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Abstract

In the last years the quest for full control over the quantum state for cold atoms and photons
and their interactions with photons has evolved into the vision of so-called ensemble-based
quantum information and quantum interfaces. These systemshave demonstrated their poten-
tial with the successful experimental implementation of quantum memory, teleportation and
single-photon generation.

Typical ensemble-experiments have so far employed Quantum-Non-Demolition (QND) mea-
surements on large-volume room-temperature samples. Applying the same concepts to cold
atoms promises significant improvements in coherence time,sample lifetime, and efficient
atom-light interaction: high optical densities maximize the coupling and small atom num-
bers favor quantum- over classical noise. Although incoherent matter, with densities up to
1000 times higher than in conventional laser-light traps tightly confined samples are ideally
suited for applications where the light-atom interaction depends on collective enhancement
effects.

Apart from QND applications, dense, mesoscopic atom samples allow production of ultra-
cold plasmas and very long-range Rydberg molecular states.In the regime of mesoscopic
sample sizes, fast dipole blockade-based Rydberg quantum manipulation becomes possible.
At the same time, the tight confinement and high collision rates may produce phenomena
which normally appear in the quantum degenerate regime and which are interesting beyond
quantum information applications, such as hydrodynamic behavior.

Such advanced applications of cold and dense atomic ensembles require sophisticated trap-
ping and cooling schemes and accompanying diagnostic techniques. This thesis describes
the planning, implementation and operation of an experimental set-up for producing and
characterizing micron sized, cold and dense rubidium samples. Cold atoms, produced in a
double-stage magneto-optical trap, are transferred into afar-off-resonance dipole trap gen-
erated by strongly focused laser beams from a Yb:YAG disk laser system at 1030 nm. Sam-
ples, ranging from several 104 down to few atoms, withµK temperatures and densities up
to 8·1014 atoms/cm3, are stored for several seconds and their properties are characterized in
detail.

The trapped atoms are efficiently detected by resonant excitation; atom numbers are obtained
by a calibrated photodiode, and temperatures are extractedby time-of-flight imaging, either
on a CCD-camera system or on a photomultiplier.

Energy-selective resonant excitation of the trapped atomsis made possible by to the strong
AC Stark shift imposed by the high intensity of the trapping light. This allows for the spec-
troscopic investigation of energy distributions, atomic level shifts, and sample extensions,
and thus for the determination of temperatures and heating rates, as well as thermalization
studies. Due to the tight confinement with radial oscillation frequencies up to 80 kHz, the
measured energy distributions depend strongly on the geometry of the confining potential.

Measured spectra are consistent with model calculations based on a non-interacting, thermal
Bose-gas confined in an anisotropic, 3-dimensional, Gaussian potential.

The measurement tools which have been developed and demonstrated allow precise determi-
nation of parameters such as atom number, sample densities and cloud extensions, which are
important for the optimization of QND-type interaction as well as for other QI applications.





Zusammenfassung:

Das ständige Streben nach präziserer Kontrolle von immer größeren Ensemble kalter Atome
und Photonen und Ideen, diese nutzbringend anzuwenden, führte zu dem, was wir heute unter
Ensemble-Quanteninformation und Quanten-Licht Schnittstelle verstehen. Mit der experi-
mentellen Demonstration der Speicherung von Quanteninformation und Teleportion wurde
das Potential dieser Systeme eindrucksvoll dargestellt.

Bisher wurde die überwiegende Anzahl dieser Experimente jedoch mit Atomen bei Raumtem-
peratur durchgeführt und basiert eher auf einer Ausnutzungcleverer physikalischer Ideen
als auf aufwändiger Technologie. Ein Übertragen dieser Konzepte auf kalte Atome ver-
spricht signifikante Verbesserungen. Mit Hilfe ausgeklügelter Speicher- und Kühlverfahren
und dazugehörigiger Zustandsdiagnostik können bestehende Limits durchbrochen werden.
Präzise Kenntnis der physikalischen Parameter kalter Atome und hohe optische Dichten sind
wichtig für eine Optimierung der QND-Atom-Licht Wechselwirkung durch Maximierung
der Kopplungsstärke und Anpassung der Test-Lichtfelder andie Geometrie der Atomwolke.

Unabhängig davon ermöglichen kalte und dichte atomare Ensemble die Produktion von
kalten Plasmen und Rydberg-Gasen. Obwohl nichtentartete Quantengase, mit bis zu 1000
mal höheren Dichten als in konventionellen Laser Lichtfallen, eignen sich diese Systeme aus-
gezeichnet wo die Wechselwirkung von kollektiven Verstärkungs-Effekten abhängt wie Spin
Sqeezing, Quantenspeicher oder Einzelphoton-Quellen. Die mesoskopische Größe des En-
sembles ist dabei eine Notwendigkeit, um Dipol-Blockade basierte Rydberg-Quantengatter
zu implementieren. Gleichzeitig können durch die starke Lokalisierung und hohen Kollision-
sraten Effekte entstehen, die normalerweise nur im quantenentarteten Regime zugänglich
sind, wie hydrodynamisches Verhalten.
Diese Arbeit beschreibt Planung, Aufbau und Betrieb eines Experimentes, das mesoskopis-
che, kalte und dichte Rubidium Atom-Ensemble untersucht. Kalte Atome, erzeugt in einer
zweistufigen magneto-optischen Falle, werden in eine Dipolfalle transferiert, bestehend aus
ferverstimmten, fokussierten Lichtfeldern eines Yb:YAG disk-Laser Systems bei 1030 nm.

Mikro Kelvin kalte Ensemble, von einigen 104 bis hinunter zu wenigen Atomen und mit
Dichten von bis zu 8·1014 atomen/cm3, werden einige Sekunden lang gespeichert und deren
Eigenschaften detailiert charakterisiert. Die gespeicherten Atome werden dabei durch reso-
nante Anregung effizient detektiert. Die Atomzahl Bestimmung erfolgt mittels einer kalib-
rierten Photodiode, Temperaturen werden durch time-of-flight Abbildungen auf die CCD-
Kamera oder den Photomultiplier extrahiert.

Spektroskopie durch Energie selektive resonante Anregungwird ermöglicht durch die starke
AC-Stark Verschiebung der Energiezustände im intensen Lichtfeld des Fallen-Lasers. Gemessene
Energieverteilungen sind stark abhängig von der Geometriedes einschließenden Potentials
und lassen Rückschlüsse auf die Temperatur, Heizraten und Thermalisierungsdynamik zu.
Durch die starke Lokalisierung, mit Fallen-Oszillationsfrequenzen bis zu 80 KHz und ho-
hen Kollisionsraten ergiebt sich eine stark Fallengeometrie bedingte Besetzungsverteilung.
Gemessene Spektren werden verglichen mit Modellrechnungen basierend auf einem nichtwech-
selwirkenden, thermischen Bose-Gas in einem anisotropen,3-dimensionalen Gauß’ schen
Potential.
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1 Introduction

The lure of precise control over the quantum degrees of freedom has attracted scientists for
much of the past century.

Starting with the invention of Isidor Isaac Rabi [1], who used radio-frequency resonance
techniques on atomic and molecular beams in 1938, coherent control became possible. In
1949 Norman Ramsey [2] had the ingenious idea to separate themicrowave interaction fields
with a radiation free zone, allowing considerably longer measurement times. This first atom
interferometer principle, based on the quantum interference between internal atomic states,
serves now as a key element inside atomic clocks. The frequency of a microwave oscillator
locked to the 9.2 GHz hyperfine transition of133Cs can now be determined to nearly 15
digits precision. It was well known that faster oscillatorsmake better clocks. For even
higher precision, Ramsey’s method had to be transferred from the microwave regime to the
higher frequency optical domain. However optical resonance techniques suffer from the
Doppler broadening caused by the thermal motion of the atoms. More precise control over
the external degrees of freedom was necessary. Optical cooling provided a solution.

Bose-Einstein condensation, precision spectroscopy and optical clocks are among the most
spectacular applications of cold atom physics. Three Nobelprizes awarded in the last decade
witness the the vast richness of new insights and research opportunities gained.

The earliest idea of optical cooling was proposed by Alfred Kastler in 1950, but not seriously
considered before tunable laser sources were available. In1975 Hänsch and Schawlow [3]
realized that such light sources could exert considerable forces on atoms making them use-
ful for cooling. First demonstrations 1978 by Neuhauser et al [4] with Ba+-ions and by
Wineland and coworkers [5] with Mg+-ions confined in a trap, marked the beginning of a
new era.

An intuitive picture of laser cooling is the transfer of energy and entropy from the ensem-
ble of atoms or ions being cooled to the radiation field. The simplistic explanatory picture
of energy and momentum transfer by absorption-emission cycles known as Doppler cool-
ing was established, but it was challenged when experimentsprovided evidence of colder
atomic samples than expected1 [6]. Further experimental and theoretical investigation elu-
cidated that the complex multi-level structure of alkali elements and the spatial polarization
dependency of the light field plays an important role [7]. Several new cooling schemes were
identified, common to all - the use of spontaneous scattering, and it was found that effi-
cient optical cooling comes to halt at the single photon recoil level. Again a fundamental
cooling limit seemed to be in place, the kinetic energy associated with the recoil of one
photon. Soon it became clear that to avoid this recoil-limit2, to achieve sub-micro Kelvin
temperatures, the atoms would need to be decoupled from the light field once they are cold.

1Doppler cooling is limited by the linewidthΓ of the optical transition.kBT = h̄Γ
2

2The recoil limit for alkali elements is in the range of 10−7−10−6K

1



CHAPTER 1. INTRODUCTION

Two optical cooling methods sucessfully surpassed the limit. One uses optical pumping
into excitation free dark states aroundv = 0 calledvelocity selective coherent population
trapping (VSCPT)[116]. The other one is based on velocity sensitive Raman transitions
and was namedstimulated Raman cooling[117]. With both it is possible to cool in 1,2, or
3 dimensions, but cooling time increases significantly withdimensionality because of the
probabilistic character how the steady state is reached.

Subsequently more passive cooling schemes were tested, notrelying on optical fields. The
most successful one is forced evaporation cooling, leadingto phase space densities high
enough to enter the quantum degenerate regime [8]. When the thermal de Broglie wavelength

(Λ =
√

2

2·π·m·k·T ) of neighboring atoms is large enough they start to overlap and interfere. A
large single wave function of the whole ensemble builds up, essentially leaving all the atoms
in a precisely defined, macroscopic collective quantum state.

The discovery of micro- and nano-Kelvin samples of dilute atomic gases opened a new ap-
proach to long standing theoretical predictions [9]. Bose-Einstein condensates allow for
unparalleled control over its properties and stand as a benchmark for our ability to create
well defined sets of quantum states of photons and atoms.

Out of this, quantum state engineering emerged as a branch ofquantum optics, relying en-
tirely on the ability to cool to the ground state and to manipulate the internal states with
sufficient precision [13].

The forces exerted by light can also bring about spatial confinement [9]. Arrangements using
the scattering force combined with magnetic fields (Magnetooptical trap) [10] or gradient
laser beams with induced electric dipole moments (dipole traps) [11] became a central part
of many quantum optics experiments and as well subject of intensive research.

Also atomic collisions lost some of their mysteries. The extremely low temperatures af-
forded by laser cooling largely reduces the range of energies participating in collisional in-
teractions. In the ultracold regime atom-atom interactions can be characterized by a single
parameter, the scattering length. This remarkably simplicity led to a detailed understand-
ing about the quantum nature of their interactions [14]. Experiments confirmed theoretical
predictions that with the help of external magnetic fields, atom-atom interaction strengths in
alkali atoms can be tuned at will because these depend on the position of individual quantum
levels [15]. Unprecedented studies of the transition from anon-interacting, dilute gas to a
strongly-interacting quantum gas were within reach [16]. Aseminal contribution was the re-
alization of the Mott-insulator transition [17], which provided an entire lattice of (maximally)
number squeezed atoms - an ideal starting point for quantum information applications. Re-
cently the gap between solid state many body systems and dilute quantum gases had been
bridged. Almost exactly 10 years after the first bosonic condensate evidence of fermionic
super-fluidity was presented in 2005 [18], showing unambiguous proof of frictionless flow
in quantum matter. Strongly correlated fermionic systems promise new prospects for the
understanding of high temperature superconductivity [19], neutron stars and the simulation
of crystal lattices [20], [21].

With the confinement of atoms and ions to the lowest quantum states [22], the spatial extend
of the wave function becomes well defined and the strength andduration of the interactions
controllable. Quantum information processing requires such a controlled environment with
well understood couplings. Quantum states in cold atoms offer unmatched stability which

2



CHAPTER 1. INTRODUCTION

mark them out among the most promising physical systems for quantum computation imple-
mentations [23], [24], [25].

Parallel with developments in coherent manipulation of matter fields, capabilities in genera-
tion and control over light fields were perfectionized. A number of technological advances
paved the way. Short term stability of laser sources improved by locking them to ultra-stable
cavities [26], [27], extremely low loss dielectric mirrorsallow the fabrication of high-Q refer-
ence cavities and cold atoms or ions serve as a long term frequency reference [28]. However
what was long missing was an optical frequency counter, ableto act as a clockwork mech-
anism. Harmonic frequency chains, available since the 1960, required vast resources and
were too tedious to operate. A revolutionary solution was found 1999, using a mode-locked
femtosecond laser producing a comb like spectrum of frequencies [29, 30]. Now both time-
and frequency- domain properties of pulse trains can be optimized to a high degree. Exciting
possibilities like full spectral phase control, even with few cycle light pulses [31] or real-time
studies of sub-picosecond dynamics with absolute frequency precision [32], [33] promise an
interesting future.

In the last years the quest for full control over larger and larger ensembles of cold atoms and
photons has evolved into what is called ensemble- based quantum information and quantum
interfaces. Quantum information storage and exchange is anintegral part of full-scale quan-
tum information systems. Long lived entangled objects shared over long distances promise
the realization of distributed quantum networks and quantum secret sharing. Photons as in-
formation carriers can travel unaffected long distances and easily be detected, but they are
hard to localize and store3. Atoms on the other hand excel at these tasks. Manipulation
and storage can be done via long lived internal states with high precision. But mapping the
quantum states of atoms onto light and vice versa in a reversible and coherent way poses a
formidable challenge. Two strategies have emerged. The conceptually simpler one involves
the coherent coupling of a single photon with a single, localized atom [118]. In practice this
requires high-Q resonators, to reach the necessary coupling strength and sophisticated atom
manipulation techniques [119,120]. The second approach, in some sense, exchanges the role
of atoms and photons. Instead of increasing the photon density by the number of round-trips
inside a cavity, a large ensemble of atoms is used where the weak photon coupling is am-
plified by the large number of collectively interacting atoms. Strong interaction for atomic
samples translates then into high on-resonance optical density, experimentally alleviating
many of the stringent requirements of cavity-QED. First implementations, following the
proposal of Kuzmich et al. [122], concentrated on the complete absorption of entangled light
modes by V-type atomic level structures, thus creating entanglement in the excited states.
In 1999, Hald and coworkers [121] succeeded in exciting coldcesium atoms with squeezed
light, showing that macroscopic ensembles of atoms (106) can be entangled. Subsequent im-
provements, such as the use of Raman transitions between ground states to avoid spontaneous
emission and electromagnetically induced transparency (EIT) for the controllable generation,
storage and retrieval of single-photon pulses followed [123,124]. Another milestone was the
introduction of feedback into the quantum-light interface[126, 127]. Here a QND measure-

3With the best optical resonators available today, photons can be stored only for timescales on the order of
some 10−5 seconds.
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CHAPTER 1. INTRODUCTION

ment correlates fluctuations in the polarization of faint light pulses with spin-fluctuations
in a collection of atoms. After a projective measurement, feedback is applied to the atoms
conditioned on the measurement outcome. In two important proof-of-principle experiments,
the versatility of the ensemble approach was demonstrated.For the first time, the quantum
state of a light pulse has been deterministically teleported to an object of different nature, a
macroscopic ensemble of atoms [125] and a quantum memory wasimplemented [128].

For the future much work remains before ensemble-based systems will become practical
tools. Quantum information is more advanced in dealing withphotonic qubits than with weak
coherent states and lacking a large nonlinear response makes it difficult to achieve the high
fidelities required for error correction and quantum repeater based networks. Up to now most
of the break-through experiments have been done with room-temperature atomic ensembles,
relying more on clever schemes than experimental complexity. Applying these concepts
to cold, trapped atoms promise significant improvements. One reason is that the ratio of
quantum- to classical component of the state information increases by reducing the sample
size, while the higher particle density of cold atomic samples retains the overall interaction
strength compared with gas cells. Also decoherence is reduced in cold atoms owing to the
strongly reduced motional effects. Precise knowledge of the physical parameters of the cold
samples is important as it will allow optimization of the atom-light interaction by maximizing
the mode-matching. Although incoherent matter, with densities up to 1000 times higher than
in conventional laser-light traps tightly confined samplesare ideally suited for applications,
where the light-atom interaction depends on collective enhancement effects.

Apart from QND applications, dense, mesoscopic atom samples allow efficient production
of ultracold plasmas and ultra long-range Rydberg molecular states [133–135]. In the regime
of mesoscopic sample sizes, fast dipole blockade-based Rydberg quantum manipulation be-
comes possible [129, 136]. At the same time, the tight confinement and high collision
rates may produce phenomena which normally appear in the quantum degenerate regime
and which are interesting beyond quantum information applications, such as hydrodynamic
behavior [130,137].

Such advanced applications of cold and dense atomic ensembles require sophisticated trap-
ping and cooling schemes and accompanying diagnostic techniques.

This thesis is dedicated to the implementation and diagnostics of micron sized cold rubidium
samples stored in a far-off-resonance dipole trap generated by strongly focused laser beams
from a Yb:YAG disk laser at 1030 nm. It describes the design, set-up, and operation of the
trap, the developement and implementation of diagnostic tools, in particular spectroscopy of
the trapped atoms, and the results of that characterization.

Cold atoms, produced in a double-stage magneto-optical trap, are transferred into a far-
off-resonance dipole trap generated by strongly focused laser beams from a Yb:YAG disk
laser system at 1030 nm. Samples, ranging from several 104 down to few atoms, withµK
temperatures and densities up to 8·1014 atoms/cm3, are stored for several seconds and their
properties are characterized in detail.

The trapped atoms are efficiently detected by resonant excitation; atom numbers are obtained
by a calibrated photodiode, and temperatures are extractedby time-of-flight imaging, either
on a CCD-camera system or on a photomultiplier.

4



CHAPTER 1. INTRODUCTION

Energy-selective resonant excitation of the trapped atomsis made possible by to the strong
AC Stark shift imposed by the high intensity of the trapping light. This allows for the spec-
troscopic investigation of energy distributions, atomic level shifts, and sample extensions,
and thus for the determination of temperatures and heating rates, as well as thermalization
studies. Due to the tight confinement with radial oscillation frequencies up to 80 kHz, the
measured energy distributions depend strongly on the geometry of the confining potential.

Measured spectra are consistent with model calculations based on a non-interacting, thermal
Bose-gas confined in an anisotropic, 3-dimensional, Gaussian potential.

The measurement tools which have been developed and demonstrated allow precise determi-
nation of parameters such as atom number, temperature, sample densities and cloud exten-
sions, which are important for the optimization of QND-typeinteraction as well as for other
QI applications.

The use of the set-up and the diagnostic tools for preparing an optimum sample for cold
ensemble-based quantum information will be discussed as the outlook of the work.

5



2 Experiment Control

For quantum optics experiments, precise and if possible automized control and actuation of
all the electronic and electro-optical systems is of paramount importance. Core experiment
control, photomultiplier system, camera system and data acquisition need to be synchro-
nized and controllable in an easy way. The following sectioncontains a description of the
implementation in our experiment.

2.1 The CCD System

The system we use for imaging the atoms is a COHU 4912-5010 CCIR-monochrome CCD-
Camera without IR-filter.

The 4912 monochrome Camera uses a 1/2-inch format interlinetransfer sensor with on-chip
microlenses1. This sensor offers lower dark current, image lag, and blooming than other
types of sensors. It has 752 (H) x 582 (V) pixels with a pixel size of 8.6 (H) x 8.3 (V) micron
and an eight step electronic shutter for exposure time control.

Operation of the camera can be either in continuous mode for imaging on a standard TV-
monitor or in triggered mode with the help of a framegrabber2.

Standard video cameras are not built for taking precisely timed images due to the interlaced
mode in which they deliver the pixel information (The video image consists of two consec-
utive fields with one comprised of all odd lines and the other one containing all even lines).
For the purpose of taking snapshot pictures our camera can beoperated in non-interlacing
field mode, with the drawback that the vertical resolution isonly 287 lines (half the full res-
olution). Progressive scan cameras avoid this drawback anddeliver a full resolution image
at once, however at higher system costs.

