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Abstract

This thesis reports on the design, setup, and operation of a new atom trap apparatus, which is de-
veloped to confine few rubidium atoms in ultrahigh vacuum by means of taylored and dynamically
variable light potentials (dipole traps), thus making the atoms available for spectroscopy and con-
trolled manipulations.

To maintain low background pressure, atoms of a vapour cell are transferred into a cold atomic
beam by laser cooling techniques, and accumulated by a magneto-optic trap (MOT) in a separate part
of the vacuum system. The laser cooled atoms are then transferred into dipole traps made of focused
far-off-resonant laser fields in single or crossed-beam geometry, which are superimposed with the
center of the MOT.

Gaussian as well as hollow Laguerre-Gaussian (LG01) beam profiles are used with red-detuned
and blue-detuned light. Microfabricated dielectric phaseobjects allow the efficient and robust mode
conversion of Gaussian into Laguerre-Gaussian laser beams. Trap geometries can easily be changed
due to the highly flexible experimental setup.

The dipole trap laser beams have powers up to several hundredmilliwatts and are focused to around
10 �m. At a detuning of several tens of nanometers from the atomicresonance, the resulting traps
are a few millikelvin deep, and the trapped atoms exhibit motional frequencies near 30 kHz, trap light
scattering rates of a few hundred photons per second per atom, and storage times of several seconds.
The number of dipole-trapped atoms ranges from more than tenthousand to below ten.

The dipole-trapped atoms are detected either by a photon counting system with efficient straylight
discrimination, or by recapture into the MOT, which is imaged onto a sensitive photodiode and a
CCD-camera.

Due to the strong AC-Stark shift imposed by the high-intensity trapping light, energy-selective
resonant excitation and detection of the stored atoms is possible. The measured energy distribution
is consistent with a harmonic potential shape and allows forthe determination of temperatures and
heating rates. From initial measurements, the thermal energy is found to be about 10 % of the trap
depth.

Using a crossed-beam geometry with red-detuned laser light, efficient transfer of atoms between
the beams is observed. Optimum transfer occurs when the two beams cross at a radial offset, which
can qualitatively be understood when the particle energy and geometrical properties of the two-beam
trapping potential are considered. Numerical simulationsreproduce the general features of the mea-
sured transfer efficiency vs. radial beam offset. This experiment is a first step towards dynamically
variable potentials.

Atoms have been radially confined in a blue-detuned hollow beam, and their decay time has been
determined. This configuration is currently extended to a three-dimensionally confining blue-detuned
dipole trap.

For advanced laser cooling, state manipulation and spectroscopy of trapped atoms, a system of
two diode lasers has been set up which are phase-coherently locked with a difference frequency near
6.834 GHz, to drive Raman transitions between the hyperfine-split ground states of87Rb atoms. Res-
onances of such a transition have been recorded in a buffer gas loaded rubidium vapour cell with
linewidths below 100 Hz.
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Übersicht

In der vorliegenden Arbeit wird über Konstruktion, Aufbau und Betrieb einer neuartigen Atomfallen-
Apparatur berichtet, die speziell für die SpeicherungwenigerRubidiumatome im Ultrahochvakuum
entwickelt wurde. Die Speicherung erfolgt in dynamisch variablen Lichtpotenzialen (Dipolfallen)
flexibler Geometrie, in denen die Atome dann für spektroskopische Untersuchungen und gezielte
Manipulation bereitstehen.

Atome aus einer Dampfzelle werden mit Laser-Kühltechnikenin einen kalten Atomstrahl trans-
feriert, und in einem separaten Teil der Vakuumapparatur bei stark reduziertem Umgebungsdruck in
einer magneto-optischen Falle (magneto-optic trap, MOT) angesammelt. Von dort werden die laser-
gekühlten Atome in Dipolfallen transferiert, die aus fokussierten, z.T. gekreuzten, fernverstimmten
Laserlichtfeldern bestehen und dem Zentrum der MOT räumlich überlagert sind.

Für die Laserlichtfelder werden sowohl Gauß’sche als auch Laguerre-Gauß’sche Strahlprofile
eingesetzt, die relativ zur atomaren Resonanz entweder rot- oder blauverstimmt sind. Die räumliche
Modenkonversion erfolgt an mikrofabrizierten dielektrischen Phasenobjekten mit hoher Effizienz.
Aufgrund des flexiblen Aufbaus der Apparatur kann die Fallengeometrie einfach verändert werden.

Die Laserstrahlen der eingesetzten Dipolfallen haben Leistungen von einigen hundert Milliwatt
und werden auf unter zehn Mikrometer fokussiert. Bei Verstimmungen von einigen zehn Nanometern
von der atomaren Resonanz ergeben sich damit Fallentiefen von mehreren Millikelvin, Vibrationsfre-
quenzen der gefangenen Atome im Bereich von 30 Kilohertz, Lebensdauern von einigen Sekunden
und Photonenstreuraten aufgrund des Fallenlichts von einigen hundert pro Atom und Sekunde. Die
Anzahl der gespeicherten Atome variiert von mehr als zehntausend bis unter zehn.

Der Nachweis der Atome in der Dipolfalle erfolgt entweder mittels eines Photonenzählsystems
mit hoher Streulichtunterdrückung, oder durch Wiedereinfang in die MOT und Detektion mittels einer
empfindlichen Photodiode oder einer CCD-Kamera.

Durch die ausgeprägte quadratische Stark-Verschiebung der atomaren Resonanz im intensiven
Fallenlicht ist es möglich, die Atome energieaufgelöst resonant anzuregen und zu detektieren. Die
gemessene Energieverteilung ist verträglich mit der Annahme eines harmonischen Potentials, und er-
laubt die Ermittlung von Temperaturen und Heizraten. ErsteMessungen zeigen thermische Energien
um 10 % der Fallentiefe.

In einer gekreuzten Anordnung rotverstimmter Strahlen erfolgt die effiziente Überführung der
gefangenen Atome von einem Strahl in den anderen. Die Effizienz des Transfers ist optimal, wenn die
beiden Strahlachsen radial gegeneinander verschoben sind. Die Betrachtung der Teilchenenergie und
der geometrischen Eigenschaften des Fallenpotentials erlaubt ein qualitatives Verständnis dieses Ver-
haltens. Numerische Simulationen reproduzieren wesentliche Eigenschaften der gemessenen Trans-
fereffizienz als Funktion des radialen Abstands der Strahlachsen.

In einem blauverstimmten, fokussierten Hohlstrahl wurde der radiale Einschluss von Atomen
demonstriert, und ihre mittlere Verweildauer bestimmt. Derzeit wird diese Konfiguration auf eine
blauverstimmte Dipolfalle mit dreidimensionalem Einschluss erweitert.

Zur Erschließung leistungsfähigerer Techniken der Laserkühlung, Zustandsmanipulation und Spek-
troskopie wurde ein System aus zwei Diodenlasern aufgebaut, die mit einem Frequenzabstand nahe
6,834 GHz phasenstarr gekoppelt sind, um Raman-Übergänge zwischen den hyperfeinaufgespalteten
Grundzustandsniveaus in87Rb zu treiben. Mit diesem System wurden in einer Puffergasbefüllten
Rubidium-Dampfzelle Spektrallinien mit Linienbreiten unter 100 Hz beobachtet.
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1 Introduction

In the history of modern physics, spectroscopic investigations have played a key role in un-
derstanding the microscopic properties of matter, and its interaction with electromagnetic
radiation. This led to the development of new physical theories, namely quantum mechanics
and quantum electrodynamics. Although tested to ever increasing precision, their predictions
up to now are completely in accordance with all experimentalobservations. The electromag-
netic interaction of light and matter (atoms) is therefore considered to be the most accurately
understood physical process, and it serves as a starting point for the development of theories
describing other fundamental interactions in particle physics.

For more than a century, the close interplay of spectroscopic investigation, theoretical
interpretation and prediction, and the development of new experimental tools have contin-
ued to enhance the level of sophistication of spectroscopicexperiments. This deepened the
understanding of the physics of matter and light, and simultaneously increased the demand
for even more developed experimental techniques. Today, anend to the scientific progress
gained from this interplay is still not in sight.

Concerning experimental tools, apart from light sources and detectors for radiation and
particles, the preparation of well controlled samples of matter has been a cornerstone of all
investigations in atomic physics. Among the early preparation techniques, particle beams are
the most important ones being still in wide use today. They have provided groundbreaking
demonstrations of quantum mechanical effects [53, 100], and have led to the invention of
new spectroscopic techniques constituting the foundationof today’s atomic clocks [159].

In conjunction with the invention of tuneable lasers in 1966[169], which gave birth to
the field of laser spectroscopy, this concept of atomic beam experiments was adapted for
the optical spectrum and continues to provide some of today’s most accurately measured
fundamental physical quantities [136].

New methods of mass selection - or mass spectroscopy - for charged particle beams in
the late 1950s led to the invention of traps for charged particles [40, 145, 146], which offer
the possibility to extend the observation time of atomic samples practically beyond all limits
[66].

A similar trapping technology for neutral atoms could only be developed after the in-
vention of laser cooling, which was proposed around 1975 [200] for free particles [76] as
well as for trapped ions [196], and experimentally demonstrated in 1978 with trapped Ba+
ions [134]. The mechanical effect of light, i.e. the momentum of photons, was employed
to decelerate, deflect and collimate neutral atomic beams [156]. These techniques made it
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1 Introduction

possible to accumulate neutral atoms and cool them to temperatures in the microkelvin range
[10, 38, 87, 108, 124, 167], or in some experiments even to a few nanokelvin [88, 160]. At
these low temperatures neutral atoms can be confined in traps[9, 30], which are based, like
laser cooling itself, on either the scattering force of the photons (in conjunction with a mag-
netic field, [157]), the induced electric dipole moment of polarisable atoms in gradient light
fields [24], or the magnetic dipole interaction [115], all ofthese being very weak compared
to the coulomb interaction employed in charged-particle traps. An overview of trapping
techniques for both charged and neutral particles is compiled in the appendix, A.0.2.

Single, laser cooled trapped ions were first prepared in 1980 [135],and since then estab-
lished themselves as an alternative to atomic beam experiments in highest precision spec-
troscopy [186]. In this field they are complemented by atomicfountain experiments with
large samples of laser cooled neutral atoms, which can be regarded as the successor of atomic
beams [17], and, in the last few years, also by trapped cloudsof neutral atoms [16, 195].

Another application of single trapped ions is their use in quantum optics experiments.
Milestones are the observation of quantum jumps [14, 132, 168], cooling to the quantum me-
chanical ground state of the trap potential [45, 123, 163, 164], the preparation of nonclassical
motional states [113, 122], and the demonstration of logical quantum gates [64, 121]. Studies
of the interaction of an atomic particle with the field mode ofan optical cavity (“cavity quan-
tum electrodynamics, cavity-QED”) also benefit from using trapped particles at a defined
position in the cavity field [129].

Up to now, similar physics with neutral atoms is done with trapped samples of at least a
few thousand atoms, with cold atomic beams, or with untrapped atoms in free fall, which
statistically enter an interaction region. Here, highlights of the last decades include ground
state cooling inoptical lattices[67, 128, 147], pioneering work in cavity-QED [77, 78, 98,
153], and the whole new field of degenerate quantum gases which began with the production
of the first Bose-Einstein condensates (BEC) in 1995 [6, 19, 39].

However, in many of todays experiments it would be advantageous to integrate suitable
techniques to manipulate single or few neutral atoms in a fully controlled way, as is standard
practice using trapped ions. Efforts in this direction havetherefore grown continuously dur-
ing the last few years, and these techniqes will be increasingly important in future projects.
The key to such new manipulation techniques are traps based on the electric dipole induced
by strong laser fields (“optical dipole traps” and “optical lattices”).

This trend towards manipulation and control of individual neutral particles is comple-
mented by a second one, the integration of trapping and guiding structures using micro-
fabricated devices. The first experiments of this kind againwere performed in ion traps
[83, 94, 123]. Last year, microfabricated magnetic traps for neutral atoms and BECs were
successfully introduced [69, 140]. Concerning optical dipole traps, microfabricated optical
elements custom-shape the trapping light fields (c.f. 3.3.2), produce multiple optical micro-
traps with microlens-arrays [48] or even may be used as atom chips similar to the magnetic
ones [47].
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Long-term goals of the presented project

This project aims at combining the advantageous propertiesof experiments with single or
few ions in tight and deep radiofrequency traps on one hand, and of experiments with large
quantities of neutral atoms, stored in wide and shallow traps, on the other hand.

A part of this intermediate regime was already addressed by trapping and cooling inop-
tical lattices, where atoms are trapped individually in a regular standingwave structure of
microscopic dipole trap sites [5, 63, 67, 73, 88, 128, 147, 158, 198]. In these experiments, the
individual trap sites have a spacing on the order of the trap light wavelength, and site occupa-
tion probabilities are typically much smaller than one, theatoms being statistically distributed
over the available sites (for exceptions, see e.g. [42] and [60]).

In contrast, in this work strong emphasis lies on buildingmesoscopictraps, which are large
enough to be reliably filled with several precooled atoms, and at the same time tight enough
to apply cooling techniques which allow manipulation at thelevel of individual motional
states. This requires these motional states to have sufficient energy spacing to be resolved,
i.e. high frequencies of oscillation in the trapping potential (c.f. 2.3.3). Another requirement
for experiments at very low temperatures is that heating processes, part of which can be
intrinsic to the trap itself, are strictly limited.

A particularly interesting situation in such traps is to do many experiments with the same
atom, as is common practice in ion traps. This requires the atoms to stay trapped while
rapidly scattering near-resonant photons for state detection. As will be discussed in 2.3,
substantial trap depth (at least on the order of 1mK), is a prerequisite for this kind of experi-
ments.

Another purpose of these traps is to allow maximally flexiblemanipulation of the atoms,
including the possibility of changing the trap geometry during the experiment. This requires
a highly flexible, modular apparatus, which is able to accomodate for the increasing com-
plexity as the experimental tools develop. Possible applications for such mesoscopic traps
include:� Laser cooling of single atoms to the 3D motional ground stateof the atom in the trap

potential,� coherent manipulation of the motional and electronic states,� investigation of simultaneous cooling of two or more atoms in the same tight potential,
aiming at the study of quantum degeneracy in the case of few particles,� the realization of cavity-QED schemes and of quantum logic gates with neutral atoms
[23, 81, 82].

Optical dipole trapping is the technology chosen to addressthe above challenges. Other
experiments have been developed in the last years, which areclosely related to this work
[99, 171].
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1 Introduction

This thesis

This work describes the design, setup, and operation of a new, highly flexible dipole trap
apparatus, which is used to study various trapping conceptsand technological approaches,
and their applicability to the physical subject area encompassed above.

The thesis is structured into three main chapters:
In chapter 2, theoretical concepts of trapping and cooling of neutral atoms are reviewed,

and useful formulae relevant for experimental implementations are compiled. It starts with
the choice of atomic species, followed by theoretical estimations of dipole trap potentials and
the amount of trap light absorbed and spontaneously scattered by the atoms. The next section
treats laser cooling of atomic particles in different regimes of confinement of the atoms, and
the ultimately achievable low-temperature limit. In the last section, processes which lead
to heating and loss of the trapped atoms are described. At theend of the chapter, these
theoretical tools are applied to design tangible trap concepts with experimentally feasible
parameters.

Chapter 3 describes the actual design and implementation ofthe apparatus, following
the general guidelines established at the end of chapter 2. The main functional units of the
apparatus are treated in separate sections, and the last section describes their integration into
a complex but manageable machine.

Experimental techniques, results, and interpretations constitute chapter 4. It describes the
preparation and detection of dipole-trapped atoms, followed by sections on the application
of various diagnostic tools which are used to characterize the different implemented dipole
traps. Section 4.2.4 discusses an experiment with a dynamically changing trap geometry, and
in the last section first results on the confinement of atoms inrepulsive hollow beam light
fields are presented.
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2 Theoretical concepts

Here the different fundamental physical tasks and problemsare discussed, to derive spec-
ifications for the physical apparatus, and to give a basis to estimate the feasibility of the
intended experiments.

The basic tasks are to trap (Sec. 2.2) and cool atoms (Sec. 2.3), with the ultimate goal
of obtaining coherent manipulation of all internal (electronic) and external (motional) states.
Several processes act against this goal, as discussed in part 2.4, and have to be avoided or
overcome.

Rubidium is chosen as an appropriate atomic species for thisproject. It is introduced in
Sec. 2.1, serves as the example species throughout the thesis, and is the basis for the detailed
trap design considerations at the end of this chapter.

2.1 Rubidium

Many atomic physics experiments usealkalis, the most commonly used being cesium, ru-
bidium, sodium, and lithium. This is because the strong D-lines of these atoms are easily
accessible with tuneable lasers and offer closed sub-transitions suitable for laser cooling.Al-
kali earths (mainly magnesium [75], calcium [62], and strontium [80]) are also used, where
specific features of their increased complexity (singlet and triplet spectrum) are exploited,
e.g. the narrow-linewidth1S-3P transition as a candidate for future optical frequency stan-
dards [195]. Other atomic species frequently used in laser cooling and related experiments
are hydrogen [51], metastable noble gases [162], and chromium [180].

Of the alkalis,lithium provides a bosonic as well as a fermionic stable isotope. Recently,
a mixture of fermionic and bosonic quantum degenerate gaseswas obtained [79], as well
as bright matter solitons from an attractive BEC [179]. Its low mass and unresolvedP -state
hyperfine structure complicate efficient laser cooling. Injection locking is necessary to obtain
sufficient trapping light power near 671 nm from semiconductor laser sources [172]. Despite
these diffculties, it was one of the early elements to be cooled to quantum degeneracy [19].

Sodium is easily cooled and manipulated, and was among the first elements to be cooled
to quantum degeneracy [39]. Since the optical transitions of the D2- multiplett are near
589 nm, a dye laser is required for laser cooling.

Potassiumis difficult to cool optically because theP3=2 state, having a natural linewidth
of 8 MHz, is split by only 33 MHz for39K and 17 MHz for41K, thus not allowing for clearly

5



2 Theoretical concepts

resolved hyperfine states and prohibiting photon scattering on a closed transition [154, 194].
Degenerate Bose- as well as Fermi-gases are obtained by sympathetic cooling with87Rb
[117, 118].

Cesium-133is easily cooled, and all relevant transitions (around 852 nm) perfectly fit
commercially available diode lasers. An unusually large inelastic collision cross section at
high density leads to rapid loss from magnetic traps, where the energetically lowest magnetic
substate cannot be trapped. Until 2002, this prevented the achievement of cesium BECs, but
was recently circumvented by the use of an optical dipole trap [191]. Since the definition
of time relies on133Cs, there is an additional metrological interest in cooling, storing and
manipulating it1.

Francium is trapped as a candidate for parity non-conservation tests[32, 176]. Due to its
high mass, its level structure is heavily influenced by relativistic effects.

Rubidium is similarly easy to cool and manipulate as cesium, was the first element to be
condensed to a BEC [6] and shows unusually low collisional loss in spin-polarized samples
[130]. Collisional frequency shifts are up to 50 times lowercompared to cesium [55, 174].
It is chosen for this work for its compatibility with diode laser sources and high atomic
densities.

2.1.1 General physical properties

Of the naturally abundant isotopes of rubidium, only85Rb (72.2 %) is stable, while87Rb
(27.8 %) is a primordial radioactive isotope decaying into87Sr+�� (�1=2 = 4:88�1010 years
[109]), which is stable. All other isotopes (74Rb to 102Rb) are synthetically generated, with
(half-)lifetimes of 32 ms (101Rb) to 86.2 days (83Rb) [150].

Rubidium at room temperature is a soft solid with density 1.53 g=cm3, which melts at
312.64 K (� 39:5ÆC). At this temperature, it has a vapour pressure of 156�Pa, which falls
off rapidly with lower temperature (roughly an order of magnitude per 20 K). The vapour
pressure can be estimated using the empirical formula [133](pressureP in Torr, temperatureT in K): log10(P ) = A� B=T + C � T +D � log10(T )
with the parameters (index s : solid, l: liquid):As = -94.04826 Bs = 1961.258 Cs = -0.03771687 Ds = 42.57526Al = 15.88253 Bl = 4529.635 Cl = 0.00058663 Dl = -2.99138 .

Recently, the masses were determined in a Penning trap to be2 [20]

m85Rb =84.911 789 732(14) u and m87Rb = 86.909 180 520(15) u .

1Unfortunately a strong ground state elastic collision cross section at low temperatures leads to serious colli-
sional frequency shifts in fountain clocks [105].

21u= 1.660 538 73(13)�10�27kg [120]
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2.1 Rubidium

To summarize, two isotopes of rubidium,85Rb and87Rb, are readily available in similar
natural abundance. At room temperature, the vapour pressure is on the order of several10�7mbar, which is convenient for vapour cell spectroscopy and simple atom trapping and
cooling experiments.

2.1.2 Spectral properties

The electron configuration of Rb in the ground state is 1s2 2s2p6 3s2p6d10 4s2p6 5s1 (in short:[Kr℄5s1), and the first ionization potential is 4.177 127 0(2) eV [103] (2nd : 27.28 eV).
For laser cooling, the 5S!5P-transition of the single valence electron is especiallyim-

portant (Fig. 2.1). Due to LS-coupling (spin-orbit coupling), the 5P-state splits into two
finestructure components with J= 1�1=2, the well known D-doublet of the alkalis with tran-
sition wavelengths of 794.8 nm (S1=2-P1=2, “D1”) and 780.0 nm (S1=2-P3=2, “D2”). Interaction
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Figure 2.1: Energy level diagram of 5S!5P-transition in Rb.

of the electron magnetic moment�e accompanying the electron spinswith the nuclear mag-
netic moment�n (nuclear spinI ) leads to an additional hyperfine splitting. As a result,
two 5S1=2 states exist with quantum numbers F=1, F=2 (87Rb, I= 3=2) and F=2, F=3 (85Rb,
I= 5=2) 3. Both states can be considered ground states, since the natural lifetime of the upper
state is infinite for every practical purpose. For87Rb, the frequency splitting of these ground
states is [17]�87Rb =6 834 682 610.90429 (9) Hz, and serves as a (secondary) frequency standard. The

3Rb-atoms are therefore composite bosons
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2 Theoretical concepts

excited states split into two and four lines for 5P1=2 and 5P3=2 respectively, with a natu-
ral linewidth of� = 2� � 6 MHz, and a total splitting of 12 % (5P1=2) and 7 % (5P3=2)
relative to the ground state splitting. Since the transition 5P3=2,F=3! 5S1=2, F=1 is dipole-
forbidden4, the D2-line offers a strong, closed transition from 5S1=2, F=2 to 5P3=2, F=3, which
is employed for laser cooling.
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Figure 2.2: Relative transition probabilities in the D2-line (5S1=2-5P3=2) of 87Rb, taken from
[114]. The diagram for��-polarization is obtained from the given�+-scheme by changing
all signs of the mF -states.

In a weak magnetic field (Zeeman-splitting small compared tohyperfine-splitting), each
hyperfine state F splits into the statesmF = �F::::F; �mF = 1, with an energy splitting of�EmF = mF gF �B � B, where�B is Bohr’s magneton, B the magnetic field flux density
and gF the g-factor5 for each state in F [22]. The resulting gF for the considered transition is
the difference in gF of the involved levels.

Figure 2.2 shows detailed relative transition probabilities for the D2-line of alkali atoms. A
part of the simplified Rb level scheme is shown in Fig. 2.3, including a selection of transition
wavelengths. Table A.0.1 in the appendix lists gF for I = 3=2, I = 5=2, andI = 7=2 (133Cs,40Ca+) for all states up toL = 3 (F).

4optical pumping into 5S1=2, F=1 mainly occurs through nonresonant excitation of 5P3=2,F=2 (which is supp-
pressed by a factor(3=267)2 � 50=140 = 4:5� 10�5) and subsequent decay into F=1 with prob.1=2 (See
Fig. 2.2 for relative transition probabilities).

5 gF = gj � F (F + 1) + J(J + 1)� I(I + 1)2F (F + 1) � gI �n�B � F (F + 1) + I(I + 1)� J(J + 1)2F (F + 1) ;
where gj = 1 + J(J + 1) + S(S + 1)� L(L+ 1)2J(J + 1) :

SincegI�n=�B � �1=1000 (87Rb, [8]), the term containing this expression in most cases can be neglected.
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Lifetimes are noted near the corresponding atomic levels.
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2 Theoretical concepts

2.2 Dipole traps

This section introduces dipole traps from two different physical points of view considering
two-level atoms, and then extends the results to be applicable to “real world” multilevel
atoms.

First, a mainly classical picture is presented, which develops most properties of practical
interest in an intuitive way. This part is distilled from [61]. In part 2.2.2, a short introduction
is given to a complementary, quantum mechanical description using dressed states [29]. In
the third part, this quantum mechanical picture is extendedto the ground state of multilevel
atoms with fine structure splitting of the excited state.

The discussion of detailed examples is postponed until Sec.2.5 at the end of the chapter,
to take advantage of Sec. 2.3 on cooling, and Sec. 2.4 on heating and loss.

2.2.1 Classical picture - the Lorentz force

First, a classical system is considered consisting of a polarizable particle in an oscillating
electric field E(r; t) = 12(ê ~E(r) exp�i!t + 
:
:) , with unit polarization vector̂e, field
amplitude ~E, and frequency! of the field. E induces an electric dipole momentp with
amplitude~p = � ~E.� = �(!), thecomplex polarizability, governs the interaction potential ofp in the driving
fieldE: Udip = �hpEi = � 12�0
Re(�)I ; I = �0
2 j ~Ej2 : (2.1)I is the field intensity,h : : :i denotes a time average over many oscillations of the driving
field, and since the dipole moment is not permanent but induced, a factor of1=2 has to be
applied.

The gradient ofUdip is thedipole forceFdip, which is conservative :Fdip = �rUdip(r) = 12�0
Re(�)rI(r) : (2.2)

The imaginary part of�, i.e. the out-of-phase component of the dipole oscillation, leads
to absorption of power from the driving field, which is then re-emitted as dipole radiation
from the particle, Pabs = h _pEi = 2! Im(�) I(r) ; (2.3)

and, to leave the strictly classical picture, can also be viewed as a stream of photons scattered
by the particle with thescattering rate�s
(r) = Pabs~! = 1~�0
 Im(�)I(r) : (2.4)

To summarize, the dipole interaction potential is a function of the real (dispersive) part
of the polarizability�, and photon scattering is due to the imaginary (absorptive)part, while
both are proportional to the position-dependent intensityof the driving field.

10



2.2 Dipole traps

The next step therefore is to find an expression for the frequency dependent polarizability�(!) of the particle. This is done in the following, starting again with a classical picture,
the well knownLorentz-atom, which consists of an electron elastically bound to a core with
an eigenfrequency!0 (corresponding to the frequency of a considered atomic transition).
Damping is due to the dipole radiation emitted by the accelerated electron with rate�!.
Integrating the equation of motion�x + �! _x + !20x = �e=me E(t) for the driven oscillation
of the electron gives :� = e2me 1!20 � !2 � i! �! ; �! = e2!26� �0 me 
3 (2.5)) � = 6� �0 
3 �=!20!20 � !2 � i(!3=!20) � ; (2.6)

where� in (2.6) is the damping rate on resonance,� = (!0=!)2 �!, corresponding to the
spontaneous decay rate of the excited level. For most atoms this spontaneous decay rate
is best obtained from experimental data, but this classicalapproach nevertheless provides a
good approximation in certain cases, and is accurate to within few percent for the D lines of
the alkalis (except Li).

Equation (2.6) does not hold for a significant population of the excited state (saturation),
but in most dipole trap experiments this is avoided anyway. Eq.(2.6) is therefore used to
derive explicit expressions for the dipole potential and the scattering rate in the case of large
detunings and negligible saturation:Udip(r) = �3� 
22!30 � �!0 � ! + �!0 + !� I(r) ; (2.7)�s
(r) = 3� 
22~!30 � !!0�3 � �!0 � ! + �!0 + !�2 I(r) : (2.8)

By application of therotating wave approximation(RWA), which holds for detunings� �! � !0 � !0, and!=!0 � 1, these expressions simplify to:Udip(r) = 3� 
22!30 �� I(r) ; (2.9)�s
(r) = 3� 
22~!30 � ���2 I(r) : (2.10)

For negative detuning, i.e. light frequencies below the atomic resonance frequency, the po-
tential is negative and atoms are attracted into the light field (red-detuned trap).
For positive detuning, i.e. light frequencies above the atomic resonance frequency, the po-
tential is positive and atoms are repelled from the light field (blue-detuned trap).
Traps operating within the validity of the RWA, but with negligible saturation, are calledfar
off resonant (dipole) trap(FORT). The dipole potential scales asI=�, whereas the scattering
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rate scales asI=�2. Thus, for a given potential depth, the scattering rate can be reduced by
increasing both detuning and intensity:~�s
 = ��Udip (2.11)

In quasi-electrostatic traps(QEST, [182]), with trapping light frequencies much lower
than the atomic transition frequency, the static polarizability of the particle can be applied to
eqs.(2.1), which for alkali atoms is well approximated by! ! 0 in eqs.(2.7) and (2.8):Udip(r) = �3� 
2!30 �!0 I(r) ; (2.12)�s
(r) = 3� 
2~!30 � !!0�3� �!0�2 I(r) : (2.13)

In contrast to a FORT, this trap does not rely on a specific transition, and therefore traps all
internal states of an atom simultaneously, as well as different atomic or molecular species.

2.2.2 Atoms in a quantized light field - dressed states

As a complementary view to the preceding section, a quantum mechanical picture [29] is
sketched in this section, treating a quantized atom interacting with a quantized monochro-
matic single mode laser field. Eigenstates of this system exist which are calleddressed states.
The variation of their corresponding eigen-energies as a function of intensity and detuning
of the field, thelight shift, again translates intensity into dipole potentials.

All this is again done considering only a two level atomic system, but now, for a given
state, a sum over light shifts due to all possible transitions to other states can be performed
which results in the total light shift of this state, as presented in 2.2.3.

To simplify the description, the atom is assumed to be placedinside a large, lossless ring
resonator, whose spatial field mode and intensity at the position of the atom corresponds to
the laser mode of the experiment under study. The ratio of theaverage number of photonshNi to the mode volumeV of the cavity (the energy density) is kept constant, whileV !1 to avoid effects of the cavity on the spontaneous emission ofthe atom. Assuming the
laser mode to be in a coherent state, the width of the photon number distribution is�N =pN . Then, also�N ! 1, which allows one to assume a negligible effect of spontaneous
emission onN within durationT of the experiment.

In short:hNi � �N � �T � 1; and hNi=V = 
onstant.
Uncoupled states

Consider first only the atom, with eigenstatesjai (energy 0) andjbi (energy~!0), and the
laser mode containing photons of energy~!L, with the respective HamiltoniansHA = ~!0jbihbj ; HL = ~!L(âyâ+ 12) ; (2.14)
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2.2 Dipole trapsây; â being the creation and annihilation operator respectivelyfor photons in the laser mode.
The eigenstates of the systemHA+HL are labelled by the atomic quantum number (a or b),
andN denotes the number of photons in the laser mode.

The energy levelsja;N + 1i andjb; Ni, forming the manifoldE(N), are spaced by~�L,
where�L = !L� !0, whereas corresponding levels of successive manifolds areone photon
energy~!L apart. In most situations of practical interestj�Lj � !0, as sketched in the left
part of Fig. 2.4.
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Figure 2.4: Uncoupled states (left) and coupled states (right) of the atom-field system

Atom - photon coupling

Now the (electric dipole-) interactionHAL is introduced, which is the atomic dipole operatord times the laser field operatorE, evaluated at positionr of the atom:HAL = �d �E(r) = g ( jbihaj+ jaihbj ) (â+ ây) ; (2.15)

the coupling constant beingg = �ê � dabr ~!L2"0V ; with dab = hajdjbi = hbjdjai ; (2.16)

andê is the laser polarization as in 2.2.1.HAL couples the two states of each manifoldE(N)
resonantly to each other6. The corresponding matrix element is:vN = hb; N jHALja;N + 1i = gpN + 1 ' gphNi : (2.17)

The last expression is valid if the relative variation�vN=vN of the coupling is small over
the range�N , which is the case since�N � N . In this case, the energy-level diagram

6nonresonant couplings between states ofE(N) andE(N � 2) are neglected.
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obtained from the diagonalization ofHA +HL +HAL can be assumed to have fixed spacing
for N varying over the range�N .

