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Thesis abstract

This thesis examines two complimentary methods for the laser cooling of a magnetically

guided ultra-cold atom beam. If combined, these methods could serve as a starting point for

high-through put and possibly even continuous production of Bose-Einstein condensates.

First, a mechanism is outlined to harvest ultra cold atoms from amagnetically guided atom

beam into an optical dipole trap. A continuous loading scheme is described that dissipates

thedirected kinetic energy of a captured atomvia decelerationby amagnetic potential barrier

followed by optical pumping to the energetically lowest Zeeman sublevel. The application of

this scheme to the transfer of ultra cold chromium atoms from amagnetically guided atom

beam into a deep optical dipole trap is investigated via numerical simulations of the loading

process. Based on the results of the theoretical studies the feasibility and the efficiency of

our loading scheme, including the realisation of a suitable magnetic field configuration, are

analysed.

Second, experimentswere conducted on the transverse laser cooling of amagnetically guided

beam of ultra cold chromium atoms. Radial compression by a tapering of the guide is em-

ployed to adiabatically heat the beam. Inside the tapered section heat is extracted from the

atom beam by a two-dimensional optical molasses perpendicular to it, resulting in a signi-

ficant increase of atomic phase space density. A magnetic offset field is applied to prevent

optical pumping to untrapped states. Our results demonstrate that by a suitable choice of the

magnetic offset field, the cooling beam intensity and detuning, atom losses and longitudinal

heating can be avoided. Final temperatures below 65 μK have been achieved, corresponding

to an increase of phase space density in the guided beam bymore than a factor of 30.
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Zusammenfassung der Arbeit

In dieser Dissertation werden zwei komplementäre Methoden für die Laserkühlung eines

magnetisch geführten, ultrakalten Atomstrahls untersucht. Kombiniert könnten diese Me-

thoden den Ausgangspunkt für eine, möglicherweise sogar kontinuierliche, Hochdurchsatz-

produktion von Bose-Einstein-Kondensaten darstellen.

Als erstes wird einMechanismus vorgestellt, mit dem sich ultrakalte Atome aus einemmagne-

tisch geführten Atomstrahl in eine optische Dipolfalle umladen lassen. Es wird ein kontinu-

ierliches Ladeschema beschrieben, das die Dissipation der gerichteten kinetischen Energie

eines eingefangenen Atoms durch Abbremsung an einer magnetischen Potentialbarriere,

gefolgt von optischen Umpumpen in den energetisch niedrigsten Zeeman-Zustand, ermög-

licht. Die Anwendung dieses Ladeschemas auf den Transfer von ultrakalten Chromatomen

aus einemmagnetisch geführten Atomstrahl in eine tiefe optische Dipolfalle wird mittels

numerischer Simulationen untersucht. Basierend auf den Ergebnissen der theoretischen

Untersuchungen wird die Machbarkeit und die zu erwartende Effizienz des Ladeschemas,

sowie die Realisierung einer geeigneten Magnetfeldkonfiguration analysiert.

Als zweites wurde die transversale Laserkühlung eines magnetisch geführten ultrakalten

Chromatomstrahls im Experiment untersucht. Hierfür wurde der Atomstrahl durch eine Ver-

jüngung der magnetischen Strahlführung radial komprimiert und so adiabatisch erwärmt.

Inmitten des verjüngten Strahlabschnitts wurde senkrecht zumStrahl eine zweidimensionale

optische Molasse erzeugt, welche Wärme aus dem Strahl extrahierte, was zu einem signifi-

kanten Anstieg der atomaren Phasenraumdichte führte. Durch das Anlegen eines magne-

tischen Offsetfeldes wird optischen Pumpen inmagnetisch nicht einschließbare Zustände

verhindert. Unsere Ergebnisse zeigen, das Atomverluste und eine longitudinale Aufheizung

durch geeignet gewählte Werte des magnetisches Offsetfeldes, der Kühlstrahlintensität und

-verstimmung verhindert werden können. Es konnten Endtemperaturen unter 65 μK erreicht

werden, was einem Anstieg der Phasenraumdichte im geführten Strahl ummehr als einen

Faktor 30 entspricht.
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1 Introduction

In this introductory chapter the role of ultra-cold atom beams in the

field of atomic physics is approached from a historical perspective.

Early atom beam experiments delivered seminal insights about

atomic structures, and were followed by the commonplace applic-

ation of atom beams in a variety of disciplines. The development

of laser cooling allowed the preparation of ultra-cold atom beams

and their employment for the generation of quantum degenerate

gases, atom optics, atom lithography, and atom interferometry.

In recent years, magnetically guided ultra-cold atom beams have

generated considerable interest as intense sources of slow atoms,

holding great promise for the realisation of a continuously pumped

atom laser. This thesis presents experimental and theoretical stud-

ies on a magnetically guided beam of chromium atoms that are

aimed at bridging the gap between the ultra-cold and the quantum

degenerate regime. The organisation of this thesis is outlined at

the conclusion of this chapter.

1.1 Effusive atom beams

The advancement of modern atomic, molecular and optical physics has been nurtured by a

growing ability of experimentalists to prepare atoms in specificmotional as well as electronic

states, and to observe the evolution of these states under isolated conditions [1]. Atom

beams, or atomic beams, as they are also referred too, have been a significant part of this

development almost since its beginnings, by providing the means of generating samples

of isolated atoms with specific distributions of atomic velocities, positions and electronic

states, which can then be further manipulated and studied in an experimental setup. Over

time, many different types of atom beams have been conceived [2]. Likewise, the capabilities

of atom beam devices have evolved, in terms of available atomic species, as well as in terms

of attainable degree of control over and range of various beam specifications such as, for

example, atom flux, beam shapes and velocity distributions.

The earliest and arguably most basic type of atom beam is the effusive atom beam, which,

nevertheless, continues to represent the backbone of many advanced contemporary atom

beam experiments. An effusive atom beam is obtained by releasing a low pressurised atomic

gas though a small entrance aperture into a high vacuum environment, where it forms an

expanding stream of entering atoms. Through a second aperture, this stream can then be

shaped into a collimated beam of atoms that propagates through the vacuum. Via the col-

limation, control is exercised over both the trajectory of the atoms as well as their transverse

velocity spread, while the vacuum shields the atom beam from collisions with background

gas constituents.

The first atom beam, which corresponded in essence to the above given description, was

realised almost exactly one century ago by Dunoyer, who observed the ballistic propagation

of Na atoms inside an evacuated glass tube [3]. His discovery occurred shortly after the

first rotary mercury pump had become commercially available, which had been invented by
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1 Introduction

Gaede [4] in 1905. By employing this novel high vacuumpump, Dunoyer was able to generate

sufficiently low pressures inside his glass tube such that Na atoms could travel along the tube

without colliding with background gas molecules. In the following years, the atom beam

technology was refined and consolidated most notably by Stern [5, 6], who together with

Gerlach, famously discovered space quantisation [7] and directly measured the magnetic

moments of atoms [8] by observing a discrete splitting of a silver atom beam that had passed

through an inhomogeneous magnetic field. These two studies became the first in a series

of ground breaking atom beam experiments that revealed information about fundamental

structure of the atoms [9] and that were awarded with Nobel prizes in physics.

The invention of the nuclear magnetic resonance (NMR) method [10] by Rabi constituted

another major advancement along these lines. Based on the interaction of the atomwith mi-

crowave and radio frequency radiation, for which compared to optical radiation far superior

coherent radiation source were available at the time, it allowed for the first time coherent

control of the atomic states, and opened the possibility to investigate the structure of atomic

nuclei by measuring nuclear magnetic moments with unprecedented precision [11]. High

resolution NMR spectroscopy performed on an atomic hydrogen beam by Lamb lead in the

following to the discovery of the Lamb-shift in the hydrogen atom[12]. In addition, precise

atom beammagnetic resonance measurements of nuclear magnetics moments for different

states of 69Ga, 71Ga, and 23Na allowed Kusch [13] to determine the anomalous gyromagnetic

ratio of the electron. By contradicting the Dirac theory of the electron, both results paved

the way for the development of quantum electrodynamics.

A significant obstacle for atomic beam NMRmeasurements was imposed the by requirement

of a uniform phase over the entire interaction area, which requires the area’s dimensions

to be smaller than the employed NMR wavelength. Due to a the lack of slow atom beam

sources of sufficient intensity, which came into being only about three decades later with the

help of the laser cooling methods discussed further below, this length limitation restricted

the effective measurement time and thus the attainable spectroscopic resolution. It was

vanquished by the separated oscillatory field method invented by Ramsey [14], which found,

among many others, important applications in metrology, where it provided a basis for the

realisation of highly accurate cæsium atomic beam frequency standards [15], which shortly

after became reference standards of the International System of Units (SI ) [16].

Attempts to further increase the accuracy of atomic beam NMR lead, inspired by the earlier

invented molecular beam based ammoniac maser [17], to the development of the atomic

hydrogenmaser [18] by Ramsey. It was the first atomic maser and was based on an atomic

hydrogen beam, which served as a source of hydrogen atoms in the upper hyperfine ground

state level that were focused by a state selecting hexapole magnet into a tunable microwave

cavity. A coating allowed the hydrogen atoms to bounce off the interior walls of the cavity

without change of the hyperfine state. The cavity thus acted as a trap for the hydrogen atoms,

which, compared to a bare atomic beam setup, resulted in an increased effective interaction

time and higher atom densities, thereby narrowing and intensifying the emitted microwave

band.
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1.2 Laser cooled atom beams

1.2 Laser cooled atom beams

The high intensity and spectral purity of laser sources propelled the establishment of high

resolution optical spectroscopy during the 1970s, which is characterised by the elimina-

tion of first-order Doppler broadening of spectral lines due to Doppler free spectroscopic

methods, such as saturation spectroscopy [19, 20], two-photon spectroscopy [21, 22, 23] and

polarisation spectroscopy [24]. Much like in the case of NMR spectroscopy, the attainable

optical resolutionwas then constrained by the line broadening due to the limited transit time

of atoms during a spectroscopic measurement, as underscored by the efforts undertaken by

Hall and Chebotayev to reduce transit time broadening through the construction of wide

diameter radiation field spectrometers [25, 26, 27, 28].

Researchon the lasermanipulationof atomicmotion in atomicbeamsby light forces initiated

by the work of Ashkin [29] in 1970 offered a route to much anticipated slow atom beam

sources. In the following years different experiments succeeded in demonstrating atom

beam deflection by a travelling wave[30], as well as focusing [31] and deflection by a standing

wave [32]. In addition, atombeamdeflectionby classical resonant radiationhadbeen studied

by [33] based on early observations by Frisch made in the 1930s [34].

The production of a slow atom beam source [35], and ultimately stopping of atoms in the

laboratory frame [36], was achieved by themid-1980s with the Zeeman slower. By combining

resonant radiation with a magnetic field varying along the atom beam axis the decreasing

Doppler shift of the atomic resonance frequency due to the deceleration could be com-

pensated for. Similarly, frequency chirping of the decelerating laser beam was successfully

employed around the same time for slowing and stopping [37] of atom beams.

Once atomic samples could be prepared with arbitrarily low averages velocities in the labor-

atory, the concept of Doppler cooling with counter-propagating resonant laser beam pairs,

which had been demonstrated earlier with trapped ions [38, 39] , could be employed to re-

duce the spread of atomic velocities in all spatial dimensions, as demonstrated by the first

realisation of an optical molasses [40].

Laser cooling of atoms achieved unprecedented low temperatures, thereby enabling the

confinement of atomic samples in a variety of atom trap configurations. Important steps

along this direction were the first demonstration of trapping of atoms in a magnetic trap[41],

in an optical dipole trap [42] and in anmagneto-optical trap[43]. Trapping of atoms could be

employed to implement cooling methods that transcend laser cooling such as evaporative

cooling [44].

Cooling and trapping techniques have profoundly impacted the generation of slow and cold

atombeams and vice versa. While atom traps have been loaded from atombeams, traps have

also served as reservoir of cold atoms for the generation of atom beams. Methods for the

generation and manipulation of laser cooled atom beams include focusing, compression,

deflection, reflection, cooling [45].

13



1 Introduction

1.3 Quantum degenerate atom beams

The statistical mechanics of a gas consisting of indistinguishable quantum particles, such as

atoms, differs at low temperatures from that of classical gas, as first pointed out in 1924 by

Bose [46]. Together with Einstein he worked out the first statistical description of an ideal

quantum gas [47, 48]. Now known as Bose-Einstein statistic, it applies to a fundamental class

of quantum particles named bosons. A seminal scientific achievement based on the laser

cooling and trapping techniques discussed earlier was the first experimental realisation of

a peculiar prediction of the Bose-Einstein theory, the condensation of bosonic atoms in

the motional ground state of a trap, which was accomplished just about 70 years later in

1995 [49, 50]. A Bose-Einstein-condensate (BEC) represents a quantum system described

by a macroscopic wave function. In this respect it resembles photons stored inside a laser

resonator. Unlike photons however, atoms in a BEC possessmass and interact both with each

other and with external fields, which entails a large variety of quantum phenomena that can

be explored by employing experiments on the basis of BECs.

An especially feature rich class of BECs are dipolar BECs, which are formed from atoms that

possess a large magnetic dipole moment in the ground state, which results in a signific-

ant contribution of the anisotropic and long range dipole-dipole interaction in addition to

the prevalent isotropic, short range s-wave interaction [51]. The first andmost prominent

example of a dipolar BECs is obtained from atoms of the element chromium, whose con-

densation first succeeded 2005 in Stuttgart [52, 53]. Tuning of the s-wave scattering length

using Feshbach resonances [54] was employed to reveal and to isolate its distinct dipolar

properties [55, 56, 57, 58].

By releasing atoms from a trapped BEC, a coherent quantummatter beam can be generated,

which, in close analogy to a laser beam that is outcoupled from an optical cavity, is termed

atom laser [59]. The first such novel type of atom beam was prepared in 1997 [60]. A number

of alternative outcoupler schemes were developed shortly after by different research groups

[61, 62, 63, 64]. All these outcoupler schemes have in common that the length of the atom

laser wave train is ultimately constrained by the number of a condensed atoms that are

stored inside the trap from which the atom laser is released. The generated atom lasers thus

possess rather short wave trains, and thus resemble pulsed optical laser beam. Although

much desired, a truly continuous atom laser, quantummatter analogue to a cw laser beam

therefore still remains to be realised.

1.4 Magnetically guided ultra cold atom beams

A magnetic potential configuration that confines atoms in two dimensions and while per-

mitting them to propagate along the third dimension can be employed as a magnetic guide

for an atom beam. Initial experiments with atom beams passing through magnetic guide

configuration, which investigated the focussing of an atom beam by a 2D static magnetic

hexapole field, were performed in the 1950s [65, 66]. Due to the rather shallow depth of

magnetic potentials for atoms, true guiding of atoms requires sufficiently low transverse
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1.5 Laser cooling of a magnetically guided ultra cold atom beam

kinetic energies, corresponding to temperatures below 10K (see section 2.2.2), which could

be realised decades later by employing laser cooling methods (see also [67, 68]).

Magnetic guides loaded with ultra cold atoms from a magneto-optical trap (MOT) have in

recent years been successfully established as intense sources of ultra cold atom beams [69,

70], withmaximum loading rates of up to 7·109 atoms s−1 at temperatures below400μK have

been demonstrated [71]. For chromium, our group has recently reported the continuous

loading of over 109 atoms s−1, albeit at somewhat higher temperatures than in [71], by

operating a moving molasses MOT in the field of a magnetic guide [72].

Considerable effort has been invested in concepts for the exploitation of magnetic guides as

ultra cold atom sources for the production of Bose-Einstein-Condensates (BECs) [73], which

is typically performed by a time sequence of cooling steps leading to an average yield of

104 to 106 atoms/sec for the best alkali experiments and 103 atoms/sec for chromium BEC

[52]. Magnetic guides allow to spatially separate and to perform simultaneously otherwise

interfering cooling steps. They offer thus the prospect to prepare BECs in continuousmanner

with considerably increased production rates.

A main driving force behind these efforts to overcome the limits of current BEC production

methods in terms of both, the maximum numbers of atoms in the condensate and the

maximum production rate, is the prospective realisation of a truly continuous atom laser.

Two conceptually different pathways towards a coherent and continuous source of quantum

matter have been proposed. The first pathway is based on the direct condensation of a

guided atom beam via evaporative cooling inside a magnetic guide [71, 73]. The second

pathway employs a constantly refilled reservoir of ultra cold atoms from which atoms are

transferred into a continuously maintained condensate [74, 75].

1.5 Laser cooling of a magnetically guided ultra cold atom beam

In this thesis, we address two questions regarding the laser cooling of atoms inside a mag-

netically guided atom beam that are of relevance for both pathways.

First, we study from a theoretical viewpoint, how chromium atoms from a guided atombeam

can be transferred most efficiently into a superimposed optical dipole trap, which would

open the possibility to reach quantum degeneracy via evaporative cooling. In order to solve

the underlying problem of dissipating the kinetic energy associated with the longitudinal

motionof the guided atoms,wepropose adeceleration scheme that uses amagnetic potential

barrier in combination with a fast optical pumping process. Through numerical simulations

of atomic trajectories we determine the fraction of the atom beam population that can

be trapped inside the ODT depending on the beam velocity, radial and the longitudinal

beam temperature. If implemented, the proposed loading scheme would constitute a direct

precursor for the production of large Cr BECs with considerably increased production rates.