To get deterministic timing the camera can be asynchronously reset by application of a
negative-logic TTL-pulse to the AUX-connector. This initiates a vertical-blanking interval
2.3µs later, followed by the video output of the first field. The vertical reset pulse should be
applied several multiples of the vertical-sync intervall (20 ms) in advance. This guarantees
that the PLL in the camera has stabilized and the video fields delivered by the camera are
uninterrupted.

The actual integration time or image sampling time is dependent on the electronic shutter
setting and ranges from100µs to 20 ms.

1Sony ICX249AL
2National Instruments PCI-1408 monochrome, 8-bit ADC, RS170/CCIR image acquisition board

6
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2.3 µs

200 ms

vertical reset

vertical blanking

970 µs = end of electronic shutter period

870 µs 

image sampling time 

(adjustable)

IMAQ trigger 

10 ms 

CCD charge transfer 

image sampling

(a) Timing sequence of the trigger pulses applied to the Cohu4910 camera. In the example shown, the
image sampling time is 100 microseconds.

Figure 2.1:

The end of the shutter period is always fixed at 970µs (see 2.1) after the vertical blanking
interval, the beginning is variable depending on the shutter setting.

For the expansion pictures of the atomic cloud the shutter was set to 1/10K = 100µs or
1/4K which resulted in 230µs actual integration time. The exact timing was calibrated with
acusto-optically switched light pulses from a diode laser applied to the CCD chip. After
the pixel information had been stored on the CCD-chip a charge transfer is initiated and the
first video field is written to the output. The framegrabber board which requires a trigger
pulse in advance digitizes then the video signal. Limitations of the locking circuitry on the
framegrabber board when the camera is asynchronously resetrequired the development of
an external genlock circuit to recover all clock signals from the video signal (for a detailed
description see Appendix C)

A high quality photo-camera objective3 was attached to the camera with an adapter allowing
back-focus adjustment.
The pixel size was calibrated by imaging a precision metal ruler and found to be 8.53 (H) X
8.27 (V)µm, which corresponds to 750 X 580 active picture elements.
The digitized images taken from the framegrabber are processed with a LabView4 program
using Matlab5 code for data processing and analyzing.

3Nikon, f=50 mm , NA=0.42
4Nationa Instruments Inc. LabView 7.0
5Mathworks Inc. Matlab R13
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(a) Video signal transfer function measurement and linear fit confirming thatγ = 1

Figure 2.2:

Gamma Calibration

Our camera features a continuous gamma adjustment between 0.45 and 16. A gamma setting
less than one results in a nonlinear response that favors black areas at the expense of white
ones. For measurement purposes the transfer function should be linear (γ = 1) to achieve a
proportionality between recorded intensity and video-signal amplitude.

For calibration (10.2) a laser beam was imaged onto the chip and the brightness values were
recorded depending on different exposure times and gamma settings. The intensity values
of 8 x 2 pixels were summed up and normalized. Each data point shows the average over 5
measurements. For a constant input intensity, the accumulated charge from each CCD-pixel
is proportional to the exposure time. The output brightnesssignal is therefore proportional
to the exposure time ifγ = 1.

2.2 The General Control System

A typical experiment sequence can run over several seconds up to a minute with a time
resolution of 100 microseconds. During this time a large number of optical and electronic

6The gamma transfer function relates the input intensity to the output signal level according to the power law:

Sigout = Iin
γ
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elements needs to be deterministically controlled and operated with high precision. This is
not an easy task, taking the heterogeneity, number of channels required (analog inputs and
outputs, digital inputs and outputs) and the flexibility in changing sequences into account.
Several different systems such as a network of programmablesynthesizers, data acquisition
cards, pattern generators, real-time systems with dedicated hardware or reconfigurable logic
devices (FPGA) may be used for the task of controlling an experiment. For our system we
have chosen a combination of several data acquisition cardsin conjunction with the software
system LabView, all from National Instruments. Considering the system costs and the total
flexibility in programming the cards, other options were ruled out.

2.2.1 The hardware

Basis of the timing system is a standard PC (1.3 GHz, 264 Mb RAM) equipped with a PCI-
DIO-32HS high speed digital input/output (I/O) board. The system has 32 buffered TTL-
logic channels, organized in 2 ports each having 16 channels. All channels are connected to
a backplane by ribbon cable, so that the signals can be routedwith BNC cables.

For analog voltage output a PCI-6713 8-channel, 12 bit, 1 Ms/s board is used which controls
the frequency of the cooling laser, the MOT-magnetic field strength and the amplitudes of
the repump, cooling and dipole lasers.

To read-in analog signals a AT-MIO-DE-10 ISA-board provides 16 single-ended or 8 dif-
ferential inputs and is capable of digitizing with 12 bit resolution at up to 100 Ks/s. One
channel was assigned to read in the signal from the calibrated photodiode for atom detection.

Deterministic timing requires that all internal clocks which govern data acquisition and gen-
eration are phase locked. Our system guarantees this by providing custom timebases specific
for each card, generated by the high speed digital card. These custom timebases then up-
date directly the ADC and DAC7 converters on the analog-input and -output boards thus
bypassing all onboard clocks.

As can be seen from figure 8.3 the first port (the first 16 channels) of the DIO-32-HS are
dedicated to the generation of the time bases of the data aquisition cards.. Update pulses
are then sent to port 2 of the card which is programmed for digital pattern generation with
handshaking in burst mode. With this configuration, the remaining 16 digital output channels
of port 2 can be used for experiment control. Analogously DIO-1 and DIO-3 deliver update-
clock pulses to the Ext-Update input on the analog-output card and to the PFI-2/Convert
input on the AT-MIO card.

2.2.2 The Software

LabView was chosen for the ease of programming, the large range of supported hardware
and instrument drivers and the hassle free operation in conjunction with the data aquisition
(DAQ) hardware from the same manufacturer. LabView is not well suited to handle and
process efficiently large amount of data so Matlab subprograms were included to implement

7Digital to analog converter (DAC) and analog to digital converter (DAC)

9



2.2. THE GENERAL CONTROL SYSTEM CHAPTER 2. EXPERIMENT CONTROL

DIO-32-HS

PCI 6713

AT-MIO 16-DE10

DIO A0

REQ 2

Ext-Update

Vout 0 Vout 7

ACH 0  ACH 7

ACH 8 ACH 16

DIO C0

DIO D0 DIO D7

DIO C7

PFI 2 

Convert

DIO A3DIO A1

Port 2Port 1

(a) Distribution scheme of the specific timebases to the DAQ boards on
the backplane.

Figure 2.3:

the numerically intensive parts of the control and data aquisition programs.

The software component of the timing system consists of two control programs: (i) a simpler
one which is used for every day operation and optimization runs, that use software timing,
and (ii) a hardware timed program for measurements where accurate, deterministic timing is
required.

The hardware timed program is quite complex, as it involves Matlab scripts for parsing
timing files, LabView code to control the I/O boards, and compiled Matlab modules to create
the large channel state matrix that is sent to the DAQ boards.The LabView code loads the
timing tables and calls a compiled Matlab script to generatethe timebase array and channel
state matrix which are both stored in RAM. The timebase matrix contains all logic states for
each of the 3 timebases at each timestep and can have several million entries. The channel
state matrix on the other hand is comparatevly small, containing only the update values for
all channels. This means only if a change of a logic state or voltage level occurs, not an entry
at each timestep. This considerably reduces the amount of data stored in RAM and ensures
that all the data can be transfered in time to the DAQ cards8. Apart from this, LabView
handles the user interface and all communication with the DAQ-boards.

An ASCII-timing file defines durations of events and the associated channel states (logic or
analog). Analog channels can be easily ramped which enablessmooth transitions between
different output levels eg. for continously changing the frequency of a laser (see figure 9.4).
Start and Stop-values are specified for each period and the program then interpolates all val-

8Some of the DAQ-cards are available with large onboard memory. In this case the transfer rate of the PC-bus
system is not important.
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Figure 2.4:

ues between with adjustable resolution. Fully automized measurement runs are possible by
sequential calling of prepared timing files. The overall timing resolution which is equiva-
lent to the duration of the shortest event can be set from 1µs to 1 ms and is limited by the
DAQ-hardware. When analog channels are read in, the shortest timestep is 10µs (for one
channel acquisition). This resolution is sufficient for almost all control and measurement
tasks. Whenever measurements require microsecond digitalpulses9 on only one ore two
channels, a dedicated pulse generator10 triggered by a control pulse was used. In this case
overall time resolution can be coarse and hence the amount ofdata processing limited, while
still getting sub-microsecond resolution for short pulse sequences. There is no trade-off in
precision when the resolution is reduced. Resolution in this case refers to the shortest time
an event can last. Synchronization between different events, usually much more important,
is precise to about 100 ns, as all timebases are derived from asingle clock11.

9eg. parametric excitation for trap frequency measurements
10Quantum Composer Inc., Model 9518 digital delay-pulse generator controlled via GPIB
11The limiting factor is the slew-rate of the analog output amplifiers stages in the PCI 6713 card.

11



3 Cold Atom Production

The production of cold and dense samples of atomic gases offer great benefits for quantum
optical studies. The long interaction and coherence times made possible by reduction of the
thermal motion are one of the main benefits.

This thesis is ultimately concerned about cooling and trapping of rubidium samples. Trap-
ping refers to confinement of the sample in a small spatial region, whereas cooling refers to
a reduction in momentum space.

In this chapter basic physical processes of the laser-cooling and the production of cold ru-
bidium clouds are addressed.

A position dependent force is necessary to confine particlesin a spatial region and analo-
gously a velocity dependent force can reduce the velocity spread in momentum space. For
laser cooling a velocity dependent force arises through near-resonant scattering of photons
on moving atoms.

Each absorption of a photon leads to transfer of one recoil momentum to the atom in direction
of the laser light. The associated gain in velocity isvrec = h̄·k

m with m the mass of the atom and
k the wavenumber of the photon. The excited atom decays spontaneously back to the ground
state and acquires another recoil. The time averaged momentum over many emissions is
zero due to the randomness in the emission direction, whereas the momenta from absorption
accumulate. As a result the force on an atom from a single laser beam is the product of the
photon momentum times the scattering rate:

Fsc = h̄ ·k · Γ
2
· I/Isat

1+ I/Isat+(2∆/Γ)2 (3.0.1)

where I is the intensity of the laser beam,Isat is the saturation intensity i.e. the intensity
of resonant light at which the atom spends l/4 of the time in the excited state,Γ is the
linewidth of the excited state and∆ = ωL −ωA is the detuning between the laser and the
atomic transition.
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3.1 Doppler Cooling

This is the conceptually simplest laser cooling mechanism created by a velocity dependent
force.

The principle is to illuminate an atom from all directions with light tuned slightly below
an atomic absorption line. In the reference frame of an atom moving towards the laser
beam the light is Doppler shifted closer to resonance, whereas the light in direction of the
movement is shifted away from resonance. Thus, the atom predominantly scatters photons
from the forward direction and is slowed down. For small velocities (|k · v| ≤ Γ) a friction
force resultsFDopp = −α · v which slows the atoms down. A lower limit on the width of
the velocity distribution is set by the diffusion resultingfrom the stochastic nature of the
scattering process.

This leads to a final equilibrium temperatureTDopp which is proportional to the ratio of
diffusion and friction coefficients (KB is the Boltzmann constant):

TDopp =
h̄·Γ
2·KB

(3.1.1)

For 87Rb the Doppler-Temperature is 144µK, other alkali elements show the same order of
magnitude1.

3.2 Sub-Doppler Cooling

Experimental results of temperatures below the Doppler-limit [6] proved the existence of a
cooling mechanisms apart from Doppler cooling. They arise because the underlying assump-
tion of a two-level system and fixed polarizations does not reflect the experimental situation
in its full complexity.

The spatially dependent intensity of combined light fields such as a standing wave causes
sinusoidally varying light shifts of the atomic energy-levels. A frictional force arises due to
the presence of potential-wells where the moving atoms are most likely excited on top of the
wells but decay back to the bottom of the potential valleys. The atoms thus move always
towards a potential hill and convert kinetic into potentialenergy. This process was called
Sisyphus cooling [7]. Contrary to Doppler cooling, the Sisyphus effect provides cooling
when the laser is tuned above resonance (∆ > 0). This mechanism only works for atoms
which move from node to an anti-node or less in a natural lifetime ( v ≤ Γ ·λ/4). There-
fore the force consists of a broad Doppler contribution causing heating, and a narrow range
around v = 0 where cooling is provided.

If the atom has not enough kinetic energy left to climb the hills and remains stuck in the
potential valley, the Sisyphus process ceases. Thus the final temperature is related to intensity
and detuning:

KB ·T ≈U0 ∝

I
|∆| (3.2.1)

1The proportionality of the Doppler temperature to the natural linewidth Γ suggests the use of narrow-band
forbidden transitions in MOTs to achieve colder samples. [64,65]
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This would suggest an equilibrium temperature that can be made arbitrarily low by reduc-
ing the intensity or increasing the detuning but a lower limit arises when the recoil energy
acquired from spontaneous emission cancels the energy lossfrom going from the top of the
potential hill to the bottom.

U0 ∝ ER =
h̄2k2

2m
(3.2.2)

KB ·TR =
h̄2k2

m
=

h2

mλ 2 (3.2.3)

At this point the atomic de Broglie wavelength is comparablewith the laser wavelength so
that a localization of the atomic wavepacket to the potential well becomes impossible. A full
quantum analysis in 1D predicts a minimum temperature corresponding to a momentum of
∼ 6h̄k [66]

A second mechanism called polarization gradient cooling isbased on polarization state de-
pendent optical pumping into nondegenerate magnetic sub-states. Two versions depending
on the initial polarization state of the counterpropagating beams are distinguished:

• counterpropagating beams with perpendicular linear polarization: The resulting po-
larization vector changes periodically from linear through circular to opposite linear
over a distance ofλ/4. This leads to periodically varying light shifts of the magnetic
sub-states and together with optical pumping to the Sisyphus-effect described before.

• counterpropagating beams with opposite circular polarization: This process is differ-
ent and no Sisyphus effect occurs. In this case the resultingpolarization vector is linear
everywhere but rotates around the beam axis with a pitch ofλ/2 . For a moving atom,
where initially all sub-levels are equally populated, the changing direction of the elec-
tric field causes a redistribution of population between themagnetic-substates. This
motion-induced symmetry breaking between the atom-light interaction enhances the
difference between the photon scattering rates and leads toa strong frictional force [8].

For a 3D-optical molasses2, composed of 3 orthogonal pairs of counterpropagating beams
as it is found in a MOT, the polarization vector is linear everywhere but the orientation is
strongly position dependent. The six beams form an intensity lattice in space with a set of
zero intensity points.

Optical Molasses provide cooling but not a spatial confinement. More precisely, the aver-
aged force acting on the atoms is only a velocity dependent, strongly dissipative force.

3.3 The Magneto-Optical-Trap

Magneto-Optical-Traps are by far the most widely used type of trap to produce cold, neu-
tral atoms clouds. Reasons for this are the relative simplicity of the experimental setup,

2A optical molasses is a pair of counterpropagating laser beams detuned below the atomic resonance which
provide a velocity dependent damping force parallel to the beam direction. The force results in viscous
damping but does not provide confinement in contrast to the magneto-optical trap.
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the ability to trap atoms from a room-temperature thermal background and the fact that the
confinement process provides cooling at the same time.

Starting from a 3-dimensional optical molasses, the principle of compensated scattering
forces was extended by the use of a magnetic quadrupole-field. The magnetic field Zeeman-
shifts the energy levels into resonance with a beam which pushes the atoms back to the origin
from all sides.

We consider for simplicity aJ = 0 → J = 1 transition. The magnetic field produced by 2
coils in anti-Helmholtz configuration increases linearly from z=0 at the trap-center outwards
(B(z) = βz). Proportional to the magnetic field strength the Zeeman shift causes a perturba-
tion of the magnetic sub-levels withmJ = 0,±1.

The resulting frequency shift for a transition from|F,mF〉to |F ′,mF ′〉 is then

m
J 

= 1

m
J 

= 0

m
J 

= -1

z

J=0

J=1

BB

-z

Energy

ω
L

ω
L

σ
+

σ
-

(a) Shift of the magnetic sub-states inside a magneto-optical trap

Figure 3.1:

∆B = (gF ′mF ′ −gFmF) · µB|B|
h

(3.3.1)

whereµB is the Bohr magneton,mF the magnetic quantum number andgF the Landè g-factor:

gF =
F(F +1)+J(J+1)− I(I +1)

2F(F +1)
·gJ (3.3.2)

Figure 3.1 shows a pair of red detuned, counterpropagating laser beams, both right-hand
circularly polarized. For cooling the laser beams are detuned below the unshifted reso-
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nance (∆ > 0). The beam in direction of the quantization axis (along z) drivesσ+-transitions
with∆mF = +1 in the atom. On the other hand the beam going in direction -z against the
quantization axis excitesσ−-transitions with∆mF = −1. If the atoms move away from the
trap-center the sublevel which interact with the beam pointing towards the center gets closer
to resonance. This leads to an imbalance in radiation pressure and to a force on the atoms
towards the center exerted by the MOT beams. Thus, in addition to the frictional term, the
atom experiences a restoring forceF = −κz . In the limit of small Zeeman shifts and small
velocities the expression for the force on an atom inside a MOT can be written as

FMOT = −α ·v−κ ·z, (3.3.3)

with α andκ denoting the damping and spring constant [11].

σ
+
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+

σ
+

I
I

σ
-

σ
-
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(a) Standard beam configuration for a 3D-MOT

Figure 3.2:

A two dimensional magneto-optic trap can be made by two pairsof counterpropagating
beams and a linear quadrupole magnetic field which is constant along the 3rd orthogonal axis.
The atoms are cooled and confined in two dimensions, and when loaded from background
vapour, a constant beam of cold atoms is produced.
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3.4 Experimental Setup

In this section the actual setup is described which generates a cold atomic beam from rubid-
ium vapor inside the upper part of the vacuum chamber, and thetransfer and storage of this
beam to the lower UHV-part of the apparatus.
Detailed information about this setup can be found in the thesis of Matthias Schulz [60].
Here are mostly the changes described which were made to improve the previous setup.

3.4.1 The Main Apparatus

The main setup of the experiment consists of a double-MOT system with two superimposed
crossed, far detuned dipole traps.

In the 2-dimensional MOT a cold beam of rubidium is produced which is transferred through
a differential pumping stage to the lower, conventional MOT. With this arrangement, atoms
can be quickly captured from background vapor in the 2d-MOT while maintaining a high
loading rate into the 3d-MOT systems and keeping the background pressure below 10−10

mbar. A schematic of the optics setup is shown in figure 3.3.

The central part of the experiment consist of 2 fused silica glass cells mounted on a stainless
steel vacuum vessel which contains the differential pumping stage and is connected to 2 ion-
getter pumps3. Inside the lower part a 3d-MOT made of 6 counterpropagatingbeams collects
the atoms from the cold rubidium beam.

Both beams constituting the dipole traps are placed in a horizontal plane intersecting the
3d-MOT center. Laser light generated by a Yb:YAG solid statelaser4 is transported through
photonic crystal fibers5 to the experiment. Beams diverging from the fiber-exits are first
collimated and then focused into the trap center. Fluorescence light is collected by home-
made high-aperture objectives and imaged onto a ccd-cameraor calibrated photo diode. The
high power laser light is separated from the fluorescence light by dichroic filters. As a second
function the objective which focuses one of the dipole-beams is used to image the spatially
filtered fluorescence light to a cooled photomultiplier.
The glass-cell design allows easy optical access which is a key requirement for multiple-
beam, all-optical traps. In vertical direction, a pushing beam from the top and a detection
beam from the bottom are passing along the atomic beam axis. Access for a probe beam for
the future spin squeezing experiments is provided by a dichroic beam splitter.
All beams are delivered by optical single-mode fibers. This avoids long beam paths and
eases stray-light shielding as well as guarantees clean gaussian mode profiles.

3.4.2 The 2-D MOT System

The cooler beam, delivered by an optical single-mode fiber, is first expanded to a beam diam-
eter of 16 mm, collimated and then split in 2 fractions by a polarizing beam splitter (PBS).

3Leybold 30 l/s and Varian Star Cell 60 l/s
4VersaDisk-1030 from ELS Elektronik Laser System GmbH, Germany
5LMA-25 from Crystal Fibre A/S, Denmark
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Figure 3.3:
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(a) Photo of the trapping assembly.

Figure 3.4:
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(a) Scheme of the optical elements of the 2D-MOT setup. The cooler laser path is red colored, the repump laser path
light-blue.

