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Abstract

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

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

Gaussian as well as hollow Laguerre-Gaussiang(l®eam profiles are used with red-detuned
and blue-detuned light. Microfabricated dielectric phabgects allow the efficient and robust mode
conversion of Gaussian into Laguerre-Gaussian laser bebrag geometries can easily be changed
due to the highly flexible experimental setup.

The dipole trap laser beams have powers up to several humiltedatts and are focused to around
10 um. At a detuning of several tens of nanometers from the atoesionance, the resulting traps
are a few millikelvin deep, and the trapped atoms exhibitiomall frequencies near 30 kHz, trap light
scattering rates of a few hundred photons per second per, atairstorage times of several seconds.
The number of dipole-trapped atoms ranges from more thathtersand to below ten.

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

Due to the strong AC-Stark shift imposed by the high-intgnsiapping light, energy-selective
resonant excitation and detection of the stored atoms isilles The measured energy distribution
is consistent with a harmonic potential shape and allowsHerdetermination of temperatures and
heating rates. From initial measurements, the thermabgrisrfound to be about 10 % of the trap
depth.

Using a crossed-beam geometry with red-detuned laser kffitient transfer of atoms between
the beams is observed. Optimum transfer occurs when theaanm$ cross at a radial offset, which
can qualitatively be understood when the particle energygmometrical properties of the two-beam
trapping potential are considered. Numerical simulati@moduce the general features of the mea-
sured transfer efficiency vs. radial beam offset. This drpant is a first step towards dynamically
variable potentials.

Atoms have been radially confined in a blue-detuned holloanbeand their decay time has been
determined. This configuration is currently extended taegtdimensionally confining blue-detuned
dipole trap.

For advanced laser cooling, state manipulation and sptipy of trapped atoms, a system of
two diode lasers has been set up which are phase-coherecitlyd with a difference frequency near
6.834 GHz, to drive Raman transitions between the hypesipieground states ¢f Rb atoms. Res-
onances of such a transition have been recorded in a buféetogded rubidium vapour cell with
linewidths below 100 Hz.






Ubersicht

In der vorliegenden Arbeit wird Uber Konstruktion, AufbanduBetrieb einer neuartigen Atomfallen-
Apparatur berichtet, die speziell flr die SpeicheruwenigerRubidiumatome im Ultrahochvakuum
entwickelt wurde. Die Speicherung erfolgt in dynamischiatalen Lichtpotenzialen (Dipolfallen)
flexibler Geometrie, in denen die Atome dann fir spektroslahe Untersuchungen und gezielte
Manipulation bereitstehen.

Atome aus einer Dampfzelle werden mit Laser-Kihltechnikeainen kalten Atomstrahl trans-
feriert, und in einem separaten Teil der Vakuumapparatusthek reduziertem Umgebungsdruck in
einer magneto-optischen Fallmggneto-optic trapMOT) angesammelt. Von dort werden die laser-
gekihlten Atome in Dipolfallen transferiert, die aus fokiesten, z.T. gekreuzten, fernverstimmten
Laserlichtfeldern bestehen und dem Zentrum der MOT radmiiierlagert sind.

Fur die Laserlichtfelder werden sowohl Gaul¥'sche als auabukrre-Gaufd'sche Strahlprofile
eingesetzt, die relativ zur atomaren Resonanz entwedeodet blauverstimmt sind. Die rdaumliche
Modenkonversion erfolgt an mikrofabrizierten dielekthien Phasenobjekten mit hoher Effizienz.
Aufgrund des flexiblen Aufbaus der Apparatur kann die Faiéemetrie einfach veréndert werden.

Die Laserstrahlen der eingesetzten Dipolfallen habentlweggen von einigen hundert Milliwatt
und werden auf unter zehn Mikrometer fokussiert. Bei Verstungen von einigen zehn Nanometern
von der atomaren Resonanz ergeben sich damit Fallentiefemehreren Millikelvin, Vibrationsfre-
guenzen der gefangenen Atome im Bereich von 30 Kilohertbehsdauern von einigen Sekunden
und Photonenstreuraten aufgrund des Fallenlichts vogezinhundert pro Atom und Sekunde. Die
Anzahl der gespeicherten Atome variiert von mehr als zeitsetad bis unter zehn.

Der Nachweis der Atome in der Dipolfalle erfolgt entwedettais eines Photonenzahlsystems
mit hoher Streulichtunterdriickung, oder durch Wiedegeigfin die MOT und Detektion mittels einer
empfindlichen Photodiode oder einer CCD-Kamera.

Durch die ausgepragte quadratische Stark-Verschiebungtdmaren Resonanz im intensiven
Fallenlicht ist es mdglich, die Atome energieaufgeldsbresmt anzuregen und zu detektieren. Die
gemessene Energieverteilung ist vertraglich mit der Ammahines harmonischen Potentials, und er-
laubt die Ermittlung von Temperaturen und Heizraten. Bvéssungen zeigen thermische Energien
um 10 % der Fallentiefe.

In einer gekreuzten Anordnung rotverstimmter Strahlewolgtfdie effiziente Uberfiihrung der
gefangenen Atome von einem Strahl in den anderen. Die Effizles Transfers ist optimal, wenn die
beiden Strahlachsen radial gegeneinander verschoberDim@etrachtung der Teilchenenergie und
der geometrischen Eigenschaften des Fallenpotentiastdréin qualitatives Verstandnis dieses Ver-
haltens. Numerische Simulationen reproduzieren wesbetlEigenschaften der gemessenen Trans-
fereffizienz als Funktion des radialen Abstands der Stchisken.

In einem blauverstimmten, fokussierten Hohlstrahl wurée ihdiale Einschluss von Atomen
demonstriert, und ihre mittlere Verweildauer bestimmt.r4@é& wird diese Konfiguration auf eine
blauverstimmte Dipolfalle mit dreidimensionalem Einscdd erweitert.

Zur ErschlieBung leistungsfahigerer Techniken der Lagdtng, Zustandsmanipulation und Spek-
troskopie wurde ein System aus zwei Diodenlasern aufgedaumit einem Frequenzabstand nahe
6,834 GHz phasenstarr gekoppelt sind, um Raman-Ubergavigelen den hyperfeinaufgespalteten
Grundzustandsniveaus fRb zu treiben. Mit diesem System wurden in einer Puffergiidiben
Rubidium-Dampfzelle Spektrallinien mit Linienbreitentan100 Hz beobachtet.
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1 Introduction

In the history of modern physics, spectroscopic invesogathave played a key role in un-
derstanding the microscopic properties of matter, andniesraction with electromagnetic
radiation. This led to the development of new physical tlepmamely quantum mechanics
and quantum electrodynamics. Although tested to everasang precision, their predictions
up to now are completely in accordance with all experimenitgervations. The electromag-
netic interaction of light and matter (atoms) is therefarasidered to be the most accurately
understood physical process, and it serves as a startingfpothe development of theories
describing other fundamental interactions in particlegts.

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

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

In conjunction with the invention of tuneable lasers in 19669], which gave birth to
the field of laser spectroscopy, this concept of atomic begperanents was adapted for
the optical spectrum and continues to provide some of tadaygst accurately measured
fundamental physical quantities [136].

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

A similar trapping technology for neutral atoms could onky teeveloped after the in-
vention of laser cooling, which was proposed around 1979][ 26 free particles [76] as
well as for trapped ions [196], and experimentally dematstt in 1978 with trapped Ba
ions [134]. The mechanical effect of light, i.e. the momentaf photons, was employed
to decelerate, deflect and collimate neutral atomic bea®8][1These techniques made it
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possible to accumulate neutral atoms and cool them to teatypes in the microkelvin range
[10, 38,87,108,124,167], or in some experiments even tavanfnokelvin [88, 160]. At
these low temperatures neutral atoms can be confined in[8ap@], which are based, like
laser cooling itself, on either the scattering force of thetpns (in conjunction with a mag-
netic field, [157]), the induced electric dipole moment ofgpizable atoms in gradient light
fields [24], or the magnetic dipole interaction [115], alltbése being very weak compared
to the coulomb interaction employed in charged-particdgodr An overview of trapping
techniques for both charged and neutral particles is cadmil the appendix, A.0.2.

Single laser cooled trapped ions were first prepared in 1980 [E3%],since then estab-
lished themselves as an alternative to atomic beam expetsnire highest precision spec-
troscopy [186]. In this field they are complemented by atofoimtain experiments with
large samples of laser cooled neutral atoms, which can laeded as the successor of atomic
beams [17], and, in the last few years, also by trapped clotidsutral atoms [16, 195].

Another application of single trapped ions is their use iam@um optics experiments.
Milestones are the observation of quantum jumps [14, 138, £60ling to the quantum me-
chanical ground state of the trap potential [45, 123, 163],16e preparation of nonclassical
motional states [113, 122], and the demonstration of ldgjeantum gates [64, 121]. Studies
of the interaction of an atomic particle with the field modenfoptical cavity (“cavity quan-
tum electrodynamics, cavity-QED”) also benefit from usirgpped particles at a defined
position in the cavity field [129].

Up to now, similar physics with neutral atoms is done witlppad samples of at least a
few thousand atoms, with cold atomic beams, or with untrdgggems in free fall, which
statistically enter an interaction region. Here, highlggbf the last decades include ground
state cooling inoptical lattices[67, 128, 147], pioneering work in cavity-QED [77,78, 98,
153], and the whole new field of degenerate quantum gase$f\wbkgan with the production
of the first Bose-Einstein condensates (BEC) in 1995 [6,9P, 3

However, in many of todays experiments it would be advardagéo integrate suitable
techniques to manipulate single or few neutral atoms inlg éantrolled way, as is standard
practice using trapped ions. Efforts in this direction heénerefore grown continuously dur-
ing the last few years, and these techniges will be incrgisimportant in future projects.
The key to such new manipulation techniques are traps bas#teelectric dipole induced
by strong laser fields (“optical dipole traps” and “opticatitices”).

This trend towards manipulation and control of individuauiral particles is comple-
mented by a second one, the integration of trapping and myisliructures using micro-
fabricated devices. The first experiments of this kind agegéme performed in ion traps
[83,94,123]. Last year, microfabricated magnetic trapsnteutral atoms and BECs were
successfully introduced [69, 140]. Concerning opticaltkpraps, microfabricated optical
elements custom-shape the trapping light fields (c.f. 3.p@duce multiple optical micro-
traps with microlens-arrays [48] or even may be used as atops similar to the magnetic
ones [47].



Long-term goals of the presented project

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

A part of this intermediate regime was already addresseddpping and cooling ip-
tical lattices where atoms are trapped individually in a regular staneage structure of
microscopic dipole trap sites [5, 63,67, 73, 88, 128, 148, 188]. In these experiments, the
individual trap sites have a spacing on the order of the tgay Wavelength, and site occupa-
tion probabilities are typically much smaller than one,dat@ms being statistically distributed
over the available sites (for exceptions, see e.g. [42] &0y .

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

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

Another purpose of these traps is to allow maximally flexibi@nipulation of the atoms,
including the possibility of changing the trap geometryidgthe experiment. This requires
a highly flexible, modular apparatus, which is able to accdate for the increasing com-
plexity as the experimental tools develop. Possible apptios for such mesoscopic traps
include:

e Laser cooling of single atoms to the 3D motional ground sththe atom in the trap
potential,

e coherent manipulation of the motional and electronic state

e investigation of simultaneous cooling of two or more atomthe same tight potential,
aiming at the study of quantum degeneracy in the case of feticies,

¢ the realization of cavity-QED schemes and of quantum logtegwith neutral atoms
[23, 81, 82].

Optical dipole trapping is the technology chosen to addiies®bove challenges. Other
experiments have been developed in the last years, whicbl@sely related to this work
[99,171].



1 Introduction

This thesis

This work describes the design, setup, and operation of a migiwly flexible dipole trap
apparatus, which is used to study various trapping con@qutsechnological approaches,
and their applicability to the physical subject area encasspd above.

The thesis is structured into three main chapters:

In chapter 2, theoretical concepts of trapping and coolingeoitral atoms are reviewed,
and useful formulae relevant for experimental implemeaostare compiled. It starts with
the choice of atomic species, followed by theoretical estioms of dipole trap potentials and
the amount of trap light absorbed and spontaneously sedtigrthe atoms. The next section
treats laser cooling of atomic particles in different reggof confinement of the atoms, and
the ultimately achievable low-temperature limit. In thetlaection, processes which lead
to heating and loss of the trapped atoms are described. Aerieof the chapter, these
theoretical tools are applied to design tangible trap cptscevith experimentally feasible
parameters.

Chapter 3 describes the actual design and implementatidneo&pparatus, following
the general guidelines established at the end of chapteh@ miin functional units of the
apparatus are treated in separate sections, and the laghskescribes their integration into
a complex but manageable machine.

Experimental techniques, results, and interpretationstidoite chapter 4. It describes the
preparation and detection of dipole-trapped atoms, falblwy sections on the application
of various diagnostic tools which are used to characteheddifferent implemented dipole
traps. Section 4.2.4 discusses an experiment with a dyadlynahanging trap geometry, and
in the last section first results on the confinement of atonrepulsive hollow beam light
fields are presented.



2 Theoretical concepts

Here the different fundamental physical tasks and probleresdiscussed, to derive spec-
ifications for the physical apparatus, and to give a basistnate the feasibility of the
intended experiments.

The basic tasks are to trap (Sec. 2.2) and cool atoms (Se¢.watB the ultimate goal
of obtaining coherent manipulation of all internal (eleciic) and external (motional) states.
Several processes act against this goal, as discussed i2.aand have to be avoided or
overcome.

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

2.1 Rubidium

Many atomic physics experiments usialis, the most commonly used being cesium, ru-
bidium, sodium, and lithium. This is because the strongr2diof these atoms are easily
accessible with tuneable lasers and offer closed subHi@mssuitable for laser coolinghl-
kali earths (mainly magnesium [75], calcium [62], and strontium [80f¢ also used, where
specific features of their increased complexity (singlet aiplet spectrum) are exploited,
e.g. the narrow-linewidthS-*P transition as a candidate for future optical frequencg-sta
dards [195]. Other atomic species frequently used in laselirg and related experiments
are hydrogen [51], metastable noble gases [162], and chrofii80].

Of the alkalisJithium provides a bosonic as well as a fermionic stable isotopeeiRRBg
a mixture of fermionic and bosonic quantum degenerate gaassobtained [79], as well
as bright matter solitons from an attractive BEC [179]. ¢t Imass and unresolvdetstate
hyperfine structure complicate efficient laser coolingettion locking is necessary to obtain
sufficient trapping light power near 671 nm from semicondulaser sources [172]. Despite
these diffculties, it was one of the early elements to beembtd quantum degeneracy [19].

Sodium s easily cooled and manipulated, and was among the firstegleno be cooled
to quantum degeneracy [39]. Since the optical transitidnth® D,- multiplett are near
589 nm, a dye laser is required for laser cooling.

Potassiumis difficult to cool optically because thi;, state, having a natural linewidth
of 8 MHz, is split by only 33 MHz fo’K and 17 MHz for*!K, thus not allowing for clearly
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resolved hyperfine states and prohibiting photon scagenma closed transition [154, 194].
Degenerate Bose- as well as Fermi-gases are obtained byatlyetip cooling with®’Rb
[117,118].

Cesium-133is easily cooled, and all relevant transitions (around 858 perfectly fit
commercially available diode lasers. An unusually largdastic collision cross section at
high density leads to rapid loss from magnetic traps, whHerehergetically lowest magnetic
substate cannot be trapped. Until 2002, this preventedcthiex®ement of cesium BECs, but
was recently circumvented by the use of an optical dipole [i®1]. Since the definition
of time relies on'*3Cs, there is an additional metrological interest in coqlistpring and
manipulating it.

Francium is trapped as a candidate for parity non-conservation (g2i476]. Due to its
high mass, its level structure is heavily influenced by relstic effects.

Rubidium is similarly easy to cool and manipulate as cesium, was thediement to be
condensed to a BEC [6] and shows unusually low collisionsd ia spin-polarized samples
[130]. Collisional frequency shifts are up to 50 times lowempared to cesium [55,174].
It is chosen for this work for its compatibility with diodedar sources and high atomic
densities.

2.1.1 General physical properties

Of the naturally abundant isotopes of rubidium, ofiliRb (72.2 %) is stable, whil&’Rb
(27.8 %) is a primordial radioactive isotope decaying Hi@r -+ (11, = 4.88 x 10'° years
[109]), which is stable. All other isotope$'Rb to '°2Rb) are synthetically generated, with
(half-)lifetimes of 32 ms'’'Rb) to 86.2 days®¢Rb) [150].

Rubidium at room temperature is a soft solid with density3lgscm?, which melts at
312.64 K & 39.5°C). At this temperature, it has a vapour pressure of AB&, which falls
off rapidly with lower temperature (roughly an order of magde per 20 K). The vapour
pressure can be estimated using the empirical formula [(#8fsure” in Torr, temperature
T in K):

log,((P)=A—-B/T+C xT+ D xlog,,(T)

with the parameters (index s : solid, I: liquid):

A;=-94.04826 B, =1961.258 (=-0.03771687 D,=42.57526
A; =15.88253 B;=4529.635 (;=0.00058663 D, =-2.99138

Recently, the masses were determined in a Penning trag {@tje

Mesgy, =84.911 789 732(14) u andsA, = 86.909 180 520(15) u .

lUnfortunately a strong ground state elastic collision sreection at low temperatures leads to serious colli-
sional frequency shifts in fountain clocks [105].
21u=1.660538 73(13x 10~2"kg [120]



2.1 Rubidium

To summarize, two isotopes of rubidiuftRb and® Rb, are readily available in similar
natural abundance. At room temperature, the vapour peesswn the order of several
10~"mbar, which is convenient for vapour cell spectroscopy amgplke atom trapping and
cooling experiments.

2.1.2 Spectral properties

The electron configuration of Rb in the ground state fs2E§p% 352p®d!? 482p° 5s' (in short:
[Kr]5s"), and the first ionization potential is 4.177 127 0(2) eV [L@3¢ : 27.28 eV).

For laser cooling, the 585P-transition of the single valence electron is especiaily
portant (Fig. 2.1). Due to LS-coupling (spin-orbit cougljnthe 5P-state splits into two
finestructure components witk=Jl +1/2, the well known D-doublet of the alkalis with tran-
sition wavelengths of 794.8 nm{§-P, ;», “D”) and 780.0 nm ($2-P5/2, “D,"). Interaction

3
4 [
5P3/2; 3 5P3/2 2
b X 2owr:? i Nt
780nm 1 780nm 0
794nm 794nm
85 87
Rb Rb
5 2
SSv2 5 03573 GHz 5512 /5 83468 GHz
2
1

Figure 2.1: Energy level diagram of 5&P-transition in Rb.

of the electron magnetic momemnt accompanying the electron sgmwith the nuclear mag-
netic momentu,, (nuclear spinl) leads to an additional hyperfine splitting. As a result,
two 55 ), states exist with quantum numbers F=1, FE¥Rp, |= 3/2) and F=2, F=3%¥Rb,
|=5/2) 3. Both states can be considered ground states, since thaldd&time of the upper
state is infinite for every practical purpose. EtRb, the frequency splitting of these ground
states is [17]

vstrp, =6 834 682 610.90429 (9) Hz, and serves as a (secondary) freggeandard. The

3Rb-atoms are therefore composite bosons
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excited states split into two and four lines for,5Pand 5B/, respectively, with a natu-
ral linewidth of ' = 27 x 6 MHz, and a total splitting of 12 % (5F) and 7 % (5E)2)
relative to the ground state splitting. Since the transit@;,,,F=3 — 55, ,, F=1 is dipole-
forbiddert, the D,-line offers a strong, closed transition from,5$ F=21to 5B 5, F=3, which
is employed for laser cooling.

