-induced losses at high
ensemble densities is the formation of a bound molecular state by photoassocia-
tion of two colliding ground state atoms. The radiative decay of the generated Ca,
molecule back to the ground state produces a pair of atoms with high kinetic energy,
which is no longer trapped. The photoassociation process near the intercombination
line was theoretically investigated by Ciurylo et al. [Ciu04] for Ca at temperatures
between 1 nK and 1 mK. The authors modeled the last five vibrational levels be-
low the *P;+'S; asymptote for the 0, and 1, potentials, which correlate to the *II,
and Y} potentials at short range, respectively (see fig. 4.8). The five vibrational
lines of both potentials cover a frequency range of 100 GHz below the *P;+'S; limit.
The absolute position of the vibrational lines with respect to the *P;+'S; limit can
not be predicted due to the insufficient knowledge of the potentials. The peak rate
coefficient of the second line below the dissociation limit of the 0; band was deter-
mined for different temperatures at a laser intensity of 1 W/cm?. At a temperature
of 1 K an on resonant loss rate coefficient of 10~'* cm?®/s with a Doppler broad-
ened linewidth of the order of 100 kHz was predicted. The observed collisional rate
coefficient is one order of magnitude smaller, which could be the consequence of
different effects. The model omits a possible recapture of the hot atoms, which are
produced by the PA process and which would result in a reduced loss coefficient. In
addition the higher temperature of the ensemble (=~ 20 1K) results in a broader ther-
mal width (kg7") of a PA line and therefore in a smaller rate coefficient. Figure 4.9
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illustrates, that the determined loss rate fits well the predicted values between 1 nK
and 1 mK. The difference can be due to the fact that a smaller intensity of the PA
inducing MOT light was used. In total the cloud was irradiated by an intensity of
0.3 W/cm?, which was additionally distributed over the broadened spectrum of the
cooling laser of 1.5 MHz. Also the broadened spectrum could be in the wings of a
PA resonance.

4.2.4 Loading dynamics of the dipole trap

To completely describe the loading dynamics of the dipole trap the loading rate 7
as well as the loss processes in the dipole trap and in the MOT must be included
in a model. The loss of atoms in the MOT can be described by two rates, the loss
rate from background collisions ywor and the loss rate 75, which accounts for the
transfered atoms into the dipole trap. The loss processes in the dipole trap are given
by background collisions ~p;, and by the photoassociative loss rate constant 3. This

leads to a system of two coupled differential equations
Nvor(t) = —morNuor (t) — roNuor (t)
~ B\
Nit :—iNit+TN t—iNlt
Dp( ) YDip Dp( ) oNvior (t) \/gVDip Dp( )

The model is compared with loading measurements for a dipole trap realized with
linearly and circularly polarized light. This loading behavior is measured by tempo-
rary and spatially overlapping the dipole trap to the MOT. Subsequently for 100 ms
only the dipole trap operates to remove all atoms that are not trapped. After the
dipole trap is switched off the cloud expands for 2 ms before their atoms were ex-
cited by 423 nm radiation and the fluorescence signal was detected (see fig. 4.5).
The numerical solution of 4.9 is fitted to the loading curve for o- and 7-polarized
light of the dipole trapping laser. Thereby the obtained collisional loss coefficient
(3 from the storage time measurement (see 4.2.3) and the loading rate r, are varied.
The independently determined lifetimes of dipole trap (75&) = (3.6 £0.1) s) and

MOT (yyor = (460 4 30) ms) are kept constant. The result in figure 4.10 shows a
good agreement between model and measurement except of loading times longer
than 6 s. At these times obviously the signal-to-noise ratio increasingly degrades
and it is therefore hard to tell, if an additional effect, which is not covered by the
model, could explain the deviation. The obtained loading rate ry = (0.45 + 0.01) s™*
for o-polarized light is nearly four times higher in comparison to the dipole trap
with 7-polarized light (ry = (0.126 £ 0.006) s~!'), which is a result of the approach to
free space cooling conditions inside the trap. Both values confirm the loading rates,
which were derived from the initial slope of the loading curves (compare 4.2.2). The
collisional loss coefficient amounts to = (1.95 4+ 0.15) - 107" cm3s™! for the dipole
trap realized with m-polarized light, which is in the range of the previously esti-
mated 3-values (1.8 - 107 cm?/s < 8 < 2.6 - 10713 cm?/s, see 4.2.3). In the case of
o-polarized light, the loss constant 5 = (2.740.1)- 10~ cm®s ™! slightly exceeds this
range. The difference in the two-body loss coefficient for linear and circular polar-
ized light is obviously due to the fact that the 657 nm cooling spectrum within the

(4.9)
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Figure 4.10: Transfer efficiency from the MOT into the dipole trap as a function of the loading time
for a dipole trap realized with linear () and circular (o) polarized light. The solution of equation 4.9
is fitted to the data (red solid line). For o-polarized trapping light the cooling conditions inside the
dipole trap are more like in free space which results in a four times higher loading rate. The maximum
of transfered atoms is limited by light assisted collisions (see text). For loading times longer than 6 s
the number of remaining atoms is slightly higher than described by the model (see inset).

center of the dipole trap is shifted differently. As it is pointed out in section 4.2.2,
a frequency shift between the ground state and the Zeeman component m = F1 of
the excited state of about 100 kHz is expected inside the dipole trap with o-polarized
light. In the case of 7m-polarized light the frequency shift is expected to be approxi-
mately 800 kHz. Consequently the spectrum of the 657 nm radiation, which induces
the PA process, is different red-detuned to the considered Zeeman component of the
excited state and also to possible PA resonances.

The observed photoassociative losses limit the transfer of atoms from the MOT
to the dipole trap to ~ 8%. Without these losses, the model (see eq. 4.9) predicts a
transfer of ~ 15%. A better transfer of atoms should be expected if the capture radius
ref (See eq. 4.6) is increased by a larger beam waist wy. The resulting loading rate
can be estimated under the assumption of a constant 7-value of n = |Uy/kg| = 11.6
at the different beam waists, as it was shown in section 4.2.2. Figure 4.11 illustrates
the expected loading rates as a function of the waist as well as the necessary optical
powers to realize a constant trap depth of |U;/kg| = 140 K. As an example a beam
waist of 54 ym is considered. The realization of a trap depth of 140 ;K requires an
optical power of 14.9 W. With the derived loading rate of ry = 0.85 s~! the expected
transfer of atoms to the dipole trap is calculated with the numerical solution of equa-
tion 4.9. For this the experimentally observed loss rates ;6 = 460 ms, 75&) =36s
and /= 2.7-107' cm3®s~! are considered, which result in a transfer of 18.5 %. In the
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Figure 4.11: Estimation of the loading rate (black curve) for different beam waists. The necessary
optical power to keep the trap depth constant is shown in the red curve. The points are the measured
loading rates for a dipole trap with o-polarized light (black square) and with w-polarized light (black
triangle).

calculation the volume of the dipole trap is used, which is calculated by using the
trap frequencies w, = 1000 - 27 Hz, w, = 4.3 - 2r Hz and an ensemble temperature of
16 pK.