Figure 3.5:
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Both beams pass quarter-wave-plates to get the desired circular polarization before they cross
the cell. After cell transmission both beams are back-reflected so that they counterpropagate.
A second quarter-waveplate, which is passed twice acts as a half-waveplate and changes the
polarization to the opposite circular state.

Originally this setup was built for 4 independent counterpropagating beams without backre-
flection which allowed a more balanced adjustment of the individual beam intensities at the
expense of lower power.

For backreflection geometries, all beams passing the cell are recycled so that the total optical
power required to saturate the cooling transition is reduced by a factor of 2. In our experi-
ments the advantage of having more optical power available which increases the loading rate
was preferred. Combined beam power was up to 20 mW which translates into an intensity
of 5mW/cm2 or about 2 times saturation intensity6.

The repumper beam, also originating from a single-mode fiberis expanded to the same beam
diameter as the cooler beam and overlapped with one of the cooler beams on a free port of a
PBS.

6

• ISat
87Rb(F = 2→ F′ = 3)= 3.576 mW/cm2 for unpolarized atoms

• ISat
87Rb(F = 2, mF = 2→ F′ = 3mF′ = 3) = 1.669 mW/cm2 for the cycling transition
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3.5 Atom detection

Atom detection in our experiment is based on the quantitative measurement of fluorescence
light emitted by excited atoms. Three different detection devices are in use:

1. A triggerable ccd-camera provides spatial and temporal information of the fluores-
cence light intensity and serves to image the atom cloud

2. A calibrated photo-diode (PD) is used to determine the atom number

3. Low light levels are detected with a photomultiplier system (PMT)

An overview over the detection channels is shown in figure 3.3. Information about the CCD-
camera system can be found in 2.1 and the photo-multiplier system is described in??

3.5.1 The Photo-Diode

Fluorescence light detection of atoms in a magneto-opticaltrap is theoretically quite com-
plicated. Moving atoms are subjected to rapid changes of thepolarization direction and
intensity of the trapping light. A simplification to estimate the scattering rate can be made
by averaging over the different polarization directions assuming isotropic pump light. Any
contribution from theF = 1→ F ′ = 2 repump transition is neglected.

In the case of dipole-trapped atoms the polarization vectorof the dipole light defines a quan-
tization axis. Together with optical pumping into specific magnetic sub-states, optimized
detection geometries can be exploited.
Assuming an isotropic emission pattern, the fraction of fluorescence light detected by an op-
tical system is simply the covered solid angle multiplied bythe detection efficiency.

The solid angle is calculated as follows:
Imaging objective: f/# = 1.8

clear aperture: 23.0 mm
distance of entrance aperture to focal point: 33.5 mm

fraction of collected light: (23mm)2∗π
4∗4∗π∗(33.5mm)2 = 0.027

The measured losses in the optical system are:
element number of elements in beam pathtotal transmission

silica cell 1 0.96
4-lens objective 1 0.965
dichroic filter 2 0.9025

polarizing cube 1 0.5
focusing lens 1 0.99

interference filter 1 0.80
total transmission 0.331

For a saturation intensity of 3.58 mW/cm^2 (F = 2→ F ′ = 3 cycling transition) the scatter-
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ing rate7 calculates to:

RSc=
Γ
2
· 6∗ I0/ISat

1+4(Γ
∆)2 +6∗ I0/ISat

(3.5.1)

The natural line widthΓ of the 52S1/2 → 52P3/2 dipole transition is 2π ·6.065 MHz (FWHM).
Intensity of the MOT beams during experiments is set toI0 = 0.7∗ ISat, detuning∆ during
the MOT loading phase is 10 MHz and reduced to 3 MHz for recapture8 measurements.

RSc=
Γ
2 ∗0.667= 1.25·107photons/s/atom for∆ = 3 MHz

RSc=
Γ
2 ∗0.257= 4.84·106 photons/s/atom for∆ = 10 MHz

The optical power equivalent to a photon flux of 1 photon/s at 780 nm is 2.55·10−19 W.

scattered power/atom = 3.18·10−12W/atom for∆ = 3 MHz

scattered power/atom = 1.23·10−12W/atom for∆ = 10 MHz

The responsivity of the photo diode (Thorlabs DET110) isη = 0.5A/W at 780 nm.
Resulting photo-currents are:

IPD = 0.5A/W ∗3.18·10−12W/atom= 1.59pA/atom for∆ = 3 MHz

IPD = 0.5A/W ∗3.18·10−12W/atom= 0.617pA/atom for∆ = 10 MHz

Measured on the oscilloscope9 with 10 MΩ input impedance the photo voltage calculates
to:

UPD = 1.59µV/atom for∆ = 3 MHz

UPD = 0.617µV/atom for∆ = 10 MHz

Taking into account the transmission of all optical elements and the fraction of light col-
lected by the imaging optics10, the calibrated photo voltage is:

UPD = 14.2nV/atom ∆ = 3MHzandI/ISat = 0.7

UPD = 5.5nV/atom ∆ = 10MHzandI/ISat = 0.7
(3.5.2)

7this expression is valid for illumination with 6 beams as it is during normal MOT operation,I0 refers to the
single beam intensity

8atoms are transferred from the MOT into the dipole trap for some variable time and then recaptured back into
the MOT during which fluorescence is detected

9Tektronix 3200B
10ηtotal = T ∗η = 0.331∗0.027= 8.93·10−3
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For computer controlled measurements, data acquisition ismore conveniently done by the
analog input board11 . First a home built low noise transimpedance amplifier was connected
close to the photo diode which converts the photo-current toa voltage. Input impedance was
measured to be 1.025 MΩ.

The low level photo-voltage is then further amplified by a offset-drift compensated variable-
gain voltage amplifier12. The switchable gain amplifier provides a large dynamic range for
the measurements and keeps the signal level high enough for optimal A/D conversion condi-
tions.

The voltage multiplication factors of the amplifier gain stages can be calculated according to
the formula

Uout = Uin ·10( Gain
20 ) (3.5.3)

where the gain value is in dB. For our measurements the 20 dB gain setting was used which
results in a voltage multiplication factor of 10.
The final calibration values for the photo-diode measured with the FEMTO amplifier and the
analog-input board gives:

UPD = 14.6nV/atom at∆ = 3MHzand I/ISat = 0.7

UPD = 5.6nV/atom at∆ = 10MHzand I/ISat = 0.7
(3.5.4)

3.6 Loading of the 3D-MOT

Fast production of cold and dense samples of atoms is a key requirement for many atom
optics experiments. High loading rates, although not of essence for small atom number
experiments, provide quick turnaround times when running sequences, eg. for parameter
optimization. An efficient method is the generation a cold atomic beam from a 2D-MOT
system which loads a conventional MOT [69,70].
In previous work, a system with limited laser power was used,where the cooling laser was
shared between the 2D and 3D-MOT [60] Here we implement a master-slave diode laser
system, where the full undivided power of the slave laser (25mW after the optical fiber) is
available as cooling light for the 2D-MOT, resulting in 2 times saturation intensity. Optical
power is important as the 3D-MOT loading rate is proportional to the 2D-MOT beam inten-
sity up to several times saturation intensity. In our setup the loading rate is still limited by
available cooling laser power which can be seen from the measurement in fig.3.6

To quantitatively describe the dynamics of loading and lossprocesses in a magneto-optical
trap a common rate equation model can be used:

dN
dt

= L0− γ ·N−b0 ·N2 (3.6.1)

11National Instruments AT-MIO-DE-10
12FEMTO DHPVA-100
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Figure 3.7:

HereL0 is the loading rate from the 2D-MOT,γ the atom loss coefficient due to collisions
with the hot background atoms and the last contributionb0

13 comes from collisions between
cold atoms. This leads to a density dependence in the MOT-population decay.

The solution to the equation above is [68]:

N(t) =
k

2b0
·
[

tanh

(

1
2
·k · t − 1

2
· ln
(

γ −k
γ +k

))

− γ
k

]

k :=
√

4L0b0 + γ2

with the final steady state numberN0 given by:

N0 =

√

4L0b0 + γ2− γ
2b0

(3.6.2)

13In the low-density MOT-regime, the atom density distribution is Gaussian:n(r,t) = n0(t) ·e−(r2/ω2). In this
case the atom number dependent loss constantb0 in equation 3.6.2 can be related to the density dependent
dipolar loss coefficientβ via b0 = β

(2π)3/2ω3 [68].
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Figure 3.7 shows the loading behavior of the 3D-MOT from the cold atom beam without the
presence of the dipole light (upper curve) and with 5W of dipole light (lower curve). The
disturbance of the MOT-cooling processes by the large lightinduced level-shifts can be seen
clearly from the difference in the steady state atom numbers. In case where the dipole light
is on, measured steady state numbers underestimate atom numbers in the MOT. Atoms in the
region of the dipole light are shifted out of resonance and therefore not detected. The volume
of the dipole trap is however much smaller than the MOT-volume so that the unaccounted
atom number is max.106. The graph shows that the initial loading rate14 is not affected by
the dipole light but the loss rate is several times higher.
The table below shows the loss rate, loading rate and steady state atom number estimated
from a fit15 to the data shown in figure 3.7:

γ = 0.06s−1 γ = 0.32s−1

L0 = 1.2·107atoms/s L0 = 1.5·107atoms/s
NSS= 2·108atoms NSS= 5·107atoms

Standard operating parameters are:
3D-MOT: magnetic field gradient of 18 G/cm, detuning∆ = 4.5 MHz and beam intensity of
1.1 mW/cm2

2D-MOT: magnetic field gradient of 10 G/cm, detuning∆ = 10 MHz and beam intensity of
4.5 mW/cm2

The overall loading efficiency improved by a factor of 30 fromthe previous setup mainly
by by the higher power available from the slave laser system and the addition of a 1 mm
diameter pushing beam along the 2D-MOT axis. For optimal loading results the pushing
beam power was set to 110µW and adjusted in a way that it passes through the differential
pumping stage aperture (d=2 mm) but misses the atom cloud of the 3D-MOT.

With the atom loss rate it is possible to get an estimation of the background pressure in
the lower cell. Since no pressure measurement device has been installed inside the vacuum
apparatus and the current readings from the ion-getter pumps are unreliable in the UHV
region, there is no other method available to determine the pressure.

A theoretical model developed by S. Bali et al. [72] predictsthe loss rate from collisions of
room-temperature He atoms16 with cold87Rb atoms to beγc/np = 2.3·10−9cm3/s. From this
a background gas density ofnp = 2.6 ·107 atoms/cm3 is inferred. The residual background
gas pressure then calculates to:

p = np ·KB ·T = 1·10−9 mbar≡ 8.1·10−10 torr (3.6.3)

An independent estimation of the background pressure basedon a semiempirical scattering
model [114] gives a slightly lower value of 9·10−10mbar.

14The slightly higher value of the loading rate is not a systematic effect
15The fit of equation 3.6.2to the data points without quadraticterm is good and shows that this term is negligibly

small.
16At UHV conditions He is one of the main residual components together with H2 . H2 which has a higher

collisional cross section would lead to a lower background pressure for the measured lifetime. The stated
value is therefore a upper limit to the pressure.
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Compared to the upper cell, where atom density is determinedby the Rb vapor pressure at
room temperature (3·10−7 mbar), the differential pumping stage maintains a pressurediffer-
ence factor of≈ 300.
From the steady state atom number also the maximum capture velocity of the 3D-MOT can
be calculated [71]. Atoms which are faster can not be trappedby the light forces. In our
case the maximal capture velocity is 18 m/s. This value is consistent with loading rate mea-
surements carried out by other groups [74, 75] where it was shown that with higher capture
velocities (larger size of the light fields) loading rates increase significantly17.

3.7 Temperature and Density

For proper loading efficiency into the dipole trap the atoms have to be prepared sufficiently
cold. Although with standard MOT operation procedures sub-Doppler temperatures are read-
ily obtained, knowledge of the sample temperature and density is helpful for optimizing the
loading process into the dipole trap.
For exactly counterpropagating trapping beams the atom cloud is elliptical due to the factor
of 2 between the magnetic field gradient in axial (z) and radial (x,y) direction of the MOT
coils. The analysis of Townsend et al. [78] showed that for small atom numbers, where the
MOT operates in the temperature limited regime, the cloud radii are related to the sample
temperature via the equipartition theorem:

1
2

κii r
2
i =

1
2

KBT (3.7.1)

Hereκii denotes the spring constant tensor which is proportional tothe magnetic field gra-
dient (κ ≡ 2κxx = 2κyy = κz) , r i is the cloud radius along the axisi = {x,y,z}, KBis the
Boltzmann constant and T the sample temperature.

If the temperature is isotropic then the density distribution n(r) has to obey Eq. [76,77]:

KBT ·∇[lnn(r)] = Ftotal, (3.7.2)

where Ftotal is the sum of all spatially dependent forces acting on the atoms. Accord-
ing to the Walker-Sesko-Wieman (WSW) model [115] the total force can be expressed as
Ftotal = Fspring+Fabsorption+Freradiation.

If only the conservative contributions Fspring+Freradiationare considered, spherically symmet-
ric solutions to eq. 3.7.2 can be constructed. But no physically reasonable solution can be
found when the nonconservative absorptive force is included as for most density distributions
∇×Fabsorption 6= 018 .

17An atomic flux of 1010atoms/scan be produced but with atomic velocities up to 100 m/s and the mean velocity
centered around 40 m/s.

18If an absorptive contribution to the force is included the constant temperature approximation breaks down.
Reabsorption of multiple scattered photons lead to increased momentum diffusion which causes an atom
number dependent temperatureT ∼ N1/3 [79].
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In the simplified case whereFtotal =−κii r i , Eq. 3.7.2 leads to a Gaussian density distribution

n(r i) = nmax·e−(
κr2i

2KBT ) (3.7.3)

A time-of-flight method first applied by Lett et al. [75] was chosen for temperature measure-
ments. Here the trapped atoms are released and allowed to expand freely. After variable time
delay they are resonantly illuminated and imaged onto a CCD-camera. The density distribu-
tion of the expanding cloud translates into an intensity distribution on the CCD-camera and a
1-dimensional Gaussian19 is fitted to the data20. By comparison with a Maxwell-Boltzmann
velocity distribution the temperature is obtained.

g(x) =
1

√

2πσ2
x

e
−( x2

2σ2
x

)
(3.7.4)

f (v) =
1√

2πvrms
e−( mv2x

2vrms
) vrms =

√

KBT/m (3.7.5)

and with
xf inal = x0 +vrms· t (3.7.6)

follows that

σ2
x (t) = σ2

x (0)+
KBT
m

t2 (3.7.7)

Rearranging the last Eq. for the temperature gives

T =
m
KB

[

σ2
x (t f inal)−σ2

x (tinitial )

t2
f inal − t2

initial

]

(3.7.8)

For the fit the initial cloud extensionσx(0) and the temperature T are adjusted.
With the determination of the initial atom number N from the photo-diode signal and the
volume V of the cloud

V = π3/2σxσyσz (3.7.9)

the maximum number densityn = N/V can be estimated.

Figure 3.9 shows a temperature estimation fit from measured data points. The temperature of
the sample 19±1.5µK is one order of magnitude below the Doppler temperature of 144µK
and at the lower limit of what can be reached in a rubidium MOT.Measured number densi-
ties are in the range of several 1010atoms/cm3.
A way to achieve optimal loading conditions for the 3D-MOT isto align the system so that an
optical molasses [75] can be sustained. This requires careful beam alignment and compen-
sation of residual magnetic fields . With such an optimized MOT system large atom clouds
can be trapped.
Figure 3.10 shows a 1d-density profile of a large atom cloud. Operating parameters were

19A 2-dimensional Gaussian fit confirmed the results of the 1-d fit
20The data represent a 1 dimensional intensity profile along the horizontal z-axis.
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Figure 3.8:

∆ = −20 MHz, I
ISat

= 1.7 anddB
dz = 0.25 Gauss/cm. For the stated parameters, a cloud with

more thanN = 2 ·106atoms is affected by radiation trapping which gradually changes the
density profile from Gaussian to top-hat for increasing atomnumbers [76].

The measured MOT-intensity distribution21 was fitted to a top-hat profile [80] which is in-
dicative for large, density limited atom clouds [81].

n(r) = nmax·
1

1+e(r−rc)/rT
(3.7.10)

Typically for a MOT the maximum densitynmax is limited by radiation trapping tonmax≤
1011atoms/cm3. Hererc denotes the radius where the density reduces to half the maximum
density andrT is the distance range over which the density decreases tonmax

e . With the half-
width radius ofrc = 2.3 mm from the fit and a maximum density of 5·1010atoms/cm3 the
total atom number is roughly 2·109 atoms22.

21This intensity distribution is a projection onto the x-direction.
22If the cloud is approximated as an isotropic sphere with radiusrC and constant density
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4 Optical Dipole Trapping

With the great advances in the field of laser cooling in the last 30 years, the ultralow tempera-
ture region became experimentally accessible. The first relevant progress was achieved with
trapped, charged particles [4, 5]. The strong Coulomb forces acting on ions in an electric
or electromagnetic field makes it possible to reliably storethem. Ion traps laid the basis for
many highlights in quantum optics eg. single trapped ions [34], ground state cooling [22],
precision spectroscopy [35], time- and frequency standards [36], crystalline ordered states
and quantum information processing [38–40]. Many methods first pursued with ion traps
were later adapted for trapped neutral atoms. Among the peculiar advantages of charged-
particle traps is a confining potential which is independentof the internal atomic state., This
makes them universally suitable for a large range of experiments and which opens the pos-
sibility to confine ions to regions below one optical wavelength. Combined with a state
detection efficiency close to 100% [41] , these systems represents formidable tools for fun-
damental investigations.

For neutral atoms the interaction mechanisms are weaker. Trapping requires substantial
cooling of the atomic sample and often the trapping mechanism is connected with the cool-
ing process, like in a magneto-optical trap.??

Three different interactions may be used for trapping neutral atoms, each one offering spe-
cific advantages:

• Magnetic traps rely on the state-dependent interaction between an atom with magnetic
moment and an inhomogeneous magnetic field. No light forces are involved in the
process, thus avoiding limitations caused by unwanted optical excitation, optical heat-
ing or light-assisted collisions. These advantages made magnetic traps the preferred
tool for storing ultracold, degenerate quantum gases. The main disadvantage is the
state dependency of the confining force, restricting severely the combination of trap-
ping and internal dynamics. Apart from this, the necessity of bulky coil assemblies is
limiting optical access to the trapped sample.

• Traps using the optical scattering force of near resonant light are the most ubiquitous.
The strong dissipative damping forces of slightly detuned laser light are able to capture
atoms from a thermal background without any pre-cooling. The attainable trap depths
of a few Kelvin allow for reliable storage of atomic samples.(See chapter 4.) In
these traps, however, atomic densities and temperatures are limited by the presence
of the near resonant radiation. With strong dissipation andhighly perturbed internal
dynamics any possibility of coherent control of internal atomic states is ruled out.
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• Optical dipole traps show the weakest interaction so far discussed. Confinement de-
pends on the interaction between an atomic multipole momentand an inhomogeneous
electromagnetic field. The typical trap depths are much shallower compared with traps
relying on the scattering force. This requires a sufficiently cold sample for capturing.
In most of the cases, atoms are loaded from a magneto-opticaltrap where they are
cooled down to theµK regime. Due to the far detuning (|∆| ∼ 107·Γ) of the trapping
light optical excitation and hence dissipation can be very low, providing an almost
conservative trapping potential.
All light-induced processes present in radiation force traps eg. photo association, opti-
cal heating, radiative escape and light assisted collisions are strongly reduced. Further-
more it is possible to have a state independent trapping potential, allowing coherent
manipulation as well as taking advantage of the full set of internal states.
Light fields can be structured with great flexibility, thus allowing for the the imple-
mentation of more complicated trap geometries. Multiple-well potentials and opti-
cal lattices can be realized, which are ideally suited for quantum information pur-
poses [20,42].

Any trapping process implies the conservation of energy, dictating that kinetic energy has to
be exchanged with potential (internal) energy. This results in a position dependent shift of
the atomic levels inside the trap, considerably complicating interpretations of spectroscopic
measurements. For real atoms one also has to take into account the large number of atomic
states [44] affected and the time dependency of the level shifts caused by the atomic motion
inside the trap.

4.1 The Dipole Potential

This section gives a description of the physical concepts ofatom trapping with far detuned
laser light. The first part treats the atom and light fields classically, leading to an intuitive
picture of the dipole interaction. A quantum mechanical description including dressed states
[43] complements the sub-section.