-10 1 F=2 -10 1 @ F=2

F=1 F=1

Figure 2.2: Relative transition probabilities in the-[ne (55 /»-5P;2) of 87Rb, taken from
[114]. The diagram for -polarization is obtained from the givert -scheme by changing
all signs of the m-states.

In a weak magnetic field (Zeeman-splitting small comparehyjoerfine-splitting), each
hyperfine state F splits into the stateg = —F'....F, Amp = 1, with an energy splitting of
AE,,,. = mpgr b X B, wherep s is Bohr's magneton, B the magnetic field flux density
and g- the g-factor for each state in F [22]. The resulting §or the considered transition is
the difference in g of the involved levels.

Figure 2.2 shows detailed relative transition probaletifor the D-line of alkali atoms. A
part of the simplified Rb level scheme is shown in Fig. 2.3ludmg a selection of transition
wavelengths. Table A.0.1 in the appendix listsfgr 7 = 3/2, I = 5/2, andl = 7/2 (}33Cs,
10Ca") for all states up td. = 3 (F).

4optical pumping into 582, F=1 mainly occurs through nonresonant excitation af/5fF=2 (which is supp-
pressed by a factdB/267)% x 50/140 = 4.5 x 10~°) and subsequent decay into F=1 with proj2 (See

Fig. 2.2 for relative transition probabilities).
5

U FFE+)+ I+ I +1) un FE+D)+IT+1)—JJ+1)
gr =95 % 2F(F +1) LI 2F(F +1) :
JJ+1)+S(S+1)—-L(L+1)

2J(J+1) ’

Sincegru, /s ~ —1/1000 (3"Rb, [8]), the term containing this expression in most caaese neglected.

where  g; =1+



2.1 Rubidium
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Figure 2.3: Extended energy level diagrani@®b. Transition wavelengths are given for air.
Lifetimes are noted near the corresponding atomic levels.



2 Theoretical concepts

2.2 Dipole traps

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

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

The discussion of detailed examples is postponed untilEBat the end of the chapter,
to take advantage of Sec. 2.3 on cooling, and Sec. 2.4 omgeatd loss.

2.2.1 Classical picture - the Lorentz force

First, a classical system is considered consisting of argalale particle in an oscillating
electric field E(r,t) = %(éE’(r) exp —iwt + c.c.) , with unit polarization vectog, field
amplitude E, and frequency of the field. E induces an electric dipole momeptwith
amplitudep = oE.
a = a(w), thecomplex polarizabilitygoverns the interaction potential pfin the driving
field E:
1 €0C

Udip = —(pE) = _YOCRe(O‘)IJ I= 7|E|2 : (2.1)
I is the field intensity( ...) denotes a time average over many oscillations of the driving
field, and since the dipole moment is not permanent but irdiuedactor ofl /2 has to be
applied.

The gradient of/;, is thedipole forceF4;,, which is conservative :

1
Fdip = —VUdip(I') = Q—Re(Oé)VI(I') . (22)
€gC
The imaginary part ofy, i.e. the out-of-phase component of the dipole oscillatieads
to absorption of power from the driving field, which is theremitted as dipole radiation
from the particle,

Ps = (PE) = 2w Im(a) I(r) (2.3)
and, to leave the strictly classical picture, can also be&tkas a stream of photons scattered
by the particle with thescattering rate
Pabs 1

= —1I I(r). 2.4
= e m(@)I(r) (2.4)
To summarize, the dipole interaction potential is a funtiod the real (dispersive) part
of the polarizabilityc,, and photon scattering is due to the imaginary (absorppiag) while
both are proportional to the position-dependent interwditye driving field.

[ye(r) =

10



2.2 Dipole traps

The next step therefore is to find an expression for the frecyudependent polarizability
a(w) of the particle. This is done in the following, starting agaiith a classical picture,
the well knownLorentz-atomwhich consists of an electron elastically bound to a coté wi
an eigenfrequency, (corresponding to the frequency of a considered atomicsttian).
Damping is due to the dipole radiation emitted by the ace&der electron with raté’,,.
Integrating the equation of motigh+ ', + wiz = —e/m, E(t) for the driven oscillation
of the electron gives :

e? 1 e%w?
_ e P 2.5
“ me wi —w? —iwly,’ 67 € M, €3 (2.5)
F 2
= a = 6red /< (2.6)

wi —w? —i(w/wd) T’

whereT in (2.6) is the damping rate on resonantes= (w,/w)? I',,, corresponding to the
spontaneous decay rate of the excited level. For most atbimspontaneous decay rate
is best obtained from experimental data, but this classipptoach nevertheless provides a
good approximation in certain cases, and is accurate torwfigv percent for the D lines of
the alkalis (except Li).

Equation (2.6) does not hold for a significant populationhef €xcited state (saturation),
but in most dipole trap experiments this is avoided anywag.(ZE6) is therefore used to
derive explicit expressions for the dipole potential anelgbattering rate in the case of large
detunings and negligible saturation:

37 ¢? r r
Uy = — I(r), 2.7
aip(T) 2w (wo—w +wo+w> () (2.7)
3rc? [ w)® r r 2
I = —— | — I(r). 2.8
(r) 2%3 <w0> (wo —w + wo + w> () (2.8)

By application of theotating wave approximatio(RWA), which holds for detuninga =
w — wy < wp, andw/wy = 1, these expressions simplify to:

3rc?2 T
Uyip(r) = 2;3 < 1(0), (2.9)
Dyo(r) = %(%) I(r). (2.10)

For negative detuning, i.e. light frequencies below therataesonance frequency, the po-
tential is negative and atoms are attracted into the lightt {red-detuned trap

For positive detuning, i.e. light frequencies above themataesonance frequency, the po-
tential is positive and atoms are repelled from the lightif{elue-detuned trap

Traps operating within the validity of the RWA, but with nggble saturation, are callefdr

off resonant (dipole) trapFORT). The dipole potential scales B&\, whereas the scattering

11



2 Theoretical concepts

rate scales as/A?. Thus, for a given potential depth, the scattering rate @areduced by
increasing both detuning and intensity:
r

hl'y. = ZUd’ip (211)

In quasi-electrostatic trap$QEST, [182]), with trapping light frequencies much lower
than the atomic transition frequency, the static polail#giof the particle can be applied to
egs.(2.1), which for alkali atoms is well approximatediby- 0 in egs.(2.7) and (2.8):

Uane) = 2 T, (2.12)
3rc® (w\® (T2

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

2.2.2 Atoms in a quantized light field - dressed states

As a complementary view to the preceding section, a quant@chamnical picture [29] is
sketched in this section, treating a quantized atom intieigagvith a quantized monochro-
matic single mode laser field. Eigenstates of this systest eiiich are calledressed states
The variation of their corresponding eigen-energies asation of intensity and detuning
of the field, thdight shift, again translates intensity into dipole potentials.

All this is again done considering only a two level atomicteys, but now, for a given
state, a sum over light shifts due to all possible trans#itnother states can be performed
which results in the total light shift of this state, as prase in 2.2.3.

To simplify the description, the atom is assumed to be placgide a large, lossless ring
resonator, whose spatial field mode and intensity at theipo2f the atom corresponds to
the laser mode of the experiment under study. The ratio otleeage number of photons
(N) to the mode volumé” of the cavity (the energy density) is kept constant, while-

oo to avoid effects of the cavity on the spontaneous emissiahefatom. Assuming the
laser mode to be in a coherent state, the width of the photarbeudistribution ISAN =
V/N. Then, alscAN — oo, which allows one to assume a negligible effect of spontaseo
emission onV within durationT” of the experiment.

In short:(N) > AN > T'T > 1, and (N)/V = constant.

Uncoupled states

Consider first only the atom, with eigenstates (energy 0) andb) (energyhw,), and the
laser mode containing photons of enefgy;,, with the respective Hamiltonians

1
Hy = Two|b)(b],  Hyp = fw(afa + ) (2.14)

12



2.2 Dipole traps

a', a being the creation and annihilation operator respectif@lphotons in the laser mode.
The eigenstates of the systeiy + H;, are labelled by the atomic quantum number (a or b),
and N denotes the number of photons in the laser mode.

The energy levels:, N + 1) and|b, N), forming the manifold (V) are spaced bgA,
whereA;, = w;, — wy, Whereas corresponding levels of successive manifoldsregghoton
energyfw;, apart. In most situations of practical intergat, | < wy, as sketched in the left
part of Fig. 2.4.

£ (N+1) N
b, N+1) —1—
hoo,
a, N+]> i\
£ (N hA,
M
hw,
E(N-D) Vo ha,
b, N-1) —1—

Figure 2.4: Uncoupled states (left) and coupled statebtfraf the atom-field system

Atom - photon coupling

Now the (electric dipole-) interactioH 4, is introduced, which is the atomic dipole operator
d times the laser field operatfl, evaluated at positionof the atom:

Hap = —d-E(r) = g (|b)(al +|a)(d]) (@+a"), (2.15)

the coupling constant being

7
g=—&-dg, /ﬁ, with  duy = (ald[b) = (b|d]a), (2.16)

andé is the laser polarization as in 2.2 A.,;, couples the two states of each maniféidV)
resonantly to each otHerThe corresponding matrix element is:

vn = (b, N|Hapla, N + 1) = gv/N + 1 ~ g /(N). (2.17)

The last expression is valid if the relative variatidnwy /vy of the coupling is small over
the rangeA N, which is the case sincAN < N. In this case, the energy-level diagram

Snonresonant couplings between state§(@f) and€ (N + 2) are neglected.

13
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obtained from the diagonalization &f, + H; + H 4;, can be assumed to have fixed spacing
for N varying over the ranga V.

Since the laser mode is well approximated by a coherent s{at&7) exp (—iwyt) ) of
photon numberV, the expectation valu@(r)) of the (Qquantum) laser field may be taken to
obtain the interactionlE(r)) can then be treated as a classical field [56, 57]:

hOJL

(B(r)) = é Fycoswyt, Fy=2 T (N) . (2.18)
The (on-resonancé&abi frequency. is defined as
hQ = —dy, -8 By, (2.19)
which allows the resonant coupling (2.17) to be written as
h$)
vy = hQ/2, e = ———. 2.20
N / 9=73 ™ (2.20)

Dressed states

Taking now into account the coupling; betweerja, N + 1) and|b, NV), two new eigenstates
|1(N)) and|2(NV)) are obtained. These are calld@ssed states

|1(N)) =sinf|a, N + 1) + cosf|b, N) (2.21)
|2(N)) = cosfla, N + 1) —sinf|b, N) (2.22)
tan20 = —Q/Ap 0<20<nm (2.23)

Using (2.20) it turns out that each pair of dressed statesh@nrangeA N aroundN) is

separated by
hQY = hy /A2 + Q2 (2.24)

symmetrically located with respect to the unperturbedltg\es shown in the right part of
Fig. 2.4.

Figure 2.5 visualizes the energies of the dressed levelsivelto the energy of the un-
coupled statéa, N) as a function of photon energy\ ;. They form the two branches of a
hyperbola having the unperturbed stdiesV + 1) and|b, N) as asymptotes for largg;,.

On resonancey; = wy, the distance between the perturbed states is minimum with a
spacing ofi(2, and the unperturbed states are maximally mixed{ = sin 6 = 1/+/2).

The distances ofL(V)), |2(IV)) to their nearest asymptotes represent the light shifts of
the atomic stateg) and|b) due to the coupling. The shift in energy of a single state due t
coupling to the other state is thus:

CRY -RIA R S o ~ hlAg N
OB = TR DAL 02 - |A]) =TT (/14 02/AL - 1) (2.25)

14



2.2 Dipole traps

-

Figure 2.5: Energies of the dressed leviglgV)) and |2(V)) versus laser photon energy.
Dashed lines represent energies of the uncoupled levels+ 1) and|b, N).

For laser fields tuned below the atomic resonance, the gretate|a) experiences a light
shift to lower energies (changing thus to sf2t&’)), slightly contaminated by the excited
atomic statgb) ), and above resonance the ground state is light shiftedgtoehienergies.
The light shift of the atomic statp) has opposite sign. In an inhomogeneous light field
this leads to a spatially varying shift of potential enem@yd its gradient again to the dipole
force. A light field causing this light shift, which traps tvwevel atoms in their ground state,
is antitrapping for the excited state of this atom. In theecaSlow saturation, the ground
state light shift constitutes the potential relevant taxatomotion (for the case of saturation
it is multiplied by the population difference).

In the limit A;, > Q, the expressior/1 + Q22/A? of eq. (2.25) can be expanded in a
Taylor-series to first order, which results in

_hQQ (2.20) v

JE =122 B2 .
N hAL

(2.26)

To obtain a formula in terms af andI” (as in 2.2.1), the spontaneous decay rate is derived
from the dipole matrix element :

3
Wo

[=——
3meg he3

[{alda|b) | (2.27)

Using! = %soc |E|2 (cf. eqg. (2.1)) and (2.19) to substitute into (2.26), thigegt

3rc2 T

EFE=——1T. 2.2
g 2(,0[?)’ AL ( 8)

15
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2.2.3 Multilevel atoms

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

In the following, an optical transition is considered frong®und state with angular
momentum/ to an excited state with angular momentum The transition matrix elements
now depend on the hyperfine state and the magnetic substéie abnsidered levels) and
|7), and upon the laser polarization. They can be expressed (sal) Clebsch-Gordan
coefficients”;; and a reduced matrix elemept’||d s s||.J) as

(ildij|7) = Ci(J'||drs]]T) (2.29)

where(.J'||d,||J), depending on the electronic orbital wavefunctions ordyresponds to
d., Of a two-level atom, and in this sense fulfills eq. 2.27, ushwystates.J), |.J') as input
states. The squared Clebsch-Gordan coeﬁici@@tg 1 are proportional to the line strength
factors given in Fig. 2.2. Their calculated values are foumtdbles.

As a generalization of (2.28), in an n-level atom, the taggakl shift A F; of a statei) is
obtained by summing up all contributions due to couplingttzeo states;), which, using
(2.29), gives:

3rc’T
AFE; = ” 2.
2w Z AV (2.30)

A;; is the detuning of the laser field from the transitiors ;.

Based on the above equation, one can derive a general expréssthe light shift of a
ground state of total angular momentufrand magnetic quantum number:, valid in the
limit of large laser detuning (compared to the hyperfinetspg of the electronic excited
state). In the case of an alkali with= 1/2 and fine structurd] = 1/2, J;, = 3/2, this is
[61]:

Usdip (r) =

2 _
T <2 + Pgrmp N 1 PgFmF> I(r). (2.31)

3
2w0 AQ,F ALF

The detunings\, », A, r of the laser frequency are referenced to the atomic tramnsite-
quenciesS,,, F' — Pyp and Sy, F' — Ps, (the D and D, line), using the weighted
centers of the hyperfine-split P-stateB.encodes the laser polarization, beiRg= 0 for
linear (r -), andP = +1 for circular ¢* -) polarization.

For linear polarization, the scattering rate in the limatetl above is accordingly:

e 2 1
[ (r) = I(r). 2.32
®) = ( At A%) (1 (2:32)
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2.2 Dipole traps

Remarks :

1.

The assumption of unresolved excited state hyperfindiagliallows sum rules to be

applied to the line strength facto@?j of eq. (2.30), thereby greatly simplifying the
calculation [43]. In this approximation, and for purelydar polarization, all magnetic
substates of a hyperfine ground state are shifted by the sawmend, thus maintaining

degeneracy (c.f. Fig. 2.2).

. The above formula does not allow application to situaiaith mixed polarizations,

where Raman-processes would introduce a coufletgreermagnetic substates of a
ground state (c.f. 2.3.2).

Optical pumping can change the internal atomic state hecetore change the ef-
fective potential. Additional non-conservative conttibns may then arise from the
dipole interaction, an exemplary effect being the well kndisyphos cooling process
[11].

Circularly polarized light leads to level shifts of magnesubstates equivalent to a
magnetic field [28]. This effect is calldettitious magnetic fiel¢R01].

. In the case of significant population of excited states efiective average dipole po-

tential is the average of the potentials of all populatetestaveighted by their occu-
pation probabilities [36].

. The excited level primarily considered for the deterrioraof the ground state shift,

is itself additionally shifted due to coupling by the samédfi® higher lying excited
states. In some situations it might be possible to find a dip@alp (magic’) wave-
length near such a resonance between excited and highgrdtates, where the sum
of the shifts acting on the excited states is the same as thundrstate shift [90]. In
this case, the optical transition wavelength from grounéxoited state remains un-
changed, i.e. independent of the spatially varying traprlagtensity. Note however
that in alkali atoms all magnetic substates have to be cermildseparately, such that
no general magic wavelength is found for arsF - transition [3]. Concerning the
ground state(s), sum rules apply in linearly polarized dip@ps, which lead to equal
shifts of all magnetic substates (c.f. Fig. 2.2).
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2/3 2/3

13 13 Tt ot

\ 13 1/3 /

1 23 23 1 Tt

Figure 2.6: Transitiond = 1/2 — J' = 1/2 (upper pary andJ = 1/2 — J' = 3/2 (lower
part) with linestrength factors (squared Clebsch Gordan caeffis) (eft), and light shifts
for linearly (cente) and right circularly (ight) polarized light.
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2.3 Laser cooling

2.3 Laser cooling

2.3.1 General principles of laser cooling

In the elementary process of absorption of one photon byan,dbllowed by spontaneous
emission of another photon, two photon momengédton recoilsp = hk = h2r/\) are
transferred to the atom. The average change of the atonési&ienergy due to one recoil is
2 h2/€2
Erec = p— = = hwrec . (233)

2m 2m

Repetitive absorption of laser photors=£ k) leads to a directed drift or acceleration of
the atom along the direction of the laser beam, whereas th@apeous photong (= k)
in free space are emitted in an arbitrary direction, resglin a random walk of the atom in
momentum space with step sizk,, which is observed as diffusion beatingof the atom.

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

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

Two different regimes for cooling are considered in thisptleg described in two different
representations :

e Free atoms (or in shallow traps,.. > wiy), discussed in part 2.3.2 in terms of
momentunkicks acting on the atom, and

e trapped atomsw(... < wyqp), discussed in part 2.3.3, where the allowed motional
energy level®f the atom are separated by much more than the recoil erserglgat a
single photon recoil is likely not to change the motionatestat the atom.