4.3 Conclusion

This chapter described the realization of an optical dipole trap suitable for calcium
atoms and subsequently it investigated the loading dynamics and the loss processes
in the dipole trap. From considerations about narrow-line laser cooling in an optical
dipole trap followed, that a dipole trap for calcium should operate at a wavelength
of (983+12) nm. Here the laser cooling of the second stage of the MOT is compatible
with the dipole trap and the highest possible number of atoms should be transfered
from the MOT into the dipole trap. Close to this wavelength (1030 nm) an optical
dipole trap was realized by a Yb:YAG disc laser, which provides an optical power
of 25 W in single-frequency operation. In the dipole trap a density dependent loss
process was observed, caused by the light of the second stage of the MOT. These
losses could be attributed to the photoassociative creation of calcium dimers, which
results in a limitation in the number of atoms transfered from the second stage of the
MOT to the dipole trap. The corresponding phase-space density is therefore limited
to a value of 2.6 - 10~°. The loading dynamics of the dipole trap was described by a
model, which includes the loading rate and the relevant loss processes. By means of
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the model it was predicted, that a two times higher transfer of atoms in the dipole
can be expected, if the beam waist is increased to 54 um. However this would be
accompanied by an decrease of the phase-space density to 1.5 - 107°.

A successful way to further increase the phase-space density, which was al-
ready practised for '™Yb, is the evaporation in a crossed-beam optical dipole trap
[Tak03b]. '™Yb has a similar electronic structure like earth alkaline elements and
a scattering length of 19 ag < as < 57 ag [Tak04]. The *°Ca ground state scatter-
ing length and therefore the cross section in comparison to '™Yb is significantly
larger so that an efficient evaporative cooling similar to Yb should be applicable.
Therefore chapter 5 investigates the loading dynamics and the loss processes in a
crossed-beam dipole trap.
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Chapter 5

Crossed-beam optical dipole trap

If two focused laser beams are crossed under an angle of about 90° a nearly isotropic
dipole trap could be created. The potential in the crossing region, the so-called
dimple, realizes a tight confining of the trapped atoms and allows to create high
ensemble densities. This assures high elastic collision rates and a fast thermaliza-
tion. Crossed-beam dipole traps are therefore suited for the application of evapora-
tive cooling. Evaporative cooling in crossed-beam dipole traps allowed to achieve
quantum-degeneracy, as it was successfully demonstrated for ®Rb [Bar01],
133Cs [Web03a], >*Cr [Gri05] and for the alkaline earth-like element !™Yb [Tak03b].
The large and positive ground state scattering length of “°Ca (see chapter 3) of-
fers the perspective of the realization of a calcium BEC with a similar experimental
scheme. This chapter therefore investigates a crossed-beam dipole trap for *°Ca.

The experiments with BECs in optical dipole traps showed, that it is important
to tilt one of the dipole traps with respect to the horizontal plane. The potential
of this trap combines the ac-Stark shift potential with the gravitational one and in
one direction a lower or vanishing potential barrier is realized, which offers than in
the crossed-beam trap an efficient way to evaporate. Furthermore this configuration
allows to influence the particle number and phase-space density in the crossing re-
gion, since the number of atoms which surround this region can be influenced by
the ratio of the optical power in the two beams, which leads to different loading
conditions of the dimple.

In the dimple of the crossed-beam dipole trap the phase-space density is locally
increased. This effect happened due to an adiabatic modification of the trapping po-
tential: The increase of phase-space density starts as soon as one dipole trap is adi-
abatically overlapped to the other, resulting in the dimple potential. Atoms which
surround the dimple in the single-beam dipole traps serve as a reservoir. Elasti-
cally colliding atoms of the reservoir fill the dimple until the local density satisfies
the equilibrium condition p(7) o exp(U(7)/ksT’). As a result the local density in
the dimple is increased whereas the temperature of the whole system (dimple and
reservoir) stays constant, since the reservoir absorbs the excess energy from the elas-
tic collisions in the dimple. It is therefore important, that the potential of the dimple
is not deep enough to accumulate all atoms from the reservoir, since otherwise the
phase-space density can not be increased. This so-called "dimple trick" was first

59
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Figure 5.1: Configuration of the two optical dipole traps and the MOT.

suggested and experimentally demonstrated by Pinkse et al. [Pin97].

This chapter is organized as follows: After a description of the trapping poten-
tial follows the investigation, how the power ratio of the two beams influences the
number of atoms in the crossing region as well as in the surrounding potential. Fur-
thermore the effect of an adiabatic modification of the potential will be studied by
ramping up the intensity of one of the two traps. The following section analyses the
loss process in the high dense calcium ensemble in the dimple trap. Finally a model
will be introduced, which describes the loading dynamics of the dimple.

5.1 Characterization of the crossed-beam dipole trap

As it is shown in the following, the gravitation not only influences the trapping
potential of the tilted trap but also the potential of the crossed-beam trap. Therefore
the following section first analyses the influence of gravity on the tilted trap and
then the potential shape of the crossed-beam trap will be discussed. The ratio of
the power in the two beams affects the number of atoms in the dimple. This is
investigated in detail, followed by an experiment in which the dimple potential was
switched on adiabatically.

5.1.1 Optical dipole potential - influence of gravity

The potential of the crossed-beam dipole trap is the sum of the potential of the hor-
izontal and the tilted trap. In the previous chapter the considerations of the hor-
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Figure 5.2: Potential in the tilted dipole trap for different optical powers. Only if the dipole potential
|Uo| exceeds the critical value |U| a local minimum in the potential appears and it becomes possible
to trap atoms. The realized dipole trap has an effective depth of U

izontal trap neglected the influence of gravity. At the used optical powers of the
trapping beam this was justified, since the dipole force was significantly smaller
than the gravitational one, which acts along the vertical axis'. In the tilted trap the
gravitational force also influences the potential along the direction of beam prop-
agation. Along this direction the dipole and gravitational force are comparable at
the used optical powers. Therefore it is necessary to calculate the critical value of
the dipole potential U, at which dipole and gravitational force compensate each
other. At this value the local potential minimum disappears and it becomes impos-
sible to trap atoms (see fig. 5.2). The resulting force F,(y) acting on an atom in the
horizontal beam in direction of gravity is given by

au(0,y,0) 4y 2y
F,(y) = Faipy —mg = ——————— —mg = — |Up| - Sexp(——) —mg, (5.1)
y(Y) = Faipy o U w p( w3>

where w, denotes the beam waist, m is the atomic mass, g is the gravitational accel-
eration and U, is the dipole potential of the ground state: Uy = —,1(0,0,0)/(2€0c)
(see eq. 4.1). The dipole force Fyip ,(y) has its maximum at y = —wj/2. For holding
atoms in the dipole trap, it is necessary that the dipole force at this point dominates
over the gravitational force. Therefore the condition |Uy| > |Ueit| must be fulfilled,
with
Wo
Uit = —myg - 7exp(1/2). (5.2)