4.1.1 The classical point of view

Unlike permanent magnetic dipole moments of atoms used for magnetic trapping, perma-
nent electric dipole moments are forbidden by the inversionsymmetry requirement of atomic
wave functions.1 However induced dipole moments, produced by mixing states with oppo-
site parity, can be used.
An oscillating electric fieldE(r , t) = ε ·E(r) ·e−iωLt +c.c induces an atomic dipole moment

1The operation of inversion leaves the Hamiltonian of a particle in a centrally symmetric fieldH = p2

2·m +
U(r) unchanged. This implies that the wave function of a stationary state is conserved. Therefore each
state of a particle in a centrally symmetric field is characterized by a definite parity. The wave functions
ψElm = REl ·Ylm(Θ,φ) transform under inversion(x → −x;y → −y;z→ −z) or in spherical coordinates
(r → r;Θ → π −Θ;φ → φ +π) according to their l quantum numberYlm(π −Θ,φ +π) = (−1)l ·Ylm(Θ,φ).
Thus the parity of a state is solely determined byl .
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p(r , t) = ε ·p(r) ·e−iω t +c.c, whereε is the polarization unit vector,ωL is the driving fre-
quency andp = α ·E. The proportionality factorα named polarizability is complex valued
and frequency dependent. In the Lorentz model the atom is described by an elastically bound
electron with chargee, massme and oscillating with an eigenfrequencyωA corresponding to
the atomic transition frequency. The equation of motion forthe driven system is then

d2x
dt2

= Γ · dx
dt

+ ω2
A ·x = −eE0

me
cos(ωL · t) (4.1.1)

and analogous for the time dependent dipole momentp(t)

d2p
dt2

= Γ · dp
dt

+ ω2
A · p = −e2E0

me
cos(ωL · t) (4.1.2)

Integration of this equation leads top(t) = p0 ·e−i·ωL·t with

p0 =
e2 ·E0

me
· 1

(ω2
A−ω2

L)+ i ·Γ ·ωL
(4.1.3)

The atomic polarizabilityα and the classical radiative damping rateΓ follows as

α =
e2

me
· 1

(ω2
A−ω2

L)+ i ·Γ ·ωL
, Γ =

e2ω2
L

6πε0mec3 (4.1.4)

In the driving fieldE the interaction potential is given by

Udip = −1
2
〈p ·E〉 = − 1

2ε0c
·Re(α) · I, I = 2· ε0 ·c|E|2 (4.1.5)

I denotes the field Intensity, the angular brackets time averaging over the rapidly oscillating
terms and the factor of12 accounts for the reduced strength of the dipole moment, which is
an induced and not a permanent one.

The gradient of the dipole potential constitutes a conservative force proportional to the in-
tensity gradient of the field.

Fdip = −5Udip = − 1
2ε0c

·Re(α) ·5I(r) (4.1.6)

At the same time the imaginary part of the polarizability gives rise to a dissipative interaction.
Radiation is absorbed from the driving field and spontaneously reemitted. The rate of this
process, the scattering rate, computes to

Rsc =
〈ṗE〉
h̄ω

=
1

h̄ε0c
· Im(α) · I(r) (4.1.7)
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These classical formulas are valid within a few percent for the D-lines of the Alkali atoms
Na, K, Rb and Cs as long as excitation is low and saturation effects are avoided. For dipole
traps this condition is usually fulfilled because of the large detuning commonly used.

Under these assumptions the following expressions for the dipole potential and the scattering
rate can be derived [131]:

Udip = −3πc2

2ω3
A

·
(

Γ
ωA−ωL

+
Γ

ωA + ωL

)

· I(r) (4.1.8)

Rsc =
3πc2

2h̄ω3
0

·
(

ωL

ωA

)3

·
(

Γ
ωA−ωL

+
Γ

ωA + ωL

)2

· I(r) (4.1.9)

In the optical domain(ωL = 2π ·1014) the laser frequency is relatively close to the atomic
resonance atωA. This implies that the detuning| ∆ |=| ωL −ωA |� ωA is small compared to
the resonance frequency, which leads to an important simplification.
The term Γ

ωA+ωL
resonant atωL =−ωA can be neglected and furthermore one can setωL

ωA
∼ 1.

With this so calledrotating wave approximation(rwa) the previous two equations reduce to:

Udip = −3πc2

2ω3
A

·
(

Γ
∆

)

· I(r) (4.1.10)

Rsc =
3πc2

2h̄ω3
A

·
(

Γ
∆

)2

· I(r) (4.1.11)

Both dipole potential and scattering rate are proportionalto the intensity and fulfill

Rsc =

(

Γ
h̄·∆

)

·Udip (4.1.12)

As the optical potential scales withI∆ and the scattering rate withI∆2 it is possible to reduce
unwanted scattering by increasing the detuning∆.
Dipole traps with large detunings but still operating within the rotating wave regime are
designated FORT, far off resonant traps.
For Rb specific values (Γ ' 2π ·5.9 MHz andωA ' 2π ·1014 Hz) the electron motion in the
classical oscillatory model 4.1.1 is weakly damped. Under these conditions, the modulus of
the time dependent, induced dipole moment is retarded in phase with respect to the driving
field and the dipole potential can be written as:

U(t) = −p ·E = − | p0 | ·E0 ·cos(ωLt) ·cos(ωLt + φ) (4.1.13)
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Time averaging over the fast optical oscillations leads to

Udip =< −p ·E >= − | p0 | ·E0 ·
cos(φ)

2
(4.1.14)

37



4.1. THE DIPOLE POTENTIAL CHAPTER 4. OPTICAL DIPOLE TRAPPING

0 0.5 1 1.5 2

ω/ω
0

p
0

0 0.5 1 1.5 2

-pi

-0.9

-0.8

-0.7

-0.6

- 0.5 pi

-0.4

-0.3

-0.2

-0.1

0

ω/ω
0

p
h

a
s
e

 
a

n
g
l
e

Figure 4.1:

Figure10.1 shows the amplitude and phase retardance depending on the driving frequency
ω .

According to the detuning two operating regimes can be distinguished:

• ∆ < 0 “red detuned case“
in this case the driving laser frequencyω is below the atomic resonance frequency
ωA and the phase lagφ < π/2. Thecos(φ) term in 4.1.14 is positive resulting in a
potential energy which is always negative. The dipole is attracted towards a minimum
of the potential energy and hence to a maximum of the laser field intensity.

• ∆ > 0 “blue detuned case“
Thecos(φ) term in 4.1.14 is negative resulting in a potential energy which is positive.
The dipole is repelled from the maxima of the laser field.

4.1.2 The quantum description

Although the classical model works well under certain conditions, it doesn’t give a physical
account for all effects2 of the dipole force especially at high intensities. When theatom-field
coupling strength is large compared with the radiative damping rateΓ the atomic system
cannot be treated separately from the field. Instead the energy levels of the joint system,
atoms and laser photons need to be considered. Spontanous emission is now fully included
as the coupling of the dressed states to the empty modes of theelectromagnetic spectrum.
This leads to population transfers between dressed states at well defined rates.

For simplicity we assume a two level system with ground state|g〉 and excited state|e〉
in a monochromatic laser field without atom-light interaction [45].
The atomic HamiltonianHA is the sum of the kinetic and internal energies with

HA =
P2

2m
+ h̄ωAσz (4.1.15)

2fluctuations of the dipole force, photon correlations or spectral distribution of the emitted light
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ωA designating the atomic resonance frequency and the atomic transition operators

σ+ = |e〉〈g|
σ− = |g〉〈e|
σz = |e〉〈e|− |g〉〈g|

(4.1.16)

Assuming the atom at rest and the ground state energy to be 0 leads to

HA = h̄ωA|e〉〈e| (4.1.17)

The photon energy is given by

HL = h̄ωL(a+a+
1
2
) (4.1.18)

a+anda are the creation and anihilation operators andωL the laser field frequency. The basic
states of the field are the photon number states|n〉.
For detunings small compared to the atomic transition frequency |∆| � ωA the eigenstates
of the systemHA +HL form a manifold, where the states|g,N +1〉 and|e,N〉 are close to
each other. The energy difference between these two levels is h̄∆.

Atom Light Interaction

The electrical field of the laser mode at the position of the atom 3 with appropriate choice of
the coordinate origin equals to

E(r) =

√

h̄ωL

2 ε0V
~ε · (a+a+) (4.1.19)

Here V is the mode-volume,ε0 the permittivity constant and~ε the polarization unit-vector.

Considering only electrical dipole coupling as the interaction mechanism, the interaction
Hamiltonian takes the form :

HI = −d ·E(~r) (4.1.20)

d = deg · (|e〉〈g|+ |g〉〈e|), deg = 〈e|d|g〉 = 〈g|d|e〉 (4.1.21)

which gives :
HI = g· (|e〉〈g|+ |g〉〈e|)(a+a+) (4.1.22)

with a coupling constant :

g = −
√

h̄ωL

2 ε0V
~ε ·deg (4.1.23)

3The extend of the electronic wavepacket is small compared tothe laser wavelength, so that the spatial variation
of the electric field over the atom can be neglected.
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Under the assumption|∆| � ωA,ωL and with the neglection of non-resonant contributions
the interaction term 4.1.22 simplifies to :

HI = g(|e〉〈g|a+ |g〉〈e| a+) (4.1.24)

The interaction couples the states

〈e,N|HI |g,N +1〉 = g
√

N+1 (4.1.25)

More intuitively it is the process of absorption of a laser photon by the ground state with N
+1 photons in the radiation field which ends up in the excited state with N photons. Nonres-
onant coupling between the states separated by±2h̄ωL is neglected.

Remark: For a coherent state laser mode [46] with photon number 〈N〉 = |α |2 the electrical
field operatorE(r) can be replaced by the expectation value〈E(r)〉,

〈αe+iωLt |E(r)|αe−iωLt〉 = E0 ·cos(ωLt), E0 = 2

√

h̄ωL

2 ε0V
·~ε ·
√

〈N〉 (4.1.26)

which leads to a coupling strength of

h̄·Ω = −deg·E0 (4.1.27)

with Ω called on-resonance Rabi-frequency.

When the two states|g,N +1〉, |e,N〉 are coupled by the laser field, the resulting new states
|1,N〉, |2,N〉. the so called dressed states, are linear combinations of the unperturbed ones.
They are formed by a unitary rotation of the basis states by a so called mixing angleθ .

|1,N 〉
|2,N〉 =

(

sin(θ) cos(θ)
cos(θ) −sin(θ)

)(

|g,N+1〉
|e,N〉

)

, tan(2θ) = −Ω
∆

(4.1.28)

The energy separation between pairs of dressed states with the generalized Rabi frequency
ΩR is :

h̄ΩR = h̄
√

Ω2 + ∆2 (4.1.29)

The dipole interaction leads to new stationary states and wavefunctions, different from the
uncoupled one.
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In the weak excitation limit|Ω| � |∆L| the perturbed energies are4 :

E+ ≈ h̄
2 |∆|

(

1+ Ω2

2∆2

)

= −h̄
[

∆
2 + Ω2

4∆

]

E− ≈ h̄
[

∆
2 + Ω2

4∆

] (4.1.30)

The physical consequences of this result are of great practical importance. The optically
induced shift of the ground state is exactly the opposite of the excited state shift and can
be identified as the dipole trapping potential (8.0.9). In most cases the light field is not
homogenious producing a spatial variation of the light shift ∆E(~r). The force resulting from
this change of the atomic internal energy in the varying light field is called the dipole force.

The sign of the dipole force can be understood in the following way. Image 4.3 shows the
dressed states|+,N〉 and |−,N〉 depending on the position inside the light field. Outside
the high intensity region, the dressed states can be identified as the uncoupled ones|g,N +
1〉 and |e,N〉( 10.2), inside the region the level shift follows the intensity distribution . If
the detuning∆is negative, the state|−,N〉 coincides with|g,N + 1〉 outside the light field.
Therefore it has less contribution from the excited state and is more populated than|+,N〉
(red disks represent the population). The net force resulting from the population difference
hence attracts the atoms towards the intensity maximum. Forpositive detuning (∆ > 0) the
same reasoning applies with|g,N+1〉 and|e,N〉 exchanged, leading to a repulsion of atoms

4This result can be derived from second order time independent perturbation theory of non-degenerate states.

The interaction HamiltonianHI causes an energy shift given by∆Ei = ∑i 6= j
|〈 j|HI |i〉|2

Ei−E j
. Applying the Hamil-

tonian from 4.1.20HI = −d ·E(r) and taking into account that the energy difference of the ground and
excited state isEi −E j = (N+1)h̄ωL − h̄ωA−Nh̄ωL = h̄(ωL − ωA) = h̄∆, we can write with help of 4.1.28

∆E = ± |〈e,N|HI |g,N+1〉|2
h̄∆ = ± h̄Ω2

4∆
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Figure 4.3:

from intensity maxima. Finally, if∆ = 0, both dressed states are superpositions of equal
amounts of ground and excited states and the net force vanishes.

4.2 Multilevel Atoms

The derivation of the energy level shift in the previous chapter assumed a two level system.
In reality many atomic levels are coupled by the radiation field, depending on the orientation
of the dipole moment and the light polarization. Rewriting 4.1.20 in a slightly different way
gives the standard expression for the dipole hamiltonian.

HI = −e~r ·~εE (4.2.1)

with~r the position vector of the electron,~ε the polarization vector of the light and e the ele-
mentary charge unit. Expressed in terms of atomic transition operatorsσi j = |i〉〈 j| between
the possible levels|i〉 in the ground state and| j〉 in the excited state, we can write

e~r ·~ε = ∑
i, j

e|i〉〈 j|~r ·~ε|i〉〈 j| = ∑
i, j

µi j σi j (4.2.2)

with µi, j = e〈i|~r ·~ε| j〉 denoting the electric-dipole transition matrix element. The value of
this dipole matrix element depends on the specific ground andexcited state wavefunctions
and is complicated to calculate.

In a spherical coordinate system with unit vectors

u+ =
1√
2
(ex + iey), u− =

1√
2
(ex− iey) u0 = ez (4.2.3)
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the factor~r ·~ε can be written as

r ·uq =

√

4π
3

· r ·Yq
1 (θ ,φ) (4.2.4)

where

Ym
l (θ ,φ) =

√

2l +1
4π

· (l +m)!
(l −m)!

·Pm
l (cos(θ))eimφ (4.2.5)

is the spherical harmonics function [47] andq = 0,±1 specifies the polarization state.
In general atomic wavefunctions for stationary states can be expanded in the form

ψ = R(r) ·Ym
l (θ ,φ) (4.2.6)

5 which allows the factorisation of the matrix element in a radial r dependent part and an
angular part

µi j = ||µ || ·ci j (4.2.7)

The reduced matrix element||µ || depends only on the orbital wavefunction (Wigner-Eckard
theorem [51]), whereas the coupling strength coefficientsci j takes into account the laser
polarization and the electronic and nuclear angular momenta.

In a simple case without fine- and hyperfine interactions and with n,l,m denoting the prin-
cipal, orbital, and magnetic quantum number andq = 0,±1 specifies the linear or circular
light polarization state 4.2.7 may be written as

e〈i|~r ·~ε| j〉 = e〈n′, l ′,m′|~r ·~ε|n, l ,m〉 = e〈n′, l ′||r||n, l〉〈l ′,m′|
√

4π
3

·Yq
1 |l ,m〉 (4.2.8)

The evaluation of the angular contribution of the matrix element involves integrals of prod-
ucts of spherical harmonics and is conveniently done withinthe framework of irreducible
tensor operators [48].

〈l ′,m′|
√

4π
3

·Yq
1 |l ,m〉 = (−1)l ′−m′√

max(l , l ′) ·
(

l ′ 1 l
−m′ q m

)

(4.2.9)

The element in brackets is a 3j-symbol, which can be evaluated with standard software [49]
or [48].

5This is valid under the assumption of an arbitrary centrallysymmetric electrostatic potential for each electron
created by the nucleus and the rest of the electrons. Since angular momentum is conserved for motion in
an arbitrary centrally symmetric field, the stationary states can be characterized by the square of the angular
momentum and the z-component.

43



4.2. MULTILEVEL ATOMS
CHAPTER 4. OPTICAL DIPOLE TRAPPING

4.2.1 Fine and Hyperfine interactions

The formulas presented so far do not include fine- or hyperfineinteractions. Spin-orbit in-
teraction and the coupling of the nuclear spin I to the total angular momentum J leads to
a splitting of the principal energy levels and in atomic elements commonly used for laser-
cooling the useful transitions for cooling and optical pumping are in most cases between
specific hyperfine sub-states
Calculation of the geometrical contribution to the dipole matrix element involves the ex-
pansion of the atomic state F dependent eigenfunctions in the spin, orbit (S,L) basis and
recoupling of all subsequent Clebsch-Gordan coefficients [50].

Analogous to eq. 4.2.8 the two hyperfine sublevel|F,mF〉 and|F ′,m′
F〉 couple via the dipole

interaction, resulting in a reduced double bar matrix element e〈F ′||r||F〉 which is indepen-
dent of the magnetic sub-states and a coupling coefficient that only depends on the magnetic
quantum numbers.

e〈F ′,m′
F |~r ·~ε|F,mF〉 = e〈F ′||r||F〉 · (−1)F ′′−1+mF

√
2F +1·

(

F 1 F ′

mF q −m′
F

)

(4.2.10)

The symmetry properties of the 3j-symbol ensure that its value vanishes unlessm′
F = mF +q

, which reflects the selection rule∆m= 0,±1 and the fact that the light couples only to the
angular momentum and not the electronic or nuclear spin.
Further simplification of the reduced matrix element by factoring out the F and F’ depen-
dence gives

e〈F ′||r||F〉 = e〈J′||r||J〉 · (−1)F ′′+J+1+I
√

(2F +1)(2J′ +1) ·
{

J′ J 1
F F ′ I

}

(4.2.11)

The 6 quantum numbers inside curly braces is a Wigner 6j-symbol. They are a generalization
of Clebsch-Gordan coefficients and Wigner 3j-symbols that arise in the coupling of three
angular momenta [48,49].

Again the matrix element in the J-basis can be expanded in the(L,S) basis resulting in a
second 6j-symbol and a only L dependent fully reduced matrixelement.

e〈J′||r||J〉 = e〈L′||r||L〉 · (−1)J+L′+1+S
√

(2J+1)(2L′ +1) ·
{

L′ L 1
J J′ S

}

(4.2.12)

Numerical values of the reduced transition matrix elementse〈L′||r||L〉 are calculated from
radiative lifetime measurements of the involved states. The radiative decay time constant or
Einstein A coefficient is given by [52]

1
τ

= Ai j =
ω3

0

3πε0h̄c3 ·
2J+1
2J′ +1

· |〈J||r||J′〉|2 (4.2.13)
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Finally the full dipole matrix element in the (L,S,I) basis can be expressed as

µi j = e〈L′||r||L〉 ·X ·
{

L′ J′ S
J L 1

}{

J′ F ′ I
F J 1

}(

F 1 F ′

mF q −m′
F

)

X = (−1)1+L′+S+J+J′+I−m′
F ·
√

(2F +1)(2F ′ +1)(2J+1)(2J′ +1)

(4.2.14)

An important symmetry property of the dipole operator is that all excited state hyperfine
sublevels|F ′,m′

F〉 decay with the same rate constantΓ.
The relative strength of a transition fromF → F ′ is obtained by summing up all transitions
from the single ground state sublevel to the excited state levels belonging to a particular F’
energy.

S(F,F ′) = (2F ′ +1)(2J+1) ·
{

J′ J 1
F F ′ I

}2

(4.2.15)

All line strength coefficients sum up to 1

∑
F ′

S(F,F ′) = 1. (4.2.16)

With the possibility to calculate dipole matrix elements for arbitrary hyperfine transitions
the energy shift of the electronic ground state|g〉i and associated with it the dipole potential
Udip,i = ∆Ei

6can be written in the form

∆Ei =
3πc2Γ
2ω3

Ai j

· I ·∑
j

|ci j |2
∆i j

(4.2.17)

Here the sum has to include all coupled excited states|e〉 j . The line strength coefficients
|ci j |2 can be calculated with eq. 4.2.14 and∆i j = (ωL−ωAi j ) is the detuning of the laser field
from transitioni → j.
For practical calculations however formula 4.2.17 is tedious to apply because of the large
number of levels to be considered. In case of large detuning of the laser field compared to
the hyperfine-splitting energies̄h∆HFS, h̄∆′

HFS a more simplified formula can be derived as
shown in the following.