As it is fully continuous in nature, it could, in principle, be used to operate the ODT as pump

reservoir for a pumped continuous atom laser.
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1 Introduction

Second, we investigate experimentally, how the transverse temperature of an ultra cold atom

beam inside a magnetic guide can be reduced by laser cooling in such a way that the overall

phase density of the beam is increased. In our above mentioned theoretical studies we have

identified the radial beam temperature as the most critical parameter to make the transfer

of atoms from the guided atom beam to the ODTmore efficient. However, the loading of the

guide via imposes a lower limit on the initial atombeam temperatures. Wehave implemented

a continuous laser cooling scheme that allows to reduce the radial beam temperature below

this limit, by combining transverse compression of the atom beam together with Doppler

cooling in a magnetic offset field. We describe the experimental conditions under which we

achieve cooling below the Doppler limit, while the initial high atom flux is preserved.

1.6 Thesis outline

This thesis consists of six chapters, which are organised as follows:

Chapter 2 lays out the essential physical concepts that are underlying the theoretical and

experimental investigations presented in this thesis. The main topics covered are the laser

cooling, the guiding and the trapping of neutral atoms. A key aspect of the treatment is the

application of the presented methods to atoms of the chromium isotope 52Cr.

Chapter 3 covers the experimental apparatus that we employ for our studies. It describes the

vacuumchambers and the laser systems that are required for the generation of amagnetically

guided beam of ultra-cold chromium atoms. It also details the imaging system and the

analysis methods that permit the physical characterisation of the atom beam.

Chapter 4 presents our theoretical investigations regarding the loading of atoms from the

magnetic guide into an optical dipole trap. Using numerical simulations of the loading pro-

cess we have studied the transfer efficiency depending on the initial velocity and temperature

of the atom beam.

Chapter 5 reports on our experimental investigations on the transverse laser cooling of atoms

that are launched into the atomguide fromamovingmolassesmagneto-optical trap. Byusing

a two-dimensional optical molasses configuration, Doppler cooling can be performed on

atoms that are passing through a tapering of the atom guide. Final transverse temperatures

of the atombeambelow theDoppler temperature can be achieved, which result in significant

increases of its phase space density.

Chapter 6 summarises the results of our investigations.
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2 Physical preliminaries

The precise control of both internal and external atomic degrees

of freedom constitutes the basis for our studies on ultra-cold 52Cr

atoms that are presented in this thesis. The physical foundations

of the experimental methods that we employ in this context are

the subject of this chapter. Emphasis is laid on those aspects of

the theory that are particular relevant and readily applicable to the

presentation and the discussion of our studies in the remaining

chapters of this thesis. A large part of the material in this chapter

is also covered by a number of excellent textbooks, to which

we refer the reader for a more comprehensive and more general

treatment of the matter. [76, 77, 78, 79].

2.1 Spectroscopic properties of 52Cr

The interactions of atoms with external electromagnetic fields that we use for the manipula-

tion of our samples, as outlined in section 2.2, are determined by their respective spectro-

scopic properties. In the framework of this thesis we are exclusively concerned with atoms

of the chromium isotope 52Cr, to which we refer in the following occasionally also by the

term chromium atom, assuming that it is understood that some of our statements might in

the strict sense only be valid for the 52Cr isotope.

2.1.1 Nuclear properties

The element chromium has four stable isotopes, which are listed in table 2.1.1 together

with their respective nuclear spins and natural abundances. Out of these, the 53Cr isotope,

possessing a half-integer nuclear spin of I = 3/2, is the only one which obeys a fermionic

quantum statistic. The other three isotopes, namely 50Cr, 52Cr and 54Cr, are of bosonic kind

with zero nuclear spin. Possessing a magic neutron number N =28, the isotope 52Cr is the
most abundant one, with a natural abundance of 83.79%,

The differences in size andmass of the nuclei between the isotopes lead to distinct line shifts

in their atomic spectra [81, 82]. The experimental procedures that we employ for our studies

are by design susceptible to these isotope shifts and can be used to prepare and to investigate

isotopically pure samples.

Isotope Nuclear spin Nat. abundance

50Cr 0 4.35 %

52Cr 0 83.79 %

53Cr 3/2 9.50 %

54Cr 0 2.37 %

Table 2.1: Stable isotopes of the element chromium: nuclear spins and natural abundances

[80].
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Figure 2.1: Selected electronic levels of 52Cr. The interconnecting lines represent optical trans-

itions that are relevant to our studies.

2.1.2 Electronic configuration of the ground state

Chromium is the element with the atom number 24. Its electronic ground state is composed

of a filled argon shell and six valence electrons, which together constitute a [Ar] 3d5 4s1

configuration. The incomplete d sub-shell identifies chromium as a transition metal. The

coupling of the valence shell electron spins and orbital angular momenta is well described

by the LS-coupling scheme [76], which yields the 7S3 level as ground state level. Due to the

absence of nuclear spin, the energy levels of 52Cr exhibit no hyperfine splitting.

2.1.3 Important optical transitions

Figure 2.1 displays a schematic representation of selected energy levels. The lines connecting

different levels represent optical transitions that are relevant for our studies. Basic properties

of these transitions are listed in table 2.1.3, including the saturation intensity IS, which is
derived using

IS =
πhc Γ

3λ
. (2.1)

Here, h denotes Planck’s constant, Γ the natural linewidth and λ the vacuum wavelength of

the respective transition.

The 7S3−→7P4 transition is the principal transition used for laser cooling [83, 84, 85, 86]. It

has a sufficiently large natural line width Γ of 31.5MHz to allow appreciable scattering rates.

In addition, it is a practically closed transition, as its upper 7P4 level decays with a branching

ratio of about 2 ·105:1 back to the ground state.
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2.1 Spectroscopic properties of Cr-52

Transition λ/nm Γ/(2π · s)-1 IS/(mW cm-2) Description

7S3−→7P4 425.555 31.5 ·106 8.50 Cooling transition

7S3−→7P3 427.600 30.7 ·106 8.17 Optical pumping

5D4−→7P4 658.274 127 9.26 ·10-6 Decay to meta stable state

5D4−→7P3 663.185 6 ·103 0.4 ·10-3 Repumping transition

Table 2.2: Optical transitions in 52Cr that are of relevance for the work presented in this thesis.

Quoted are vacuumwavelength λ, natural line width Γ and saturation intensity IS.

In a situation, where a large number of photons is scattered, such as in a magneto-optical

trap (see section 2.2.8), optical leaking from the cooling transition can, nevertheless, become

relevant. Optical leaking occurs in this case predominantly via the 7P4−→5P4 transition. As

the state associated with the 5D4 term is a long lived metastable state, optical leaking from

the cooling transition allows the accumulation of sizable numbers of metastable state atoms.

Effective transfer from the metastable to the ground state is possible via optical pumping to

the 7P3 level, fromwhich a decay into the ground state occurs with a high probability. This

decay is marked by the emission of a single photon at a wavelength of 427nm, which plays a

crucial role for the measurement of the absolute flux of atoms discussed in section 3.4.4.

2.1.4 Zeeman splitting in an external magnetic field

In the presence of a staticmagnetic fieldB, the spectral lines of an atom exhibit characteristic

splittings, which are described by the Zeeman effect. They are caused by the interaction of

the field with the intrinsic magnetic moment of the atom. In the case of 52Cr, only electronic

spins and orbital angular momenta contribute to the magnetic moment. Its corresponding

operator μ̂ can be expressed in terms of the total spin operator Ŝ and the total orbital angular

momentum operator L̂ by

μ̂=−µB L̂− gsµB Ŝ, (2.2)

where µB denotes the Bohr magneton and gs the gyromagnetic ratio of the electron. The

Hamiltonian Ĥzm of the interaction with the field depends on the projection of μ̂ on B and

is given by Ĥzm =−μ̂·B. Using equation (2.2) a simple expression for its time averaged

expectation value Ezm can be obtained by including the Land factor gJ and by choosing the
axis for the quantisation of the total angular momentum such that it is aligned with B [76]:

Ezm = 〈−μ̂ ·B〉= gJmJµB |B| . (2.3)

States with different magnetic quantum numbers mJ that belong to the same spectroscopic

term are commonly termed Zeeman substates. Without magnetic field these states are

degenerate. The Zeeman interaction described by equation (2.3) lifts the degeneracy by

dividing each level into 2 J +1 evenly spaced Zeeman sublevels, which are centred around

the original zero field level.
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2 Physical preliminaries

Due to the Zeeman interaction, a single transition between two degenerate levels converts

under the influence of a static magnetic field into a manifold of transitions between two sets

of Zeeman sublevels. As a consequence, a spectroscopic line with frequency ω0 splits up

into Zeeman components with respective frequenciesω0 +ωzm. For a transition between

two given Zeeman sublevels, the Zeeman line shiftωzm depends on the difference between

the Zeeman energy of the upper level
(
E∗
zm

)
and of the lower level (Ezm). With equation (2.3)

holds:

ħωzm = E∗
zm−Ezm =

(
g∗
J (mJ+∆mJ)− gJmJ

)
µB |B| =∆µ |B| . (2.4)

Here we have introduced the quantity ∆µ in order to denote the change in the magnetic

moment’s projection on B due to the transition. The change in the magnetic quantum num-

ber is denoted by∆mJ. For σ
+ and σ−-transitions∆mJ is equal to+1 and−1, respectively,

while for π-transitions mJ is equal to 0. Depending onmagnetic quantum number mJ of the

initial state and on the value of Landé-factors g∗
J and gJ the Zeeman line shift described by

equation (2.4) can take both positive and negative values.

2.2 Laser cooling and trapping of 52Cr

The interactions of an chromium atom with external fields produce different types of mech-

anical forces that can be used to tightly control its state of motion and its position in space.

For the preparation of ultra-cold samples of atoms a variety of methods have been devised

that combine these forces in sophisticated and often ingenious ways. Thereby, reductions of

sample temperatures from above 1000K (thermal effusion) to well below 1 mK (ultra cold

gases) can be achieved. Even lower temperatures and, ultimately, quantum degeneracy are

reached by employing atom-atom interactions in addition to the interaction with external

fields [52, 87].

2.2.1 The definition of temperature in laser cooling

The conventional thermodynamic definition of temperature applies to a system in a state of

thermal equilibrium. In the field of laser cooling the conventional temperature definition is

extended such that a temperature can in specific cases also be attributed to atomic samples

that are far from thermal equilibrium [77]. Typical examples for such non-equilibrium

samples comprise atoms that exchange energy with a radiation field, as well as atoms that

are in a dilute state, where the thermalisation time due to a low collision rate exceeds the

experimentally relevant time scales. Such atomic samples can, nevertheless, exist in a steady-

state and exhibit momentum and energy distributions that resemble those of proper thermal

distributions 1.

In this thesis, we follow the usual convention to attribute to such samples a temperature T
that is derived from the mean energy per kinetic degree of freedom in accordance with the

1It can be shown, in fact, that certain laser coolingmethods, such asDoppler cooling (see also section 2.2.7), inherently

produce these type of quasi-thermal distributions[77].
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2.2 Laser cooling and trapping of Cr-52

equipartition theorem via

kBT

2
=

m 〈v2
k
〉

2
, (2.5)

where kB represents Boltzmann’s constant, m the mass of the atom and vk the component

of the atomic velocity along the considered degree of freedom.

2.2.2 Magnetic forces for guiding and trapping

In an inhomogeneous static magnetic field B(r), the Zeeman effect described in section 2.1.4

accounts for a conservativemagnetic force Fm(r) that is associated with amagnetic potential

Um(r) derived directly from equation (2.3):

Fm =−∇Um =−gJmJµB∇|B(r) | . (2.6)

From equation (2.6) follows that atoms in a Zeeman-substate with magnetic quantum num-

ber mJ>0 are attracted toward lower values of the field magnitude |B(r) |. They are thus
commonly termed low-field seekers, whereas atoms with mJ<0 are termed high-field seekers.

In order to create a potential suitable for the trapping or the guiding of atoms we require a

field that yields either a local minimum or a local maximum of the field magnitude. From

Maxwell’s equations it can be shown, however, that the magnitude of the magnetic field

cannot possess a local maximum. A purely magnetic trap can therefore only be realised for

low-field seekers [88], whereas trapping of high field seekers requires in general some kind

of additional non-magnetic confinement.

Another important requirement is that the magnetic field strength is sufficiently large such

that the trap depth exceeds the thermal energy of the atoms that are to be trapped. Assuming

a maximum practical field strength of about 10T, this limits the application of magnetic

traps in the case of chromium atoms to samples with temperatures below about 10K 2.

Magnetic trapping and guiding of atoms thus typically requires preceding cooling steps

such as, for example, Zeeman slowing (section 2.2.6), Doppler cooling (section 2.2.7), and

magneto-optical trapping (section 2.2.8).

2.2.3 Magnetic quadrupole guide for atoms

Magnetic quadrupole fields are widely used as static field geometries that yield confining

potentials for low-field seeking atoms. They are also commonly used in conjunction with

optical fields in order to form different types of magneto-optical traps. The magnetic guide

for ultra cold atoms used in our studies is based on a two-dimensional quadrupole field that

confines atoms radially, while allowing them to propagate freely along the axis of the guide.

Figure 2.2 a) illustrates the operating principle of such a magnetic quadrupole guide. Four

parallel bars, with centres arranged in a square and spaced a distance d apart, carry the static

2Linear trap potential in three dimensions. Mean internal energy per atom Eint=9/2kBT.
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a) b)
y

x

Figure 2.2: a)Magnetic atomguide consisting of four parallel bars with quadratically arranged

centres. A current Jg flows through the bars in alternating opposing directions, thereby generat-
ing a transverse two-dimensional magnetic quadrupole field near the z-axis. b) Corresponding
magnetic field lines.

electrical current Jg in alternating opposing directions. Adopting the Cartesian coordinate
system defined in figure 2.2 a), the radial distance r from the central guide axis is given by

r = (x2 + y2)1/2. For r ¿d and for infinitely long bars the generated guide field Bg is in

excellent approximation described by a magnetic quadrupole field [78], with

Bg = (−bg x, bg y, 0
)

. (2.7)

The corresponding field lines are shown in figure 2.2 b). The variable bg represents the
absolute value of the magnetic field gradient. Its value can be derived from the Biot-Savart

law and yields, with the vacuum permeability denoted by µ0,

bg =
4 Jgµ0

d2π
. (2.8)

Using equation (2.6) and (2.7) we obtain for the guiding potentialUg as a function of r

Ug (r ) = mJ gJµBbg r. (2.9)

2.2.4 The radiation scattering force

Electromagnetic radiation carries momentum. Scattering of resonant light by an atom trans-

fers momentum between the light field and the atom. By doing so it exerts a mechanical

force on the atom, which is the basis for a number experimental methods introduced in this

chapter, such as the Zeeman slower, the optical molasses and the magneto-optical trap.

In the following, we consider the case of a two-level atomwith line width Γ and resonance

frequencyω0 that is subject to amonochromatic plane wave with frequencyωL, wave vector

kL and intensity IL. The transfer of momentum is mediated via the repeated absorption

of a single photon with momentum ħkL followed by the spontaneous emission of a new
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2.2 Laser cooling and trapping of Cr-52

photon into a random direction. The scattering thus changes the atomic momentum in

a stochastic manner. Since the radiation pattern of spontaneous emission exhibits point

symmetry with respect to the position of the atom, the average change in momentum from

spontaneous emission is equal zero. The total average momentum transferred per scattered

photon is therefore equal to the momentum ħkL of each absorbed photon. The associated
average change in velocity per photon is equal to the recoil velocity vrec, which for the main
7S3−→7P4 cooling transition of

52Cr evaluates to vrec=1.8cms−1.

The recoil velocity is small compared to the mean atomic velocities that we encounter in

our experiments. A large number of scattered photons is therefore necessary to induce a

noticeable change in the atomic velocity. This means that a valid deterministic expression

for the scattering force Fsc can be derived by regarding only its average over many cycles of

absorption and emission, which is proportional to average photon scattering rate Rsc. For a

two level atom with saturation intensity IS the scattering rate is given by

Rsc = Γ

2

IL/IS
1+ IL/IS+4δ2

eff
/Γ2

. (2.10)

Here, δeff denotes the effective detuning of the laser light, which is the detuning of the laser

light frequency from the atomic resonance in the rest frame of the atom. For an atommoving

with a velocity v in the laboratory frame the Doppler shift [89] contributes to δeff, resulting in

δeff =ωL−ω0 −kL ·v. (2.11)

We can state Fsc as a function of kL and δeff using equation (2.10), which yields

Fsc
(
kL,δeff

)=ħkL ·
Γ

2

IL/IS
1+ IL/IS+4δ2

eff
/Γ2

. (2.12)

The scattering force is maximal on resonance, when δeff = 0. It saturates when the light

intensity becomes large compared to the saturation intensity Is .

The scattering force is capable of delivering enormous accelerations to an atom. Equation

(2.12) yields, for instance, in the case of the 52Cr 7S3−→7P4 cooling transition a maximum

possible acceleration of about 3 ·105ms−2. However, this strong acceleration can for a given

laser frequency due to the Doppler shift only be applied to atoms within a limited velocity

range. The width ∆v of the effective velocity range can be estimated from∆v≈ Γ/kL, which
for the main cooling transition of 52Cr evaluates to ∆v≈ 2ms−1.

2.2.5 Optical pumping and stretched states

The Zeeman substates with mJ=| J | are also known as stretched states. In a stretched state,
the magnetic moment of the atom is maximally aligned with the external magnetic field,

being orientated either along (mJ =−J ) or opposite to it (mJ = J ). An atomic ensemble

in which all atoms are in the same stretched state is therefore magnetically polarised. In
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Figure 2.3: Magnetic polarisation of the 52Cr ground state via optical pumping on the 7S3−→
7P4 transition with σ

+-polarised light. A weak magnetic field has lifted the degeneracy of the

respective Zeeman substates. Dashed horizontal lines indicate the positions of the degenerate

levels in the absence of the field. The pumping light exclusively excites transitions with∆mJ=
+1, which are represented by the upward arrows. The respective relative strength of the decay
channels are indicated by the labels of the corresponding downward arrows. In the course of

many iterated excitation cycles the atom is eventually pumped to the stretched 7S3 mJ=+3
substate. Together with the 7P4 mJ=+4 substate this state forms a closed optical cycle with

respect to the pumping light.
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Figure 2.4: Optical pumping with σ−-polarised light on the 7S3−→7P3 transition. The pump-

ing light drives the atom into the stretched mJ=−3 substate, which is dark state.
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2.2 Laser cooling and trapping of Cr-52

contrast, an ensemble in thermal equilibrium at high temperatures possesses almost evenly

occupied Zeeman sublevels and is therefore unpolarised.