!In this chapter the vertical axis is denoted as y-axis.
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If the beam propagates along the direction of gravity the resulting force is given by

. (1 + <l> ) —mg. (5.3)
Y YR

The dipole force Fyp,(y) reaches its maximum at y = —ygr/v/3 and the critical value
for the dipole potential is given by

7 U (0,y,0)
dy

y(y):Fdip,y—mg:— —mg:—|U0|-

|[\D
A

Ucrit = —mg- % (54)

V3

where yr = mwj/) denotes the Rayleigh length. Equations 5.2 and 5.4 show that
the critical value |Uyi|, below which the local minimum disappears, depends on the
trap confinement. For the potential along the axis of strong confinement in equa-
tion 5.2, |Uit| corresponds to an optical power of about 50 mW for the relevant trap
parameters (polarizability of the ground state a, at 1030 nm, wy = 33 um). Due to the
smaller confinement in the axial direction along the beam propagation in the tilted
trap (see eqn. 5.4), the optical power has to be above Py = egcmw |Uqit|-sin(¢) /o, =
3.2 W in order to realize a local minimum. The angle ¢ = 20° accounts for the tilt of
the trapping beam with respect to the horizontal plane.

The potential of the crossed-beam optical dipole trap shows three different
regimes, which depend on the ratio of the optical power (FPhor/ Fiir) of the horizontal
and the tilted beam (see fig. 5.3). Atoms can be stored in the crossing region of the
two beams (dimple) and additionally in one of the single-beam dipole traps, which
surrounds the dimple. In the following the potential is described by the depth of the
dimple Upimple and by the potential barrier b, which is determined by the tilted trap:

e In case a) the potential of the horizontal trap dominates the potential of the
crossed-beam trap (B > Fii). Atoms are mainly stored in the horizontal
trap, since the potential barrier b is high enough to prevent a loss of atoms
in direction of the tilted beam. The dipole force in this beam is too small to
support atoms against gravity. The depth of the dimple Upimpe is identical
with the depth of a dipole trap realized with a power of Py if the influence of
gravity is not considered.

o If the power in both beams are similar, one only observes atoms in the crossed
region (case b)). Here the potential depth of the dimple Upjnple achieves its
maximum in comparison to the other situations. Atoms escape from the hori-
zontal trap over the small barrier b of the tilted trap and after a storage time of
0.5 s (see fig. 5.4) only atoms in the dimple remain.

e If the power in the tilted trap is higher than the power in the horizontal one,
atoms with high kinetic energy leak along the tilted beam axis over the poten-
tial barrier b (case c)). The potential depth Upimpie is identical with the depth of
the horizontal trap.
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Figure 5.3: The potential of the crossed-beam dipole trap for different optical power ratios in the
two laser beams and the corresponding absorption images of the atomic cloud after 1 ms of expansion.
The atoms were stored in the potential for 0.5 s (see fig. 5.4). The respective potential along the laser
beam is shown. The black line shows the gravitational potential in the tilted trap. The potential of the
tilted trap and the horizontal trap is indicated by a red and blue line, respectively. If the higher power
is concentrated in the horizontal beam the atoms are mainly stored in the horizontal trap (case a)). In
the case of similar power (case b)) the atoms escape in direction of the tilted trap since here the lowest
potential barrier (denoted by b) is realized. Now the potential depth in the crossing point Upippie
achieves its maximum. The barrier b is further lowered if the power in the tilted beam becomes higher
than in the horizontal ones (case c)).
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For the determination of the density and the phase-space density of the ensemble in
the dimple potential it is necessary to know the trap frequencies. For small exten-
sions of the atomic sample the dipole potential of the crossed-beam trap Ug(z,y, 2)
can be approximated by

Ucb(xvyvz):_|U1| <1_W> _|U2| <1_W> ) (55)

2 2
0 0

where |U; | and |U,| are the potential depths of the single-beam dipole traps. For the
trap frequencies follows

4 4 4
Wy = ‘Ug‘, wy = ‘Uzz‘ and W, = $ 4] = 02) +2‘ U2|>. (5.6)
muwg muwg muwg

The single-beam trap with the smaller potential depth |U;|, with i = 1, 2, determines
the effective depth of the dimple trap. Its value is identical with above introduced

Ubimpte- With the mean frequency & = (wxwywz)l/ % the peak value of the density py
and the phase-space density ¢ can be calculated

ma? \*? ho \®
=N = N|— 7
o (thT) ¢ <m> | 57)

here N denotes the number of trapped atoms. The derived frequencies w, and w, are
only valid if the two beams are crossed under an angle of 90°. However the tilted
beam and the horizontal beam are crossed under an angle of § ~ 54° in the plane,
which they define. For the same power in both beams, the main axis of the two trap
frequencies are defined by the four points at which the intensity in both beams is
drop off to 1/e?. From geometrical considerations the mean frequency in the plane
of the two beams can be derived as wpjane = wywysin(é), where w, and w, are the
radial frequencies of the tilted and the horizontal trap (see 5.6). The mean frequency

1/3
is then given by w = (wplanewz) / . Exact calculations of the trap frequencies showed,
that this approximation of the mean frequency w is still applicable for a power ratio
of 1/2, which is also used in the following investigations.

5.1.2 Influence of the power ratio 5,/ Py on the sample properties

To obtain a better understanding of the behavior of the atoms in the crossed-beam
trap, this section experimentally investigates the influence of the optical power ratio
between horizontal and tilted trap Phor/ Pri-

The number of atoms in the dimple and in the horizontal trap was measured by
absorption images for different configurations of Upimple and b, realized by different
ratios P/ Fai. For this purpose both dipole traps were temporary and spatially
overlapped to the two-stage MOT and after a storage time of 0.5 s the number of
atoms was detected (see fig. 5.4). Starting from a four times smaller Stark poten-
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Figure 5.4: Time sequence for the measurements in the crossed-beam dipole trap. After the usual
preparation of atoms in the two-stage MOT both dipole traps are loaded. After the storage time an
absorption image is taken.

tial in the tilted trap than in the horizontal one (a situation comparable to case a) in
tig. 5.3), the optical power was increased gradually until a power ratio of about 1
is realized (see case b) in fig. 5.3). For atoms in the horizontal trap, the increasing
power in the tilted trap lowers the potential barrier b in direction of the tilted trap
(compare case a) and b) in figure 5.3) and more and more atoms escape from the
horizontal trap. Figure 5.6 a) therefore shows a falling number of atoms in the hori-
zontal trap if the potential barrier b is reduced. The potential shapes show (see again
fig. 5.3), that the trap depth in the crossing region Upimple increases with increas-
ing power in the tilted trap. With an increasing trap depth Upimple in the dimple,
the number of atoms in this region starts to increase, reaches a maximum around
Ubimple /ks = 80 uK and above this value the particle number again drops down. If
the trap depth is increased, more and more atoms with higher kinetic energy could
be captured in the crossing region. The final number of atoms around 3.5 10° seems
to be limited by the density in the sample (6 - 10'® cm~3). The limitation seems to be
independent on the measurement sequences. The red colored points are measured
if the dimple is loaded without the MOT (see fig. 5.5), which indicates that not light
assisted collisions limit the number of atoms but three-body losses (see the follow-
ing section). The decreasing number of atoms for larger trap depths is due to the
smaller number of atoms in the horizontal trap at this power ratio, which results in
a stop of loading (compare the upper curve in fig. 5.6 a)).