Rb like other alkali elements has a fine structure split excited state D-line doublet2S1/2 →
2P1/2,

2 P3/2 as well as hyperfine split ground- and excited states. For laser detunings∆ �
∆′

HFS the excited hyperfine-states remain unresolved and the optical potential and scattering
rate of a specific|2S1/2,F,mF〉 ground state is [131]

Udip =
πc2Γ
2ω3

A

· I ·
(

2+q·gFmF

∆2,F
+

1−q·gFmF

∆1,F

)

(4.2.18)

6In case of negligible saturation (Ω � (∆2 +Γ2)) the trapping potential can be identified with the ground state
energy shift. If excited states are significantly populated, a mean trapping potential can be estimated by
summing up contributions from all populated levels weighted by their occupation probability.
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Rsc =
πc2Γ2

2ω3
A

· I ·
(

2+q·gFmF

∆2
2,F

+
1−q·gFmF

∆2
1,F

)

(4.2.19)

Here, both detunings∆1,F and∆2,F are taken relative to the center of the hyperfine-split2P3/2

and2P1/2 states,gF denotes the Landè g-factor

gF =
F(F +1)+J(J+1)− I(I +1)

F(F +1)
(4.2.20)

andq = 0,±1 the laser polarization. the two terms inside the brackets can be understood as
the contributions of the two resolved J’=1/2 and J’=3/2 excited states D-lines with coupling
strengths of 1/3 for the D1 and 2/3 for the D2 line, respectively.
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Care must be taken by selecting the polarization of the dipole laser light. Circularly polar-
ized light(q = ±1) leads to magnetic sub-level dependent energy shifts [53] aswell as optical
pumping to the outermost Zeeman sub-states. For linear polarization(q = 0) combined with
a detuning exceeding the ground state hyperfine splitting the trapping potential becomes in-
dependent of the particular hyperfine and magnetic sub-states.

4.3 Gaussian Beam Traps

As position dependent intensity distributions lead to an optical potential and a dipole force,
which in case of red detuning is attractive towards the maximum of the intensity, a single
focused laser beam is sufficient to trap atoms. This idea, first proposed by Ashkin [10] and
later demonstrated by Chu and coworkers [12] proved highly successful due to its robustness
and simplicity. For blue detuned traps the situation is different. Here a spatial region has to
be fully surrounded by the repulsive light fields, which is more difficult to achieve. Combina-
tions of light sheets [54] or hollow-beam arrangements (Laguerre-Gaussian-modes) [55,57]
have been invented to store and guide atoms. But the most successful application proved to
be optical lattices [56], were combinations of red detuned standing wave light fields create a
periodic array of microtraps.

Optical potential of a single beam trap

Laser beams launched from a Fabry-Perot Cavity (a typical laser resonator) propagate as
Gaussian beams to a good approximation7. In practical terms, most lasers are designed to
emit a TEM00 -field mode.

The intensity of a Gaussian beam propagating along z is givenat any point by

I(r,z) = I(z) ·e−( 2r2

ω(z)2
)
= I0 ·

1
1+( z

z0
)2 ·e

− 2r2

w(z)2 (4.3.1)

wherebyz= 0 is the location of the beam waist or focus.

The max. intensityI0 is related to the optical powerP as

I0 =
2P

ω2
0π

(4.3.2)

The Gaussian-beam radiusω(z) is defined as the radial beam coordinate where the intensity
is 1/e2 ≈ 13.5% of the on-axis value

ω(z) = ω0

√

1+(
z
z0

)2 (4.3.3)

7As the Fourier-transform of a Gaussian field distribution isitself a Gaussian, it remains Gaussian at every
point along its path of propagation throughout the optical system.
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I(r = ω ,z) = 1/e2 · I(ω ,z= 0).

the beam waist radius is
ω0 = ω(z= 0),

andthe Rayleigh rangez0 is the distance at which the on-axis intensity drops to half the peak
valueI(z0) = I0

2 .

z0 =
πω2

0

λ
(4.3.4)

Given the expression for the spatial intensity distribution 4.3.1 and the optical potential?? it
is straightforward to calculate the ground state trapping potential.

Udip = U0 ·
1

1+( z
z0

)2 ·e
− 2r2

ω2
0(1+( z

z0
)2) (4.3.5)

U0 =
πc2Γ
2ω3

A

· I0 ·
(

2+q·gFmF

∆2,F
+

1−q·gFmF

∆1,F

)

(4.3.6)
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5 The dipole laser setup

The dipole-laser setup is a completely new design compared to the previously used one
which was constructed around a tunable Ti:Sa ring laser system operated around 810 nm1.
The diode-pumped Yb:YAG solid state laser system2 in use now emits light which is much
further detuned (250 nm) requiring a major reconstruction of the optical setup.
The first part of this section presents the laser system followed by a description of the beam
delivery to the photonic-crystal fibers and output optics. The last part is dedicated to the
photo-multiplier system and low light detection.

5.1 The Dipole-Laser

There are several considerations when choosing a laser system for atom trapping. Most im-
portant are wavelength, output power, mode spectrum quality, beam shape and noise proper-
ties.

The diode-pumped disk laser system from ELS Elektronik-Laser Systems provides high out-
put power of up to 23 W at 1030 nm with a perfect Gaussian beam profile.
The active lasing element is a 240µm thin disc of Yb:YAG crystal which acts as a high
reflector for the linear laser cavity at one side. A parabolicmirror in front of the disk reflects
pump-laser light 24 times on the disc thereby multiplying the absorption length.

As the Yb:YAG crystal gain curve allows lasing between 1000 and 1060 nm, a birefringent
filter in the laser cavity allows selection of a specific frequency. The filter can be adjusted
with a manual fine pitch screw. Selected modes have a separation of 0.254 nm or 71.8 GHz.
The alignment of the filter at the Brewster angle selects a single linear polarization state from
the otherwise random polarization.
For single frequency operation, an intracavity etalon is installed, which reduces the emission
linewidth to less than 5 MHz but accompanied by a power drop of30% compared to multi
frequency TEM00 operation. For the far-detuned laser the linewidth is not critical. More im-
portant is longitudinal mode stability resulting in mode-hop free operation. Intensity stability
and noise reduction is achieved by two servo circuits for thepump power control eliminat-
ing low frequency current noise and high frequency (20-50 KHz) noise originating from
relaxation oscillations.

Optical output power is linear with the diode current starting at the lasing-threshold at 15 A
(5.1).

1Coherent 699
2ELS Elektronik-Laser Systems VersaDisk 1030
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Figure 5.1:

5.1.1 Power Stability and Noise Performance

Fluctuations in the intensity and position of the trapping beams are a source of heating and
limit the lifetime of trapped atom samples [82] while driftsin the power stability changes
trapping conditions and thus lead to an increased spread forrepetitive measurements.

Figure 5.2 shows the fractional output power stabilityε(t) = P(t)−<P(t)>
<P(t)> over one hour op-

erating time. The laser was operated in current regulation mode3. The measured power
stability is 0,9% r.m.s.

To see the effects of the different operating modes and the time-scales of the intensity vari-
ations a long term measurement with high time resolution wasmade. A comparison of the
Allan deviation of the fractional power stability for current and power regulation modes is
shown in 5.3. Both operating modes show minima for averagingtimes of 0.6 and 300 sec-
onds with a peak power instability of 0.5% for 10 seconds.

In figure 5.4 the power spectral density (psd) relative to thecarrier of the intensity fluctua-
tions is shown. The bandwidth is 1 Hz and the frequency rangesfrom 0 to 50 KHz. This
is equivalent to a measurement of the Relative Intensity Noise (RIN) [83]spectrum and con-
firms the noise specifications from the manufacturer4.
Fluctuations in the intensity of the laser beams causes exponential heating for the trapped
atoms. Long heating time constants require stringent limits for the noise power spectra of
the laser.

3According to the manufacturer power regulation mode is not arecommended operating mode.
4RIN measurement of VersaDisk 1030, 5-100KHz , ELS GmbH
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Figure 5.4:

In Ref. [82] it was shown that the heating rate constantΓ = <Ė>
〈E〉 is given by:

Γ = π2ν
2

trapSε (2νtrap) (5.1.1)

whereνtrap is the trap frequency andS(2νtrap) the power spectrum of the fractional intensity
noise evaluated at 2·νtrap. From equation 5.1.1 can be seen that the heating rate is propor-
tional to the laser light Intensity (I∼ ν2

tr) and is a parametric process, sensitive to the noise
at twice the trap oscillation frequency.

According to this formula
√

Sε(2νtrap) = 1.3·10−6Hz−1/2 is required to achieve a 10 sec.
heating time constant for our tight trap with 75 KHz trappingfrequency. The measured
fractional intensity noise of our laser system isε0 = 9.5·10−3 (rms, 0-250 KHz) which leads
to a heating time constant ofτ = 1/Γ = 0.05 seconds. This shows that external intensity
stabilization of the dipole laser is necessary to reduce thesignificant heating in tight dipole
traps.

Position fluctuations are another source of heating, but unlike intensity fluctuations the heat-
ing rate is sensitive to the noise power at the trap oscillation frequency. Great care had
been taken to select mechanical components in the beam delivery path. High stability optics
mounts and massive bases prevent beam pointing instabilities and long-term drifts as much
as possible.
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Figure 5.5:

5.2 Light Distribution

5.2.1 Beam Path

Our setup distributes the dipole light coming from the ELS-VersaDisk laser over 2 symmetric
beam paths allowing independent switching and intensity control of the beams for the tight
and shallow dipole trap.
The linear polarized laser beam is split by a polarizing beamsplitter into variable amounts
set by a half-wave plate. After passing an acusto-optic modulator5 the diffracted beams pass
a spatial filter which serves two purposes: The f=40mm/f’=14mm lens combination acts as
a telescope while the 50µm pinhole filters unwanted spatial frequencies in the focal plane.
Thereby its main function is to act as a mode cleaner for the distorted transversal beam profile
of the diffracted beam from the AOM. Any deviation from a perfect Gaussian mode profile
would result in increased heating of the fiber coupler and ends of the the photonic-crystal
fibers.

The second function is to reduce the beam diameter from 2.2 mmto 0.75 mm which is the
matched spot diameter for the high power fiber couplers6. The f=40mm/f’=14mm lens com-
bination acts as a telescope while the 50µm pinhole filters unwanted spatial frequencies in
the focal plane.
Right after the spatial filter are two mirrors for alignment of the beams with respect to the

5Crystal Technology Inc. Model 3110-125
6Schäfter+Kirchoff 60SMS-A11
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(a) Transmission of the acousto-optic modulators in beam-path 1 and 2 with respect to the applied control voltage.

Figure 5.6:

optical axis of the fixed mounted fiber couplers7. Half wave plates in front of the couplers
provide a means for setting an arbitrary linear polarization state. Total combined transmis-
sion for the AOM, spatial filter and the fiber is around 60%.
For monitoring the longitudinal mode spectrum of the laser,a small percentage of light is
coupled into a scanning Fabry-Perot cavity with a free spectral range (FSR) of 800 MHz and
finesse of 310.

5.2.2 The Acusto-Optic Modulator

We use a Crystal Technology Inc. Model 3110-125 TeO2 acousto-optical modulator which
has a very high diffraction efficiency of 90% at 1030 nm when supplied with 2W of RF-
power by a 110 MHz source8. The input aperture is large enough that the laser beam can
be used without the need of a telescope. Intensity modulation with a RF-contrast of 35 dB
can be achieved by applying a control voltage (0-1V) to the analog input of the RF-source.
A spline interpolation and linearization of the transfer functions (see figure 5.6) allow the
convenient setting of power levels within the experiment-control program. When used for
switching purposes, the rise-time and the modulation bandwidth are limited by the modulator
to 200 ns and 300 MHz, respectively.

5.2.3 Fiber Coupling

Due to the high levels of optical power (up to 15 W) being incident on the single-mode fiber
facet the coupling is not a trivial task. A coupling optics specially matched to the fiber and
high mechanical stability components are necessary.
The incoming beam with a diameter of 0.78 mm is focused to a spot size of 19.6µm with

7For stability reasons the fiber couplers are fixed
8Crystal Technology Inc. 1110AF-AIFO-2.0
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Figure 5.7:

the Schäfter+Kirchoff 60SMS-A11 fiber coupler. This spot diameter matches the mode-field
diameter of the photonic crystal fiber (PCF)9 (19.8±2µm). The large core size of 25µm
allows transfer of more than 10 W of laser power while maintaining a single transversal mode
at the output10. This is contrary to standard (step-index) single mode patch cords where the
max. power would be limited to around 3W due to their smaller core size.

Coupling efficiency is as high as 80% for low power levels and degrades slightly to 75% at
higher power settings. For test purposes 13.5W of light was coupled into the fiber for several
hours resulting in stable 10W power after the output-coupler. Care must be taken when
changing the beam power as the coupling has to be optimized for a certain power level11.
Due to substantial heating of the AOMs and fiber couplers at high power levels, coupling
efficiency is only optimal for a specific power setting.

9LMA ·25 from Crystal Fibre A/S
10Although the cladding has a sixfold symmetry, the mode profile is similar to a Gaussian fundamental mode of

a conventional fiber.
11The fiber facet can easily be burned when the coupling is not optimal
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The LMA·25 fiber is a solid core photonic crystal fiber with symmetrically arranged holes in
the cladding and exhibits very low birefringence. However bending and thermal expansion
can cause stress-induced birefringence which lead to uncontrollable changes of the polar-
ization state. Since no data were available for the polarization stability of our 2 m fiber we
measured the drift behavior over time (see figure 5.7). The measurements showed that as
long as the fiber is not touched and temperature remains stable, the polarization rotation re-
mains within 0.35 over 3 h.
On both ends the fiber is equipped with angle-polished FC connectors to minimize etalon
effects and back-reflection from the fiber facets.

5.2.4 Dipole Optics at the Trap

After transfer of the dipole trap light to the trap assembly by the fiber, the laser light is
collimated and focused into the center of the vacuum cell. The different waist sizes of the
strongly focused trap (ω0 = 5.5µm) and the orthogonally placed weak trap (ω0 = 56µm)
require two different sets of optics.
For beam path 2 (strongly focused trap) an f=90 mm triplet-lens objective12 collimates light
coming from the PCF fiber to 6.1 mm diameter. After passing a dichroic mirror, the home-
built 4-lens objective (see chapter?? for full details) focuses the light into the center of the
cell.

The whole assembly of fiber-collimator and focusing optics is mounted on a X-Y-Z flexure
stage13 providing precise and stable positioning of the dipole beamaxes within±1mm from
the center position.
On beam path 1, light from the fiber is collimated with an f=14 mm objective14 to 0.9 mm
diameter and focused into the cell with a doublet lens systemof 80mm focal length15 (see
figure 5.8). Here the optical elements are mounted directly to the trap assembly for maximum
stiffness.

(a) 4 element imaging optics for the tight dipole trap with f=35.8 mm (left) and doublet-lens with f=80 mm focal length
for the shallow trap (right).The beam waist sizes of the dipole-beams areω0 = 5.4µm andω0 = 56µm

Figure 5.8:

12LINOS High Power HALO 038908
13Elliot Scientific Martock Gold
14LINOS High Power HALO 038900
15LINOS NIR doublet 322396
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5.3 The Photomultiplier

Detection of low numbers of atoms requires highly sensitivedetectors. The systems of choice
include intensified CCD-cameras, photomultipliers and avalanche photo-diodes, the latter
ones when no spatial information is required.
For integrated detection of all atoms with high efficiency weuse a photomultiplier that con-
tains a peltier-cooled 51mm diameter Ga:As:Cs-O tube16. The photo cathode is sensitive
between 185 and 930 nm and quantum efficiency is 10% at 780 nm. Operating Voltage is
1600V where current amplification reaches 1·106.
Pulses from the photomultiplier are pre-amplified by a factor of hundred17 and shaped for
processing in a dedicated pulse-counter18 (see figure 5.9). Readout of the pulse-counter is
done via GPIB and LabView.
Anode dark counts from thermionic emission are reduced by cooling to -30º and measured
to be 9 cts/s for -10mV discriminator threshold and 1600V operating voltage (5.9).
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Figure 5.9:

Fluorescence light from the atoms is imaged with the same objective19 as the dipole beam to
ensure that the imaged atoms coincide with the trapped ones.Reflected by a dichroic mirror
which transmits the dipole light, the collimated fluorescence light is focused by a f=200mm
doublet through a 200µm pinhole and collimated again by a 25 mm lens. For alignment
purposes the pinhole and the 25 mm lens are independently adjustable with translation stages.
This spatial filter assembly is necessary to suppress stray-light from reflections of the optical
components. After this the light is coupled20 into a multi-mode fiber patch-cord21 which

16Burle C31034A-02
17EG&G VT120
18Stanford Research Systems gated photon-counter SR400
19f=36mm, 4 lens
20Thorlabs F260 FC-B
21Thorlabs NA=0.22, 62.5µm core, FC-connectors
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Figure 5.10:

goes to the photomultiplier. Behind the output coupler22 an interference band-pass filter
with 85% transmission blocks all contributions from the dipole-laser light. Measured total
transmission of the detection channel to the photo-cathodeis 60%.

Figure 5.10 shows the count rate distribution23 of background counts when the detection
channel is open and the dipole laser is in on (3W). Blocking the dipole laser has no effect
on the stray-light rate as the photocathode is not sensitiveto the dipole laser light. This is
important for detecting atoms in the trap which would otherwise be impeded by the trapping
light.

The imaging system detects light from a region of 18µm around the trap center in radial
direction which is emitted within the numerical aperture ofthe objective (NA=0.27).

22Schäfter & Kirchoff 60FCA6-3
23The distribution fits a normal distribution withµ = 74 cts/s andσ = 9 cts/s
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5.3.1 Total detection efficiency

Losses in the detection system:
Element Number of Elements Transmission

solid angle 0.02
cell window 1 0.96

4-lens objective 1 0.965
dichroic filter 1 0.95
gold mirror 1 0.97

focusing lens 1 0.98
filter assembly+fiber 0.6

PMT quantum efficiency 0.1
total fraction of light detected 1·10−3

During detection of atoms while they are in the dipole trap, the resonant excitation leads
to rapid heating and trap loss. Furthermore the repulsive light-shift of the excited state forces
the atoms out of the high intensity regions24. Effectively the atoms are accelerated away
from the trap center until they decay back to the ground statethus gaining kinetic energy.

For an excited state population of 1% during detection the calculated count rate per atom is
400 cts/s. Background count rate with the vertical detection laser and dipole laser on amounts
to about 300 cts/s. The increase in count rate to the case where the detection channel is open
but the detection laser is off (75 cts/s, see figure 5.10) shows that the major contribution to
the stray-light background comes from the resonant detection laser.

With this system it should be in principle possible to detectsingle atoms from the back-
ground. Using APD25 detectors instead of a photomultiplier would increase the quantum
efficiency to 60%26 and result in a 6 times higher count rate per atom for the trade-off of
increased detector dark counts27.

24This depends on the wavelength of the trapping laser. For certain wavelenghts ground and excited state
lightshifts are the same (magic wavelengths)

25Avalanche photo detector
26Perkin Elmer SPCM-AQR data sheet
27The best SPCM-modules have max. 25 dark counts/s
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6 Laser Trapping of Rb

Trapping atoms with dipole forces induced by far-detuned laser light has been the subject of
study for many years. More recently the all-optical production of Bose-Einstein Condensates
(BEC) [84–86] or degenerate Fermi gases [89] and the possibility to store all magnetic-spin
states simultaneously [87, 88] caused increased attention. In most of these cases large sam-
ples of cold atoms are transferred from a MOT into a far-off-resonance (FORT) dipole trap.
Still, efficient loading of the FORT is challenging as not allaspects of the loading and loss
processes are fully understood. Key factors for maximum loading are the suppression of
excited state collisions by reduction of the repump light and increased detuning of the MOT
lasers [90]. Geometrical effects such as the trap volume andthe overlap position also play an
important role [91]. Although not vital for the tight trap, maximum trapping efficiency will
be important for the spin-squeezing experiments with the shallow trap [106].

This chapter presents the main experimental findings of production, detection and spectro-
scopic characterization of cold, dense and mesoscopic trapped atom clouds. First the experi-
mental cycle is described followed by an outline of the detection process for free and trapped
atoms. Characterization of the trap and the trapped atom samples starts with the investiga-
tion of the loading- and loss processes in the dipole trap andcontinues with trap-oscillation
frequency, temperature and density measurements. In the final section measured data are
presented and compared to a mathematical model for calculating trap population spectra,
taking into account the realistic gaussian-beam trapping-potential.

6.1 The Loading Cycle

6.1.1 Timing Sequence

A typical dipole-trap loading cycle (depicted in Fig.6.1) starts by accummulating atoms in
the MOT for 1 second, which provides a cloud of∼ 107 atoms at a temperature of∼ 50µK.

In the next 30 ms the cooler light is detuned to -30 MHz and the MOT quadrupole-coil
current increased to 6A, thereby compressing the atom cloud. A second compression stage
lasting 25 ms follows, during which the cooling light is detuned further and at the same time
reduced in intensity. The repump intensity is also reduced while the coil current remains
at 6A. The last part of the dipole loading phase is employed tooptically pump the atoms
to the lower hyperfine ground state by switching off the repump light for several ms. This
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Figure 6.1:

inhibits hyperfine-changing collisions which otherwise would be a dominant loss channel of
the FORT [143]. During the whole loading and transfer process the dipole light is on1.