2.3.2 Cooling free particles
Two-level atoms: Scattering force

According to the original idea of laser cooling [76, 196 time-averaged momentum trans-
fer due to resonant scattering of photons by an atom leadsdtsaattering forcer,., which

is the photon momenturhk times the maximum scattering rdfg2 times Lorentzian line-
shape of the atomic resonance:

r
F,.(v) = ik~ i

214+s+[2(A-k-v)/T]> (2.34)

Here,s = /1, = 202*/I'? is thesaturation parameteii.e. the intensity of the light field, nor-
malized to the saturation intensify = whel'/3)3, and the Doppler shift causes the effective
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detuning to beA — k-v. The concept of a mean force breaks down if a single scatter-
ing event changes the atomic velocityby more than a fraction of the atomic linewidth,
imposing the condition

hk* /m < T, (2.35)

which is well satisfied for the strong dipole transition oftflium and most other atoms
used in laser cooling

As the simplest case in laser cooling, consider the one{ainaal motion of an atom in a
light field consisting of two counterpropagating plane waved detuned with respect to the
atomic resonance. The Doppler effect then causes the wawvagerpropagating the atomic
motion to be shifted closer to resonance, resulting in sxed photon scattering, whereas
the copropagating beam is shifted out of resonance andastemngly scattered. Assuming
low saturation § < 1) and low velocity fv < T'), the forcesF',, F'_ due to the co- and
counterpropagating beamis £ +k£, —k) simply add up to give the resulting net force

4hk? 2A
Fnet = —822?7) = —av. (236)
1+ ()]
E. 1\/\ EcA A
0 K 0 N 0 K

Figure 2.7: Scattering force versus velocity for threeed#ht detunings :
A =T/6 (left), A =T'/2 (center), and\ = 3I'/2 (right).

The caseA < 0 leads to damping of the velocity at a ratév = —a/m. The Forces
F., F_, F, are plotted in Fig. 2.7 as a function of velocity. The larggsiping force
aroundv = 0 appears for\ = I'/2. In the linear part around = 0, it is effectively a friction
force.

In order to determine the minimum temperature achieved Is/dboling process, the
fluctuations of the scattering force have to be taken intoactas a fundamental source of
heating. The cooling limit will then be given by the temperatwhere cooling and heating
rates are equal. For simplicity, again a fictitious one-digienal situation is assumed, where
photons are absorbed and emitted only along the axis of gatijoa of the plane waves.

“Narrow transitions can be broadened by coupling them taagtdipole transition, using an additional laser
field (c.f. 2.3.3 below). This has been done to cool Ca and &rdq].

20



2.3 Laser cooling

The fluctuations are caused by (1) statistical variatiolsemumber of absorbed photons
per unit time, and (2) the random direction of emitted phetddoth effects lead to a random
walk of the atom in momentum space with a step size of magaftikgdeach scattering event
representing two (independent) st&ép& momentum diffusion coefficiend, is defined as

D, = (p?)/2 = [y B’k*, (2.37)
such thatD, /m = E is the heating rate. The quantity
I/1
T, = %
L+ (%)

is the total scattering rate due to both plane waves, eadattaisity I. The kinetic energy is
decreased by the damping forcelasv = —av?. Setting the sum of heating and cooling
rate to zero, one gets:

D,/a = mv® (259 m(v?) © kpT . (2.38)

The last step«) uses the equipartition theorem, taking the mean kinetcgynn (v?)/2 as
the thermal energ¥7'/2 in one degree of freedom.
The result for the one-dimensional case and in the limitwfdaturation and small veloc-
ity is :
Al 1+ (2A/T)? hI’
kT = — —————~— ksTmin = kBToopp = — - 2.39
B 4 2A/F ) B B+ Dopp 9 ( )
Although obtained for the rather artificial assumption obrsfaneous emission only along
a single dimension, it can be shown [107] that the tempegaitura symmetrical three-
dimensional case is also given by (2.39).

Multilevel atoms: position dependent optical pumping

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

These mechanisms are caused by nonadiabatic optical pgnmgoolarization gradients
(spatial variations in light field polarization) [37, 187]his nonadiabaticity can be quantified
by the ratio between the distaneetraveled by an atom during its internal relaxation time

and the laser wavelength, :
vT

(= N = kot . (2.40)

8After N scattering cyclesp(N) = po + (N + VN)iik
= E(N) = p(N)*/2m = [(po + Nhk)* + N (hk)?]/2m
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Atwo level atom has only a single internal timescale, givethe lifetime of the excited state

7 = 1/T', such that = kv/T". In atoms with several Zeeman-sublevels in the ground,state
such as alkali atoms, a second timesecalds given by the mean time it takes to transfer
population by a fluorescence cycle from one sublevel to @mobdhe. This introduces a
second adiabaticity parametgy, related to the mean scattering rate of incident phoigns

by (p = kvrp = kv/T. At low laser power Q < T'), 7» > 7 and thereforep, >

(. Nonadiabatic effects can thus occur at velocities smatifgared to those which can be
Doppler-cooled, and large friction forces may be appliesléav atoms, if the internal atomic
state strongly changes with position in the laser field.

Two complementary situations are favoured as (one-dimea$i model systems, distin-
guished by the nature of change to the atomic states impgseuhight field :

Sisyphos coolingacts in counterpropagating laser fields of linear and miytwathog-
onal polarizationslin L lin - configuratior). Along the axis of these light fields, the local
polarization produced by the superposition of both fieldsngfes with a periodicity of /2,
each such\ /2-period containing four domains of alternating linear amdwar polarizations,
smoothly transforming into each other, domains in the seét@aif period being orthogonally
polarized with respect to corresponding domains in theliimtperiod. In the circular parts
of the light field, the magnetic substates of an atomic gratate encounter different light
shifts due to different coupling strengths (c.f. Fig. 2@ptical pumping then preferentially
populates the energetically lowest magnetic substate(s)t-light, m= —1 has higher en-
ergy than m= +1, and absorption occurs withm= +1, while in emissionAm= 0, +1
(vice versa for change of sign in the field or the state). In-intensity fields, redistribution
between these ground states can be slow compared to thesobidight polarization caused
by the velocity of the atom, so that adiabaticity is not maimeéd. Therefore, by entering a
region of different polarization, the atom gains potengiaérgy, which may then be dissi-
pated by an optical pumping process preferentially endintpeé substate of lowest energy,
which is different from the previous one (i.e. emitting a fwrhigher in energy than the
one absorbed). The atom thus undergoes cycles of climbitenpal hills, being optically
pumped preferentially near the top of these hills to neabtiteom of a level of lower poten-
tial energy, and losing kinetic energy which is dissipatgdhe fluorescence photons. The
position dependent change in atomic state in this situaidhe change in energy of the
eigenstates of the atom at rest.

A different polarization gradient cooling mechanism occurs in light field configurations
consisting of two counterpropagating laser beams havitlgpgonalcircular polarization
(et — o~ - configuration. In these fields, the resulting polarization is linear witimstant
field amplitude along the axis, but the polarization vectdates as a function of axial posi-
tion by 2r per \°.

%Generally, two plane waves of equal frequengy propagating in opposite directions along a common axis
e., can be written as

E(z,t) = &(z)exp(—iwrt) + c.c., (2.41)
E(z) = Epee™ 4 &l e =] (2.42)
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Since the polarization is linear everywhere, the diffelegtit shifts of the ground state
sublevel&® are constant in space (along the axis), so no Sisyphostéffeossible in this
configuration. Instead, the wavefunctions of the grouradesfeeman sublevels are spatially
aligned with respect to the light field polarization vectadaherefore depend on axial po-
sition. This causes a motion induced atomic orientatiom@ke,, which gives rise to an
imbalance in absorption probability of the two counter@ggting beams leading to a net
friction force, as described in more detail below followiid]:

Consider first aratom at restat z = 0, with the transition/, = 1 — J, = 2. The quantiza-
tion axis is taken along the local polarization (kgat = = 0), and|g,,),, m = {—1,0,1}
denote the eigenstates &f, the component of along this axis. Ther-transitions driven

) €., €y €1 €7

R

1 1/2 2/3 1/2 1 1 4/3 1
1/2 | 1/2
91 9o 941 |g—1>y L |g+1>y
|go>y

Figure 2.8: Level schemeleft) and ground state light shiftright) in an atom
J, =1— J, =2 (taken from [37]).

by the light field cause a population difference between tates|g.,), and|g,), due to
different transition matrix elements and branching rafmé left part of Fig. 2.8) for pro-
cesses pumping intg,), compared to those pumping out|gf),. In addition, the stronger
coupling of|go), to the excited state causes an increased light ahidff this level compared
to the outer levels. This situation, including populatiansl relative light shifts, is sketched

whereéy, &) are the amplitudes of the two waves and’ their polarizations.
Intheot — o~ - configuration,

1 1
€= _E(GI +ie,) and € = —I—ﬁ(ez —iey), (2.43)
1 i
suchthat £(z) = E(é‘() —&)ex — E(Eé + &) ey (2.44)
with ex) _ co§ kz —sinkz\ (€, . (2.45)
€y sinkz coskz €y

0Contrary to the situation discussed in 2.2.3, here the degustypically only several, resulting in different
light shifts for differenfm g|.
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2 Theoretical concepts

in the right part of Fig. 2.8, and is valid for any position bétatom along:., since the axis
of quantization idocally defined.

A moving atom, on the other hand, in its rest frame is acted upon by a lipgediarized
light field with a polarization vector rotating aroued with the velocity dependent angular
frequencyy = kv. Changing to a co-rotating frame, such that the polarinagigain is
fixed in this frame, introduces an additional inertial fidléi{mor’s theorem), appearing as a
fictitious magnetic field parallel te, with an amplitude such that,,,...., = kv. Therefore,
the Hamiltonian of the system in the moving frame containsadditional termH,,, =
kvJ,. SinceJ, has nonzero matrix elements among the eigenstatés @f,,; introduces a
velocity-dependent coupling betwegg), and|g.1),. A computation of.J,) in the basis of
the new (perturbed) eigenstatgs,,), } yields in steady state

5 2hkv 40 hkv
(Ja)ss = NP1 — P_y) = A A 17 AL (2.46)
where the fixed ratid\| = %A{) has been used, which is given by the branching ratios in Fig.
2.8. From this result the population differenBe— P_; of |¢1). , |g_1). is obtained, which
would be zero forJ, = 1/2, sinceA}] = Aj in this case. An atom in state_;), absorbs

a o~ -photon six times more likely than @"-photon (vice versa fofg,),). Moving in
directione,, the stateg_,), of the atom is preferentially populated with respedito ), and
causes unbalanced radiation pressure which damps themudtibe atom. The imbalance

in scattering rate is
1—‘sc 2 1—‘sc
(Pl — Pfl)FSC ~ kUE ~ F ~ hk E v. (247)

Sincel's. and A’ are both proportional to light intensity, the damping forcet low power
(neglecting saturation) is independent of intensjtyn contrast to Doppler cooling. The
velocity capture range, on the other hand, is proportiandié¢ intensity (again in contrast to
Doppler cooling).

In three dimensional standing waves, light fields are muchensomplex such that gen-
erally both polarization gradient cooling mechanisms dbate.

2.3.3 Cooling in trap potentials
Harmonic traps - basic relations

A particle in a harmonic trap encounters a foicéowards the trap center, which is propor-

tional to the deviationr of its position from this center F = —Kr. The force is caused
by the gradient of the (parabolic) trap potenfial= —Kr?/2 = mw?r?/2, and leads to a
frequency of oscillation
1
Virap — 2_ \Y K/ma (248)
™

1This independence also applies to Sisyphos cooling
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2.3 Laser cooling

independent of the oscillation amplitude @enotes the mass of the patrticle).
Quantum mechanically, this leads to a set of motional (phpmigenstatesn), n =
0,1, 2, ... with constant energy spacing

E(TL + ]_) — E(n) = hl/trap (249)
and zero point energy
1
E(O) = 5 h Virap - (250)

In the three-dimensional harmonic oscillator, the threeatisions separate, and the state
|ns, ny, n,) has the energy

E(ng,ny,n,) = Ey(ng) + Ey(ny) + E.(n,). (2.51)

This means that motional energy from an oscillation alorgapns is not coupled into motion
along orthogonal axes by the trap potential.
The spatial spread of the wavefunction of the motional Stafe along dimensiory €

{z,y,2}is:
h
oy(ng) = /2y +1 x 0y, Oq:”2mu : (2.52)
q

whereo? = (n4|¢*n, ), ando, = \/(¢?) is theground state extension

Lamb-Dicke regime

TheLamb-Dicke parametey, is defined by the ratio of ground state extension to wavelengt
of the atomic transition 4 :

(o} Vrec /
Tlq = ﬁ = ) U;(nq) = 2TLq +1 Mg - (253)

1,(ng) is the modified Lamb-Dicke parameter for motional statg$, n, > 0, andv,.. =
E,../h is the recolil frequency shift.

In the limit 7, > 1 (quasi free particlel the previous part on free atoms can be applied,
where every single photon recoil changes the motional stadethe picture of momentum
drift and diffusion is appropriate. The following discussitreats cooling of tightly trapped
particles, i.e. the limitj, < 1. This is done in terms of energy or motional quantum number
(phonon state) as introduced in the previous paragraph.

Changing to the rest frame of the particle oscillating iredirone, with frequency,,
the laser light is frequency modulated &2y thus showingnotional sidebanddn the Lamb-
Dicke regime, transitions between different motionaletadre suppressed by the Franck-
Condon principle, their transition probabilities beingradtageously expanded in orders of
the Lamb-Dicke parametey,. Only the first term of ordeng (carrier transition) and the
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2 Theoretical concepts

following terms of ordemg (first sideband transitionyshave to be considered in this regime,
while terms of higher order in, are much smaller and are therefore usually neglected. As
sketched in Fig. 2.9 for a two-level atom, five individualiséions then contribute, having
the relative probabilities given in table 2.1 (indgrmitted).

&) T &)
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n+1
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n

Figure 2.9: Relevant absorption-emission processes ihah#-Dicke regime. Labels cor-
respond to those used in the testlid lines:absorption of a laser photon by an atom in state
|g,n ), dashed linesspontaneous decay of an excited atom to the ground state.

1

1. Anaps=0, Anem=0: = —
b b AZ 1 (T/2)?

(n+ 1)n?

2. Aa,s:(); Aem:+1 — -~ @7
" ' " A+ (/27

3. Angy,s =0 Anem = —1: p3 = n—nQ
. abs ) em . 3 A% T (F/2)2

nn?

4. Angs=-1, Anen =0: =
’ P AL+ ) + (T2

(n+1)n°

5 Angs =41, Ane, =0: =
b P AL = vhap)? + (T/2)7

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

Spontaneous emission processes changing the motioreafrstait, ton + 1 (ton—1) are
suppressed by the factor + 1)n? (resp.nn?) relative to emission maintaining the phonon
number. Similarly, (resonant) absorption on the motiomdé¢lsands is suppressed by the
same factor relative to the carrier. Heating procesaes £ +1) therefore generally are
more likely than cooling processe&# = —1) by (n + 1) /n, this difference in probabilities
representing on average an increase in energy bybneer cycle.

The general cooling principle applied in this situationasnake transitions — n — 1
more likely than transitions — n + 1 (and thus to inhibit absorption for cold atoms) by
proper choice of detuning of the laser field.

This is discussed first fas,,,, < I' (weak confinemeptwhere the motional sidebands are
not resolved by the atom, because the lifetime of the exsitet is shorter than the period
of oscillation, and then fap,,,, > I' (Strong confinemeptwhere the motional sidebands are
resolved by the atom because many trap oscillations oceunglthe excited state lifetime.

Unresolved motional sidebands : Doppler cooling

As shown in Fig. 2.10, an imbalance in transition probabksiis created by tuning the laser
to the red slope of the atomic line. Absorption on the redlsaae is favoured relative to
absorption on the blue one due to the spectral response @itdine Obviously, the best
discrimination is obtained at a detuninglof2 (the steepest slope), thus yielding the highest
cooling rate (~ nvap in @ two-level system). The cooling limit is given by [178]

1 a+cos’f T'/2
) =3 /

2 cos?0  Wiap
whered is the angle of the wavevector relative to the consideredlatsen direction of the
particle, andl /5 < o < 2/5 is a geometrical factor, describing the average projeaifom
spontaneous recoil on the motional axis, and thus depewditige azimuthal distribution of
the spontaneously scattered photons (isotropic scagterin= 1/3). At optimum detuning
the cooling limit turns out to be the same as in free space Roppoling (c.f. eq. (2.39)),
although a different mechanism is at work.

(2.54)

Resolved sideband (Raman-) cooling

The same pictures can be drawn for resolved motional sidk@&ng. 2.11). Here it is possi-
ble to tune the laser into resonance with only the red sid&ban the carrier is tuned below
the atomic resonance hy,,, > I'. Then process (4) is resonant, while the carrier transtion
(2)...(3) and the heating on the blue sideband (5) are sffirant and therefore suppressed.
Most absorption events thus cool by one phonhor.,, and the subsequent spontaneous
emission preferentially leaves the motional state unckdngs already mentioned above.
The cooling limit is in this case

(2N a1
() = (wtmp> (00829 + Z) ' (2.55)
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Figure 2.10: Cooling in the case of weak confinemdett: rest frame of the atonrjght:

laboratory frame.
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Figure 2.11: Cooling in the case of strong confinemésft: rest frame of the atonright:

laboratory frame.

Since herel’ < wyap, this technique can cool atoms to mean energies approatieng
ground state of the motional oscillator [45, 95, 163].

€)

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

Such a scheme is sketched in Fig. 2.12,
using the hyperfine split;s, ground state
of an alkali atom, or Zeeman shifted mag-
netic substates in an atom without nuclear

Figure 2.12: Raman cooling of an alkali atom.

spin. Here, Raman transitions are driven
between the two stable internal state$

and |e) of the atom, by a pair of lasers far detuned from an alloweasit®n to an auxil-
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2.3 Laser cooling

iary statela). The relative detuning of these lasers is chosen to reslgramiple|g, n) and
le,n — 1) with Rabi frequencyy (see remarks below). This Raman transition serves as the
absorption process on the red sideband as discussed hetbeetivo-level system.

Sincele) is stable, the spontaneous scattering process requirdadsi the cooling cycle
has to be driven with the help of a third laser field, the repuaspr, resonantly coupling)
to |a), the latter being connected @) (and|e)) by a dipole allowed transition with the total
decay ratd’. This optical pumping with Rabi frequenéy, limits the lifetimer, of |e) and
thus introduces an effective linewidth

(2.56)

Remarks :

1. Asinthe two-level system, the motional sidebands a@ved by the Raman-transition
if I',(©,) < wirap, IMposing an upper limit of, and the maximum cooling rate.

2. Depending on the branching ratio, the population pumpéd tmay decay either into
|g) or back intge). Therefore several pump-emission cycles may be requireldse a
complete cooling cycle by spontaneous emission ff@nto |¢). The optical pumping
process therefore may contribute to average heating by macé than one recoil per
cooling cycle [125].

3. Qr = 0109/(2A), where, , are the respective two-level on-resonance Rabi frequen-
cies (c.f. Sec. 2.2.2) for the transitiojggs — |a) and|e) — |a). For optimum cooling,
QR ~ Qp .

4. Geometry: Although cooling has been discussed in terneg@igy, the Raman lasers
have to transfer momentumyp to change the motional energy of the atadxk =
Ap?/2m > E... By a single Raman procesdp = hkyg, — fikp, is transferred,
which may be close to zero for collinear Raman laser beamsuni€goropagating
beams are optimum, yieldingp = 2%k, while for orthogonal beamap = /2hk.
Again, only the projection ofAp onto the considered trap axis contributes.