The investigation of the time evolution of the dimple atoms verify this assump-
tion of a continuous loading of the dimple from the horizontal trap. The time evo-
lution is measured for two ratios of optical power, if the dimple is loaded without
MOT (see fig. 5.5). In the first case a depth of the dimple of Upimpie/kp = 87 uK and
a potential barrier of b/kg = 70 K was realized with a power of 6.5 W in the hori-
zontal and 3.5 W in the tilted beam. These parameters result in 3.5 - 10° atoms in the
dimple and 1.7 - 10° in the horizontal trap after a storage time of 0.5 s. In the second
case a trap depth of Upimple /ks = 124 pK and a barrier of b/kg = 7 1K was realized by
a horizontal power of 4.7 W and a tilted power of 5.2 W. The corresponding number
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Figure 5.5: Measurement sequence for the crossed-beam optical dipole trap. In comparison to the
sequence in figure 5.4 the tilted trap will be overlapped to the horizontal one after switching-off the
MOT.
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Figure 5.6: Number of atoms in the crossing region and in the horizontal trap plotted against the
potential depth of the dimple Upjyye (figure a)). The number of atoms in the horizontal trap depends
on the potential barrier b (figure b)), induced by the overlapping potential of the tilted trap. For trap
depths of the dimple around 80 K the number of atoms reaches a maximum. This is attributed to a
limitation in density and a decrease in the reloading from the horizontal trap. The red colored points
are from identical measurements realized, if the dimple is loaded without MOT.
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Figure 5.7: Number of atoms in the dimple (squares) and in the horizontal trap (circles) as a function
of storage time for different power ratios a). The corresponding phase-space density is shown in b). For
a power of 6.5 W in the horizontal trap and 3.5 W in the tilted trap (black lines) a partly compensation
of the atoms lost from the dimple is observed due to a reloading from the horizontal trap. A continuous
loading is prevented in the case of similar powers with 4.7 W in the horizontal and 5.2 W in the tilted
trap (red lines). This results in a lower number of atoms and a higher phase-space density, since an
heating effect from the continuously loaded atoms does not take place.

of particles are 2.5 - 10° in the dimple and 4.5 - 10° in the horizontal trap.

During the whole storage time the number of atoms are higher in the first case
with P, = 6.5 W, since atoms from the horizontal trap are continuously loaded.
Without this loading process in the second case F,,, = 4.7 W, atoms in the dim-
ple disappear faster for storage times ¢t > 200 ms. In both cases atoms are lost due
to evaporation as indicated by the decrease of temperature (see fig. 5.8). During
the loading process atoms from the horizontal trap are accelerated into the cross-
ing region, which results in higher ensemble temperatures around 16 ¢K and lower
phase-space densities compared to 11 pK in the second case. For this dimple, real-
ized with a similar power, an ensemble lifetime of (1.6 £ 0.1) s was estimated from
the decay curve. For the other case a higher lifetime of (2.00 £ 0.05) s was observed,
which is obviously due to atoms, which are continuously loaded from the horizontal
trap. The decay in the horizontal trap depends on the potential barrier b. In the first
case (b/kg = 70 pK) a lifetime of (1.4 £ 0.1) s was observed after the evaporation.
Due to the low barrier b almost all atoms are lost from the horizontal trap after a
storage time of 1 s. The observed lifetime in the dimple is smaller than the lifetimes
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Figure 5.8: Ensemble temperatures in the dimple as a function of the storage time. The black
squares indicate the temperatures, which are observed for the atoms stored in a crossed-beam trap
with a power of 6.5 W in the horizontal and 3.5 W in the tilted beam. The resulting temperatures for
similar powers in the horizontal (4.7 W) and the tilted trap (5.2 W) are indicated by red squares.

in the dipole trap (7pj, = 3.6 s), since the vacuum was not as good as during the
measurements with the single-beam dipole trap (see chapter 4).

With regard to a subsequent evaporation the configuration realized with dif-
ferent powers has the advantage, that the atoms in the horizontal trap can serve
as a reservoir during the forced evaporation process. In a similar configuration
Griesmaier et al. [Gri05, Gri06] could evaporatively cool **Cr towards quantum-
degeneracy. Due to the continuous loading from the reservoir, the number of atoms
in the dimple stood nearly constant during the evaporation process.

5.1.3 Adiabatic generation of the crossed-beam dipole trap

The effect of an adiabatic generation of the dimple potential was studied by varying
the time during which the power of the tilted dipole trap was ramped up (ramping
time t.,mp). The ramping was started after the loading of the horizontal trap was
completed, by switching-off the MOT. After the ramp was finished, the atoms were
stored for 100 ms in the crossed trap and were then detected by an absorption image.
With a maximum power of 3.5 W in the tilted beam and 5.4 W in the horizontal
one, a 86 uK deep dimple and a 47 pK high potential barrier could be realized.
Figure 5.9 shows the ratio Npimpie/Niotal @s a function of the ramping time. Here
Nbimple is the number of atoms in the dimple and Nyt = Npimple + Npip is the total
number of atoms in dimple and horizontal trap. For the comparison of the different
ramping times t.mp, it is necessary to consider the lifetime of the different traps



Three-body losses in the crossing region 69

20 i + LA L DL DL L | i 0.10 LI L L L
18 |- % - - -
16 |- ; % % % %- 008 - 4 ; -
wl ' 1 ! IS EL
— 12 -~ 006 ' .
X - 1_=
2 10| 4=z 5 i
o o . <o
[=% Q
£ 8| 4 £004 | -
a [a}
— - 1=
6 - R 4
4 - 0.02 -
2 | i I .
ol v v vy ] ooo b—L o 1 o0 w11
0 100 200 300 400 500 0 100 200 300 400 500
ramp time (ms) ramp time (ms)

Figure 5.9: Adiabatic generation of the dimple potential. Left: evolution of the ensemble tem-
perature in the dimple as a function of different ramping times and right: the corresponding ratio
NDimple/ Niotar (see text).

(Dimple = 28, Tpip = 1.4 s). The particle numbers are therefore corrected by the
factor exp(tramp/Timple) aNd €XP (tramp/ Tpip ), respectively.