Optical pumping with circular polarised light can be used to prepare an ensemble of atoms

in a stretched state. Figure 2.3 illustrates the polarisation of the 52Cr ground state via optical

pumping on the 7S3−→7P4 transition with σ+-polarised light. A weak magnetic field lifts

the degeneracy of the upper and the lower Zeeman sublevels. The transitions to the upper

sublevels that are excited by the pumping light must fulfil ∆mJ=+1. Subsequent decays
back to the ground state sublevels proceed, by contrast, stochastically with∆mJ ∈ {+1,0,−1}
according to probabilities that are proportional to the absolute squares of the corresponding

Clebsch-Gordan coefficients. Thus, repeated excitations by the pumping light will eventually

drive the atom to the stretched 7S3 mJ=+3 substate.

Theoptical pumpingprocess presented in 2.3has twoproperties that are of specific interest in

the framework of this thesis. First, it transfers the atom to amagnetically trappable state (see

also section 2.2.2). Second, together with the 7P4 mJ=+4 sublevel the mJ=+3 ground state

sublevel forms a closed optical cycle that is strongly coupled to the σ+-polarised pumping

light. This permits the scattering of photons without altering the orientation of the magnetic

momentwith respect to themagnetic field. Thus it is of considerable significance for Zeeman

slowing (see section 2.2.6) , as well as for the Doppler cooling inside themagnetic atom guide,

which is presented in chapter 5.

Figure 2.4 illustrates optical pumping into a stretched state that is, in contrast to the earlier

discussed mJ =+3 substate in figure 2.3, decoupled from the pumping light. Here, the

pumping light is resonant on 7S3−→7P3 transition and σ−-polarised. It drives the atom
much in the same way into stretched 7S3 mJ=−3 as explained in the previous example. The

mJ=−3 substate can, however, not be excited by the pumping light, as the upper level has

no mJ=−4 sublevel. Since it does therefore not interact with the pumping light, this type

of state is also denoted as dark state with respect to the pumping light. An application of

the optical pumping into a dark state is the loading of an optical dipole trap (ODT) that is

discussed at length in chapter 4. Once atoms inside the ODT have reached a dark state they

can no longer be heated by the pumping light, which permits a reduction of the temperature

inside the ODT via evaporative cooling.

2.2.6 Zeeman slowing of an atom beam

By directing resonant laser light opposite to the atomic motion, the scattering force can

be employed for the deceleration of atoms. In order to decelerate atoms effectively it is,

however, necessary to compensate the Doppler shift in equation (2.11). Zeeman slowing is a

deceleration method that uses the Zeeman shift in a spatially varying magnetic field to fulfil

the resonance condition of the scattering force along the trajectory of the atom. An important

implementation of it is the Zeeman slower [35], which is a device commonly employed in the

framework of ultra cold atom experiments for the deceleration of hot atoms beams emitted

from thermal atom sources. Zeeman slowers are capable of slowing atom beams from initial
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velocities v0 above hundreds of meters per second to final velocities vf of only few meters

per second. Thus, they allow to bridge the gap between the velocity regime of thermal atom

beam sources and the capture velocities of magneto-optical traps (see section 2.2.8).

The geometry of the magnetic field Bzs of a Zeeman slower is critical for its performance.

For the description of the spatial dependence of Bzs, we assume that atoms from an atom

beampropagate through the slower along the positive z-axis3. Laser lightwithwave vector kL

opposes the atombeam, such that for atomswith velocity v holds kL·v=−kLv. The frequency
of the slower light is described by a detuning δL from the laboratory frame atomic resonance

frequencyω0 in the absence of additional external fields. The strength of the decelerating

force exerted by the laser light is determined by the effective detuning δeff in equation (2.12).

In the presence of a magnetic field δeff has to reflect the Zeeman line shiftωM expressed in

equation (2.4). Equation (2.11) thus has to be extended, yielding

δeff = δL+kLv+
∆µ |Bzs|

ħ . (2.13)

From equation (2.13) it can be seen that the effective detuning and thus the decelerating

force depends on the Zeeman substate of the atom. The slower field is usually oriented

parallel to the beam, either along or opposite to it, such that circularly polarised light can be

used to selectively drive cycling transitions between two stretched states, thereby preventing

optical pumping to other Zeeman substates.

Atoms with velocity v experience the maximum deceleration azs, when the resonance con-
dition δeff=0 is met. Starting at z=0 the magnetic field B(z) of the slower along the z-axis
shall compensate the Doppler shift such that atoms with an initial velocity v0 are always de-

celerated with the maximum scattering force. In this case the velocity v(z) inside the slower
is for 0 ≤ z ≤ zf given by

v(z) =
(
v2
0−2azs z

)1/2
, (2.14)

where zf denotes the distance after which the atom is expected to come to a halt. Equation

(2.14) yields for the halt position zf :

zf = v2
0 (2azs)−1 . (2.15)

In order to meet the resonance condition, it follows from equation (2.13), (2.14) and (2.15)

that the slower field must obey

|B(z)|− |B(zf)| =
ħδL
∆µ

+ ħkLv0
∆µ

(
1− z

zf

)1/2
(2.16)

3It is assumed that the ballistic propagation of an atom beam inside the Zeeman slower can be approximated by a

linear trajectory. This would be the case for a sufficiently short slower or one that is oriented parallel to gravity.
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2.2 Laser cooling and trapping of Cr-52

The requirements on the Zeeman slower field are stated in equation (2.16) in terms of a single

initial atomic velocity v0. A typical application of a Zeeman slowermight, however, comprise

the slowing of an atom beam with a broad range of initial atomic velocities, such as one

emitted by a thermal atom source.

Let us, therefore, consider the implications of equation (2.16) on the Zeeman slowing of an

atom beam with an initially broad atomic velocity distribution. Atoms with initial velocity

vi>v0 are going to pass virtually unaffected through the slower, as there is no position inside
the Zeeman slower where the resonance condition can be fulfilled. In contrast, low velocity

atoms with initial velocities vi<v0 will, while passing through the slower, eventually reach
a position where the resonance condition is met. From then on, they will be decelerated

in same way as atoms with initial velocity v0. From an atom beam with a broad velocity

distribution the slower thus collects all atoms with velocities below v0 and bunches them

into the same velocity class. Zeeman slowing does for atoms with vi<v0 not only result in
substantial reductions of laboratory frame velocities, but also in a squeezing of the velocity

distribution, which is commonly referred to as one-dimensional cooling of the beam.

The velocity v0 in equation (2.16) thus represents the upper threshold velocity of the slower.

Inorder tomaximise the sloweroutput it oftendesirable to aim for ahighvalue v0, if permitted

by technical constraints on the magnetic field strength, the length of the slower or the light

intensity. Equation (2.16) describes the three most commonmagnetic field configurations

used in Zeeman slowers, which are as follows:

1. Decreasing field (σ+) Zeeman slower [35]

The Zeeman slower light is tuned on resonance (δL=0) and drivesσ+ transitions, thus
∆µ>0. The Zeeman slower field decreases from the initial value |B(0)|=ħkLv0/∆µ to

the final value |B(zf)|=0.

2. Increasing field (σ−) Zeeman slower [90]

The Zeeman slower light is red detuned, such that it fully compensates the initial

Doppler shift seen by the undecelerated atoms (δL=−kLv0). It drives σ
− transitions,

thus ∆µ<0. The Zeeman slower field increases from the initial value |B(0)|=0 to the

final value |B(zf)|=ħkLv0/
∣∣∆µ∣∣.

3. Spin-flip (σ+/σ−) Zeeman slower [91, 92]

This configuration is derived from the decreasing field slower. It uses, however, red

detuned slower light (−kLv0<δL<0). The spin-flip slower magnetic field equals that

of the decreasing field slower with an additional opposing constant magnetic offset

field of magnitude |δL|∆ħ/µ. The resulting slower field has an initial magnitude of

|B(0)|=(δL+kLv0)ħ/∆µ. Its magnitude decreases until the field crosses zero, thereby

reversing its direction. Thepolarisationof the slower light thus changes during the zero

crossing from σ+ to σ−. While passing through the zero crossing atoms are optically

pumped from the stretched state with ∆µ>0 to the opposing one with ∆µ<0, such
that equation (2.16) remains valid.
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The decreasing field Zeeman slowerwas the first slower to be realised. It has the disadvantage

that the slower light is resonant with the atoms at the exit of the slower, which potentially

obstructs the extraction of slowed atoms. The increasing field slower avoids this disad-

vantage. Its high field at the exit of the slower, interferes, however, with the operation of a

magneto-optical trap at the end of the slower, which is a frequently employed configuration.

The spin-flip slower, which corresponds to the Zeeman slower configuration used in our

experimental setup (see section 3.2.2), combines off-resonant slower light with moderate

magnetic field strength at its exit. It is in general considered to be muchmore compatible

with the operation of amagneto-optical trap. In addition, itsmaximumfield strength is lower

than either one of the decreasing or increasing field slower, which significantly reduces the

technical challenge of producing sufficiently strong magnetic fields.

2.2.7 Doppler cooling and optical molasses

By irradiating an atomic sample from different directions with resonant laser beams it is pos-

sible to establish a dissipative light force within the intersection of the beams that hinders the

atomic motion and drastically reduces the atomic velocities inside the sample. This process,

which was independently proposed in [93, 94], is known as Doppler cooling, as it relies on

the velocity dependence of the scattering force, which originates from the Doppler effect.

The radiative damping of the atomic motion is under optimal conditions strong enough to

coerce the atoms into a diffusive Brownian motion, resulting in a quasi-confinement of the

atoms. Due to the resemblance of the atomic motion to the motion of an extended object in

a viscous fluid, such a configuration has been termed optical molasses [40, 95].

In its simplest form an optical molasses consists of a single pair of counter-propagating laser

beams with intensity IB and detuning δL from an atomic resonance. Such a configuration is

known as one-dimensional molasses. An atom passing through the beams with velocity v

is subject to the scattering forces exerted by each of the molasses beams. Suppose that the

two laser beams are aligned with the z-axis, having wave vectors k1=kL ·ez and k2=−k1,
respectively. For the respective effective detunings δ1 and δ2 of the beams holds with (2.11)

δ1 = δL−kLvz (2.17)

δ2 = δL+kLvz (2.18)

Here, vz denotes the z-component of the atomic velocity v, which represents the component

of the atomic motion that is directed along the optical molasses. Inserting k1, k2, δ1 and

δ2 in the expression of the scattering force stated in equation (2.12), one obtains for the

resulting molasses force Fmo:

Fmo = Fsc(k1,δ1) + Fsc(k2,δ2) (2.19)

=ħkL
Γ

2

IB
IS

[(
1+ IB

IS
+4

(δL−kLvz)2

Γ2

)−1

−
(

1+ IB
IS

+4
(δL+kLvz)2

Γ2

)−1 ]
. (2.20)
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This approach is only accurate for small laser intensities (IB ¿ IS) or uncorrelated laser

beams, as it requires that the interaction of an atom with each of the light fields can be

treated independently. Assuming low atomic velocities, thus (kLvz)2¿δ2
L, (2.20) above can

be simplified via an expansion in powers of (kLvz)/Γ, which yields [95]

Fmo ≈−αvz, (2.21)

with the damping constant α given by

α= 4ħk2
L

IB
IS

−2δL/Γ(
1+ (2δL/Γ)2)2

. (2.22)

When the molasses beams are red-detuned (δL<0), equation (2.21) and (2.22) describe a

force that is linear in and opposite to vz. Thus, Fmo acts as an one-dimensional damping

force, which dissipates the kinetic energy Ez that is associated with vz. If themolasses beams

are, on the other hand, blue-detuned (δL>0), Fmo will always accelerate the atoms. In the

following, the latter casewill be omitted by requiringδL<0. The rate bywhich Fmo dissipates

kinetic energy is given by(
dEz

dt

)
diss

= m

2

dv2
z

dt
= vz

dpz

dt
= v ·Fmo =−αv2

z . (2.23)

Equation (2.23) constitutes a differential equation that describes an exponential decay of the

kinetic energy. The decay is governed by the molasses damping time τmo, for which holds

τmo = m

2α
. (2.24)

In the limit of low velocity values of vz, equation (2.23) does no longer adequately describe

the evolution of the kinetic energy inside the optical molasses. As outlined in section 2.2.4,

the scattering force, on which the molasses force is based, represents merely an average over

many cycles of photon absorption and re-emission. The stochastic nature of both processes

induces inherent fluctuations in the momentum transfer rate, which have to be taken into

account for an improved description of the optical molasses. Analogue to diffusion in mo-

mentum space, these force fluctuations cause a broadening of the momentum distribution

that counteracts the dissipative removal of kinetic energy described in equation (2.23).

A treatment of the broadening that describes the fluctuations as random forces as part of

a Fokker-Planck-equation is provided in [77]. The fluctuation can also be understood to

cause the atom to undergo a random walk in momentum space [78, 95]. The absorption of a

photon from one of the molasses beams changes the atomic momentum along the molasses

axis pz by an amount ħkL. The recoil from the spontaneous emission of a photon changes

pz by an amount between 0 and ħkL, depending on the actual direction of the emission.

The rate of displacement in momentum space scales with the square root of the photon

scattering rate Rsc, which is obtained from equation (2.12) by inserting 2IB as light intensity
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IL in order to account for two laser beams. The gain in kinetic energy due to the broadening

of the momentum distribution can then by written as(
dEz

dt

)
fluc

= Rsc

ħ2k2
L

2m︸ ︷︷ ︸
absorption

+ χRsc

ħ2k2
L

2m︸ ︷︷ ︸
spont. emission

. (2.25)

The dimensionless factor χ depends on the emission characteristic of the spontaneous

emission. It is givenby the average over the angular distribution of the emission. For isotropic

emission in three-dimensional space χ evaluates to 1/3, for dipole emission to 2/5 and for

truly one-dimensional emission to 1 [95].

Provided that the retention time inside the molasses is sufficiently long compared to the

damping time τmo, it can be expected that the atoms reach a steady state, in which the loss

of kinetic energy compensates the gain in kinetic energy such that the kinetic energy Ez

remains constant. The condition for a steady state demands(
dEz

dt

)
fluc

+
(
dEz

dt

)
diss

= (
1+χ)

Rsc

ħ2k2
L

2m
−αv2

z
!= 0 . (2.26)

It can be shown that in the steady-state of the optical molasses, vz is distributed according

to a Maxwell-Boltzmann distribution [77]. The associated steady-state temperature Tz can
be derived from equation (2.26) by solving for v2

z . It should be noted here that Tz describes
only the velocity distribution along the z-axis, devoid of any propositions about the other

degrees of freedom. In the truly one-dimensional case it follows with χ=1 from equation

(2.12), (2.22) and (2.26)

kBT = ħΓ
4

1+ (2δL/Γ)2

2 |δL|/Γ
. (2.27)

As with the derivation of the damping constant α, it is assumed here that IB ¿ IS. The
right hand side of equation (2.27) is minimal for δL=−Γ/2. Its minimum value defines the

Doppler temperature TD, which reads

TD = ħΓ
2kB

(2.28)

For the main cooling transition of 52Cr, TD evaluates to 120μK , which corresponds to an

rms velocity of 0.14ms−1.

The Doppler temperature TD, which is defined by equation (2.28), has been derived from a

strictly one-dimensional scenario, where the respective recoils from absorption and spon-

taneous emission has been restricted to the axis of the molasses. The obtained result is,

however, identical with the minimum temperature achievable by Doppler cooling in a three-

dimensional molasses that is formed by three intersecting and mutual orthogonal pairs of

molasses beams.
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Figure 2.5: Illustration of the operating principle of a magneto-optical trap (MOT). Along the

z-axis, a magnetic field B ||ez with constant magnitude of the field gradient lifts the degeneracy

of Zeeman substates that belong to a cooling transition with resonanceω0. The field has a zero

crossing at z =0, which marks the centre of the trap. A pair of counter propagating circular

polarised laser beams with detuning δL<0 forms a radiation field in which radiation that is

directed away from the MOT is σ+-polarised, while radiation directed toward the MOT centre is

σ−-polarised. The σ−-line is shifted by the magnetic field closer to the frequency of the MOT

beams, while the σ+-line is shifted away from it. This leads to an imbalance of the scattering

forces exerted by the each of the MOT beams. Thereby, a net optical force is generated that has

a velocity dependent dissipative and a spatially dependent confining component.

In practise, it is possible to observe in an optical molasses temperatures that are lower than

TD. The processes that lead to these temperatures are, however, different from the low

intensity Doppler cooling discussed so far. They are denoted by the term Sub-Doppler cooling

and require higher light intensities and suitable polarisations of the light field such that the

degeneracy between different Zeeman sublevels is lifted by the dipole force [95].

2.2.8 Magneto-optical trap

The magneto-optical trap (MOT) can be regarded as an extension of the optical molasses

concept discussed in section 2.2.7. Depending solely on the atomic velocity, and thus lacking

a spatially dependent restoring force component, the optical molasses force represented

by equation (2.21) is insufficient for a true confinement of atoms. The MOT, in contrast,

allows confinement and cooling of atoms at the same location, resulting in a vastly improved
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accumulation and atom yield as compared to a conventional optical molasses. The MOT has

been realised shortly after the first optical molasses [43], and has since become a versatile

standard tool for the preparation of ultra-cold atom samples for a wide range of atomic

species.