5. The ratioAE/hiy,,p, < 1 causes the suppression of processes changing the motional
state in the Lamb-Dicke regime.

6. In a homogeneous magnetic field, the relative level shifivo Zeeman substates can
be tuned to coincide with the trap frequency. Then, only @seill source can provide
both Raman beams to drive transitions between these twessplE#generate Raman
cooling) [189].

7. Raman cooling also works in free space, where the difterelocity classes of the
sample are cooled sequentially with properly tailored @uequences [38, 87].
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Cooling by electromagnetically induced transparency (EI')

Sideband cooling, as described in the previous paragra&gfuires narrow transitions and
a well defined trap frequency. In a typical experimentalagitin, however, it may be dif-
ficult to obtain and use such a transition, and many diffeteag frequencies may exist,
corresponding to different motional degrees of freedomne ffap potential itself may show
anharmonicity, making oscillation frequencies depenaenphonon state. In such a situa-
tion, efficient sideband cooling may become prohibitivalgaurce-intensive.

A different method was invented and demonstrated reced®y,[164], which is ex-
perimentally considerably simpler, does not require narti@nsitions in the atomic level
scheme, and allows simultaneous cooling in a band of diftaretional oscillation frequen-
cies within the Lamb-Dicke regime (Fig. 2.13) :

Absorption '3:‘
S |+, N>
Ob— | -, - - S | IN>—|N-1> [+ N-1> 0= Vi \ _ _
£ A &r
5 o> o <
u«é | % - A ; =
8] 3 2
g Qg R, g 2| T By =
g:42g:Kg AQrke gt L ’
(cooling) (coupling) & =
3 |
R
9> —|r> g == A |9.N> —
9 -2-10 1 2 lg,N-1>
(Ag_Ar)/\)trap

Figure 2.13: EIT cooling: Uncoupled level scheme with ldgads (eft), absorption profile
tailored by coupling laseccénte), and dressed statesght). Taken from [127].

In a multilevel atom with groundstatég) and|r), a strong laser field is used to couple
|r) to the excited statée) of linewidth I on a dipole-allowed transition, thus introducing
dressed states-) and |+). For blue detuning from resonance by sevétraand moderate
coupling strength,, |—) is mostly|e, N) in character, and red shifted by and|+) is
mostly|r, N + 1), contaminated bye, V), and blue-shifted by. N (as in 2.2.2) denotes the
coupling light field photon number. For suitable couplinggsgth(2, and detuning\, from
the unperturbed resonanpe — |e), |+) has only small excited state content and its line
therefore is narrow comparedIfo |—) in this case is very similar tz) (apart from the light
shift).

A second (weak) laser field, tuned over the resondpge— |e), probes the two lines
corresponding to-), |+). Atthe exact position of-, V+1), however, wherd\, = A, = A,
the excitation is zero due to evolution of the system into laecent superposition of the
stategg) and|r). This exclusion of the excited state by two-photon resonanpling of two
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2.3 Laser cooling

ground state levels is known dark resonancer electromagnetically induced transparency
(EIT). Such a dark state is produced rapidly by scattering onlygbatons from the two
laser fields, and in a trapped atom builds up between comelspg states having the same
phonon number. Therefore, transitiong, n) — |e,n), the motional carrier transitions
contributing to heating in sideband cooling, are not presethis situation.

Excitation on the motional sidebands: = +1 is possible and, due to the different
linewidth of |—) and|+), can have strongly differing excitation rates. The sighown
in Fig. 2.13 applies to the optimum condition whe#é is shifted by the coupling laser into
resonance with the red motional sideband. Due to fundarrantanetry reasonsg) — |+)
has the same on-resonance transition probabilityas— |—). The suppression of blue-
sideband transitions relative to red-sideband transttberefore is approximately given by
the relative excitation probability d¢) at detuning), e.g. Pys/ Prsp < 1% for A = 10T°/2.
This results in a cooling process similar to two-level sad cooling, strongly favouring
transitions to lower motional staf@s

2Changing the motional state disturbs the dark resonanedliag the scattering of some photons to restore
the dark state. During cooling, the average excitation @idlly on the carrier thus deviates from exactly
zero.
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2.4 Heating and loss

2.4.1 Loss processes - rate equations

For a microscopic picture, the local number density of atatnthe positione in a trap is
n(r). As long as trap volume and temperature do not change, andwatoms are loaded
into the trap, this density evolves in time according to

%:—an—ﬁnZ—wﬁ—..., (2.57)

whereq, 3, v are the rate coefficients for different kinds of loss mectiasi, e.g. background
gas collisions ), or two particle inelastic collisions such as radiativesgse or photoasso-
ciation (7). Higher order processes (three-particle collisions) mot be considered below.

At the low atom number and small trap size typical for expemnis in this project, a
signalS(t) proportional to the total numbeé¥ (¢) of trapped atoms is usually recorded rather
than the full density distributiod. N is related to the local density(r) via the single-atom
density distributiorp(r):

N=KxS§= /d3rn(r) =N X /d3rp(r), Where/d3rp(r) =1, (2.58)
and K is an experimental calibration constant. The total atommemthen obeys
dN
= —aN — N’ / 0 (0) pA(r) (2.59)

In a three-dimensional harmonic trap, a thermal ensembl@si¢o a Gaussian density
distribution [49]:

1 1 (22 > 22
_ B eI 2.60
(.9, 2) axayaz\/27r3 o [ 2 (0925 - 05 - 02)] ( )
= /d3rp2(r) = ! /dmdydz exp |— I—Q + y_2 + Z—2 (2.61)
(0,040,)%(2m)3 oz o2 o2
1 1

8\/7_r3axayaz Verr
Ve IS the effective volume of the trapped sample, associateld an effective homoge-

neous density.. s, which would lead to the same observed loss of atomg; = N/V.g.

The quantitiess, = /(¢?) are the rms widths of the distribution along the directions
q = {z,y, z}, i.e. the width of the trap potential & = n,Aw,. Itis given by

(2.62)

1
E, = kT = (n, + 5)71% = mw_(¢*) . (2.63)

13an exception being the temperature measurements in the &M0%:1.1
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2.4 Heating and loss

Experimentally, one measures

as 9 B

— = —aS — =—aS—-—K_—5". 2.64

- aS — bS aS . S (2.64)
Therefore, the linear loss coefficient is directly obtaifredn the experimental data indepen-
dent of any calibration constant, whereas second order l{agter order) loss coefficients
require knowledge of the (effective) density or volumg = V.3 b/K (in turn, one could

determiné/g if 5 is known).

2.4.2 Trap light scattering

As already mentioned in 2.2 and 2.3.1, residual scatteffittgedfar detuned dipole trap light
produces heating by transferring photon recoil energys Tapic will be further investigated
here.

In addition, the photon scattering leads to ground state rigbéxation, i.e. transitions be-
tween different (hyperfine) ground states. At first glances might assume that this occurs
at a fixed fraction of all scattering events. A closer look boer shows, that with increasing
(far off resonant) detuning, the fraction of hyperfine chiaggcattering events strongly de-
creases : while the photon scattering rate scalés.as 1/A? at large detunings compared
to the excited state finestructure splitting (c.f. 2.2.hg hyperfine state changing Raman
scattering rate scales Bgs. ~ 1/A* in the same limit. This is due to an interference effect
occuring in the relevant scattering process at very largeniieg [27].

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

Scattering rate of blue-detuned vs. red-detuned harmonicraps

One of the most appealing properties of a dipole trap is tlesipdity to realize a potential
which is conservative to a very high degree by using far dsdunap light, which reduces
the scattering of this light by the trapped particles prtipoal to1/A? (c.f. 2.2.1).

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

An important experimental consequence of photon scatfesirheating of the trapped
atoms, caused by transfer of two photon momepte{on recoilsp = ik = h2x/)\) per
scattering event. The average increase in kinetic enertfyeaitom due to one recoil is

p2 _ h2/€2

E. =2 _
"¢ 9m 2m

, (2.65)

wherem is the mass of the atom. Defining tinecoil temperaturekzT,.. = 2E,.., the
average heating power as a function of scattering rate &rodd as
dE

Pheat = % - 2Erecfsc = kBTrecfsc . (266)

33



2 Theoretical concepts

In thermal equilibrium, the average kinetic energy per degyf freedom islﬁkBT, and, in
harmonic potentials, the potential energy equals the kirete, £,/ Erin = £ = 1, giving
as the average total energy in a 3D trap:

— dFE dT

E =3kgT — =3kp—. 2.67
B = I By ( )
This, combined with (2.66), gives tieeating rate

AT Three =

— =%T,. 2.68

dt 3 ( )

To maintain good harmonicity of the potential, in the foliog £ is assumed to be small
compared to the trap depth, Q7 (1,,4:)| > kT (x).

The photon scattering rate as a function of the trap poteist@ready given in (2.11).
Using this and the average value of the trap potential erteoexh by an oscillating atom,

~ _ 3

Udip = Up + Epor = Uy + 5IgBT, (2.69)
wherel, is the potential energy of the lowest point of the trap, oneiols for the average
scattering rate of an atom spreading over the motionalsstat@ harmonic trap according to
a temperaturé™

_ r 3
L= 7% <UO + 5@7’) . (2.70)
In red-detuned traps Uy = U(Iq4:), @nd
_ r 3 (x T
0 I 2T I V=T 2.71
o= (V) + 5587 ) B UT) = Tacmes (27)

which means that the heating rate within this regime of desgpstis practically independent
of temperature, and determined by the maximum possibléssicag rate.
Blue-detuned trapson the contrary, witl/y; = 0, show a different behaviour:

_ ' 3kgT
1—‘scb = T A .
’ hA, 2
Here, the heating rate is proportional to the temperature .
For very low temperatures, i.egT % huy,.,,, the zero point energyu;,., /2 of the quantum

mechanical harmonic oscillator becomes significant. Tlatedng rate in a blue-detuned
trap as a function of trap frequeney.,, and phonon state quantum numbeyss therefore

(2.72)

r 1
Loep = hTAb zZ: hv; (n; + 5) , i=x,y, 7. (2.73)

Eg. (2.68) is used to obtain the heating rate fioym Examples follow in 2.5.

2.4.3 Cold collisions

34



2.4 Heating and loss

Two atoms approaching each other are at-
tracted to, or repelled from each other, de-
pending on their internal states and their
relative distance, due to interatomic forces
of various origins. The corresponding po-
tential curves for two typical alkali atoms
are sketched in Fig. 2.14. Calculated po-
tential curves of the Rubidium atom, as
well as a collection of available spectro-
scopic data are found in [144] and ref-
] erences therein. For distances exceeding
—— 1 20 a (Bohr-radii, 8 = 0.53A), detailed
imernuclear distance (¢ curves including hyperfine structure were

: _ computed by Williams and Julienne, and
Figure 2.14: Molecular potentials encounter% n be found in [92]

by two alkali atoms which are separated by a
distancer.
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¢ Elastic collisionsdo not change the

internal energy but lead to thermal-

ization of the trapped sample due to
momentum transfer and may cause atom loss from a trap by &tapo These colli-
sions are essential for evaporative cooling, which so fémesonly known method to
produce a quantum degenerate gas. Due to the perturbatitwe efavefunctions of
the colliding particles at small distance, elastic cotiis also affect highest precision
frequency measurements by introducing a small systentaftc s

¢ Inelastic collisionschange the internal state of the atoms. At thermal energiedl s
compared to the internal level splitting, this can only aa€one of the atoms carries
internal excitation. Then, in the collision process, thiergy can be converted to
motional energy of the participating particles. In the calstypical dipole traps, with
trap depths of at most some milli-Kelvin, energy from an iingg excitation in many
cases allows the colliding atoms to leave thettap

Today, a terminology widely used in the field of atom trappary cooling refers to
temperatures in the range 1 mK tq:K, which are typical temperatures obtained in MOTs
and sub-Doppler cooling, aold, and temperatures below;K, usually accessed by sub-
recoil cooling techniques, adtracold [181].

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

1At sufficient kinetic energy of the atoms, of course also #aersed process can occur, i.e. loss of kinetic
energy by transition to an excited internal state of an atom.
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ultracold atoms approach each other so slowly that manyrptisn-emission cycles may
occur in a light field during motion within reach of molecujaotentials, especially since
this range is extended due to the sensitivity of the very sibmms to weak, long range
interactions. In addition, the de Broglie wavelength candeaceed the typical range of
chemical binding forcés, thus leading to quantum mechanical resonances, retane aiind
interference effects.

Collisions of ground state atoms

For two sufficiently cold atoms both in their lowest elecimground state, only elastic col-
lisions are possible. The potential at long range is dorethay the attractive van der Waals
interactionV, 4y, caused by the instantaneous dipole moments of the fluetuetiarge dis-
tributions, with the leading terni’s/ R, whereCj is constant and negative, atlis the
separation of the nuclei of the colliding particles. It isioteracted at short range (fey) a
by the strong repulsion due to the overlap of inner shelltedecorbitals of the two atoms
(x 1/R'?), and at long range by a centrifugal barrier in the case dtigxj angular momen-
tum in the relative motion of the two atoms [165]. In the (totg) frame where the axis
between both nuclei is fixed, this leads to an additionakialierm

I(l+1)h?

VilR) = =5 (2.74)
with [ the number of rotational quanta apdthe reduced mass. In total, the long range
potential curvé” = V, ;- + V7 shows a barrier of maximum heighl; at the radial position
Rg, which for87Rb is given by [92]

~ 230 x (I(14+ 1))V a,. (2.75)

In this case, fof = 1...5, Rg ~ 200...100 8 andE/h ~ 1.5...90 MHz. This barrier at
low temperature allows only collisions for the lowest vaé¢/. As the collision momentum
k. tends to zero, contributions to the scattering amplitudeigiier/ vanish at leastc &2,
leaving only the lowest partial wave= 0 (s-wav@!’, whose cross section in the linkit — 0
approaches a constant. kdenticalbosons [35]:

4 A3

ca

os(ke) =2

The parameteH, is the s-wavescattering lengthwhich can be interpreted as the effective
phase shift of the sinusoidal long range collision wavefiomc¥ (E, R) o sin[k(R — Ay)]

Rb atT = 100 K : A\qp = 320 &

16This was first studied for cold neutrons [15, 41, 193], anerlapplied to (ultra-)cold atoms [84, 85].

Y"For spin polarized fermions, only partial waves with daubntribute. Elastic collisions at low temperatures
are therefore strongly suppressed.
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2.4 Heating and loss

with respect toR = 0. It depends sensitively on the inner part of the interacpotential,
where many high order terms of the interaction become rateaad is therefore difficult to
compute. Sincel, governs the interaction enerdy = 47h? A,/m of the particles, negative
scattering lengths lead to unstable BEC’s, which are ptedeginom collapse only as long as
the zero point energy of a trap outweighs the atom numbemtkgpe, attractive interaction.

If hyperfine energy is present in the system, inelastic siolis can occur where this
internal energy is converted into kinetic energy of the aoiffor atoms in a weak MGH,
the rate coefficient was measured tobe- 2 x 107!t cm?/s for Rubidium [190]. In the
case of doubly spin polarized rubidium atoms in the stat&gm=2 or F=1,m=-1 (as in
magnetic traps) the two-body inelastic loss coefficient masasured to be only a few)—!*
cm? /s [130]. Also three body losses, where two atoms form a médegnd a third atom
carries away excess (angular) momentum, are predicted uadmually low in doubly spin
polarized rubidium ¢ ~ 0.04 x 10~2%cm?/s) [119].

Collisions involving singly excited states

If one of the colliding atoms is optically excited (e.g. toiBRhe case of Rb), the interaction
is dominated by long range-( \/27) resonant dipole-dipole forces [96], with the leading
termC;/R3. At large separation, this interaction is much strongen tihat between ground
state atomsx Css/R®). The following inelastic processes may happen, leadilgde rates
linear in light intensity (neglecting saturation):

¢ Radiative escapgRE): Consider two atoms approaching each other on the paiten
curveS + S in Fig. 2.14 in the presence of red detuned light. An opticaisition to
the curveS + P is most likely near the point, where the difference in patmnergy
matches the photon energy, t@endon pointk*. Here, due to the red detuning, the
attracting part of th& + P potential will be favoured in excitation. If so, the atome ar
accelerated towards each other due to this potential, inae $hey are initially very
slow, they may relax back t§ + S by spontaneous emission of a photon before they
reach the inner part of the potential. The emitted photonasemed-shifted than the
initially absorbed one, and the difference is shared bywleeatoms as kinetic energy
in the following (elastic) ground state collision. More alj®ion-emission cycles may
occur during one approach, before the atoms decouple frerhght field due to the
stronger potential difference at small distances. Thi€gse is considered to be the
dominant light induced loss mechanism in magneto-optst(&OT).

e Fine structure changing collisions(FCC): If the (alkali) atoms are excited to tlset
P/, when they reach the short-distance region, they may charegmolecular state
during collision and diverge on an asyptote leading to the-§tmucture stat§ + P, /,.

18The hyperfine energy 6f Rb is ~ 1/3K xkg. If released in a collision, it can be dissipated within the
trapping region of a MOT operated under typical conditiagh that in most cases the two atoms are not
lost
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Adiabatically, level crossings may be avoided, but due ¢écstihong acceleration within
the inner part of the potential curve, adiabaticity is nointened. Each atom gains
half of the fine-structure energy difference, which usu#dly exceeds the depth of
atom trap¥’. This process is considered to contribute approximatelyaatgr of the
total light induced loss in an alkali MOT.

e Hyperfine structure changing collisions(HCC): Of course, like in the ground state,
also hyperfine changing collisions can occur. In a MOT, theksions are not ob-
served as a loss mechanism, but in most dipole traps thefingenergy of the excited
state ¢ 100 MHz) easily catapults both atoms out of the trap. Comparegtdond
state HCC however, this process is suppressed by excitptmmability (and early
spontaneous emission), and its contribution to total toap therefore is small.

The total loss rate due to RE and FCC was measurétRh-MOT experiments to bg ~
1072 em?/satA, = —4.9MHz, I = 10mW /cm?, and few10 " cm?®/s at] = 1 mW /cm?
[190].

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

Photoassociation and optical shielding

Another loss mechanism involving singly excited molecslates occurs at larger detuning
from the atomic resonance. By far-red-detuned light, exicih from the ground stat&'¢-5)
potential curve to bound molecular states in tReH{ P) potential is possible. Subsequent
decay of this state by photon emission may end either in anwmbContinuun) state, with
kinetic energy of the atoms depending on the radial distatwich the emission took place,
or in a stable bound state of tlte+ S-potential. Thes@hotoassociatedtable dimers are
usually not trapped. Photoassociation trap loss spearanaasured in MOTs and FORTS,
preferentially using a “catalysis laser” independent eftilapping light, at detunings ranging
from several GHz to tens of nanometers to the red of the atBrsi@tes [26, 92, 106, 116].
Blue-detuned light excites to repulsive branches of themast dipole-dipole interaction
potential at the Condon point, and the atoms gain kineticggnky following this branch
outwards and returning to the ground state curve at larggauite by emitting a photon with
frequency closer to the single atom resonance. In bluendetEORTS, this leads to trap loss,
while in a MOT an additional laser, blue detuned by severaldned MHz, can be used to
prevent cold atoms from approaching distances small entmugduse trap loss mechanisms
such as RE or FCC, thus effectively suppressing these lofkesmedium detuning induced
atom repulsion is calledptical shielding An introductory review on photoassociation and
optical shielding is given in [72]. More information on how éxtract precise excited state
lifetimes and scattering lengths from photoassociati@tspa can be found in [192].