The data of the ratio Npimple/Niotal d0 not show an obvious difference between a
sudden (tamp = 0 ms) and a slow (t;amp > 0 ms) generation of the trapping potential
of the dimple. However a slow and adiabatic generation has the advantage, that
for the same ratio Npimple/Niotal @ slightly smaller ensemble temperature could be
realized. If the tilted trap is switched on with a ramping time of tramp > 100 ms a
sample temperature around 16 K could be observed whereas a sudden switching
(tramp = 0 ms) produces temperatures around 19 ;K. The adiabatic generation of the
dimple with ¢;amp = 100 ms allows therefore to increase of the phase-space density
from about 0.02 (t;amp = 0 ms) to approximately 0.04. The adiabatic generation of
the dimple potential could not increase the number of atoms in the dimple and the
ratio Npimple /Niota, Which is probably due to a density limiting process. Although
the dimple was generated abruptly (;amp = 0 ms), the measurements of section 5.1.2
show similar phase-space densities of about 0.045. This can be explained by the fact,
that the whole power (Byor + Priir = 10 W) in these measurements were higher, which
results in a deeper potential and therefore according to equation 5.6 in higher trap
frequencies and a higher phase-space density. Furthermore the position of one beam
focus relative to the other can differ from measurement to measurement resulting in
slightly different particle numbers and temperatures in the dimple.
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5.2 Three-body losses in the crossing region

The previous investigations showed that the number of atoms, which can be trans-
fered in the dimple, is limited on the one hand by the number of remaining atoms
in the horizontal dipole trap and on the other hand by density dependent loss pro-
cesses. Although the effect of photoassociative losses should be avoided if the dim-
ple is loaded without MOT (see fig. 5.5), the number of atoms and the density in the
dimple remained similar to the case in which the dimple is loaded with the MOT
(see fig. 5.4). Furthermore an adiabatic formation of the dimple potential could not
increase the number of dimple atoms. A density limiting process, which is indepen-
dent from the 657 nm radiation of the MOT light, is the three-body recombination.

In this process three atoms collide and two of them form a dimer whereas the
molecular binding energy e is set free as kinetic energy. This energy is transfered to
the created molecule (¢/3) as well as to the third collision partner (2¢/3). In compari-
son to the trap depth the released binding energy ¢ is large and the created molecule
and the single atom escape from the trap. The event rate in this process is propor-
tional to the third power of the sample density p. This section estimates the corre-
sponding three-body loss coefficient L; from a decay measurement in the dimple
and analyses its influence on the dimple atoms.

The measurement was carried out by loading the dimple without MOT (see
tig. 5.5) to avoid two-body losses. With similar optical powers in both beams (F,or =
4.6 W, Pa = 4.8 W) a background of atoms in the horizontal trap is only marginal.
After about 100 ms nearly all atoms in the horizontal trap are disappeared and fur-
ther loading of the dimple stops (see the following section). Then the decay of the
number of atoms is measured. Besides the determination of the particle number
in the dimple, the sample temperature is measured simultaneously by the time-of-
flight technique in order to distinguish, if the first fast decay is due to evaporation
of atoms with high kinetic energy or due to three-body losses.

Figure 5.10 shows the results of the decay and the temperature measurements.
During the loss of atoms the temperature fluctuates around a value of 29 ;K and
seems to be independent, which indicates a three-body loss process and not a plain
evaporation. The three-body loss of atoms in the dimple is described by the follow-
ing differential equation

NDimple - _L3 /dgrpg(f) - _L3 <P2> NDimplea (58)

with L3 as three-body loss coefficient and (p?) as mean of the squared density. To
deduce an equation in N, the three-body loss rate L3p?® is integrated over the sample
volume under the assumption of thermal equilibrium (see section 4.2.3). In equa-
tion 5.8 the losses due to background collisions are not considered, since these losses
are expected to become important only for longer storage times. After transforming
the mean of the squared density into the number of atoms, one obtains

. L3 m(DQ 3 3 3
NDimple = _\/—2_7 (m) ) NDimple =—l3- NDimple7 (59)
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Figure 5.10: Number of atoms (left) and the corresponding temperatures (right) in the dimple as
function of the storage time. The black circles in the left graph show the particle numbers, which are
corrected for background losses (see text). The red and blue curve are fits to the data according to
equation 5.10.

with the solution
_ —1/2

NDimple(t) - (NO 2 + 2l3t) . (510)
In equation 5.9 is w the mean trap frequency, m the atomic mass, 7' the temper-
ature of the sample and kg the Boltzmann constant. If the background losses are
neglected the derived L coefficients are to high. The particle numbers are corrected
for background losses by multiplying the data with the factor exp(t/7pimpte). The
lifetime Tpimple = 1.6 s was determined from a separate measurement at low density
and long storage times. With this correction the densities are overestimated which
leads to smaller L3 coefficients. The fits (see fig. 5.10) to the data with (blue curve)
and without background correction (red curve) therefore determine the range of the
three-body loss constant: 3 - 10727 cm®/s< L3 < 4-1072" cm®/s.

To classify this value a comparison to the L; coefficients of other atomic species
is helpful. Theoretical investigations [Fed96] showed, that the three-body loss co-
efficient scales with the fourth power of the ground state scattering length a. This
scaling is valid in the low-energy limit for large positive scattering lengths. With its
lower value of the ground state scattering length a = 340 a, the calcium coefficient
follows together with the values of the other species nearly this theoretical predic-
tion. The Lj coefficients scale with an exponent of 4.4 & 0.2. The three-body loss
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Figure 5.11: Three-body loss coefficients of different atoms as function of their ground state scat-
tering length. The Ly constants nearly agree with the theoretically predicted a* upper limit. For a
value of 340 ag, which is the lower boundary of the determined scattering length, “°Ca also follows
this scaling.

rate constant for sodium is measured in a condensate [Sta98] and the loss rate con-
stants of 3’ Rb [Bur97] as well as '*3*Cs are non-condensate values like in the case of
calcium. In the case of cesium the scattering length is magnetically tuned to a value
of a = 1200aq [Web03b].

The estimated three-body loss coefficient leads at the realized dimple densities
(6 - 10" cm™3) to a loss rate of approximately 10/s, which is comparable to the loss
rates due to two-body collisions (see fig. 5.12). It is therefore likely that in both
sequences the particle number in the dimple is similar.

For an effective evaporative cooling in the crossed-beam optical dipole trap it is
important, that the rate for inelastic two- and three-body collisions are significantly
smaller than the rate for elastic collisions. The rate for elastic collisions 7, is given

by
Vel = <P> Uel(T>ﬂ(T)7 (511)

with the mean density (p) = [ p?(7)d*r/ [ p(7)d>r = po/+/8, the mean relative veloc-
ity u(T) = 41/kgT/mm and 0. (1) the elastic collision cross section. The cross section
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for an ensemble of identical bosons is given by [Dal99]

8ra?