Since the laser mode is well approximated by a coherent statejphNi exp (�i!Lt) i of
photon numberN , the expectation valuehE(r)i of the (quantum) laser field may be taken to
obtain the interaction.hE(r)i can then be treated as a classical field [56, 57]:hE(r)i = ê ~E0 
os!Lt ; ~E0 = 2r ~!L2"0V phNi : (2.18)

The (on-resonance)Rabi frequency
 is defined as~
 = �dab � ê ~E0 ; (2.19)

which allows the resonant coupling (2.17) to be written asvN = ~
=2 ; i:e: g = ~
2phNi : (2.20)

Dressed states

Taking now into account the couplingvN betweenja;N+1i andjb; Ni, two new eigenstatesj1(N)i andj2(N)i are obtained. These are calleddressed states.j1(N)i = sin �ja;N + 1i+ 
os �jb; Ni (2.21)j2(N)i = 
os �ja;N + 1i � sin �jb; Ni (2.22)tan 2� = �
=�L 0 � 2� � � (2.23)

Using (2.20) it turns out that each pair of dressed states (inthe range�N aroundN ) is
separated by ~
0 = ~q�2L + 
2 ; (2.24)

symmetrically located with respect to the unperturbed levels, as shown in the right part of
Fig. 2.4.

Figure 2.5 visualizes the energies of the dressed levels relative to the energy of the un-
coupled stateja;Ni as a function of photon energy~�L. They form the two branches of a
hyperbola having the unperturbed statesja;N + 1i andjb; Ni as asymptotes for large�L.

On resonance,!L = !0, the distance between the perturbed states is minimum with a
spacing of~
, and the unperturbed states are maximally mixed (
os � = sin � = 1=p2).

The distances ofj1(N)i; j2(N)i to their nearest asymptotes represent the light shifts of
the atomic statesjai andjbi due to the coupling. The shift in energy of a single state due to
coupling to the other state is thus:ÆE = ~
0 � ~j�Lj2 = ~2(q�2L + 
2 � j�Lj) = ~j�Lj2 (q1 + 
2=�2L � 1) : (2.25)
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Figure 2.5: Energies of the dressed levelsj1(N)i and j2(N)i versus laser photon energy.
Dashed lines represent energies of the uncoupled levelsja;N + 1i andjb; Ni.
For laser fields tuned below the atomic resonance, the groundstatejai experiences a light
shift to lower energies (changing thus to statej2(N)i, slightly contaminated by the excited
atomic statejbi ), and above resonance the ground state is light shifted to higher energies.
The light shift of the atomic statejbi has opposite sign. In an inhomogeneous light field
this leads to a spatially varying shift of potential energy,and its gradient again to the dipole
force. A light field causing this light shift, which traps two-level atoms in their ground state,
is antitrapping for the excited state of this atom. In the case of low saturation, the ground
state light shift constitutes the potential relevant to atomic motion (for the case of saturation
it is multiplied by the population difference).

In the limit �L � 
, the expression
p1 + 
2=�2L of eq. (2.25) can be expanded in a

Taylor-series to first order, which results inÆE = ~4 
2�L (2:20)= v2N~�L : (2.26)

To obtain a formula in terms ofI and� (as in 2.2.1), the spontaneous decay rate is derived
from the dipole matrix element :� = !303�"0 ~ 
3 jhajdabjbij2 : (2.27)

UsingI = 12"0
 j ~Ej2 (cf. eq. (2.1)) and (2.19) to substitute into (2.26), this gives:ÆE = 3�
22!30 ��L I : (2.28)
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2.2.3 Multilevel atoms

In essentially all cases of far-off-resonant dipole trapping, the employed atomic transition
has a substructure, which has to be taken into account when computing dipole potentials for
the individual levels (in addition, new effects occur due tooptical pumping between different
states [36, 37]).

In the following, an optical transition is considered from aground state with angular
momentumJ to an excited state with angular momentumJ 0. The transition matrix elements
now depend on the hyperfine state and the magnetic substate ofthe considered levelsjii andjji, and upon the laser polarization. They can be expressed using (real) Clebsch-Gordan
coefficientsCij and a reduced matrix elementhJ 0jjdJ 0J jjJi ashijdijjji = CijhJ 0jjdJ 0J jjJi ; (2.29)

wherehJ 0jjdJ 0J jjJi, depending on the electronic orbital wavefunctions only, corresponds todab of a two-level atom, and in this sense fulfills eq. 2.27, usingthe statesjJi, jJ 0i as input
states. The squared Clebsch-Gordan coefficientsC2ij � 1 are proportional to the line strength
factors given in Fig. 2.2. Their calculated values are foundin tables.

As a generalization of (2.28), in an n-level atom, the total level shift�Ei of a statejii is
obtained by summing up all contributions due to coupling to other statesjji, which, using
(2.29), gives: �Ei = 3�
2�2!30 I �Xj C2ij�ij : (2.30)�ij is the detuning of the laser field from the transitioni! j.

Based on the above equation, one can derive a general expression for the light shift of a
ground state of total angular momentumF and magnetic quantum numbermF , valid in the
limit of large laser detuning (compared to the hyperfine splitting of the electronic excited
state). In the case of an alkali withJ = 1=2 and fine structureJ 01 = 1=2; J 02 = 3=2, this is
[61]: Udip(r) = �
2�2!30 �2 + PgFmF�2;F + 1� PgFmF�1;F � I(r) : (2.31)

The detunings�1;F ; �2;F of the laser frequency are referenced to the atomic transition fre-
quenciesS1=2; F ! P1=2 andS1=2; F ! P3=2 (the D1 and D2 line), using the weighted
centers of the hyperfine-split P-states.P encodes the laser polarization, beingP = 0 for
linear (� -), andP = �1 for circular (�� -) polarization.

For linear polarization, the scattering rate in the limit stated above is accordingly:�s
(r) = �
2�22~!30  2�22;F + 1�21;F ! I(r) : (2.32)
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2.2 Dipole traps

Remarks :

1. The assumption of unresolved excited state hyperfine splitting allows sum rules to be
applied to the line strength factorsC2ij of eq. (2.30), thereby greatly simplifying the
calculation [43]. In this approximation, and for purely linear polarization, all magnetic
substates of a hyperfine ground state are shifted by the same amount, thus maintaining
degeneracy (c.f. Fig. 2.2).

2. The above formula does not allow application to situations with mixed polarizations,
where Raman-processes would introduce a couplingbetweenmagnetic substates of a
ground state (c.f. 2.3.2).

3. Optical pumping can change the internal atomic state and therefore change the ef-
fective potential. Additional non-conservative contributions may then arise from the
dipole interaction, an exemplary effect being the well known Sisyphos cooling process
[11].

4. Circularly polarized light leads to level shifts of magnetic substates equivalent to a
magnetic field [28]. This effect is calledfictitious magnetic field[201].

5. In the case of significant population of excited states, the effective average dipole po-
tential is the average of the potentials of all populated states, weighted by their occu-
pation probabilities [36].

6. The excited level primarily considered for the determination of the ground state shift,
is itself additionally shifted due to coupling by the same field to higher lying excited
states. In some situations it might be possible to find a dipole trap (“magic” ) wave-
length near such a resonance between excited and higher lying states, where the sum
of the shifts acting on the excited states is the same as the ground state shift [90]. In
this case, the optical transition wavelength from ground toexcited state remains un-
changed, i.e. independent of the spatially varying trap laser intensity. Note however
that in alkali atoms all magnetic substates have to be considered separately, such that
no general magic wavelength is found for an F!F’ - transition [3]. Concerning the
ground state(s), sum rules apply in linearly polarized dipole traps, which lead to equal
shifts of all magnetic substates (c.f. Fig. 2.2).
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Figure 2.6: TransitionsJ = 1=2! J 0 = 1=2 (upper part) andJ = 1=2! J 0 = 3=2 (lower
part) with linestrength factors (squared Clebsch Gordan coefficients) (left), and light shifts
for linearly (center) and right circularly (right) polarized light.
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2.3 Laser cooling

2.3 Laser cooling

2.3.1 General principles of laser cooling

In the elementary process of absorption of one photon by an atom, followed by spontaneous
emission of another photon, two photon momenta (photon recoils, p = ~k = ~2�=� ) are
transferred to the atom. The average change of the atom’s kinetic energy due to one recoil isEre
 = p22m = ~2k22m � ~!re
 : (2.33)

Repetitive absorption of laser photons (k = kL) leads to a directed drift or acceleration of
the atom along the direction of the laser beam, whereas the spontaneous photons (k = ks)
in free space are emitted in an arbitrary direction, resulting in a random walk of the atom in
momentum space with step size~ks, which is observed as diffusion orheatingof the atom.

A general laser cooling principle therefore is to make the absorption probability small for
slow (cold) atoms.

The cooling limit, i.e. the final temperature, then depends on the ability of the cooling
process to discriminate atom momentum aroundpatom = 0.

Two different regimes for cooling are considered in this chapter, described in two different
representations :� Free atoms (or in shallow traps,!re
 � !trap), discussed in part 2.3.2 in terms of

momentumkicks acting on the atom, and� trapped atoms (!re
 � !trap), discussed in part 2.3.3, where the allowed motional
energy levelsof the atom are separated by much more than the recoil energy,so that a
single photon recoil is likely not to change the motional state of the atom.

2.3.2 Cooling free particles

Two-level atoms: Scattering force

According to the original idea of laser cooling [76, 196], the time-averaged momentum trans-
fer due to resonant scattering of photons by an atom leads to anetscattering forceFs
, which
is the photon momentum~k times the maximum scattering rate�=2 times Lorentzian line-
shape of the atomic resonance:Fs
(v) = ~k�2 s1 + s+ [ 2 (�� k � v) =� ℄2 : (2.34)

Here,s = I=I0 = 2
2=�2 is thesaturation parameter, i.e. the intensity of the light field, nor-
malized to the saturation intensityI0 � �h
�=3�3, and the Doppler shift causes the effective
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detuning to be� � k � v. The concept of a mean force breaks down if a single scatter-
ing event changes the atomic velocityv by more than a fraction of the atomic linewidth,
imposing the condition ~k2=m� � ; (2.35)

which is well satisfied for the strong dipole transition of Rubidium and most other atoms
used in laser cooling7.

As the simplest case in laser cooling, consider the one-dimensional motion of an atom in a
light field consisting of two counterpropagating plane waves, red detuned with respect to the
atomic resonance. The Doppler effect then causes the wave counterpropagating the atomic
motion to be shifted closer to resonance, resulting in increased photon scattering, whereas
the copropagating beam is shifted out of resonance and is less strongly scattered. Assuming
low saturation (s � 1) and low velocity (kv � �), the forcesF+; F� due to the co- and
counterpropagating beams (k = +k;�k) simply add up to give the resulting net forceFnet = 4~k2sh1 + �2�� �2i2 2�� v = �av : (2.36)

Fsc Fsc Fsc

v v v

0 00

0 0 0

Figure 2.7: Scattering force versus velocity for three different detunings :� = �=6 (left), � = �=2 (center), and� = 3�=2 (right).

The case� < 0 leads to damping of the velocity at a rate_v=v = �a=m. The ForcesF+; F�; Fnet are plotted in Fig. 2.7 as a function of velocity. The largestdamping force
aroundv = 0 appears for� = �=2. In the linear part aroundv = 0, it is effectively a friction
force.

In order to determine the minimum temperature achieved by this cooling process, the
fluctuations of the scattering force have to be taken into account as a fundamental source of
heating. The cooling limit will then be given by the temperature where cooling and heating
rates are equal. For simplicity, again a fictitious one-dimensional situation is assumed, where
photons are absorbed and emitted only along the axis of propagation of the plane waves.

7Narrow transitions can be broadened by coupling them to a strong dipole transition, using an additional laser
field (c.f. 2.3.3 below). This has been done to cool Ca and Sr [16, 89].
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2.3 Laser cooling

The fluctuations are caused by (1) statistical variations inthe number of absorbed photons
per unit time, and (2) the random direction of emitted photons. Both effects lead to a random
walk of the atom in momentum space with a step size of magnitude~k, each scattering event
representing two (independent) steps8. A momentum diffusion coefficientDp is defined asDp � h _p 2i=2 = �s
 ~2k2 ; (2.37)

such thatDp=m = _E is the heating rate. The quantity�s
 = � I=I01 + �2�� �2
is the total scattering rate due to both plane waves, each of intensity I. The kinetic energy is
decreased by the damping force asF � v = �av2 . Setting the sum of heating and cooling
rate to zero, one gets: Dp=a = mv2 (2:35)= mhv2i (�)= kBT : (2.38)

The last step (�) uses the equipartition theorem, taking the mean kinetic energymhv2i=2 as
the thermal energykBT=2 in one degree of freedom.

The result for the one-dimensional case and in the limit of low saturation and small veloc-
ity is : kBT = ~�4 1 + (2�=�)22�=� ; kBTmin � kBTDopp = ~�2 : (2.39)

Although obtained for the rather artificial assumption of spontaneous emission only along
a single dimension, it can be shown [107] that the temperature in a symmetrical three-
dimensional case is also given by (2.39).

Multilevel atoms: position dependent optical pumping

The result for the cooling limit (2.39) of the preceding paragraph is valid only for atoms
with non-degenerate ground state levels and strong dipole transitions. In many real atoms,
however, hyperfine structure gives rise to additional cooling mechanisms. They appear as a
modification of the force which acts on an atom having a velocity close to zero, and they can
lead to temperatures far below the Doppler cooling limit.

These mechanisms are caused by nonadiabatic optical pumping in polarization gradients
(spatial variations in light field polarization) [37, 187].This nonadiabaticity can be quantified
by the ratio between the distancev� traveled by an atom during its internal relaxation time�
and the laser wavelength�L : � = v��L = kv� : (2.40)

8After N scattering cycles :p(N) = p0 + (N �pN)~k) E(N) = p(N)2=2m = [(p0 +N~k)2 +N(~k)2℄=2m
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2 Theoretical concepts

A two level atom has only a single internal timescale, given by the lifetime of the excited state� = 1=�, such that� = kv=�. In atoms with several Zeeman-sublevels in the ground state,
such as alkali atoms, a second timescale�P is given by the mean time it takes to transfer
population by a fluorescence cycle from one sublevel to another one. This introduces a
second adiabaticity parameter�P , related to the mean scattering rate of incident photons�s

by �P = kv�P = kv=�s
. At low laser power (
 � �), �P � � and therefore�P ��. Nonadiabatic effects can thus occur at velocities small compared to those which can be
Doppler-cooled, and large friction forces may be applied toslow atoms, if the internal atomic
state strongly changes with position in the laser field.

Two complementary situations are favoured as (one-dimensional) model systems, distin-
guished by the nature of change to the atomic states imposed by the light field :

Sisyphos coolingacts in counterpropagating laser fields of linear and mutually orthog-
onal polarizations (lin ? lin - configuration). Along the axis of these light fields, the local
polarization produced by the superposition of both fields changes with a periodicity of�=2,
each such�=2-period containing four domains of alternating linear and circular polarizations,
smoothly transforming into each other, domains in the second half period being orthogonally
polarized with respect to corresponding domains in the firsthalf period. In the circular parts
of the light field, the magnetic substates of an atomic groundstate encounter different light
shifts due to different coupling strengths (c.f. Fig. 2.6).Optical pumping then preferentially
populates the energetically lowest magnetic substate(s):In �+-light, m= �1 has higher en-
ergy than m= +1, and absorption occurs with�m= +1, while in emission�m= 0;�1
(vice versa for change of sign in the field or the state). In low-intensity fields, redistribution
between these ground states can be slow compared to the change of light polarization caused
by the velocity of the atom, so that adiabaticity is not maintained. Therefore, by entering a
region of different polarization, the atom gains potentialenergy, which may then be dissi-
pated by an optical pumping process preferentially ending in the substate of lowest energy,
which is different from the previous one (i.e. emitting a photon higher in energy than the
one absorbed). The atom thus undergoes cycles of climbing potential hills, being optically
pumped preferentially near the top of these hills to near thebottom of a level of lower poten-
tial energy, and losing kinetic energy which is dissipated by the fluorescence photons. The
position dependent change in atomic state in this situationis the change in energy of the
eigenstates of the atom at rest.

A different polarization gradient cooling mechanism occurs in light field configurations
consisting of two counterpropagating laser beams having orthogonalcircular polarization
(�+ � �� - configuration). In these fields, the resulting polarization is linear withconstant
field amplitude along the axis, but the polarization vector rotates as a function of axial posi-
tion by 2� per�9.

9Generally, two plane waves of equal frequency!L, propagating in opposite directions along a common axisez, can be written as E(z; t) = E(z) exp(�i!Lt) + 
:
: ; (2.41)E(z) = E0 � eikz + E 00 �0 e�ikz ; (2.42)
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2.3 Laser cooling

Since the polarization is linear everywhere, the differentlight shifts of the ground state
sublevels10 are constant in space (along the axis), so no Sisyphos-effect is possible in this
configuration. Instead, the wavefunctions of the ground-state Zeeman sublevels are spatially
aligned with respect to the light field polarization vector and therefore depend on axial po-
sition. This causes a motion induced atomic orientation along ez, which gives rise to an
imbalance in absorption probability of the two counterpropagating beams leading to a net
friction force, as described in more detail below following[37]:
Consider first anatom at rest at z = 0, with the transitionJg = 1! Je = 2. The quantiza-
tion axis is taken along the local polarization (i.e.�y at z = 0), andjgmiy ; m = f�1; 0; 1g
denote the eigenstates ofJy, the component ofJ along this axis. The�-transitions driven

e−2 e−1 e 0 e+1 e+2

g−1 g 0 g+1

12/31 1/21/2

1/2 1/2

1/61/6

g−1 y
g 0 y

g+1 y

1 14/3

Figure 2.8: Level scheme (left) and ground state light shift (right) in an atomJg = 1! Je = 2 (taken from [37]).

by the light field cause a population difference between the statesjg�1iy and jg0iy due to
different transition matrix elements and branching ratios(c.f. left part of Fig. 2.8) for pro-
cesses pumping intojg0iy compared to those pumping out ofjg0iy. In addition, the stronger
coupling ofjg0iy to the excited state causes an increased light shift�0 of this level compared
to the outer levels. This situation, including populationsand relative light shifts, is sketched

whereE0; E 00 are the amplitudes of the two waves and�; �0 their polarizations.
In the�+ � �� - configuration,� = � 1p2(�x + i�y) and �0 = + 1p2(�x � i�y) ; (2.43)

such that E(z) = 1p2(E 00 � E0) �X � ip2(E 00 + E0) �Y (2.44)

with

��X�Y � = �
os kz � sin kzsin kz 
os kz ���x�y� : (2.45)

10Contrary to the situation discussed in 2.2.3, here the detuning is typically only several�, resulting in different
light shifts for differentjmF j.
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in the right part of Fig. 2.8, and is valid for any position of the atom alongez, since the axis
of quantization islocally defined.

A moving atom, on the other hand, in its rest frame is acted upon by a linearly polarized
light field with a polarization vector rotating aroundez with the velocity dependent angular
frequency _� = kv. Changing to a co-rotating frame, such that the polarization again is
fixed in this frame, introduces an additional inertial field (Larmor’s theorem), appearing as a
fictitious magnetic field parallel toez with an amplitude such that�Larmor = kv. Therefore,
the Hamiltonian of the system in the moving frame contains anadditional termHrot =kvJz. SinceJz has nonzero matrix elements among the eigenstates ofJy, Hrot introduces a
velocity-dependent coupling betweenjg0iy andjg�1iy. A computation ofhJzi in the basis of
the new (perturbed) eigenstatesfjgmiyg yields in steady statehJziss � ~(P1 � P�1) = 517 2~kv�00 ��01 = 4017 ~kv�00 ; (2.46)

where the fixed ratio�01 = 34�00 has been used, which is given by the branching ratios in Fig.
2.8. From this result the population differenceP1 � P�1 of jg1iz , jg�1iz is obtained, which
would be zero forJg = 1=2, since�01 = �00 in this case. An atom in statejg�1iz absorbs
a ��-photon six times more likely than a�+-photon (vice versa forjg+1iz). Moving in
directionez, the statejg�1iz of the atom is preferentially populated with respect tojg+1iz and
causes unbalanced radiation pressure which damps the motion of the atom. The imbalance
in scattering rate is (P1 � P�1)�s
 � kv�s
�0  F � ~k2 �s
�0 v : (2.47)

Since�s
 and�0 are both proportional to light intensity, the damping forceF at low power
(neglecting saturation) is independent of intensity11, in contrast to Doppler cooling. The
velocity capture range, on the other hand, is proportional to the intensity (again in contrast to
Doppler cooling).

In three dimensional standing waves, light fields are much more complex such that gen-
erally both polarization gradient cooling mechanisms contribute.

2.3.3 Cooling in trap potentials

Harmonic traps - basic relations

A particle in a harmonic trap encounters a forceF towards the trap center, which is propor-
tional to the deviationr of its position from this center :F = �Kr . The force is caused
by the gradient of the (parabolic) trap potentialU = �Kr2=2 = m!2 r2=2, and leads to a
frequency of oscillation �trap = 12�pK=m ; (2.48)

11This independence also applies to Sisyphos cooling
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2.3 Laser cooling

independent of the oscillation amplitude (m denotes the mass of the particle).
Quantum mechanically, this leads to a set of motional (phonon) eigenstatesjni; n =0; 1; 2; ::: with constant energy spacingE(n + 1)� E(n) = h �trap (2.49)

and zero point energy E(0) = 12 h �trap : (2.50)

In the three-dimensional harmonic oscillator, the three dimensions separate, and the statejnx; ny; nzi has the energyE(nx; ny; nz) = Ex(nx) + Ey(ny) + Ez(nz) : (2.51)

This means that motional energy from an oscillation along one axis is not coupled into motion
along orthogonal axes by the trap potential.

The spatial spread of the wavefunction of the motional statejnqi along dimensionq 2fx; y; zg is : �0q(nq) =p2nq + 1� �q ; �q =s h2m�q ; (2.52)

where�2q � hnqjq2jnp i, and�q =ph q2 i is theground state extension.

Lamb-Dicke regime

TheLamb-Dicke parameter�q is defined by the ratio of ground state extension to wavelength
of the atomic transition�A :�q � �q�A =r�re
�q ; �0q(nq) =p2nq + 1 �q : (2.53)�0q(nq) is the modified Lamb-Dicke parameter for motional statesjnqi ; nq � 0, and�re
 =Ere
=h is the recoil frequency shift.

In the limit �0q � 1 (quasi free particles), the previous part on free atoms can be applied,
where every single photon recoil changes the motional stateand the picture of momentum
drift and diffusion is appropriate. The following discussion treats cooling of tightly trapped
particles, i.e. the limit�0q � 1 . This is done in terms of energy or motional quantum number
(phonon state) as introduced in the previous paragraph.

Changing to the rest frame of the particle oscillating in directioneq with frequency�q,
the laser light is frequency modulated by�q, thus showingmotional sidebands. In the Lamb-
Dicke regime, transitions between different motional states are suppressed by the Franck-
Condon principle, their transition probabilities being advantageously expanded in orders of
the Lamb-Dicke parameter�q. Only the first term of order�0q (carrier transition) and the
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following terms of order�2q (first sideband transitions) have to be considered in this regime,
while terms of higher order in�q are much smaller and are therefore usually neglected. As
sketched in Fig. 2.9 for a two-level atom, five individual transitions then contribute, having
the relative probabilities given in table 2.1 (indexq omitted).
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Figure 2.9: Relevant absorption-emission processes in theLamb-Dicke regime. Labels cor-
respond to those used in the text.solid lines:absorption of a laser photon by an atom in statejg; n i, dashed lines:spontaneous decay of an excited atom to the ground state.

1. �nabs = 0 ; �nem = 0 : p1 = 1�2L + (�=2)2
2. �nabs = 0 ; �nem = +1 : p2 = (n+ 1)�2�2L + (�=2)2
3. �nabs = 0 ; �nem = �1 : p3 = n�2�2L + (�=2)2
4. �nabs = �1 ; �nem = 0 : p4 = n�2(�L + �trap)2 + (�=2)2
5. �nabs = +1 ; �nem = 0 : p5 = (n+ 1)�2(�L � �trap)2 + (�=2)2

Table 2.1: Relative probabilities of the five lowest order transitions of a two-level system in
the Lamb-Dicke regime.
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2.3 Laser cooling

Spontaneous emission processes changing the motional state fromn ton+1 (ton�1) are
suppressed by the factor(n + 1)�2 (resp.n�2) relative to emission maintaining the phonon
number. Similarly, (resonant) absorption on the motional sidebands is suppressed by the
same factor relative to the carrier. Heating processes (�n = +1) therefore generally are
more likely than cooling processes (�n = �1) by (n+ 1)=n, this difference in probabilities
representing on average an increase in energy by oneEre
 per cycle.

The general cooling principle applied in this situation is to make transitionsn ! n � 1
more likely than transitionsn ! n + 1 (and thus to inhibit absorption for cold atoms) by
proper choice of detuning of the laser field.

This is discussed first for!trap < � (weak confinement), where the motional sidebands are
not resolved by the atom, because the lifetime of the excitedstate is shorter than the period
of oscillation, and then for!trap > � (strong confinement), where the motional sidebands are
resolved by the atom because many trap oscillations occur during the excited state lifetime.

Unresolved motional sidebands : Doppler cooling

As shown in Fig. 2.10, an imbalance in transition probabilities is created by tuning the laser
to the red slope of the atomic line. Absorption on the red sideband is favoured relative to
absorption on the blue one due to the spectral response of theatom. Obviously, the best
discrimination is obtained at a detuning of�=2 (the steepest slope), thus yielding the highest
cooling rate (� ��trap in a two-level system). The cooling limit is given by [178]hni = 12 � + 
os2 �
os2 � �=2!trap ; (2.54)

where� is the angle of the wavevector relative to the considered oscillation direction of the
particle, and1=5 � � � 2=5 is a geometrical factor, describing the average projectionof a
spontaneous recoil on the motional axis, and thus dependingon the azimuthal distribution of
the spontaneously scattered photons (isotropic scattering : � = 1=3). At optimum detuning
the cooling limit turns out to be the same as in free space Doppler cooling (c.f. eq. (2.39)),
although a different mechanism is at work.

Resolved sideband (Raman-) cooling

The same pictures can be drawn for resolved motional sidebands (Fig. 2.11). Here it is possi-
ble to tune the laser into resonance with only the red sideband, i.e. the carrier is tuned below
the atomic resonance by!trap � �. Then process (4) is resonant, while the carrier transitions
(1)...(3) and the heating on the blue sideband (5) are off-resonant and therefore suppressed.
Most absorption events thus cool by one phononh�trap, and the subsequent spontaneous
emission preferentially leaves the motional state unchanged, as already mentioned above.
The cooling limit is in this casehni = � �=2!trap�2 � �
os2 � + 14� : (2.55)
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b rC bCrν ν

Figure 2.10: Cooling in the case of weak confinement.left: rest frame of the atom,right:
laboratory frame.

b C r r bC νν

Figure 2.11: Cooling in the case of strong confinement.left: rest frame of the atom,right:
laboratory frame.

Since here� � !trap, this technique can cool atoms to mean energies approachingthe
ground state of the motional oscillator [45, 95, 163].
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Figure 2.12: Raman cooling of an alkali atom.

Sideband cooling is usually employed
on dipole-forbidden transitions, since trap
frequencies even in ion traps do not sig-
nificantly exceed the linewidths of dipole
transitions. In many cases, it might be ad-
vantageous to implement a slightly modi-
fied cooling scheme, taking advantage of
the multilevel structure of atoms [67, 123,
147, 189].

Such a scheme is sketched in Fig. 2.12,
using the hyperfine split S1=2 ground state
of an alkali atom, or Zeeman shifted mag-
netic substates in an atom without nuclear
spin. Here, Raman transitions are driven
between the two stable internal statesjgi

and jei of the atom, by a pair of lasers far detuned from an allowed transition to an auxil-
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iary statejai. The relative detuning of these lasers is chosen to resonantly couplejg; ni andje; n� 1i with Rabi frequency
R (see remarks below). This Raman transition serves as the
absorption process on the red sideband as discussed before in the two-level system.

Sincejei is stable, the spontaneous scattering process required to close the cooling cycle
has to be driven with the help of a third laser field, the repumplaser, resonantly couplingjei
to jai, the latter being connected tojgi (andjei) by a dipole allowed transition with the total
decay rate�. This optical pumping with Rabi frequency
p limits the lifetime�p of jei and
thus introduces an effective linewidth�p(
p) � 2��p / 
2p� : (2.56)

Remarks :

1. As in the two-level system, the motional sidebands are resolved by the Raman-transition
if �p(
p)� !trap, imposing an upper limit on
p and the maximum cooling rate.

2. Depending on the branching ratio, the population pumped to jaimay decay either intojgi or back intojei. Therefore several pump-emission cycles may be required toclose a
complete cooling cycle by spontaneous emission fromjai to jgi. The optical pumping
process therefore may contribute to average heating by muchmore than one recoil per
cooling cycle [125].

3. 
R = 
1
2=(2�), where
1;2 are the respective two-level on-resonance Rabi frequen-
cies (c.f. Sec. 2.2.2) for the transitionsjgi ! jai andjei ! jai. For optimum cooling,
R � 
p .

4. Geometry: Although cooling has been discussed in terms ofenergy, the Raman lasers
have to transfer momentum�p to change the motional energy of the atom�E =�p2=2m � Ere
. By a single Raman process,�p = ~kR1 � ~kR2 is transferred,
which may be close to zero for collinear Raman laser beams. Counterpropagating
beams are optimum, yielding�p = 2~k, while for orthogonal beams�p = p2~k.
Again, only the projection of�p onto the considered trap axis contributes.

5. The ratio�E=h�trap � 1 causes the suppression of processes changing the motional
state in the Lamb-Dicke regime.

6. In a homogeneous magnetic field, the relative level shift of two Zeeman substates can
be tuned to coincide with the trap frequency. Then, only one laser source can provide
both Raman beams to drive transitions between these two states (degenerate Raman
cooling) [189].

7. Raman cooling also works in free space, where the different velocity classes of the
sample are cooled sequentially with properly tailored pulse-sequences [38, 87].
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Cooling by electromagnetically induced transparency (EIT)

Sideband cooling, as described in the previous paragraph, requires narrow transitions and
a well defined trap frequency. In a typical experimental situation, however, it may be dif-
ficult to obtain and use such a transition, and many differenttrap frequencies may exist,
corresponding to different motional degrees of freedom. The trap potential itself may show
anharmonicity, making oscillation frequencies dependenton phonon state. In such a situa-
tion, efficient sideband cooling may become prohibitively resource-intensive.

A different method was invented and demonstrated recently [127, 164], which is ex-
perimentally considerably simpler, does not require narrow transitions in the atomic level
scheme, and allows simultaneous cooling in a band of different motional oscillation frequen-
cies within the Lamb-Dicke regime (Fig. 2.13) :
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Figure 2.13: EIT cooling: Uncoupled level scheme with laserfields (left), absorption profile
tailored by coupling laser (center), and dressed states (right). Taken from [127].

In a multilevel atom with groundstatesjgi and jri, a strong laser field is used to couplejri to the excited statejei of linewidth � on a dipole-allowed transition, thus introducing
dressed statesj�i and j+i. For blue detuning from resonance by several�, and moderate
coupling strength
r, j�i is mostly je;Ni in character, and red shifted byÆ, and j+i is
mostlyjr;N +1i, contaminated byje;Ni, and blue-shifted byÆ. N (as in 2.2.2) denotes the
coupling light field photon number. For suitable coupling strength
r and detuning�r from
the unperturbed resonancejri ! jei, j+i has only small excited state content and its line
therefore is narrow compared to�. j�i in this case is very similar tojei (apart from the light
shift).

A second (weak) laser field, tuned over the resonancejgi ! jei, probes the two lines
corresponding toj�i, j+i. At the exact position ofjr;N+1i, however, where�g = �r = �,
the excitation is zero due to evolution of the system into a coherent superposition of the
statesjgi andjri. This exclusion of the excited state by two-photon resonantcoupling of two

30
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ground state levels is known asdark resonanceor electromagnetically induced transparency
(EIT). Such a dark state is produced rapidly by scattering only fewphotons from the two
laser fields, and in a trapped atom builds up between corresponding states having the same
phonon numbern. Therefore, transitionsjg; ni ! je; ni, the motional carrier transitions
contributing to heating in sideband cooling, are not present in this situation.

Excitation on the motional sidebands�n = �1 is possible and, due to the different
linewidth of j�i andj+i, can have strongly differing excitation rates. The situation shown
in Fig. 2.13 applies to the optimum condition wherej+i is shifted by the coupling laser into
resonance with the red motional sideband. Due to fundamental symmetry reasons,jgi ! j+i
has the same on-resonance transition probability asjgi ! j�i. The suppression of blue-
sideband transitions relative to red-sideband transitions therefore is approximately given by
the relative excitation probability ofjei at detuning�, e.g.Pbsb=Prsb � 1% for� = 10�=2.
This results in a cooling process similar to two-level sideband cooling, strongly favouring
transitions to lower motional states12.

12Changing the motional state disturbs the dark resonance, enabling the scattering of some photons to restore
the dark state. During cooling, the average excitation probability on the carrier thus deviates from exactly
zero.