Similar to the Zeeman-slower presented in section 2.2.6, the MOT uses Zeeman-shifts inside

a static magnetic field in conjunction with a resonant radiation field in order to produce a

spatially dependent confining optical force component. Figure 2.5 illustrates the generation

of the confining force component in the case of a one-dimensional MOT, which is oriented

along the z-axis and centred at the origin. The MOT comprises a magnetic field B(z) with

B(z) = b |z| ·ez , (2.29)

where b is a constant.

The MOT field lifts the degeneracy of Zeeman-sublevels along the z-axis. In the figure, the
respective energies of themJ=0 ground state and themJ={−1,0,1} excited states that belong
to a cooling transitionwith resonanceω0 are plotted over the atomic position z. The induced
shiftωzm of a Zeeman-line with angular momentum transfer∆mJ is proportional to |z| and
can with equation (2.4) and (2.29) be expressed as

ωzm =∆mJβz , (2.30)

with

β=
g∗
J µB |b|

ħ . (2.31)

The radiation field of theMOT is generated by a laser beam configurationwhich is akin to that

of a one-dimensional optical molasses, in that it consists of a pair of counter-propagating

laser beams with detuning δL < 0. These MOT beams, denoted with indices 1 and 2, are

aligned with the z-axis and possess wave vectors k1=kL ·ez and k2=−k1, respectively.
A key difference to an optical molasses 4 is that we require theMOT beams to possess distinct

circular polarisations, such that the radiation that propagates toward the centre of theMOT

(at z=0) is σ−-polarised and the opposing, outward oriented radiation, σ+-polarised. This
condition can bemet by exploiting thatB(z) has a zero crossing at the origin, where it reverses

its direction. As a result, the projection of the helicity of a photon travelling along the z-axis,
on the magnetic field, which determines the kind of Zeeman transition that can be excited,

reverses its sign at the origin.

At a given position z each of the MOT beams interacts by design only with a single distinct

Zeeman-transition. We can therefore resort to the expression for the scattering force of

the two-level atom stated in equation (2.12) in order to represent the net optical MOT force

Fmot. For Fmot, which is given by the sum of the scattering forces exerted by each beam,

4Assuming that the effect of polarisation gradients can be neglected, as, for example, in the case of low light intensities.
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2.2 Laser cooling and trapping of Cr-52

respectively, thus holds

Fmot = Fsc(k1,δ1) + Fsc(k2,δ2) . (2.32)

Here, the effective detunings δ1 and δ2 depend not only on the velocity but also on the local

Zeeman-shift induced by the magnetic field, expressed by equation (2.31). Thus we obtain

δ1 = δL−βz −kLvz (2.33)

δ2 = δL+βz +kLvz . (2.34)

Inserting the above expressions for the effective detunings into equation (2.32) and as-

suming low laser intensities (IB¿ IS) as well as small effective detunings, such that holds(
kLvz+βz

)2 ¿ δ2
L, a simplified expression for Fmot can be obtained, such that

Fmot ≈−αvz− αβ

kL
z . (2.35)

The above equation describes the force of a damped harmonic oscillator, with the damping

constant α defined by equation (2.22). In a typical configuration the motion of the atom

is over-damped. Atoms entering the MOT thus quickly loose kinetic energy, while drifting

toward the centre of the trap to be confined by the harmonic potential. As in the case of the

optical molasses the stochastic nature of the scattering force imposes a limit on the cooling

inside a MOT that is comparable to the Doppler limit.

An extension of the simple one-dimensional model provided in figure 2.5 to a two or three

dimensional MOT is possible by adding complimentary MOT beams along the other coordin-

ate axes. In addition, the magnetic MOT-field has to be extended in a manner that permits

the existence of a suitably polarised radiation field. The standard choice of the MOT-field

is a 2D or 3D quadrupole field. A quadrupole field has with the one-dimensional field in

common, that its magnitude increases linear with the distance from the origin and that the

field is invariant under a 180° rotation (C2-Symmetry).

2.2.9 The optical dipole force

Off-resonant electromagnetic radiation interacts with an atom via a dynamic electric dipole

moment that is induced by the oscillating electric field of the radiation. The interaction

energy, which depends on the local intensity of the optical field, constitutes a potential

Ud(r), from which a conservative optical force, the optical dipole force Fd(r), is derived.

In the following, we consider an atom that is subject to monochromatic radiation with fre-

quencyω and intensity IL. The radiation comprises an oscillating electric field E (r, t ) with
local electric field amplitude E0 (r) and unit vector of polarisation ep. Using the dipole ap-
proximation for the electric field, thus neglecting the spatial variation of its phase, we can

represent E(r, t ) by
E (r, t ) = E0 (r) cos(ωt ) ep (2.36)

The interaction between the electric field and the dipole moment of the atom is described
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by an interaction Hamiltonian Ĥint. Using the electric dipole operator D̂=e r̂, Ĥint can be

expressed as

Ĥint =−E (r, t ) · D̂=−e E0 (r)cos(ωt )ep · r̂ (2.37)

It should be noted here, that the position operator r̂ is defined in the rest frame of the atom,

acting on the atomic wave function. It must not be confused with the atomic position r in

the laboratory frame.

The interaction Hamiltonian Ĥint constitutes a perturbation of the atomic zero field Hamilto-

nian Ĥ0. An atom initially in an undisturbed eigen state |ι〉 of Ĥ0 with eigen energy Eι that is
then subject to the perturbing electric field is transferred to an amended state |ι̃〉, which in
general is no longer an eigen state of Ĥ0. The resulting shift ∆E ac

ι of the atomic energy, is,

being caused by an oscillating electric field, termed AC-Stark shift, in analogy to the conven-

tional Stark shift [76], which is induced by a static electric field. It is given by the expectation

value of the interaction Hamiltonian with respect to the amended state |ι̃〉

∆E ac
ι = 〈ι̃| Ĥint |ι̃〉 . (2.38)

The temporal evolution of |ι̃〉 is governed by the time dependent Schrödinger equation with

an effective Hamiltonian Ĥeff= Ĥ0 + Ĥint. Perturbation theory can be used to express the

unknown disturbed wave function |ι̃〉 in terms of an undisturbed basis of eigen vectors |κ〉,
κ ∈N of Ĥ0, with eigen energies Eκ, such that equation (2.38) can eventually be evaluated
on the basis of known properties of |κ〉. For this purpose, we rely in the following on an

approach outlined in [96] that is based on a Floquet state expansion of Ĥint. Exploiting

the periodicity of the perturbation, this treatment allows to apply the formalism of time

independent perturbation theory to the dynamics induced by Ĥint. Evaluating equation

(2.38) with this approach, one finds that, due to the parity of atomic wave functions, all

contributions to ∆E ac
ι in the first order of the perturbation vanish. Considering also the

second order contributions, one obtains

∆E ac
ι ≈−|E0 (r)|2

4

∑
κ 6=ι

∣∣〈ι|e ep · r̂ |κ〉∣∣2
(

1

Eκ−Eι−ħω + 1

Eκ−Eι+ħω
)

. (2.39)

The local intensity IL (r) of the light field is related to local electric field amplitude E0 (r) via

IL (r) = 1

2
ε0c |E0 (r)|2 , (2.40)

where the field has been averaged over a full oscillation cycle. The AC-Stark shift thus defines

an optical potentialUd (r) and an associated optical dipole force Fd (r) that are proportional
to the local light intensity and the gradient of the intensity, respectively, such that

Ud (r) =Φι(ω,ep) IL(r) (2.41)

Fd (r) =−Φι(ω,ep) ∇IL(r) (2.42)
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The proportionality is defined by the coupling constant Φι(ω,ep), which depends on the

polarisation and the frequency of the radiation. It is derived from equation (2.39) and (2.40)

and given by

Φι(ω,ep) =− 1

2ε0cħ
∑
κ 6=ι

∣∣〈ι|e ep · r̂ |κ〉∣∣2
(

σικ

ωικ−ω
+ σικ

ωικ+ω
)

(2.43)

Here,ωικ denotes the transition frequency obtained from |Eκ−Eι|=ħωικ. The symbol σικ
represents the sign of the energy difference Eκ−Eι. It is defined by

σικ =
{+1, for Eκ > Eι

−1, for Eκ < Eι
(2.44)

2.2.10 Optical trapping of 52Cr

The optical dipole potential presented in section 2.2.9 can be employed to trap atoms at

the local intensity maximum of an optical field [42, 97], such as, for example, the focus of

a Gaussian laser beam, provided that the coupling constant Φι(ω,ep) given by (2.43) has

the appropriate (negative) sign, and that the respective kinetic energies of the atoms do not

exceed the effective depth of the trapping potential.

Traps that are based on the optical dipole potential are known as optical dipole traps (ODT).

They have an advantage over magnetic traps, in that they are insensitive to an atom’s mag-

netic polarisation, thus allowing the trapping of atoms in both high-field and low-field seek-

ing states. This property plays a key role in the Bose-Einstein-condensation of 52Cr, which

due to the occurrence of strong atom losses that are induced by dipolar relaxation processes

[98] can not be achieved in a purely magnetic trap [52]. Central to the understanding and the

prediction of the properties of an ODT is the evaluation of the coupling constantΦι(ω,ep),
which in the following shall be outline for the case of 52Cr.

In order to take the sum over the states represented by the wave functions |ι〉 and |κ〉 in equa-
tion (2.43) we need to specify a suitable set of basis functions. As we are primarily interested

in the case of 52Cr, we choose atomic states that are according to the LS-coupling scheme

represented in the usualmanner by angular quantumnumbers L,S, J andmJ, and by a radial

wave function φ(r ). Thus, we expand the initial wave function |ι〉 into |L(ι), J (ι),m(ι)
J

;φ(ι)〉
and in the same way |κ〉.
In addition, we can express the unit vector of polarisation ep in a spherical basis represented

by a set of vectors eq with q ∈ {−1,0,+1} that in terms of Cartesian unit vectors are given by

e+1 =− 1p
2

(ex+ iey) e0 = ez e -1 = 1p
2

(ex− iey) (2.45)

In this spherical representation q=0 corresponds to linear π-polarised radiation, whereas
q=±1 corresponds to circular σ±-polarised radiation, respectively.
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It can be shown that, the operator ep ·r transforms as a vector under rotations [77]. We can

therefore apply the Wigner-Eckard theorem for vector operators [99] in order to evaluate

the matrix element 〈ι|ep ·r |κ〉 in equation (2.39). For the sake of clarity and brevity we

assume in the following, that the radiation that generates the dipole trap is either π-, σ+-, or
σ−-polarised, such that its unit vector of polarisation is equal to eq with q ∈ {−1,0,+1}. In
this special case the matrix element can be expressed in a compact form as

〈ι |ep · r |κ〉 =
〈

L(ι), J (ι),m(ι)
J

;φ(ι)
∣∣∣e eq · r

∣∣∣L(κ), J (κ),m(κ)
J

;φ
〉

(2.46)

=
〈

J (ι),m(ι)
J

∣∣∣ J (κ),1,m(κ)
J

, q
〉

︸ ︷︷ ︸
= cικ

〈
φ(ι), J (ι)

∣∣∣e r
∣∣∣φ(κ), J (κ)

〉
︸ ︷︷ ︸

= dικ

(2.47)

In the equation above the factor to the left abbreviated by cικ represents a Clebsch-Gordan
coefficient in the usual notation [99]. The other factor to the right, abbreviated by dικ, is
known as reduced matrix element and does only depend on the radial extension of the wave

function. It is connected with the line width Γικ and the resonance frequency ωικ of the

transition between |ι〉 and |κ〉 via

|dικ|2 = 3πε0ħc3 Γικ

ωικ
(2.48)

The corresponding values of the Γικ andωικ can, in principle, be derived from numerical cal-

culations. Alternatively, theymight be obtained from spectroscopicmeasurements. TheNIST

Atomic Spectra Database maintained by the National Institute of Standards and Technology

(NIST) provides a comprehensive listing of experimentally observed transitions [100].

Using equation (2.47) and (2.48) one obtains from equation (2.43) for the coupling constant

of the optical dipole force

Φι(ω, p) =− ∑
κ 6=ι

3πc2

2

σικ |cικ|2
ω3
ικ

(
Γικ

ωικ−ω
+ Γικ

ωικ+ω
)

. (2.49)

The above expression can be readily evaluated for a given laser frequencyω and polarisation

eq using tabulated spectroscopic data. With regard to our experimental work the case of

the 52Cr ground state subject to a an optical dipole trap laser with a wavelength of 1070nm
(ω=1760THz) is of special interest. As the detuning of the trap laser from the principle

resonances that can be excited from ground state is much larger than the fine-structure

splitting of the associated levels, one finds that the final result forΦι(ω, p), after summing

over all J-levels, displays only a weak dependence on the angular properties of both the

initial state and the trap laser. We therefore obtain from equation (2.49) a result, which is

within the quoted 2σ-precision valid for all initial mJ-levels of the ground state and all laser

polarisations. It is denoted byΦ|g 〉 and reads

Φ|g 〉
∣∣
ω=1760 THz = (-2.76± 0.13) ·10-37m2 s . (2.50)
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The following chapter presents the preparation and the character-

isation of the magnetically guided ultra cold 52Cr atom beam that

constitutes the starting point of the experimental and the theoret-

ical studies presented in this thesis. The experimental apparatus

employed for our experiments is in part based on an earlier setup,

which has been described in number of publications [72, 101,

102]. It should be noted, however, that in preparation for our

experimental studies significant changes have been implemented

in order to enhance the performance of the beam preparation and

the measurement process that allowed us to successfully perform

the experimental studies presented in chapter 5.

3.1 Laser systems setup

Our experiments require laser light for the excitation of the cooling transition and the re-

pumping transition, which corresponds to wavelengths of 425.6 nm and at 663nm, respect-

ively. The light is provided by two different laser systems, one for each respective wavelength.

In order to deliver optical radiation with precisely defined frequencies, polarisations and

intensity distributions, both laser systems are stabilised to external frequency references

derived from a chromium spectroscopy cell and from a passively stable optical resonator.

3.1.1 Laser source for the cooling transition at 425.6 nm

A schematic overview of the laser system for the excitation of the 7S3−→7P4 cooling trans-

ition is presented in figure 3.1. As a primary light source we employ a commercial laser

system consisting of a Coherent MBR 110 titanium-sapphire (Ti:sapph) laser that is optically

pumped by a Coherent Verdi V18, a diode pumped solid state (DPSS) laser, which is based

on a Nd:YVO4 laser crystal.

The Verdi pump laser delivers continuous wave (cw) radiation with a fixed wavelength of

532nm and a total optical power of 17.8W to the MBR laser, which in turn outputs cw laser

light with a power of 3.2W. The wavelength of the MBR is tunable and adjusted to 852nm, at

exactly twice the required final wavelength of 425.6 nm.

Second harmonic generation (SHG) is used to convert the radiation emitted by the MBR into

radiation with half of the original wavelength. The conversion process takes places inside

an self-built frequency doubling cavity, which contains a nonlinear lithium triborate (LBO)

crystal. A comprehensive description of this cavity is provided by [103]. The mode of the

doubling cavity is actively stabilised via a Hänsch-Couillaud locking scheme [104], which

employs the reflection of the entering beam on the outer surface of the injection mirror to

control the cavity length via a piezo mounted cavity mirror.

The frequency doubling cavity generates three outgoing beams, amain beamand twoweaker

side beams, with a combined total output power of about 1.1W. The main beam, which
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Figure 3.1: Schematic overview of the laser system for the excitation of the cooling transition

at 425.6 nm.
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contains about 900mW, is coupled out from the cavity through a partially transmissive

dichroic cavity mirror. The two side beams, each with about 100mW, emerge from internal

reflections inside the LBO doubling crystal. They have mutually orthogonal polarisation

states and are separated using a polarising cube beam splitter (PCBS).

One of the side beams is used to generates a frequency error signal via polarisation spectro-

scopy on a chromium spectroscopy cell, as outlined in see section 3.1.2. The spectroscopy

cell serves as an absolute frequency reference to which the frequency of the side beam is

compared. that is fed to theMBR in order to stabilise its the internal reference cavity. Via the

MBR the frequency of the frequency doubling cavity thus locked to an atomic transition.

The other side beam is directed to the oven chamber at the bottom of the Zeeman slower

in order to perform transverse Doppler cooling on the chromium atoms emerging from the

chromium oven. An acousto-optical modulator (AOM) in single pass configuration is used to

impose a fixed required frequency offsetwith respect to the atomic resonance. The transverse

Doppler cooling reduces the transverse spread of atoms during the passage through the

Zeeman-slower. It thus increases the atom yield of the moving molasses MOT (MMMOT) that

is used to load the atom guide as outlined in section 3.3 by about a factor 20.

The remaining beams for the experiment are obtained output by dividing the main cavity

beam into several sub-beams by means of rotatable half wave plates and PCBSs. Out of these

sub beams, the Zeeman slower beam is the only one that is used without any modification

of its frequency.

A total of five Acousto-optical modulators (AOMs) in double pass configurations are used to

apply tunable frequencies offsets to the other sub beams. The double pass configuration

avoids the frequency dependent deflection of the modulated beam that is present in the

single pass configuration. The double pass AOMs thus offer five independently tunable

frequency offsets for the experiments, three of which are used for the MMMOT, one which is

used for the Doppler cooling inside the atom guide and one which is used for the imaging of

the beam. In addition, the AOMs can be used to modulate the intensities of the passing light

beams with bandwidths> 105 kHz via the power of the applied radio-frequency signal.