%Rb : AEps/kp ~ 350K
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2.4 Heating and loss

2.4.4 Heating due to technical noise

In addition to fundamental physical processes, techniogkrfections of the experimental
apparatus can also cause perturbing effects such as heatinigss of the trapped atoms.
This topic was addressed for harmonic (dipole) traps in [&&jsidering fluctuations in
spring constant (intensity) and center position (spatedrb pointing) of a harmonic os-
cillator. A simple model was developed to predict heatingsdrom trap parameters and
measured power- (or squared position-) density spectdf]actuation-induced trap dynam-
ics were studied by deriving a Fokker-Planck-equation ierénergy distribution of atoms
in a three-dimensional fluctuating trap. Herein only themrassult with respect to heating
due to intensity noise is given.

The energy E,) of a one-dimensional harmonic oscillator (an oscillatitong a single
axis of the trap) increases in time due to intensity flucoreti(t) = (I(t) — Ip)/1 of
the trapping beams at twice the trap frequengywhich result in fluctuations of the spring
constant:, of the trap along,, and therefore cause parametric heating.

The one-sided power spectrusp of the fractional fluctuations df is

Selw) = 2 /0 " dr coswr(e(®)e(t + 7)) /0 " dwSi(w) = (1)) (2.77)

™

with the correlation function for the intensity fluctuatsn

(e(t)e(t +7)) = % /0 dte(t)e(t + 7).

Here, the averaging tinig is assumed to be short compared to changes in the populdtion o
trap states, but long compared to the correlation time ofitituations.
The average energy inis found to increase exponentially :

1

thea.t

<Ex> = FCE<ECE> , T = 721/5 Sk(2l/x) ) (2.78)

with E(t + thea) = e E(t). In frequency ranges where the power spectfiyns constart,
the heating rate grows proportionally to the square of the trequency.

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

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

In the first part, an introduction to Gaussian and LaguemesSian spatial light modes
is given, which are important in the experimental realmatof dipole traps. The second
part summarizes a collection of useful relations and sgdimws. In the third part, four
possible practical implementations of harmonic, deep,tayidly confining dipole traps are
discussed, illustrating different regimes of operatioroider to choose a proper trap type
for this project. The chapter closes with a more detailedwdision of the actual choice
implemented in this experiment, and of target specificationits realization.

Harmonic trapping potentials are of particular interestduse the energies of motional
states of an atom in such a potential are equally spacedhwsimportant for ground state
cooling techniques as discussed in chapter 2.3.3, and ftireflucoherent manipulation of
the motional states of atoms.

Gaussian and Laguerre-Gaussian laser beams

An elementary building block used to produce red-detunagstis a Gaussian laser beam
of power P, focussed to a minimum waist, (beam radius at/e? of maximum intensity),
which, propagating in directioa,, has the intensity distribution

2P 2 /02
[G(Ta Z) = 9N 6721" M) ) W(Z) = Woy 1+ (Z/ZO)QJ (279)

TW2(2)

wherez, = w3 /) is the Rayleigh range.

Laguerre-Gaussian beams are higher order solutions ofaitaxigl wave equation, pre-
serving their transverse profile with propagation just asassian beam does. Their intensity
distribution is defined by the same parameters as a Gauss#m, Iplus an azimuthal index
p and a radial indeX. LGy, is the Gaussian beam itself. Hollowd@ughnut modg beam
profiles are obtained fgr = 0 and/ # 0, with the intensity distribution

2l+17“2l P —2r2/w2(z) .

T w2+ (2) (2.80)

ILGOI (Ta Z) =

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

Figure 2.15 shows the radial intensity profile of a Gaussrahalowest order Laguerre-
Gaussian beam of equal power and equal waist. Compared @ahssian beam, the LG
maximum intensity is smaller by a factaye, and the radius of the rim ig,/v/2. Both
beam intensity profiles have the same curvature in the genltéch, if interpreted as dipole
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Figure 2.15: Radial intensity profile of Gaussian beam ¢ )@nd lowest order Laguerre-
Gaussian (LG ) beam for equal poweP and equal waist size,.

potentials, lead to equal trap frequencies in the harmgrpoaximation, the (radial) constant
K, (at axial positiorz) being (c.f. 2.2.1) :

o = d*Ugip  3mc* T d?I(r,z)  3nc*T 8P
TTodr2 2w A dr? 2w A Twi(z)

(2.81)
Along the axis of a Gaussian be@nir = 0) : K, = 2P/(wy22) .

Scaling laws

The relations derived so far allow the statement of useflisg laws for focussed Gaussian-

and/or LG;- beam traps:
P 1
Vtrap X K W_%

e Ground state photon scattering rate (blue trap) :

= Vtra / P 1
Fsc7b XX Ap X E V\_)%

2lFor a LGy, the axis is dark, and therefofé, = 0.

e Radial trap frequency :
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Examples

Four approaches can be distinguished to realize a harm@uotedrap of mesoscopic size
(few um), high (radial) trap frequency~( 30 kHz), and low scattering rate~( 10 /s or
below). These are discussed below taking typical spediicatof suitable common laser
sources as examples.

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

Though single beam traps are considered, three-dimenlisidigat traps can be realized
by crossing the foci of two orthogonal beams: in red-detutnags, trap depti,,,, and
scattering rat&,. double in this case, whereas the depth of a blue-detunedtagp constant
and the (ground state) scattering rate increases by a faicios. Trap frequencies along the
axis which is radial with respect to both beams increase lagt@f of\/2, while in the other
directions the change in trap frequency (due to the axiamal of the other beam) in most
cases is negligible.

In order to realize the smallest possible foci (on the ordesr® wavelength), a large
numerical aperture is required, and part of the trap optsstt be placed inside the vacuum
system where it covers a large part of the solid angle aJailalbund the atoms. Since
optical access is required also for other purposes suchcasnatation and precooling of
the atoms, crossed beam geometries may become experilpantahvenient at the lowest
waist sizes. Most examples therefore treat a parameteerapgo NA~ 0.2. All red-
detuned traps are taken as single focussed Gaussian belihed, @&); mode hollow beams
are considered in the blue detuned case. Numbers are classtar,as possible, such that
similar traps result. Rubidium is taken as the trapped at@pecies. Consistent sets of
beam- and trap-parameters for the different examples diextad in table 2.2.

red FORT: The Nd:YAG laser § = 1064 nm) offers high power at a detuning to the
Rb and Cs D-lines of few hundred nanometers. This alread3sgiery low scattering
rates at still sufficient dipole trap depths. At the smallst&required to obtain high
trap frequencies, the high power being available from #pe f laser can not be fully
exploited if low scattering rates are to be maintained.

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

22In addition to the maximum intensity being reducediy by definition, also the conversion of a Gaussian

beam into a LG, is not arbitrarily efficient. As a rule of thumb, good techumés result ik 0.5 of the
power being converted to the L(see 3.3.2)
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The waist size has to be chosen large enough to ensure ediiealing of atoms into
the trap, since atoms approaching the trap from outsidesgidled by the light field as
opposed to red-detuned traps, where atoms are driven atitaityatowards the trap
center by the attractive wings of the Gaussian beam.

QUESTsare produced using high power GQasers at\ = 10.6 yum [182]. Special
optics are required, which is available in high quality. Qiaghe very large wave-
length, spot sizes are large compared to possible FORT Assiuming a typical M
of 1.1 to 1.2 and f# ~ 1.4, one may estimate minimum waists around B. This
limits the applicability to atom trapping at high trap frepcy: A Power on the order
of 100 W is required to produce a potential which offers a fraguency as specified
above. The scattering rate is then on the order of 1 photomperte.

IFORT: A rather new and attractive alternative is to work with a hapglver fibre laser
(~10 W single mode output) in the range 1350600 nm. Particularly for rubidium,
it might be possible to find a “magic” wavelength in this rangeere both ground and
excited state of the closed cooling transition F=2;38 — F'=3, m;=3 are shifted
by the same amount, due to the coupling of 5P to 4D at 1529 nenKge 2.3 and
Sec. 2.2.3, remark 6). The detuning in this case is interatedn the sense that neither
the rotating wave nor the quasistatic approximation arie \@@hich to a lesser extent
also applies to the Nd:YAG trap). Since here the detuningrige compared to the fine
structure splitting, the line center of th& — 5P transition may be used as in eq.
2.7 and 2.8.

The dipole trap pursued in this project

Based on the examples above, a crossed, blue detuned, m@satipole trap initially was
considered as the concept most appropriate in pursuingdaks @f the project, with the
central features being mesoscopic size, few atoms, highfiegiuency, low trap light scat-
tering rate, and high trap depth. Figure 2.16 illustratés ¢oncept. With the single beam
parameters given in the above example “blue FORT”, thisigéightly confining in all three
dimensions. Unlike in crossed red-detuned traps, only atonthe central trap site remain
trapped, whereas atoms initially confined in only one of tharbs are separated from the
central site and can escape along the beam axes.

The trap has a volume defined by the spacing of the intensigimaain x and y, and
the corresponding extension at this intensity in z. Howeadrarmonic potential which is
fitted to the center of an L only has a diameter of 0.86, at the maximum intensity of the
LGy;. In the geometry considered here, the diameter in the zithrethen is 0.6v,, and the
volumeV of this “harmonic” ellipsoid is therefor®” ~ 0.23 w3 = 86 um? for wy = 7 um.

If filled with atoms of homogeneous density up to the maxinredrgy, as a rule of thumb
90 % of the atoms will be rapidly lost in a harmonic potentiatidg initial thermalization
(c.f. 4.2.3). As aresult of this estimation, single or fewrtinalized atoms can be expected
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red FORT A=1064nm| P= 0.25W| wy= 4um — 2= 47um
Unaz/kp = 1.5mK| v, = 30kHz| 'y, = 5.34/s (max)

or: A =1064 nm = 01W|wyg= 3um — z= 25um
Unaz/kp= 1mK| v, = 34kHz| Ty, =  4ls (max)

blue FORT A= 750nm| P= O0O5W|wy= 7um — 2= 200um

Unaz/kp = 1.8 mK| v, = 31kHz| 'y, = 1/10s (n= 0)
L= 9s (E/kp= 144uK)
or: A= 760nm| P= 03W|wy= 7um — 2= 200um

Unaz/kp = 1.6 mK| v, = 29kHz| 'y, = 1/11s (n= 0)
[ye= 14/s E/kp =144 1K)

red IFORT A=1600nm| P= 1W | wy= 5um — z = 50um
Unaz/kp = 2.3mK| v, = 30kHz| I'y, = 1.5/s (max)
or: A=1600nm| P= 1W | wy= 3um — 2z = 18um
Unaz/kp = 6.4mK| v, = 83kHz| T'y,= 4ls (max)
v, = 10 kHz
QUEST A=106um | P= 100W | wy=15um — 2= 67pum
Unaz/kg = 19mK| v, = 30kHz| 'y, = 1/min (max)
v, = 4.6 kHz

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

to be trapped in the central trap site at a density df A@n*, which is typical for standard
preparation techniques (such as the magnetooptic traghwintroduced in 3.2 below). If
the loading procedure leads to increased density of thesatemaining in the trap potential,
up to ten atoms may be expected at a density &f tdn*. An extended set of characteristic
parameters for this trap design is given in table 2.5.

Although appealing for advanced experiments, this traptgime beginners choice. On
one hand this is due to technical difficulties, e.g. the efitiproduction of hollow mode
beams, and detection of single neutral atoms, and on the lnginel due to the experimental
difficulties in loading such a trap, which, unlike a red detdrrap, repels atoms approaching
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Figure 2.16: Idea for a mesoscopic trap which is tightly aanf in all three dimensions.
Sketch of the trap beam geomettgff) and resulting shape of the trapping potential visual-
ized as a height profile above the plane of spatial coordsnat@r y) and z (ight). In the
z-direction, where both beams contribute, the potentiattas twice that of the x and y
direction, and the trap frequency is correspondingly laiye,/2.

Table 2.3: 3D blue-detuned mesoscopic trap - design paeaset
A=750nm| P= 0O5W| wy= 7um — z;=200um
Upaz/kp = 1.8 MK | v, =31 kHz | I',, = 1/10s (n= 0)
I,,= 9s (F/kp=144uK)
Ground state extension: oo =43 nm (xy)
Lamb-Dicke parameter : = 0.35 (x,y)

from outside. This target design therefore was approachsidmatically, starting with a

rather large single focussed Gaussian beam red-detunedctfa3.6.3), quickly followed

by tightly focussed red-detuned traps, which are produged betup designed to realize
also the blue-detuned target system. Such a tightly cowfisimgle beam red-detuned trap
is presented in Fig. 2.17 and Table 2.5. In terms of trap dapthmotional frequencies, it
already fulfills the requirements specified for a proper reespic trap, however with photon
scattering rates exceeding specifications by one to tworeroiemagnitude. These red-
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detuned traps were used to gain experience in dipole trgpaimd develop the tools required
to successfully operate the blue-detuned trap.

Figure 2.17: Potential (vertical axis) versus axial (z) aadial (r) coordinate of a focussed
gaussian beam red detuned dipole trap. Since the potentiagiative (attractive), free atoms
would enter from above the displayed surface. The natjpz, is increased by a factoer 5.

Table 2.4: Red-detuned trap - design parameters
A=810nm| P=0.35W| wy=7pum — z;=190um

Umaz/kp =5.7mK| v, = 33 kHz | T',. = 430/s (max)
v, =870 Hz
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One of the main technical challenges in many atomic physigsrments is to quickly make
available a cold atomic sample on demand, while preventiggample from interacting
with the outside world. A major part of the experimental petisually is dedicated to this
task.

External disturbances are minimized by keeping the sampevacuum chamber with a
background gas pressure as low as possible. The most suitadblto collect and precool
atomic samples is the magneto-optical trap (MOT) [157],chhsollects slow atoms from
a thermal atomic vapour or beam. It is possible to load sigléew atoms from very
low background vapour pressure [71], but to yield many atonesshort time under UHV
conditions, the MOT is fed by a controlled atom source, whiah be a Zeeman-slowed
atomic beam from an oven [152], a dispenser [50], or atomedeld by another MOT
in a separate part of the vacuum system at higher vapouryseeasad transferred through
differential pumping stages to the experimental region 144,131, 161]. In this work, a
simple implementation of such a double-MOT system has bhesen. It is operated with
frequency stabilised diode lasers.

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

Since these traps are developed especially for low atom atsnldown to a single atom
- efficient detection, similar to single ion experimentpfigrimary concern.

Overview

A simplified sketch of the whole experiment is shown in Fid.. Atoms are manipulated in
two spatially separated parts of the vacuum system (not sjamhich is built to maintain

a pressure difference of about three orders of magnitudedeet the upper “loading” part
and the lower “experimental” part (see Chp. 3.1). In the ujpaet, a two dimensional MOT
collects atoms from a rubidium background vapour and dedigecold atomic beam to the
lower, ultrahigh vacuum part. There, the atoms are redeltElby a three-dimensional MOT,
consisting of three retroreflected beams (indicated asgiarbows, similar to the 2D-MQOT).
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2D-MOT

(magnetic linear
drupole coil
omitted)

amplified
photodiode

to photon
counting unit

dipole trap light
(from Ti:Sa laser)

D-MOT
(magnetic quadrupole
and compensation coils
omitted)

No. 2
dipole trap light
(from Ti:Sa laser)

Dipole trap light is focussed into the experimental regiamf two orthogonal directions
in the horizontal plane. One of these optical channels (N2 one entering from the left
in Fig. 3.1) can be spatially adjusted to result in perfectlyssed beam foci. Since the other
channel (No.1) enters on the axis of the MOT quadrupole fibkel MOT beam that would
normally occupy this axis is tilted vertically by 17This tilted MOT-beam also served for
pulsed atom detection in some of the experiments.

Part of the MOT fluorescence incident on the dipole trap feitugs optics of channel
No.1 is split off by a polarizing beamsplitter and imagedoatphotodiode. At the same
time, the MOT can be viewed with a triggerable CCD camera,ctwiooks directly into
channel No.2. Both photodiode and camera are shielded fipatedtrap light by means of
dielectric bandpass filters. The high aperture focussitig®pf channel No.2 also serve for

Figure 3.1: The Experiment: overview.
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fluorescence collection, which is then spatially and spdigtfiltered, before being imaged
onto a cooled, near-infrared sensitive photomultiplidrich is operated in photon counting
mode.

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

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

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

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

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

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

In the last section, the integration of the different pafthie experimentis discussed. This
section also shortly describes the automated operatidmecdpparatus, and an earlier “first
generation” setup used to perform some of the experimeatepted in the next chapter.

49



3 The apparatus

3.1 Vacuum

This section presents the actual design and the main comfsokthe vacuum vessdle-
sign goalsincluded:

1. Good and flexible optical access from many directions.
2. A high ratio of pressures between collection region and/Udrt.

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

4. Minimized disturbing magnetic stray fields in the tramsfed trapping region.

5. Minimum number of components inside the vacuum chambeméaximum flexibility
and less internal sources of dirt.

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

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

A short general introduction teery highandultrahigh vacuun{VHV and UHV) is given
in the appendix, A.2.1. A comprehensive introduction cafoloed in [138].

Actual design

The solution developed is shown in fig. 3.2 as a cut througlcéméral part of the vacuum
system. The complete system is displayed in fig. 3.3. Twdoadly oriented fused silica
cells' are sealed back to back with respect to each other to a custaae- stainless steel
block® (see below). Rubidium directly enters the upper cell, wlgogbumped through a first
@2 mm differential pumping apertur€’(~ 1/5 I/s). The volume below this aperture is
pumped by an ion pump (IPat several litres per second, to result in a pressure ratio.

A @4 mm, 34 mm long tube serves as a second differential stageld/s conductance,
connecting to the lower UHV part including the second sitiedl, which is pumped at 8 I/s
by a second I This results in another reduction of pressure by a thexaiefactor of 80,
enabling a pressure ratio between the UHV region and therupdeof more than 19
although the pumps are placed far away to reduce the influginttesir strong permanent
magnets on the experimental regioA titanium sublimation punfis installed directly next

1Starna GmbH, Corning Vycor

21.4429 ESU - X 2 CrNiMoN 17.13.3, AISI 316 LN

3Leybold, 30 I/s

4varian StarCell 60 I/s

SAdditional shielding by magnetically soft sheet metal issgared, but has not yet been installed
(C.D.Walzholz, D-58093 Hagen (R= 80).

6SUB-203, Caburn MDC Ltd.
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A | oI C=0.2 |/si
to ion pump 1 <—Rb

(C ca. 5 I/s) U 7
\ / C=0.1 |/si

port for optional
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port for optional

mech. shutter o on pump 2@
(C ca. 8l/s)
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‘ | | | | ‘
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Figure 3.2: Central part of the vacuum system, showing tlpeuand lower, glass to metal
sealed, fused silica cells, differential pumping stagesl @F-flanged ports for pumping,
Rubidium inlet, and additional optical access orthogoodhe atomic beam.

to the steel block to sublimate partly onto the walls aboweltiwer cell, and thus provide
high pumping speed on demand. In the intermediate regiomdeet the differential stages,
a non-evaporable getter (NEG)ssembly serves a similar purpose.