31



2 Theoretical concepts

2.4 Heating and loss

2.4.1 Loss processes - rate equations

For a microscopic picture, the local number density of atomsat the positionr in a trap isn(r). As long as trap volume and temperature do not change, and no new atoms are loaded
into the trap, this density evolves in time according todndt = ��n� �n2 � 
n3 � : : : ; (2.57)

where�; �; 
 are the rate coefficients for different kinds of loss mechanisms, e.g. background
gas collisions (�), or two particle inelastic collisions such as radiative escape or photoasso-
ciation (�). Higher order processes (three-particle collisions) will not be considered below.

At the low atom number and small trap size typical for experiments in this project, a
signalS(t) proportional to the total numberN(t) of trapped atoms is usually recorded rather
than the full density distribution13. N is related to the local densityn(r) via the single-atom
density distribution�(r):N = K � S = Z d3rn(r) = N � Z d3r�(r) ; where

Z d3r�(r) = 1 ; (2.58)

andK is an experimental calibration constant. The total atom number then obeysdNdT = ��N � �N2 Z d3(r)�2(r) : (2.59)

In a three-dimensional harmonic trap, a thermal ensemble leads to a Gaussian density
distribution [49]:�(x; y; z) = 1�x�y�zp2�3 exp ��12 �x2�2x + y2�2y + z2�2z�� (2.60)) Z d3r�2(r) = 1(�x�y�z)2(2�)3 Z dxdydz exp ���x2�2x + y2�2y + z2�2z�� (2.61)= 18p�3�x�y�z � 1Ve� : (2.62)Ve� is the effective volume of the trapped sample, associated with an effective homoge-
neous densityneff , which would lead to the same observed loss of atoms :neff = N=Ve� .
The quantities�q = phq2i are the rms widths of the distribution along the directionsq = fx; y; zg, i.e. the width of the trap potential atU = �nq~!q. It is given byEq = kBT = (�nq + 12)~!q = m!2qhq2i : (2.63)

13an exception being the temperature measurements in the MOT:c.f. 4.1.1
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Experimentally, one measuresdSdt = �aS � bS2 = ��S �K �Ve� S2 : (2.64)

Therefore, the linear loss coefficient is directly obtainedfrom the experimental data indepen-
dent of any calibration constant, whereas second order (andhigher order) loss coefficients
require knowledge of the (effective) density or volume :� = Ve� b=K (in turn, one could
determineVe� if � is known).

2.4.2 Trap light scattering

As already mentioned in 2.2 and 2.3.1, residual scattering of the far detuned dipole trap light
produces heating by transferring photon recoil energy. This topic will be further investigated
here.

In addition, the photon scattering leads to ground state spin relaxation, i.e. transitions be-
tween different (hyperfine) ground states. At first glance, one might assume that this occurs
at a fixed fraction of all scattering events. A closer look however shows, that with increasing
(far off resonant) detuning, the fraction of hyperfine changing scattering events strongly de-
creases : while the photon scattering rate scales as�s
 � 1=�2 at large detunings compared
to the excited state finestructure splitting (c.f. 2.2.1), the hyperfine state changing Raman
scattering rate scales as�Rs
 � 1=�4 in the same limit. This is due to an interference effect
occuring in the relevant scattering process at very large detuning [27].

The presence of light also enables several inelastic collisional mechanisms between cold
atoms, as discussed in 2.4.3 below.

Scattering rate of blue-detuned vs. red-detuned harmonic traps

One of the most appealing properties of a dipole trap is the possibility to realize a potential
which is conservative to a very high degree by using far detuned trap light, which reduces
the scattering of this light by the trapped particles proportional to1=�2 (c.f. 2.2.1).

This claim is now considered in more detail, especially for (approximately) harmonic
potentials generated by red detuned and blue detuned light.

An important experimental consequence of photon scattering is heating of the trapped
atoms, caused by transfer of two photon momenta (photon recoils, p = ~k = ~2�=�) per
scattering event. The average increase in kinetic energy ofthe atom due to one recoil isEre
 = p22m = ~2k22m ; (2.65)

wherem is the mass of the atom. Defining therecoil temperaturekBTre
 = 2Ere
, the
average heating power as a function of scattering rate is obtained asPheat � d �Edt = 2Ere
��s
 = kBTre
��s
 : (2.66)
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In thermal equilibrium, the average kinetic energy per degree of freedom is12kBT , and, in
harmonic potentials, the potential energy equals the kinetic one, �Epot= �Ekin � � = 1, giving
as the average total energy in a 3D trap:�E = 3kBT ) d �Edt = 3kB dTdt : (2.67)

This, combined with (2.66), gives theheating ratedTdt = Tre
3 ��s
 : (2.68)

To maintain good harmonicity of the potential, in the following �E is assumed to be small
compared to the trap depth, or:jU(Imax)j � kBT (�).

The photon scattering rate as a function of the trap potential is already given in (2.11).
Using this and the average value of the trap potential encountered by an oscillating atom,�Udip = U0 + �Epot = U0 + 32kBT ; (2.69)

whereU0 is the potential energy of the lowest point of the trap, one obtains for the average
scattering rate of an atom spreading over the motional states in a harmonic trap according to
a temperatureT : ��s
 = �~� �U0 + 32kBT� : (2.70)

In red-detuned traps, U0 = U(Imax), and��s
;r = �~�r �U(Imax) + 32kBT� (�)� �~�rU(Imax) = �s
;max ; (2.71)

which means that the heating rate within this regime of deep traps is practically independent
of temperature, and determined by the maximum possible scattering rate.

Blue-detuned trapson the contrary, withU0 = 0, show a different behaviour:��s
;b = �~�b 3kBT2 : (2.72)

Here, the heating rate is proportional to the temperature .
For very low temperatures, i.e.kBT 6� h�trap, the zero point energyh�trap=2 of the quantum
mechanical harmonic oscillator becomes significant. The scattering rate in a blue-detuned
trap as a function of trap frequency�trap and phonon state quantum numbersni is therefore��s
;b = �~�b Xi h�i (ni + 12) ; i = x; y; z : (2.73)

Eq. (2.68) is used to obtain the heating rate from��s
. Examples follow in 2.5.

2.4.3 Cold collisions
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Figure 2.14: Molecular potentials encountered
by two alkali atoms which are separated by a
distancer.

Two atoms approaching each other are at-
tracted to, or repelled from each other, de-
pending on their internal states and their
relative distance, due to interatomic forces
of various origins. The corresponding po-
tential curves for two typical alkali atoms
are sketched in Fig. 2.14. Calculated po-
tential curves of the Rubidium atom, as
well as a collection of available spectro-
scopic data are found in [144] and ref-
erences therein. For distances exceeding
20 a0 (Bohr-radii, a0 = 0:53Å), detailed
curves including hyperfine structure were
computed by Williams and Julienne, and
can be found in [92].� Elastic collisionsdo not change the

internal energy but lead to thermal-
ization of the trapped sample due to

momentum transfer and may cause atom loss from a trap by evaporation. These colli-
sions are essential for evaporative cooling, which so far isthe only known method to
produce a quantum degenerate gas. Due to the perturbation ofthe wavefunctions of
the colliding particles at small distance, elastic collisions also affect highest precision
frequency measurements by introducing a small systematic shift.� Inelastic collisionschange the internal state of the atoms. At thermal energies small
compared to the internal level splitting, this can only occur if one of the atoms carries
internal excitation. Then, in the collision process, this energy can be converted to
motional energy of the participating particles. In the caseof typical dipole traps, with
trap depths of at most some milli-Kelvin, energy from an internal excitation in many
cases allows the colliding atoms to leave the trap14.

Today, a terminology widely used in the field of atom trappingand cooling refers to
temperatures in the range 1 mK to 1�K, which are typical temperatures obtained in MOTs
and sub-Doppler cooling, ascold, and temperatures below 1�K, usually accessed by sub-
recoil cooling techniques, asultracold [181].

Collisions at these temperatures differ markedly from those at room temperature, since
length and time scales are qualitatively changed: At room temperature a collision event takes
much less time than the lifetime of electronic excited states, and the de Broglie wavelength
of the atoms is short compared to the extension of chemical bonds. In contrast, cold or

14At sufficient kinetic energy of the atoms, of course also the reversed process can occur, i.e. loss of kinetic
energy by transition to an excited internal state of an atom.
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ultracold atoms approach each other so slowly that many absorption-emission cycles may
occur in a light field during motion within reach of molecularpotentials, especially since
this range is extended due to the sensitivity of the very slowatoms to weak, long range
interactions. In addition, the de Broglie wavelength can far exceed the typical range of
chemical binding forces15, thus leading to quantum mechanical resonances, retardation- and
interference effects16.

Collisions of ground state atoms

For two sufficiently cold atoms both in their lowest electronic ground state, only elastic col-
lisions are possible. The potential at long range is dominated by the attractive van der Waals
interactionVvdW , caused by the instantaneous dipole moments of the fluctuating charge dis-
tributions, with the leading termC6=R6, whereC6 is constant and negative, andR is the
separation of the nuclei of the colliding particles. It is counteracted at short range (few a0)
by the strong repulsion due to the overlap of inner shell electron orbitals of the two atoms
(/ 1=R12), and at long range by a centrifugal barrier in the case of existing angular momen-
tum in the relative motion of the two atoms [165]. In the (rotating) frame where the axis
between both nuclei is fixed, this leads to an additional inertial termVI(R) = l(l + 1)~22�R2 (2.74)

with l the number of rotational quanta and� the reduced mass. In total, the long range
potential curveV = VvdW +VI shows a barrier of maximum heightEB at the radial positionRB, which for 87Rb is given by [92]RB = 4s 6�C6l(l + 1)~2 � 230� (l(l + 1))�1=4 a0 : (2.75)

In this case, forl = 1 : : : 5,RB � 200 : : : 100 a0 andEB=h � 1:5 : : : 90 MHz. This barrier at
low temperature allows only collisions for the lowest values of l. As the collision momentumk
 tends to zero, contributions to the scattering amplitude ofhigherl vanish at least/ k3
 ,
leaving only the lowest partial wavel = 0 (s-wave)17, whose cross section in the limitk
 ! 0
approaches a constant. Foridenticalbosons [35]:�s(k
) = 2 � 4�A201 + k2
a2 ! 2 � 4�A20 : (2.76)

The parameterA0 is the s-wavescattering length, which can be interpreted as the effective
phase shift of the sinusoidal long range collision wavefunction 	(E;R) / sin[k(R � A0)℄
15Rb atT = 100�K : �dB = 320 a0
16This was first studied for cold neutrons [15, 41, 193], and later applied to (ultra-)cold atoms [84, 85].
17For spin polarized fermions, only partial waves with oddl contribute. Elastic collisions at low temperatures

are therefore strongly suppressed.
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with respect toR = 0. It depends sensitively on the inner part of the interactionpotential,
where many high order terms of the interaction become relevant, and is therefore difficult to
compute. SinceA0 governs the interaction energyU0 = 4�~2A0=m of the particles, negative
scattering lengths lead to unstable BEC’s, which are prevented from collapse only as long as
the zero point energy of a trap outweighs the atom number dependent, attractive interaction.

If hyperfine energy is present in the system, inelastic collisions can occur where this
internal energy is converted into kinetic energy of the atoms. For atoms in a weak MOT18,
the rate coefficient was measured to be� � 2 � 10�11 cm3=s for Rubidium [190]. In the
case of doubly spin polarized rubidium atoms in the states F=2,mF=2 or F=1,mF=-1 (as in
magnetic traps) the two-body inelastic loss coefficient wasmeasured to be only a few10�14
cm3=s [130]. Also three body losses, where two atoms form a molecule and a third atom
carries away excess (angular) momentum, are predicted to beunusually low in doubly spin
polarized rubidium (� � 0:04� 10�28cm3=s) [119].

Collisions involving singly excited states

If one of the colliding atoms is optically excited (e.g. to 5Pin the case of Rb), the interaction
is dominated by long range (� �=2�) resonant dipole-dipole forces [96], with the leading
termC3=R3. At large separation, this interaction is much stronger than that between ground
state atoms (/ C6=R6). The following inelastic processes may happen, leading toloss rates
linear in light intensity (neglecting saturation):� Radiative escape(RE): Consider two atoms approaching each other on the potential

curveS + S in Fig. 2.14 in the presence of red detuned light. An optical transition to
the curveS + P is most likely near the point, where the difference in potential energy
matches the photon energy, theCondon pointR�. Here, due to the red detuning, the
attracting part of theS+P potential will be favoured in excitation. If so, the atoms are
accelerated towards each other due to this potential, but, since they are initially very
slow, they may relax back toS + S by spontaneous emission of a photon before they
reach the inner part of the potential. The emitted photon is more red-shifted than the
initially absorbed one, and the difference is shared by the two atoms as kinetic energy
in the following (elastic) ground state collision. More absorption-emission cycles may
occur during one approach, before the atoms decouple from the light field due to the
stronger potential difference at small distances. This process is considered to be the
dominant light induced loss mechanism in magneto-optic traps (MOT).� Fine structure changing collisions(FCC): If the (alkali) atoms are excited to theS +P3=2 when they reach the short-distance region, they may change the molecular state
during collision and diverge on an asyptote leading to the fine-structure stateS+P1=2.

18The hyperfine energy of87Rb is� 1=3K �kB . If released in a collision, it can be dissipated within the
trapping region of a MOT operated under typical conditions,such that in most cases the two atoms are not
lost
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Adiabatically, level crossings may be avoided, but due to the strong acceleration within
the inner part of the potential curve, adiabaticity is not maintained. Each atom gains
half of the fine-structure energy difference, which usuallyfar exceeds the depth of
atom traps19. This process is considered to contribute approximately a quarter of the
total light induced loss in an alkali MOT.� Hyperfine structure changing collisions(HCC): Of course, like in the ground state,
also hyperfine changing collisions can occur. In a MOT, thesecollisions are not ob-
served as a loss mechanism, but in most dipole traps the hyperfine energy of the excited
state (� 100 MHz) easily catapults both atoms out of the trap. Compared toground
state HCC however, this process is suppressed by excitationprobability (and early
spontaneous emission), and its contribution to total trap loss therefore is small.

The total loss rate due to RE and FCC was measured in87Rb-MOT experiments to be� �10�12 
m3=s at�L = �4:9MHz, I = 10mW=
m2, and few10�13 
m3=s atI = 1mW=
m2
[190].

Collisions involving two excited atoms (P + P ) are neglected here since rates are low
in most experiments due to the two-photon nature of the process (quadratic intensity depen-
dence).

Photoassociation and optical shielding

Another loss mechanism involving singly excited molecularstates occurs at larger detuning
from the atomic resonance. By far-red-detuned light, excitation from the ground state (S+S)
potential curve to bound molecular states in the (S + P ) potential is possible. Subsequent
decay of this state by photon emission may end either in an unbound (continuum) state, with
kinetic energy of the atoms depending on the radial distanceat which the emission took place,
or in a stable bound state of theS + S-potential. Thesephotoassociatedstable dimers are
usually not trapped. Photoassociation trap loss spectra are measured in MOTs and FORTs,
preferentially using a “catalysis laser” independent of the trapping light, at detunings ranging
from several GHz to tens of nanometers to the red of the atomicP-states [26, 92, 106, 116].

Blue-detuned light excites to repulsive branches of the resonant dipole-dipole interaction
potential at the Condon point, and the atoms gain kinetic energy by following this branch
outwards and returning to the ground state curve at larger distance by emitting a photon with
frequency closer to the single atom resonance. In blue-detuned FORTs, this leads to trap loss,
while in a MOT an additional laser, blue detuned by several hundred MHz, can be used to
prevent cold atoms from approaching distances small enoughto cause trap loss mechanisms
such as RE or FCC, thus effectively suppressing these losses. This medium detuning induced
atom repulsion is calledoptical shielding. An introductory review on photoassociation and
optical shielding is given in [72]. More information on how to extract precise excited state
lifetimes and scattering lengths from photoassociation spectra can be found in [192].

19Rb :�EFS=kB ' 350K
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2.4.4 Heating due to technical noise

In addition to fundamental physical processes, technical imperfections of the experimental
apparatus can also cause perturbing effects such as heatingand loss of the trapped atoms.
This topic was addressed for harmonic (dipole) traps in [52]considering fluctuations in
spring constant (intensity) and center position (spatial beam pointing) of a harmonic os-
cillator. A simple model was developed to predict heating rates from trap parameters and
measured power- (or squared position-) density spectra, and fluctuation-induced trap dynam-
ics were studied by deriving a Fokker-Planck-equation for the energy distribution of atoms
in a three-dimensional fluctuating trap. Herein only the main result with respect to heating
due to intensity noise is given.

The energyhExi of a one-dimensional harmonic oscillator (an oscillation along a single
axis of the trap) increases in time due to intensity fluctuations �(t) = (I(t) � I0)=I0 of
the trapping beams at twice the trap frequency�x, which result in fluctuations of the spring
constantkx of the trap alongex, and therefore cause parametric heating.

The one-sided power spectrumSk of the fractional fluctuations ofk isSk(!) � 2� Z 10 d� 
os!�h�(t)�(t + �)i ; Z 10 d!Sk(!) = h�2(t)i ; (2.77)

with the correlation function for the intensity fluctuationsh�(t)�(t + �)i � 1T Z T0 dt�(t)�(t + �) :
Here, the averaging timeT is assumed to be short compared to changes in the population of
trap states, but long compared to the correlation time of thefluctuations.

The average energy inx is found to increase exponentially :h _Exi = �xhExi ; �x � 1theat = �2�2x Sk(2�x) ; (2.78)

with E(t+ theat) = eE(t). In frequency ranges where the power spectrumSk is constant20,
the heating rate grows proportionally to the square of the trap frequency.

20an approximation which holds for our laser system in the range 10 kHz to above 100 kHz, c.f. 3.3
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2.5 Practical considerations - choose a trap

So far, this chapter has mostly dealt with basic physical concepts relevant to dipole trapping
of rubidium atoms. In this last section, mainly experimental issues are addressed, culminat-
ing in an actual choice of a specific technical implementation, which serves as a guideline
for the following chapter on the experimental apparatus.

In the first part, an introduction to Gaussian and Laguerre-Gaussian spatial light modes
is given, which are important in the experimental realization of dipole traps. The second
part summarizes a collection of useful relations and scaling laws. In the third part, four
possible practical implementations of harmonic, deep, andtightly confining dipole traps are
discussed, illustrating different regimes of operation inorder to choose a proper trap type
for this project. The chapter closes with a more detailed discussion of the actual choice
implemented in this experiment, and of target specifications for its realization.

Harmonic trapping potentials are of particular interest, because the energies of motional
states of an atom in such a potential are equally spaced, which is important for ground state
cooling techniques as discussed in chapter 2.3.3, and for further coherent manipulation of
the motional states of atoms.

Gaussian and Laguerre-Gaussian laser beams

An elementary building block used to produce red-detuned traps is a Gaussian laser beam
of power P, focussed to a minimum waistwo (beam radius at1=e2 of maximum intensity),
which, propagating in directionez, has the intensity distributionIG(r; z) = 2P�w2(z) e�2r2=w2(z) ; w(z) = w0p1 + (z=z0)2 ; (2.79)

wherez0 = �w20=� is the Rayleigh range.
Laguerre-Gaussian beams are higher order solutions of the paraxial wave equation, pre-

serving their transverse profile with propagation just as a Gaussian beam does. Their intensity
distribution is defined by the same parameters as a Gaussian beam, plus an azimuthal indexp and a radial indexl. LG00 is the Gaussian beam itself. Hollow (“doughnut mode”) beam
profiles are obtained forp = 0 andl 6= 0 , with the intensity distributionILG0l(r; z) = 2l+1r2l P� l!w2(l+1)(z) e�2r2=w2(z) : (2.80)

Such beam profiles have proved useful and versatile for dipole trapping [97, 142, 184], and
are also applied in this work.

Figure 2.15 shows the radial intensity profile of a Gaussian and a lowest order Laguerre-
Gaussian beam of equal power and equal waist. Compared to theGaussian beam, the LG01
maximum intensity is smaller by a factor1=e, and the radius of the rim isw0=p2 . Both
beam intensity profiles have the same curvature in the center, which, if interpreted as dipole
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Figure 2.15: Radial intensity profile of Gaussian beam (LG00) and lowest order Laguerre-
Gaussian (LG01) beam for equal powerP and equal waist sizew0.
potentials, lead to equal trap frequencies in the harmonic approximation, the (radial) constantKr (at axial positionz) being (c.f. 2.2.1) :Kr � d2Udipdr2 = 3� 
22!30 �� d2I(r; z)dr2 = 3� 
22!30 �� 8P�w4(z) : (2.81)

Along the axis of a Gaussian beam21 (r = 0) : Kz = 2P=(w0z20) .

Scaling laws

The relations derived so far allow the statement of useful scaling laws for focussed Gaussian-
and/or LG01- beam traps:� Radial trap frequency : �trap /rP� 1w20� Ground state photon scattering rate (blue trap) :��s
;b / �trap� /r P�3 1w20
21For a LG01, the axis is dark, and thereforeKz = 0.
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Examples

Four approaches can be distinguished to realize a harmonic dipole trap of mesoscopic size
(few �m), high (radial) trap frequency (� 30 kHz), and low scattering rate (� 10 =s or
below). These are discussed below taking typical specifications of suitable common laser
sources as examples.

The traps then have a depth of at least 1 mK, which is large compared to typical laser
cooling temperatures.

Though single beam traps are considered, three-dimensionally tight traps can be realized
by crossing the foci of two orthogonal beams: in red-detunedtraps, trap depthUmax and
scattering rate�s
 double in this case, whereas the depth of a blue-detuned trapstays constant
and the (ground state) scattering rate increases by a factorof 1.5. Trap frequencies along the
axis which is radial with respect to both beams increase by a factor of

p2, while in the other
directions the change in trap frequency (due to the axial potential of the other beam) in most
cases is negligible.

In order to realize the smallest possible foci (on the order of one wavelength), a large
numerical aperture is required, and part of the trap optics has to be placed inside the vacuum
system where it covers a large part of the solid angle available around the atoms. Since
optical access is required also for other purposes such as accumulation and precooling of
the atoms, crossed beam geometries may become experimentally inconvenient at the lowest
waist sizes. Most examples therefore treat a parameter range up to NA� 0:2. All red-
detuned traps are taken as single focussed Gaussian beams, while LG01 mode hollow beams
are considered in the blue detuned case. Numbers are chosen,as far as possible, such that
similar traps result. Rubidium is taken as the trapped atomic species. Consistent sets of
beam- and trap-parameters for the different examples are collected in table 2.2.

red FORT: The Nd:YAG laser (� = 1064 nm) offers high power at a detuning to the
Rb and Cs D-lines of few hundred nanometers. This already gives very low scattering
rates at still sufficient dipole trap depths. At the small waists required to obtain high
trap frequencies, the high power being available from this type of laser can not be fully
exploited if low scattering rates are to be maintained.

blue FORT: A LG01 laser beam blue-detuned by ten’s of nanometers from the atomic
resonance can produce trap potentials similar to those discussed above, at scattering
rates which strongly depend on the motional state of the atoms. At kinetic energies
typical for Doppler-cooled atoms, scattering is comparable to those obtained in the
Nd:YAG trap, while in the motional ground state it can be lower by an order of magni-
tude. The range of accessible detunings is limited by the available laser power, which is
used less efficiently than in red-detuned traps22. A Ti:Sa laser gives maximum spectral
flexibility at a power of several watts.

22In addition to the maximum intensity being reduced by1=e by definition, also the conversion of a Gaussian

beam into a LG01 is not arbitrarily efficient. As a rule of thumb, good techniques result in
>� 0:5 of the

power being converted to the LG01 (see 3.3.2)
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The waist size has to be chosen large enough to ensure reliable loading of atoms into
the trap, since atoms approaching the trap from outside are repelled by the light field as
opposed to red-detuned traps, where atoms are driven automatically towards the trap
center by the attractive wings of the Gaussian beam.

QUESTsare produced using high power CO2-Lasers at� = 10:6�m [182]. Special
optics are required, which is available in high quality. Dueto the very large wave-
length, spot sizes are large compared to possible FORT foci.Assuming a typical M2
of 1.1 to 1.2 and f=# � 1:4, one may estimate minimum waists around 15�m. This
limits the applicability to atom trapping at high trap frequency: A Power on the order
of 100 W is required to produce a potential which offers a trapfrequency as specified
above. The scattering rate is then on the order of 1 photon perminute.

IFORT: A rather new and attractive alternative is to work with a highpower fibre laser
(�10 W single mode output) in the range 1350: : :1600 nm. Particularly for rubidium,
it might be possible to find a “magic” wavelength in this rangewhere both ground and
excited state of the closed cooling transition F=2, mF=2 ! F’=3, mF 0=3 are shifted
by the same amount, due to the coupling of 5P to 4D at 1529 nm (see Fig. 2.3 and
Sec. 2.2.3, remark 6). The detuning in this case is intermediate in the sense that neither
the rotating wave nor the quasistatic approximation are valid (which to a lesser extent
also applies to the Nd:YAG trap). Since here the detuning is large compared to the fine
structure splitting, the line center of the5S ! 5P transition may be used as!0 in eq.
2.7 and 2.8.

The dipole trap pursued in this project

Based on the examples above, a crossed, blue detuned, mesoscopic dipole trap initially was
considered as the concept most appropriate in pursuing the goals of the project, with the
central features being mesoscopic size, few atoms, high trap frequency, low trap light scat-
tering rate, and high trap depth. Figure 2.16 illustrates this concept. With the single beam
parameters given in the above example “blue FORT”, this trapis tightly confining in all three
dimensions. Unlike in crossed red-detuned traps, only atoms in the central trap site remain
trapped, whereas atoms initially confined in only one of the beams are separated from the
central site and can escape along the beam axes.

The trap has a volume defined by the spacing of the intensity maxima in x and y, and
the corresponding extension at this intensity in z. However, a harmonic potential which is
fitted to the center of an LG01 only has a diameter of 0.86w0 at the maximum intensity of the
LG01. In the geometry considered here, the diameter in the z-direction then is 0.6w0, and the
volumeV of this “harmonic” ellipsoid is thereforeV � 0:23w30 = 86�m3 for w0 = 7�m.
If filled with atoms of homogeneous density up to the maximal energy, as a rule of thumb
90 % of the atoms will be rapidly lost in a harmonic potential during initial thermalization
(c.f. 4.2.3). As a result of this estimation, single or few thermalized atoms can be expected
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red FORT � = 1064 nm P = 0.25 W w0 = 4�m ! z0 = 47�mUmax=kB = 1.5 mK �r = 30 kHz �s
 = 5.34/s (max)

or: � = 1064 nm P = 0.1 W w0 = 3�m ! z0 = 25�mUmax=kB = 1 mK �r = 34 kHz �s
 = 4/s (max)

blue FORT � = 750 nm P = 0.5 W w0 = 7�m ! z0 = 200�mUmax=kB = 1.8 mK �r = 31 kHz �s
 = 1/10s ( n = 0 )�s
 = 9/s (E=kB = 144�K)

or: � = 760 nm P = 0.3 W w0 = 7�m ! z0 = 200�mUmax=kB = 1.6 mK �r = 29 kHz �s
 = 1/11s ( n = 0 )�s
 = 14/s (E=kB = 144 �K)

red IFORT � = 1600 nm P = 1 W w0 = 5�m ! z0 = 50�mUmax=kB = 2.3 mK �r = 30 kHz �s
 = 1.5/s (max)

or: � = 1600 nm P = 1 W w0 = 3�m ! z0 = 18�mUmax=kB = 6.4 mK �r = 83 kHz �s
 = 4/s (max)�a = 10 kHz

QUEST � = 10.6�m P = 100 W w0 = 15�m ! z0 = 67�mUmax=kB = 19 mK �r = 30 kHz �s
 = 1/min (max)�a = 4.6 kHz

Table 2.2: Computed single beam dipole trap examples. Eq. (2.7) and (2.8) of 2.2.1 are
used to compute the weighted sum of the individual contributions of the D1 and D2 line as
discussed in 2.2.3, except for the QUEST, which can be accurately treated using eq. (2.12)
and (2.13). The scattering rates given in “blue FORT” are determined according to eq. (2.72)
and (2.73).

to be trapped in the central trap site at a density of 1011=cm3, which is typical for standard
preparation techniques (such as the magnetooptic trap, which is introduced in 3.2 below). If
the loading procedure leads to increased density of the atoms remaining in the trap potential,
up to ten atoms may be expected at a density of 1012=cm3. An extended set of characteristic
parameters for this trap design is given in table 2.5.

Although appealing for advanced experiments, this trap is not the beginners choice. On
one hand this is due to technical difficulties, e.g. the efficient production of hollow mode
beams, and detection of single neutral atoms, and on the other hand due to the experimental
difficulties in loading such a trap, which, unlike a red detuned trap, repels atoms approaching
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Figure 2.16: Idea for a mesoscopic trap which is tightly confining in all three dimensions.
Sketch of the trap beam geometry (left) and resulting shape of the trapping potential visual-
ized as a height profile above the plane of spatial coordinates x (or y) and z (right). In the
z-direction, where both beams contribute, the potential height is twice that of the x and y
direction, and the trap frequency is correspondingly larger by

p2.

Table 2.3: 3D blue-detuned mesoscopic trap - design parameters� = 750 nm P = 0.5 W w0 = 7�m ! z0 = 200�mUmax=kB = 1.8 mK �r = 31 kHz �s
 = 1/10s ( n = 0 )�s
 = 9/s (E=kB = 144�K)

Ground state extension: �0 = 43 nm (x,y)

Lamb-Dicke parameter : �0 = 0.35 (x,y)

from outside. This target design therefore was approached systematically, starting with a
rather large single focussed Gaussian beam red-detuned trap (c.f. 3.6.3), quickly followed
by tightly focussed red-detuned traps, which are produced by a setup designed to realize
also the blue-detuned target system. Such a tightly confining single beam red-detuned trap
is presented in Fig. 2.17 and Table 2.5. In terms of trap depthand motional frequencies, it
already fulfills the requirements specified for a proper mesoscopic trap, however with photon
scattering rates exceeding specifications by one to two orders of magnitude. These red-
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detuned traps were used to gain experience in dipole trapping, and develop the tools required
to successfully operate the blue-detuned trap.

z
r

U

Figure 2.17: Potential (vertical axis) versus axial (z) andradial (r) coordinate of a focussed
gaussian beam red detuned dipole trap. Since the potential is negative (attractive), free atoms
would enter from above the displayed surface. The ratiow0=z0 is increased by a factor� 5.

Table 2.4: Red-detuned trap - design parameters� = 810 nm P = 0.35 W w0 = 7�m ! z0 = 190�mUmax=kB = 5.7 mK �r = 33 kHz �s
 = 430/s (max)�a = 870 Hz
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One of the main technical challenges in many atomic physics experiments is to quickly make
available a cold atomic sample on demand, while preventing this sample from interacting
with the outside world. A major part of the experimental setup usually is dedicated to this
task.

External disturbances are minimized by keeping the sample in a vacuum chamber with a
background gas pressure as low as possible. The most suitable tool to collect and precool
atomic samples is the magneto-optical trap (MOT) [157], which collects slow atoms from
a thermal atomic vapour or beam. It is possible to load singleor few atoms from very
low background vapour pressure [71], but to yield many atomsin a short time under UHV
conditions, the MOT is fed by a controlled atom source, whichcan be a Zeeman-slowed
atomic beam from an oven [152], a dispenser [50], or atoms collected by another MOT
in a separate part of the vacuum system at higher vapour pressure and transferred through
differential pumping stages to the experimental region [44, 111, 131, 161]. In this work, a
simple implementation of such a double-MOT system has been chosen. It is operated with
frequency stabilised diode lasers.

Having prepared cold atoms in a MOT at suitable vacuum conditions, the experiment
starts by loading them into a spatially overlapping dipole trap (FORT), made out of light
from a titanium doped sapphire (Ti:Sa) laser. Red-detuned traps as well as blue-detuned ones
are used and studied. Spatial light distributions suitablefor blue-detuned traps are generated
by microfabricated diffractive optical elements (DOEs).

Since these traps are developed especially for low atom numbers - down to a single atom
- efficient detection, similar to single ion experiments, isof primary concern.

Overview

A simplified sketch of the whole experiment is shown in Fig. 3.1. Atoms are manipulated in
two spatially separated parts of the vacuum system (not shown), which is built to maintain
a pressure difference of about three orders of magnitude between the upper “loading” part
and the lower “experimental” part (see Chp. 3.1). In the upper part, a two dimensional MOT
collects atoms from a rubidium background vapour and delivers a cold atomic beam to the
lower, ultrahigh vacuum part. There, the atoms are recollected by a three-dimensional MOT,
consisting of three retroreflected beams (indicated as six big arrows, similar to the 2D-MOT).
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No. 2

No. 1
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Figure 3.1: The Experiment: overview.

Dipole trap light is focussed into the experimental region from two orthogonal directions
in the horizontal plane. One of these optical channels (No.2, the one entering from the left
in Fig. 3.1) can be spatially adjusted to result in perfectlycrossed beam foci. Since the other
channel (No.1) enters on the axis of the MOT quadrupole field,the MOT beam that would
normally occupy this axis is tilted vertically by 17Æ. This tilted MOT-beam also served for
pulsed atom detection in some of the experiments.