- 12
ot (5.12)

g el(ku)
with the relative atomic wave number k, = um/2h, depending on the relative ve-
locity u. The expression leads to two limiting cases; for low energies (k,a << 1)
follows o (k,) = 8ma* and for high energies (k,a >> 1) the cross section reaches the
so-called unitarity limit ¢ (k,) = 87/k2. With the mean value of the relative velocity
u(T') a temperature dependent expression for o, can be derived

B 8n2a’h?
C 7h? + dkgTma?’
Figure 5.12 compares the calculated elastic collision rates ~ for different tempera-

tures with the measured inelastic rates of two- 3 (p) and three-body L; (p?) collisions
as well as the loss rate due to background collisions! T]Siinple. The elastic collision

oa(T) (5.13)

'The rate of background collisions is calculated for the observed lifetime of the dimple (TDimple =
1.6 s).
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rates are calculated for the lower boundary of the scattering length a = 340a,. Start-
ing from a rate corresponding to the temperature of the present dimple ensemble
(20 1K), the elastic collision rates are calculated as well for temperatures (1 K and
0.1 pK) at which quantum-degeneracy is reached in other atomic species. Around
temperatures of 1 ;K and below, the cross section can be described by its tempera-
ture independent low energy limit o] = 8ma®. These description is for temperatures
around 20 K not verified, since the cross section only amounts 60% of its low energy
limit. Around temperatures of 200 K the cross section reaches the unitarity limit.
Over the full range of ensemble densities the elastic collision rates are significantly
higher than the inelastic ones. Especially at sample densities between 10'* cm~3 and
10'® cm™3, at which BECs are normally realized, the elastic collision rate at 0.1 K
is more than one order of magnitude larger in comparison to the three-body loss
rate. This should allow an efficient evaporative cooling starting from the present
ensemble in the dimple.

5.3 Loading behavior of the crossing region

The transfer of atoms from the horizontal dipole trap to the dimple is analysed with-
out the second stage of the MOT. In the corresponding measurement sequence (see
tig. 5.13) the tilted dipole trap overlaps the horizontal one for a variable time, but
the detection always happens after the same period of time with respect to the turn-
off of the MOT. In the comparison of different overlap times the influence of back-
ground collisions is therefore identical and can be neglected in this analysis. The
measurement were carried out at similar optical powers P in the trapping beams
(Phor = 4.4 W, Pyy = 5.1 W). Figure 5.14 shows how the number of atoms in the
dimple and the horizontal trap depends on the overlap time. The atom number in
the horizontal trap decays fast (220 ms) whereas the number of atoms in the dimple
increases meanwhile until 10% of the intially stored atoms in the horizontal trap are
transfered. Most atoms leave the trap after passing the crossing region over the po-
tential barrier, which has a hight of approximately b/kg = 15 K. Initially, directly
after the tilted trap is switched on, the densities in dimple and horizontal trap are
similar. Then during progressive overlap time the density increases until maximum
densities around 6.7 - 10" cm ™ are achieved. The density increases due to elastic
atom-atom collisions similar to the case of ytterbium [Tak03b] or cesium [HamO02].
The number of particles in the dimple grows until density dependent losses prevail
and the horizontal trap is empty, which stops the loading of the dimple. The loading
process can be described by the coupled differential equations

NDip<t) = —pipNpip (t) — 7o Npip ()
NDimple(t) - f’ONDip(t) - l3 : ]\/vDimple(t)3 (514)

where YDip describes the loss rate of atoms in the horizontal trap, 7 is the loading
rate of the dimple and /3 is the volume dependent three-body loss coefficient, in-
troduced in equation 5.9. The losses due to background collisions do not need to
be considered in this scheme (see above). The energy dissipation mechanism in the
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Figure 5.13: Measurement sequence for the investigation of the loading behavior of the dimple.

dimple is given by elastic atom-atom collisions. The loading rate 7, must be there-
fore proportional to the elastic collision rate 7

fo = qvea = qo(T)au(T) (p)

mo? 8/2 Di
= gou(T)a(T) <2kaT> N \/pg(t)

Here ¢ denotes the proportionality constant, oel(7") is the cross section and u(7') is the
mean relative velocity. The mean density (p) in the horizontal trap is calculated from
the mean frequency w = (wfwz)l/ 7, assuming thermal equilibrium (see section 4.2.3).
By employing equation 5.15 for the differential equations follows

NDip<t) = —ip Noip(t) — ,FON]%ip@)
NDimple(t) = fON]%ip (t) —l3- N]%imple (t) (516)

— 7o Npip (£). (5.15)

The numerical solution is fitted to the data (fig. 5.14) by varying the loading rate 7,
and the loss rate jp;,. The three-body loss coefficient was kept constant at a value
of Ly = 3-1072" cmSs™! (see section 5.2). The initial loading rate of the dimple
Fo = ToNpip(0) = (1.7 4 0.3) s~ can be compared to the initial elastic collision rate,
which is similar in the horizontal trap and in the dimple due to their equal initial
densities. Under the assumption of a scattering length of a = 340 a, and an average
temperature of the ensemble of 7' = 18 ;K in dimple and horizontal trap, a collision
rate of g = 925 ™! can be derived. For the loading of the dimple only atoms in the
crossing region contribute and the proportionality constant ¢ is therefore estimated
by the ratio of the volumes! ¢ = Vbimpte/ Vbip = 1/180. Inaverage one of the colliding
atoms gets lost and carries away the excess of kinetic energy, which results in a

ma?
QﬂkBT

-3/2
'The volumes are calculated in the harmonic approximation: V' = ( ) , with @ as mean

frequency of the dipole trap or the dimple.
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Figure 5.14: Loading of the dimple without MOT. Initially Np;,(0) = 2.4 - 10° atoms are trapped
in the horizontal dipole trap, which very fast escape (blue curve with an exponential time constant of
220 ms). The loading behavior of the dimple is described by the numerical solution of equation 5.16.
Only the loading rate of the dimple is varied (red curve).

value of 0.57q¢ = 2.6 s~!. The approximated value of the initial loading rate of

the dimple 7 therefore confirms the order of magnitude of the measured value.
The small discrepancy between measured and approximated loading rate can be
explained by the simplicity of the model. The model assumes identical temperatures
of the ensembles in dipole trap and dimple, which do not change during the loading
process. However the ensemble temperature in the dimple have an initial value of
about 16 £K and a final temperature of 20 K. Furthermore the density and volume
calculation are based on the frequencies deviated from the harmonic approximation
and not from a measurement. Especially in the crossed-beam trap the calculated
frequencies could deviate from reality if for instance the overlap of the beam foci is
not perfect. Finally only a range of the scattering length a is known.

The loading process of the dimple is also investigated in the presence of the MOT.
The trap parameters (optical power ratio, temperature) are similar and the storage
time (0.5 s) is identical but here the loading time (see fig. 5.4) is varied instead of
the overlap time (see fig. 5.13). Although the background collisions must be taken
into account, a comparison should be possible for the initial loading process, since
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Figure 5.15: Comparison of the loading behavior with and without MOT. The black squares denote
the dimple loading without MOT by the variation of the overlap time and the red circles describe the
loading with MOT by varying the loading time.

for shorter storage times the loading rate and the density dependent loss rates pre-
vail. In principal the loading process differs: a comparable loading of the horizontal
dipole trap can not happened, because the atoms either escape in direction of the
low potential barrier b or start to accumulate in the dimple. Therefore the dimple
in principle is loaded by the MOT, whereas the capture range is probably given by
the dipole trap. The accumulation of atoms in the dimple could be supported by
elastic collisions as well as by laser cooling, comparable to the loading behavior in
the single-beam dipole trap (see chapter 4). In the presence of the MOT, the density
limitation in the dimple is given by three-body losses and light-induced two-body
losses. The determined loss rate constants 3 and L3 lead to a similar loss rates at the
highest densities in the dimple (see fig. 5.12). Therefore the maximum transfer of
atoms into the dimple is similar for both sequences.