Polarisationmaintaining optical fibres (PMFs) are used to deliver radiation from these beams

to the experiment chamber, which is installed on a different optical table than the laser

systems. In addition to eliminating beam pointing instabilities, the optical fibre’s provide

at the output well defined Gaussian intensity distributions, which proved to be critical for

the operation of theMMMOT and for the Doppler cooling inside the guide . The alignment

of the input polarisation with respect to the optical axis of a PMF is critical for the stability

of the output polarisation. It is carried out using an alignment method presented in [105],

which uses a rotating linear polariser. Monitoring the output of our PMFs under the influence

of moderate temperature changes, as suggested in [106], we estimate that we can align the

polarisation axis better than 2 °.
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Figure 3.2: Illustration of the self-built chromium see-through hollow cathode lamp depicting

a cross section along its optical axis. The glass cell contains argon or neon under low pressure.

An electric voltage between the cylindrical cathode and the ring shaped anode ignites a plasma

containing positively charged gas ions. The cathode is electrically insulated on the outside,

such that the plasma can extend into the interior of the chromium cylinder. There, ions are

accelerated toward the inner wands of cathode. Upon their impact, they sputter Cr atoms out

of the surface, resulting in the formation of a chromium vapour that can be used to perform

polarisation spectroscopy. For this purpose, the Helmholtz coils permit the application of a

magnetic field along the optical axis.

3.1.2 Chromium spectroscopy cell

TheMBR used for the generation of the cooling light features an internal reference cavity to

which its mode can be locked via an internal servo. The locking results in a laser line width

below 500kHz, less than 10% of the linewidth of the cooling transition, which is sufficiently

narrow for our experiments.

The length of the internal reference cavity, and thus the central frequency of the laser, is,

however, not sufficiently stable against thermal drifts. It is therefore actively stabilised via an

external frequency error signal that is fed to the MBR through an external reference input,

which controls the length of the reference cavity via an piezo mounted cavity mirror. We

obtain an error signal by comparing the frequency of the light emitted by the doubling

resonatorwith anabsolute external frequency referenceprovidedby the 7S3−→7P4 transition

in 52Cr. Doppler free polarisation spectroscopy [79] on atomic vapour allows to perform a

frequency comparison that yields andispersive electronic signal proportional to thedeviation

of the light frequency from the atomic resonance.
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Figure 3.3: Polarisation spectroscopy on chromium vapour generated inside a hollow cathode

lamp. The birefringence induced by optical pumping with a circularly polarised probe beam is

queried by a linearly polarised probe beam and a pair balanced photo diodes after a polarising

cube beam splitter. It yields a dispersive frequency error signal which is fed to the Ti:sapph

laser in order to stabilise the output of the SHG cavity to the 7S3−→7P4 transition in
52Cr .

As a source of chromium atomic vapour we use a self-built hollow cathode lamp, shown in

figure 3.2, which replaced a commercial hollow cathode lamp, which was reaching the end

of its life time. The design of our self-built lamp corresponds to an earlier design described

in [107]. An advantage of this design over the commercial lamp is that it features KF vacuum

fittings, such that the pressure and the composition of the sputter gas can be varied in order

to optimise the width and the signal to noise ration of the spectroscopy signal [108]. The

glass cell is removable, which allows the cleaning of the cathode surface in order to restore a

reliable ignition and a stable operation of the lamp.

Our experimental implementation for the polarisation spectroscopy is depicted in figure

3.3. We use a side beam from the frequency doubling cavity (see also figure 3.1), which is

split into a pump and a probe beam. Both beams are passed through AOMs, which leads to a

frequency offset between the resonance frequency in the hollow cathode lamp and the light

emanating from the SHG cavity. For purely technical reasons the pump and the probe AOM

operate at different frequencies, such that the frequency offset is given by the mean of the

AOM frequencies.

In the vicinity of the atomic resonance, the circularly polarised pump beam induces a fre-

quency dependent birefringence in the Cr-vapour that is produced inside the hollow cathode

lamp. The induced birefringence is queried by the linearly polarised probe beam, whose

polarisation axis is adjusted such that after the PCBS each of the two photo diodes picks up

exactly the same amount of transmitted light. It can be shown [79], that the differential signal

from the photo diodes then yields a dispersive error signal, which can be used to stabilise

the reference cavity via the PID controller.
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Figure 3.4: Schematic illustration of the repumper laser system. Laser light is delivered by an

external cavity diode laser locked to an external optical resonator via the Pound-Drever-Hall

technique. The lock uses a phase modulation of the emitted laser light, which is obtained

from an RF-Modulation of the diode current. Demodulation of the signal obtained from light

reflected from the resonator yields a dispersive error signal that is used to control the grating

angle and diode current. Mounted inside a vacuum chamber, the external resonator is suffi-

ciently stable to serve as passive reference cavity during most of our experimental work. Active

stabilisation to a Ti:Sapph laser that is locked to an atomic transition is implemented via a

side-of-fringe lock using the piezo mounted cavity mirror. In this case, the double pass AOM is

employed to tune the diode laser on resonance with the repumping transition.

In order to improve the signal to noise ratio of the fairly weak signal from the polarisation

spectroscopy, we modulate the amplitude of pump beam with an AOM at a frequency of

29 kHz and filter the error signal with a lock-in amplifier. 1

3.1.3 Laser source for the repumping transition at 663.2 nm

Laser light for the repumpingof atoms from themetastable state via the 5D4−→7P3 transition

is provided by a self-built external cavity diode laser, which in single mode operation emits

cw radiation with a total power of about 35mW at a wavelength of 663.2 nm. The laser is

set up in a Littrow configuration [79], comprising an optical grating as a part of its external

cavity, which reflects the first diffraction order back into the laser diode, thus serving as

wavelength selective element. A piezoelectric actuator allows to adjust the grating angle in

1In contrast to earlier works we found that a modulation frequency above 29 kHz tends to deteriorate the signal,

presumably as the optical pumping of Cr vapour does not proceed quickly enough.
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order to facilitate the tuning of the laser wavelength. The laser wavelength is also influenced

by the laser diode current and the diode temperature, the latter of which is adjustable via a

Peltier element.

3.1.4 Passively stable transfer cavity

Themode of the diode laser is locked to an external optical resonator via a Pound-Drever-Hall

locking scheme [109], as illustrated in figure 3.4. For this purpose we modulate the laser

diode current at a frequency of 10MHz, which results in a phase modulation of laser light at

the same frequency. The demodulation of the light reflected by the optical resonator then

yields a dispersive error signal, which is used to control the laser frequency. The error signal

is divided into a low frequency (<15kHz) and a high frequency component, which are fed to

the controllers of the grating angle and of the diode current, respectively.

A detailed description of the design and the construction of the external resonator is provided

in [110]. The resonator is set up as a confocal cavity with a length of 1m and a resulting free

spectral range of 75MHz. The cavity mirrors posses broad band dielectric coatings with

a specified reflectivity of (99±0.3) % for wavelenghts between 660nm and 920nm, which

includes both the wavelength of the repumper as well as that of the Ti:Sapph laser. The

resulting finesse of the resonator has been determined to be>120 .

One of the cavity mirrors is mounted on a commercial linear piezo actuator with amaximum

travel length of 6 μm , which allows scanning of the cavity length over several cavity fringes.

The resonator is designed such that it can either act as a passively stable reference cavity

or as an actively stabilised transfer cavity that is locked to a reference beam from a stable

laser source. The piezo mount allows to fine tune the frequency of the laser by adjusting the

length of the cavity while maintaining the mode of the laser locked. Alternatively the length

of the cavity can be kept fixed with an external reference signal from the same Ti:Sapph laser

that is employed for the generation of the light for cooling transition as described in section

2.2 and 3.1.2, while the laser frequency is tuned with an AOM.

Passive stability of the cavity is achieved by combining thermal insulation and low-thermal

expansion materials. The spacing between the cavity mirrors is maintained by rods made

out of Super-Invar, which is an alloy with an extremely low thermal coefficient of expansion.

The resonator assembly is kept inside an elongated stainless steel vacuum chamber that is

mounted on an damped optical breadboard, which is attached to the bottom side of the

optical table that holds our laser systems. The vacuum provides thermal insulation and

eliminates fluctuations of the optical path length due to disturbances in the ambient air.

The pressure inside the chamber is measured by a Pirani-type pressure gauge. The flanges

and the valve of the chamber are Conflat (CF) sealed, which allows to maintain high vacuum

(HVAC) conditions without having a (vibrating) mechanical pump attached to the chamber.

Such low pressures are, however, not always required. It turned out that even a vacuum of

much lesser quality, at around 10−1 mbar, provides enough passive stability to maintain the
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locked repumper laser resonant with the atoms inside the atom guide for times intervals

exceeding 30 minutes, which proved to be sufficient for most of our experimental studies.

3.2 Vacuum apparatus

Handling of ultra cold matter demands scrupulous thermal insulation from its environment.

Our experiments with ultra cold chromium atoms are therefore conducted in an ultra high

vacuum (UHV) environment, which prevents collisions with background gas particles.

An overview of the vacuum chamber assembly that we employ for this purpose is provided

in figure 3.5, which contains two perspective drawings, each representing a different view

point. The assembly consists of three main components which are further described below.

Ordered from bottom to top, these are the chromium oven chamber (section 3.2.1), the

Zeeman slower (section 3.2.2), and the atom guide chamber (section 3.2.3).

The entire assembly is constructed to be UHV compatible with chamber parts made from

stainless steel and connected by copper sealed CF-flanges. Optical access for laser cooling

and imaging is provided by a number of vacuum viewports. These are made with standard

Kovar sealing glass windows, except for the MOT beam viewports, which possess laser grade

fused silica windows with custommade anti-reflection v-coatings for 425nm.

Isolation against external vibrations is provided by an damped optical table, on which the

assembly is mounted. The vacuum is, accordingly, sustained only by vibration free pumps:

an ion and a titanium sublimation pump attached to the atom guide chamber and an ion

pump attached to the oven chamber. Initial UHV conditions are established via a bake-out at

150 °C, duringwhich the chamber is evacuated through an angle valvewith a turbo-molecular

pump. After the subsequent cool-out the valve is closed and the pump disconnected. The

final vacuum pressure in the atom guide chamber is measured with an ionisation gauge and

reads about 5 ·10-10mbar during our experiments.

3.2.1 Chromium oven chamber

The oven chamber provides the experiment with free chromium atoms. Located at the

bottom of the vacuum chamber assembly, it is built around the oven cross, a 10-way vacuum

cross with eight horizontal and two vertical ports. Attached to the bottom flange of the cross

is an edge welded vacuum bellow which contains a commercial high temperature effusion

cell. The bellow facilitates the alignment of the cell which emits an upward directed beam of

chromiumatoms through the Zeeman slower into the atomguide chamber. The cell operates

with a calcium stabilised zirconia crucible that is filled with metallic chromium chips and

heated radiatively. The crucible temperature is measured in situ with a Pt100 sensor and is

controlled by a digital temperature controller with a stability better than ±0.5 °C. A water

cooled heat shield surrounds the effusion cell and absorbs its waste heat. A circular outlet

aperture in the upper face of the shield allows the ascending chromiumbeam to pass through

the shield into the oven cross.
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Figure 3.5: Perspective drawings of the UHV chamber assembly employed for our experiments

with ultra cold Cr atom. The upper part of the assembly is formed by a horizontally oriented

elongated chamber, the atom guide chamber, in which the MMMOT and the magnetic atom

guide are operated. Free chromium atoms for the experiments are generated in the Cr oven

chamber, located at the bottom of the assembly. Both chambers are interconnected by a

vertically mounted Zeeman slower.
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Figure 3.6: Cutaway drawing of the atom guide chamber depicting the magnetic atom guide

and the magnetic coils inside the vacuum. The guide is formed from water cooled copper

tubes held in place by ceramic spacers. The coils are wound from Kapton insulated copper

wire retained by a vacuum compatible epoxy resin.

The oven cross offers lateral optical access to the beam, in particular throughout two or-

thogonal lines-of sights via fourDN40 viewports mounted in a crossed configuration on

opposing horizontal ports. It is employed for the collimation of the beam by operating a

two-dimensional optical molasses transverse to the beam (analogue to [84]) at the centre of

the cross. The beam can be blocked inside the oven chamber by a mechanical shutter that

is activated via a rotary feedthrough mounted on one of the horizontal ports. A gate valve

separates the oven chamber from the Zeeman slower. It is used to replenish the chromium

in the effusion cell without breaking the vacuum in the Zeeman slower and the atom guide

chamber. In this case the oven chamber is vented and evacuated though the angle valve at

the rear port of the ion pump that is attached to the oven cross.

3.2.2 Zeeman slower

The Zeeman slower used in our experiment is a spin-flip type slower, which has been intro-

duced in section 2.2.6. It has been adopted from an earlier experimental setup. Details on its

design and on its construction are also given in [111].

A double walled tube forms the main core of the slower. It is water cooled and connected

viaDN40 flanges to the oven chamber at its bottom and to the atom guide chamber at its

top. With a total length of 0.5m and an inner diameter of only 15mm the tube also acts as

differential pumping stage between the oven and the atom guide chamber.

Themagnetic field of the slower is generated by two Zeeman slower coils, an elongatedmain

coil wound around the Zeeman slower tube, and a short upper coil, which is installed inside

the atom guide chamber at the outlet of the Zeeman slower as shown in figure 3.6.
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3.2.3 Atom guide chamber

The atom guide chamber is the principal part of the vacuum chamber assembly, due to

the fact that it accommodates the magnetic atom guide, as depicted in figure 3.6 through a

cutaway drawing. It is also the largest part of the vacuum chamber assembly, as shown in

figure 3.5, with a total length of about 1.8m.

The atom guide chamber consists of different chamber segments that are arranged in series

along a central horizontal axis. Three of these segment, which play a central role with regard

to our studies, are designated in figure 3.6. First, the MOT chamber, where the chromium

atoms ascending from the Zeeman slower are transfered via a MMMOT into the magnetic

atomguide (see section 3.3). Second, the compression chamber, where the transverse cooling

of the guided atom beam is demonstrated (see section 5.1). Third, the detection chamber,

where the physical properties of the transmitted atom beam are determined (see section

3.4).

The magnetic atom guide extends from the MOT chamber to the detection chamber along

the central axis of the atom guide chamber. It is constructed from a pair of u-bend oxygen

free copper tubes, which carry the electric current that generates the magnetic potential of

the atom guide. The tubes each have an outer diameter of 6mm and a bend radius of 23mm.

They are held in place by ceramic spacer disks, which also serve as electric insulators. The

tube ends are each connected to a water cooled electric vacuum feedthroughs, which allows

cooling water to circulate through the tubes in order to increase the maximum possible

electrical current load.

Theu-bend tubes arepositioned side-by-side to eachother, such that together they constitute

the magnetic guide configuration presented in figure 2.2, with the linear tube segments

serving as the quadrupole bars. The tubes are connected in series in such a way that the

guide current flows through the bars in alternating opposing directions, which generates

a two-dimensional magnetic quadrupole field along the central axis of the guide. Inside

the MOT chamber the lateral spacing between neighbouring quadrupole bars measures

46mm, which according to (2.8) yields a magnetic field gradient of 7.56 ·10-2 Gcm−1 for a

guide current of 1 A. Inside the compression chamber the lateral spacing between the bars is

reduced over a length of 10mm from 46mm to 9mm, which corresponds to a tapering of the

magnetic guide, leading to a transverse compression of the atom beam. After a section with

a length of 24mm, the compression zone, where the spacing remains constant, the tapering

of the guide is reversed, resulting in lateral spacing of 46mm inside the detection chamber.

The compression zone is flanked by a pair of coils, the compression coils, which allow to

apply a magnetic offset field inside the compression zone that is parallel to the axis of the

guide, and thus perpendicular to the quadrupole field of the guide. The compression coils,

whose centres are spaced 38mmapart, each have a length of 14mmand a diameter of 50mm.

They each posses 10 windings that are wound from Kapton insulated copper wires and are

fixed with an UHV compatible epoxy resin.
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3.3 Preparation of a magnetically guided ultra cold atom beam

The experimental apparatus described in section 3.1 and 3.2 allows us to prepare a high

flux beam of ultra cold 52Cr atoms inside the atom guide. For this purpose we employ an

approach that is based on a variant of the MOT, themoving molasses MOT (MMMOT), which

is a combination of one-dimensional optical molasses with two-dimensional MOT [70].

Following this approach, we have demonstrated the preparation of an ultra cold atom beam

both in pulsed [101] and in continuous [72] mode. For the work presented in this thesis,

however, only the continuous method is of relevance.

Starting point of the beam preparation is the effusion cell inside the oven chamber. We

operate the cell at a temperature of 1600 °C in order to generate a hot beam of free chromium

atoms. The emitted vertical atombeam is collimated by a transverse two-dimensional optical

molasses, which narrows the transverse velocity distribution before the Zeeman slower. The

result is an increase of the transferred atom flux by about one order of magnitude.

The opticalmolasses is created by two retro-reflected laser beams intersecting at a right angle

above the outlet aperture of the effusion cell. Its laser light is red detuned with respect to the
7S3−→7P4 cooling transition and has a total power of 50mW, which is equally distributed

between both laser beams.

The Zeeman slower is operated with a current of 11.1 A in the main coil and 12.6A in the

upper coil, respectively. The laser beam for the Zeeman slower has a total power of about

90mW. It is directed into the Zeeman slower tube by a mirror inside the vacuum chamber.

This prevents chromium atoms from coating the entrance viewport of the beam, which is

mounted to a CF vacuum tee located on top of the MOT-chamber.

Atoms leaving the Zeeman slower are injected into the guide by aMMMOT consisting of three

pairs of counter propagating laser beams that are mutually orthogonal and that intersect in

a single point on the central axis of the magnetic guide. Two of the beam pairs are oriented

diagonally at an angle of 45 ° with respect to the guide axis, while the third pair lies in the

horizontal direction orthogonal to the guide.