Part of the MOT fluorescence incident on the dipole trap focussing optics of channel
No.1 is split off by a polarizing beamsplitter and imaged onto a photodiode. At the same
time, the MOT can be viewed with a triggerable CCD camera, which looks directly into
channel No.2. Both photodiode and camera are shielded from dipole trap light by means of
dielectric bandpass filters. The high aperture focussing optics of channel No.2 also serve for
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fluorescence collection, which is then spatially and spectrally filtered, before being imaged
onto a cooled, near-infrared sensitive photomultiplier, which is operated in photon counting
mode.

Additional optical access exists on the vertical axis and inseveral directions in the plane of
the dipole trap beams (not shown). These are intended for Raman spectroscopy and cooling,
as well as for improved atom detection using separate detection beams.

All laser fields enter the setup via optical fibres. They can beswitched, as well as con-
trolled in frequency and amplitude, by precisely timed and flexibly programmable computer
hardware, which also reads out the detection systems.

The detailed description of the apparatus starts with the vacuum chamber, followed in
section 3.2 by an overview of the double-MOT atom transfer setup including the MOT diode
laser systems.

Then follows a part on the general layout and special opticalparts of the dipole traps,
the design, fabrication and use of diffractive optical elements to generate sophisticated light
intensity distributions, and the titanium-sapphire Lasersystem which provides the intense
trapping light fields (section 3.3).

Next, the detection system is described, starting with a detailed study of the requirements,
which are compared to the actual measured performance.

A Raman laser system, which was planned already in an early phase of this project, was
set up as a diploma work and now is ready to use. It is presentedin section 3.5.

In the last section, the integration of the different parts of the experiment is discussed. This
section also shortly describes the automated operation of the apparatus, and an earlier “first
generation” setup used to perform some of the experiments presented in the next chapter.
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3.1 Vacuum

This section presents the actual design and the main components of the vacuum vessel.De-
sign goalsincluded:

1. Good and flexible optical access from many directions.

2. A high ratio of pressures between collection region and UHV part.

3. Short transfer distance of the atoms from background gas collection to UHV experi-
mental region, to minimize transfer loss.

4. Minimized disturbing magnetic stray fields in the transfer and trapping region.

5. Minimum number of components inside the vacuum chamber, for maximum flexibility
and less internal sources of dirt.

6. High temperature bakeability for efficient reduction of adsorbed molecule content on
the inner walls.

7. Transportability, to enable steady baking in a special baking tent outside the laboratory.

A short general introduction tovery highandultrahigh vacuum(VHV and UHV) is given
in the appendix, A.2.1. A comprehensive introduction can befound in [138].

Actual design

The solution developed is shown in fig. 3.2 as a cut through thecentral part of the vacuum
system. The complete system is displayed in fig. 3.3. Two vertically oriented fused silica
cells1 are sealed back to back with respect to each other to a custom-made stainless steel
block2 (see below). Rubidium directly enters the upper cell, whichis pumped through a first
Ø2 mm differential pumping aperture (C � 1=5 l/s). The volume below this aperture is
pumped by an ion pump (IP)3 at several litres per second, to result in a pressure ratio& 20.
A Ø4 mm, 34 mm long tube serves as a second differential stage of 0.1 l/s conductance,
connecting to the lower UHV part including the second silicacell, which is pumped at 8 l/s
by a second IP4. This results in another reduction of pressure by a theoretical factor of 80,
enabling a pressure ratio between the UHV region and the upper cell of more than 103,
although the pumps are placed far away to reduce the influenceof their strong permanent
magnets on the experimental region5. A titanium sublimation pump6 is installed directly next

1Starna GmbH, Corning Vycor
21.4429 ESU - X 2 CrNiMoN 17.13.3,� AISI 316 LN
3Leybold, 30 l/s
4Varian StarCell 60 l/s
5Additional shielding by magnetically soft sheet metal is prepared, but has not yet been installed

(C.D.Wälzholz, D-58093 Hagen, Rfe = 80).
6SUB-203, Caburn MDC Ltd.
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mech. shutter
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port for optional 
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Figure 3.2: Central part of the vacuum system, showing the upper and lower, glass to metal
sealed, fused silica cells, differential pumping stages, and CF-flanged ports for pumping,
Rubidium inlet, and additional optical access orthogonal to the atomic beam.

to the steel block to sublimate partly onto the walls above the lower cell, and thus provide
high pumping speed on demand. In the intermediate region between the differential stages,
a non-evaporable getter (NEG)7 assembly serves a similar purpose.

One port to the lower part of the steel block was intended for installation of a UHV gauge8,
which unfortunately could be delivered only after final bakeout of the system. Unused ports
of the block are equipped with nonmagnetic viewports9, and provide optical access to the

7see remark at the end of this section
8Varian UHV24p with MultiGauge controller
9VPN-075-F1 and VPN-150-F2, LARSON Electronic Glass, Ltd.,Redwood City, CA, USA
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Figure 3.3: The whole structure (top view): Three differenthorizontal planes are indicated:
Upper part (dark), lower part (light) and optional connection to a turbomolecular pump unit
during bake-out (light dotted).
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region between the glass cells in different directions. Allmetal valves10 are installed close
to the ion pumps. A small additional up-to-air valve11 controls the access of Rubidium to
the upper glass cell. It could be closed if the system had to beopened, and during bakeout.
The rubidium supply consists of a sealed rubidium ampoule12 in a CF16 flexible bellows
connected to the up-to-air valve. The ampoule was scratchedbefore assembly, and broken
from outside by bending the bellows after final bakeout. The pressure in the upper cell is
adjusted either by adjusting the valve, or by changing the temperature of the bellows. Due to
the knee-shaped connection inside the steel block, after adjustments the vapour pressure in
the upper cell takes on the order of one day to reach equilibrium.

The apparatus is mounted above a rigid hollow-profile aluminium board using solid alu-
minium posts at the positions indicated in Fig. 3.3. The posts are securely screwed to this
board and the vacuum tubes. A short piece of bellows mechanically decouples the long arm
of the intermediate region ion pump from the remaining part,to limit mechanical stress (due
to handling or mounting). After removing the ion pump magnets, the whole structure can
easily be transported by two persons.

Sealing silica cells to a steel apparatus

The silica cells are made from 3 mm thick slabs of fused silica, which form a couvette
having inner dimensions of20 � 20� 85mm3, and are equipped with massive bases of the
same material, consisting of two coaxial cylindrical discsof Ø = 48 mm�d = 20 mm, and
Ø = 38 mm�d = 10 mm with a Ø 20 mm axial bore. The parts are joined by a solder process
using glass of lower working point, to form virtually a single piece. All plane surfaces are
optically polished.

To seal this device to a vacuum system, special toroidal gaskets13 with an elastic core
(made of a densely wound coil spring) and ductile outer material are used on both plane
sides of the big disc, which is then pressed against a flat and smooth metal surface of the
system by a ring shaped modified CF40 flange with a force of several 104 N. The gasket on
the system side does the actual sealing, while the other gasket serves to evenly distribute the
force applied by the ring flange.

Proper centering of both gaskets with respect to each other is crucial to apply pure axial
forces on the cell base. This is maintained by the fabrication of the gaskets, which are
equipped with a distance lip on their outer diameter, in conjunction with the careful design
of the whole flange assembly, where the gasket lips are centered within a bore of either the
system flange or the ring flange, while the ring flange itself iscentered by its outer diameter
to the system (see fig. 3.4). In this way the actual sealing lines of the toroidal gaskets are
centered to within few hundredths of a milimeter. Residual stress in the big disc is relieved
from the corners of the square footprint of the couvette by the small disc.

10Vacuum Generators ZCR 40R
11Caburn MDC
121g Rubidium, 99.5 %, Johnson, Matthey & Co. Ges.m.b.H, A-1132 Vienna
13Helicoflex HNV 290 “Delta”, silver outer mantle
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Figure 3.4: Design of the glass to metal flange.

To obtain a low leakage seal, the flat
steel sealing surface has to be finished by
a lathe (not a mill), to avoid any radial
scratches. For minimum roughness, the
surface may then be polished with fine
sandpaper (still on the lathe), which could
be omitted here due to the very good sur-
face obtained from carefully turning the
high quality steel of the vacuum block.
On the microscopic scale, the ductile outer
material of the gasket compensates for the
residual grainy structure of the metal. This
is aided by a ridge along the line of contact
on both sides of the gasket.

Detailed specifications are supplied
with the gaskets regarding the force to
be applied per length of sealing line, as
well as the resulting distance of compres-
sion. The force can be estimated only
roughly by the torque applied to the screws
which press the ring flange against the sys-
tem. A precision torque wrench is used
in steps of 0.2 Nm to successively tighten
these screws. This procedure is stopped ei-
ther if the estimated torque is reached, or
the specified axial compression achieved,
which can be easily and precisely con-

trolled by properly designing the flanges such that at full compression, the ring flange is
separated by a 0.2 mm gap from the opposing surface of the system. During installation,
pieces of sheet metal are inserted into this gap. Compression is stopped as soon as one of
these starts to stick.

General treatment, assembly and bakeout

Treatment of the UHV-part ion pump is described in A.2.2. Theother parts of the vacuum
system received the following treatment:

The central steel block, after careful cleaning, was fired ina vacuum oven at 1100ÆC below
10�5 mbar14, to remove hydrogen from the bulk material (Hydrogen is ableto slowly diffuse
through steel). Most other parts of the apparatus would not stand this process. They were
ultrasonically cleaned in a strongly alkaline detergent15 at 80ÆC to remove residual oils and

14Fa. Wolf GmbH, Gewerbezone 2, A-6414 Wildermieming
15Sonorex Tickopur R33

54
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wax, and then again cleaned similarly in purified water to remove the detergent. Then, they
were immediately assembled, evacuated and baked at380 : : : 400ÆC. After reaching 370ÆC,
a defined partial pressure of initially 28 mbar pure oxygen was applied for two hours to
produce a brownish-yellow chromium oxide layer on the innerwalls of the components: this
serves as a hydrogen diffusion barrier. The parts were then baked for another 24 hours before
cooling down. Apart from the central steel block, also silica cells, ion pumps, titanium sub-
limation pump and valves were excluded from this procedure.The heavily oxidised copper
gaskets were changed before assembling the complete branches connected to the steel block
(including the parts excepted beforehand). To faciliate leak detection, the system was then
baked in two parts at 350ÆC, with custom-made steel flanges replacing the silica cellsat the
steel block.

Having a properly baked system, the last step was to install the silica cells as already
described above. While mounting the lower cell (head first),it was damaged slightly at
the beveled rim of the sealing surface, and had to be demounted again. This was done by
loosening and retightening the screws one by one, using lesstorque each round. The exact
nature of the problem was discovered only after the replacement cell was similarly damaged:
a slightly too close fit of the ring flange centering caused it to cant during assembly, which
easily could cause the foot of the cell to lightly knock against the sidewall. Although the
edges of the big disc are beveled, even a light touch is sufficient to chip off a fragment from
the sealing surface, which during compression also damagesthe gasket. The sealing surfaces
of these two cells had to be reground and repolished16, and the ring flange was touched up
regarding smooth fit and the changed cell disc thickness. No further mounting and sealing
problems were encountered afterwards. The upper cell was mounted properly straightaway.
The final bakeout was done around 300ÆC, limited by the specifications of the Helicoflex
gaskets.

further details and remarks� The titanium sublimation pump is installed in a piece of CF flanged vacuum tubing,
whose length was chosen to position the titanium filaments shortly below the exit of a
tee. The position avoids direct line of sight from the filaments into the ion pump and to
the silica cell sealing, while enabling titanium to coat a maximum part of the steel walls
of the apparatus, including parts of the lower interior of the steel block, directly above
the lower silica cell. The custom length tube was delivered with unpolished inner walls.
After equipping it with flanges in the institute’s workshop,it was electropolished (see
A.2.3). The pump is equipped with bakeable high current cables, and driven by a used
evaporation control transformer. The TSP is seldom used, since lifetime of the trapped
atoms is governed by the effusive gas beam through the differential stages, and not the
(much lower) background pressure in the UHV part of the apparatus.� An additional small pump unit is installed near the upper part of the central block,

16Swarovski Optik, A-6067 Absam bei Hall i.Tirol
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to enhance pumping speed on demand. It uses three non-evaporable getter (NEG)
stripes17, which are mounted on a four-conductor electrical feedthrough18 and can be
activated repetitively by resistive heating (350Æ : : : 530ÆC) through application of a cur-
rent (8: : : 14 A). The stripes are connected and supported by spot-welding19 them be-
tween18� 5� 4mm stainless steel wire mounts20 and a18� 2mm piece of 0.6 mm
thick stainless steel foil.� All windows are mounted using annealed copper gaskets21 to reduce forces acting on
the flange, and equivalently stress on the glass to metal seals.

17SAES Getters S.p.A, 20020 Lainate (Milano), Italy, Mod. ST122/NCF/50-150/12.5�90/D
18Larson Electronic Glass, EF8-4-F2-L2
19Messer Griesheim, Peco FPK1M35LO with 1M35LO and FZ1, optim. params.: 3.5 V, 5.5 A, t=4
20Ø2 mm�18 mm bore, orthogonal M2 threaded hole with headless clampingscrew
21Vacuum Generators ZCUA38
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3.2 Double MOT

3.2 Double MOT

This section describes the transformation of slow atoms from a background vapour into a
cold atomic beam in the upper part of the vacuum chamber as well as their transfer to and
recollection in the UHV experimental region. An older version of our setup is descibed in
detail in [33].

A proper introduction to magneto-optic traps and their cooling mechanisms can be found
in [1, 114], which also give a comprehensive collection of references. More detailed discus-
sions are also found in [7, 177, 185].

In the standard configuration, the MOT consists of three mutually orthogonal pairs of
counterpropagating laser beams, which intersect at the center of a magnetic quadrupole field.
This field is produced by a pair of anti-Helmholtz coils. The symmetry axis of the coils is
usually chosen to coincide with one of the beam axes. Fig. 3.5shows this basic configuration.

0
−1

+1

σ + σ −

hνLaser

Position

Energy

J = 0

J = 1

Figure 3.5: Basic geometry(left)and illustration of the restoring force(right) of the magneto-
optic trap.

The laser fields are red-detuned from the atomic resonance byon the order of the linewidth
of the cooling transition to provide laser cooling as described in 2.3.2. In addition, the
quadrupole magnetic field introduces a spatially varying Zeeman splitting of the magnetic
substates, which is sketched for one dimension in Fig. 3.5. If appropriate circular polar-
izations are chosen, those light beams are shifted into resonance with the atomic transition
which tend to drive the atom to the center of the quadrupole field.

This is the case if, for all light beams approaching the trap center, the rotational vector
defined by the circular polarisation is anti-parallel to thelocal magnetic field vector, and for
light leaving from the trap center is parallel to the magnetic field vector. Referenced to a
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given quantisation axis of an atom (e.g. the local magnetic field vector), counterpropagating
beams then have circular polarization of opposite sign22.

3.2.1 2D-MOT, cold atomic beam

λ/2

PBS

PBSPBS
λ/2

λ/2

PBS

f = 20 f = 150

λ/4

λ/4

λ/4

λ/4

fibre output

Repumper

Figure 3.6: 2D-MOT optics. Expanded beam waist:w0 = 9 mm. The total cooling laser
power available at the fibre output isP = 8 mW.

22If the two beams counterpropagating on the same axis are produced by backreflection, a quarter wave plate
has to be inserted between MOT and mirror because helicity isflipped by reflection.
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3.2 Double MOT

Figure 3.7: 2D-MOT field coil support
(Aluminium alloy), which holds four
coils of 51 turns each (Ø 1 mm copper
wire). Radial field gradient is 2.5 Gauss
at 0.4 A. The dimesions of the silica cell
are indicated by light lines.

The 2D-MOT [44] uses alinear quadrupole
magnetic field generated by a set of four elon-
gated coils (Fig. 3.7). Atoms are cooled and con-
fined in the directions perpendicular to the sym-
mery axis of this field by four expanded laser
beams travelling in the horizontal plane, form-
ing two orthogonal counterpropagating pairs of
beams. Along the quadrupole axis, this arrange-
ment is a velocity filter, since very slow atoms
deviate from the axis after leaving the light fields
due to their residual radial temperature, and for
fast atoms the interaction time with the light
field during transit is not long enough to cool
them onto the axis. Both classes of atoms are
therefore stripped off at the differential pump-
ing stages, leaving only the properly collimated
velocity class (on the order of a few metres per
second) at the output to the experimental region.
Figure 3.6 shows the actual optical setup used to
provide and align the four laser beams: The cool-
ing light coupled out of a single mode fibeer23

is polarised to convert thermal polarisation drifts
inherent to even polarisation maintaining fibres
into small drifts of total intensity, which do not
affect MOT operation. The beam is then ex-
panded by a telescope, which also allows for ac-
curate control of collimation, split up into four
fractions at polarising beam splitters in ratios ad-
justable by halfwave plates and then aligned into
two closed rings of counterpropagating beams
through the windows of the upper part of the vac-
uum chamber. Circular polarisation appropriate
for MOT operation is obtained by quarter wave
plates at each cell window. With this general
scheme, polarisation and intensity balance can
be adjusted inidvidually for each beam (pair) to
reduce velocity dependent beam deflection due

to imbalanced light pressure during transit out of the illuminated region.
The repumping laser is expanded in a similar way as the cooler, coupled in separately

through a free PBS port, and propagates in a single directionthrough the silica cell. A razor

23ThorLabs FS-PM-4621 fibre and F230FC-B collimator
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blade imaged into the cell cuts off the repumping light near the lower edge of the cooling
region, such that atoms are pumped into the state 5S1=2, F=1 before leaving the cooling light
fields. Since the cooling laser does not couple to this state,sensitivity to scattering force
imbalances in this region is thus relieved.

The coil set is mounted on an xy-translation stage and mirrorholder, allowing the quadrupole
axis to be aligned onto the axis defined by the differential pumping stages. Coarse alignment
is done by observing the fluorescence of the 2D-MOT from aboveusing a CCD camera, and
the observed loading rate of the 3D-MOT is then maximized by optimizing beam intensity
balance and coil position of the 2D-MOT.

It is also possible to operate the 2D-MOT with backreflected light beams. Although beam
intensity balance is not optimum in this case, the efficiencyconcerning cold atom flux in
our setup is higher by up to a factor of two, since the (rather limited) available cooling light
power is used more efficiently. Change between the two optical setups is easily done by
inserting two backreflection mirrors as indicated in Fig. 3.6 in dotted lines, and readjusting
the halfwave plates.

3.2.2 3D-MOT and molasses

A 3D-MOT recollects the atoms from the cold atomic beam aftertransfer to the experimental
region of the chamber. It consists of three retroreflected laser beams and a 3D- quadrupole
magnetic field produced by two coils in anti-Helmholtz configuration, as described in 3.2.
Fig. 3.8 shows a sketch.

The 3D MOT has to share optical access to the lower cell centerwith the dipole trap
beams, the Raman beams and the fluorescence detection channels. Since highest priority is
assigned to the dipole trap, one of the MOT beams, which usually would coincide with the
z-axis of the quadrupole field, was chosen to be swiveled by 17Æ out of this axis, resulting
in optimum access for dipole trap beam No.1 (see Fig. 3.8). After expanding from a right
angle polished single mode fibre end, this MOT beam is collimated by af = 80 mm plano-
convex lens, and polarisation filtered by a PBS. The proper circular polarisation is set by a
quarter wave plate, and a gold coated mirror steers the beam through the silica cell at 17Æ
elevation. Behind the cell it passes another quarter wave plate and is retro-reflected by a
dielectric mirror.

The other two MOT beams, set up in the xy-plane of the quadrupole field, are mutually
orthogonal and symmetric with respect to the atomic beam. The optics for these two beams
are completely separate from the swiveled z-beam, and fed bya separate single mode fibre
connection, which is similar to the one described above. thecollimated beam is split in
two equal parts at a PBS, with the ratio adjusted by a half waveplate. As for the swiveled
beam, after passing quarter wave plates the beams are steered upwards at 45Æ angles, pass the
second quarter wave plates and are retro-reflected. Care wastaken during design to choose
convenient axes of alignment for the elevation mirrors.

After the three beams being properly adjusted to have their axis passing through the cell
center (within�2 mm), the retroreflectors are accurately set by coupling backinto the cor-
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Figure 3.8: 3D-MOT optics and geometry.

responding single mode fibre, light travelling in the fibre cladding being visible with an IR
viewer through the jacket near optimum adjustment. After establishing MOT operation, the
17Æ-beam retroreflection is adjusted vertically slightly below this setting, which is found to
result in a more stable atom density distribution. Also one of the 45Æ-beams may be tuned
away from the geometric optimum to improve stability and shape of the MOT as viewed on
a CCD camera.
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Figure 3.9: Axial MOT magnetic field and field
gradient at 2 A coil current.

The MOT quadrupole coil pair is made
of Ø1 mm insulated copper wire wound
on supports made of black POM24 (100
turns each). In connection with the
(aluminium) compensation coil supports
(see 3.6.1), a rigid, lightweight, and self-
supporting coil-cage is formed. The
quadrupole coil windings have the fol-
lowing measures: Ø64 mm inner diam-
eter, Ø88 mm outer diameter, 10 mm
width each, and 50 mm total axial spac-
ing. The resulting (computed) quadrupole
field is shown in Fig. 3.9 for the
axial direction. The typical operat-
ing current for loading the MOT is
2 A.

3.2.3 Laser system

As mentioned in 3.2.1 and 3.2.2, two grating stabilised extended cavity diode lasers are nec-
essary to operate the magnetooptical traps, one to drive theF=2! F’=3 cooling transition,
and one to repump atoms, which eventually accumulate in the ground state F=1, via F’=2 to
the state F=2.

They are built in Littman configuration [70, 110], and therefore the amount of feedback
to the diode can be varied via the angle of the grating relative to the incident light beam.
This, together with the choice of polarisation, strongly affects the diffraction efficiency. Low
feedback (few percent) leads to high power coupled out into the zeroth order of the grating,
which is then available for the experiment. This choice is a tradeoff between frequency
stability and tuneability on one hand, and available outputpower on the other hand. The
direction of the outcoupled beam is independent of detuningand alignment, which can be an
additional advantage.

Extensive literature exists on diode lasers and their stabilisation by optical feedback [58,
74, 91, 101, 148, 183]. Therefore, only a short description is given of the actual setup of the
diode lasers, which was dictated by simplicity and, even more, cost25.

Some effort and experimentation was put into the spectroscopic techniques used to lock
the lasers to atomic resonances observed in rubidium vapourcells. As a result, different
techniques proved to be useful for the two lasers.

24Poly-Oxymethylene / Polyacetal: An easily machineable plastic. The (only) advantage with respect to alu-
minium is the absence of eddy currents during fast switchingof the magnetic field.

25An advanced version of our diode lasers is described in [25]
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Diode lasers

Figure 3.10: Grating stabilised diode laser (to scale)

Figure 3.10 shows the sketch of a MOT diode laser. The extended cavity consists of
a temperature stabilised diode collimation package built in our workshop26, the grating27,
and a dielectric mirror glued to a piezoceramic tube28 on a precision mirror mount29. The
diode30 is mounted such that its polarisation is parallel to the grooves of the grating, resulting
in low first order diffraction efficiency, and high output into zeroth order. Diffraction into
second order is completely suppressed by choosing the groove spacing properly. The elliptic
intensity distribution of the output beam is shaped by an anamorphic prism pair31 and passed
through an optical isolator32 with 60 dB isolation. The polarisation is rotated by 90Æ between

26based on a modified collimation package ThorLabs LT110P-B, pressed into a (20 mm)3 copper block, which
is mounted on a peltier element in a milled aluminium enclosure, which also houses modulation electronics
and external resistors for the temperature sensor network YSI44203

27holographic sine, 1400 grooves=mm, gold coated, Zeiss or Spectrogon
28Ferroperm, Pz27, tube OD 12.6 x ID 11 x 12.7 mm
29Radiant Dyes MDI-2-3010, foot surface precision milled
30Toptica LD-0785-0080-2 (Sanyo), 80 mW
31Melles Griot 06GPU001, mounted on Lees adjustable mount
32Gsänger Kompaktisolator FR 780 TS 1
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3 The apparatus

grating and prisms by a�=2-retarder plate to minimize reflection off the Brewster surfaces of
the prisms. All parts except the isolator are glued to a 30 mm thick aluminium base housed
in a cast aluminium box, which can be temperature stabilisedby running water through a
copper plate attached to its bottom. Up to 40 mW are availablebehind the isolator33, without
pushing the diode to its power limits.

Spectroscopy and stabilisation

In an early stage of the development of the MOT system, the lasers were locked to the slope
of a Doppler-free saturated absorption line, measured in a rubidium vapour cell [33]. The
spectroscopy signal was obtained by subtracting a doppler broadened spectroscopy signal
from a doppler free one. While this works reasonably well forthe strong cooling transition
(F=2 ! F’=3), it proved to be difficult using the small lines obtained for the F=1! F’
multiplet. Residual fluctuations and drifts of the signal were on the order of the signal itself,
causing the repumper laser to fall out of lock every few minutes.

Therefore, a method known asdichroic atomic vapour laser lock (DAVLL, [32]) was
tried, offering intrinsic compensation for intensity (andbeam pointing-) fluctuations: a ho-
mogeneous magnetic field is applied to the vapour cell, splitting the magnetic sublevels of
the rubidium atoms. The absorption spectrum measured by a circularly polarised probe beam
sent along the direction of the magnetic field then is shiftedin frequency by an amount given
by the magnitude of the magnetic field in a direction depending on the sign of polarisation
of this beam. A linearly polarised probe beam, as a superposition of circularly polarised
components of equal amplitude and opposite rotation, measures both frequency shifted ab-
sorption lines simultaneously. It can be analyzed in the frame of circular polarisation by a�=4 retardation plate followed by a polarising beamsplitter, giving the intensities of the two
circular polarisation components at its two outputs. Taking the difference of both signals then
yields a symmetric, dispersion-like error signal with maximum slope ocurring at, and being
nearly constant around, the zero crossing. The method was originally proposed for Doppler
broadened lines requiring, in the case of rubidium atoms, a magnetic field of approximately
100 Gauss to give a shift of a few hundred Megahertz. The coil producing this magnetic field
also led to heating of the vapour cell to above 30ÆC. This made the rubidium vapour optically
thick, and in addition led to a metallic layer of rubidium on the slightly colder windows of
the cell, so no signal from the probe beam was obtained at its output.

Instead of changing the coil, the same principle of operation was applied to saturation
free absorption spectroscopy with a linewidth below 20 MHz,using a magnetic field on the
order of ten Gauss on the coil axis. Heating in this case was negligible, and a substantial
improvement over side of fringe stabilisation was obtainedfor the cooling transition, with
largely reduced residual fluctuations of the spectroscopy signal for proper alignment of the
quarter wave plate34. Figure 3.11 shows the signal obtained on the F=2! F’ multiplet in

33The insertion loss is found to be significantly higher than the specified max. 1 dB
34This is easily done by chopping the probe beam and minimizingthe resulting jumps encountered by the

spectroscopy signal
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Figure 3.11: Spectroscopy for cooling laser stabilisation

a 5 cm long vapour cell35, mounted at an angle of approximately 15Æ to the probe beam
propagating on the coil axis, to prevent reflections in the beam path. It is amplified by a PI-
control amplifier and fed back to the piezo mounted mirror of the laser to control the length
of the extended cavity.

The probe beam is detuned from the diode laser output frequency by a wideband AOM36

in single pass operation, and the output is imaged to the focal point of thef = 1000 mm
lens between vapour cell and backreflecting mirror. The polarisation analyzing detector is
put near the (spatially shifted) focal point of the light which passed the cell and the lens
twice, thus minimizing spatial shift on the photodiodes during AOM frequency sweeps. The
laser is then locked to the center of the big (2! CO 2,3) crossover resonance, and its output
therefore shifted to the blue side of the cooling transitionby� 20...185 MHz. It is switched
by fixed frequency (80 MHz) AOMs in single pass (order -1, see Fig. 3.13) and thus again
red-shifted to the desired frequency around the cooling transition F’=3. The zeroth order of
one switching AOM is used for the spectroscopy. The intensity jump caused by switching this
AOM is compensated for by adjusting the rf power to the spectroscopy AOM simultaneously.
This power adjustment is fast enough to keep the laser locked37.

The modified DAVLL method was also quite successfully applied to lock the repumper
laser, but was later replaced byradiofrequency spectroscopy(cf. Fig. 3.12), which virtually
eliminates all drifts and changes in the offset of the spectroscopy signal.

35Toptica
36XEROX (used surplus part), 153...320 MHz (-3dB)
37One might say: The laser lock is slow enough not to be kicked out...
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Figure 3.12: Repumper laser spectroscopy

The laser diode current is modulated at low amplitude at 7 MHzby a synthesizer38 to result
in -20dB modulation sidebands on the repumping light. Saturation spectroscopy is done in
a 10 cm long vapour cell39, and the signal obtained on a fast photodiode40 is analyzed using
phase sensitive detection by mixing it with the synthesizeroutput on a phase detector41. In
the resulting error signal, also shown in Fig. 3.12, the individual lines are difficult to identify,
but the optimum repumping line is easily found experimentally by observing the fluorescence
of a rubidium vapour simultaneously illuminated by cooler and repumper light as a function
of repumper detuning. Since also the repumping light is switched by a single pass AOM, it
is possible to lock the laser to the (1! CO 1,2) crossover resonance, shifted 78.5 MHz from
the F=1! F’=2 repumping line. The error signal again is PI-amplified and fed back to the
piezo-translated mirror of the laser.

Connecting synthesizer ground directly to laser diode (current source) ground introduces
considerable noise and power supply interference on the laser output. An rf-transformer or
balun42 is used to galvanically separate the grounds. With a transformer, also impedance
matching to the 200
 modulation input of the diode laser would be possible. The small
7 MHz modulation sidebands on the repumping light are not relevant to MOT operation.

Switching and distribution

The output of the stabilised diode lasers is switched by AOMsin single pass43, driven with
a fixed frequency from homemade RF sources44. The light is then distributed to the four

38SRS DS345
39again Toptica
40BPX65, amplified with CLC425 and Miteq AU-2A-0120-BNC
41MiniCircuits RPD-1
42MiniCircuits T1-1 or FTB-1-1
43IntraAction AOM 80, measured diffraction efficiency 85% @ 2Wrf power
44The sources base on a free-running VCO (mini-circuits POS-150) whose output is isolated and switched

by an RF-operational amplifier with fast shutdown (e.g. CLC410). The output is electronically attenuated
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Figure 3.13: Switching and distribution

input ports of the double MOT system using polarisation maintaining single mode fibres45

(c.f. 3.2). Figure 3.13 gives a schematic overview on this part.
The output of the cooling laser is split into a 2D-MOT branch and a 3D-MOT branch

with adjustable intensity ratios (�=4 and PBS) before switching. The 3D-MOT branch is
subdivided into the xy-plane part and the z-axis part of the 3D-MOT. Mechanical shutters46

reduce near resonant stray light scattered into the fibre modes by optical surfaces and residual
diffraction of the AOMs when the MOT is shut off. They are alsoused to block the xy-part
during atom detection with the photomultiplier tube (see 3.4.3).

The light is coupled into single mode fibres using FC-connected couplers47. In some
cases a strategically placed additional single lens may result in fibre coupling efficiencies
above 75%. Generally, coupling efficiency is above 70%, using an external adjustable mode
matching telescope. See also 3.3.3 for more information on fibre coupling. A part of the

(mini-circuits GAS-3) before being fed into a monolithic power amplifier (Motorla CA-2832, max. 2 W).
A single supply analog circuit interfaces control voltages(0 : : : 10 V) for frequency and attenuation to the
VCO and attenuator control inputs.

45Oz Optics, c.f. 3.3.3 or ThorLabs FS-PM-4621, similarly connectorized
46Made from relays NAIS-ST-1-12Vdc (10 ms delay) or NAIS-DS2E-12Vdc (< 3ms), small flags glued to

moving part
47ThorLabs F220FC-B or F230FC-B
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3 The apparatus

repumping light is coupled into the 3D-MOT cooling laser path at the open port of the 70:30
non polarising beamsplitter, to enter the fibres with the same polarisation as the cooling light.
The 2D-MOT is independently supplied by one cooling branch and one repumping branch,
each consisting of an AOM and fibre coupling optics.

Diagnostics

During operation, the two lasers are continuously monitored on a confocal Fabry-Pérot cavity
(CFP48). This faciliates relocking of one of the lasers to the correct spectroscopic line, which
for the repumper may be necessary every couple of hours, due to drift of the laboratory
temperature. It is also useful during alignment of the extended cavity of the lasers.