One port to the lower part of the steel block was intendedstaillation of a UHV gaude
which unfortunately could be delivered only after final bakeof the system. Unused ports
of the block are equipped with nonmagnetic viewpyrend provide optical access to the

“see remark at the end of this section
8varian UHV24p with MultiGauge controller
°VPN-075-F1 and VPN-150-F2, LARSON Electronic Glass, LRedwood City, CA, USA
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UPPER BRANCH

[ | rRo-suPPLY

Numujj=s==

4J GAUGE PORT

—
|

1
1.

LOWER BRANCH

LOWER (UHV) PART

PUMP UPPER PART PUMP

Figure 3.3: The whole structure (top view): Three differbatizontal planes are indicated:
Upper part (dark), lower part (light) and optional connewtio a turbomolecular pump unit
during bake-out (light dotted).
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3.1 Vacuum

region between the glass cells in different directions. Mdital valve& are installed close
to the ion pumps. A small additional up-to-air valveontrols the access of Rubidium to
the upper glass cell. It could be closed if the system had tople@ed, and during bakeout.
The rubidium supply consists of a sealed rubidium ampdiutea CF16 flexible bellows
connected to the up-to-air valve. The ampoule was scratbbhate assembly, and broken
from outside by bending the bellows after final bakeout. Tresgure in the upper cell is
adjusted either by adjusting the valve, or by changing thegerature of the bellows. Due to
the knee-shaped connection inside the steel block, affasimtents the vapour pressure in
the upper cell takes on the order of one day to reach equififori

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

Sealing silica cells to a steel apparatus

The silica cells are made from 3 mm thick slabs of fused silighich form a couvette
having inner dimensions @0 x 20 x 85 mm?, and are equipped with massive bases of the
same material, consisting of two coaxial cylindrical dis€$d = 48 mmxd = 20 mm, and
@ =38 mmxd =10 mm with a @ 20 mm axial bore. The parts are joined by a spldeess
using glass of lower working point, to form virtually a siegbiece. All plane surfaces are
optically polished.

To seal this device to a vacuum system, special toroidaleggkvith an elastic core
(made of a densely wound coil spring) and ductile outer nedtare used on both plane
sides of the big disc, which is then pressed against a flat mrwbth metal surface of the
system by a ring shaped modified CF40 flange with a force ofrakl@! N. The gasket on
the system side does the actual sealing, while the otheegaskves to evenly distribute the
force applied by the ring flange.

Proper centering of both gaskets with respect to each atheucial to apply pure axial
forces on the cell base. This is maintained by the fabricatibthe gaskets, which are
equipped with a distance lip on their outer diameter, in goajion with the careful design
of the whole flange assembly, where the gasket lips are eshteithin a bore of either the
system flange or the ring flange, while the ring flange itsetkistered by its outer diameter
to the system (see fig. 3.4). In this way the actual sealirgslof the toroidal gaskets are
centered to within few hundredths of a milimeter. Residti@ss in the big disc is relieved
from the corners of the square footprint of the couvette leystimall disc.

10/acuum Generators ZCR 40R

Hcaburn MDC

121 g Rubidium, 99.5 %, Johnson, Matthey & Co. Ges.m.b.H, A21{i@nna
BBHelicoflex HNV 290 “Delta”, silver outer mantle
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3 The apparatus

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

Detailed specifications are supplied
with the gaskets regarding the force to
be applied per length of sealing line, as
well as the resulting distance of compres-
_ sion. The force can be estimated only
roughly by the torque applied to the screws

which press the ring flange against the sys-
] tem. A precision torque wrench is used
in steps of 0.2 Nm to successively tighten
[ 2 £ thesescrews. This procedure is stopped ei-
ther if the estimated torque is reached, or
Figure 3.4: Design of the glass to metal flangthe specified axial compression achieved,
which can be easily and precisely con-
trolled by properly designing the flanges such that at futhpeession, the ring flange is
separated by a 0.2 mm gap from the opposing surface of thersydbDuring installation,
pieces of sheet metal are inserted into this gap. Compressistopped as soon as one of
these starts to stick.

eN
o7

General treatment, assembly and bakeout

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

The central steel block, after careful cleaning, was firelvacuum oven at 110G below
10~° mbar4, to remove hydrogen from the bulk material (Hydrogen is ablsgowly diffuse
through steel). Most other parts of the apparatus would tamidsthis process. They were
ultrasonically cleaned in a strongly alkaline detergeat 80°C to remove residual oils and

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

wax, and then again cleaned similarly in purified water tooeethe detergent. Then, they
were immediately assembled, evacuated and bakagbat . 400°C. After reaching 37TC,

a defined partial pressure of initially 28 mbar pure oxygers applied for two hours to
produce a brownish-yellow chromium oxide layer on the inmalls of the components: this
serves as a hydrogen diffusion barrier. The parts were takedfor another 24 hours before
cooling down. Apart from the central steel block, also sileells, ion pumps, titanium sub-
limation pump and valves were excluded from this proceduitee heavily oxidised copper
gaskets were changed before assembling the complete lesaochnected to the steel block
(including the parts excepted beforehand). To faciliatd léetection, the system was then
baked in two parts at 35C, with custom-made steel flanges replacing the silica e¢lise
steel block.

Having a properly baked system, the last step was to instalkilica cells as already
described above. While mounting the lower cell (head finstyyas damaged slightly at
the beveled rim of the sealing surface, and had to be demdagi@in. This was done by
loosening and retightening the screws one by one, usingdegse each round. The exact
nature of the problem was discovered only after the replaceell was similarly damaged:
a slightly too close fit of the ring flange centering caused itant during assembly, which
easily could cause the foot of the cell to lightly knock agaithe sidewall. Although the
edges of the big disc are beveled, even a light touch is serii¢o chip off a fragment from
the sealing surface, which during compression also danthgemsket. The sealing surfaces
of these two cells had to be reground and repolishexhd the ring flange was touched up
regarding smooth fit and the changed cell disc thickness.ubdr mounting and sealing
problems were encountered afterwards. The upper cell wasitad properly straightaway.
The final bakeout was done around 300Qlimited by the specifications of the Helicoflex
gaskets.

further details and remarks

e The titanium sublimation pump is installed in a piece of Cldled vacuum tubing,
whose length was chosen to position the titanium filamerdsgtlstbelow the exit of a
tee. The position avoids direct line of sight from the filatsanto the ion pump and to
the silica cell sealing, while enabling titanium to coat aximaum part of the steel walls
of the apparatus, including parts of the lower interior & steel block, directly above
the lower silica cell. The custom length tube was delivergl unpolished inner walls.
After equipping it with flanges in the institute’s workshatpwas electropolished (see
A.2.3). The pump is equipped with bakeable high currentesl@dnd driven by a used
evaporation control transformer. The TSP is seldom usadesifetime of the trapped
atoms is governed by the effusive gas beam through the eliffied stages, and not the
(much lower) background pressure in the UHV part of the aqipar

e An additional small pump unit is installed near the uppet pérthe central block,

18swarovski Optik, A-6067 Absam bei Hall i.Tirol
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3 The apparatus

to enhance pumping speed on demand. It uses three non-abépgetter (NEG)
striped’, which are mounted on a four-conductor electrical feedthhs® and can be
activated repetitively by resistive heating (350. 530°C) through application of a cur-
rent (8..14 A). The stripes are connected and supported by spot-wéftingm be-

tweenl8 x 5 x 4 mm stainless steel wire mourfsand al8 x 2mm piece of 0.6 mm

thick stainless steel foil.

¢ All windows are mounted using annealed copper gask&igeduce forces acting on
the flange, and equivalently stress on the glass to meta.seal

"SAES Getters S.p.A, 20020 Lainate (Milano), Italy, Mod. 8ZINCF/50-150/12.590/D
18_arson Electronic Glass, EF8-4-F2-1.2

®Messer Griesheim, Peco FPK1M35L0 with IM35L0 and FZ1, optiarams.: 3.5V, 5.5 A, t=4
2072 mm x 18 mm bore, orthogonal M2 threaded hole with headless clamgzngw

2Vacuum Generators ZCUA38
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3.2 Double MOT

3.2 Double MOT

This section describes the transformation of slow atoms faobackground vapour into a
cold atomic beam in the upper part of the vacuum chamber dsaw¢heir transfer to and
recollection in the UHV experimental region. An older versiof our setup is descibed in
detail in [33].

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

In the standard configuration, the MOT consists of three allytworthogonal pairs of
counterpropagating laser beams, which intersect at themeia magnetic quadrupole field.
This field is produced by a pair of anti-Helmholtz coils. Thyensnetry axis of the coils is
usually chosen to coincide with one of the beam axes. Figl®%s this basic configuration.

Energy

Position

Figure 3.5: Basic geomet(ieft) and illustration of the restoring for¢eght) of the magneto-
optic trap.

The laser fields are red-detuned from the atomic resonanae the order of the linewidth
of the cooling transition to provide laser cooling as ddsmli in 2.3.2. In addition, the
guadrupole magnetic field introduces a spatially varyingrdan splitting of the magnetic
substates, which is sketched for one dimension in Fig. 3&ppropriate circular polar-
izations are chosen, those light beams are shifted intoaeme with the atomic transition
which tend to drive the atom to the center of the quadrupole. fie

This is the case if, for all light beams approaching the trapter, the rotational vector
defined by the circular polarisation is anti-parallel to kheal magnetic field vector, and for
light leaving from the trap center is parallel to the magnéld vector. Referenced to a
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3 The apparatus

given quantisation axis of an atom (e.g. the local magnaetid fiector), counterpropagating
beams then have circular polarization of opposite @ign

3.2.1 2D-MOT, cold atomic beam

fibre output

e

Figure 3.6: 2D-MOT optics. Expanded beam waisi; = 9 mm. The total cooling laser
power available at the fibre outputis= 8 mW.

2|f the two beams counterpropagating on the same axis areipeddoy backreflection, a quarter wave plate
has to be inserted between MOT and mirror because helidilipped by reflection.
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3.2 Double MOT

The 2D-MOT [44] uses dinear quadrupole
magnetic field generated by a set of four elon-
- ~ gated coils (Fig. 3.7). Atoms are cooled and con-

‘ fined in the directions perpendicular to the sym-
mery axis of this field by four expanded laser
beams travelling in the horizontal plane, form-
ing two orthogonal counterpropagating pairs of
beams. Along the quadrupole axis, this arrange-
ment is a velocity filter, since very slow atoms
deviate from the axis after leaving the light fields
due to their residual radial temperature, and for
fast atoms the interaction time with the light
field during transit is not long enough to cool
- J them onto the axis. Both classes of atoms are
therefore stripped off at the differential pump-
ing stages, leaving only the properly collimated
velocity class (on the order of a few metres per
C 1 second) at the output to the experimental region.
Figure 3.6 shows the actual optical setup used to
( \ provide and align the four laser beams: The cool-

ing light coupled out of a single mode fibéer
is polarised to convert thermal polarisation drifts
inherent to even polarisation maintaining fibres
into small drifts of total intensity, which do not
affect MOT operation. The beam is then ex-
% J panded by a telescope, which also allows for ac-
curate control of collimation, split up into four
fractions at polarising beam splitters in ratios ad-
justable by halfwave plates and then aligned into
Figure 3.7: 2D-MOT field coil SUIOporttwo closed ri_ngs of counterpropagating beams
(Aluminium alloy), which holds four through the Wlndqws of the up.per_part of the vac-
coils of 51 turns each (@ 1 mm coppe um chamber. Circular polarisation appropriate

wire). Radial field gradient is 2.5 Gaus r MOT operation is obtained by quarter wave
at 0.4 A. The dimesions of the silica ceI'PlateS at each cell window. With this general

are indicated bv light lines. scheme, polarisation and intensity balance can
yi be adjusted inidvidually for each beam (pair) to
reduce velocity dependent beam deflection due
to imbalanced light pressure during transit out of the ilinated region.

The repumping laser is expanded in a similar way as the coobepled in separately
through a free PBS port, and propagates in a single diretitimugh the silica cell. A razor

s 1 |

23ThorLabs FS-PM-4621 fibre and F230FC-B collimator
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blade imaged into the cell cuts off the repumping light nér lower edge of the cooling
region, such that atoms are pumped into the statg, 55=1 before leaving the cooling light
fields. Since the cooling laser does not couple to this statesitivity to scattering force
imbalances in this region is thus relieved.

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

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

3.2.2 3D-MOT and molasses

A 3D-MOT recollects the atoms from the cold atomic beam aft@rsfer to the experimental
region of the chamber. It consists of three retroreflectedri@aeams and a 3D- quadrupole
magnetic field produced by two coils in anti-Helmholtz coofafion, as described in 3.2.
Fig. 3.8 shows a sketch.

The 3D MOT has to share optical access to the lower cell cemtérthe dipole trap
beams, the Raman beams and the fluorescence detection lsh&inee highest priority is
assigned to the dipole trap, one of the MOT beams, which lyswaluld coincide with the
z-axis of the quadrupole field, was chosen to be swiveled Byoli¥ of this axis, resulting
in optimum access for dipole trap beam No.1 (see Fig. 3.8)erAdxpanding from a right
angle polished single mode fibre end, this MOT beam is cotiehdy af = 80 mm plano-
convex lens, and polarisation filtered by a PBS. The propeular polarisation is set by a
guarter wave plate, and a gold coated mirror steers the bleamagh the silica cell at I7
elevation. Behind the cell it passes another quarter waate @nd is retro-reflected by a
dielectric mirror.

The other two MOT beams, set up in the xy-plane of the quadeujpeid, are mutually
orthogonal and symmetric with respect to the atomic beare. diitics for these two beams
are completely separate from the swiveled z-beam, and fexddgparate single mode fibre
connection, which is similar to the one described above. ctiiemated beam is split in
two equal parts at a PBS, with the ratio adjusted by a half vdate. As for the swiveled
beam, after passing quarter wave plates the beams aredstgsvards at 45angles, pass the
second quarter wave plates and are retro-reflected. Cartales during design to choose
convenient axes of alignment for the elevation mirrors.

After the three beams being properly adjusted to have the&rgassing through the cell
center (within+2 mm), the retroreflectors are accurately set by coupling lnatckthe cor-
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N4
N4
N4 Dipole trap access
N4 -
G s
/
N4 /PBS
[

PBS

N2

PBS

from fibre

Figure 3.8: 3D-MOT optics and geometry.

responding single mode fibre, light travelling in the fibradding being visible with an IR
viewer through the jacket near optimum adjustment. Aftéaldshing MOT operation, the
17°-beam retroreflection is adjusted vertically slightly bvelinis setting, which is found to
result in a more stable atom density distribution. Also ohthe 45-beams may be tuned
away from the geometric optimum to improve stability andpghaf the MOT as viewed on
a CCD camera.
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o T T T T T T T The MOT quadrupole coil pair is made

: 41 of @1 mm insulated copper wire wound
on supports made of black PG#(100
turns each). In connection with the
(aluminium) compensation coil supports
(see 3.6.1), a rigid, lightweight, and self-
v —_ supporting coil-cage is formed. The
OO N TR S SO N S quadrupole coil windings have the fol-
lowing measures: @64 mm inner diam-
eter, @88 mm outer diameter, 10 mm
. width each, and 50 mm total axial spac-
-2 ing. The resulting (computed) quadrupole
xal position (mm) field is shown in Fig. 3.9 for the
OIaxial direction. The typical operat-
Ing current for loading the MOT s
2 A.

Bz (Gauss)
o

dBz/dz (Gauss/cm)

1
=
[
N
o

Figure 3.9: Axial MOT magnetic field and fiel
gradient at 2 A coil current.

3.2.3 Laser system

As mentioned in 3.2.1 and 3.2.2, two grating stabilisedredel cavity diode lasers are nec
essary to operate the magnetooptical traps, one to drivEtBe» F'=3 cooling transition,
and one to repump atoms, which eventually accumulate inritnengl state F=1, via F'=2 to
the state F=2.

They are built in Littman configuration [70, 110], and theref the amount of feedback
to the diode can be varied via the angle of the grating redativthe incident light beam.
This, together with the choice of polarisation, stronghgeffs the diffraction efficiency. Low
feedback (few percent) leads to high power coupled out iméazeroth order of the grating,
which is then available for the experiment. This choice isaal¢off between frequency
stability and tuneability on one hand, and available ouppawer on the other hand. The
direction of the outcoupled beam is independent of detuanthalignment, which can be an
additional advantage.

Extensive literature exists on diode lasers and their lstabion by optical feedback [58,
74,91,101, 148, 183]. Therefore, only a short descriptogiven of the actual setup of the
diode lasers, which was dictated by simplicity and, evenencost®.

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

24poly-Oxymethylene / Polyacetal: An easily machineablstia The (only) advantage with respect to alu-
minium is the absence of eddy currents during fast switcbirthe magnetic field.
25An advanced version of our diode lasers is described in [25]
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Diode lasers

Figure 3.10: Grating stabilised diode laser (to scale)

Figure 3.10 shows the sketch of a MOT diode laser. The extkodeity consists of
a temperature stabilised diode collimation package bmiliir workshop?, the grating’,
and a dielectric mirror glued to a piezoceramic f#fo@n a precision mirror moufit The
diode® is mounted such that its polarisation is parallel to the gesmf the grating, resulting
in low first order diffraction efficiency, and high output anteroth order. Diffraction into
second order is completely suppressed by choosing the ggpacing properly. The elliptic
intensity distribution of the output beam is shaped by amarahic prism pait and passed
through an optical isolatétwith 60 dB isolation. The polarisation is rotated by $@tween

26pased on a modified collimation package ThorLabs LT110P-&ged into a (20 mmopper block, which
is mounted on a peltier element in a milled aluminium enaleswhich also houses modulation electronics
and external resistors for the temperature sensor netwSr&4203

2holographic sine, 1400 groovésm, gold coated, Zeiss or Spectrogon

28Ferroperm, Pz27, tube OD 12.6 x ID 11 x 12.7 mm

2Radiant Dyes MDI-2-3010, foot surface precision milled

30Toptica LD-0785-0080-2 (Sanyo), 80 mW

31Melles Griot 06GPUO001, mounted on Lees adjustable mount

32Gsanger Kompaktisolator FR 780 TS 1
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grating and prisms by &/2-retarder plate to minimize reflection off the Brewster aoés of
the prisms. All parts except the isolator are glued to a 30 moktaluminium base housed
in a cast aluminium box, which can be temperature stabiliseclnning water through a
copper plate attached to its bottom. Up to 40 mW are availadithend the isolatd?, without
pushing the diode to its power limits.