Obviously the loading dynamics of the dimple is more complex in the presence
of the MOT and for the development of a detailed model additional measurements
are necessary.
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5.4 Conclusion

A crossed-beam optical dipole trap for “°Ca was experimentally realized and char-
acterized. The trap is realized by a horizontally propagating laser beam and by a
beam which is tilted by 20° with respect to the horizontal plane. Depending on the
ratio of the optical power of the two beams the resulting potential allows not only
to store atoms in the dimple but also in the horizontal dipole trap. The transfer
of atoms from the horizontal trap into the dimple trap was analysed for different
power ratios. A continuous loading of the dimple from the horizontal trap could be
realized for a nearly two times higher power in the horizontal beam. It was possible
to transfer up to 10% of the atoms from the single-beam dipole trap to the crossing
region. The resulting ensembles of about 4 - 10° atoms have a phase-space density
of up to 0.045. If the dipole trap was adiabatically switched on, the phase-space
density could be increased by a factor of two but an enhancement of the number
of atoms in the dimple was not observed. The number of dimple atoms and the
phase-space density is similar if the dimple was loaded with and without the pres-
ence of the MOT. Without the MOT the accumulation of atoms in the crossing region
and therefore the increase of the phase-space density happened by elastic collisions.
The number of atoms in the crossing region was limited by three-body collisions.
The obtained three-body loss constant Lz = (3.5 4 0.5) - 10727 cm®/s is comparable
to other atomic species, if the ground state scattering length of *°Ca is taken into
account. Two- and three-body loss rates had a similar magnitude at the observed
densities (6 - 10'* cm™?) in the dimple. This resulted in similar phase-space densi-
ties, whether the dimple was loaded in the presence of the MOT (the density was
limited by two- and three-body losses) or if the dimple was loaded in the absence
of the MOT (the density was only limited by three-body losses). The loading of the
dimple could be modeled by taking into account the inelastic three-body loss rate
and the elastic collision rate.

At densities and temperatures where the most atomic species reach quantum-
degeneracy, the observed three-body loss rate is still more than one order of magni-
tude smaller than the expected elastic collision rate. The achievement of a calcium
BEC seems therefore promising by evaporation in a crossed-beam dipole trap. For
this process the present ensemble in the dimple already seems to be a promising
starting point. This shows the comparison with the experiments of !"Yb [Tak03b],
8TRb [Bar01] or *2Cr [Gri05, Gri06], which had similar initial collisional rates and
numbers of particles before the ensembles were evaporatively cooled towards
quantum-degeneracy in a crossed-beam dipole trap. In this connection the com-
parable higher phase-space density of the calcium ensemble could be an additional
advantage.



Chapter 6

Conclusion and outlook

The present thesis dealt with the realization of an optical dipole trap suitable for
19Ca atoms. The main intention of using a dipole trap was to increase the phase-
space density of the laser-cooled calcium ensemble as far as density limiting pro-
cesses allowed this. Additionally the s-wave scattering length was determined by
photoassociation spectroscopy in order to clarify the prospects for a further increase
of the phase-space density by evaporative cooling in the dipole trap. As a result den-
sity limiting effects could be identified in the dipole trap. Furthermore the loading
behavior and the laser cooling within the dipole trap was investigated.

Based on a model, which explains laser cooling inside a dipole trap, it could
be shown that the realization of a dipole trap is best compatible with the second
stage of the MOT around a magic wavelength of 1 ym. A corresponding single-
beam dipole trap was realized by a Yb:YAG disc laser. At typical experimental pa-
rameters 8% (=~ 4 - 10° atoms) of the atoms in the MOT could be transfered to the
dipole trap. The transfer is limited by light-induced two-body losses caused by the
657 nm MOT radiation. The corresponding two-body loss coefficient 5 amounts to
(2.2 +0.4) - 107" cm?/s. The light-induced losses can be attributed to the forma-
tion of Cay-molecules by photoassociation at the 4s* 'Sy — 4s4p *P; asymptote. The
experimentally derived 3 value is in agreement with the theoretical predictions by
Ciurylo et al. [Ciu04].

The loading dynamics of the dipole trap could be described by a model, which
includes the capture rate of atoms from the MOT as well as the loss rates in the
MOT and dipole trap. From the model it could be concluded, that an increase of the
particle number in the dipole trap can be only expected, if the capture volume of
the dipole trap is increased by a larger beam waist. Considerations to increase the
particle number in the dipole trap directly by the MOT, seem to be less successful.
It became possible to decrease the temperature of the atoms in the MOT or to in-
crease their density but this was accompanied with a significant smaller number of
atoms. From the loading model of the dipole trap it could be concluded, that both
effects may increase the capture rate but the absolute number of atoms would be
unchanged or smaller.

As aresult of all these investigations, the phase-space density could be increased
from 1.5 - 1077 in the second stage of the MOT to a value of 2.6 - 1072 in the single-
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beam dipole trap. This could be increased further by the realization of a crossed-
beam optical dipole trap. In the crossing region of both dipole traps, the so-called
dimple, a phase-space density of up to 0.045 was observed. It was possible to trans-
fer up to 10% of the atoms from the single-beam dipole trap to the crossing region. If
the dipole trap was adiabatically switched on, the phase-space density could be in-
creased by a factor of two but an enhancement of the number of atoms in the dimple
was not observed. The accumulation of atoms in the crossing region and therefore
the increase of the phase-space density happened by elastic collisions. The number
of atoms in the crossing region was limited by three-body collisions. The obtained
three-body loss constant Lz = (3.5+0.5) - 1072" cm®/s is comparable to other atomic
species, if the ground state scattering length of *°Ca is taken into account. At den-
sities and temperatures where the most atomic species reach quantum-degeneracy
the three-body loss rate is still more than one order of magnitude smaller than the
expected elastic collision rate. The achievement of a calcium BEC seems therefore
promising by evaporation.

Two- and three-body loss rates had a similar magnitude at the observed den-
sities (6 - 10" cm™?) in the dimple. This resulted in similar phase-space densities,
irrespective if the dimple was loaded in the presence of the MOT (the density was
limited by two- and three-body losses) or if the dimple was loaded in the absence of
the MOT (the density was only limited by three-body losses).