A fibre-coupled wavemeter [18] (Michelson-type) is only used during alignment of the
diode lasers. It compares their respective wavelength to the known wavelength of a HeNe
laser stabilised to its own gain curve. If properly aligned,the precision is much better than10�6, allowing direct identification of the four Doppler broadened profiles in rubidium. It is
shared with other experiments in our lab and also used for theTi:Sa dipole trap laser (c.f.
3.3.3).

The relative linewidth of the two lasers was repeatedly measured with a spectrum ana-
lyzer49 using the microwave equipment now employed in the Raman laser setup (see 3.5).
Figure 3.14 shows a typical spectrum of the beat note on a fastphotodiode. The relative
linewidth (FWHM) of the locked lasers is always well below 1 MHz. Since different tech-
niques and devices are used for stabilising each laser, a correlated response to external dis-
turbances is not expected to cause a significant underestimation of the individual linewidths
of the two lasers from this measurement.

120702/coolrep2.dat, beat measurement MOT−cooler with MOT repumper 120702/coolrep3.dat, beat measurement MOT−cooler with MOT repumper
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Figure 3.14: Relative linewidth of the lasers during MOT operation

48Melles Griot optical spectrum analyzer
49Marconi 2383, Rohde & Schwarz FSP13
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3.2 Double MOT

Suggested improvements

Some changes to and expansions of the laser system can be doneto further enhance its
performance and stability. The following points are considered relevant:

Injection lock: Another diode laser is currently set up which will be optically injection
locked to the MOT cooling laser to increase the power available to drive the cooling
transition in both MOTs. This is expected to enhance the loading rate of the 3D-MOT
significantly.

cooler spectroscopy:A radiofrequency lock may be employed also for the cooling
laser using an electrooptic modulator (EOM). The light usedfor spectroscopy should
be coupled out of the main laser beam shortly behind the optical isolator, abandoning
the need for power switching the spectrosccopy AOM.

current feedback: The servo bandwidth can be increased by using the injection cur-
rent input of the diode lasers. For the cooling laser, this requires a new servo amplifier.
As a result, a linewidth on the order of (or even below) 100 kHzcan be expected, as
already obtained with the Raman-Masterlaser (c.f. 3.5).

3.2.4 Performance - loading and decay of the MOT
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Figure 3.15: Loading and decay of the 3D-MOT, operated at an axial magnetic field gradient
near 28 Gauss/cm.K = N=S � 7� 105 atoms/V (c.f. 2.4.1).

Figure 3.15 shows loading and decay of the 3D-MOT, operated at �=2 and a magnetic field
gradient of 28 Gauss/cm (in z). The curve is obtained by switching the 2D-MOT cooling laser
on for two minutes. The loading rate, as determined from the initial slope of the curve, isR =3:3� 105 atoms/s, and the decay is well described by a single exponential with time constant
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3 The apparatus� = 1=� = 40 s. A constant offset is subtracted from the data in the semilogarithmic plot.
This is the fluorescence level obtained from loading the 3D-MOT by the effusive thermal
beam alone (2D-MOT switched off). In this case,R0 = 7 � 102 atoms/s. Operation of the
2D-MOT therefore increases the loading rate by a factor of 4.7�102.

In a similar measurement at a magnetic field gradient of 17 Gauss/cm (in z, Fig. 3.16),
which is the value typically used for maximum transfer, the corresponding values areR =5:3 � 105 atoms/s,� = 60 s, andR0 = 2 � 103 atoms/s, giving an increase of loading rate
due to the 2D-MOT by a factor of 2.7�102.

The differences in these characteristic parameters are caused by the change in velocity
capture range and capture cross-section50 with the magnetic field gradient. If a large fraction
of the atoms in the cold atom beam from the 2D-MOT is already captured by the high-
gradient MOT, the increase due to optimized capture in the optimum gradient MOT is limited.
On the other hand, background atoms (from the effusive beam)are at room temperature,
and therefore the loading rate of the MOT increases quadratically with increasing capture
velocity, as well as with increasing capture cross-section.
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Figure 3.16: Loading and decay of the 3D-MOT, operated at an axial magnetic field gradient
near 17 Gauss/cm. The shallow slope at the beginning of the decay curve is caused by the
limited field of view of the detection system.K = N=S � 7� 105 atoms/V (c.f. 2.4.1).

50instead of capture volume, since in any case loading from a directed beam dominates
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3.3 Dipole trap

3.3 Dipole trap

The first part of this section presents the mechanical considerations and optical parts related
to dipole trap fabrication, followed in the second part by a discussion of the diffractive optical
elements used to produce hollow beam traps. The last part describes the trap laser system
and high power light delivery by optical single mode fibres.

In a previous state of the experiment, the dipole trap beams were linearly polarised along
orthogonal directions in the horizontal plane. In this case, interference of the two beams is
suppressed, but the polarisation varies spatially within the trapping region. This makes it
difficult to properly pump the atoms into a well defined groundstate sublevel, and to obtain
an optimal fluorescence signal from excitation as well as spontaneous emission being fully
controlled regarding polarisation (see 3.4).

Since both trapping beams are individually switched and controlled by acoustooptic mod-
ulators (AOM), interference is not an issue if the relative detuning of the beams greatly
exceeds all trap frequencies. In this case, interference fringes move so rapidly, that the atoms
experience only the time-averaged potential. Here, the relative detuning is 160 MHz, while
trap frequencies are at most several tens of kHz. Both trap beam polarisations are therefore
now changed to vertical, to represent a well defined quantization axis, and thus improve state
selective optical pumping and detection.

3.3.1 Optics and mechanics

The light is guided to the experiment by single mode optical fibres, which are connectorized
with FC connectors, and thus can be easily disconnected and reconnected. The intensity
distribution exiting such a fibre constitutes an excellent approximation to a Gaussian beam51.
With a core diameter of 5�m, as in our fibres, the beam leaving the fibre end facet has a
mode field diameter around 5.5�m and therefore expands with a numerical aperture of NA
= 0.11 (f=# = 4:5) at� � 780 nm.

This expanding beam is collimated by a high aperture lens in ahome-made adjustable
collimation package, and is focussed by another lens through the wall of the silica vacuum
cell into the experimental region. The Gaussian beam diameter of the focus is given by the
ratio of focal lengths of focussing and collimating optics,and by the mode field diameter of
the fibre, which resembles a focus of this size near the fibre exit. Channel No. 1 is collimated
with anf = 30 mm lens and focussed with a lens of focal lengthf = 80 mm, while Channel
No. 2 is collimated and focussed withf = 14 mm andf = 37 mm lenses respectively.
Therefore, beam parameters of the two trapping beams are very similar.

51Within the fibre, light travels with Bessel-shaped and modifed Hankel-shaped radial intensity distributions
in the core and cladding of the fibre, respectively, with continuous joining value and gradient at the core
boundary [166].
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Geometrical and mechanical considerations

To be able to align the two crossed beams precisely whith respect to each other on the�m
scale, the complete optics of dipole branch No. 2, includingthe fibre connector, is mounted
on a three axis translation stage52. Taking the waist size of the two beams to bew0 = 7 �m
implies the axial depth of focus to be on the order of 0.2 mm. Therefore, the vertical direc-
tion, where the beams are aligned radially, is by far the mostcritical one. In this direction,
a high precision differential adjustment screw53 allows sub-micron resolution, with repro-
ducible position readings in steps of approximately 1�m (not calibrated). The other axes
of adjustment, which are parallel to the axes of the dipole trap beams, are equipped with
high quality fine pitch adjustment screws54. The translation stage is built on the principle of
flexion. While enabling very high mechanical stability withrespect to roll and yaw, travel
range is limited to�1 mm. Since it is thermally compensated with respect to aluminium
alloy55, vertical alignment of the beams is maintained by mounting the optics of the other
branch on an aluminium block of the same height as the translation stage (76 mm), and both
parts on the same horizontal base plate. The axial drift withtemperature is mainly due to the
expansion of this aluminium base plate over the focal lengthof the focussing optics (38 mm
and 80 mm) and, for the laboratory temperature range of 5 K, this is a few microns. The base
plate dimensions are230� 300� 30mm. It consists of two sheets 20 mm and 10 mm thick,
which are stiffly connected by many screws. Inner damping of this sandwich construction is
enhanced by a thin film of vaseline between the plates56.

Optical elements in the beam paths

The dipole trap light leaving the single mode fibre is collimated using a three lens high aper-
ture laser optic57 which offers nearly diffraction limited performance at theaperture covered
by the entrance beam58. The collimated beam passes an optional diffractive optical element
(DOE) to produce a hollow beam, as described in 3.3.2, and a polarising beamsplitter59 (PBS)
which, among other purposes60, serves to maintain strictly linear, fixed polarisation forthe
dipole trap. The (adjustable) collimated beam No. 2 then enters a home made high aperture
four lens system which takes into account the silica vacuum cell window to result in diffrac-
tion limited imaging through this window. These optics are described in detail in A.1.1.

52Elliot Martock Gold
53Elliott Martock MDE 216
54MDE 217, pitch = 0.25 mm/rev.
55which has a thermal expansion coefficient of2:3to2:4� 10�5
56As an additional advantage, this two-piece design offers easy means to mill an arbitrarily wound water-

cooling path into the base, which was optimized for homogeneous temperature stabilisation of the base by
water from the same source as used for the diode lasers (c.f. 3.2.3).

57Linos HALO f = 30 mm, NA=0.38, resp.f = 14 mm, NA=0.32
58see A.1.1 for details
59B. Halle Nachfl. GmbH, D-12163 Berlin, PTW1.20 resp. PTW1.30, 600-900 nm, transmitted wavefront

dist.� �=10, residual transmitted S-pol.< 4� 10�4, beam deviation< 20
60see 3.4
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Focussing lensPolarizing beamsplitterFibre collimator optional DOE

Figure 3.17: Trap beam optic assemblies.Top: Channel 1,bottom:Channel 2

The polarisation can be turned to vertical between PBS and the focussing optics, using an
achromatichalf wave plate61.

Beam No. 1 is focussed with a gradium single lens62, which most probably also results
in a diffraction limited beam inside the vacuum system. The reason for the different optics
is, that in this direction the tilted MOT-beam implies a larger working distance of the dipole
optics. The additional achromatic waveplate is omitted in this channel by mounting the PBS
vertically63.

Both dipole trap beam assemblies are sketched in Fig. 3.17. Once aligned, components
can be removed and reinserted without affecting the relative adjustment of the two crossing
beams. Reproducibility is on the order of microns, such thateven in the worst case only
slight optimisation of the vertical position is required.

61B. Halle Nachfl. GmbH, quartz and MgF2, �=2� 0:003 � for 690-850 nm
62Light Path Thechnologies, Inc., GPX-25-80, AR coated
63This is not possible in channel No. 2 due to MOT optics above the beam splitter.
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3.3.2 Diffractive optical elements

Laguerre-Gaussian beams (c.f. Sec. 2.5) are used in this experiment to implement blue-
detuned dipole traps. Experimentally proven techniques toproduce such a beam include:

1. A laser is forced to produce a Hermite-Gaussian mode, e.g.by inserting a thin tungsten
wire into the beam path of the resonator. The Hermite-Gaussian output mode then is
converted to a Laguerre-Gaussian by a prism-modeconverter[184].

2. A diffraction grating with a height profile similar to the phase pattern interferogram
of Fig. 3.18 is computer-generated and microfabricated (“computer-generated holo-
gram”). Laguerre-Gauss-modes of different orderl are obtained in the corresponding
diffraction ordersk � 1. Blazed gratings can be fabricated to maximise diffraction
into the desired order [112, 170].

3. A computer-designed and microfabricated zone-plate structure is used to generate a
hollow beam profile in the focal region of a focussed beam [86].

The experimentally obtained conversion efficiency of all mentioned methods (except the last)
is in the range 50 to 60 %.

Figure 3.18: Gaussian input beam intensity distribution (left), height profile of a speckle
phase plate (left center), output beam intensity distribution in the far field (right center), and
interferogram (right).

Principle of operation

In this experiment, diffractive elements are used which, instead of being a binary phase pat-
tern, have a continuously varying phase profile. The phase profile used to convert a Gaussian
beam into an LG01 is sketched in Fig. 3.18. It is one turn of a helical structure, having a phase
step of2� which leads from the center radially outwards, and constantphase in any radial
direction, but increasing proportionally with the angle ofradial direction measured from the
step. In the center, there is a point where phase is not defined, a phase dislocation. Phase
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3.3 Dipole trap

patterns of this kind are called aspeckle64. Speckles of higher order are generated by phase
steps being integer multiples of2�.

For a Gaussian beam transmitted orthogonally through an ideal device, the2� phase step
does not break rotation invariance, since parts of the incident field transmitted at both sides
of the step perfectly match (having a relative shift of2�). In contrast, any two field parts
transmitted through opposite regions with respect to the center (180Æ angular spacing) are
out of phase by� and therefore cancel in the far field. It is therefore immediately plausible,
that the beam exiting the phase changing element is dark on its axis, if the phase dislocation
is positioned on the axis.

Some beam conversion properties of a speckle phase element� Unlike some other diffractive techniques, the beam path is not altered by insertion of
the element. The intensity distribution is centered on the same axis as the Gaussian
input beam. This property simplifies installation of the device into the experiment.� Fabrication- and alignment imperfections such as non optimum step size, decentered
input beam etc. affect the angular homogeneity of the intensity distribution. However,
there is always a strictly dark spot, which might be decentered from axis.� Residual intensity in the dark spot minimum critically depends on the slope of the step
and the extension of the central feature, which cannot be perfectly fabricated. As a
worst case estimation, consider the faulty central region as having zero relative phase,
thus resembling a pinhole which is imaged by the optical system65.� A thin element can not fully convert a Gaussian to a Laguerre-Gaussian beam. Inten-
sity has to be removed from the axis, either by absorption or by diffraction. At diffrac-
tion gratings, this part of the light leaves the element in zeroth order, and is therefore
effectively stripped from the converted mode which leaves in first order. At a speckle,
it is instead diffracted radially outwards, adding intensity to the radial tails of the LG01.
Since the atom trap is formed by the inner part of the intensity distribution, no attempt
is made here to strip this excess light by a pinhole. Apart from the focus, the intensity
distribution therefore deviates from both the Gaussian andLaguerre-Gaussian shape.

Fabrication

The phase elements were designed and fabricated by MatthiasCumme of the Institute of
Applied Physics at the University of Jena in Germany, in the group of Dr. Bernhard Kley.

64not to be confused with the same term used in multiple path interference
65For a dipole trap intended to cool atoms to the motional ground state, the residual intensity at the trap center

has to be compared to the averaged intensity an atom in its motional ground state encounters anyway (i.e.
the intensity leading to an AC-Stark shift of~!trap=2).
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The phase profile is implemented as a height profile in electron resist, which is spin coated
on fused silica substrates (Ø 25 mm�3 mm). The electron resist is exposed by electron beam
writing with a minimum structure size of 200 nm using a quasi-continuous dosage range
(grayscale exposure), and then developed, i.e. the resist is chemically removed according to
received electron beam dosage. This results in a height profile.

The refractive index of the resist isnR � 1:5, which is reasonably close to that of silica
(nS � 1:45to1:46). A 2�-step for� = 740 nm light in photoresist therefore isd2� =�=(nR � 1) = 1480 nm.

Figure 3.19: Far field intensity distribu-
tion of test sample, directly exposed
CCD.

A first set of test samples on a standard three
inch quadratic quartz substrate was available in
1998 and, although non-optimum with respect
to element size and step height, already showed
very promising results, as shown in Fig. 3.19.
Details of the measurement procedure and inter-
pretation of the obtained results follow below.

Encouraged by this proof of principle, intense
discussions followed on required transformation
properties and possible fabrication techniques.
A more radical approach was tested which, us-
ing substantial excess resolving power, aimed at
shifting as much intensity as possible towards
the harmonic central feature with correspond-
ingly steeper intensity gradient on the outward
slope, thus resembling only the inner part of a
Laguerre-Gaussian beam. This approach was
abandoned since in a test sample, advantages did
not show up to be as pronounced as expected,
and flexibility is somewhat restricted since these

elements have to be made for a fixed combination of Gaussian beam diameter and focussing
optics (i.e. trap size in focus).

After solving major difficulties concerning the portation of the fabrication process from
4” square substrates to Ø25 mm substrates, finally a test sample was produced with a grid
of non-exposed pillars as reference points, which served toaccurately measure the height
profile all over the surface. As a result,� in the radial profile the center is lower than the outer parts by 7 %, which is attributed

to additional influence of the already dissolved resist during chemical processing. This
is inferior to the results obtained before with three-inch substrates, but, as simulations
show, does not lead to appreciable degradation of the intensity distribution. Chemical
processing was slightly tuned in the following final run to improve on this property.� The linearity of angular slope (height vs. angle of rotationat constant radius) was
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3.3 Dipole trap

found to be excellent. This property critically influences the angular homogeneity of
the produced intensity ring.

Based on this data, in the final run three high quality fused silica substrates66 with an AR-
coated rear side were processed.

Step sizes of these elements, measured after chemical processing, are:
1475-1495 nm (No. 1), 1540-1460 nm (No. 2), and 1580-1440 nm (No. 3).

Measured optical performance

Evaluation of the optical performance was done by focussingthe output of one of the fibre
collimation units described in 3.3.1 onto a CCD several metres away, to obtain spot sizes
large compared with the CCD pixel size. The observed Gaussian intensity distribution was
then compared to distributions obtained with the DOE inserted shortly behind the collima-
tor lens. Total distance from diffractive element to CCD is on the order of 5 m. With false
color real time display of the CCD image and a Gaussian beam waistw(z) = 3 mm at the
position of the DOE, centering of the DOE with respect to the beam axis is done simply
by moving the DOE support on the desk by hand. Optimum alignment leads to a centro-
symmetric intensity distribution having two maxima and twosaddle points on the rim. The
intensity difference between saddle and maximum depends onthe wavelength mismatch of
the phase step and residual fabrication errors. The CCD detection adds pixel noise and a vis-
ible pattern of parallel linear interference fringes across the whole frame, which is attributed
to residual etalon effects in the AR coated window covering the CCD chip. The pixel noise
is efficiently reduced by performing a running average over areas including several pixels,
while the window-fringes show up in the results presented below.

Part Of the Gaussian beam incident on the DOE is reflected by the uncoated resist surface
(� 4 %). Of the transmitted intensity, a part is diffracted by thegrating-like pixel pattern
written into the resist, with a grating constant of 4�m. It shows up as a point grating cov-
ering a large solid angle behind the DOE. The remaining lightconsists of the desired LG01
mode as well as light diffracted into other LG modes. While the idealised speckle in focus
causes a smooth decay with increasing radial distance, leaving the focal position in the axial
direction, additional ring-shaped features on the outer slope of the intensity distribution ap-
pear. These are intrinsic to the light field generated by a speckle phase, growing in number
and relative intensity as distance to the focal position increases (Fig. 3.21). If the speckle
is fabricated using discrete phase steps, the symmetry corresponding to the number of steps
is also transferred to the intensity distribution, leadingto anangular intensity modulation
around the axis. This is slightly visible in Fig. 3.19, whichis produced with a speckle of 16
phase steps.

A simple and quick figure of merit for the conversion efficiency of the DOE is the inten-
sity of the lowest saddle point on the intensity ring, compared to the intensity maximum of

66Layertec GmbH, D-99441 Mellingen, Ø = 25-0.1 mm, d = 3.1�0.2 mm, surfaces�=10 at 633 nm, wedge<1’,
all parts of same d within< 0:01 mm, back side AR sputter-coated 700-810 nm, r< 0:3 %
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Figure 3.20: Measurement on diffractive element No. 1.Upper left: Recorded intensity
distribution as height profile.Upper right: Comparison to computed LG01 (contour plot).
Lower left:Diagonal cut through intensity profiles of measured speckleand computed LG01.
The LG01 is fitted to the saddle point intensity of the measured distribution, therefore it is
the lower curve in this graph.Lower right: computed LG01 intensity distribution as height
profile.

the unconverted Gaussian beam. As given in 2.5, for losslessconversion to an LG01 this ratio
is 1=e all around the ring. Numerical field calculations starting with a Gaussian intensity
distribution and the phase distribution of a speckle at the position of the DOE give a relative
maximum intensity near 0.23, which indicates that a perfectspeckle can at most have 62.5 %
conversion efficiency into an LG01 mode. The actual measurements on the DOEs used for
dipole trapping in this project show ring minima in the range55 to 60%�1=e of the Gaus-
sian beam detected with the DOE removed, and therefore most likely perform close to the
theoretical optimum.
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3.3 Dipole trap

Figure 3.21: Intensity distribution of a speckle at different axial positions along a focussed
beam withz0 = 0:2 mm (from left to right): 0 mm (focus), 0.2 mm, 0.5 mm, 1 mm.

3.3.3 Trap laser system

Laser light of substantial power is necessary to produce dipole traps of the size and depth
intended for this project. For red-detuned FORTs, (diode-pumped) Nd:YAG-lasers operating
at 1064 nm and tuneable Ti:Sa or dye-lasers are frequently used. Although Nd:YAG-lasers
are available at higher output power, a Ti:Sa laser offers the advantage of tunability over a
very broad spectral range at still substantial power. The wavelength can be chosen to give
optimum potential depth vs. scattering rate, and all spectral properties can be well controlled.

We use a commercial system consisting of an Argon-ion pump laser67 with up to 25 W
(multi line) output power and a tunable Ti:Sa ring laser68, which delivers up to 3 W single
mode, single frequency at 22 W pump power (up to 4 W without etalons). At 15 W pump
power, the single mode output power is approximately 2 W, which is sufficient for many red
detuned dipole trap experiments at wavelengths near 810 nm.

The light is split up into two symmetrical branches by a polarising beamsplitter cube69

(PBS) behind the output of the Ti:Sa, separately switched byacousto-optic modulators70 and
coupled into polarisation-maintaining single mode fibres71 by aspheric coupling optics72 to
be transported to the expriment separately.

Fibre coupling

A half wave retarder plate sets the ratio of power between thetwo branches. The mode of the
Ti:Sa output is matched to the fibre collimators by an 80 mm=30 mm telescope between Ti:Sa
and PBS. One telescope lens is mounted on a translation stage73 to allow axial adjustment for
optimum fibre coupling efficiency. This has to be redone aftera wavelength change of the

67Coherent Innova 100
68Coherent 699 with short wave mirror set and mechanical ICA
69Halle PTW 1.10, 600-900 nm
70Crystal Technology AOMO 3080-120
71Oz Optics PMJ-3A3-750-5/125-3-5-1
72Oz Optics HPUC-23-750-P-2.7AS-11
73Newport M-MT-X
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Figure 3.22: Trap laser fibre distribution

Ti:Sa by more than a few nanometers. Slightly more than 80 % ofthe light incident on the
coupling optics leave the fibre on the far end. The fibres are equipped with FC-connectors
and the incoupling end is angle-polished at 6Æ to avoid etalon-effects within the fibre. Proper
alignment at low power (< 200 mW) is necessary to avoid burning of the epoxy glue around
the fibre and damage to the fibre itself. Prealigned to more than 50 % coupling efficiency,
continued operation with 1 to 2 W of incident power led to no observable degradation within
three years.

Acousto-optic modulators

The AOMs have a diffraction efficiency of 90 % at 80 MHz and 1 W RFinput power. They
serve different purposes. First, they allow fast switchingof the dipole trap, which is used
for different diagnostic measurements presented in chapter 4. In addition, loss of atoms due
to interferometric fringes in the trap between light of the two branches is avoided by using
diffraction orders of different sign, thereby detuning thetwo trapping beams by 160 MHz,
which leads to rapid movement of the fringes. The atoms encounter an averaged potential,
since motional frequencies are lower by a factor of nearly 10�4 (the content of unshifted light
is measured to be below -60 dB at the fibre output). Last, lightreflected by the fibre facets
returning to the laser outcoupling mirror is shifted in frequency by passing the AOM twice.
This frequency shift (again 160 MHz) is incommensurable with the free spectral range of
the Ti:Sa (183 MHz), and therefore reflected by its outcoupling mirror. Coupling directly
to a fibre without AOM or other isolation is found to cause erratic behaviour of the Ti:Sa
by optical feedback, namely oscillation of the backward circulating mode, chaotic output
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3.3 Dipole trap

intensity and reduced available average power in the forward direction. The AOMs cure this
problem completely. Another problem directly linked to theuse of AOMs is thermal drift of
the spatial mode structure of the diffracted light due to switching the RF power. This effect
was observed as intensity drift of more than 20 % behind the fibre on a timescale of seconds
after switch-on when using surplus high aperture AOMs. It does not show up directly in
diffraction efficiency (before coupling to a single mode fibre). The currently used AOMs are
virtually free of this effect.

Intensity noise and suppressed modes

Apart from power and wavelength, other properties of the Ti:Sa relevant to dipole trapping
are intensity noise, which can cause parametric heating of the atoms if close to their oscil-
lation frequencies in the trap, and light emission far off the chosen operating wavelength,
especially near the atomic resonance at 780 nm.
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Figure 3.23: Intensity noise spectrum of Ti:Sa
laser and fibre tranport.upper curve: RMS
noise voltage of the trap light, normalized to
the DC-output of the photodiode.lower curve:
RMS noise voltage of the photodiode, being il-
luminated by a thermal source (torch) to give
the same DC-voltage as above.

The latter may lead to additional heat-
ing by spontaneous scattering and to in-
creased background signal in (or even
blinding of) the detection system. For de-
tunings of interest (more than 10 nm off
the D2-line) it is measured to be on the or-
der of 10�8 /nm relative to the total emit-
ted power of the laser74. Since this is in-
deed too much, a holographic notch filter75

is inserted in front of the fibre leading to
the dipole trap beam path No. 2, which is
shared with the detection system. This fil-
ter suppresses light within�5 nm around
780 nm while maintaining more than 80 %
transmission at dipole trap wavelengths76.

An intensity noise spectrum77 of the
light leaving the vacuum cell after forming
a dipole trap is shown in Fig. 3.23. This
noise could be reduced by a fast servo cir-
cuit which senses the intensity at the exper-
iment and uses the RF power to the AOM
as a servo. Since this is not done at the
moment, intensity fluctuations might con-

74using the bandpass filter described in 3.4.3 and a short grating spectrograph (Oriel Mod. 77250 + Mod. 18016
stepping motor controller)

75Kaiser HSPF-780.0-1.0
76If only heating of the atoms matters, a Rubidium vapour cell may be a suitable cure.
77Measured with New Focus, Inc., Mod. 1801 FS (DC-coupled) photodetector.
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tribute to the observed decrease in atom lifetime using tight traps (c.f. 2.4.4). Beam pointing
instability at the fibre inputs could contribute to intensity fluctuations in the trap beams. High
stability mirror mounts on massive aluminium bases are usedthroughout for the fibre cou-
pling components to prevent significant contributions fromthis source. Therefore, intensity
noise of the Ar+-laser, mechanical vibrations of the extended Ti:Sa structure, and possibly
power fluctuations of the AOM RF driver components are expected to be the main sources
of intensity noise.
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3.4 Atom detection

3.4 Atom detection

The three main atom fluorescence detection systems are Photodiode (PD), triggerable CCD-
camera, and photomultiplier tube (PMT). Their respective detection channels were already
sketched in Fig. 3.1.

In a MOT, fluorescence of the atoms is assumed to be isotropic and on average unpo-
larised, because polarisation in the central part of the 3D light field changes rapidly on the
wavelength scale. Therefore, the fraction of fluorescence collected by a lens is given simply
by the fraction of solid angle covered by this lens. At a polarising beamsplitter (PBS), the to-
tal fluorescence can be assumed to split into approximately equal parts. A detector of known
quantum efficiency then allows one to estimate the total number of photons scattered by the
atomic sample. This information is used to estimate the number of atoms, by taking into
account the spontaneous decay rate�, and estimating the average fraction of atoms being in
the excited state from light intensityI and detuning�.

In a dipole trap, on the other hand, the polarisation vector of the trap light constitutes a
fixed quantization axis, such that excitation with a defined polarisation in a defined geometry
in principle is possible. Detection efficiency in our apparatus might be enhanced by an
optimized detection scheme which takes advantage of this situation. Also optical pumping
among the hyperfine states may benefit from such a well defined situation.

3.4.1 Sensitive photodiode

The MOT fluorescence is imaged onto a 2.65�2.65 mm2 active area photodiode78 with a
typical sensitivity of 0.59 A/W at 850 nm (as well as at 780 nm). The resulting photocur-
rent is converted to a voltage by a homemade low noise amplifier, consisting of a 10 M

transimpedance stage and a�100 voltage amplifier. It has an overall transimpedance gain of
1 V/nA, and voltage noise of 4 mVrms in 10 kHz bandwidth at its output which is dominated
by the amplified thermal noise of the 10 M
 resistor. The whole detector therefore has a
sensitivity of1:5�10�10 Vs/photon, and a dark noise equivalent to less than3�107 photons
per second79. Comparison to a commercial powermeter with a silicon semiconductor detec-
tor head80, performed in the range of a few nW confirmed the sensitivity stated above with� 20 % uncertainty.

As described in 3.3, the imaging of the MOT is done using anf = 80 mm gradium lens
with 22 mm clear diameter, which collects 0.47 % of total fluorescence. The side port of
the PBS delivers half of the fluorescence, and transmission of other optical parts, including a
dielectric bandpass filter, totals 65 (5) %. Therefore,1:5�10�3 of the total MOT fluorescence
is incident on the PD.

78Siemens BPW 33
79The leakage current induced dark noise of the PD is equivalent to 20 000 photons per second at room temper-

ature and a bias voltage of 1 V. A transimpedance amplifier of several G
 is required to approach this noise
level in the amplified signal. For a detailed analysis of transimpedance photodiode amplifiers, see [143].

80Coherent Inc. Field Master with Mod. LM2 sensor head
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In a low density MOT of rubidium atoms, where reabsorption ofscattered photons is
negligible, the photon scattering rate per atom is6:3 � 106 /s at saturation intensity and a
detuning of�=2 (c.f. 2.3.2):�ee = s0=21 + s0 + (4��=�)2 ; �s
 = �ee � (3.1)

Taking into account the collection, transmission and detection efficiencies as deduced above,
one expects a voltage at the PD amplifier output of1:4�V per atom (on resonance:2�V).
The atom detection limit of the PD in this setup81 therefore is below 3000 atoms at S/N� 1
in 0.1 ms.

These estimations suggest a possible detection limit of a few hundred atoms in 10 ms
measurement time, or even several tens of atoms in one second. Unfortunately, the tilted
MOT beams cause significant stray light signal in excess of 100 mV, which adds noise and
also slowly drifts in time, the latter effect being attributed to temperature dependent interfer-
ence of silica cell wall reflections. In addition, loading from the effusive background atom
beam currently limits practicable detection times to below100 ms.

Straylight from the dipole trap beams (mainly No. 1) is suppressed by one of the dielectric
bandpass filters described in 3.4.3 below. The MOT is imaged onto the PD with a magnifi-
cation near two. With large MOTs (many atoms and low magneticfield gradient), noise on
the PD signal is strongly increased by MOT fluctuations, where part of the fluorescing atoms
leaves the field of view of the PD.

3.4.2 CCD camera

In addition to the photodiode, the atomic cloud is imaged onto a near-infrared sensitive CCD
camera82. It is equipped with a high aperture photographic camera lens83. During normal
operation, the camera output is viewed on a TV screen. In addition, pictures can be captured
by a PC “framegrabber” card84 to produce digital images. This is also possible in a triggered
mode with high time resolution. However, the framegrabber card does not relock properly to
the CCIR horizontal syncronisation signal of the camera in asynchronous triggering mode.
This problem has been solved by a home-made electronics85, which extracts all three re-
quired clock signals from the camera output and overrides the internal clock recovery of the
framegrabber card.

No information is supplied by the manufacturer which allowsus to determine the quantum
efficiency in absolute units. The CCD is protected against the incident dipole trap light by a

81In an earlier setup, described in ch. 3.6.3, where the PD usedan independent detection channel without PBS
and bandpass filter, the detection limit was near 1000 atoms.

82Cohu inc., Mod. 4912-5010 w/XIR, equipped with CCD SONY ICX249AL
83NIKON f = 50 mm,f=# = 1:2
84National Instruments Mod. IMAQ PCI 1408
85based on a sync separator IC (Elantec EL 4583) and a pixel clock generator PLL (Integrated circuit systems

ICS AV9173-15).
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3.4 Atom detection

dielectric bandpass filter. The collimated beam required for proper operation of the filter is
provided by a second four lens objective, which is positioned symmetrically to the focussing
lens of trap beam No. 2. The trap light reflected from the filteris sent into a copper tube,
which is squeezed shut at the far end and blackened on the inside with soot.