Spectroscopy and stabilisation

In an early stage of the development of the MOT system, threrdasere locked to the slope
of a Doppler-free saturated absorption line, measured ubalium vapour cell [33]. The
spectroscopy signal was obtained by subtracting a doppterdened spectroscopy signal
from a doppler free one. While this works reasonably welltfa strong cooling transition
(F=2 — F'=3), it proved to be difficult using the small lines obtaghtor the F=1— F’
multiplet. Residual fluctuations and drifts of the signafgven the order of the signal itself,
causing the repumper laser to fall out of lock every few nesut

Therefore, a method known aschroic atomic vapour laser lock (DAVLL, [32]) was
tried, offering intrinsic compensation for intensity (abelam pointing-) fluctuations: a ho-
mogeneous magnetic field is applied to the vapour cell,tsgithe magnetic sublevels of
the rubidium atoms. The absorption spectrum measured gwanily polarised probe beam
sent along the direction of the magnetic field then is shiftdequency by an amount given
by the magnitude of the magnetic field in a direction depemain the sign of polarisation
of this beam. A linearly polarised probe beam, as a supdrposif circularly polarised
components of equal amplitude and opposite rotation, mesadoth frequency shifted ab-
sorption lines simultaneously. It can be analyzed in then&af circular polarisation by a
A/4 retardation plate followed by a polarising beamsplittérirg the intensities of the two
circular polarisation components at its two outputs. Tghire difference of both signals then
yields a symmetric, dispersion-like error signal with nmaMim slope ocurring at, and being
nearly constant around, the zero crossing. The method vigisalty proposed for Doppler
broadened lines requiring, in the case of rubidium atomsagnatic field of approximately
100 Gauss to give a shift of a few hundred Megahertz. The codyxing this magnetic field
also led to heating of the vapour cell to aboveé@0This made the rubidium vapour optically
thick, and in addition led to a metallic layer of rubidium dretslightly colder windows of
the cell, so no signal from the probe beam was obtained atiifsit

Instead of changing the coil, the same principle of openatias applied to saturation
free absorption spectroscopy with a linewidth below 20 Miing a magnetic field on the
order of ten Gauss on the coil axis. Heating in this case wghgiae, and a substantial
improvement over side of fringe stabilisation was obtaife@gdthe cooling transition, with
largely reduced residual fluctuations of the spectroscagryas for proper alignment of the
quarter wave plafé. Figure 3.11 shows the signal obtained on the F=F’ multiplet in

33The insertion loss is found to be significantly higher thamgpecified max. 1 dB
34This is easily done by chopping the probe beam and minimittiegresulting jumps encountered by the
spectroscopy signal

64



3.2 Double MOT

B \ ~_
§ L _ PBS \
f = 1000 NA&
Pl Amp. -—
f=50
PBS ‘
to PZT y=
AOM £
] AOM 160 to
80MHz 295MHz
Diode laser Z to Exp.
} —

Figure 3.11: Spectroscopy for cooling laser stabilisation

a 5 cm long vapour ceft, mounted at an angle of approximately’16 the probe beam
propagating on the coil axis, to prevent reflections in thenb@ath. It is amplified by a PI-
control amplifier and fed back to the piezo mounted mirrohefliaser to control the length
of the extended cavity.

The probe beam is detuned from the diode laser output fregusna wideband AONP
in single pass operation, and the output is imaged to thd fomat of the f = 1000 mm
lens between vapour cell and backreflecting mirror. Therga#ton analyzing detector is
put near the (spatially shifted) focal point of the light winipassed the cell and the lens
twice, thus minimizing spatial shift on the photodiodesidgrAOM frequency sweeps. The
laser is then locked to the center of the big{Z O 2,3) crossover resonance, and its output
therefore shifted to the blue side of the cooling transibgmn: 20...185 MHz. It is switched
by fixed frequency (80 MHz) AOMs in single pass (order -1, see §.13) and thus again
red-shifted to the desired frequency around the coolingsttimn F'=3. The zeroth order of
one switching AOM is used for the spectroscopy. The intggsihp caused by switching this
AOM is compensated for by adjusting the rf power to the sjpscopy AOM simultaneously.
This power adjustment is fast enough to keep the laser I3¢ked

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

35Toptica
36XEROX (used surplus part), 153...320 MHz (-3dB)
3’0One might say: The laser lock is slow enough not to be kickéd.ou
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Figure 3.12: Repumper laser spectroscopy

The laser diode current is modulated at low amplitude at 7 My4a synthesizé? to result
in -20dB modulation sidebands on the repumping light. Saitom spectroscopy is done in
a 10 cm long vapour céfl, and the signal obtained on a fast photodi§dganalyzed using
phase sensitive detection by mixing it with the synthesizéput on a phase detectarin
the resulting error signal, also shown in Fig. 3.12, theuvitial lines are difficult to identify,
but the optimum repumping line is easily found experiménta observing the fluorescence
of a rubidium vapour simultaneously illuminated by cooled@aepumper light as a function
of repumper detuning. Since also the repumping light isdveitl by a single pass AOM, it
is possible to lock the laser to the£1CO 1,2) crossover resonance, shifted 78.5 MHz from
the F=1— F'=2 repumping line. The error signal again is Pl-amplified é&ed back to the
piezo-translated mirror of the laser.

Connecting synthesizer ground directly to laser dioderérirsource) ground introduces
considerable noise and power supply interference on tlee tagput. An rf-transformer or
balurf? is used to galvanically separate the grounds. With a tramsfp also impedance
matching to the 200 modulation input of the diode laser would be possible. Thalbm
7 MHz modulation sidebands on the repumping light are netvesit to MOT operation.

Switching and distribution

The output of the stabilised diode lasers is switched by AQMsingle pas¥, driven with
a fixed frequency from homemade RF soufteshe light is then distributed to the four

38SRS DS345

39again Toptica

49BPX65, amplified with CLC425 and Miteq AU-2A-0120-BNC

4IMiniCircuits RPD-1

42MiniCircuits T1-1 or FTB-1-1

“3IntraAction AOM 80, measured diffraction efficiency 85% @ 2¥ypower

“The sources base on a free-running VCO (mini-circuits P6&-Whose output is isolated and switched
by an RF-operational amplifier with fast shutdown (e.g. CILG¥ The output is electronically attenuated
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3.2 Double MOT
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Figure 3.13: Switching and distribution

input ports of the double MOT system using polarisation rtzining single mode fibrés
(c.f. 3.2). Figure 3.13 gives a schematic overview on thrs. pa

The output of the cooling laser is split into a 2D-MOT branceida 3D-MOT branch
with adjustable intensity ratios\(4 and PBS) before switching. The 3D-MOT branch is
subdivided into the xy-plane part and the z-axis part of theMBOT. Mechanical shuttef8
reduce near resonant stray light scattered into the fibreemlog optical surfaces and residual
diffraction of the AOMs when the MOT is shut off. They are alssed to block the xy-part
during atom detection with the photomultiplier tube (see3.

The light is coupled into single mode fibres using FC-conegatouplery’. In some
cases a strategically placed additional single lens mayltrasfibre coupling efficiencies
above 75%. Generally, coupling efficiency is above 70%,giamexternal adjustable mode
matching telescope. See also 3.3.3 for more informationlwe ioupling. A part of the

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

450z Optics, c.f. 3.3.3 or ThorLabs FS-PM-4621, similarly sectorized

46Made from relays NAIS-ST-1-12Vdc (10 ms delay) or NAIS-DSPEVdc (< 3ms), small flags glued to
moving part

4'ThorLabs F220FC-B or F230FC-B
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3 The apparatus

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

Diagnostics

During operation, the two lasers are continuously mondt@mea confocal Fabry-Pérot cavity
(CFP*®). This faciliates relocking of one of the lasers to the coirepectroscopic line, which
for the repumper may be necessary every couple of hours,adeft of the laboratory
temperature. It is also useful during alignment of the edéeihcavity of the lasers.

A fibre-coupled wavemeter [18] (Michelson-type) is only dighiring alignment of the
diode lasers. It compares their respective wavelengthddkitiown wavelength of a HeNe
laser stabilised to its own gain curve. If properly aligneg precision is much better than
10, allowing direct identification of the four Doppler broa@ehprofiles in rubidium. It is
shared with other experiments in our lab and also used fofit!sa dipole trap laser (c.f.
3.3.3).

The relative linewidth of the two lasers was repeatedly messwith a spectrum ana-
lyzer*® using the microwave equipment now employed in the Ramanm &etap (see 3.5).
Figure 3.14 shows a typical spectrum of the beat note on gofasibdiode. The relative
linewidth (FWHM) of the locked lasers is always well below H¥l Since different tech-
niques and devices are used for stabilising each laserrel@i@d response to external dis-
turbances is not expected to cause a significant underestimtd the individual linewidths
of the two lasers from this measurement.

|
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s 7 SWT =2.5ms > SWT =5 ms
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Figure 3.14: Relative linewidth of the lasers during MOT @ti®n

“8Melles Griot optical spectrum analyzer
“*Marconi 2383, Rohde & Schwarz FSP13

68



3.2 Double MOT

Suggested improvements

Some changes to and expansions of the laser system can beaodméher enhance its
performance and stability. The following points are corsadl relevant:

Injection lock: Another diode laser is currently set up which will be optigatjection
locked to the MOT cooling laser to increase the power avhal&t drive the cooling
transition in both MOTSs. This is expected to enhance theifmpdate of the 3D-MOT
significantly.

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

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

3.2.4 Performance - loading and decay of the MOT

[ay
o

U, (V)
o B, N W A O ® N © ©

10!

Up,—0.3(V)

1071
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o
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Figure 3.15: Loading and decay of the 3D-MOT, operated akéi magnetic field gradient
near 28 Gauss/cni = N/S ~ 7 x 10° atoms/V (c.f. 2.4.1).

Figure 3.15 shows loading and decay of the 3D-MOT, operatEd2and a magnetic field
gradient of 28 Gauss/cm (in z). The curve is obtained by $ivitgcthe 2D-MOT cooling laser
on for two minutes. The loading rate, as determined fromrhml slope of the curve, iR =
3.3 x 10° atoms/s, and the decay is well described by a single expiaheiith time constant
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3 The apparatus

7 = 1/a = 40 s. A constant offset is subtracted from the data in the seailthmic plot.
This is the fluorescence level obtained from loading the 30IMuy the effusive thermal
beam alone (2D-MOT switched off). In this cade, = 7 x 10? atoms/s. Operation of the
2D-MOT therefore increases the loading rate by a factor o 402.

In a similar measurement at a magnetic field gradient of 17s&am (in z, Fig. 3.16),
which is the value typically used for maximum transfer, tberesponding values aie =
5.3 x 10° atoms/sy = 60 s, andR, = 2 x 10* atoms/s, giving an increase of loading rate
due to the 2D-MOT by a factor of 2:7102.

The differences in these characteristic parameters aisedaoy the change in velocity
capture range and capture cross-seéfinith the magnetic field gradient. If a large fraction
of the atoms in the cold atom beam from the 2D-MOT is alreadytwsad by the high-
gradient MOT, the increase due to optimized capture in thiepn gradient MOT is limited.
On the other hand, background atoms (from the effusive beamenjat room temperature,
and therefore the loading rate of the MOT increases quadibtiwith increasing capture
velocity, as well as with increasing capture cross-section
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Figure 3.16: Loading and decay of the 3D-MOT, operated ak& magnetic field gradient
near 17 Gauss/cm. The shallow slope at the beginning of tbayd=irve is caused by the
limited field of view of the detection systerk’ = N/S ~ 7 x 10° atoms/V (c.f. 2.4.1).

SOinstead of capture volume, since in any case loading fromezid beam dominates
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3.3 Dipole trap

3.3 Dipole trap

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

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

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

3.3.1 Optics and mechanics

The light is guided to the experiment by single mode opticaks, which are connectorized
with FC connectors, and thus can be easily disconnectedenmhmected. The intensity
distribution exiting such a fibre constitutes an excell@mraximation to a Gaussian beam
With a core diameter of wm, as in our fibres, the beam leaving the fibre end facet has a
mode field diameter around 5:8n and therefore expands with a numerical aperture of NA
=0.11 (f/# = 4.5) at\ ~ 780 nm.

This expanding beam is collimated by a high aperture lenshorae-made adjustable
collimation package, and is focussed by another lens tiirdlg wall of the silica vacuum
cell into the experimental region. The Gaussian beam dianaétthe focus is given by the
ratio of focal lengths of focussing and collimating optiaed by the mode field diameter of
the fibre, which resembles a focus of this size near the filte@rannel No. 1 is collimated
with an f = 30 mm lens and focussed with a lens of focal lengite 80 mm, while Channel
No. 2 is collimated and focussed with = 14 mm andf = 37 mm lenses respectively.
Therefore, beam parameters of the two trapping beams aresweilar.

Slwithin the fibre, light travels with Bessel-shaped and mediHankel-shaped radial intensity distributions
in the core and cladding of the fibre, respectively, with aomus joining value and gradient at the core
boundary [166].
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3 The apparatus

Geometrical and mechanical considerations

To be able to align the two crossed beams precisely whitheségp each other on them
scale, the complete optics of dipole branch No. 2, includimegfibre connector, is mounted
on a three axis translation st&geTaking the waist size of the two beams towg = 7 um
implies the axial depth of focus to be on the order of 0.2 mneré&fore, the vertical direc-
tion, where the beams are aligned radially, is by far the rangtal one. In this direction,
a high precision differential adjustment scféwallows sub-micron resolution, with repro-
ducible position readings in steps of approximateiyml(not calibrated). The other axes
of adjustment, which are parallel to the axes of the dipde tseams, are equipped with
high quality fine pitch adjustment screfisThe translation stage is built on the principle of
flexion. While enabling very high mechanical stability wigspect to roll and yaw, travel
range is limited to-1 mm. Since it is thermally compensated with respect to aliumn
alloy®®, vertical alignment of the beams is maintained by mountirgdptics of the other
branch on an aluminium block of the same height as the trimslstage (76 mm), and both
parts on the same horizontal base plate. The axial drift igitiperature is mainly due to the
expansion of this aluminium base plate over the focal lenfithe focussing optics (38 mm
and 80 mm) and, for the laboratory temperature range of 5i&jgta few microns. The base
plate dimensions arg30 x 300 x 30 mm. It consists of two sheets 20 mm and 10 mm thick,
which are stiffly connected by many screws. Inner dampin@pigfgandwich construction is
enhanced by a thin film of vaseline between the pfates

Optical elements in the beam paths

The dipole trap light leaving the single mode fibre is colliethusing a three lens high aper-
ture laser optit’ which offers nearly diffraction limited performance at tiygerture covered
by the entrance beafh The collimated beam passes an optional diffractive opéilganent
(DOE) to produce a hollow beam, as described in 3.3.2, antbaiging beamsplittéf (PBS)
which, among other purpos€sserves to maintain strictly linear, fixed polarisation foe
dipole trap. The (adjustable) collimated beam No. 2 therrerd home made high aperture
four lens system which takes into account the silica vacuelhhgéndow to result in diffrac-
tion limited imaging through this window. These optics aescribed in detail in A.1.1.

52E|liot Martock Gold

53Elliott Martock MDE 216

S4MDE 217, pitch = 0.25 mm/rev.

SSwhich has a thermal expansion coefficiendfto2.4 x 1073

56As an additional advantage, this two-piece design offesy @aeans to mill an arbitrarily wound water-
cooling path into the base, which was optimized for homogaséemperature stabilisation of the base by
water from the same source as used for the diode lasers.@3)3

57Linos HALO f = 30 mm, NA=0.38, respf = 14 mm, NA=0.32

8see A.1.1 for details

9B, Halle Nachfl. GmbH, D-12163 Berlin, PTW1.20 resp. PTW1.800-900 nm, transmitted wavefront
dist. ~ A/10, residual transmitted S-pok 4 x 104, beam deviatiorc 2’

80see 3.4
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Figure 3.17: Trap beam optic assembliégp: Channel 1pottom:Channel 2

The polarisation can be turned to vertical between PBS amdatussing optics, using an
achromatichalf wave platé!.

Beam No. 1 is focussed with a gradium single Bng/hich most probably also results
in a diffraction limited beam inside the vacuum system. Téweson for the different optics
is, that in this direction the tilted MOT-beam implies a largvorking distance of the dipole
optics. The additional achromatic waveplate is omittedhia thannel by mounting the PBS
vertically?®,

Both dipole trap beam assemblies are sketched in Fig. 3.1¢e @ligned, components
can be removed and reinserted without affecting the r&atojustment of the two crossing
beams. Reproducibility is on the order of microns, such évan in the worst case only
slight optimisation of the vertical position is required.

618, Halle Nachfl. GmbH, quartz and MgF\/2 + 0.003 X for 690-850 nm
62| ight Path Thechnologies, Inc., GPX-25-80, AR coated
83This is not possible in channel No. 2 due to MOT optics aboeeotsam splitter.
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3 The apparatus

3.3.2 Diffractive optical elements

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

1. Alaseris forced to produce a Hermite-Gaussian modebgigserting a thin tungsten
wire into the beam path of the resonator. The Hermite-Ganssutput mode then is
converted to a Laguerre-Gaussian by a prism-modecony&84yJ.

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

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

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

*

Figure 3.18: Gaussian input beam intensity distributileft)( height profile of a speckle
phase platel¢ft cente}, output beam intensity distribution in the far fieliht cente), and
interferogram (ight).

Principle of operation

In this experiment, diffractive elements are used whichktaad of being a binary phase pat-
tern, have a continuously varying phase profile. The phasfdgused to convert a Gaussian
beam into an L, is sketched in Fig. 3.18. Itis one turn of a helical structhesing a phase
step of27r which leads from the center radially outwards, and congthate in any radial
direction, but increasing proportionally with the angleadlial direction measured from the
step. In the center, there is a point where phase is not defagthse dislocationPhase
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3.3 Dipole trap

patterns of this kind are calledspeckl&*. Speckles of higher order are generated by phase
steps being integer multiples of.

For a Gaussian beam transmitted orthogonally through aal tiice, ther phase step
does not break rotation invariance, since parts of the amtifleld transmitted at both sides
of the step perfectly match (having a relative shif2af). In contrast, any two field parts
transmitted through opposite regions with respect to timecg180 angular spacing) are
out of phase byr and therefore cancel in the far field. It is therefore immedyaplausible,
that the beam exiting the phase changing element is darls @axis, if the phase dislocation
is positioned on the axis.

Some beam conversion properties of a speckle phase element

¢ Unlike some other diffractive techniques, the beam patlotsattered by insertion of
the element. The intensity distribution is centered on #raes axis as the Gaussian
input beam. This property simplifies installation of the idevinto the experiment.

e Fabrication- and alignment imperfections such as non aptirstep size, decentered
input beam etc. affect the angular homogeneity of the imtedsstribution. However,
there is always a strictly dark spot, which might be deceaté&rom axis.

¢ Residual intensity in the dark spot minimum critically deds on the slope of the step
and the extension of the central feature, which cannot bieqter fabricated. As a
worst case estimation, consider the faulty central reggnewing zero relative phase,
thus resembling a pinhole which is imaged by the opticalesySt

¢ A thin element can not fully convert a Gaussian to a Lagu&aessian beam. Inten-
sity has to be removed from the axis, either by absorptioryaliffraction. At diffrac-
tion gratings, this part of the light leaves the element irozeorder, and is therefore
effectively stripped from the converted mode which leavefirst order. At a speckle,
itis instead diffracted radially outwards, adding intéy o the radial tails of the Lg.
Since the atom trap is formed by the inner part of the intgregtribution, no attempt
is made here to strip this excess light by a pinhole. Aparhftbe focus, the intensity
distribution therefore deviates from both the Gaussianlaglierre-Gaussian shape.