The magnetic field for the MMMOT is the same as for the atom guide, which is useful in

regard to the transfer of atoms from the MMMOT into the guide, as it avoids the necessity

of mode-matching that is present in alternative experimental designs. It is generated by a

guide current Jg of 177A, which creates a magnetic field gradient of about 13.5G/cm.

A relative detuning is applied between the counter propagatingMOT beams in each diagonal

beam pair. For atoms that move with a certain velocity v , the relative frequency detuning
δ of the MOT beams vanishes due to the Doppler-shift. This corresponds to a MOT in a

moving reference frame, which effectively cools the atoms into a non-zero velocity class.

As a consequence, atoms can be launched into the guide with a selected velocity that is

proportional to δ [70, 72].
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Figure 3.7: Illustration of the setup employed for the imaging of the guided atombeam. Atoms

inside the guide are illuminated by retro-reflected probe beam aligned orthogonal to the atom

beam along the vertical y-axis. Light scattered by the atoms is observed with a CCD-camera,

which is oriented along the horizontal x-axis. The imaging axis intersects both the atom beam

and theprobebeamat a right angle, which suppresses the detection of stray light from theprobe

beam and simplifies the image analysis, in particular with regard to the spatial distribution of

the atoms.

3.4 Atom beam characterisation

Our studies of the cooling with the optical molasses are based on the characterisation of the

beam in terms of the total atom flux ρ, the beam velocity vb, and the beam temperatures

Tr and Ta that belong to the radial and the axial degrees of freedom, respectively. For the

measurement of these quantities we employ optical detection methods that rely on the

illumination of the beam with a near resonant probe beam of known intensity and on the

imaging of the scattered photons with a calibrated CCD-Camera.

3.4.1 Imaging system

The characterisation of the atom beam is performed at the end section of the atom guide,

which is located inside the detection chamber. As shown in figure 3.5, fourDN63 vacuum

viewports offer lateral optical access to the atom beam along a horizontal and a vertical

axis. Figure 3.7 illustrates our setup for the imaging of the atom beam. Atoms propagating

along the axis of the guide are illuminated by a probe beam, which runs vertically through

the centre of the detection chamber. The probed atoms scatter light that is captured with a

horizontally oriented CCD-camera. The placement of the probe beam and the CCD-camera is

chosen such that themagnetic guide axis, the probe beam axis and the imaging axismutually

orthogonal. This configuration helps to minimise the detection of stray light from the probe

beam. It also simplifies the analysis of the captured images.
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Probe beam setup

We employ a probe beam that is resonant with the 426nm cooling transition, which, as

pointed out in section 2.1.3, is a practically closed transition that can be used scatter a

multitude of photons per atom, resulting in a strong fluorescence signal.

A polarisation maintaining fibre delivers the probe beam from the laser system shown in

figure 3.1 to the atom guide chamber. After the fibre outcoupler we pass the probe beam

through a PCBS which results in a linear polarisation with a fixed polarisation axis. Inside

the detection chamber, the probe beam is set up retro-reflected in a lin || lin configuration
with the polarisation vector parallel to the guide axis. Thus, its polarisation is perpendicular

to the magnetic field of the guide, which suppresses magnetic depolarisation of the atom

beam as a result of optical pumping. Using a retro-reflected probe minimises the transfer of

photon momentum to the probed atoms.

The optical fibre acts as spatial filter for the mode of the probe beam and yields a well-

defined Gaussian beam profile. The total power of the probe beam is actively stabilised via a

PID-controlled feedback loop, which is connected to the AM-input of the probe beam AOM.

In order to obtain an approximately uniform probe beam intensity over a transverse cross

section of the beam we expand the beamwith a cylindrical lens telescope in one direction.

The resulting elliptical Gaussian beam profile has of waist of 2.5mm parallel and a waist of

13.1mm transverse to the guide axis.

The strengthof thefluorescence signal obtained fromanatom inside theguide is proportional

to the scattering rate Rsc defined in equation (2.10). For a probe with a narrow line width it

depends therefore on the position of the atom inside themagnetic potential of the guide and

on its velocity along the probe beamaxis. (2.13) In order to obtain a signal that is independent

of atomic position and velocity we utilise an artificial broadening of the probe beam by

scanning its frequency far enough. By doing so every illuminated atoms emits, averaged

over the exposure time of the camera, approximately the same number of photons. The

fluorescence signal obtained from any given position inside the atom guide is therefore

proportional to the local density of the atom beam.

The frequency scanning of the probe beam is realised by applying a linear ramp with a con-

stant offset to the FM-input of the probe AOM. The offset is chosen such that the probe beam

is resonant with the atoms at the centre of the guide, which experience practically no Zeeman

shift. We use a ramp frequency of 800Hz, which is large compared to the typical inverse

exposure times used for taking spatially resolved images of the atom beam as discussed in

section 3.4.2.

Camera system

Ourmeasurements are all performed with the same CCD-camera, an iXonmodel 885 EMCCD

camera from the manufacturer Andor, whose CCD-sensor features 1004×1002 pixels sized
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8μm ×8μm . Peltier-cooling allows to maintain the temperature of the CCD below -80 °C

during our measurements, which lowers the dark-noise of the CCD to a negligible level. The

camera hardware supports vertical and horizontal binning of CCD-pixels, which we use to

increase ratio between signal and CCD readout noise.

A 1:1 image of the illuminated atom beam is created by a camera objective consisting of a

single plano-convex lens with a focal length of 75mm and a diameter of 50mm. We are only

interested in the detection of photons with a wavelength of 426nm. Thus we block stray

light with a single-band optical bandpass filter that has a central wavelength of 427nm and

a bandwidth of 10nm.

The camera is connected via a proprietary image acquisition board to a personal computer.

An interpreter software is used to control the camera settings and the image acquisition via

the Andor Basic script language. In order to perform automated series of measurements we

trigger the camera via an external trigger signal. This allows us to synchronise the image

acquisition with the other experimental settings that are controlled by the main experiment

control computer.

3.4.2 Radial beam temperature

Knowledge about the distribution of energy in the transverse degrees of freedom can be

obtained by measuring the lateral density of guided the atom beam. For this purpose we

capture the fluorescence of the illuminated atom beam using the imaging system described

in section 3.4.1.

In the employed configuration, the CCD-camera faces the atom beam from the side as shown

in figure 3.7. The camera objective projects the fluorescence along the x-direction on to the
CCD-sensor, which is oriented parallel to the y z-plane. The projection is 1:1, such that each
object point shares with its corresponding image point the same respective y z-coordinates.
We require the objective’s depth of field to be large enough to cover the lateral extension of

the atom beam. Then all points belonging to a straight line that is running parallel to the

x-axis are mapped onto a single image point on the CCD-sensor. This is the 2D signal we

acquire.

In order to determine the lateral density distribution n(x, y) we regard only the CCD-signal
alonga vertical image section that corresponds to the z-positionwhere the centre of theprobe
beam intersects with the atom guide axis. At this position, the fluorescence is approximately

proportional to the atom beam density, such that for the CCD signal s(y) that is obtained
along the vertical y-direction holds

s(y) = s0

∞∫
−∞

d x n(x, y) , (3.1)

with s0 assigned to be a constant prefactor that accounts for the proportionality between

the atom beam density and the observed CCD-signal.
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Figure 3.8: Measurement of the radial temperature Tr. A fluorescence image is taken with a

CCD-camera in such a way that along the vertical axis the CCD-signal is proportional to the

density of the atom beam integrated along the horizontal line-of-sight. We use non-linear

regression to fit a model corresponding to a thermal radial density distribution (solid red line)

to the observed fluorescence signal (black dots), which yields, according to equation (3.5) the

radial beam temperature Tr as a fitted parameter.
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3.4 Atom beam characterisation

For the analysis of the captured fluorescence images wemake the heuristic assumption that

the transverse positions and momenta are, as a result of the stochastic nature of the light

forces inside theMMMOT, distributed according to a quasi-thermal distribution, as discussed

earlier in section 2.2.1. The density distribution inside the atom guide then follows from

the classical Hamiltonian H
(
p,r

)
of an atom with mass m and momentum p that is located

inside a section of the guide with gradient bg, which with equation (2.9) is given by [112]

H
(
p,r

)= ∣∣p∣∣2

2m
+mJ gJµBbg

√
x2 + y2. (3.2)

Assuming that the atomic positions inside the guide are Boltzmann distributed according to

a radial temperatureTr, the lateral density distributionn(x, y) that is obtained fromequation

(3.2) reads

n(x, y) = ñ

2π

(
mJ gJµBbg

kBTr

)2

exp

−mJ gJµBbg
√

x2 + y2

kBTr

 , (3.3)

where the constant ñ represents the axial atom beam density to which n(x, y) is normalised.

Inserting equation 3.3 into equation 3.1 yields for the expected CCD signal

s(y) = s0 ñ

2π

(
mJ gJµBbg

kBTr

)2 ∞∫
−∞

d x exp

−mJ gJµBbg
√

x2 + y2

kBTr

 . (3.4)

The integral above can be solved analytically [111], yielding

s(y) = s0 ñ

π

(
mJ gJµBbg

kBTr

)2

y K1

(
−mJ gJµBbg

kBTr
y

)
. (3.5)

The function K1 represents a modified Bessel function of the second kind Kα with α=1,
which is implemented as a special function in various numerical libraries.

Equation (3.5) represents a descriptive model that can be fitted to the CCD signal using Tr
and the product s0n̂ as free fit parameters in order to deduce an estimate for the radial

temperature Tr. An example of such a fit is provided in 3.8. It shows a conclusive agreement

between the observed signal and the fitted model, which in retrospect justifies the choice of

a thermal distribution as description for the radial density.

3.4.3 Beam velocity

The axial component vz of the atomic velocity is distributed according to a distribution

function u(vz) around mean velocity value, which represents the beam velocity vb. As in

the case of the radial density distribution, we assume that u(vz) is accurately described
by quasi-thermal velocity distribution belonging to an axial temperature Ta. Inside the
detection chamber of the atom guide there is no axial force component present. The axial
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Figure 3.9: Measurement of the axial velocity distribution inside the guided atom beam by

a time-of-flight method. The atom beam is blocked by a resonant laser beam some distance

away from the point of observation. At the time t =0 the atom beam is released. The observed

fluorescence signal is recorded over time using a fast series of CCD camera frames. A descriptive

model for the signal can be derived from a thermal Maxwell-Boltzmann distribution. Fitting

the model presented by equation 3.8 to the time resolved signal yields an estimate for the

longitudinal temperature Tr and for the average beam velocity vb.
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3.4 Atom beam characterisation

velocity distribution is therefore given by a one-dimensional Maxwell-Boltzmann with mean

velocity vb, which reads

u(vz) =
√

m

2πkBTa
exp

(
−m

(
vz−vb

)2

kBTa

)
. (3.6)

Using a time of flight measurement, it is possible retrieve the velocity distribution with the

imaging system described in section 3.4.1. For this purpose we block the passage of atom

through the atom guide beam at known distance d from the point of measurement. The

block is implemented by directing resonant laser light from the side at the atom beam. The

resonant light then exerts a lateral light force on the passing atoms that ejects them out

of the atom guide. Thus the light acts a shutter that prevents the atom beam from further

propagating into the guide. At the time t =0 we switch the atom beam block off. At the same

moment we start to record the fluorescence of the atom beamwith the CCD camera using

the kinetic seriesmode of camera, which allows to take a fast series of frames, albeit only on a

small sector of the CCD-sensor. From the recorded frames we obtain a fluorescence signal

as a function of the observation time t by regarding the pixel count over a fixed region of

interest (ROI) near the overall maximum of the fluorescence.

An example of such a time of flight measurement is provided in figure 3.9, where a series of

90 frames has been taken with a frame rate of 395Hz at a distance of d =0.84m between the

points of observation and release of the atom beam, respectively. The obtained fluorescence

signal shall be described by a model function s(t ) that is derived from the atomic velocity

distribution u(vz). At a time t >0 only atoms with an axial velocity vz>d t−1 contribute to

the signal, which can be expressed as

s(t ) = s0 + s1

∞∫
0

dvzu(vz)Θ

(
t − d

vz

)
. (3.7)

The constant s0 represents the background signal that originates, for purely technical reas-

ons, from the CCD-sensor itself, while the prefactor s1 equals themaximum additional signal

that is caused by the fluorescence of the atom beam.

The integral in equation 3.7 can be expressed in terms of the error function erf(x), which
yields an closed expression for s(t )

s(t ) = s0 +
s1

2
+ s1

2
erf

[√
m

2kBTa

(
d

t
−vb

)]
. (3.8)

Using s(t ) as a descriptive model for the experimental data, allows us to estimate Ta and vb.
Figure 3.9 shows an example of a time-of-flight measurement. The observed signal has been

fitted to s(t ) using s0, s1, Ta and vb as free fit parameters. The apparent agreement between

s(t ) and the data supports the choice of a model that is based on a thermal distribution.
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3.4.4 Atom flux

The rate of atoms passing through a cross section of the atom beam defines the total atom

flux ϕ. As each ground state atom scatters a certain number of photons upon passing the

probe beam of our imaging setup, we can, in principle, deduceϕ from the fluorescence that

is emitted from the atom beam. In order to do so, we have to be able to determine the total

photon emission rate Robs from the observed fluorescence signal. In addition, we have to

know how to relate Robs toϕ .

In order to be able to measure Robs, we have calibrated the signal of our CCD-camera, in-

cluding objective lens and optical filters, by using a laser beam of known intensity as a source

of photons at 426nm. Assuming isotropic emission and considering the solid angle that is

covered by the objective lens, we can thus deduce the total number of photons emitted from

the illuminated section of the atom beam during an exposure of the camera, which directly

yields the value of Robs.

The relation between Robs and ϕ is for a given configuration of the probe beam and the

atom beam determined by the average number of photons Nph that are scattered by an

atom during its passage through the illuminated section of the atom beam. Our probe beam

is, as outlined in section 3.4.1, set up in such a way that Nph is independent of the energy

associated with the atom’s transverse degrees of freedom. Moreover, we keep the geometry

and the polarisation of the probe beams fixed during our studies. Thus, Nph depends, aside

from ϕ, only on the power Pobs of the probe beam and on the average axial velocity vobs of

the atom beam.

Using an atom beamwith known atom fluxϕref and known beam velocity vref as a reference,

it is possible to determine the relation between Robs and ϕ from experimental observation.

We prepare such a reference atombeamby starting from a beam that consists predominantly

out of meta-stable atoms, which can be obtained by finely adjusting the settings of the

MOT-beams. Any remaining ground state atoms are then removed using lateral illumination

with resonant laser light. In the final step, we use optical pumping via the 5D4 −→7P3

transition with laser light at 663nm provided by the repumping laser system described in

section 3.1.3 i n order to generate a ground state atom beam from the meta-stable atom

beam. The repumping proceeds with the emission of exactly one photon at 428nm per

generated ground state atom. The repumping beam is positioned in such way such that the

repumping takes place within the field of view of our imaging system. Hence, we are able to

the infer the ground state atom beam flux Pref from the measured rate of emitted photons

during the repumping.

Subjecting the reference atombeam to the probe beam light yields us the atombeam velocity

vref and the photon emission rate Rref. We expect the photon emission rates Rref and Robs

to increase proportional to the respective probe beam powers Pref and Pobs, as we keep the

probe beam intensity well below the saturation intensity during our studies. Furthermore,

we expect the Rref and Robs to be inverse proportional to the respective beam velocities vref
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3.4 Atom beam characterisation

and vobs, as with increasing beam velocity each passing atom spends less time inside the

probe beam during which it can contribute to the total fluorescence.

It follows from the above, that an atom beamwith unknown fluxϕ and Robs, vobs and Pobs

known from experimental observation, relates to the reference beam with known ϕref, Rref,

vref and Pref according to
ϕ

Robs

Pobs

vobs
= ϕref

Rref

Pref

vref
. (3.9)

Thus, we are able to deduce the atom flux ϕ via

ϕ= Robs

Rref

Pref

Pobs

vobs

vref
ϕref . (3.10)

3.4.5 Phase space density

Methods for the manipulation of ultra-cold atom samples are often compared in terms of

the respective impact on the sample’s phase space density (PSD). We derive an expression for

the phase space density ρ at the centre of the atom beam that allows us to determine ρ using

the experimental observables Tr, Ta, vb, and ϕ, whose measurement has been discussed

earlier in the preceding sections of this chapter.

For an atom beam that is guided inside a magnetic quadrupole field ρ can be expressed in

terms of the thermal de Broglie wavelength λB and the on axis atom density n0 [113]. At a

temperature T , the phase space density is given by

ρ = n0λ
3
B , (3.11)

with

λB =
(

2πħ2

m kBT

)1/2

. (3.12)

The atom density n0 follows from the lateral density n(x, y) defined in equation (3.3) via

n0 = n(0). With the axial density ñ expressed as ñ =ϕv−1
b

. The atombeam inour experiment

is described by two different temperatures Ta and Tr. There are, accordingly, two different
thermal de Broglie wavelengths λBa and λBr that are obtained by inserting Tr and Ta into
equation (3.12), respectively. In order to obtain an expression for ρ from equation (3.11) we

set λ3
B
=λBaλ

2
Br, which yields

ρ = 1

2π

ϕ

vb

(
mJgJµBbg

kBTr

)2
(

2πħ2

mkB
(
T 2
r Ta

)1/3

)3/2

. (3.13)

Purely magnetic potentials are conservative. Increasing PSD in a magnetically guided beam

thus requires additionalmechanisms such as dissipative light forces or evaporative cooling.
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4 Continuous loading of an optical dipole trap

The capture of a moving atom by an optical dipole trap ( ODT)

requires, due to the conservative character of the ODT potential,

that the excessive kinetic energy of the atom is removed. Typical

atom velocities in the magnetic atom guide are on the order of

few m/s, the amount of kinetic energy that needs to be dissipated

therefore can exceed typical trap depths of an ODT by more than

one order of magnitude. In this chapter we propose and analyse a

loading method which employs deceleration by an additional mag-

netic field inside the ODT region and subsequent optical pumping

to the energetically lowest Zeeman-sublevel. This process bears

similarities to a single Sisyphus-cooling cycle [77, 114, 115, 116].