3.4.3 Photomultiplier detection with strong straylight suppression

Figure 3.24 shows the path of the fluorescence light collimated by thef = 37 mm objective
of dipole channel No. 2. It is separated from the dipole trap light at the PBS, and refo-
cussed by anf = 200 mm achromat86 before entering the PMT detection assembly, which
is mounted on a vertical, damped aluminium extrusion profile87. The assembly consists of
a shutter, spatial filters, spectral filters and the Photomultiplier itself. By means of a flipper
mirror88, the fluorescence can be deflected onto a small CCD camera as anadditional MOT
monitor. The spatial and spectral filters are integrated into a single prealigned device (“filter
stack”) having input and output pinholes, which connects tothe photomultiplier input shutter.
A mirror89 on a precision adjustable mount90 deflects the fluorescence into the input pinhole
of the filter stack. The axial focal position is adjusted by translation of the achromat91. Inside
the filter stack, the light is again collimated92, transmitted through four tilted dielectric band-
pass filters, and focussed symmetrically with respect to theinput onto a preadjusted output
pinhole. Resonant light passing the input pinhole at a sufficiently small angle to the optical
axis is imaged through the output pinhole. The output of the filter stack is roughly focussed
onto the 4 mm by 10 mm PMT cathode using anf = 25 mm lens at the output pinhole. The
connection between filter stack output and PMT input is shielded against ambient light by a
piece of black rubber bellows.

Stray light suppression

The filter stack is intended to reduce the stray light count rate of the PMT, i.e. suppress all
light which is not generated by fluorescing atoms in the detection region. Other measures
serving this purpose include polarisation discriminationat the PBS (to suppress reflected
parts of trap light), careful beam dumping of the trap light,and a holographic notch filter to
reduce non-lasing modes emitted near 780 nm by the trap laser(see 3.3.3). In view of the
high power dipole trap light incident on optical surfaces shared with the detection system,
suppression of this contribution to stray light appears to be particularly critical. It turns out,
however, that with thepresent apparatus, the residual background count rate is dominated by

86LINOS 063205
87ITEM Reihe 8, 80�160� 600 mm
88New Focus Inc., Mod. 9891
89Edmund industrial optics L32-086, protected gold,�=8
90Radiant dyes RD2
91Radiant Dyes RD-NP-15-01
92LINOS No. 063822525,f = 80 mm, NIR-ARB-2
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Figure 3.24: Photomultiplier fluorescence detection
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near resonantlight, which indicates that suppression of light at the trapping wavelengths
works well.

Polarisation filtering and spatial filtering provide several orders of magnitude in stray light
suppression for the trap light beam penetrating parts of thedetection optics (c.f. A.1.2). In
addition, the high power trap light has to be further suppressed by many orders of magnitude.
This is done by spectral filtering of the detection light, using dielectric bandpass filters93.
These filters have a passband of 13.2 nm (FWHM) centered at 790.2 nm at normal incidence.
Maximum transmission at central wavelength is 84 %, while optical density (OD) reaches 4
(i.e. t = 10�4) at790�25 nm (data supplied with the filters). The transmission centercan be
tuned to a shorter wavelengths by changing the angle of incidence94 �. Assuming refractive
indices on the order of 1.5, the angle required to shift the transmission maximum to 780 nm
is expected to be below 15Æ. The measured value is 14(1)Æ.
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Figure 3.25: Single Bandpass filter, near normal incidence with wiggles due to etalon effects
(left), and centered at 780nm by angle adjustment(right)

The filterstack, equipped with four of these filters at alternating tilt of �14Æ, has a mea-
sured total transmission of 53 (2) % at 780 nm, indicating band center transmission clearly
above 85 % per filter. A spectrum taken from a single tilted filter with an automated spec-
trometer95 is shown in Fig. 3.25. The ultimate suppression at wavelengths far from the filter
passband was not measured. However, amplified spontaneous emission at 780 nm shows

93bk Interferenzoptik, D-92507 Nabburg, Charge 31689
94The following approximate expression holds for dielectriccoatings of refractive index n (in multilayer coat-

ings with layers of different refractive index, it may only serve as a rough estimation at small angles):�(�)�0 �sn2 � sin2 �n2
95Perkin Elmer 19 (unpolarised light)
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up in the transmitted light, even if the Ti:Sa laser is tuned several tens of nanometres away
from this wavelength. The spectral content of the filter output was examined using a short
grating spectrograph (c.f. 3.3.3) and the MOT-photodetector described above. The relative
contribution of spurious laser output within the bandwidthof the filter is found to be on the
order of10�8 or below if the laser is tuned away from 780 nm by more than 10 nm. A nar-
rowband holographic notch filter with OD6 at 780 nm improves the situation by two orders
of magnitude only, because the filter curves of notch and bandpass do not match properly. At
large dipole trap detunings, the situation may be improved significantly by a notch filter of
increased bandwidth96.

PMT and photon counting

The photomultiplier tube97 is cooled98 to � �30ÆC and operated at 1650 V by a stabilized
high voltage supply99. Its GaAs:Cs-O photocathode responsivity is very broadband, ranging
from below 250 nm to above 850 nm with quantum efficiencies above 10 % (max 30 % at
300 nm). At 780 nm its quantum efficiency (QE) is measured to bein excess of 10 %, while
the dark count rate is below 20 /s at operating temperature100.

Its output current pulses are converted to voltages at the 50
 input resistance of a pulse
amplifier101, which has a voltage gain of 100. The pulses are shaped by inserting short stubs
of coaxial cable, equipped with terminations deviating from their characteristic impedance to
produce reflections with defined time delay and a defined fraction of the initial pulse height.
Values are chosen to minimize afterpulsing. The resulting width of the amplified pulses is
3 ns.

The (negative) pulses are discriminated and counted by a gated photon counter102 with the
discrimination threshold103 set to -10 mV. The result is read out via GPIB by the detection
computer (see 3.6.2).

This detection system was available from another experiment. Although quantum effi-
ciency can not compete with avalanche photodiode (APD) detector systems104, the ratio of
QE to dark count rate is similar. In addition, the sensitive area is much larger, which facili-
ates imaging and alignment. However, up to now the straylight signal strongly exceeds the
dark count rate (as discussed above), and an APD system therfore could increase detection
efficiencies by approximately a factor of five.

96Kaiser HNPF-785.0-1.0 instead of HSPF-780.0-1.0
97BURLE Electron Tubes C31034A-02, replacement part alternative: Hamamatsu R943-02
98Products for Research peltier cooled PMT housing TE104RF with peltier current controller
99Thorn EMI PM28B

100At room temperature it would approach the maximum allowed continuous count rate of 105 /s
101EG&G VT120
102SRS SR400
103The measured pulse height distribution does not show any distinct single photoelectron peak. The threshold

therefore is chosen to result in appropriately measured QE and dark count rate.
104e.g. EG&G (Perkin Elmer) SPCM-AQR
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Overall photon detection efficiency

Thef = 37mm; f=# = 1:8 lens collects 2 % of the solid angle, and, in an experiment with
effectively unpolarised emission into the detection direction, the PBS transmits half of the
fluorescence. The filterstack also has 50 % transmission, andthe PMT detects 10 % of the
incident photons. The other optical parts transmit 80% in total105. As a result, one out of
2500 emitted photons produces a counted event. With optimized geometric atom preparation
and excitation (proper linear polarisation emitted towards the detection channel), a factor of
two in priciple can be gained.

In a dipole trap, excitation (saturation) should be limitedto low values during detection
to limit the resulting scattering force and maintain a proper dipole trap potential. AssumingI = I0=10 and a detuning of�, excited state population is 1 % (Eq. (3.1)), and a single atom
gives a count rate of 150 /s (resp. 300 /s).

105cell window: 96 %, Achromat: 97 %, two gold mirrors: 97 % each,collimation lens: 97 %, and PBS
(reflection and scattering) 95 %
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3.5 Raman laser system

A laser system was set up which is suitable to drive Raman transitions between the hyperfine
components of the87Rb ground state. It is intended as the main tool for advanced cool-
ing, spectroscopy on motional states, and coherent manipulation of dipole trapped atoms
(c.f.2.3.3). Preparations (conceptual work and acquisition of equipment) already started in
an early stage of the project, while the actual realization recently was finished successfully
within a diploma work [25]. In addition to electronic measurements, first spectroscopic re-
sults have been obtained using a buffer gas loaded rubidium vapour cell [21], as presented at
the end of this section (part 3.5.3).

3.5.1 General layout

This light source consists of two grating stabilized diode lasers (similar to the MOT lasers,
3.2.3) with an electronically stabilized (and settable) fixed difference frequency near the
ground state hyperfine splitting. To be more accurate, the relative phaseof the two lasers is
electronically servoed to change by2��RF in time, where�RF is derived from the 10 MHz
reference frequency generated by a rubidium clock.

The setup is sketched in Fig. 3.26. A master laser is stably locked to a reference cavity
by the method of Pound, Drever, and Hall [46] (Fig. 3.27). It has a linewidth below 200kHz.
The output of a second laser (slave laser) is then superimposed on that of the master laser
on a non-polarising beamsplitter, to yield an intensity beat note in the microwave range
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Figure 3.26: Ramanlaser optical and electronic setup
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detected by a fast photodetector106, which is biased through a bias-tee107. The microwave
signal at the bias-tee output is amplified by a low noise, highgain, octave band microwave
amplifier108 and transferred to an intermediate frequency (IF) near 25 MHz. This is done in
a mixer109, which is driven by a fixed local oscillator frequency of 6.18GHz (LO1). The IF
is again amplified110 before being mixed down to (near) DC, using a tuneable, synthesized
local oscillator frequency (LO2).

The low pass filtered111 output of the second mixer is taken as the error signal input to an
electronic servo amplifier, to derive control voltages for the PZT translation of the extended
cavity mirror, and the laser diode current. A special phase advance circuit is used to extend
the servo bandwidth of the loop beyond 2 MHz (see 3.5.2 below).
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Figure 3.27: Master laser frequency stabilisation to a Fabry-Perot resonator.inset:Low pass
filtered error signal vs. laser detuning from FP resonance.

106GaAs MSM photodetector Hamamatsu G4176, 10 GHz, SMA-connectorized housing
107MiniCircuits ZFBT-6GW-FT
108JCA48-400, 4-8 GHz, gain>+40 dB, NF<1.6 dB
109MiniCircuits ZMX7-GLHR
110MITEQ AU-2A-120, 1-200 MHz, +30 dB
111mini-citcuits PLP-5
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3.5.2 Servo bandwidth and phase noise

PLL loop filter

The low pass filtered error signal is processed in three different branches to derive control
voltages for the PZT translation of the extended cavity mirror (combined proportional and
double integrating amplification), and the laser diode current. Signal processing for the cur-
rent control is done in a lower frequency PI-amplifier branchand a separate high frequency
phase advance filter circuit. The two resulting signals are added to modulate the diode cur-
rent. In the design of the fast phase advance filter, the modulation characteristics of the diode
laser current modulation input circuit, as well as that of the laser diode itself, were measured
and taken into account. The filter circuit and its effect on phase shift are shown in Fig. 3.28.
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Figure 3.28: Schematic of the phase compensation network

Microwave and RF local oscillators

The local oscillators are phase locked to the 10 MHz output ofa rubidium clock112. While
LO2 is an off the shelf RF synthesizer113, LO1 is a custom made fixed frequency doubly
resonant microwave oscillator114 (DRO) working at 6.81 GHz, whose frequency is divided
by 681 to be compared to the 10 MHz reference input. Frequencydeviations of the 10 MHz
reference frequency are therefore multiplied by a factor of681, which imposes strict require-
ments on the phase noise and spurious signal specifications of the reference source. Consider
a frequency modulated source of carrier frequency!
, modulation frequency
m and mod-
ulation indexm (being frequency modulation amplitude divided by modulation frequency
m). The amplitudeA(t) of the source isA(t) / ei(!
t+m sin(
mt)) ;
112SRS PRS10
113Marconi 2019A
114CTI Inc. XPDRO-6322, 6810 MHz
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Figure 3.29: Comparison of two different 10 MHz reference sources driving the phase locked
DRO (measured at 6.81 GHz center frequency): rubidium clock(lower trace)vs. reference
output of a synthesized function generator(upper trace).

which can be expanded in a Fourier series to obtain modulation sidebands at frequencies!
 + n
m, whose amplitudes are given by the Bessel functionsJn(m) :A(t) / ei!
t 1Xn=�1Jn(m)ein
mt :
Frequency multiplication by N acts on the carrier frequencyas well as on the modulation
amplitude, while the modulation frequency (the sideband spacing) is unchanged. Therefore,
the modulation index is also multiplied by the same factorN . The relative amplitudes of the
modulation sidebands in the multiplied signal are therefore given byJn(Nm). ForN = 681,
a modulation index of the source abovem = 0:002 results in a modulation index of the
multiplied signal abovem0 = 1:3 and causes the first sidebands to become comparable in
power content to the carrier, which is then reduced to� 1=3 the total power (since power
content of higher order sidebands is still low). The carrierwould vanish completely atm0 =f2:41; 5:52; 8:66; : : :g (‘carrier collapse’).

Fig. 3.29 shows the output spectrum produced by the DRO locked to two different refer-
ence sources115. The measured performance in each case is according to source specification.
The measurement is performed using a spectrum analyser116 capable of performing a fast
fourier transform (FFT) on its intermediate frequency, thus allowing for fast measurements
of spectra with a resolution bandwidth (RBW) of 1 Hz at centerfrequencies up to 13 GHz. In

115either SRS PRS10 (rubidium clock), or SRS DS345 (synthesized function generator)
116Rohde & Schwarz FSP13 with DC block FSE-Z4
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the case of the rubidium clock as reference input, specifications of the DRO, spectrum anal-
yser, and clock roughly match, so that the observed noise content can not be unambiguously
attributed to one of the components.

3.5.3 Performance

The performance of the phase locked laser system can evaluated in different ways. First, an
electronic beat note of the two laser fields can be measured ona fast photodetector, inde-
pendently from the components used in the servo loop. Second, Raman spectroscopy on the
ground state of rubidium atoms can be performed. Dark resonances then are observed as in-
troduced in 2.3.3. This was done in a buffer gas loaded rubidium vapour cell, with linewidth
and a pressure-induced frequency shift as expected. Another method to be applied soon is
spectroscopy on a cooled sample of rubidium atoms, trapped in an optical dipole trap.

Photodetector beat signal spectra
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Figure 3.30: High resolution spectrum of the 25 MHz intermediate frequency signal,
recorded during phase locked operation with the FFT-optionof the spectrum analyzer (taken
from [25]). Settings are given in the graph.

The spectra of electronic beat signals presented here are again taken with the spectrum
analyser already mentioned above. Figure 3.30 shows the spectrum of the IF within the servo
loop, which is taken by extracting part of the first mixer’s output using a power splitter. Figure
3.31 shows a direct comparison of IF spectra and independentmeasurements, which are taken
on a separate photodetector, and amplified with a broadband microwave amplifier117, before
being measured on the spectrum analyser.

117MITEQ AFS42-00101000-20-10P-42, 100 MHz to 10 GHz, +40 dB gain, noise figure< 2 dB
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Figure 3.31: Comparison of spectra taken either within the servo loop (at the intermediate
frequency,left), or measured independently as beat notes near 6.835 GHz (right). The spectra
are taken in single sweeps. To obtain accurate noise readings, the RMS detector was chosen
for the upper spectra, which was not available in FFT-mode used to record the high-resolution
lower spectra. A trace contains 501 points.

From a series of spectra taken at different spans, of which Fig. 3.30 is the one with the
highest resolution, the fraction of total output power of the slave laser present in 1 Hz band-
width around the central peak of the spectrum was estimated to be� > 96 %.

From this value, an average (rms) phase errorh�2i is determined to beh�2i =p� ln � = 0:2 rad :
This is consistent with an estimation based on the magnitudeof the error signal observed on
an oscilloscope.

Using some simplifying assumptions concerning the noise leading to the phase error,
phase jumps (‘cycle slips’) are expected to happen once every few seconds. This is not
the same as the coherence time, since coherence is only disturbed during the short time it
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takes the system to lock on another proper phase, which always is an integer multiple of2�
different from the initial phase. See [25] for details and further references.

The measurements in Fig. 3.31 show slightly higher noise andspurious content. However,
corresponding spectra are very similar, which indicates that no large interference is coupled
into the electronics of the loop. The pronounced differenceof the noise level close to the
carrier between the lower left and lower right part of the figure may be caused by vibrations,
which lead to fringes moving across the photodetectors. This additional noise in the external
signal may be reduced by improving the mechanical stabilityof the setup.

Dark resonance spectroscopy

2w0

λ /4

filter

mu−metal shielding

PD

polarization

Rb−vapour cell

Figure 3.32: Rb vapour cell dark resonance spectroscopy: optical setup. The expanded,
collimated beam has a waist ofw0 = 3:5 mm

To perform dark resonance spectroscopy, the light fields of master- and slave laser are
superimposed in a singlemode fibre. The beam exiting the fibreis polarisation filtered and
circularly polarised before being expanded to several milimeters and sent through the vapour
cell. Contribution of the two light fields is equal within a factor of two118, and the total
power is attenuated to below50�W. Transmission of the rubidium vapour is measured on an
amplified photodiode119, which is placed near the waist of the refocussed beam. To enhance
sensitivity, a lock-in technique is applied: The photodiode signal is detected synchronously to
a frequency modulation of the slave laser at!m = 2�� 530 Hz, using a lock-in amplifier120.

Three main mechanisms contribute to the observed linewidthof the Raman transitions:

118which will be improved in future measurements
119New Focus Inc., Mod. 1801-FS
120Femto GmbH, Mod. LIA-MV-150
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Figure 3.33: Dark resonance observed with frequency modulation spectroscopy in a Rb
vapour cell with 30 Torr Ne as a buffer gas. The measured values (open circles) are fit by the
expected theoretical curve (solid line, see text). From this fit, the following data is obtained:
Line center: 6 834 694 154 (1) Hz, Line width (FWHM): 149 (3) Hz, relative phase between
measured signal and local oscillator: 1.05 (2) rad. Experimental parameters are : Modula-
tion frequency: 526 Hz, max. intensity: 41 (7)�W/cm2 (i.e. P = 30�W, w0 = 3:5 mm),PMaster=PSlave = 1=2.

1. Limited interaction time between individual atoms and the light,

2. Fluctuating Zeeman shift of magnetic sublevels due to fluctuating magnetic fields,

3. Saturation effects due to high laser intensities.

These effects on the linewidth are minimized by the following measures:

1. In addition to using a comparatively large input beam, interaction times are further
extended by the presence of 30 Torr Ne in the vapour cell, causing the rubidium atoms
to move in a diffusive way due to many collisions, rather thanpropagating straight
from wall to wall (c.f. A.2.1). The Rb-Ne collisions only slightly affect the hyperfine
energies of the Rb atom, as discussed below. In this way, transit time broadening has
been reduced to below 100 Hz for Cesium atoms [199].

2. Zeeman shifts are reduced by enclosing the cell in a long tube made of three layers
of mu-metal sheets. The residual magnetic field fluctuationsare expected to be be-
low 0.01 Gauss, which is the minimum resolvable magnetic field measurable with our
laboratory gaussmeter.
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3. The added intensity of the two beams was reduced to below 50�W/cm2 on the beam
axis to reduce saturation broadening of the Raman transition, which scales approxi-
mately with the Raman Rabi-frequency (c.f. 2.3.3).

The presence of a high Neon partial pressure, while reducingtransition time broadening,
causes a pressure shift of the Raman lines by 392 Hz/Torr [12]. The observed line center
at 6 834 694 154 Hz, which is shifted from the expected value of6 834 682 611 Hz by
11 543 Hz, would be caused by a Neon pressure of 29.4 Torr.

The following measures are considered relevant to further increase the stability and repro-
ducibility of the dark resonance measurements:� The (near-resonant) detuning of the master laser from the resonanceF = 2! F 0 = 2

has to be stably set, which can be done by locking it (via an AOM) to a rubidium spec-
troscopy cell. This would avoid fluctuating Rabi frequencies in the individual branches
of the Raman transition, as well as fluctuating disturbance of the dark resonance by ex-
citation of the strongF = 2 ! F 0 = 3 transition (which does not couple to the slave
laser field) within the Doppler-broadened profile of theS1=2 ! P3=2 transition.� The control over the residual magnetic field, concerning both magnitude and direction,
could be improved by a set of three Helmholtz coils. Then stable spectroscopy of the
Zeeman-shifted sublevels may be possible.� At the moment, the temperature of the spectroscopy cell is not properly controlled.
A temperature stabilized enclosure for the spectroscopy cell would result in precisely
settable and stable rubidium vapour pressure and Neon pressure. This would reduce
pressure shift variations of the Raman resonance.

The observed signal to noise ratio of the dark resonance makes further reduction of the in-
tensity possible, which meanwhile results in linewidths below 100 Hz.
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3.6 The composite apparatus: Integration and control

Figure 3.34: Photograph of the atom trapping machine.
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3.6.1 Modularity

The apparatus which has been described in this chapter is divided into rather independent
subsystems, which are connected optically by single mode fibres, and mechanically by
mounting interfaces which allow for refitting parts or subsystems into their proper relative
positions after disassembly. From this point of view, the apparatus is composed of the fol-
lowing main components, with connections as indicated:� The2D-MOT optics and magnetic coil is mounted on a solid aluminium plate which

is bolted down to the support pillars of the vacuum system andcan be removed as a
whole. It is optically connected to the MOT laser setup via single mode fibres (c.f.
3.2.1).� As described in 3.3.1, the dipole trap components are mounted on a stiff, damped
aluminium base. This base also supports the components of the 3D-MOT, parts of the
detection systems, and a spatially adjustable magnetic field coil cage consisting of the
MOT quadrupole coils and three-dimensional offset field compensation. Thiscentral
trap assembly is the most complex one of the subsystems, virtually enclosing the
lower fused silica vacuum cell. It can be removed from the vacuum system baseplate
after taking off some uncritical parts121.

A guiding rail at the side allows easy slide-in and -out, and diminishes the risk of
accidental damage to the lower fused silica cell. The final position parallel to the rail
is defined by a mechanical stop. Position reproducibility ison the order of 100�m and
one minute of arc. For the adjustment of dipole trap beam focal positions described in
3.3.1, it is sufficient to move the assembly by several centimetres.

Optical connections up to now consist of four single mode fibres, two for the MOT
and two for the dipole trap beams, and one beam through free space to the PMT detec-
tion unit. With improved fibre connectors, it should be possible to also disconnect the
dipole trap beam fibres without deteriorating the trap alignment. More fibre connec-
tions can be added for Raman laser beams and improved atom detection.� The only critical free-space optical interface connects tothePMT detection unit. If
this turns out to be a major inconvenience in future experiments, it may be replaced by
a multimode fibre link122, which would be particularly helpful if the photomultiplier
would be replaced by a (small active area) avalanche photodetector.

As noted in 3.4.3, the components of the detection system itself are rigidly mounted to
a high cross-section extruded aluminium profile, which is screwed down to the optical
table. The only alignment task is to make the fluorescence light pass the first pinhole.
This alignment isnotsensitive to position adjustments of trap beam No. 2, or a change
of the focussing and detection lens.

121one MOT-backreflection mirror and two single compensation coils
122resulting in uncontrolled polarisation at the fibre output,which could be a drawback concerning filterstack

performance
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3.6 The composite apparatus: Integration and control� The threelaser systems(3.2.3 MOT, 3.3.3 dipole trap, 3.5 Raman) are directly set
up on the optical table, and connect to the experiment (and a wavemeter) exclusively
via single mode fibre connections. No alignment interrelations exist between different
systems.� After removing the optical subsystems as described above, the vacuum vessel(c.f.
3.1) could be removed from the optical desk for changes and bakeout, or to separate
the atom trapping components from the laser systems by moving them to a second
optical table.

Central trap assembly

Since the central trap assembly incorporates several different functional units, whose descrip-
tion, according to their purpose, is spread all over this chapter, Fig. 3.35 shows this device
with all relevant parts in context:

Figure 3.35: Photograph showing a view into the heart of the apparatus.
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Dipole trap beams enter from the left (No. 2) and from the front-right (No. 1). The MOT
beams enter via fibre connections from the lower left, and arecollimated by single lenses on
miniature axial translation stages. Behind the fibre couplers, the precision XYZ translation
stage supports the optics for dipole trap beam No. 2. Above, aMOT backreflector is mounted
on one of three elevated horizontal bars, which are supported above the baseplate by four
posts.

Most of the central vacuum steel block is above the top of the photograph, the lowest
quarter being visible centered at the upper edge. The lower silica cell, equipped with AR
coated silica slabs, protrudes downwards into the upper center of the picture. It is hemmed
in by the MOT and compensation coil-cage, which is supportedthrough openings in the
baseplate to an L-shaped adjustment bar (not visible), which itself is connected to the bottom
of the baseplate, similar to the body of a mirror holder used with fixed mounting plate. One
of the corresponding adjustment screws is visible just below the lower MOT fibre connector.

On the right side of the photograph, a multi-function aluminium block, which is made
from one piece, supports the optics for dipole trap beam No. 1. The mirror deflecting the
sviveled MOT beam is mounted inside this block on a small adjustable mount. Below this
mount, a large bore parallel to trap beam No. 1 opens optical access to a 90Æ-deflector
mounted directly below the silica cell (hardly visible). Itis intended for one of the Ra-
man beams, additional near-resonant detection light, or other applications requiring low to
medium numerical aperture.

The baseplate is cut out to the right side of the block due to one of the vacuum vessel
support posts - one on the right, and a second in the background on the left. These posts also
have large bores at the height of the trap center. In the lowerright corner, the end of the rail is
visible which is used to guide the baseplate when the whole trap assembly is removed from
the vacuum system, or reinstalled. The baseplate itself is mounted to the tray-like base of the
vacuum system with massive cylindrical aluminium bases (not visible).

Magnetic field compensation coils

The MOT quadrupole coil pair is already described in 3.2.2. Three additional coil pairs are
integrated into the coil cage, which are intended to producecompensation fields on the order
of one Gauss, which can be considered homogeneous on the scale of the dipole trap. The
space near the trap does not allow exact Helmholtz-configuration of the coil pairs. However,
they are designed to vary by less than 0.1 mGauss across the extension of a crossed dipole
trap.

One of the compensation coil pairs is wound on top of the quadrupole field coils, the
other two are wound on black anodized aluminium supports. They are operated by low noise0 : : : 300 mA current sources of a design used also for most of our laser diode controllers.
The dimensions are (in mm):
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compensation axis diameter cross sect. axial separation turns

1 (MOT quadrupole) 89 � 1� 10 50 25
2 (vertical) 120 4� 4 70 51
3 (PMT detection) 58 4� 4 102 70

At 200 mA, they produce flux densities in the center of 0.9, 1.35, and 0.7 Gauss.

3.6.2 Computer control

Experiments are performed in a largely automated way. Timing is governed by one half
(Ch. 1 : : : 16) of a 32 bit highspeed digital I/O board123 in the control computer124, which
produces the required pulses to synchronize digital outputof the second half (Ch.17 : : : 32) of
this card, as well as a six channel 12 bit analog output card125, and an additional multipurpose
I/O card126 mainly used for 12 bit analog to digital conversion of the amplified photodiode.

The digital outputs17 : : : 32 of the digital I/O card control fast AOM shutdowns, shutters
for the two separated 3D-MOT branches, the 2D-MOT light, thedipole trap beams and the
PMT, and triggers the gated photon counter and CCD camera readout system. The analog
outputs control the frequency of the MOT cooling laser, the amplitudes of the MOT lasers
and dipole trap beams, and the MOT quadrupole magnetic field coil current. The Raman
laser system so far is notincluded into the automated control of the experiment.

A separate measurement computer acquires and processes data of the PMT via GPIB127

from the gated photon counter, and reads out frames capturedby the framegrabber card from
the triggered CCD camera.

The output cards are programmed using a graphical development software128 specialized
on the implementation of data acquisition, instrumentation, and control systems with an
interactive graphical user interface. Data processing (output as well as input) is mainly done
by calling routines of a numerical computation software129.

The analog frequency-setting inputs of the AOM frequency sources are calibrated using
a frequency counter130, and the calibration data is integrated into the control software, such
that values are entered directly as frequencies on the control panel. The attenuation channel
data is set in terms of voltages. Fig. 3.36 shows calibrationcurves for the MOT-cooler and
dipole trap beams.

Switching of the AOMs is done separately using fast TTL shutdown inputs of their fre-
quency sources. This shutdown has a measured delay of 200 ns on the on-off transition, and
50 ns on the off-on transition. This has to be taken into account when applying very short

123National Instruments PCI-DIO-32HS
124AMD K6, 300 MHz, 256 MB RAM, PCI and ISA card slots
125National Instruments AT-AO-6
126National Instruments AT-MIO-16DE-10
127General Purpose Interface Bus, IEEE 488
128National Instruments, Inc. LabVIEW, v. 6.1
129The MathWorks, Inc. Mat Lab v. 5.1
130Racal Dana Mod. 1992
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200602/VWPdata0245−0257, Dipole2−attenuation calibration (fibre alignment checked)
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Figure 3.36: Light power attenuation curves for dipole trapbeam No. 2 (left) and cooling
laser (right).

light (or light off) pulses during experiments, and limits the useable range of pulsewidths to
above� 1�s. On the computer controlled hardware timing system it is not possible to run
extended timing sequences with such a high resolution. Short test output sequences were suc-
cessfully run with resolutions below 5�s, limited by the specifications of the AO-card (the
DIO card being much faster). In typical experimental runs however, the system is limited by
first the analog input (MIO) card, which does not run stable atresolutions approaching its
hardware-limit of 10�s, second the data transfer on the slow ISA bus, and third the available
memory. The resolution therefore is set to 100�s, and faster switching is done by trigger-
ing a separate pulse/delay generator131, which is capable of delivering four edges (i.e. two
pulses) with delays set by the control computer via GPIB.

3.6.3 First generation setup

Several experiments presented in the following chapter aredone using a preliminary 3D-
MOT and dipole trap setup, which is shortly described here, and shown in Fig. 3.37. The
3D-MOT optics was mounted using off the shelf posts and bases, and the horizontal beam
repositioned later to allow optical access for one of the dipole trap fibre collimators, which
was mounted on a high stability mirror mount132 for angular alignment, and an additional
translation stage133 for axial translation. The collimation optics134 was mounted with an
axial displacement of few milimetres away from the fibre end relative to its usual position,
to directly focus the beam into the MOT with an appropriate waist (c.f. 4.2.2). The MOT

131SRS DG535
132Radiant dyes Mod. RD2
133Radiant dyes Mod. KUL-FGS-15
134Linos HALO f = 30 mm
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3.6 The composite apparatus: Integration and control

Figure 3.37: First generation red-detuned dipole trap setup.

beams, entering the setup through free space, were expandedwith a telescope, which also
served as a spatial mode filter in combination with a 15�m diameter pinhole positioned at
its focus.

The atoms were detected on the amplified photodiode (see 3.4.1), which used af =50 mm plano-convex lens in the optical path now occupied by trapbeam No. 2 and the
photomultiplier detection channel. In addition, the MOT was imaged by a CCD camera135

equipped with the high aperture photographic lens which is still in use today on the trigger-
able CCD camera (see 3.4.2).

135EHD Physikalische Technik, Mod. Kam07
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4 Experiments

4.1 Preparation and detection methods

The experimental runs have the following general structure:

1. loading : Atoms from the 2D-MOT are accumulated by the 3D-MOT.

2. transfer :The 2D-Mot is switched off, and the atomic sample is cooled and compressed
in the 3D-MOT. The atoms are transferred into the dipole trap, which is spatially su-
perimposed on the center of the 3D-MOT.

3. dipole trap : After switching off the 3D-MOT and the magnetic field, the atoms are
held in the dipole trap. Additional manipulation may be applied to the atoms, for
example to study the loss of atoms due to various manipulations .

4. detection :The atoms are optically detected by application of near resonant light.

A typical experimental cycle is shown in Fig. 4.1.
The first section of this chapter describes the techniqes used to prepare atoms stored in a

dipole trap, as well as detection methods applied in the lastphase. In the remaining chapter,
experiments with dipole trapped atoms are presented. Theseexperiments are intended to
serve the following purposes:� Characterize the realized traps� Approach single-atom trapping and detection� Demonstrate the versatility of the trap apparatus

4.1.1 Preparation of precooled atoms

Collection, compression, and cooling

In all our dipole trapping experiments, about 106 atoms (� 1 V photodiode signal) are col-
lected by the 3D-MOT during a loading cycle at a cooling laserdetuning of around 4 MHz
and a quadrupole coil current of 2 A. This takes typically oneto two seconds. Due to the
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limited size of our dipole traps, loading more atoms into theMOT does not lead to a signif-
icant increase in the number of atoms transferred to the dipole trap, whereas loading much
fewer atoms into the MOT results in increased shot-to-shot fluctuations in the number of
dipole-trapped atoms. This is because the region of constant density in the MOT decreases
in size with shorter loading time such that spatial overlap with the dipole trap deteriorates.
On the timescale of hours, the initial atom number after constant loading time may vary by
10 %, most likely due to room temperature changes, which influence the Rubidium vapour
pressure in the upper (2D-MOT) vacuum cell. At the initial atom numbers given above, this
fluctuation is not apparent in the number of dipole trapped atoms.