After the MOT light fields and magnetic field are extinguishedthe dipole light provides the
sole trapping potential. This phase, which we refer as to theholding phase, lasts usually
from 100 ms up to several seconds.

When a recapture measurement is done, during which atoms arecaptured back into the MOT
for fluorescence detection, the MOT light fields are switchedon and tuned close to resonance
while the dipole light is turned off. This starts with a period of 10 ms where parameters are
changed and allowed to settle for following detection intervall. In the next 100 ms fluores-
cence is recorded on the photodiode. Finally all parametersare set back to initial conditions
and the MOT cooling light is shut off, preparing the trap for the next cycle to begin.

6.1.2 Overlap of the Dipole Trap and MOT

Loading efficiency is strongly dependent on the spatial overlap between the MOT atoms and
the dipole beam center. At first thought one would expect bestresults for coinciding trap
centers. Experiments however showed that optimum loading occurs when MOT and FORT

1Although the dipole light disturbs the loading process of the MOT, it resulted more practical to keep it on, in
order to avoid strong thermal lensing effects caused by the coupling of the high-power dipole light into the
PC-fibers.
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are slightly displaced by an amount that depends on the ratioof the trapping potential to the
atom temperature [90]. This implies that for each setting ofthe dipole laser power the MOT
position has to be adjusted for optimum loading efficiency. Additionally the compression of
the MOT by ramping up the magnetic field gradient during the last loading stages may cause
the MOT center to shift.

Basic alignment is done by imaging the MOT cloud and the attenuated dipole beam directly
onto the CCD-camera. Then the MOT is shifted around by precisely moving the quadrupole
and compensation coils until their trap centers coincide. This procedure is repeated for an
orthogonal direction. After increasing the dipole beam power to normal operating levels
(several Watts), fine adjustment follows by maximizing the recapture signal while changing
the MOT position.

6.2 Recapture Detection
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(a) Raw recapture signal from the photodiode after 100 ms of holding time in
the dipole trap. Every second cycle is a background measurement. The signal
corresponds to about 50000 atoms.

Figure 6.2:

Recapture detection is straight-forward since the only diagnostic element needed is a pho-
todiode for fluorescence detection. After a variable holding phase, the atoms are recaptured
into the MOT and their fluorescence is recorded. Figure 6.2 shows a raw-data graph of sev-
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eral measurement cycles where recapture alternates with background detection. This mea-
surement gives reliable data as long as loading from the background can be neglected. Also
the atom number has to be sufficiently large since the MOT beams generate considerable
stray-light at the cell windows2.

6.3 Photomultiplier Detection

Fluorescence detection with the photomultiplier in photoncounting mode provides a highly
sensitive means of gaining information about important trap parameters.

In contrast to the recapture methode, the detection on the freely released atoms allows deter-
mination of their total number, which in conjunction with the trapping time gives information
about loss processes. This is referred to as lifetime measurements. Furthermore, determi-
nation of atom-loss rates while modulating the trapping potential reveals trap-oscillation
frequencies.

Atom temperatures can be inferred by monitoring the fluorescence decay over time which
is connected to the time dependent density distribution, and trap state occupation can be
measured by doing spectroscopy on the trapped sample, i.e. exciting the atoms with variable
laser frequency while the atoms are trapped.

All these measurements will be explained in detail later in this chapter. First the differences
between detection of free and trapped atoms with the photomultiplier are described.

6.3.1 Free Atoms

For the detection of free atoms that have been released from the dipole trap, these atoms are
illuminated for a short time (in the ms. range) with the single retro-reflected MOT-beam. The
large beam diameter ensures that all atoms are illuminated,and the intensity is∼ 0.7∗ ISat.
Since the laser beam is orthogonal to the detection channel,stray light is minimized. Figure
6.3 shows the detuning for detection with the single MOT-beam pair. Optimum detuning is
around 3.5 MHz to the low-frequency side of the free-atom resonance. Because the MOT-
beam pair constitutes a one dimensional optical molasses, atoms are effectively cooled when
the detuning∆ ≈ −Γ

2 and remain longer inside the detection region. The fit to the data
points is a Lorentzian lineshape centered at∆ = −3.55 MHz and with a full width of 9
MHz3. Purely saturation broadening withI = 0.7∗ ISat gives a calculated linewidth of 7.8
MHz. Taking the transient nature of the detection process and cooling/heating processed into
account these values are satisfactorily consistent.

2The photodiode detection limit is about 8000 atoms, set by the stray-light level of the MOT beams. The
photodiode had to be removed from the optimal position in order to make place for the spin-squeezing probe
beam. At the optimal position the detection limit is about 1000 atoms [60].

3For a thermalized sample with combination of homogeneous line-broadening and Doppler-broadening mech-
anisms the line-shape function is a Voigt-profile. For cold atoms, Doppler-broadening can be neglected and
a broadened Lorentzian lineshape function assumed.
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Figure 6.4:

Influence of the detection time

As detection is a lossy process, signal to noise ratio is optimized for a certain detection time.
Assuming a constant heating rate caused by the near-resonant beam leads to exponential
atom loss and therefore signal loss over time. Dark counts ofthe photomultiplier increase
linearly in time, which favors short detection times.

Figure 6.4 shows that the total photomultiplier counts saturate around 1 ms gate time when
a detection beam detuning of -4 MHz is used. A longer detection window does not increase
the signal. Atom number, and proportional to it the number ofscattered photons, decrease
exponentially. The time constant of the exponential loss model

sig(t) = c· (1−e−t/τ) (6.3.1)

evaluates toτ = 185µs, where t is the the PMT integration time and sig(t) the accummulated
signal counts.
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Figure 6.5:

6.3.2 Trapped Atoms

When the atoms are trapped in a sufficiently deep trap, the detection time can be significantly
extended. A trapped atom scatters photons until it has gained enough energy to escape the
trapping potential. On the other hand, in contrast to the free-atom case, the strong light shift
causes spatially dependent transition frequencies, so that the detection laser excites only part
of the atoms.

In the example displayed in Figure 6.5 saturation of the signal counts occurs around 20 ms,
which is 20 times the free atom equivalent, and the exponential time constant isτ = 7.4ms.
The probe beam detuning was set to +18 MHz and repumper light was added to avoid optical
pumping.

6.3.3 Loading Efficiency

Loading atomsfrom the MOT into the dipole trap is a complex physical process. Efficiency
is dictated by the flux into the trapping region and the capture probability inside this re-
gion [90]. A simplified picture, which ignores all effects ofcollisional processes, is the fol-
lowing. Atoms enter the trapping region with an energy according to a Maxwell-Boltzmann
velocity distribution corresponding to the 2D-MOT temperature and are slowed down by the
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(a) Atom number in the dipole trap after 300 ms holding time vsMOT loading time. It
can be seen that the number of atoms in the dipole trap saturates for longer loading times.
Fluorescence is recorded over 1 ms with the photomultipliersystem.

Figure 6.6:

dissipative light forces of the 3D-MOT. If the reduction in kinetic energy over half an oscil-
lation period in the dipole trap is large enough that the energy is reduced below the rim of
the potential, then the atom remains trapped.

Influence of the MOT size:

The small volume of the dipole trap (V ∼ 10−8 cm3) would require in principle only a very
small MOT with loading times less than 0.1 seconds. However cloud overlap and a limited
loading efficiency make longer loading times favorable. Also the atom density in the MOT
changes with the MOT size. First, the density increases linearly with atom number up to
∼ 104 atoms while later it becomes independent of it and is only determined by intensity,
detuning and magnetic field gradient [78]. Figure 6.6 shows the number of atoms in the
tightly focused dipole trap after 300 ms holding time as a function of the MOT loading time,
which is proportional to the MOT atom number (inset in Figure6.7). It can be seen that
the atom number in the dipole trap saturates for longer loading times. Figure 6.7 shows the
transfer efficiency dependent on MOT atom number. The transfer efficiency is defined as

ηtrans f er=
Ndipole

NMOT
∗100%,
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Figure 6.7:

whereNdipole is the atom number in the dipole trap at the end of the loading phase into
the dipole trap andNMOT is the MOT atom number at the end of the loading phase. Atom
numbers in the dipole trap were determined by detecting the fluorescence of the excited
atoms with the photomultiplier after 300 ms of holding time.A holding time of at least 100
ms is necessary to allow MOT atoms to leave the detection region. The dipole trap atom
numbers are corrected for the losses during the holding time4. Generally, for larger dipole
beam waist sizes by otherwise constant trapping potential,transfer efficiencies increase and
can exceed 40% [90].

Role of the trap laser intensity

Increasing the intensity of the dipole laser translates directly into an increased potential
depth. Higher capture velocities and reduced collisional loss probabilities lead to an in-
crease in the number of trapped atoms. Measurements withCO2 lasers indicate that a sat-
uration power exists where atom numbers only marginally increase with increasing laser

4Losses were determined in a separate measurement under identical trapping conditions.
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Figure 6.8:

power [91]5. For our small and tight trap we did not observe this effect. Figure 6.8 shows
the number of atoms in the dipole trap linearly increasing with laser power. The offset is due
to the losses during the 300 ms holding time, which leads to a reduction of the initial atom
number to about 7.5%.

6.3.4 Losses in the dipole trap

Several processes contribute to the loss of captured atoms:heating due to spontaneous emis-
sion, intensity fluctuations, collisions between the trapped atoms or with background gas
constituents. Collisional processes dominate normally. Furthermore, in very deep traps
( U

KBT ≥ 10) intensity fluctuations of the trap laser limit the lifetime considerably [82].

Atom loss from a FORT is well described by the differential equation [90]

dN
dt

= −γ ·N−β ′ ·N2 (6.3.2)

5In the theoretical model of the authors this is the case whenU
KBT > 4, where U denotes the trapping potential

and T is the average temperature of the trapped atoms.
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where N is the atom number,γ is the loss rate due to background gas collisions6 andβ ′ is
the density-related loss coefficient due to collisions between the trapped atoms.

The volume-independent density loss rate coefficientβ is then obtained by multiplication of
the measured rate coefficientβ ′ with the atom cloud volume V.

β = β ′ ·V (6.3.3)

This volume depends on the atom temperature and the geometryof the confining potential.
A model [90] can be derived under the assumption that the maximal cloud radius r and length
z are determined by the condition that the potential energyU(r,z) equals the average thermal
energy KBT.

For a single Gaussian beam trap with waistω0 and Rayleigh rangezR this leads to

zc =

√
(1−η)η
η−1 ·zR

rc = −
√

−2 log(1−η)

2 ·ω0

(6.3.4)

with η := KBT
U0

andU0 as the maximum of the trapping potential. Approximating theatom
cloud volume as a cylinder gives

V = 2πr2
czc = π log(

1
1−η

)

√

η
1−η

ω2
0zR (6.3.5)

Ground state trap loss collisions include hyperfine-changing and elastic collisions [14]. In
case of hyperfine-changing collisions, atoms are lost if during the collision process the exit
channel lies on a lower hyperfine level than the entrance channel. The energy difference of
h·6.8 GHz for87Rb is much larger than the trapping potential of -70 MHz/W andis then
distributed as kinetic energy over the colliding partners.This can be avoided by optical
pumping of the atoms to the lowest energetic state, the hyperfine ground state (F=1), during
the last 5 ms of the dipole loading phase.

Figure 6.9 shows a trap loss measurement and corresponding fit to the solution of eq. 6.3.2.
The strong deviation from the purely linear loss model, especially for short holding times,
shows that density-dependent two- and three-body collisions contribute strongly to the trap
loss for tightly confined atom samples. Using the approximate volume of eq.6.3.5 and the
parameters of the fit in figure 6.9, the density dependent losscoefficient is calculated as
β ∼ 1.6·10−15cm3s−1. From this value we conclude that the losses occur primarily due to in-
elastic spin-dipole relaxation, where rate coefficients inthe range of[0.4−0.7] ·10−15cm3s−1

are predicted7 [146, 147]. Elastic collisions contribute not significantly as the deep trapping
potential of -19 mK reduces the probability of cold atoms to escape.

6thermal Rb vapor and vacuum contaminants like He, Ne, Ar and H
7In 87Rbthe coincidence between the singlet and triplet scatteringlengths lead to a strong suppression of elastic

spin exchange collisions.
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Figure 6.10:

Figure 6.10 shows the difference in atom loss of two trap lossmeasurements with identical
trapping parameters but different initial preparation of the atomic sample. One sample is pre-
pared in the F=2 hyperfine ground state, the other one optically pumped into the F=1 ground
state. By taking the difference of the two loss curves, only losses which are dependent on the
spin state contribute. All common, spin independent losseslike background gas collisions
subtract to zero. Assuming a rate equation model with a constant spin-exchange loss rate

dN
dt

= −αSEN (6.3.6)

gives an exponential decay time constant ofτ = 1/αSE = 230ms. Compared with the spon-
taneous photon scatter rateτel = 7ms the spin relaxation rate is 30 times slower. This is
comparable with measurements of dipole trapped85Rbatoms, where relaxation rates up to a
factor of 100 lower than the photon scatter rate have been found [149]8. Figure 6.11 shows

8For dipole laser detunings∆ large enough that the5P1/2-5P3/2 fine-structure cannot be resolved, Raman scat-

tering occurs at a rate(∼ 1/∆4) [149].
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Figure 6.11:

that the spin-state dependent atom loss in the tightly focused dipole trap is a constant frac-
tion of 15% of the trapped atoms when the atoms are initially prepared in the F=2 hyperfine
ground state.

6.3.5 Trap oscillation frequencies

The motional dynamics of atoms in a trap can be described by a harmonic oscillation with
an associated oscillation frequency. Even for anharmonic potentials like the single Gaussian
beam trap the harmonic approximation is justified, if the atomic sample is small compared

to the waist sizeω0 and Rayleigh rangezR =
πω2

0
λ , i.e. provided that the thermal energy is

much smaller than the optical potential,η := KBT
U0

� 1.

Taylor expansion of the trapping potential U(r,z) gives

U(r,z) = −U0

[

1−2

(

r
ω0

)2

−
(

z
zR

)2
]

(6.3.7)
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(a) Periodic modulation of the trapping potential causes maximum trap-loss at twice the radial trap fre-
quency. The trapping potentialU0 = −17.8mK, holding time is 400 ms, photomultiplier gate time 5
ms.

Figure 6.12:

and with the help of Hooke’s s law

U = −1
2kx2

ω =
√

k
m

(6.3.8)

the radial and axial trap oscillation frequency can be calculated to:

ωr =
√

4U0
mω2

0

ωz =
√

2U0
mz2R

(6.3.9)

In experiments trap frequencies can be measured by parametrically exciting the oscillations.
This is done by amplitude modulation of the trapping laser orby fast switching of the trap-
ping beams. Atom loss is then recorded as a function of modulation frequency or waiting
time between the switching pulses [60].
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The measurement shown in Figure 6.12 shows the remaining atoms after 400 ms trapping
time as a function of the amplitude modulation frequency. A 720 mV d.c. control volt-
age modulated by a±10mV sine from a programmable function generator9 was applied
to the modulation input of the AOM that controlls the dipole trapping beam. This re-
sulted in sufficient amplitude modulation to observe the frequency dependent loss spectrum.
Trap-loss maximum occurs at 150 kHz which is equivalent to a radial trap frequency of
ωr = 2π ·75kHz.

With the optical power of 5.13 W and the measured trap frequency, eq.: 6.3.9 together with
eq.: 4.3.2 and eq.: 4.3.6 allow the determination of the beamwaist size and Rayleigh range:

ω0 = 5.4µm

zR = 89µm

Compared with the values calculated by an optics-design program (ω0 = 3.88µm, zR =
45.8µm, see Appendix B) the measured waist size and Rayleigh range are remarkably
larger10. A calculation based on Huygens-Fresnel diffraction formulas [92] taking into ac-
count the beam truncation by the entrance aperture of the focusing objective results in a
calculated waist size ofω0 = 5.56µm, in satisfactory agreement with the measured value.

6.4 Sample Temperature

The temperature is one of the main parameters for characterizing a trapped sample. Temper-
ature determines the filling factor of the trap and combined with information about the atom
number the sample density can be inferred.

The principle of measurement has been adapted from the MOT temperature estimation.
Atoms are released from the trap and allowed to expand ballistically for a given time. Then
the rate of cloud-expansion is measured for several time-steps and the temperature deter-
mined from the expansion velocity.

This principle works well for large atom numbers eg. in a MOT where the cloud can be
imaged on a standard CCD-camera. For the reduced atom numbers in the small dipole trap
an intensified CCD-camera (ICCD) would be required. WithoutICCD camera available, we
used the photomultiplier and a fixed aperture.

6.4.1 Imaging through a fixed aperture

As a photomultiplier cannot distinguish between differentcloud sizes, the limited aperture
of the detection region was used to get a quantitative expansion signal. The expanding cloud
with Gaussian density distribution is imaged through a circular aperture and the fluorescence
signal recorded after a certain time. Due to the cylindrically shaped detection region defined

9Stanford Research SRS DG345
10Oslo LT from Lambda Research Corporation

Oslo LT uses a paraxial ABCD matrix method to calculate Gaussian beam parameters.
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Figure 6.13:

by a circular aperture, the count signal decays as the atom cloud starts to extend beyond the
detection region. In the following the dynamics of the temperature dependent fluorescence
count signal is modeled and fit to the experimental data points.

In Figure 6.13 a geometrical sketch of the problem is shown. The shaded circle depicts the
Gaussian density distribution of the expanding and fallingatom cloud with 1/e2 intensity
radiusσ , and the smaller circle shows the circular aperture with radius a. Initially the center
of the atom cloud coincides with the center of the detection region but gravitation leads to
increased separation~s over time. The vector~ρ which points from the center of the cloud to
an arbitrary point inside the detection region can be written as

~ρ =~r +~s= (r ·cos(θ)+s·cos(φ))~ex +(r ·sinθ)+s·sin(φ))~ey (6.4.1)

|~ρ |2 = s2 + r2 +2sr·cos(φ −θ) (6.4.2)

The signal S of the photomultiplier is proportional to the integral of the atomic density dis-
tribution11 over the aperture with radius a.

S= S0

∫ 2π

0

∫ a

0
e
−( ρ2

2σ2 ) · rdrdθ (6.4.3)

A pinhole inside a spatial filter assembly limits the detection region radially toa = 18µm
around the trap center. In longitudinal direction the imaging region is not restricted. Inserting
ρ2 from equation 6.4.2 gives

S= S0

∫ 2π

0

∫ a

0
e−( s2

2 )e−( r2
2 + sr

σ2 cos(φ−θ )) · rdrdθ (6.4.4)

11The fluorescence light distribution is assumed to be proportional to the atom number.
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The angleφ is equal toπ/2 in fig. 6.13 but can be set arbitrarily sinceφ − θ is running
through all values[0;2π]; here for simplicity we useφ = 0

S= S0

∫ 2π

0

∫ a

0
e−( s2

2 )e−( r2
2 + sr

σ2 cos(θ )) · rdrdθ (6.4.5)

Free thermal, isotropic expansion of the atom cloud dictates that the cloud radius12 σ follows

σ2 = σ2
0 +

kBT
m

· t2 (6.4.6)

whereσ0 is the initial width of the cloud, m the mass of Rb, T the atom temperature and t
the free expansion time. Under gravity the atom cloud moves the distance

|~s| = g
2
· t2 (6.4.7)

with g = 9.81m/s2 causing decentered imaging.

Combining equation 6.4.5 with 6.4.6 and 6.4.7 the final expression for the photomultiplier
count signal can be written as:

S(t) = S0e
−
[

g2t4

8(σ2
0+kBT/m·t2)

]

∫ 2π

0

∫ a

0
e
−
(

r2

2(σ2
0+kBT/m·t2)

)

e
−
(

gt2

2(σ2
0+kBT/m·t2)

rcos(θ )

)

· rdrdθ (6.4.8)

From equation 6.4.5 the expression for the concentric geometry follows immediately by
settings= 0.

S= S0

∫ 2π

0

∫ a

0
e
−( r2

2σ2 ) · rdrdθ = S0

[

1−e−( a2

2σ2 )
]

(6.4.9)

Figure 6.14 shows a fit of equation 6.4.8 to a measured data setfrom the photomultiplier. Fit-
parameters are the atom number upon release, the temperature of the sample and a constant
offset accounting for background counts. Initial width of the atom cloud is set toσ0 = 2µm
whereas the waist size of the trap is 5.4µm. Although the initial cloud extension is dependent
on temperature, the expanded cloud extension is largely dominated by thermal expansion
(e.g. v̄thermal = 150µm/ms for a 100µK cold sample). By treating the initial cloud size
as a constant, a slight systematic error in the estimation ofthe temperature is introduced.
Compared with the statistical uncertainties of the measured data, this error is insignificant
for the overall accuracy of the method and can be neglected.