The feasibility and efficiency of this method is investigated by

numerical simulations.

4.1 Principle of the ODT loading mechanism

In order to explain the transfer of atoms from the magnetic guide into an ODT we assume

that the ODT is generated by a far red detuned Gaussian laser beam with focal waist w0 and

Rayleigh range zR. We further assume that the optical axis of the beam coincides with the

guide axis and that the focus is located at the origin of our coordinate system. For a total

beam power P0 the trap potentialUd of the ODT is then given by

Ud(r) = P0Φ|g 〉 h

w2
0

(
1+ z2

z2
R

)−1

exp

(
−2ρ2

w2
0

(
1+ z2

z2
R

)−1)
, (4.1)

where h is Planck’s constant and the parameterΦ|g 〉, which describes the coupling between
the trap beam and the trapped atom, is defined by equation (2.50). In the following, we

regard 52Cr ground state atoms trapped by a laser beam with 300W total power, 1070nm

wavelength and a focal waist of 30μm . For these settings equation (4.1) yields an optical

trap depth of 3.6mK.

From equation (4.1) it can be seen that the extension of the ODT in the axial direction is

essentially marked by zR and in the radial direction by w0. An atom can be regarded as

trapped inside the ODTwhen the sum of its kinetic energy and its potential energy is lower

than theODTpotential threshold. In order to load an atom into theODTwe therefore require a

process that does not only remove a sufficient amount of its initial kinetic energy. In addition,

the removal has to take place in close proximity to the centre of the ODT.

Since only atoms that are in a low-field seeking Zeeman substate are transmitted inside the

magnetic guide, an additional magnetic field can be used to generate a magnetic potential

barrier inside the ODT that exerts a repulsive force on an atom approaching it from the guide.

An atom that is decelerated by the barrier converts kinetic energy into potential energy up to

the point where it either transcends the barrier or reaches a turning point of its trajectory.

The position and orientation of the barrier with respect to the guide and the ODT have to
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optical dipole trap beam coaxial conductor loop

magnetic guide bars

Figure 4.1: Illustration of the trap geometry we propose for continuous loading of anODT from

a magnetic guide. The current Ia that flows through the four bars in alternating directions

generates a 2Dmagnetic quadrupole field which constitutes a magnetic guide for ultra-cold

chromium atoms. The ODT is produced in the focus of an intense far red detuned laser beam

that is coaxially aligned with the axis of the atom guide. Atoms approaching the centre of the

ODT are decelerated by the magnetic field of a coaxial conductor loop that carries the current

Ic .

be chosen such that this point of minimal axial kinetic energy lies as close as possible to the

centre of the ODT. A fast optical pumping process can then be used to invert the orientation

of the magnetic moment such that the decelerated atom is prepared with minimal kinetic

energy in a high field seeking state. The formerly axially repulsive magnetic potential hence

becomes attractive. The optical pumping process thus removes the potential energy that the

atom has gained during the deceleration by the barrier. Depending on the amount of the

remaining kinetic energy the atom would then be trapped in the combined potentials of the

ODT and the magnetic field.

For our proposed loading scheme to be effective, it requires a suitable optical transition that

allows the optical pumping to proceed both within a period much shorter than the average

length of stay near the barrier peak and without causing excessive heating of the trapped

atoms. For 52Cr, a transition that fulfils these requirements is presented by the7S3−→7P3

transition, which is depicted in figure 2.1. The excited state has a lifetime of 33 ns. It decays

with a branching ratio > 103 : 1 into the ground state. Figure 2.4 illustrates subsequent

optical pumping cycles driving an atom from the 7S3 mJ=+3 to the mJ=−3 level, the latter

being a dark state. When σ− light is used, on average 6.2 photons are scattered during a

single pumping cycle, causing negligible recoil induced heating [117].

Figure 4.2 illustrates the loading scheme for 52Cr. An atom in the mJ=+3 sublevel of the
7S3 ground state moves toward the ODT and is subsequently stopped at the centre of the

ODT by the magnetic barrier superimposed with the ODT. At the point of return it enters a

σ−-polarized pump laser beam that drives the atom quasi-instantaneously to the mJ=−3
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Figure 4.2: Illustration of the proposed scheme for continuously loading the ODT from the

atom guide. A Cr atom in the low-field seeking mJ=+3 ground state approaches the centre of

the ODT and is decelerated by a magnetic potential barrier. The atom thereby converts kinetic

into potential energy. At the centre of the ODT, where the atom hasminimised its kinetic energy,

it enters a beam ofσ−-polarized light, which pumps the atom to the high-field seeking mJ=−3
Zeeman sublevel. The pumping removes the gained potential energy and leaves the atom close

to the bottomof a trap potential, which is generated by theODT and the now attractivemagnetic

potential. Depending on the remaining kinetic energy, the atom remains trapped.

7S3 level. As a result, the atom is trapped by the ODT and the inverted magnetic potential.

4.2 Magnetic field configuration and trap potentials

During the preceding description of the loading scheme we have implicitly assumed the

existence of a suitably shapedmagnetic potential barrier. For a further analysis of the loading

scheme the magnetic field configuration has to be specified in more detail. It has to be

considered here, that the field Bm that determines the shape of the potential barrier is in

general a vector sum of the guide fieldBa and other additionally applied fields. An important

requirement for Bm is that its orientation has to be uniform inside the region where the

optical pumping takes place in order to allow the preparation of purely σ−-polarized pump

light. Moreover, while it is desirable to have a field whose strength increases steeply toward

the ODT centre in axial direction, the curvature in radial direction has to be sufficiently

small in order to avoid a defocusing effect on the atomic beam in either the low-field or the

high-field seeking state.

A suitable magnetic field can be obtained by adding a single circular current loop positioned

concentrically with respect to the ODT and the magnetic guide, as shown in figure 4.1. The

magnetic field Bc produced by the current loop near the centre of the loop, which coincides

with the ODT centre, is in line with the guide axis. Starting from the centre it increases slowly
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Figure 4.3: Colour coded contour plots of the combined potentials of the atom beam guide,

the optical dipole trap and the deceleration loop. Values are calculated for R =0.5 mm and

vb=1.5ms−1. a) Potential for the low field seekingmJ=+3 state. The potential increases along
the z-axis toward the origin. Atomsmoving toward the origin are decelerated. The combined

potentials of the guide and the ODT provide radial confinement. b) Potential for the high-field

seeking mJ =−3 state, which is reached via optical pumping. Atoms can be trapped at the

origin in a potential well formed by the ODT and the decelerating magnetic field.
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in radial direction and decays on the length scale of the coil diameter in the axial direction.

A general analytical expression for Bc(r) can be given in terms of elliptical integrals [118].

Assuming the loop current Ic to be oriented positively with respect to the z-axis, Bc is along
the z-axis, for a loop radius R given by

Bc (z) = Icµ0
2

R2(
R2 + z2

)3/2
ez . (4.2)

Having specified the magnetic field configuration we can express the potentialU0, in which

the atomsmove during the loading, in terms of the fields of Ba and Bc and the ODT potential

Ud as

U0 =µBg J mJ |Ba+Bc|+Ud . (4.3)

The loop current has to be adjusted to the beam velocity vb such that the total height of

the potential barrier at the origin cancels the axial kinetic energy component of the arriving

atoms. From equation (4.1) and (4.2) follows thus that Ic has to obey

mv2
b

2
= µBg J mJ

Icµ0
2R

+ P0 κh

w2
0

(4.4)

The equations above relate the geometry of the ODT and of the atom guide with the de-

celerating current loop. They can be used to find optimised values for the interdependent

parameters R and Ic . In a real experiment, however, there might be additional technical con-

straints that have to be considered. It might be difficult for example to work with extremely

small coils and rather large current in an ultra high vacuum (UHV) environment. Moreover, it

might be necessary to use the same coils with a range of beam velocities and an accordingly

wide range of loop currents.

With the objective of providing useful guidance for the design of an experiment, we as-

sume throughout this section a fixed loop radius of 0.5 mm and a magnetic field gradient of

350Gcm−1. From equation (4.4), it then follows that the coil current Ic depends only on the
beam velocity vb. In the following, we thus regard themagnetic barrier field and the resulting

potential configuration as functions of vb alone. For assumed beam velocities ranging from

1ms−1 to 5m s−1, the loop has to carry currents between 1.3A and 16.4A.With technologies

adapted frommagnetic micro traps it should be feasible to operate a coil subject to these

requirements [68].

Colour coded contour plots of total potential Ud in the xz-plane are shown in figure 4.3.

An atom in the low-field seeking mJ =+3 state experiences a potential barrier as shown

figure 4.3 (a). In contrast, an atom in the high-field seeking mJ =−3 state experiences a

trap-shapedpotential. In both cases the radial confinement is solely providedby theODT. The

depicted potentials correspond to a barrier height adjusted for a beam velocity of only 1.5m

s−1. At higher velocities the magnetic barrier height becomes so large that the contribution
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from the ODTwould be hardly recognisable.

4.3 Simulation of the loading process

In order to assess the feasibility and the efficiency of our proposed loading scheme we have

numerically simulated the transfer of atoms from the guided atom beam into the ODT. For

a given configuration of the atom beam and the trapping potential we are interested in the

overall loading efficiencyΛ, which we define as ratio between the fractionϕL of the atomic

flux that remains trapped in the ODT after optical pumping and the total incoming fluxϕ0.

From our experimental studies we know that the radial and axial distributions of atomic

velocities and positions inside the chromium atom beam typically resemble thermal distri-

butions, which are, as outlined in section 3.4, well described by specifying the beam velocity

vb, the total flux ϕ0, and the respective radial and axial beam temperatures Tr and Tz. Re-
garding the loading of the ODT, we restrict our studies to a potential configuration that

depends only on vb. Moreover, we make the important assumption that the densities in the

atom guide and the ODT remain low enough such that inter-atomic collisions can be safely

neglected during the loading process. It follows that, under these premises, Λ is density

independent and can be regarded as a function of vb, Tr and Tz alone.

Our simulations of the transfer of atoms from the atom guide into the ODT are based on the

computation of a large number of individual atom trajectories and their subsequent analysis.

For the computation of the trajectories we have used the expression for the total potential

energy stated in equation (4.3) to obtain analytical expressions for the corresponding equa-

tions ofmotion. In the absence of collisions, we can for given initial conditions obtain the full

3D trajectories by numerically integrating the equations of motion on a personal computer

using standard commercial mathematical software.

We then use the resulting trajectory to estimate a likely position and velocity of the atom

when it undergoes the optical pumping [119]. For this purpose we require that the duration

of the optical pumping process is negligibly short and that the pump beam is restricted to a

narrow region near the top of the magnetic potential barrier. We then assume that as soon

as the atom either has lost all its axial velocity (vb=0) or as soon as it reaches the maximum

of the potential barrier (z=0) it is pumped instantaneously into the high-field seeking state,

where it is suddenly subject to an attractive potential. We regard the atom as successfully

transferred into the ODT if the optical pumping process takes place inside the region of the

final trap potential well and if the remaining total energy of the atom is lower than the trap

potential threshold.

For the computation of the trajectories the atoms are all initialised at z=−0.05m, which is

chosen to be sufficiently far away from the ODT-centre, such that the initial potential energy

distribution is only determined by the guide potential. For the initial radial distribution n
(
ρ
)
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Figure 4.4: a) Calculated loading efficiencyΛ as function of the initial radial temperature Tr
of the atoms inside the guide. The velocities in the axial direction are assumed to be distributed

according to a Maxwell-Boltzmann distribution with temperature Tz=1 mK offset by a beam

velocity vb of 2ms−1 and 5ms−1, respectively. b) Loading efficiency as a function of the beam

velocity for an axial temperature of 1mK and values of the radial temperatures of 0.1mK and

1mK, respectively. A reduction of the beam velocity within range of 1ms−1 to 5ms−1 would

only lead to a moderate enhancement of the loading efficiency.
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follows from equation (3.3) by assuming ñ=1, which yields

n
(
ρ
)= ρβ−2 exp

[
−ρ
β

]
, (4.5)

where

β= kBTr
µBg J mJ |∇|Ba||

. (4.6)

The initial radial velocities vx and vy are distributed according to Maxwell-Boltzmann distri-

butionswith temperatureTr. The distributionν(vz) of the longitudinal velocities is described
by aMaxwell-Boltzmann distribution with temperature Tz centred around the beam velocity

vb, yielding

ν(vz) =
√

m

2πkBTz
exp

[
−m

(
vz−vb

)2

2kBTz

]
. (4.7)

In order to determineΛwe have at each instance calculated a large number of trajectories

(> 5 ·104) with initial conditions randomly sampled according to the respective values of Tr,
Tz and vb. The number of successful transfers divided by the total number of trajectories

then yields the corresponding value ofΛ.

The results of our simulations are presented in figure 4.4. We have concentrated our studies

on the dependence ofΛ on the radial beam temperature (subfigure 4.4 (a) and on the beam

velocity (subfigure 4.4 (b), respectively. With the objective to investigate the application

of our loading scheme to a real experiment and to derive strategies for an optimisation

of the loading rate, we have in both cases regarded parameter ranges that we deem to be

experimentally accessible with present atom beam preparation methods [72, 101]. As Tz is
typically roughly constant, we have used a, conservatively estimated, fixed value of Tz=1mK

for the simulations presented in this chapter.

The dependence of Λ on Tr is shown in figure 4.4 (a). Two data sets are displayed, corres-

ponding to two different beam velocities: vb=2m s−1 (red circles) and vb=5m s−1 (blue

diamonds). The value of 2m s−1 represents the minimal velocity at which the beam can be

effectively operated, while at approximately 5m s−1 the beam yields maximum atom flux

[72]. Both data sets exhibit a steep increase of Λ with decreasing Tr. We attribute this to

the energy initially stored in the transverse degrees of freedom, which cannot be dissipated

with our loading scheme, and which contributes on average with 3kBTr to the total energy
remaining after optical pumping. The course of Λ as a function of Tr indicates that addi-
tional measures to decrease Tr, even if they are associated with a moderate reduction ofϕ0,

might be helpful in order to maximise the loading rate. At Tr=1mK, which represents the
presently lowest values for the radial beam temperature [72], the graph yieldsΛ=0.35% for

vb=5m s−1. Doppler cooling in the radial direction might, for instance, be used to reduce

the radial temperature further to 0.125mK, the Doppler temperature of chromium. In this

case the loading efficiency would be expected to increase from 0.35% to over 12%.

From figure 4.4 (a) we can learn that for vb=5m s−1 the loading efficiency is about three
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times smaller than for vb=2ms−1. This can be explained by the different respective height of

the magnetic potential barrier that is needed in order to decelerate the atoms. An increased

barrier height results in an increased radial curvature and thus lowers the effective depth of

the trapping potential. For this reason, our loading scheme can not be applied to arbitrarily

high beam velocities. In figure 4.4 (b) the dependence ofΛ on vb is shown in more detail for

twodifferent radial temperatures,Tr=1mKandTr=0.1mK. The results fromthe simulations

have to be contrastedwith the experimentally observed dependence of the total fluxϕ0 on vb,

which exhibits a pronouncedmaximum between 5ms−1 and 6ms−1 and a steep decrease

toward slower beam velocities [72]. Regarding the optimisation of the loading rate, it appears

to be evident that the decrease ofϕ0 toward smaller beam velocities could possibly not be

compensated by a corresponding increase ofΛ. Thus it might not be advisable to reduce the

beam velocity below 5ms−1 at the expense of a greatly reduced total flux.

Based on the values ofΛ and the reported values ofϕ0 [72] we estimate for a beam velocity

of 5ms−1 and a radial temperature of 1mK a loading rate of about 4 ·106 atoms/sec. We

estimate that under these conditions it would take less than 1 s to reach a steady state with

more than 106 atoms in theODT. If at this point the loading processwould be interrupted, this

would already provide excellent starting conditions for the application of demagnetisation

cooling [120]. This technique provides highly efficient cooling without loss of atoms and

has shown to work best in dense and hot clouds that provide high collision rates and require

easily controllable magnetic fields.

4.4 Conclusion

We have outlined a scheme for the transfer of ultra cold atoms from amagnetically guided

atom beam into an optical dipole trap. The scheme compromises deceleration by a mag-

netic barrier superimposed with the ODT, followed by optical pumping to the energetically

lowest Zeeman-sublevel. We have provided an elaborate discussion of the application of

this scheme to a beam of ultra cold chromium atoms. The preparation of suitable potential

field configurations for the deceleration and the trapping of the atoms have been treated.

Using numerical simulations of the loading process have investigated the dependence of

the loading efficiency on the initial radial beam temperature and on the beam velocity. Our

simulations suggest that, based on recently reported experimental data [72], loading effi-

ciencies of about 0.35 %, resulting in maximum loading rates of more than 106 atoms/sec,

are feasible.

In the following chapter we demonstrate that by employing transverse laser cooling inside

the magnetic guide the radial temperature of the atom beam can be further reduced, such

that loading rates can be increased by an order of magnitude.
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ultra cold chromium atoms

This chapter presents the transverse cooling of a magnetically

guided beam of ultra cold chromium atoms using a two-dimensional

optical molasses. Our experiment differs in three respects from

standard Doppler cooling of a free atom beam. First, the presence

of a guide field splits the ground state into different Zeeman sub-

states, which entails potential atom losses due to optical pumping

from magnetically trapped into untrapped sub-states by the optical

molasses beam. In order to suppress undesired optical pump-

ing we therefore apply an additional magnetic offset field in the

molasses region. Second, the beam that we intend to cool is

already near the Doppler cooling limit. In order to enable effective

cooling of the beam we use adiabatic compression by a tapering of

the guide to increase the radial beam temperature before the beam

enters the optical molasses. Third, the cooling is conducted on a

beam that is magnetically confined in the radial direction, with the

confining potential being affected by the magnetic offset field. In

the following, we describe and discuss the implementation of our

cooling method, its application to the atom beam and the resulting

implications for the loading of a dipole trap from the beam.