15fill MOT 30 ms60 ms detectiondipole trap operation 

Cooler detuning

−15 MHz−4 −7 MHz −23

Repump intens.

B−field current

(0 ...10 A)

off offondipole trap light

3D−cooling light
−4

Figure 4.1: Simple loading, transfer, dipole trap, and detection sequence for a red-detuned
trap.

After the loading phase, the cold atom beam is switched off byblocking the 2D-MOT
cooling light with a mechanical shutter, and the atoms are cooled by increasing the cooling
laser detuning and reducing repumper laser intensity. At the same time, the atom cloud
is spatially compressed by ramping up the magnetic quadrupole field gradient. At the end
of this phase, which has a duration of several ten milliseconds, the repumper is shut off
completely for few milliseconds to pump the atoms from F=2 into F=1. This reduces loss of
atoms, especially during the first fractions of a second in the dipole trap.

In the later part of this cooling and compression phase, the dipole trap light is switched
on or ramped up. The detailed cooling and compression schemedepends on the parameters
of the dipole trap to be loaded:� In red-detuned traps, the light shift automatically increases the MOT laser detuning

for atoms near the dipole trap center, such that less laser detuning with respect to the
unshifted atomic resonance is used. On the other hand, an increase in atom density,
which is obtained by transiently ramping up the magnetic field by a factor of three to
four, significantly helps in filling the red-detuned traps.� Unlike red-detuned dipole traps, blue-detuned traps do notaid loading. The repulsive
light field prevents additional atoms from entering the trapping region, and the light
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4.1 Preparation and detection methods

shift actually tunes the atoms towards resonance with the red-detuned cooling laser
field, such that an additional detuning on the order of the maximum trap depth is re-
quired to properly cool the atoms. In the experiments with anopen blue-detuned tube
(see below), low temperature is essential to reduce axial escape of the atoms, such
that high cooling laser detunings in combination with reduced magnetic field gradi-
ents are employed to produce temperatures on the order of 20�K (� 0:15Tdoppler; �55Tre
oil).

Detailed loading sequences are described in sections 4.2 and 4.3 below.

Magnetic field cancellation

In shallow traps and the open blue detuned hollow beam described below, it is helpful to
apply a molasses cooling phase, i.e. to cool with a strongly reduced repumper laser and
switched-off magnetic quadrupole field, during the last fewms of the atom transfer to the
dipole trap. This method is applied to reach the lowest temperatures of the atom sample.
Residual ambient magnetic fields, acting on the magnetic moment of the atomic states, easily
corrupt the balanced forces which keep the atoms in the trapping region, and therefore have
to be compensated for to obtain stable and near-isotropic slow expansion of the atomic cloud
in the molasses light field.

In order to adjust the compensation coil currents, the MOT isoperated at large cooling
laser detuning of many linewidths, to minimize the influenceof imbalanced scattering force.
First, the quadrupole field center is determined by switching to high magnetic gradients, and
after switching back to low gradients (current� 1 A) the spatial shift of the atomic cloud is
compensated for by adjusting the compensation coil currents. After this coarse compensation
the expansion of the cloud is observed after switching off the quadrupole field. The atoms
usually dissappear quickly within a few tenths of a second into a certain direction. With
careful fine adjustment of the magnetic field compensation inall three directions, atoms can
be recaptured by the MOT even after several seconds of molasses expansion.

Spatial superposition of the MOT center and dipole trap beams

Precise spatial overlap of MOT and dipole trap is required toobtain optimum transfer effi-
ciency. Since in the apparatus described in the previous chapter the position of the dipole
trap is kept fixed in space, the MOT center has to be moved. Thisis done by adjusting the
position of the magnetic coils according to the following procedure.

Atoms in the MOT are imaged on the CCD camera together with either one of the (strongly
attenuated) dipole trap beams. To obtain also a view in the direction of dipole trap beam
No. 1, this beam, after exiting the silica cell, is reflected towards the CCD camera by a gold
mirror, and is collimated by af = 160 mm achromat. Thus, by swiveling the CCD camera
back and forth between the directions of these two collimated detection beams, images along
the two orthogonal axes of trap beams No. 2 and No. 1 can be taken. The MOT is operated
at increased magnetic gradient (4 : : : 8 A) to confine the trapped atoms to a small region of
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space. Superposition of the imaged atom fluorescence and thedipole trap beams by eye (on
a TV screen) is sufficient to reliably obtain dipole trapped atoms in a normal loading cycle.
Further optimization is then possible during dipole trap operation.

Characterization of the preparation methods

A simple figure of merit characterizes the dipole trap loading techniques. This is the atom
number detected after a certain storage time in the dipole trap. To gain more information
on the processes determining this variable, additional measurements are performed on the
temperature and density of the atomic sample prior to transfer into the dipole trap. These
also aid trouble shooting in cases when the transfer performance does not meet expectations
or previously measured values.
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Figure 4.2: Temperature measurement by time of flight and CCDdetection: 1D-Gaussian fit
(smooth, light curves) to a cut through the center of the spatial intensity distribution (dark
curve) taken from the atom cloud after variable expansion time (text inset). Each curve
represents a single shot, the successive curves being successive experiments of the same
single temperature measurement cycle.

Figures 4.2 and 4.3 show data of a temperature measurement. Aseries of six CCD pictures
is taken after an expansion timet = 3 : : : 8 ms of the atomic cloud. The extension� of the
cloud is determined by a fit, assuming a Gaussian intensity distribution, see Fig. 4.2. With
this data, the temperatureT of the cloud is estimated according to�2 = �20 + kBT=m� t2 ; (4.1)

110



4.1 Preparation and detection methods
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Figure 4.3: Temperature measurement by time of flight and CCDdetection: Circles are the
measured cloud extension vs. expansion time, as displayed in Fig. 4.2. The temperature is
obtained from a fit (solid line) to these datapoints. In this case the result is T = 23�K.

where�0 is the cloud extension att = 0, and
pkBT=m is the width of the initial velocity

distribution. Adjusted parameters are�0 andT . From this fit, one also obtains the extension
of the sample prior to release and, by estimating the total atom number with the help of
the photodiode, an estimated value for the maximum initial number density of the cloud
is obtained. This is typically several 1010 atoms/cm3. Higher compression of the cloud is
possible at the expense of a higher temperature.

4.1.2 Detection methods

After transferring atoms to the dipole trap and further manipulating them during the dipole
trap phase, the remaining atoms have to be detected. Up to now, the detection methods
applied are mostly destructive, i.e. after detection a new loading cycle has to be started.

Recapture into the MOT

The most robust way of detection is recapture of the atoms released from the dipole trap
into the 3D-MOT, where their fluorescence can be detected fortens of milliseconds before
additional atoms loaded from the background vapour start toobscure the initial atom number.
As already described in 3.4.1, this works well down to atom numbers below 1000.
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Figure 4.4: Typical data trace of MOT recapture
measurement cycle (ten measurements): photo-
diode signal vs. number of sample as taken by
the AD converter. Samples are only taken dur-
ing recapture detection.

To reduce the uncertainties explained
in 3.4.1, after recapturing the atoms with
MOT parameters as in the loading phase
for 10 ms, the cooling laser is switched
very close to resonance, the detuning be-
ing chosen to induce a loss rate sufficient
to compensate for the residual background
vapour loading rate. During this detection
time (10 : : : 25 ms), the fluorescence signal
from the amplified photodiode is recorded.
Then the atoms are heated out of the MOT
by tuning the cooling laser several MHz
above the atomic resonance, and detection
is repeated with the same parameters to
obtain a stray light background value. In
this way, the influence of slow drifts of
the background signal on the measurement
is strongly suppressed. In addition, real
background measurements are performed

with the dipole trap switched off, to make sure that no detectable number of atoms are recap-
tured from the initial MOT sample. This can happen within thefirst 100 ms after switching
off the MOT. Measurements are repeated five to ten times to be able to estimate statistical
fluctuations.

Detection of free atoms released from the dipole trap

An alternative detection method is to release the atoms fromthe dipole trap and detect near-
resonant light scattered by the atoms with the photomultiplier. The near-horizontal MOT
beam is used for detection at approximately saturation intensity. After this detection phase,
the dipole trap is switched on again and the remaining atoms are later recaptured into the
MOT. As illustrated in the upper graph of Fig. 4.5, the total fluorescence collected by the
PMT rises approximately linear up to about 0.1 ms detection time, and for longer times lev-
els off. For detection times exceeding 2 ms, the amount of collected fluorescence is nearly
constant. The lower graph of the same figure shows the MOT-recapture signal of the remain-
ing atoms, which drops exponentially for PMT detection times below 0.1 ms, i.e. the time
interval of linear increase in the upper graph.

The measurements show that the atoms quickly leave the trapping- and detection region
during PMT detection. This is caused by thermal expansion ofthe trapped sample as well
as by imbalances in the resonant scattering process (the retroreflected detection beam is bal-
anced only to within 10 %). The detection region was limited to a diameter of 10�m at the
focal position of trap beam No. 2 by means of a 50�m pinhole at the entrance of the filter
stack (see 3.4.3).
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Figure 4.5:Upper graph: detection of free atoms with a near-resonant detection beamat
saturation intensity on the photomultiplier. Count rates vs. duration of the detection light
pulse, obtained with cooling- and repumping light (circles), and without repumping light
(squares). Symbols represent the average value of ten experiments.Lower graph: atom
loss due to the above detection procedure as measured by MOT recapture (see text), withK = N=S � 7� 105 atoms/V (c.f. 2.4.1). Circles are single shot data points.
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Detection of atoms in the dipole trap

A similar detection method can be applied to atoms which are stored in the dipole trap,
as demonstrated in a red-detuned trap: The detection light was attenuated by a factor of
ten compared to the measurement on free atoms, to avoid immediately driving the atoms
radially out of the trap by the radiation pressure force, andto restrict the influence of the
excited state mF -dependent trap potentials to few percent (c.f. end of 3.4.3). The number
of atoms is approximately 104, as determined from the MOT recapture signal when PMT
detection is omitted. The decay time of the MOT recapture signal is extended by a factor of
100 compared to free atoms, and fluorescence at long times is increased by a factor of five.
The detuning of the detection laser was adjusted to maximizethe collected fluorescence (see
4.2.3 below).
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Figure 4.6: Detection signal of dipole trapped atoms (circles) vs. duration of the detection,
and resulting atom loss as measured by MOT recapture (stars)with K = N=S � 7 �105 atoms/V (c.f. 2.4.1). Detection started1=2 s after the MOT was switched off. The
cooling laser intensity was reduced to� Isat=10 for detection on the PMT.
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4.2 Red-detuned dipole traps

4.2 Red-detuned dipole traps

4.2.1 Lifetime and loss mechanisms

For lifetime measurements, the dipole trap is loaded and, with the MOT lasers and quadrupole
field switched off, operated for a certain time before the remaining atoms are detected.

As in a MOT, different loss mechanisms contribute, which govern the shape of the ob-
served curve of atom number vs. time. Collisions with background gas atoms cause an
exponential decay of the atom number (“linear loss” ). At short times, when many atoms fill
the trap, their density is high and atom-atom interaction processes within the trap cause ad-
ditional loss. Since these processes are dependent on two ofthe trapped particles to collide,
the corresponding loss rates rise quadratically with atom density (“quadratic loss”). Such
processes are clearly visible at short times in Fig. 4.7 and,less pronounced, in Fig. 4.8. As
shown in Fig. 4.9 below, photoassociation processes strongly contribute to this loss.
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Figure 4.7: Lifetime of atoms in the first generation trap (c.f. 3.6.3): MOT recapture signal
vs. storage time in the dipole trap. The solid curve is a fit to the measured data points (circles)
using eq. (4.2). The obtained fit parameters are:� = 0:04 =s, �=Veff = 8 � 10�6 =s,
assumingK = N=S = 3 � 105 atoms/V (c.f. 2.4.1). The inset shows a part of the raw data
(photodiode signal vs. time) taken in the MOT recapture phase. The straylight background
(lowest values of the trace) is measured once for each set of different storage times, and
subtracted from the data to give the graph of the main figure.

A simple model fits the data well, based on the differential equation (c.f. 2.4.1):dNdt = ��N � �N2 ; (4.2)
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which takes accout of the linear losses (rate constant�) as well as the quadratic ones (rate
constant�). N is the number of atoms.

020702/VWPrec2333−0026, detection in trap, lifetime

0w = 7.5 µm 
λ   = 810 nm

dipole trap:

P = 260 mW
I ~ 1/10 I sat

detection:

∆   =+63 MHz

t = 100 ms

dipole trap operation (s)

1000

10000

100

10

1
0 2 4 6 8 10 12 14 16 18

straylight level : 182 (10) counts/100 ms

P
M

T
 c

ou
nt

s 
in

 1
00

 m
s

Figure 4.8: Lifetime of atoms in the second-generation trap. The measurement extends over
three orders of magnitude in atom number. Here, approximately 1 PMT count per atom is
recorded. The solid line is a fit to the experimental data (circles) up to 10 s, which gives the
parameters� = 0:45=s,�=Veff = 8� 10�5/s (c.f. 2.4.1).

Technical heating also contributes to the linear trap loss,and is included in�. As discussed
in 2.4.4, it shows up as an increased linear loss from the trap. The reduced lifetime in Fig.
4.8 as compared to the data of Fig. 4.7 is likely to be caused byincreased technical heating at
the three to four times higher oscillation frequencies of the second-generation trap (c.f. 4.2.2
below). At�trap = 25 kHz, the measured trap intensity fluctuations ofSk = 10�10 =Hz (c.f.
Fig. 3.23) cause heating times of 1.6 s in the radial directions, whereas at�trap = 8 kHz, the
heating times of 16 s do not clearly show up beacause of other loss processes (background
gas collisions) which become relevant on this timescale. Heating due to trap light scattering
is on the order of 100Tre
 =s (37�K/s) at maximum, compared to a trap depth of 3.6 mK.

As can be inferred from Fig. 4.6, the signal-to-straylight ratio of the measurement pre-
sented in Fig. 4.8 could have been improved by a factor of fourby reducing the detection
time window of the photomultiplier to 10 ms. This means that single-atom detection might
already be within reach with the present setup and detectionprocess.

To investigate the dominating loss mechanisms of the first-generation trap, it was operated
at different wavelengths. Figure 4.9 shows lifetime measurements taken at slightly different
trap wavelengths (810.02 nm and 810.79 nm), such that the influence of this difference on
trap depth and scattering rate is negligibly small. It turnsout that by changing the detuning
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4.2 Red-detuned dipole traps

by several tenths of a nanometer, the quadratic loss coefficient may change by a factor of
five, while the linear losses stay constant. In addition, extrapolation of the two curves to time
zero shows no signature of a difference in initial atom number between the two experiments.
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Figure 4.9: Strongly trap wavelength dependent quadratic loss in first generation trap.K =N=S = 3 � 105 atoms/Vupper curve:� = 0:04 =s, �=Veff = 8 � 10�6 =s. lower curve:� = 0:06 =s, �=Veff = 4� 10�5 =s (c.f. 2.4.1). Two body processes dominate for up to 15 s.

The observed difference in density dependent loss can be attributed to photoassociation
processes which are stimulated by the trap light. As measured in 85Rb [26, 116], a rich
spectrum of photoassociative lines extends from resonanceto longer wavelengths. In later
experiments the trap wavelength was chosen to minimize photoassociative trap loss. No
attempt was made to measure these loss spectra over an extended range, because the trap
laser system does not allow for continuous scans over several nanometers.
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4.2.2 Trap frequencies

The trap frequency in an aproximately harmonic trap is the most important parameter char-
acterizing the motion of atoms in the trap. This project is explicitly geared towards building
traps with high motional frequencies which allow certain diagnostic tools and manipulation
techniques to be applied, as introduced in 2.3.3.
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Figure 4.10: Trap frequency measurement in first generationtrap by method of parametric
modulation (see text).

A very simple way to measure trap frequencies is to parametrically excite oscillations and
thus cause a frequency-dependent trap loss. This was done using the first-generation trap by
modulating the trapping light intensity at a fixed frequencyduring atom storage. Fig. 4.10
shows the relative number of recaptured atoms as a function of the excitation frequency. A
very broad minimum shows up near 16 kHz, which indicates (radial) trap frequencies on
the order of 8 kHz. From beam power and paraxial Gaussian beamimaging, one would
expect the trap frequency to be twice this value. An evaluation of the actual optical setup by
numerical ray tracing1 however shows that the imaging is not diffraction limited and produces
a beam with largely increased spot size in the focal region. The numerically obtained beam
data are consistent with radial trap frequencies near 8 kHz.The broad frequency range in
which increased loss is observed is a further indication of anon-optimal potential shape in
this trap.

In the second-generation setup, a different method was adopted from [137], which re-
quires fast switching of the trap beam (see Fig.4.11). Here,after loading the trap and waiting

1Focus Software Inc., Zemax EE
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4.2 Red-detuned dipole traps

for the atoms to thermalize, the trap is switched off for a short time� . This causes the atomic
cloud in the trap to expand. When the trap is switched on again, the atoms start to oscillate
in the trap potential. Since expansion occurs symmetrically with respect to the trap-center,
atoms from opposite regions of the trap now oscillate with opposite phase. The atomic cloud
as a whole therefore expands and contracts with twice the single-atom oscillation frequency.
This oscillation of the cloud extension is measured by applying a second short trap-off pulse
with a variable time delay T to the first pulse. The loss of atoms in this second pulse depends
on the phase of the cloud oscillation when the trap is switched off: from an expanding cloud
many atoms can escape, while from a contracting cloud most atoms are recaptured by the trap
after the second off-pulse. The number of atoms remaining after the two pulses have been
applied is shown in Figs. 4.12 and 4.13 versus the delay between the pulses. Experimentally,� is adjusted to result in loss of half the atoms when T=� .
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Figure 4.11: Trap frequency measurement by the method of twotrap shut off pulses: Illus-
tration of the method (trap laser power P vs. time t).
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Figure 4.12: Trap frequency measurement in second-generation trap. Measured atom num-
ber vs. delay time T (left), and computed Fourier spectrum (right).

This method also can be viewed as parametric excitation, applied in the limit of maximum
modulation depth (on/off) and shortest possible duration (two periods). An exponentially
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Figure 4.13: Trap frequency measurement in second-generation trap at lower trap beam
power.left: Measured atom number vs. delay time T.right: Computed Fourier spectrum.

damped sinewave was fit to the data, and is shown in Figs. 4.12 and 4.13. Alternatively, the
Fourier spectrum is computed, which is also shown in the figures.

The rapid decay of the measured oscillation is caused by the dephasing of atoms with dif-
ferent trap frequencies. Due to the small ratio of the range of T to the period of oscillation,
the Fourier transform shows dependence on the actual settings of the window function, as
well as on the start and end points of the input data (“truncation error” , few percent). In ad-
dition, the excitation Fourier spectrum produced by two narrow pulses represents excitation
in a broad band of frequencies (Q � 2), although the line center can be determined much
more precisely. Higher resolution could be achieved with longer pulse trains, as discussed
in the appendix, A.0.3. This will be important for three-dimensionally tight traps and atoms
at lower temperatures, where anharmonicity of the potential contributes less to the spread of
oscillation frequencies.

In conclusion, it is shown that in the second generation red-detuned dipole trap, radial os-
cillation frequencies in excess of 30 kHz are easily achieved in combination with reasonable
storage times.
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4.2.3 Energy state occupation

ω
0

ω
L

0

|e>

|g>

U

∆=0

Figure 4.14: Energy vs. radial position in dipole
trap beam - approximate Sketch

In the strongly confining red-detuned
dipole traps presented here, the AC Stark-
shift of the detection transition (part of
which is the trapping potential) is much
larger than the natural linewidth of the
atoms. This imposes an additional diffi-
culty in detecting the trapped atoms, be-
cause the shift of the resonance frequency
depends on the motional energyE of the
individual atom. Figure 4.14 illustrates the
situation. For a thermalized sample, one
expects an occupation of the motional trap
states according to Boltzmann’s probabil-
ity distribution:P(En) / exp(� EnkBT ) (4.3)) P(n) / exp(�(nx + 1=2)~!x + (ny + 1=2)~!y + (nz + 1=2)~!zkBT ) ; (4.4)

wherenx; ny; nz are the phonon numbers of the three degrees of freeedom.
As a function of energy (measured from the bottom of the trap), the density of states per

unit energy interval increases. To my knowledge, an analytic expresssion for the density of
states does not exist for a three-dimensional Gaussian potential. As a simplified approxima-
tion, the average density of statesg(E) of a 3D harmonic oscillator is taken2 [126]:g(E) = E22h3!x!y!z : (4.5)

This expression is valid as long as all trap energy level spacings~!i are much smaller than the
energy interval over whichg is averaged, which is well fulfilled in the experiments presented
below. For thermal energieskBT much higher than the motional energy level spacing~!i, the
expected number densityN of atoms therefore is proportional to the product of the thermal
distribution and state density :N (E) = g(E)� P(E) = E22h3!x!y!z � exp(� EkBT ) : (4.6)

Figure 4.15 shows the fluorescence of atoms in two different traps as a function of de-
tection laser detuning (open circles). The theoretical curve (solid line) is fitted to the data

2which underestimates the increase of the density of states as a function of energy in the real (Gaussian) trap.
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Figure 4.15: Light shift dependent fluorescence of dipole trapped atoms in two different
traps. Measured fluorescence of the atoms vs. detuning (opencircles) and fit according to
(4.6) (solid line) as described in the text. The temperatureobtained from the fit isT =2:2TDoppler (upper curve) andT = 1:8TDoppler (lower curve).

according to the above formula, convolved with the natural linewidth�. Adjusted parameters
are temperature T, the ratioÆ�S�P=Æ�S of total Stark shift to ground state shift, and a propor-
tionality constant for the count rate. Trap depth and (radial) trap frequency are independently
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4.2 Red-detuned dipole traps

determined from the waist and total power of the beam. Both curves are fit using the same
valueÆ�S�P=Æ�S = 1:32.

These measurements are currently limited by the tuning range of the AOM. A detection
beam detunable further to the red would make measurements ondeeper dipole traps possible.
The trap depth could be increased by at least a factor of four for a single beam trap by
increasing the power.
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Figure 4.16: Computed maximum observable fluorescence froman AC Stark-shifted transi-
tion of atoms in a harmonic dipole trap.

In this measurement, not all trapped atoms contribute to theobserved fluorescence. The
fraction of observed fluorescence relative to the maximum fluorescence obtained without
energy-dependent AC-Stark shift depends on temperature. Fig. 4.16 shows this fraction for
optimum detuning as a function ofT . Below the Doppler cooling limit, the effect of spectral
spreading on atom detection quickly becomes negligible, which is good for efficient detec-
tion, but also shows that as a diagnostic tool the above measurements are not applicable for
temperatures far below the Doppler cooling limit, where thenatural linewidth of the detection
transition masks the spectroscopic features of the distribution of atoms over trap states.
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4.2.4 Transfer of atoms between two single beam traps

This part presents an experiment where atoms have been transferred between two elongated
red-detuned single beam traps of orthogonal orientation inspace.

In the first part, the experimental procedure and observations are presented. The following
two parts discuss these observations, first using illustrative geometrical considerations, which
are then backed by numerical simulations of particle trajectories in the combined potential
of the two dipole trap beams.

This experiment is the first step towards dynamically variable dipole trap potentials, which
will be pursued further in the future (c.f. Ch. 5). It also proves the reliable adjustability of
the two strongly focussed crossed beams with high spatial resolution.

Experiment and result

Cooler detuning

−4 −23

Repump intens.

3D−cooling light

dipole trap 1

dipole trap 2

(0 ...10 A)

B−field current

−4 −0.2 −0.2
+4

3 s 60 ms 30 ms 15 100 ms 100 ms 100 ms 220 ms 10 50 50 50

preparation and loadingfill MOT dipole trap operation recapture detection

−15 MHz−7 MHz

duration :

Figure 4.17: Control sequence used for the transfer experiment

With trap beam No. 2 switched off, atoms were loaded into trapbeam No. 1 and stored
for 100 ms, before the intensity of No. 2 was ramped up (100 ms)and the intensity of No. 1
ramped down (another 100 ms). Beam No. 2 was then on for another 220 ms before detection
by doing MOT recapture (Fig. 4.17). To avoid residual trapping of atoms in the attenuated
beams, mechanical shutters were used to shut off the respective beams before ramp-up and
after ramp-down. Linear voltage ramps were applied to the AOM attenuation electronics,
which translate according to the calibration curve, Fig. 3.36 in sec. 3.6.2. Trap beam powers
were 0.7 W (No. 1) and 0.4 W (No. 2) at 810.0 nm. If atoms were stored in one beam for
the whole time (no transfer), beam No. 1 stored approximately twice as many atoms as beam
No. 2.

The method of preadjustment of the dipole trap beams described in 3.3.1 worked so well
that atom transfer was achieved after scanning the relativebeam position (z-axis of transla-
tion stage) through�20�m (i.e< 3w0).
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Figure 4.18: Transfer of atoms between two crossed Gaussianbeam traps(upper graph)and
from a (red detuned) doughnut beam trap into a Gaussian beam trap(lower graph).

The actual recapture signal vs. z-displacement for two Gaussian trap beams is shown
in the upper part of Fig. 4.18. It turns out that perfectly crossed beams do not result in
the best transfer of atoms from one trap to the other. Instead, a pronounced minimum in
transfer efficiency shows up at the line center, whereas transfer is optimum at two symmetric
z-positions of trap beam No. 2, spaced by approximately�w0 with respect to the central
minimum. For comparison a diffractive optical element was inserted into the path of beam
No. 1 to generate a hollow beam, which resulted in the spatialrecapture profile in the lower
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4 Experiments

part of Fig. 4.18. Here, optimum transfer is obtained at the central position (i.e. the Gaussian
beam propagates through the dark center of the hollow beam),with two additional maxima
near�p2w0 (the Gaussian beam center is shifted outside the ring of maximum intensity of
the hollow beam by one ring radius). However, in this configuration the transfer efficiency is
nearly constant in between the three maxima.

Qualitative explanation

Figure 4.19: Crossed Gaussian beams of equal power and waist, but different radial distance
of the beam axes.from left to right:perfectly crossed,�w0=2 offset,�3w0=4 offset.

For a qualitative understanding of the processses involvedin the transfer of atoms between
crossed beams, it is very helpful to visualize the resultingpotential when both beams are on.
Figure 4.19 shows 3D images of three orthogonal Gaussian beams of identical parameters in
color-coded intensity, wich are perfectly crossed (left) or displaced radially byw0 (center)
and3w0=2 (right). In the case of (any) radial displacement, the problem becomes intrin-
sically three-dimensional, i.e. there exists no two-dimensional plane in which all relevant
properties of the potential are visible.

In the following discussion, the propagation direction of beam No. 1 is denoted asex,
that of beam No. 2 is denoted asey, and the vertical direction (in the experimental setup) is
denoted asez, the origin being centered between the focal positions of the two beams. For
the sake of simplicity, identical beam properties (waist and intensity) are assumed. Figure
4.20 shows potential profiles along (0,0,z) for different radial displacements of the beam axes
out of the symmetry center.

Exactly crossed beamsresult in a narrow dimple in the crossing region, where the po-
tential depth is twice that of a single beam focus. This situation can be displayed properly in

126
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Figure 4.20: Potential profiles along the black lines (z-axis) of Fig. 4.19, i.e. the shortest line
connecting the axes of radially displaced beams.from left to right:perfectly crossed,�w0=2
offset,�3w0=4 offset.

two dimensions, which is done in Fig. 4.21. As an atom approaches the central region along
beam No. 1 (bfex), it experiences anadditionalacceleration in this direction due to the radial
gradient of beam No. 2 (the additional acceleration due to the axial gradient of beam No. 2
is much smaller in the experiment and thus neglected). Therefore, the increase in kinetic
energy is also axial with respect to beam No. 1 :�Ekin = �Ekin;x. A transfer into beam
No. 2 can occur only within the regions near the entrance and exit of the dimple, where the
kinetic energy componentEy is still sufficient to radially climb out of the dimple. Therefore
a potential barrier exists in the central part of the pothole, which inhibits transfer to the other
beam. The fractional extension of the barrier in the crossing region, and therefore also that of
the regions where transfer is possible, is a function of particle energy in the oscillator along
the initial beam axis. The central part of the dimple is quickly crossed (within the period
of a radial oscillation), because here all three trap frequencies are equal within a factor of

x
y

U

Figure 4.21: Potential profile of two perfectly crossed Gaussian beams.
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4 Experimentsp2, and especially the two relevant ones along the two beam axesare equal for equal beam
parameters. For these two reasons, radial energy barrier height vs. axial position, and axial
velocity distribution, transfer between the two beams is expected to occur only in a narrow
range at the rim of the central dimple.

If the beams are spaced by theradial distancew0, the bottom of the central region is
maximally flat and maximally wide. From the 3D-representation in Fig. 4.19 it can be seen
that, in contrast to the case of perfectly crossed beams, here the average gradient is not purely
axial. Instead, a particle traveling along beam No. 1 encounters an additional acceleration
alongez, and therefore is driven towards the axis of beam No. 2, i.e. out of the initial axial
direction of motion. Although this additional acceleration of the particle has no component
alongey (beam No. 2), its initial energy alongey can drive the particle into beam No. 2.
Since the potential in the central region is shallower, and has a larger extension compared to
the perfectly crossed case, atoms also spend more time in thecrossing region.

At large radial distancesof the beams (greater than one beam waistw0), a potential
barrier inhibits the transfer of atoms having smaller totalenergy than the barrier height. It is
obvious that the drop-off in transfer probability with increasing beam distance is at least as
steep as given by the distribution of atoms over trap energies. In addition, due to geometrical
effects not every atom having enough total energy will pass this barrier. In an appproximately
harmonic trap with thermalized motion, only one third of thetotal energy is available in the
z direction, where passing the barrier is possible.
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Figure 4.22: Crossed beams at different intensity ratio:left: �w0=2 offset, right: �3w0=4
offset. While the left beam is held at the intensityI0, the right beam intensity is varied from
zero toI0 in four equidistant steps.

Dynamical aspectsof the transfer, which arise through the intensity ramps applied in the
experiment, are sketched in Fig. 4.22. During ramp-up of beam No. 2, an energy barrier
exists in all three cases for a transfer from beam No. 1 to beamNo. 2, which decreases with
time, and during ramp-down of beam No. 1, atoms changing to beam No. 2 gain kinetic
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4.2 Red-detuned dipole traps

energy and cause heating of the sample. This gain in energy due to transfer in the later part
of ramp-down increases with time and intensity ratio.

For beam separations up to one waist (�1=2w0), this energy difference is proportional
to the beam intensity difference, whereas in the case of large beam separation, the potential
barrier between the beams changes nonlinearly with intensity.

It should be noted that changes in beam intensity are not necessarily adiabatic, since the
atoms spend most of their time near the turning point of the axial motion, which slows down
as the potential is decreased. Atoms not being transferred at reasonably high beam intensity
will most likely escape during the last part of ramp-down, instead of finding the open path
into the deep potential of the other beam. Therefore, efficient transfer is limited to a time
interval much shorter than the total time during which both beams are switched on.

Numerical simulation of trajectories in crossed traps

Numerical simulation of (classical) particle motion in thepotential of two crossed beams
serves as a complementary approach in identifying the processes which determine the out-
come of the experiment.

Based on the analytical expressions for the potential and its spatial gradient, the differen-
tial equations of motion are solved numerically using standard tools (e.g. ODE45) available
in MatLab. Figure 4.23 shows an obtained trajectory.

These numerical calculations have to be programmed carefully because of the highly dif-
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Figure 4.23: Simulated trajectory of a single particle in the potential well of two red-detuned
Gaussian beams radially spaced byw0. Separate(x; y)-positions vs. time (left) and 3D-plot
of the trajectory (right). The motion in z is not displayed in the left graph.
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fering trap frequencies and the nonlinear potential encountered by particles off the beam
axes. Although the motion along the beam axes is of primary interest, the resolution has to
be chosen high enough to account for the radial motion as well, which extends computation
time and the size of the produced data significantly. The total energy (the sum of kinetic
and potential energy) changes slowly with time, due to accumulated errors in the numerical
process3. This change in total energy is, on average, sufficiently slow to assume constant
energy on the timescale of a single transit of the particle through the crossing region of the
trap beams.
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Figure 4.24: Bar graph showing the relative transition probabilitites obtained in the simula-
tions as a function of particle energy and beam separation. 100 to 1000 transits of the atom
through the crossing region are considered for each bin.

The procedure to evaluate the transfer probability is as follows: first, trajectories are pro-

3The application of ODE-113 results in increasing energy, whereas with all other ODE solvers, decreasing
energy is obtained, the slope being dependent on the solver.
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4.2 Red-detuned dipole traps

duced for different separations of the beam axes in the crossing region, which are then auto-
matically analyzed to identify transits of the particle through the crossing region, and events
where the particle changes its direction of axial motion from one beam axis to the other.
These events can be further analyzed, with regard to energy and for other characteristics of
the transit.