In figure 6.15 the temperature is measured after 1 second of holding time. In this case
the increased storage time allowed a longer evaporation process and thus lead to a lower
temperature of 53µK compared to the previous measurement with otherwise unchanged
parameters.

For longer expansion times all measurements show lower values than predicted by the isotropic
thermal expansion model. This is a systematic observation and may be explained by anisotropic
expansion of the cylindrically symmetric, elongated atom cloud (ωz

ωr
= 0.04).

12The cloud radiusσ is defined as the 1/e half-width of the normalized Gaussian density distribution
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Figure 6.14:
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Anisotropic expansion after release from the trap, a well known feature of Bose-Einstein con-
densates and degenerate Fermi gases, is indicative of hydrodynamic behavior [139, 140]. In
the hydrodynamic regime, the gas behaves as a uniform fluid governed by the Euler equation
for the fluid-velocity field [140]. The anisotropy of the expanded gas reflects the anisotropy
of the pressure force which is stronger in the direction of tighter confinement. For a thermal
gas the particle dynamics depend on the mean free path at equilibrium. At low densities (col-
lisionless regime), where the mean free path is large compared to the dimension of the cloud,
the atomic motion is described by a single-particle Hamiltonian and expansion is isotropic.
When the mean free path is reduced to a value smaller than the sample size, crossover to the
hydrodynamic regime occurs.

Detection itself which lasts for 1 ms, essentially freezes the atomic motion with the radiation
pressure compensated MOT beams13 and therefore should not attribute to a systematic effect.

Calculation of the mean free path in the trap center for a uniform gas at a density ofn0 =
8·1014 atoms/cm3 (see 6.4.2) gives

λ0 =
1√

2n0σ
= 1.3µm,

whereσ = 8πa2 is the elastic s-wave cross section witha= 98.98(4)a0 the scattering length
[141]. The elastic collision rate in the center of the trap is[142]

1/τc =
4
√

2π
5

n0σvth ≈ 1.2·105 s−1 (6.4.10)

with the thermal velocityvth = (8kBT/πm)1/2. From the axial and radial size parameters

l i =
(

2kBT/mω2
i

)1/2
, i ∈ {r,z} follows that in axial direction we are in the hydrodynamic

regime and radially in the collisionless

λ0/lr ' ωrτc ' 3.7

λ0/lz ' ωzτc ' 0.11

The expansion of the cloud is therefore in an intermediate regime between collisionless ex-
pansion and hydrodynamic condition. Axially the cloud cools for a short time as it expands
until no more collisions occur, resulting in a slower than expected expansion. Energy conser-
vation then demands a faster radial expansion. This affectstime-of-flight imaging of dense
atom clouds, where the faster radial expansion causes a faster than expected rate of atoms
leaving the detection region.

In Figure 6.15 the temperature is measured after 1 second of holding time. In this case
the increased storage time allowed a longer evaporation process and thus lead to a lower
temperature of 53µK compared to the previous measurement with otherwise unchanged pa-
rameters.
This temperature estimation method works well for small to intermediate sized atom sam-
ples and requires only a photomultiplier and suitable aperture to define the detection region.

13The magnetic field is zero during detection
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Temperature estimation fit for a holding time of 1 second. Compared to the measurement in Fig. 6.14, the

temperature is lower (T=53µK). Evaporation occurs over a longer period with more high energetic atoms

ejected. Detection time is 1 ms, detuning of the detection laser -4 MHz.

Figure 6.15:
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The primary function of the aperture is stray light reduction and thus the size of the aperture
has to be selected accordingly. No additional modification to the optical setup is necessary
and therefore implementation is straight-forward. Microsecond-precision timing is however
required as the detection light pulse and the photomultiplier gate need to be synchronized
with the release of the atoms.

6.4.2 Density of trapped atoms

During loading in a MOT or optical molasses, light-assistedcollisions typically limit atom
densities to about 1012atoms/cm3. Experiments in crossed dipole traps [93, 94] and surface
microtraps [95] unexpectedly revealed much higher densities n0 > 1014atoms/cm3 which
together with forced evaporative cooling allowed the production ofall-optical BEC[84,86].

Taking the data from measurement 6.14 with N0 = 104 atoms, T = 104µK, U0 = 8.7mK,

ω̄ =
(

ω2
r ·ωz

)1/3
= 2π ·18.7 kHz and the trap dimensions from the measured radial trap fre-

quency, the volume occupied by the trapped sample calculates to (eq.: 6.3.5)

V = 1.2·10−11 cm3

and the peak density reaches

n0 = 8.6·1014 atoms/cm3

Taking into account the expression for the phase space density inside a harmonic trap [98]
quantum degeneracy occurs when

ρ = N

(

h̄ω̄
kBT

)3

= ζ (3)3 ≈ 1.737, (6.4.11)

whereω̄ is the geometrical average trapping frequency andζ is the Riemann zeta function.
Given the parameters above, onset of condensation occurs ina harmonic trap at a critical
temperature14 of

Tc =
1
kB

[

h̄ω̄
(

N
ζ (3)

)1/3

− ζ (2)

6ζ (3)
h̄(ωz+2ωr)

]

= 16.7µK

and the phase space productρ reaches 1/167, which corresponds to a phase space density
of 1/500 if we assume an equal distribution of spin projections.

This cold-atom densities are among the highest so far reported for incoherent matter. Compa-
rable measurements on Yb-atoms in a crossed FORT [94] and on Rb-atoms in a holographic

14The first term inside the brackets is the transition temperature in the thermodynamic limit, the second term
accounts for finite-size effects [138].
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atom trap showed densities of up to 1.8·1015 atoms/cm3 [103]. In dimple traps15 [97],
strong density enhancements up to 1014 atoms/cm3 have been measured [95] and are crucial
for the all-optical generation of BEC [96].

6.5 Trap-State Spectroscopy

Energy selective excitation of trapped atoms combined withfluorescence detection, which
we refer to astrap-state spectroscopy, is a valuable tool to gain “in-vivo” information about
the trapped atom sample. For traps, where the light shift of the atomic energy levels is
large compared to the natural linewidth of the excited stateor the probe-laser linewidth, the
population distribution can be measured. From this the sample temperature and light-shift
of the excited state can be inferred. Additionally time resolved detection of the number
of atoms which escape from the trapping potential allows forthe estimation of evaporation
rates. Hence trap-state spectroscopy is a highly sophisticated tool for characterizing and
investigating a trapped atomic sample. This will be shown inthe measurement of thermal
distributions and an anharmonic potential presented at theend of this chapter.

6.5.1 3D Harmonic Oscillator Model

The harmonic oscillator approximation of real trapping potentials, together with the assump-
tion of noninteracting particles, is of great practical importance. It makes tractable the cal-
culation of thermodynamic properties of confined quantum gases at equilibrium conditions
while retaining the essential physics.

The energy of a particular 3D harmonic oscillator state can be written as

Enxnynz = h̄ωx(nx +1/2)+ h̄ωy(ny +1/2)+ h̄ωz(nz+1/2), (6.5.1)

whereni = 0,1,2, ... is the vibrational quantum number of the degree of freedomi = x,y,z
andωi is the corresponding angular oscillation frequency.
In case of an isotropic oscillator whereω = ωx = ωy = ωz , 6.5.1 simplifies to

Em = h̄ω(nx +ny +nz+3/2) (6.5.2)

and the energy can be expressed in integral units ofh̄ω . In total 1
2(m+2)(m+1) independent

states with energymh̄ω are possible [99].
The total occupation number of all states with energyEm is given by the Bose-Einstein

15A dimple trap is an additional optical microtrap which loadsfrom a larger trapped atomic reservoir to in-
crease locally the potential depth and elastic collision rate but has only marginal effects on the reservoir
thermodynamics.
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Occupation number distribution of a 3D-harmonic oscillator according to eq. 6.5.3.

Figure 6.16:

distribution multiplied by the degeneracy of the energy levels:

Nm =
(m+2)(m+1)

2(CeβEm −1)
. (6.5.3)

Hereβ := 1
kBT and C is a normalization constant which is chosen such that the total number

of particles N is obtained by summation over all particle states16

N =
∞

∑
m=0

(m+2)(m+1)

2(CeβEm −1)
. (6.5.4)

Figure 6.16 shows an example of the occupation number distribution (6.5.3) with h̄ω
kBT =

1/100 andN = 1000.

For systems with large numbers of particles, and when the energy level spacing of the trap-
ping potential is much smaller than the thermal energyh̄ω � kBT, the sum over the quantum
states can be replaced by integrals over the phase space17. This leads to a density of states
where the individual level structure is smoothed out

g(ε) =
dG(ε)

dε
, (6.5.5)

and whereG(ε) denotes the total number of states with energy less thanε . Henceg(ε)dε
gives the number of quantum states with energy betweenε andε +dε . For a d-dimensional

16From this equation the unknown C can be determined and then inserted in eq. 6.5.3
17For Bose-Einstein condensates it is only a good approximation for the excited states contribution. The ground

state has to be treated separately.
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harmonic oscillator the density of states [100] calculatesto:

g(ε) =
εd−1

(d−1)! ∏d
i=1 h̄ωi

(6.5.6)

which in 3 dimensions gives:

g(ε) =
ε2

2h̄3ωxωyωz
. (6.5.7)

In this continuum approximation, eq. 6.5.4 for the total number of particles becomes

N =

∞
∫

0

dε n(ε) =

∞
∫

0

dε g(ε)
1

Ceβε −1
(6.5.8)

with the atom number distribution function

n(ε) =
ε2

2h̄3ωxωyωz
· 1

Ceβε −1
(6.5.9)

6.5.2 Adaptation to the Gaussian Potential

Atoms with energyε �U0 are well described by the harmonic model due to their confine-
ment near the bottom of the potential well. For higher energetic atoms and larger filling
ratios of the trap the harmonic approximation becomes increasingly inaccurate.

The real trapping potential is radially gaussian, while theaxial z-direction is lorentzian.
To simplify the calculation, and following Ref. [101], we approximate the potential in z-
direction to be also gaussian with 1/e radiusλ .

Expressed in cylindrical coordinates this yields

U(r,z) = U0(1−e−2r2/ω2
0−z2/λ2

) (6.5.10)

The geometric effect of the trapping potential is reflected in the density of states.

To obtain the density of states, the spatial integration

g(ε) =
2π(2m)3/2

h3

∫

U≤ε

√

ε −U(r)d3r (6.5.11)

needs to be evaluated over all valuesr whereU(r) ≤ ε [102].

O’Hara and coworkers [101] derived an analytical expression for this integral and the Gaus-
sian potential given in 6.5.10. It can be written as a productof the density of states for a
harmonic oscillator potential

gho(ε) =
ε2

2h̄3ωxωyωz
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and a factor, which accounts for the anharmonicity, given by

g1(ε) =
α3/2(1−δ )1/2

δ 2

16
π

1
∫

0

u2
√

eα(1−u2) −1 du (6.5.12)

with α := −log(1−δ ) andδ := ε/U0.

Figure 6.17 shows the Gaussian anharmonicity factorg1(ε/U0) as a function of the particle
energy normalized to the potential depthU0. This density of states for Gaussian trapping
potentials,gGauss(ε) = g1(ε) ·gho(ε), will be used in the interpretation of of spectroscopic
measurements on the trapped atom samples presented in the following section.
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(a) Gaussian potential correction factor to the density of states of a 3-dimensional harmonic oscil-
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Figure 6.17:

86



6.5. TRAP-STATE SPECTROSCOPY CHAPTER 6. LASER TRAPPING OF RB

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

U/U
0

η=k
B
T/U

0
 = 0.1

η=k
B
T/U

0
 = 0.2

η=k
B
T/U

0
 = 0.3

(a) Calculated shape of the trap spectrum proportional to the total number of atoms with a certain energy
U in a Gaussian trapping potential of depthU0, for η=0.1 (blue),η=0.2 (green) andη=0.3 (red curve)

Figure 6.18:

In the regime whereη = 0.01− 0.3 the shape of the trap spectra changes notably as can
be seen in Figure 6.18. This sensitivity to the thermal energy helps in the estimation of the
parameters from the fitted data.

6.5.3 Measurements

Determination of the total light shift

With knowledge of the ground state trapping potential and bycomparison with the energy
dependent population spectra it is possible to determine the contribution of the excited states
light-shift for a specific dipole laser wavelength and polarization. During spectroscopy only
a specific class of atoms gets excited for which the combined light shift of ground and ex-
cited state equals the probe-laser detuning. In our experiments the light shifts are much
larger than the natural linewidth of the excited state (6 MHz) or the detection laser linewidth
(∼ 100kHz). Figure 6.19 shows a schematic of the spatial dependence of the energy levels
involved for two different levels of trap laser power.
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transition frequency of the free-atom.

Figure 6.19:
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Figure 6.20:
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Figure 6.21:

A calculation of the energy level shifts of the excited stateis shown in figure 6.20 [150]. It
can be seen, that magnetic sub-states of the same hyperfine state are shifted differently with
increasing trapping potential18. When the light shifts reaches the order of the excited state
hyperfine splittings (> 100Mhz), several hyperfine states couple and state mixing occurs, as
can be seen in Fig.6.21 [150].

One method to measure the light shift is the following: In theexperiment the detection laser
frequencyωL is +78 MHz detuned to the high frequency (blue) side with respect to the free
atom resonanceωA. The trap laser power is set to a power level where the potential depth
U0 is larger than the detuning and the fluorescence of the trapped atoms is recorded for 1
up to 10 ms. The trap laser power is reduced and the detection procedure repeated until no
atoms are detected anymore. If the total frequency shift on the atomic transition becomes
less than the detection laser detuning, all atoms will be quickly heated out of the trap by
the then blue detuned detection laser. In contrast, if the laser frequency is smaller than the
light-shift, atoms will be cooled.

18This is caused by the coupling of the excited state to variousother states.
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Figure 6.22:

Figure 6.22 shows the corresponding measurement. According to a calculated energy spec-
trum, which reproduces the peak in fig. 6.22, the trap power where the atoms are heated out
of the trap is around 400 mW or equivalent a ground state frequency shift of 28 MHz. This
leaves a 50 MHz contribution from the excited state. Therefore the ground state contributes
36% and the excited state 64% to the total light shift at 1030 nm for theF = 2 → F ′ = 3
transition.
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Figure 6.23:

Figure 6.5.2 shows the energy distribution of a trapped sample after 300 ms of holding time.
The optical potential at the trap center is U0 = 86 MHz. The frequency of the detection
laser, in this case the horizontal MOT beam, is fixed at +78 MHzrelative to the free atom
resonance. Repumper light was added for increased detection efficiency. The measurement
procedure is the following: Trap laser power is stepwise reduced from 1200 mW to 200 mW
and for each power level fluorescence from the trapped atoms is recorded for 10 ms. This
results in a variable effective detuning of the probe laser depending on the light shift (see
figure 6.19) which is proportional to the trap laser power. Tominimize the effect that the
atom numbers in the dipole trap are different for each power setting19, the atom numbers
obtained by detection of the trapped atoms are divided by thetotal atom number in the trap
for the specific dipole power level. The blue curve shows a fit according to the Gaussian
energy distribution model 6.5.2 convoluted with the natural linewidth of the excited state.

19Detection in the trap after 300 ms holding time and +78 MHz detuning gives atom numbers from∼ 50 atoms
for 200 mW of dipole light power to∼ 400 atoms for 1200 mW.
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From the fit an average potential energy20 per trapped atom ofη = kBT
U0

= 0.14 is determined
with an anharmonicity factor ofg1(0.14) = 1.097 (see eq. 6.5.12).

This measurement procedure, with fixed detuned detection laser and stepwise reduction of
the trap laser power, leads to lower heating by intensity noise compared to the case where
the trap depth is held constant and the detection laser detuning is changed. In this regime,
the higher energetic trap states are less populated when compared with the energy spectra of
the following paragraph.

Occupation of high energetic states
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Trap state occupation close to the edge of the potential. Thepeak close to zero detuning is the free atom

resonance of unbound particles. The average thermal energyof the atoms isη = kBT
U0

= 0.26 withU0= 230

MHz. Holding time is 300 ms, detection time 10 ms. Note that the detuning axis is inverted relative to that of

Fig. 6.23.

Figure 6.24:

The high elastic collision rate of the very dense trapped samples and heating from laser
intensity-noise (see 5.1.1) causes atoms to gain enough energy to occupy high lying trap
states or even to evaporate. In the spectra this can be seen asfluorescence at small or even
zero detuning from the free atom resonance.

20Strictly speaking a thermal distribution is not possible for finite trap depths because the highest energetic
atoms evaporate. However if the average energy per trapped atom is much smaller than the trapping potential
most collisions redistribute the energy thus leading to a quasithermal equilibrium.
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In figure 6.24 the spectrum shows clearly the increase of the atom number distribution close
to the trap edge. The dark line shows the fit of the Gaussian number distribution model with
η = 0.26, g1(0.26) = 1.199 (see eq. 6.5.12) andU0 =230 MHz. Fluorescence detection
lasted for 10 ms, the holding time was 300 ms. The light-gray line is a fit of a Lorentzian
lineshape function with a full width of∼ 2Γ and centered at a detuning of∆ = −Γ

2 , typical
for free atom detection with a single MOT-beam pair (see fig.6.3).

One sees, that the measured energy distribution is well described by the combination of
the two contributions, and the effect of the Gaussian trap potential is clearly visible in the
increasing atom number towards the edge of the trap.
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corresponds to linear polarization direction perpendicular to the detection direction. Detuning of the detection

laser is +30 MHz , photomultiplier gate time 1 ms, holding time in the dipole trap 300 ms.

Figure 6.25:

With the choice of polarization for the excitation laser, and by optical pumping, different
hyperfine and magnetic sub-states can be populated and probed. The level-specific coupling
to the linearly polarized dipole light leads to notable differences in the trap spectra. In figure
6.26 two spectra are shown where preparation and storage conditions are identical, but the
polarization of the excitation laser is different. The red data-points (stars) are obtained by
detection with theσ+ −σ− polarized MOT-beam pair and the blue data-points (circles)by
detection with a linearly polarized beam drivingπ-transitions (see fig. 6.25 for the beam
geometry and quantization axis). A magnified part of the spectrum can be seen in Fig.6.27.
The fluorescence contribution from excitation withπ-polarized light has been subtracted,
leaving only the signal from theσ±- excitation. From the energy distribution fit,the center fre-
quency of the resonance is determined at +69 MHz, as well as the average thermal energy of the
atoms withkB ·360µK.
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Figure 6.26:

A similar spectrum can be seen in Fig. 6.28, where excitationis done with the circularly
polarized, retroreflected MOT-beam. The resonance emerging at large detunings is the light-
shifted F’=1 excited state (see Fig. 6.20).

Evaporation Rates

From the height of the free atom peak it is possible to obtain the number of atoms which
are evaporated during the detection time. Assuming that thebalanced MOT-detection beam
doesn’t disturb considerably the energy spectrum during the short detection interval, the
evaporation rate can be determined from the part of the spectrum, where the atoms are un-
bound. The small detection region of 18µm around the trap center guarantees that the atoms
leave the detection region in a fraction of the photomultiplier gate time21. This and the cal-
ibration of the detection count signal with the sensitive photodiode3.5.1 provides reliable
atom numbers. Figure 6.29 shows a spectrum of evaporating atoms after adiabatic lower-
ing of the trapping potential from 230 MHZ to 90 MHz and recompression of the dipole
potential. From a fit of a Lorentzian lineshape function to the part of the spectrum where
the atoms are free (negative detunings) the following parameters are estimated: center of
the free atom peak is at -5.44 MHz, the half width is 5.7 MHz, the amplitude∼ 2140 atoms
and background∼ 130 atoms. In this case the evaporation rate calculates to∼ 4·105 atoms/s.

21Atoms with a mean temperature of 100µK have left the detection region in about 0.12 ms
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Figure 6.27:

Summary

The measurements show, that trap state spectroscopy is a valuable investigative tool for char-
acterizing trapped atoms clouds. This is especially the case for tightly confined and dense
atom clouds where elastic collisions populate high energetic trap states. In this regime,
the shape of the confining potential modifies strongly the sample energy distribution and
predictions based on the ubiquitous harmonic potential approximation have to be checked
carefully. The Gaussian potential model describes more accurately the physical situation of
cold atoms inside a focused single beam trap and can be easilyadapted to the crossed-beam
geometry. Our model calculations based on a non-interacting, thermal Bose-gas confined
in an anisotropic, 3-dimensional, Gaussian potential are consistent with the measured spec-
tra. From this, information about the sample temperature, state occupation and light-shifts is
gained. Combined with the atom number measurement, densities and cloud extensions are
inferred, important parameters for the optimization of QND-type interaction as well as for
other QI applications.