5.1 Experimental implementation of the transverse cooling scheme

We conduct the transverse laser cooling of our guided ultra-cold atom beam by employing

an optical molasses inside the tapered section of the guide, as illustrated by figure 5.1. The

tapering is located at a distance of 0.75m away from the MMMOT. It reduces the bar spacing

from 46mm to 9mm, thus gradually increasing the magnetic field gradient over a distance

of 100mm from initially 13.5G cm−1 to 355Gcm−1. The tapered section has a length of

50mm, after which the spacing of the bars re-expands until the field gradient again reaches

its original value of 13.5G cm−1.

The purpose of the tapered section is to compress and, thereby, to adiabatically heat the

beam before it enters the optical molasses. The optical molasses is oriented perpendicularly

to the atom beam. It is generated by two pairs of retro-reflected laser beams, which both

are linearly polarised in a lin || lin configuration with polarisation perpendicular to the atom
beam axis, as shown in figure 5.1. The beam intensities are, within the limits of a retro

reflected configuration, approximately equal. In the following, we will usually quote the

peak intensity IL of a single molasses beam. The molasses beams have identical elliptical

beam profiles with respective beam waists of 13.1mm along the guide axis and 2.5mm

perpendicular to it. An axially elongated beam profile has been chosen in order to maximise

the distance over which the atom beam is illuminated, and thus the number of photons

that can be scattered by an atom for a given beam intensity during its passage through the

molasses beam.

The optical molasses is operated on the 7S3−→7P4 transition of
52Cr at 426nm, which is a
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Jg

E
L

Jc

Figure 5.1: Schematic illustration (unscaled) of the optical molasses employed for transverse

cooling of the atom beam in a tapered section of the magnetic atom beam guide. The current

Jg, which flows in alternating opposing direction through the guide bars, generates a confining
magnetic field, in which atoms are guided along central axis of the guide (dotted line). The

tapering decreases the spacing between the guide bars from 46mm to 9mm, which results

in compression and adiabatic heating of the passing atom beam. A two-dimensional optical

molasses is formed by two pairs of counter propagating laser beams, which are indicated

by flat arrows. The beams are linearly polarised in a lin || lin configuration with polarisation

perpendicular to the axis of the guide. The optical molasses operates on the main 52Cr cooling

transition at a wavelength of 426nm. A pair of coils in the centre of the tapered section, carrying

a current Jc, provides amagnetic offset field in order to suppress optical pumping to untrapped

states in the optical molasses.
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Figure 5.2: Selected Zeeman line shifts induced by an offset field B0 for the
7S3−→7P4 trans-

ition in52Cr that are used for the transverse cooling of the atom beam. The σ+ transition

from the mJ=+3 to the m′
J=+4 experiences a positive shift∆=µBB0ħ−1, which amounts to

0.28ΓG−1. The correspondingσ−andπ transitions, on the contrary, experience negative shifts

of -2.5∆ and -0.25∆, respectively. This allows to perform Doppler cooling on the closed σ+
transition exclusively by applying a sufficiently strong offset field B0.

practically closed transition that is also employed for the MMMOT. It has a line width Γ of

2π×5MHz and a saturation intensity IS of 8.5mW cm−2. From equation 2.9 it can be seen

that only atoms with mJ>0 can be confined by the magnetic field of the atom guided. In

order to prevent atom losses in the opticalmolasses, it would therefore be desirable to scatter

predominantly σ+-polarised photons. Due to the presence of the guide field, it is, however,
not possible to prepare the molasses beam in a purely σ+-polarised state. Instead, we can
employ a magnetic offset field B0 to split the Zeeman lines far enough apart such they can

be selectively addressed.

Figure 5.2 illustrates the Zeeman line shift of transitions from the mJ =+3 ground state.

Due to a lower Landé factor of gJ=1.75 in the upper level, the σ+-transition experiences

a positive shift towards higher frequencies, whereas the σ− and π-transitions experience
negative shifts. Provided that the splitting is sufficiently strong it is thus possible to tune the

molasses beam near-resonant with the σ+and off-resonant with both σ−and π-transitions.

The offset field is produced by a coaxial pair of identical copper coils that carry the current

Jc with equal orientation. The coils are positioned concentrically with the beam axis around

the centre of the tapered region, as shown in figure 5.1. The coils have an inner diameter of
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5 Laser cooling of a magnetically guided beam of ultra cold chromium atoms

42mm and an inner spacing of 22mm at a coil length of 15mm. The coils thus approximate

a Helmholtz coil pair configuration. We therefore regard the offset field experienced by the

atoms in the optical molasses to be uniform and perpendicular to the guide field.

5.2 Experimental observation of transverse laser cooling

Our studies of the cooling with the optical molasses are based on the characterisation of the

beam in terms of the total atomfluxϕ, the radial and axial beam temperaturesTa andTr. The
methods that we have adopted for the measurement of these beam properties are described

in section 3.4. They rely on the illumination of the beamwith a near resonant probe beam of

known intensity and the imaging of the scattered photons with a calibrated CCD-Camera.

Since the four optical molasses beams occupy a large fraction of the optical access to the

tapered section of the guide, we have performed our measurement on the decompressed

beam at a succeeding section of the guide, where the magnetic guiding potential is equal to

the uncompressed initial potential.

5.2.1 Laser cooling with magnetic offset field

Figure 5.3 (a) presents the results from ameasurement of the radial temperature as a function

of the offset fieldB0 and themolasses detuning δ. The beamhas an initial radial temperature

of 230μK at a beam velocity of 5.2ms−1. The intensity of the molasses beam was set to

IL=0.3IS. The observed temperatures are represented by a colour coded temperature map

that has been obtained from interpolation between individual measurements. It can be seen

that effective cooling below the initial temperature can only be achieved inside a wedge

shaped region of the plot. The slopes of its borders closely match the respective Zeeman

shifts of the σ+ and π transition from the mJ=+3 state, which are given in figure 5.2. This
indicates that the magnetic offset field plays a vital role in the cooling process. Without

magnetic field, the Zeeman-levels are degenerated and no cooling can be observed.

At a field of about 4.1G, an optimal value δmin of the detuning can be found that yields a

minimum final temperature Tmin of 62μK . At this detuning the molasses is slightly red-

detuned relative to the σ+-transition (≈−1Γ) 1. For higher values of δ, the molasses beam

becomes blue-detuned, which results in heating of the atom beam. Toward lower detunings,

the beam becomes eventually near-resonant and blue-detuned with the π transition, which

again leads to heating. When the magnetic field is increased further above 4.1G we observe

that the cooling becomes less efficient, resulting in higher final temperatures. This behaviour

is caused directly by offset field, as it reduces the radial compression in the tapered section

of the guide. This reduces the cooling due to the decompression after the optical molasses.

For each data point in figure 5.3 (a) we have also recorded the corresponding atom flux ϕ

and axial temperature Ta, as explained in section 3.4.4 and 3.4.3, respectively. This allows us

1It should be noted here, that, while we can control the molasses beam frequency with a precision much better than

the atomic line width Γ, we can only achieve an absolute frequency accuracy of about 0.5Γ.

72



5.2 Experimental observation of transverse laser cooling

(a)

0 2 4 6 8 10 12 14

0

1

2

3

4

5

Magnetic offset field B
0
 / G

M
ol

as
se

s 
be

am
 d

et
un

in
g 

  δ
 / 

Γ 

T / µK

100

200

300

400

500

600

(b)

0 2 4 6 8 10 12 14

0

1

2

3

4

5

Magnetic offset field B
0
 / G

M
ol

as
se

s 
be

am
 d

et
un

in
g 

  δ
 / 

Γ 

log
10

(ρ/ρ
0
)

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

Figure 5.3: (a) Colour coded contour plot of the radial temperature of the decompressed beam

after passing the tapered optical molasses section. The temperature has been recorded as

function of the magnetic offset field and of molasses beam the detuning at a beam velocity of

5.2ms−1 and a peak molasses beam intensity of 0.3 IS. The white cross indicates the minimal

radial temperature of 62μK , which has been observed for an initial temperature of 230μK .

(b) Associated gain in phase space density (ρ/ρ0) obtained by including atom flux and axial

temperature data. A maximum gain of more than a factor 40 can be observed (white cross).

The minimum temperature value on the left corresponds to a gain of a factor 30.
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Figure 5.4: Temperature Trc of the compressed atom beam over molasses beam intensity

for three distinct beam velocities vb. The inset displays the same data with a logarithmic

intensity axes. For low intensities IL< IS the beam temperature is velocity dependent and has

thus not reached a steady-state during the time of passage through the optical molasses. For

IL≥ IS a linear increase of the final temperature due to saturation effects can be observed. The

minimum observed temperature is more than two times higher than the Doppler cooling limit

of an unconfined Cr atom cloud.

to deduce the associated phase space density ρ of the beam according to equation (3.13),

which reads

ρ = 1

2π

ϕ

vb

(
µbg

kBTr

)2
(

2πħ2

m kB (TrTa)1/3

)3/2

. (5.1)

Here m denotes the atomic mass, µ the atomic magnetic moment and kB the Boltzmann

constant. In figure 5.3 (a) the gain in phase space density compared to its initial value ρ0 is

presented. The gain in phase space density coincides well with the cooling of the beam. For

the minimum temperature in figure 5.3 (a) we observe a gain of more than a factor 30, which

yields a final phase space density of 3×10−8.

Beside the molasses beam detuning and the offset field, the intensity IL of the molasses

beam is expected to have a significant influence on the cooling process. For low intensities,

the duration of the passage through the optical molasses might be insufficient for the beam

to reach a steady state temperature, which should thenmanifest itself as a strong intensity

dependence of the final temperature. High intensities with IL≥ IS might lead to a specific

intensity dependence due to saturation effects [95].
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5.2.2 Intensity dependence of the laser cooling process

In figure 5.4 we present the results from an investigation of the intensity dependence of

the radial temperature at three different beam velocities. We conducted our measurements

at a fixed magnetic offset field of 23.4 G. The molasses beams had a detuning relative to

the Zeeman shifted σ+ line of −1.25Γ, which for the chosen offset field corresponds to a

detuning of about+7Γ to the π transition.

Regarding the temperature values presented in figure 5.4 it should be noted that they refer the

temperature Trc of the compressed beam inside the tapered section of the guide, in contrast

to the values given in figure 5.3, which reflect the temperatures of the uncompressed beam

inside the detection chamber. They values for Trc have been deduced from the measured

uncompressed temperature values via a conversion that is based on numerical simulations

of the decompression process. For this purpose we have calculated a large number of atom

trajectories with initial values randomly sampled according to a thermal distribution very

similar to the numerical simulation for the loading of the ODT that are outlined in section

4.3.

From figure 5.4 it can be seen that for the lowest intensities in the plot, the final temperature

decreases with increasing intensity. In addition, lower beam velocities, which are equivalent

to a higher number of scattered photons, lead, for the same intensity, to lower final tem-

peratures. Both observations combined provide firm evidence that in the case of the two

lowest velocities for Il . 0.04 Is and in the case of vb = 5.2 ms−1 for Il . 0.2 Is the atom
beam does not reach a steady state. When the intensity is increased above these values, we

find that the final temperatures do not further decrease. At the same time, we observe that

the temperature curves for all regarded beam velocities begin to coincide. We interpret this

as a strong indication that the beam has entered a steady state regime.

Finally, for intensities exceeding 0.5 Is, the radial temperature increases approximately lin-

early with the beam intensity, which we attribute to the beginning saturation of the cooling

transition [95]. The minimum final temperature of about 270 μK considerably higher than

the Doppler limit 125 μK , that would be expected for an optical molasses. We suppose that

this might be due to the presence of the strongmagnetic field gradient in the tapered section,

which is more than 25 times higher than the typical magnetic field gradients in a chromium

MOT.

5.3 Conclusion

Amethod for the transverse cooling of amagnetically guided atom beam has been presented.

Wehave demonstrated that bymagnetic compression followedby transverseDoppler cooling

in anopticalmolasses and subsequent decompression canbe employed to increase thephase

space density of an ultra cold atom beam resulting in final temperatures below the Doppler

cooling limit. Our results are directly applicable to the loading of an optical dipole trap as

suggested in [121]. For an experimentally realised beam with a final radial temperature of
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63 μK , a beam velocity of 1.2 ms−1 and a longitudinal temperature of 250 μK , we estimate

based on [121] a loading efficiency of more than 5 %, corresponding to a loading rate of over

107 atoms s−1. Compared to the typical production rate of chromium atoms in Cr-BEC [52],

which is 3×103 atoms s−1 this would provide an excellent starting point for a significant

improvement of the Cr-BEC production rate.
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Over the past century the development of atomic physics has been strongly intertwined with

the development of atomic beam sources in the direction of an extended available range and

a tighter control of internal and external atomic states. Today, quantum degenerate atom

beam sources, which contain macroscopic numbers of atoms in the same quantum state,

both reside at and extend beyond the outermost frontier of our technical capabilities and

conceptual understanding. In particular, the realisation of a truly continuous atom laser,

remains, over fifteen years after the demonstration of the first pulsed atom laser through

outcoupling from a BEC, still a formidable scientific challenge.

Slow and intense guided beams of ultra cold atoms, which are obtained by the transfer of

atoms out of a MOT into a magnetic atom guide, have in recent years been investigated as

promising bases fromwhich a continuous atom lasermight be reached, either via evaporative

cooling inside the guide or via the pumping of a perpetuated large BEC that could serve as

an atom laser reservoir. Both pathways would benefit from atom beam sources capable of

providing large numbers of atoms at a high phase space density.

In this thesis we have examined two problems that concern the efficient transfer of ultra cold

atoms from amagnetically guided atom beam into an optical dipole trap, which might be

employed for high throughput and even continuous BEC production. The first problem was

posed by the capture of atoms by the ODT, which requires the dissipation of their kinetic

energies in a way that permits the accumulation of a large number atoms inside theODT. The

second problem arose from the requirement to modify an existing chromium atom beam

apparatus such that the transverse beam temperature is reduced substantially below the

temperature of the MOT, from which the atom beam is generated. This requirement became

apparent as a result from the assessment of the first problem.

In regard to the first problemwe have proposed a loading scheme that dissipates the directed

kinetic energy of a captured atom via deceleration by a magnetic potential barrier followed

by optical pumping to the energetically lowest Zeeman sublevel. The proposal includes

a detailed specification of a suitable magnetic barrier field that complies with realistically

assumed experimental constraints. In order to assess the applicability of the loading scheme,

we have performed numerical simulations of the loading process by calculating large num-

bers of trajectories of atoms propagating in the potential that arises from the combined

magnetic and the optical fields of the guide, the potential barrier and the ODT. The obtained

trajectories allowed us to deduce the loading efficiencyΛ for a representative range of atom

beam velocities and temperatures. We could show that the efficiency of the loading process

does not prohibitively decrease with increasing beam velocity, whichmeans that our scheme

is capable of dissipating kinetic energies that are much larger than the total depth of the ODT.

We found, however, that the loading efficiency is strongly linked to the radial temperature of

the initial atom beam. It became evident that in order to obtain appreciable transfer rates

the radial temperature atom beam had to be reduced below MOT temperatures.
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In order to address the resulting second problem we have, based on an existing magnetically

guided chromium atom beam experiment, implemented a transverse laser cooling scheme

that can be operated in a fully continuous manner inside the magnetic field of the guide.

The approach that we have developed employs radial magnetic compression to adiabatically

heat the atom beam. The resulting increase in radial temperature allows to extract heat from

the atom beam by a two-dimensional transverse optical molasses, which is combined with

a magnetic offset field in order to prevent atom losses via optical pumping into untrapped

states. We have validated this approach through experimental studies. We were able to

demonstrate that by a suitable choice of themagnetic offset field, the cooling beam intensity

and detuning, atom losses and longitudinal heating can be avoided. After decompression

of the cooled atom beam we observe final temperatures below 65μK , with an associated

increase of phase space density by more than a factor of 30.

The results obtained from both our theoretical and experimental studies allow us to draw

conclusions about the feasibility of the loading of an ODT from amagnetically guided atom

beam. For an atombeamwith a final radial temperature of 63 μK , a beamvelocity of 1.2ms−1

and a longitudinal temperature of 250 μK , we can expect a loading efficiency of more than

5 %, which would corresponding to a loading rate of over 107 atoms s−1. Compared to

the typical production rate of chromium atoms in Cr-BEC [52], which is 3×103 atoms s−1

this would provide an excellent starting point for a significant improvement of the Cr-BEC

production rate. It has to be noted here, that a recently published experiment succeeded in

implementing the proposed loading scheme [122]. It has found a striking agreement between

the predicted and the observed loading rates.

One open question is the optimal use of the high loading rate we now can achieve. Fu-

ture experiments may exploit the high loading rate in ODTs, for example, in order to create

extremely large chromium BECs. One promising direction to reach this goal is to further

optimize geometries of the dipole trap to improve evaporative cooling and demagnetisation

cooling, and to make full use of the loading rate we achieved.

An open question remains the generalisation of the transverse cooling scheme that we have

used for chromium atoms to other atomic species. While evaporative cooling does not allow

to reach a BECwith chromium in the magnetic guide, laser cooling of other atomic species

may help to bring an atom beam into a state where evaporative cooling becomes feasible,

opening further directions to a quantum degenerate atom beam.
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