A particle is said to be transferred from one beam to the otherif it enters the central
region from a distance larger thandth = 3w0 from the origin along one beam, and exits this
region to distances larger thandth along the other beam. A transit is any event where the
particle enters and leaves the central region, independentof the beam axes of the incoming
and outgoing path. The transfer probability is defined as theratio of the number of transfers
to the number of transits.

Figure 4.24 shows a preliminary result of these numerical investigations, with transfer
probability displayed vs. beam separation and particle energy. Its general features agree well
with the qualitative explanation given earlier: at small beam separation, significant transfer
only happens at high particle energies, whereas at beam separations close to1w0, the transfer
probability is more equally spread over all possible energies, and generally much higher than
in the case of small beam separation. Beam separations exceeding 1w0 show no transfer at
low particle energies. This excluded energy range increases with increasing separation.
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Figure 4.25: Transfer probability vs. beam separation, computed as the average over all en-
ergies of Fig. 4.24, which are weighted with the appropriatenumber densitiesN (E) (c.f.
sec. 4.2.3). The same results of calculation are plotted vs.positive as well as vs. negative
displacement, to obtain a graph easily comparable to the experimental data of Fig. 4.18.

Figure 4.25 shows a plot of transfer probability vs. beam separation, which can be com-
pared to Fig. 4.18. It uses the data of Fig. 4.24 and takes intoaccount the thermal distribution
of number densityN (E) of eq. (4.6) in the trap as measured in sec. 4.2.3. As a generalresult,
the transfer probability is maximum at a beam separation of one waist, with a pronounced
minimum at the position of perfect crossing of the beams. Forlarger separations, the proba-
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bility also falls off steeply. Therefore, the main featuresof the measurement are well reflected
in these simple simulations using a static trap potential ofGaussian beams.

The obvious quantitative deviation for small beam separation may partly be attributed to
atoms accumulated in the central dimple, which has a volume on the order of 1000�m3
(using the beam waist as its radius). An average density of 5�1012=cm3 would have to be
assumed throughout this volume to account for the experimentally observed transfer in the
case of perfectly crossed beams. Therefore, other possiblecontributions to the observed high
transfer have to be investigated as well, such as the influence of non-equal intensities of the
beams during ramp-up and ramp-down. This also can be done by doing refined simulations.
Since intensities were varied slowly in the experiment, again static potentials of variable
intensity ratio might be appropriate for a numerical study.Dynamical simulations, although
not difficult to implement, might require algorithms with better capability of handling the
nonlinearities of the problem in order to be reliable.

Other effects, such as elastic collisions between atoms in the crossing region, may also
play an important role in redistributing energy among the three modes of oscillation, and thus
enhance the transfer efficiency at small beam separation as compared to the single particle
case.
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4.3 Blue-detuned dipole trap

4.3 Blue-detuned dipole trap

The first step in producing a blue-detuned dipole trap was to confine atoms axially in the
repulsive light field of a blue-detuned hollow beam, and detect the atoms several tens of ms
after switching off the MOT.

Fig. 4.26 shows the timing diagram of this experiment: the preparation in this case is
chosen to produce low temperatures in free space (without dipole trap), and atoms are loaded
into the dipole trap beam No. 2, which is equipped with a DOE (No. 1), by ramping up
its intensity 20: : :25 ms before switching off the MOT cooling laser. The atoms are held
in the horizontal hollow beam for up to 100 ms, before they aredetected in free space by
switching off the dipole trap beam and switching on the single MOT beam with the cooling
laser tuned close to resonance (c.f. 4.1.2). The dipole trapbeam is operated at 740 nm and
at a power of 0.6 W. Apart from being an LG01 instead of a Gaussian beam, it has the same
spatial beam parameters as the red-detuned dipole traps discussed before, i.e.w0 = 7�m
andz0 = 0:2 mm.

The confined atoms leave the detection region along the trap axis on a 1/e-timescale of
20: : :30 ms, which is shown in Fig. 4.27. This timescale criticallydepends on the velocity
distribution of the sample in the axial direction, which microscopically depends on many
external influences, such as the fringe pattern produced in the 3D-MOT. Therefore, increased
shot-to-shot fluctuations show up in this kind of experiment.

As the next step, the beam exits will be plugged with blue-detuned Gaussian beams, shone
in orthogonally to the hollow beam each at approximately oneRayleigh length from the
hollow beam’s focus. This will be done using dipole trap beamNo. 1.
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Figure 4.26: Loading sequence used to load atoms into a blue detuned hollow beam.
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Figure 4.27: Lifetime in a single horizontal blue-detuned hollow beam with open ends (pre-
liminary). Circles are median values of 30 measurements each. Errorbars correspond to
a confidence level of 68 %. Hollow beam parameters are:P = 0:6 W, � = 740 nm,w0 = 7:4�m. Radial trap parameters :Umax(z = 0)=kB = 1:4 mK, �trap;r = 25 kHz. The
solid curve marks a single exponential decay with initial atom numberN0 = 90 and decay
rate� = 38 =s (c.f. 2.4.1).
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Summary and conclusions

In this work, the design, make, and performance of a new apparatus has been described. It is
built to perform experiments on small samples of rubidium atoms tightly confined in nearly
conservative potential wells in an ultrahigh vacuum environment.

Since the traps rely solely on the dipole force exerted on theatoms by far off-resonant light
fields, spatial changes to the trap potential can, in principle, be easily made from outside the
vacuum system. Care has been taken to maintain this flexibility in the choice of geometries
of the confining potentials by means of a highly flexible beam shaping and focussing system.
Repelling as well as attracting light fields can thus be applied using the same optomechanical
setup with only minor changes to its alignment.

An efficient loading mechanism provides well prepared atomic samples every other sec-
ond, and thus allows for steady experimentation.

Efficient detection methods have been implemented with a lower detection limit currently
on the order of ten atoms.

Using this set of capabilities, methods have been developedto characterize the different
properties of realised traps. In this way, a continuously growing set of trap parameters is
made available through routinely performed measurements.These parameters include life-
time, loss coefficients, trap frequencies, distribution ofatoms over energy states in the trap,
and information on the potential shape in crossed beam geometries.

The results of these measurements are summarized below. They show that many of the
desirable features of tightly confining few atom traps have been realised:� Trap depths exceed the Doppler cooling limit by more than a factor of ten.� Trap frequencies exceed the recoil frequency shift (3.77 kHz) by up to an order of

magnitude, i.e. the particles in the lower motional states of the trap are trapped in
the Lamb-Dicke regime. Improved methods of trap frequency measurement will be
employed using more appropriate electronic hardware.� Atom storage times are on the order of at least several seconds. Since heating rates
estimated from the measured trap light intensity fluctuations are consistent with the
observed lifetimes, a significant improvement can be expected from electronic stabili-
sation of the light intensity. Background gas collisions impose a limit in the range of
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several tens of seconds. Even in the red-detuned traps, photon scattering does not limit
these lifetimes.� Efficient detection of dipole trapped atoms is possible; presently with a lower limit near
ten atoms. Optimized strategies in straylight suppressionand near-resonant excitation
of the atoms are currently implemented to further approach discrete atom-counting in
dipole traps.� Collisional loss of atoms from dense samples is clearly visible in red-detuned traps.
Although photoassociative loss is also possible in blue-detuned traps, basic estimates
indicate that ground state cooling of more than one atom in the intended tight blue-
detuned traps may not be inhibited by this loss mechanism [34].� A key technology giving access to advanced dipole trap implementations with repelling
light fields is the efficient and robust production of lowest order hollow beams. This
technology is already fully implemented into the existing setup and applied in first
experiments by confining atoms radially in an open tube of blue-detuned light.� Another key technology, the production of two light fields with different frequencies,
but with a well defined phase relation, allows for Raman spectroscopy and manipula-
tion of the hyperfine ground states of trapped rubidium atoms. This technology has
been fully developed and tested on atoms in a vapour cell, andis now ready to be
applied also to trapped samples.

Efficient single atom detection is presently the limiting factor in realising a three-dimen-
sional blue-detuned tightly confining trap of the intended size, which is expected to acco-
modate approximately ten atoms. The detection efficiency obtained already (in red-detuned
traps) would be just at the threshold of being able to measureatoms in such a trap. As demon-
strated by the atom transfer experiment described in Sec. 4.2.4, beam positioning works ex-
cellently, and, as shown in the open blue-detuned tube, atoms are actually confined by the
doughnut light fields. The next step, a linear blue-detuned dipole trap with added axial con-
finement of the atoms, is presently being implemented. In this trap, detection-relevant topics
will be studied in a similar fashion to the methods presentedin this work for red-detuned
traps.
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Outlook

Apart from obvious technical improvements which have already been discussed, several ad-
ditional lines of investigation have been picked up in this work, which might be further
pursued in the future:� Even tighter red-detuned dipole traps are possible using other collimation- and fo-

cussing lens combinations in the trap beam paths. However, this would come at the
expense of increased photon scattering, photoassociativeloss and sensitivity to techni-
cal heating effects. Crossed red-detuned traps also fall into this regime, which would
be tightly confining in three dimensions. With other laser sources in the infrared, some
of the increased difficulties can be avoided.� The spectroscopy on AC Stark-shifted atomic transitions can be applied to deeper traps
to give higher relative resolution. This requires the frequency tuning range of the de-
tection laser to be further extended towards higher frequencies. This technique then
lends itself to studies of the thermalisation dynamics of aninitially non-thermal occu-
pation of trap states with time resolution on the order of 1 msor below (limited by the
required detection times).� The experiments on transferring atoms between two different dipole traps will be fur-
ther pursued using blue detuned trap light which is spatially structured by a digital
spatial phase modulator. As a first step, a combined red- and blue-detuned trap is
considered the most convenient way into this next technological challenge.� Concerning the efficient detection of singletrappedatoms, dipole traps operating on a
“magic wavelength” with respect to a strong, closed (sub-)transition might be highly
advantageous, avoiding AC-Stark-shifts and thus allowingfor the reliable detection of
maximum fluorescence within a single natural linewidth of the atomic transition, whilst
providing optimum Doppler cooling at the same time. Fibre lasers in the telecommu-
nication band of wavelengths might offer viable means of generating such conditions
for rubidium, as already suggested in Sec. 2.5. However, theresults already obtained
in red-detuned traps offer promise that working with truly mesoscopic traps is also
possible in the trap wavelength range accessible with the present apparatus.
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5 Summary, conclusions, and outlook
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A.0.1 gF -factors for I = 3=2, I = 5=2, and I = 7=2
L S J gJ F = 1 2 3 4 5 6 7

0 -1/2 1/2 3/2 -3/8 3/8
0 1/2 1/2 5/2 -5/8 5/8
1 -1/2 1/2 -1/2 1/8 -1/8
1 1/2 3/2 11/6 11/12 11/12 11/12
2 -1/2 3/2 1/6 1/12 1/12 1/12
2 1/2 5/2 17/10 119/40 187/120 289/240 17/16
3 -1/2 5/2 3/10 21/40 11/40 17/80 3/16
3 1/2 7/2 11/2 33/4 11/2 22/5 77/20

0 -1/2 1/2 3/2 -1/4 1/4
0 1/2 1/2 5/2 -5/12 5/12
1 -1/2 1/2 -1/2 1/12 -1/12
1 1/2 3/2 11/6 -11/8 11/72 77/144 11/16
2 -1/2 3/2 1/6 -1/8 1/72 7/144 1/16
2 1/2 5/2 17/10 17/20 17/20 17/20 17/20 17/20
3 -1/2 5/2 3/10 3/20 3/20 3/20 3/20 3/20 3/20
3 1/2 7/2 11/2 99/8 143/24 209/48 297/80 407/120 77/24

0 -1/2 1/2 3/2 -3/16 3/16
0 1/2 1/2 5/2 -5/16 5/16
1 -1/2 1/2 -1/2 1/16 -1/16
1 1/2 3/2 11/6 -11/12 0 11/30 11/20
2 -1/2 3/2 1/6 -1/12 0 1/30 1/20
2 1/2 5/2 17/10 -17/8 -17/120 17/48 221/400 391/600 17/24
3 -1/2 5/2 3/10 -3/8 -1/40 1/16 39/400 23/200 1/8
3 1/2 7/2 11/2 11/4 11/4 11/4 11/4 11/4 11/4 11/4

Table A.1: g-factors for all hyperfine-levels up to L=3.top to bottom:I = 3=2, I = 5=2,I = 7=2. Nuclear g-factor neglected.
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A.0.2 Particle trapping overview

Charged particles [54] :� RF- electromagnetic traps (Paul traps) [145, 146]� RF- magnetic traps (Penning traps) [40]� Storage rings, accelerators, colliders and the like

Neutral particles [151] :� Traps acting on the magnetic moment - (purely) magnetic traps [93]:

– Magneto-static traps (only trap weak field seeking states) [13]� with magnetic zero crossing in the center andjB(r)j / r [115]� TOP traps (time orbiting potential) [6, 149], which overcome spin flip-induced
loss of atoms in the zero crossing of the magnetic field by shaking the trap
in a circular motion.� with parabolic minimum around a constant bias field (Ioffe-Pritchard-type)
[59, 155]

– Magneto-dynamic traps (analogous to RF Paul trap for ions) [31]� Traps acting on the electric (dipole) moment :

– Laser dipole traps [24, 61]

– Microwave traps (i.e. dipole traps in the limit of lowest frequency) [175].

– Radiation pressure traps, in particular the magneto-optictrap (MOT) [157]. Also
opto-electric traps can be realized [104]. The magnetic or electric field is used to
introduce a spatially dependent shift of the atomic level structure, and consecu-
tively the photon scattering rate of a near resonant light field.

– Electrostatic traps : (proposed) [197]� Hybrid traps became increasingly important in recent years, especially with an optical
dipole trap as one of the constituents, such as gravito-optic dipole traps [4, 102, 141]
and magnetically levitated dipole traps [68, 191].
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A.0.3 Fourier spectrum of pulse trains

Fig. A.1 shows the Fourier transforms of a double-pulse (as used in the experiment, the
quality factorQ � 2), and of a similar sequence of ten pulses, whereQ > 10.

These spectra are simple to compute analytically: The double-pulse in time shown in
Fig. 4.11 is obtained from the convolution of a pair of delta pulses spaced byT with a single
rectangular profile of width� . In frequency space, the amplitude spectrumSA(�) of the delta
peak pair is a cosine ofT=2 (and�), while the spectrum of a rectangular pulse (a “slit”) is the
well known sinc-function. The convolution in time transforms into a product in frequency
space. Any even number2N of delta-pulses is a product of cosines (superposition principle)
with N an additional factor in the argument:SA(�) /YN 
os(2�NT=2� �)� sin(���)�� : (A.1)

Fig. A.1 shows the power spectrum, i.e.(SA(�))2. Please note that due to the sinc-function,
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Figure A.1: Spectrum of a double-pulse (left) and a train of ten pulses (right). T = 25�s,
and total pulse train area2N � � = 14�s.

the maximum of the spectral lines is shifted form1=T and its multiples to smaller frequen-
cies. This effect shows up more pronounced ifT and� are of similar magnitude, and for low
N. ForT=� = 10=7 (the first data point in Fig. 4.13), the relative frequency shift due to this
effect is 20 %. Obviously, this kind of measurement could be improved by using pulse trains
with N � 10. This was not possible with the available pulse generator1. Another device,
capable of delivering well defined fast pulse trains, is ordered.

1SRS DG535
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A.1 More about optics and alignment

A.1.1 High aperture optics for dipole trap and detection

Four lens custom trap optics

Figure A.2 shows the custom-made f=36/1.8 optics used to focus trap beam No. 2, and collect
fluorescence from the atoms with high aperture. It is based onthe design described in [2].
Some experimentation, using optical design software including optimization tools2, and a
great range of start systems, very stably resulted in this solution, which therefore seems to
be the optimum within a large parameter space. This design, apart from very good imaging
performance on axis, shows two big advantages for imaging small atomic samples:

First, the working distance nearly equals the focal length,which is by no means a natural
property in multi-element systems, and effectively can increase the covered solid angle in
geometries with additional spatial restrictions.

Second, by changing the position of the plano-concave and biconvex elements (i.e. chang-
ing two spacers), the system can be optimized for different thicknesses of windows inserted
between the lens and its focus.

However, as with most of such high aperture systems, performance is diffraction lim-
ited only within a very narrow angular range around the axis (in this case� �12Æ). Three
sets of AR coated elements were bought3, and assembled using a precision aluminium mount
designed and fabricated in the institutes workshop. Imaging performance, although not prop-
erly measured, appears to be diffraction limited on axis at full aperture. This assumption is
backed by performance estimations from numerical tolerancing. Regarding the dipole trap
beam (No. 2), imaging quality requirements are easily fulfilled due to the limited aperture
covered by the collimated input beam.

Custom fibre collimators

The commercial HALOf = 30 mm lens used for collimation of beam No. 1 offers� �=2-
perormance on axis atf=# = 2 and 740 nm (at full aperture, wavefront distortion exceeds
one wavelength). Performance can be improved atf=# = 2 on axis by more than a factor of
five by inserting an additional single BK7 plano-convex element of 300 mm focal length on
the side of the collimated beam, as demonstrated in Fig. A.2,even if this additional lens is
decentered by 0.1 mm or so (e.g. just glued to the HALO housing). The focal length of the
system is then reduced from 29.9 mm to 27.7 mm. Axial alignment with respect to the light
source again is crucial, angles in excess of14Æ leading to significant distortions by coma.

The 14 mm HALO used for beam No. 2 is not easily improved below�=2. However, a
diffraction limited, air-spaced version exists with maximumf=# = 2 (and a standard coating

2ZEMAX, Focus software, Inc., Tucson, Arizona
3LENS Optics GmbH, D-85391 Allershausen, LPV25-75, LBX25-100, LPX25-75, and custom-made menis-

cus
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A.1 More about optics and alignment

Figure A.2:Left: Trap focussing and fluorescence detection optics, based on [2]. Right:
Enhanced commercial HALO system, 27.7 /2.

optimized for Nd:YAG and its harmonic). This kind of lens, differently coated, may be used
in the future.

An f=# = 2 optic cuts off the beam exiting the singlemode fibre at2w0, and therefore
should be the minimum diffraction limited aperture for highquality Gaussian beam transfor-
mation (3w0 being regarded as beyond any doubt [173]).
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A.1.2 Straylight suppression by polarization- and spatialfiltering

Reflections from optical surfaces in the beam path followingthe splitting layer of the PBS
can constitute a major source of stray light generated by thedipole trap beam. Since light
transmitted by the PBS is linearly polarised, and polarisation is maintained by orthogonal
reflection, 2 to 3% of this returning light may be reflected by the PBS splitting layer towards
the PMT. Especially critical are surfaces (nearly) orthogonal to the beam path, such as the
PBS exit face, the achromatic waveplate, and the entrance surface of the four lens HALO.
All these surfaces are properly AR coated (to better than 0.3%), and therefore contribute less
than 10�4 each of the trapping beam power to the light incident on the detection system (this
amount is still very large in terms of photons per second). Another critical contribution stems
from the inner vacuum cell walls, which are not AR coated and therefore reflect� 3:5%.
This light is transformed by the imaging system to beams withdiameters of several mm
at the position of the back focal plane of the achromat (i.e. the image plane of the trapped
atoms) and can therefore be spatially filtered using a pinhole at this position, resulting in
additional suppression by an estimated three orders of magnitude (and a total suppression on
the order of 10�6, including the PBS).

In contrast to reflections, light scattered by imperfections in optical surfaces as well as by
beam dump surfaces does not necessarily maintain the polarisation. Critical points include
the splitting surface of the PBS and the cell windows (three surfaces each for front and back
window). Again spatial filtering relieves the severity of straylight contributions from these
sources to some extent.

As shown in Fig. 3.24, spatial filtering is done at the entrance to the filter stack, and again
at its output. Pinholes of different size can be inserted with minor corrections to alignment.
A Ø100�m aperture, covering a field of view below 20�m in the plane of the trapped atoms,
was found experimentally to constitute a reasonable tradeoff between stray light suppression
and detected count rate from the atoms.
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A.1 More about optics and alignment

A.1.3 Alignment procedures

2D-MOT cooling laser beams

See Fig. 3.6 on page 58 for reference: A light beam being linearly polarized before entering
the first waveplate, leaves the second waveplate with the orthogonal linear polarization and is
therefore guided back into the direction of the telescope bythe next beamsplitter cube. Thus,
once one of the two quarter wave plates is set properly with respect to the magnetic field,
the other one can be adjusted by minimizing light at the unused port of the corresponding
beamsplitter.

At the beamsplitter cube next to the telescope, the backwardpropagating light is split
in halves due to the halfwave plates, and an interference pattern shows up at the unused
port of this cube, which is a sensitive indicator of relativeangular deviation of the counter-
propagating beams in each ring4. In addition, for optimum alignment the part of the beams
propagating back through the telescope is coupled to the fibre, giving a visible output at some
beamsplitter in the MOT laser setup.

Crossed dipole trap beams

To align the crossed dipole trap beams, the optomechanic trap assembly is removed from
the vacuum system as described in 3.6.1. A 15�m pinhole, mounted on a XYZ translation
device, is placed near the intended trap center. The axes of translation are approximately
parallel to the beam axes. The pinhole is rotated around the vertical axis such that the angle
of incidence for both trap beams is 45Æ. AR-coated windows are installed in the convergent
part of the trap beams following the focussing lenses. Its position is adjusted to maximally
transmit the fixed trap beam (No. 1). The axial focus positionis found by locating the axial
positions of halved relative transmission with respect to optimum. After setting the pinhole
to this focus position of trap beam No. 1, and locking the XYZ translation assembly, trap
beam No. 2 is adjusted relative to the pinhole in a similar manner using the XYZ flexure
stage of the dipole trap setup. The position of the dipole trap adjustment screws is noted in
units of turns from their extremal position. This allows oneto return to this setting later, and,
after performing this alignment procedure for different trap beam wavelengths, to change
trap wavelengths easily. Having locked the coarse drive of the vertical adjustment screw, fine
tuning of the vertical axis is easily done in red detuned traps by transferring atoms captured
in one beam to the other beam (see 4.2.4).

PMT detection� Filterstack: Loosen small bellows (between filters and rear pinhole) fromsupport at
XYZ-stage and focus light at 780 nm through front pinhole, optimize observed power

4This applies only to the plane of the ring, since by tilting one of the mirrors in this plane, the counterpropa-
gating beams exiting the ring walk off in opposite directions. In contrast, tilting a mirror orthogonal to the
ring plane affects both beams in the same way, giving no clearindication for angular alignment.
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incident on rear pinhole. Adjust rear pinhole on XYZ-stage relative to incident light to
obtain transmission at the back of the filter stack. Refit small bellows, optimize overall
transmission. Lock XYZ stage.� PMT detection channel: Remove four lens objective from channel No. 2. Insert mir-
ror for backreflection into the collimated trap beam on the far side of the silica cell.
Insert highly parallel, AR coated quarter wave retarder into collimated, backreflected
beam. Adjust reflected beam to couple back into single mode fibre (feeble signal of
several ten�W detectable at free PBS-port of trap laser setup). Set desired fraction
of beam being split off towards detection system by turning the retarder. Adjust this
beam part to be centered on the front pinhole of the filterstack and parallel to filterstack
axis. Insert thef = 200 mm achromat at a distance of one back focal length from the
pinhole and shift it by hand to center the beam focus on the pinhole. Further align-
ment is done by adjusting the beam steering mirror between achromat and pinhole.
Optimization by PMT count rate is possible with reduced power (below 100�W) at
wavelengths far from 780 nm. The first time it may be necessaryto move also the lens
between filterstack and PMT, to steer the output beam of the filterstack onto the photo-
cathode. Remove backreflecting mirror and retarder plate, reinsert four lens objective
(adjustment of crossed trap beams is not appreciably changed). Axial adjustment of
the achromat has to be done on atoms trapped in beam No. 2 (fulldetection beam size)
- the collimated trap beam waist is too small to give a sufficiently short Rayleigh range
of the focus.
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A.2 More about the vacuum system

A.2 More about the vacuum system

A.2.1 Vacuum system design

Definition of terms

The velocity distribution of a thermal gas is given by the Maxwell-Boltzmann distribution,
with the most probable velocityvp = p2kBT=m , the mean velocityvm = 2=p� � vp ,
and the root-mean-square velocityvrms = p3kBT=m . The pressure on a surface then isp = 13 nmv2rms = n kBT , n being the number density.

Under VHV and UHV conditions, themean free path� = 1=(p2 ��0 n) of an atom or
molecule with collision cross section�0 in a gas of number densityn is much larger than
the dimensions of a desktop vacuum system5. The particles move from wall to wall without
interaction in between. In this regime, calledmolecular flow, viscosity� is zero and Reynolds
number (/ 1=�) is not defined.

It is convenient to use the quantitypV for transport calculations in this regime, and define
throughputQ � ddtpV , which is measured in units[Q℄ = Pam3=s = Nm=s = W. Therefore,Q is energy flow, and sincepV is temperature dependent, mass is not conserved6. The
conductanceof a channel connecting two large volumesV1 ; V2 with a pressure difference�p = p1 � p2 then isC = Q=�p ; [C℄ = m3=s .

In VHV and UHV systems, conductance itself is independent ofpressure, and pumps
are well approximated by a conductance to empty space. Leakage and outgassing rates are
given in terms of throughput. The walls of the vacuum system are rough on the molecular
scale, such that an incident particle adheres to the wall, oscillates some time in a microscopic
well and then leaves in an arbitrary direction with the angular probability distribution ap-
proximated byP� = 
os �. Therefore, particles perform a random walk in any conducting
structure, and theoretical determination of conductancesyields analytical solutions only for a
selection of simple geometries. Due to these wall-effects,and due to the non-isotropic veloc-
ity distribution in pipes, treatment of conductors connected directly in series is not as simple
as in electronics7. However, if large volumes are present between the single conductances,1=Ctot = 1=C1 + 1=C2 .

The non-isotropic velocity distribution leads to directedbeams exiting on both ends of a
tube [188], deviating fromP� = 
os � asl=d increases. Forl=d = 10, P10Æ=P0Æ � 0:5.

Differential pumping

As mentioned before, an ideal vacuum pump is a conductance toempty space8. Desorption
from, and diffusion through the walls always cause leakage flux into the different parts of the

5Air at room temperature :�0 = (3:72Å)2
6Themass flow� is obtained fromQ as� � ddtm = MQ=(NAkBT ) , M being the molecular weight andNA Avogadros constant.
7see [65, 139] for details
8Real pumps have a base pressurepb.
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system. Real leaks are a conductance to the environment outside the vacuum system.
A certain partial pressure of some species might be producedon purpose in one part of the

system. The influence on other connected volumina is then reduced bydifferential pumping,
which acts as a pressure divider. In a system where large volumes are connected by known
conductances, this is easily demonstrated by applying the analogy to an electric circuit (Fig.
A.3) :

S2S1

V2

2p

pb pb

V1

1p

Qin

Pump 2

C

Pump 1

Figure A.3: Differential pumping : Vacuum system (left) andanalogous electrical circuit
(right).

A leakage flux (or controlled gas flow)Qin enters volumeV1, which is pumped at a rate
(conductance)S1. VolumeV2, pumped byS2, is connected toV1 by a conductanceC. In
steady state, the actual size ofV1 andV2 does not enter9, and total flux into a volume equals
total flux out of this volume. This results in steady state pressuresp1 = � CS2C + S2 + S1� Qin ; p2 = CS2 p1 ; (A.2)

wherepb, the base pressure of the pumps, has been assumed to be negligibly small.
In the caseC � S1; S2 : p1 � S1Qin, and pressure in the second volume is lower than

pressure in the first by the ratioC=S2. C, in conjunction with S1 and S2, is called adifferential
pumping stage. Such a setup is used if material like particle beams or macroscopic samples
have to be transferred betweenV1 andV2.

9The actual size ofV1 andV2 has to be taken into account if the evolution in time is of interest, e.g. to estimate
how long it takes until steady state calculations are valid.
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A.2.2 Ion pump refurbishing

The already used 60 l=s Varian ion pump is of unknown origin and had been exposed to air
for years before being installed in this experiment. After checking for proper general opera-
tion of the pump, the magnets were removed, and the old high voltage feedthrough, covered
in vacuum epoxy, was replaced by a blank flange. Then the pump was filled to the brim
with acetone, capped with a piece of aluminium foil, and cleaned in an ultrasonic cleaner
at 55ÆC (the acetone boiling heavily at 60ÆC) for an hour. After cooling down, the acetone
was poured out, now being grey and fully opaque. The pump was rinsed two more times
with acetone at room temperature. Afterwards, white chips could be shaken out of the dry
pump (looking similar to lime deposit in a kettle). A new highvoltage feedthrough was in-
stalled, the magnets attached, and the pump input equipped with a clean adaptor flange and
a full metal valve, which was attached via a bellows to a turbomolecular pump system10.
After pumping the system with the turbomolecular pump for a few hours, the ion pump was
started shortly (few seconds) several times, knocked with the handle of a screwdriver, and,
after closing the valve, finally reached a pressure11 of � 10�8 mbar. Bakeout at 330ÆC for
three days resulted in a pressure of several 10�10 mbar. The pump was baked again (without
magnets) near 450ÆC. After several days back at room temperature, the operating current
was measured carefully using a multimeter12 in the ground return path of the pump, which
stood isolated on a brick. Leakage current (magnets removed) was. 10 nA. The operating
current (magnets attached, after 24h operation on closed valve) was not distinguishable from
this leakage current. A typical operating current for a pumpof this size is on the order of
1mA at p= 10�6 mbar. Since the ion current is highly linear with pressure, the measured
operating current below 10 nA therefore indicates a base pressure of the pump on the or-
der of10�11 mbar, which is all one can expect from this type of pump. A small discharge
lamp13 parallel to a 1 nF capacitor14 was installed in series with the high voltage input pin
of the pump, and electrically isolated from the environmentby a sturdy tube of acrylic. The
observable frequency of short glow discharges serves as a permanent operating current indi-
cator (� 10 =s at10�9 mbar). Now, during normal operation of the whole vacuum system,
time between discharges exceeds ten seconds, partly because leakage current of the capacitor
(Rjj � 1011 
) may be on the order of the operating current. Also the ion pump controller15

had to be refurbished due to a primary short of the main transformer. After changing the
transformer, the device now works properly since mid-1998.

10Leybold Turbopumpstand PT361
11read at the ion pump controller (determined from the operating current of the pump)
12Keithley 2000 Multimeter
13Farnell electronics, type 16/30 SB, 68 V start voltage
14Wiha MKC, 400 V-
15Varian StarCell power unit 929-0180
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A.2.3 Electropolishing of vacuum parts

Stainless steel tubes of larger diameters often are delivered with unpolished inner surface.
Here, electropolishing of a 153 mm long, 41.2 mm OD / 38.8 mm IDtube16 is described,
which was fitted with CF-40 flanges before treatment.

As sketched in Fig. A.4, one side of the tube is sealed with a blank flange, and the other
side is sealed to an open tubulated flange. Viton gaskets are used, which are not affected by
the strong electropolishing acid. A strong central electrode is inserted on the tube axis, and
supported by teflon spacers on both ends of the tube. For electropolishing stainless steel17,
take three parts of concentrated phosphoric acid (H3PO4, 85 %), two parts of concentrated
sulfuric acid (H2SO4, 96 %) and one part purified water (H2O).
Electropolishing is done with the tube mounted upright in a big tub filled with water, to
cool the walls of the tube, whose inner walls are completely immersed in acid. With a
DC operating current of 20 A (central electrode is negative)and a Ø3.2 mm stainless steel
electrode, the inner walls of this particular tube were shiny after approximately 15 min (at 8
to 10 V).� WEAR PROPER EYE PROTECTION AND GLOVES, WORK IN A PROP-

ERLY VENTED PLACE AND TAKE FIRST WATER, THEN ACID (etc.) !� Some experimentation using test pieces is mandatory in order to obtain satisfactory
results.� A more massive electrode is strongly recommended, to reduceresistance and heating,
and maintain a more uniform current density vs. axial position.� At the line of contact with the air boundary of the acid, current density and temperature
are highest, and all sorts of dirty chemistry seem to happen,resulting in very strong
erosion of the tube wall, which should therefore be the wall of the auxiliary tubulated
flange.� With other parts, which were already mechanically polished, we obtained better results
using a different electropolishing acid of 85 % concentrated H3PO4 ( 85 %) and 15 %
pure glycerine (85 %). Of course, all other parameters change as well.� Placement of the electrodes in general is non-trivial, since the rate of erosion scales
with current density and is therefore strongly dependent ongeometry.� Given proper cooling and very low resistance of the central electrode, higher current
densities and shorter times may be advantageous.

16Caburn MDC, Mod. CT-41
17Dipl. Ing. Magnus Buhlert, private communication. Universität Bremen 1998
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Figure A.4: Electropolishing of vacuum system tubes
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