Interpretation of the spectra is not trivial. The multilevel structure of rubidium and the polar-
ization dependent coupling to the dipole and excitation laser has to be considered. However,
with proper state preparation techniques, where the atoms are optically pumped into a sin-
gle magnetic sub-state, excitation of multiple states can be avoided. A second complication
arises for deep traps, where the light-shift is comparable to the hyperfine energy. Magnetic
sub-states belonging to different hyperfine states start tomix and the initially uncoupled
states become superpositions of several hyperfine states.
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Figure 6.28:
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Figure 6.29:
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7 Outlook

This chapter serves as a brief outlook for the experimental steps necessary to implement spin
squeezing on cold atomic samples, a first step towards more complex building-blocks for
ensemble-based quantum information circuits like quantummemory or teleportation. [108]
As the implementation of spin squeezing is currently under way with our setup, the follow-
ing paragraphs should serve as an overview.
Our experimental setup incorporates a dipole trap with a waist size of 56µm producing a
shallow confining potential of 260µK. In this trap 5· 105 atoms have been stored1 serv-
ing as the atomic reservoir for a quantum light-matter interface based on aQuantumNon
Demolition (QND) interaction.
Atomic ensemble experiments gained widespread attention in recent years, in great part ow-
ing to the possibility of entangling billions of particles for long time periods [107]. The
lifetime of atomic multi-qubit entanglement is strongly dependent on the number of particles
involved, as particle loss usually destroys the state. If however the sample of weakly inter-
acting particles as a whole contributes to a collective quantum state, a much more robust type
of entanglement can be achieved.

Spin squeezing, the conceptually simplest implementationof this QND-type light-matter in-
terface, is outlined in the following paragraphs together with a description of the physical
model and basic interaction [106].

7.1 Collective spin operators

In our description a collective atomic spin operator is defined as

F̂ =
N

∑
i=1

f̂ (i) (7.1.1)

where f̂ (i) denotes the total angular momentum of the i-th atom.

Commutation relations for these operators

[

F̂i, F̂ j
]

= ih̄εi jk F̂k (7.1.2)

require that the Heisenberg uncertainty relations such as

〈

∆F̂2
x

〉〈

∆F̂2
y

〉

≥ 1
4

∣

∣

〈[

F̂x, F̂y
]〉
∣

∣

2
(7.1.3)

1determined by recapture measurement [144]
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hold.

7.2 Polarization states

Useful in the context of atom-light interaction is the representation of the polarization states
in the Stokes formalism. Components of the Stokes vector arehereby expressed in terms of
the creation and annihilation operators of theσ±-field modes.

Ŝx =
1
2
(â†

−â+ + â†
+â−),

Ŝy =
1
2
(â†

−â+ − â†
+â−),

Ŝz =
1
2
(â†

+â+ − â†
−â−) (7.2.1)

Similar to eq.7.1.2 the Stokes components satisfy angular momentum commutation relations:
[

Ŝi, Ŝj

]

= iεi jk Ŝk (7.2.2)

Exactly this mathematical equivalence between the atomic spin and the light pseudo-spin
suggested interactions where information can be exchangedbetween the quantum states of
atoms and light.

7.3 Spin squeezing

Ideally, information about the quantum state should be accessible without destroying the
state. This, a prerequisite for quantum memory, requires a QND type interaction between the
atoms and the light field. Off resonant, dispersive phase shifts depending on the polarization
state provide exactly the desired interaction.

For the further discussion we assume both the atomic spin andpolarization vector prepared
in a coherent state along the x-axis (see figure 7.1). As the probe-light pulse propagates
through the sample (in z direction) it interacts via the dipole coupling with the collective
spin. Circular birefringence caused by the spin component in propagation direction2 lead to
a rotation of the light polarization around the z-axis. Thisis called the Faraday-effect. On
the other hand the atomic spin state is rotated by the quantumfluctuations of the light. This
back action essentially entangles the quantum fluctuationsof the spin and polarization states.

By measuring the amount of polarization rotation3 information about the fluctuations of̂Fz

is gained, or equivalently speaking∆F̂z is squeezed.

2Even though〈Fz〉 = 0 the quantum fluctuations cause polarization rotation
3∆Ŝy is measured
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(a) (a): initial state preparation; (b): light-atom interaction; (c): polarimetric state detection by a polarizing beam
splitter (PBS) and photodetectors (PD)

Figure 7.1:

The degree of squeezing4, which quantifies the non-classicality, can be expressed as[109–
111]:

ξ 2 =
1

1+ ρ0η
(7.3.1)

with ρ0 the resonant optical density5 andη the spontaneous emission rate6. The definition is
such that for a coherent stateξ 2 = 1, for squeezed statesξ 2 < 1. From this expression it is
clear that squeezing gets stronger the higher the product ofoptical density and spontaneous
emission is. The optical density on resonance

ρ0 =
Natomσ

A
(7.3.2)

gives the probability for a single photon to get elasticallyscattered [109]. HereNatom is the
atom number interacting with the probe light,σ is the resonant cross section for the probed
transition7 and A the cross section of the illuminated sample. Accordingly, the spontaneous
emission rate in the far detuned case calculates to

η =
Nphotonσ

A

(

Γ
∆

)2

� 1. (7.3.3)

Nphoton is the photon number of the probe pulse,Γ the excited state decay rate and∆ the
detuning. Unfortunately spontaneous emission destroys the fragile coherences and has to
be kept low by detuning far off resonance. This leaves the optical density as the figure of
merit for the interaction strength and thus for the amount ofsqueezing or entanglement8.
Rewriting eq. 7.3.2 by usingNatom = n ·V and assuming a cylindrical atomic sample with

4ignoring decoherence and loss
5In the large dipole trap we expect to reachρ0 ∼ 100.
6For a probe pulse it is the total number of scattered photons per atom during the pulse duration. In our case

η ∼ 0.06
7For the87RbD2 line andπ-polarized probe light the effectiveσ = 1.938·10−9 cm2 [145].
8Spin squeezing is a sufficient condition for an N-particle system to be entangled so the squeezing parameter

indicates in some way the amount of entanglement [113].
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volumeV = A · l , cross section A and length l results in

ρ0 = n· l ·σ (7.3.4)

with n as the mean density of the atomic sample9.

Optimal for spin-squeezing applications are therefore elongated, pencil shaped, cold atomic
samples with high column densities.

Taking the measured data for the tightly focused trap from paragraph 6.4.2, where the peak
density of the 12µm long atom sample reachesn0 = 8 · 1014cm−3, the average density10

calculates to [146]

〈n〉3D = N−1
∫ ∫ ∫

n2(~r)d3~r = n0/23/2 = 2.8·1014atoms/cm3 (7.3.5)

leading to an optical density ofρ0 ∼ 650.

Compared to typical values of the optical density in a MOT(ρ0 ∼ 25), high density atomic
samples in a FORT promise a stronger light-atomic ensemble coupling by less decoherence.
This is reflected in the higher degree of squeezing attainable even if losses and decoherence
are taken into account [106].

9We assume that the probe beam covers the entire atomic sample.
10A Gaussian density distribution is assumed
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8 Appendix A

The New Focus-1801 Photodetector

The circuit analyzed here consists of a modified version of the original New Focus 1801 [58]
photodetector circuit where the photo diode has been replaced by a high sensitivity Silicon-
PIN photo diode (Siemens/Infineon BPX 65).
From the manufacturer data sheet:

bandwidth (BW): dc-125 MHz min. NEP.: 3.3 pW/
√

Hz

transimpedance gain: 4·104 V/A responsitivity: 0.5 A/W @800 nm
saturation power : 110µW

Table 8.1:

The minimal detectable signal due to electronic noise isNEP·
√

BW 1, in this case

3.3pW/
√

Hz·
√

125MHz= 38nW(−44dBm) (8.0.1)

or 0.75 mV with a gain of 2·104V/W . For incident optical power larger than 15µW the
detector is quantum noise limited (under optimal circumstances).

Measurements on the circuit

The Johnson-Nyquist noise power: 4·Kb·T ·BW = 2pW(−87dBm) is not a limiting factor.
For a balanced detector made with the same amplifier circuit,the shot-noise level is

√
2

higher (for uncorrelated noise currents the variances sum up) with the big advantage that the
incident light power can be higher leading to a better shot-noise to electronic noise ratio. The
bandwidth of a balanced detector will be reduced to around 80MHz due to the higher source
capacity of a second photodiode.

Noise level at 1 MHz according to the data sheet is -125 dBm in 10 Hz BW.
In 10 KHz:

−135+10· log10(BW) = −135+10· log10(104Hz) = −95dBm. (8.0.2)

This agrees well with the measurement in 10.2 (red curve).

1The Noise Equivalent Power (NEP) is defined as the minimum incident power required to generate a photo
current equal to the noise current of the photo detector at a specified frequency f, and within a specific
bandwidth BW.
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Figure 8.1:

Full Bandwidth:

The average displayed noise level of 501 data points taken from a frequency range of 200
KHz to 125 MHz is -78.9 dBm 10.2. Resolution bandwidth: 10 KHz, VBW: 1 KHz, averag-
ing, sample detector Maximum noise in 1 Hz bandwidth: 4 fW (-114 dBm) @ 39 MHz

• Effect of the log averaging: Since both video filtering and averaging over 17 trace
points is performed in the log display mode, the result wouldbe 2.51 dB too low
(difference between logarithmic noise average and noise power).

• Equivalent noise bandwidth: To correct for the effect of the 4-pole Gaussian filter
form instead of a rectangular filter, an equivalent noise bandwidth of 1.128* BW-3dB
is used. Therefore -0.52 dB is subtracted.

• Insertion Loss: Taking into account the insertion loss of the mounted d.c.-block (< 0.8
dB in the pass band from 9 KHz to 18 GHz), 0.8 dB is added to the displayed signal.

The final corrected noise level is -78.9 dBm + 2.51 dBm -0.52 dB+ 0.8 dB

Pnoise= −76.11dBm (8.0.3)
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Figure 8.2:

The average value of the noise equivalent power calculates to:

< NEP>125MHz= 27.4 pW/
√

Hz (8.0.4)

The d.c. incident optical power to reach the shot noise limitis around 1150 µW which is
much higher than the saturation limit would allow.

The exceptionally good low noise behavior of the amplifier (as stated in the data sheet) is
therefore strongly dependent on the bandwidth and detection frequency.

Bandwidth limited case (15 MHz Mini Circuit Low Pass Filter o n PD output):

Measurement of the RMS noise voltage with the oscilloscope (Tektronix TDS300) and 15
MHz low pass filter:

Utot = 730µV (50Ω) (8.0.5)

Measurement of the RMS noise voltage of the oscilloscope terminated:

UOsc= 137µV (50Ω)

UPD =
√

U2
tot −U2

osc= 717µVRMS (8.0.6)
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Figure 8.3:

Detector noise power :

U2
PD/50Ω = 10.3nWRMSor−49.87dBm (8.0.7)

Taking into account the transmission loss of the low pass filter in the pass band (< 1 dB), the
detector noise power in 15 MHz bandwidth is:

Pdet = −48.9 dBm (8.0.8)

Normalized to 1 Hz bandwidth the noise power density is:

−48.9−10· log10(15·106Hz) = −120.7 dBm/Hz (8.0.9)

The measurement taken with the in noise marker function of the SA around 7 MHz and
corrected for the insertion loss of the D.C. block gives:−121.9dBm/Hz. Figure 9.4 shows
the trace taken with the spectrum analyzer.

Assuming a nominal bandwidth of 15 MHz (-3dB point) the mean noise equivalent power
calculates to

< NEP>15MHz= 3.3 pW/
√

Hz (8.0.10)

105



CHAPTER 8. APPENDIX A

0 5 10 15 20 25 30
-110

-105

-100

-95

-90

-85

-80

-75

frequency (MHz)

no
is

e 
po

w
er

 (d
Bm

)

(a) Noise power spectrum of the bandwidth limited detector.Resolution bandwidth is 10 KHz, video
bandwidth 1 kHz, averaging and detector in sample mode.

Figure 8.4:

The minimum. incident optical power to reach the shot noise limit is 15µW or in units of
photons/s @ 780 nm

15µW = 5.9·107 photons/µs (8.0.11)
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Analysis of the optical performance of the high aperture
objective

This 4-lens objective is a modified version of a commerciallyavailable high aperture objec-
tive (HALO) [62]. The design was originally described in [59] and optimized for 780 nm by
Mathias Schulz [60]. With the replacement of the previosly used Ti:Sa trapping laser system
by a solid state laser at 1030 nm1 the objective had to be modified. The design goal was a
diffraction limited spot size for 1030 nm, a high numerical aperture, a working distance >
30 mm and additionally an imaging performance at 780 nm as high as possible. Optimiza-
tion is not trivial taking into account the substantial dispersion from the 250 nm difference
between the trapping and imaging light. Aberrations from the vacuum cell are considered in
the design and minimized by optimization of the spacing between the lenses.

The following figures show the detailed simulation carried out with the free version of the
commercial optics design software Oslo from Lambda Research [61].

Performance at 1030 nm

*PARAXIAL SETUP OF LENS 
 
 APERTURE 

   Entrance beam radius:      3.050000    Image axial ray slope:    -0.084599 

   Object num. aperture:    3.0500e-20    F-number:                  5.910268 

   Image num. aperture:       0.084599    Working F-number:          5.910268 

 FIELD 

   Field angle:               0.500000    Object height:          -8.7269e+17 

   Gaussian image height:     0.314627    Chief ray ims height:      0.314616 

 CONJUGATES 

   Object distance:         1.0000e+20    Srf 1 to prin. pt. 1:     15.969821 

   Gaussian image dist.:      9.981005    Srf 11 to prin. pt. 2:   -26.071628 

   Overall lens length:      51.202273    Total track length:      1.0000e+20 

   Paraxial magnification: -3.6053e-19    Srf 11 to image srf:       9.979668 

 OTHER DATA 

   Entrance pupil radius:     3.050000    Srf 1 to entrance pup.:   11.169199 

   Exit pupil radius:         3.518511    Srf 11 to exit pupil:    -31.609674 

   Lagrange invariant:       -0.026617    Petzval radius:          -66.001534 

   Effective focal length:   36.052633 

Figure 9.1:

The wavefront distortion plot (9.4) shows clearly that for small field angles the peak to valley
optical path-difference (P-V OPD) is much smaller thanλ/4 (diffraction limit) resulting in

1Yb:YAG Thin-Disk Laser from ELS Elektronik Laser System GmbH, Germany
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Figure 9.2:
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Figure 9.3:
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Figure 9.4:

Surface data 
 
4Lens Objective thin lenses 1030 nm 

 SRF      RADIUS      THICKNESS   APERTURE RADIUS      GLASS SPE NOTE 

 OBJ       --          1.0000e+20    8.7269e+17           AIR     

  1        --          1.841110 S   12.500177             BK7 C   

  2     38.100000      8.400333     12.500177             AIR     

  3    103.291467      3.568289 S   12.500177             BK7 C   

  4   -103.291467      0.650067     12.500177             AIR     

 AST       --          9.9541e-05   11.000000 A           AIR     

  6     38.100000      4.408890 S   12.500177             BK7 C   

  7        --          0.100156     12.500177             AIR     

  8     26.000369      5.074152     12.500177             BK7 C   

  9     78.161110     21.159000 V   12.500177             AIR     

 10        --          6.000000     15.000000          SILICA C   

 11        --         10.000000     15.000000          VACUUM M   

 IMS       --         -0.020332      0.314741 S                   

Figure 9.5:
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a Strehl ratio ofS= e−2(2πσ)2
= 0.9995, whereσ is the RMS wavefront aberration. It is com-

mon for high aperture objectives, that diffraction limitedperformance (spot size, wavefront
distortions) deteriorates quickly with increasing field angles (10.2).
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Bichromatic performance (1030/780 nm)

Figure 9.6:
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Gaussian Beam Analysis: 
 

 

 *GAUSSIAN BEAM - YZ PLANE 

 WAVELENGTH =   0.780000      M-SQUARED =   1.000000 

 SOLUTION I 

 SRF   SPOT SIZE  DIVERGENCE  WAIST SIZE  WAIST DIST  INC RADIUS  RFR RADIUS RAYLEIGH RG 

 INC    3.050000  8.1404e-05    3.050000      --          --          --      3.7468e+04 

  1     3.050000  5.3867e-05    3.050000      --          --          --      5.6620e+04 

  2     3.050000    0.040899    0.006067  -74.531918 -1.7413e+09  -74.532212    0.148263 

  3     3.393758    0.015964    0.010291 -212.571782  -82.932515 -212.573736    0.644584 

  4     3.450726    0.007049    0.035222 -489.507415 -216.141993 -489.558420    4.996750 

  5     3.455308    0.007049    0.035222 -490.157482 -490.208419 -490.208419    4.996750 

  6     3.455309    0.026008    0.006316  132.827125 -490.208519  132.827569    0.242788 

  7     3.340618    0.039291    0.006316   84.978313  128.418694   84.978616    0.160660 

  8     3.336681    0.069313    0.002367   48.062151   84.878461   48.062175    0.034088 

  9     2.984411    0.085188    0.002907   34.948485   42.988026   34.948519    0.034047 

 10     1.177535    0.058677    0.002907   20.045121   13.789392   20.045243    0.049494 

 11     0.825072    0.063675    0.002907   12.940013   14.045295   12.940173    0.045599 

 12     0.188777    0.063675    0.002907    2.960344    2.961047    2.961047    0.045599 

 

 

 

*GAUSSIAN BEAM - YZ PLANE 

 WAVELENGTH =   1.030000      M-SQUARED =   1.000000 

 SOLUTION I 

 SRF   SPOT SIZE  DIVERGENCE  WAIST SIZE  WAIST DIST  INC RADIUS  RFR RADIUS RAYLEIGH RG 

 INC    3.050000    0.000107    3.050000      --          --          --      2.8373e+04 

  1     3.050000  7.1326e-05    3.050000      --          --          --      4.2761e+04 

  2     3.050000    0.040572    0.008076  -75.133503 -9.9317e+08  -75.134030    0.198956 

  3     3.391004    0.015888    0.013691 -213.412043  -83.534310 -213.415522    0.861659 

  4     3.447702    0.007021    0.046696 -490.995573 -216.983754 -491.085657    6.650631 

  5     3.452265    0.007021    0.046696 -491.645639 -491.735604 -491.735604    6.650631 

  6     3.452266    0.025824    0.008422  133.654982 -491.735704  133.655778    0.326070 

  7     3.338387    0.038908    0.008422   85.758496  129.246915   85.759042    0.216357 

  8     3.334488    0.068872    0.003154   48.339041   85.658887   48.339084    0.045718 

  9     2.984467    0.084398    0.003875   35.277955   43.264937   35.278015    0.045810 

 10     1.194435    0.058276    0.003875   20.472847   14.118927   20.473062    0.066427 

 11     0.844385    0.084398    0.003875    9.980972   14.473152    9.981182    0.045810 

 12     0.003877    0.084398    0.003875    0.001304    1.610606    1.610606    0.045810
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Video-Clock-Generator

For getting precisely timed images from a standard analog video camera, the framegrabber
board requires advanced locking circuitry. Our framegrabber board1 was not able to lock on
asynchronously triggered video signals, but provided inputs for user supplied external timing
signals.

The genlock and synchronization circuitry described here receives the incoming video signal
and generates a pixelclock (PCLK), horizontal sync (HSYNC), and vertical sync (VSYNC)
signal for use by the acquisition board. The synchronization circuitry interacts with the
voltage-controlled oscillator (VCO) and phase-locked loop (PLL), which generates and con-
trols the PCLK.

According to the ITU-PAL standard a video signal has 25 frames/s, 405 vertical lines, a line
rate of 10,125 lines/s and an image size of 768 x 576 pixels.

The duration of a video line is fixed at 64µs (1 hsync period) resulting in a horizontal
frequency of 15.625 KHz. Considering only pixel information, the video line duration is
52µs. This leads to a pixel-clock rate at:

fclk =
768pixel

52µs
= 14.7692MHz

The clock divider ratio to generate the horizontal frequency calculates then to

14.7692MHz
15.625KHz

= 945

1National Instruments PCI-1408
www.ni.com
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Figure 10.1:
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(a) Timing diagram of video sync signals generated by the circuit.

Figure 10.2:
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Scheme of the MOT cooler and repump-laser optical set-up

The injection locked master-slave diode laser system delivering cooler laser light to the 2D-
MOT system is not shown here.
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