At temperatures in the microkelvin range the elastic collision rate is determined
by the s-wave scattering length. Its value was determined by photoassociation
spectroscopy at the 4s* 'Sy — 4s4p 'P; asymptote. The range of rovibrational lines
was significantly increased in comparison to previous photoassociation measure-
ments [Zin00, Deg03]. This allowed a more accurate estimation of the ground state
scattering length, since an extended range of internuclear distances was accessible.
The photoassociation spectra are well described by a model, which includes the
molecular potentials and the experimental parameters. By the comparison between
the calculated and the measured spectra it became possible to determine the range
of the s-wave scattering length. Its resulting value between 340 ay and 700 qay is in
good agreement with the values derived from classical molecular spectroscopy and
resolves the discrepancy to previous photoassociation measurements [Deg03]. The
scattering length and therefore the cross section of *°Ca seems to be sulfficient large
in comparison to elements, which could be Bose-Einstein condensed by evaporative
cooling in a crossed-beam optical dipole trap.

For the creation of a calcium BEC all relevant parameters are determined. The
magnitude of the s-wave scattering length promises high elastic scattering rates in
the crossed-beam optical dipole trap, which are significantly higher than the loss
rates at densities (10" cm™3-10'* cm™?) and temperatures (0.1 xK - 1 ©K) at which
the BEC is reached in other atomic species. The realized phase-space density of
0.045 in the present ensemble of 4 - 10° atoms in the crossed-beam dipole trap al-
ready seems to be a promising starting point for the realization of a BEC by evap-
orative cooling in this trap. This shows the comparison with the experiments of
1"Yb [Tak03b], 8"Rb [Bar01] or **Cr [Gri05, Gri06], which had similar initial col-
lisional rates and numbers of particles before the ensembles were evaporatively
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cooled towards quantum-degeneracy in a crossed-beam dipole trap. In this connec-
tion, the comparable higher phase-space density of the calcium ensemble could be
an additional advantage. The present setup of the crossed-beam dipole trap would
allow to implement forced evaporative cooling similar to the creation of the Yb-
BEC or the *Cr-BEC. In both experiments the configuration of the crossed-beam
trap is realized in such a way, that the atoms in the horizontal trap serve as reser-
voir. The dimple is here permanently reloaded by atoms from the horizontal trap,
by decreasing the power in this trap. This ensures that the number of dimple atoms
stays as long constant as atoms could be reloaded from the horizontal trap. Starting
with 2 - 10° atoms in the dimple, this evaporation method made it possible to create
a BEC of 10° atoms in the case of 52Cr [Gri05, Gri06].

Beside this promising approach the narrow intercombination line offers the pos-
sibility for laser cooling of the atoms within the dipole trap, which operates at the
magic wavelength. The quench laser would be no longer necessary, since the po-
tential of the dipole trap supports the atoms against gravity. The velocity selectiv-
ity of the narrow line offers the possibility to achieve ensemble temperatures near
the recoil limit (7" = 1.1 pK). If the narrow-line laser cooling will be realized in
a three dimensional optical lattice it could be even possible to achieve quantum-
degeneracy by laser cooling. Due to the narrow linewidth of the cooling transition,
the density limiting process of the reabsorption of cooling photons is expected to be
small. Calculations showed that this effect will be reduced in the so-called "festina
lente" regime, characterized by the condition that the scattering rate, which is pro-
portional to the linewidth, is small in comparison to the oscillation frequencies of
the lattice [Cir96, Wol00]. To avoid photoassociative losses during laser cooling in a
dipole trap or in a lattice, it will be necessary, that the frequency of the cooling laser
is far away from any photoassociation resonances. If laser cooling on the intercom-
bination transition does not lead to quantum-degeneracy, an additional evaporative
step can be applied as described above.

Consequently calcium offers different approaches for the generation of a BEC.
As a result of this work evaporative cooling in a crossed-beam dipole trap seems to
be the most promising way, which can be easily implemented in the present experi-
mental setup.

Applications of a calcium BEC may be found in atom interferometric precision
experiments such as the determination of the fine-structure constant « or the grav-
itational constants g and G. In atom interferometry a matter wave is divided into
two paths, redirected by mirrors and beam splitters and finally overlapped. From
the resulting interference pattern the phase difference of the two paths is derived,
which contains the constant of interest. Beam splitters and mirrors are realized by
resonant light of the intercombination transition, which has the advantage of a very
narrow linewidth. Previously the 'Sy—°P; transition in calcium was used in fre-
quency measurements and the developed atom interferometric techniques as well
as the knowledge of the influence of external perturbations on the transition can be
of particular advantage for experiments with BECs. The high dense BEC can lead
to collisional shifts of the transition, which can be detected by the phase difference
in the atom interferometer and can be used to characterize the BEC. In precision ex-
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periments the density can be reduced by adiabatic expansion, which further reduces
the temperature and improves the spacial coherence. To increase the achievable ac-
curacy of the atom interferometer it will be then necessary to extend the experiment
time. This can be realized if the BEC will be stored in an optical dipole trap or lat-
tice, where the atoms are supported against gravity. If the dipole trap operates at the
magic wavelength of 800 nm, differential phase shifts by the light field of the dipole
trap can be excluded. Furthermore magnetic stray fields can not perturb the exper-
iment, since this wavelength of the dipole trapping laser is magic for the magnetic
tield insensitive transition Am = 0.

Calcium also offers interesting perspectives for another group of experiments,
which investigates the generation and the interactions of cold molecules in optical
dipole traps. In this connection the photoassociation at the intercombination tran-
sition is of essential importance: on the one hand it offers the possibility to create
cold Ca; ground state molecules and on the other hand it is possible to manipulate
the scattering length in the region of a photoassociation resonance. Calculations by
Ciurylo et al. [Ciu04] predict that molecules in highly excited vibrational states close
to the 'Sy+3P; asymptote decay with a high probability to low vibrational levels of
the ground state molecule. The optical manipulation of the scattering length at a so-
called optical Feshbach resonance was predicted by Fedichev et al. [Fed96]. In this
process the scattering length of two colliding ground state atoms can be tuned by
optically coupling their scattering state to an excited molecular level. The variation
of the scattering length is achieved by the detuning with respect to a molecular level
and by the intensity. An optically induced change in the scattering length is accom-
panied by a loss of atoms caused by the spontaneous decay via the excited molecu-
lar state. It is expected that these losses will be significantly smaller for “°Ca [Ciu05]
than for the alkaline atoms!, due to the narrow linewidth of the photoassociation
transition. A tunable interaction strength may be interesting for the creation of het-
eronuclear molecules e. g. of an alkaline atom and an alkaline earth atom like *’Ca.
The two atoms form a polar molecule due to their different electron affinity. These
polar molecules not only interact via the van-der-Waals force but also via the dipole-
dipole force, which has a longer interaction range. These would offer the possibility
to create a cold gas of polar particles, which can be not realized in a gas of single
atoms.

'In an experiment with 8’Rb by Theis et al. [The04] an inelastic collision rate coefficient of 1.7 -
10719 ecm?/s is observed. For °Ca Ciuryto et al. [Ciu05] predict a value below1.7 - 10712 cm?3 /s.
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