Fabrication

The phase elements were designed and fabricated by Ma@higsne of the Institute of
Applied Physics at the University of Jena in Germany, in ttaag of Dr. Bernhard Kley.

54not to be confused with the same term used in multiple pa#tfiience

%5For a dipole trap intended to cool atoms to the motional gdstate, the residual intensity at the trap center
has to be compared to the averaged intensity an atom in it®@mabground state encounters anyway (i.e.
the intensity leading to an AC-Stark shift by, /2).
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The phase profile is implemented as a height profile in elaetsist, which is spin coated
on fused silica substrates (& 25 my mm). The electron resist is exposed by electron beam
writing with a minimum structure size of 200 nm using a quamiinuous dosage range
(grayscale exposure), and then developed, i.e. the resiBemically removed according to
received electron beam dosage. This results in a heightearofi

The refractive index of the resistis; ~ 1.5, which is reasonably close to that of silica
(ns ~ 1.45t01.46). A 2m-step forA = 740 nm light in photoresist therefore i%,, =
A(ng — 1) = 1480 nm.

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

Encouraged by this proof of principle, intense
discussions followed on required transformation
properties and possible fabrication techniques.
A more radical approach was tested which, us-
ing substantial excess resolving power, aimed at
shifting as much intensity as possible towards
the harmonic central feature with correspond-
ingly steeper intensity gradient on the outward
slope, thus resembling only the inner part of a
Figure 3.19: Far field intensity distribulaguerre-Gaussian beam. This approach was
tion of test sample, directly exposedbandoned since in atest sample, advantages did
CCD. not show up to be as pronounced as expected,

and flexibility is somewhat restricted since these
elements have to be made for a fixed combination of Gausseam deameter and focussing
optics (i.e. trap size in focus).

After solving major difficulties concerning the portatiohtbe fabrication process from
4" square substrates to @25 mm substrates, finally a testleamas produced with a grid
of non-exposed pillars as reference points, which servexttorately measure the height
profile all over the surface. As a result,
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¢ in the radial profile the center is lower than the outer payt% Bo, which is attributed
to additional influence of the already dissolved resistrdychemical processing. This
is inferior to the results obtained before with three-inabdrates, but, as simulations
show, does not lead to appreciable degradation of the iyedistribution. Chemical
processing was slightly tuned in the following final run tqoirove on this property.

e The linearity of angular slope (height vs. angle of rotatainconstant radius) was
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3.3 Dipole trap

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

Based on this data, in the final run three high quality fustidassubstraté8 with an AR-
coated rear side were processed.
Step sizes of these elements, measured after chemicakpnoggeare:
1475-1495 nm (No. 1), 1540-1460 nm (No. 2), and 1580-1440Mm 8).

Measured optical performance

Evaluation of the optical performance was done by focusiegoutput of one of the fibre
collimation units described in 3.3.1 onto a CCD several ageaway, to obtain spot sizes
large compared with the CCD pixel size. The observed Gausgsiansity distribution was
then compared to distributions obtained with the DOE iregkghortly behind the collima-
tor lens. Total distance from diffractive element to CCD istbhe order of 5 m. With false
color real time display of the CCD image and a Gaussian beaist wéz) = 3 mm at the
position of the DOE, centering of the DOE with respect to tkarh axis is done simply
by moving the DOE support on the desk by hand. Optimum aligrirteads to a centro-
symmetric intensity distribution having two maxima and tsauldle points on the rim. The
intensity difference between saddle and maximum dependseowavelength mismatch of
the phase step and residual fabrication errors. The CCRtimteadds pixel noise and a vis-
ible pattern of parallel linear interference fringes asrtiee whole frame, which is attributed
to residual etalon effects in the AR coated window coverirg@CD chip. The pixel noise
is efficiently reduced by performing a running average oveas including several pixels,
while the window-fringes show up in the results presentddviae

Part Of the Gaussian beam incident on the DOE is reflecteddoyrtboated resist surface
(~ 4 %). Of the transmitted intensity, a part is diffracted by tgrating-like pixel pattern
written into the resist, with a grating constant of.#h. It shows up as a point grating cov-
ering a large solid angle behind the DOE. The remaining logimisists of the desired L
mode as well as light diffracted into other LG modes. While ithealised speckle in focus
causes a smooth decay with increasing radial distancengthwe focal position in the axial
direction, additional ring-shaped features on the outgpesbf the intensity distribution ap-
pear. These are intrinsic to the light field generated by aldpehase, growing in number
and relative intensity as distance to the focal positiomaases (Fig. 3.21). If the speckle
is fabricated using discrete phase steps, the symmetrgsmonding to the number of steps
is also transferred to the intensity distribution, leadiaganangular intensity modulation
around the axis. This is slightly visible in Fig. 3.19, whishproduced with a speckle of 16
phase steps.

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

56_ayertec GmbH, D-99441 Mellingen, @ = 25-0.1 mm, d =-B012 mm, surfaces/10 at 633 nm, wedge1’,
all parts of same d withirc 0.01 mm, back side AR sputter-coated 700-810 nrr3 %
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Figure 3.20: Measurement on diffractive element No.Upper left: Recorded intensity
distribution as height profileUpper right: Comparison to computed L& (contour plot).
Lower left: Diagonal cut through intensity profiles of measured speakicomputed L& .
The LG, is fitted to the saddle point intensity of the measured dhistion, therefore it is

the lower curve in this graph.ower right: computed LG, intensity distribution as height

profile.

the unconverted Gaussian beam. As given in 2.5, for losstesgersion to an L& this ratio
is 1/e all around the ring. Numerical field calculations startinghwa Gaussian intensity
distribution and the phase distribution of a speckle at thatn of the DOE give a relative

maximum intensity near 0.23, which indicates that a pedpetkle can at most have 62.5 %
conversion efficiency into an L§g mode. The actual measurements on the DOEs used for

dipole trapping in this project show ring minima in the rarigeto 60%x1/e of the Gaus-
sian beam detected with the DOE removed, and therefore nke$t perform close to the

theoretical optimum.
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3.3 Dipole trap

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

3.3.3 Trap laser system

Laser light of substantial power is necessary to produceléipaps of the size and depth
intended for this project. For red-detuned FORTS, (diodeyped) Nd:YAG-lasers operating
at 1064 nm and tuneable Ti:Sa or dye-lasers are frequerely. uslthough Nd:YAG-lasers
are available at higher output power, a Ti:Sa laser offegsatiivantage of tunability over a
very broad spectral range at still substantial power. Theelesmgth can be chosen to give
optimum potential depth vs. scattering rate, and all speptoperties can be well controlled.

We use a commercial system consisting of an Argon-ion purs@ffawith up to 25 W
(multi line) output power and a tunable Ti:Sa ring 1&8ewhich delivers up to 3 W single
mode, single frequency at 22 W pump power (up to 4 W withoubas). At 15 W pump
power, the single mode output power is approximately 2 Wewis sufficient for many red
detuned dipole trap experiments at wavelengths near 810 nm.

The light is split up into two symmetrical branches by a pisiag beamsplitter cul§&
(PBS) behind the output of the Ti:Sa, separately switcheadoyisto-optic modulatofsand
coupled into polarisation-maintaining single mode fibtds/ aspheric coupling optiésto
be transported to the expriment separately.

Fibre coupling

A half wave retarder plate sets the ratio of power betweetwbédranches. The mode of the
Ti:Sa output is matched to the fibre collimators by an 80/8@mm telescope between Ti:Sa
and PBS. One telescope lens is mounted on a translatiorf$tagdiow axial adjustment for

optimum fibre coupling efficiency. This has to be redone aitaravelength change of the

87Coherent Innova 100

68Coherent 699 with short wave mirror set and mechanical ICA
69Halle PTW 1.10, 600-900 nm

OCrystal Technology AOMO 3080-120

710z Optics PMJ-3A3-750-5/125-3-5-1

20z Optics HPUC-23-750-P-2.7AS-11

Newport M-MT-X
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Figure 3.22: Trap laser fibre distribution

Ti:Sa by more than a few nanometers. Slightly more than 80 #heofight incident on the
coupling optics leave the fibre on the far end. The fibres avgpeed with FC-connectors
and the incoupling end is angle-polished at®Gavoid etalon-effects within the fibre. Proper
alignment at low power< 200 mW) is necessary to avoid burning of the epoxy glue around
the fibre and damage to the fibre itself. Prealigned to mone H®% coupling efficiency,
continued operation with 1 to 2 W of incident power led to ng@tvable degradation within
three years.

Acousto-optic modulators

The AOMs have a diffraction efficiency of 90 % at 80 MHz and 1 WiRput power. They

serve different purposes. First, they allow fast switchofighe dipole trap, which is used
for different diagnostic measurements presented in chdpte addition, loss of atoms due
to interferometric fringes in the trap between light of ttbranches is avoided by using
diffraction orders of different sign, thereby detuning th® trapping beams by 160 MHz,
which leads to rapid movement of the fringes. The atoms ameowan averaged potential,
since motional frequencies are lower by a factor of nearly* {the content of unshifted light
is measured to be below -60 dB at the fibre output). Last, ligiécted by the fibre facets
returning to the laser outcoupling mirror is shifted in fuegcy by passing the AOM twice.
This frequency shift (again 160 MHz) is incommensurablenviite free spectral range of
the Ti:Sa (183 MHz), and therefore reflected by its outcawgphirror. Coupling directly

to a fibre without AOM or other isolation is found to cause gerdehaviour of the Ti:Sa

by optical feedback, namely oscillation of the backwaraating mode, chaotic output
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3.3 Dipole trap

intensity and reduced available average power in the fahdaection. The AOMs cure this
problem completely. Another problem directly linked to tree of AOMs is thermal drift of
the spatial mode structure of the diffracted light due tatewing the RF power. This effect
was observed as intensity drift of more than 20 % behind thre bbb a timescale of seconds
after switch-on when using surplus high aperture AOMs. kslaot show up directly in
diffraction efficiency (before coupling to a single mode &prThe currently used AOMs are
virtually free of this effect.

Intensity noise and suppressed modes

Apart from power and wavelength, other properties of th&&irelevant to dipole trapping
are intensity noise, which can cause parametric heatinlgeoftoms if close to their oscil-
lation frequencies in the trap, and light emission far o# thosen operating wavelength,
especially near the atomic resonance at 780 nm.
The latter may lead to additional heat-
107, ing by spontaneous scattering and to in-
creased background signal in (or even
blinding of) the detection system. For de-
tunings of interest (more than 10 nm off
the D2-line) it is measured to be on the or-
der of 10°% /nm relative to the total emit-
ted power of the lasét. Since this is in-
deed too much, a holographic notch filfer
k is inserted in front of the fibre leading to
the dipole trap beam path No. 2, which is
shared with the detection system. This fil-
0 2 2 ooy (i 8 1 ter suppresses light withift5 nm around
780 nm while maintaining more than 80 %
.JLansmission at dipole trap wavelengths
"~ An intensity noise spectrufh of the
tht leaving the vacuum cell after forming

|
IS

fractional noise (Vrms/sqrt(Hz))
B B
o, 1S)
a1l

i
OI
o
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Figure 3.23: Intensity noise spectrum of Ti
laser and fibre tranport.upper curve: RMS
noise voltage of the trap light, normalized to9" ) e ;
the DC-output of the photodiodéower curve: & diPole trap is shown in Fig. 3.23. This

RMS noise voltage of the photodiode, being ifi0iS€ could be reduced by a fast servo cir-
luminated by a thermal source (torch) to gi\)aJltWhICh senses the intensity at the exper-

the same DC-voltage as above. iment and uses the RF power to the AOM

as a servo. Since this is not done at the
moment, intensity fluctuations might con-

"4using the bandpass filter described in 3.4.3 and a shorhgrsgiectrograph (Oriel Mod. 77250 + Mod. 18016
stepping motor controller)

"®Kaiser HSPF-780.0-1.0

61f only heating of the atoms matters, a Rubidium vapour celyrbe a suitable cure.

""Measured with New Focus, Inc., Mod. 1801 FS (DC-coupled)quetector.
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3 The apparatus

tribute to the observed decrease in atom lifetime using trgips (c.f. 2.4.4). Beam pointing
instability at the fibre inputs could contribute to integditictuations in the trap beams. High
stability mirror mounts on massive aluminium bases are tisexighout for the fibre cou-
pling components to prevent significant contributions fritis source. Therefore, intensity
noise of the Ar-laser, mechanical vibrations of the extended Ti:Sa atrectand possibly
power fluctuations of the AOM RF driver components are exgetd be the main sources
of intensity noise.
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3.4 Atom detection

3.4 Atom detection

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

In a MOT, fluorescence of the atoms is assumed to be isotrapicoa average unpo-
larised, because polarisation in the central part of thei@bt field changes rapidly on the
wavelength scale. Therefore, the fraction of fluorescentieated by a lens is given simply
by the fraction of solid angle covered by this lens. At a pslag beamsplitter (PBS), the to-
tal fluorescence can be assumed to split into approximateigigarts. A detector of known
guantum efficiency then allows one to estimate the total rermobphotons scattered by the
atomic sample. This information is used to estimate the rarnob atoms, by taking into
account the spontaneous decay fatand estimating the average fraction of atoms being in
the excited state from light intensifyand detuning)\.

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

3.4.1 Sensitive photodiode

The MOT fluorescence is imaged onto a 2565 mnt active area photodiodewith a
typical sensitivity of 0.59 A/W at 850 nm (as well as at 780 nniije resulting photocur-
rent is converted to a voltage by a homemade low noise amploasisting of a 10 M
transimpedance stage anc&00 voltage amplifier. It has an overall transimpedance gain of
1 V/nA, and voltage noise of 4 my, in 10 kHz bandwidth at its output which is dominated
by the amplified thermal noise of the 10(Mresistor. The whole detector therefore has a
sensitivity of1.5 x 10~!% Vs/photon, and a dark noise equivalent to less thari0” photons
per secontf. Comparison to a commercial powermeter with a silicon semdactor detec-
tor head®, performed in the range of a few nW confirmed the sensitiviayesl above with

~ 20 % uncertainty.

As described in 3.3, the imaging of the MOT is done using'aa 80 mm gradium lens
with 22 mm clear diameter, which collects 0.47 % of total fesmence. The side port of
the PBS delivers half of the fluorescence, and transmisgiother optical parts, including a
dielectric bandpass filter, totals 65 (5) %. Therefargx 10~2 of the total MOT fluorescence
is incident on the PD.

"8Siemens BPW 33

®The leakage current induced dark noise of the PD is equivlé® 000 photons per second at room temper-
ature and a bias voltage of 1 V. A transimpedance amplifieewdal G2 is required to approach this noise
level in the amplified signal. For a detailed analysis of siarpedance photodiode amplifiers, see [143].

80Coherent Inc. Field Master with Mod. LM2 sensor head
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3 The apparatus

In a low density MOT of rubidium atoms, where reabsorptiorscéttered photons is
negligible, the photon scattering rate per atong.is x 10°/s at saturation intensity and a
detuning ofl’/2 (c.f. 2.3.2):

80/2

= s = pee T 3.1
14 s+ (4rA/T)2’° P (3-1)

Pee

Taking into account the collection, transmission and deir&fficiencies as deduced above,
one expects a voltage at the PD amplifier output.a@fuV per atom (on resonance:yV).
The atom detection limit of the PD in this se#ipherefore is below 3000 atoms at SAN1

in 0.1 ms.

These estimations suggest a possible detection limit ofvahiendred atoms in 10 ms
measurement time, or even several tens of atoms in one setémfdrtunately, the tilted
MOT beams cause significant stray light signal in excess 6fri®, which adds noise and
also slowly drifts in time, the latter effect being attribdtto temperature dependent interfer-
ence of silica cell wall reflections. In addition, loadingiin the effusive background atom
beam currently limits practicable detection times to bel®@ ms.

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

3.4.2 CCD camera

In addition to the photodiode, the atomic cloud is imaged@mear-infrared sensitive CCD
camer&. It is equipped with a high aperture photographic camerg®terburing normal
operation, the camera output is viewed on a TV screen. Irtiaddpictures can be captured
by a PC “framegrabber” caftito produce digital images. This is also possible in a trigder
mode with high time resolution. However, the framegrablaed does not relock properly to
the CCIR horizontal syncronisation signal of the camerasynahronous triggering mode.
This problem has been solved by a home-made electfSnietiich extracts all three re-
quired clock signals from the camera output and overridesrtternal clock recovery of the
framegrabber card.

No information is supplied by the manufacturer which allawwgo determine the quantum
efficiency in absolute units. The CCD is protected agairesirtbident dipole trap light by a

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

82Cohu inc., Mod. 4912-5010 w/XIR, equipped with CCD SONY IG)}AL

8NIKON f =50 mm, f/# = 1.2

84National Instruments Mod. IMAQ PCI 1408

8pased on a sync separator IC (Elantec EL 4583) and a pixek gieerator PLL (Integrated circuit systems
ICS AV9173-15).
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3.4 Atom detection

dielectric bandpass filter. The collimated beam requiregfoper operation of the filter is
provided by a second four lens objective, which is positibsyanmetrically to the focussing
lens of trap beam No. 2. The trap light reflected from the fikesent into a copper tube,
which is squeezed shut at the far end and blackened on tluke iwsih soot.

3.4.3 Photomultiplier detection with strong straylight suppression

Figure 3.24 shows the path of the fluorescence light coliehéity thef = 37 mm objective

of dipole channel No. 2. It is separated from the dipole tightlat the PBS, and refo-
cussed by arf = 200 mm achrom&f before entering the PMT detection assembly, which
is mounted on a vertical, damped aluminium extrusion prdfil@he assembly consists of
a shutter, spatial filters, spectral filters and the Phottplidr itself. By means of a flipper
mirror®, the fluorescence can be deflected onto a small CCD cameraaakigional MOT
monitor. The spatial and spectral filters are integratea ansingle prealigned device (“filter
stack”) having input and output pinholes, which connectlégphotomultiplier input shutter.
A mirror®® on a precision adjustable modhdeflects the fluorescence into the input pinhole
of the filter stack. The axial focal position is adjusted @anslation of the achrom#t Inside
the filter stack, the light is again collimaf&dtransmitted through four tilted dielectric band-
pass filters, and focussed symmetrically with respect tarthet onto a preadjusted output
pinhole. Resonant light passing the input pinhole at a seiffity small angle to the optical
axis is imaged through the output pinhole. The output of ther fstack is roughly focussed
onto the 4 mm by 10 mm PMT cathode usingfas 25 mm lens at the output pinhole. The
connection between filter stack output and PMT input is dlelagainst ambient light by a
piece of black rubber bellows.

Stray light suppression

The filter stack is intended to reduce the stray light coutd cd the PMT, i.e. suppress all
light which is not generated by fluorescing atoms in the deteaegion. Other measures
serving this purpose include polarisation discriminatatrthe PBS (to suppress reflected
parts of trap light), careful beam dumping of the trap ligirtgd a holographic notch filter to
reduce non-lasing modes emitted near 780 nm by the trap (sser3.3.3). In view of the
high power dipole trap light incident on optical surfaceargid with the detection system,
suppression of this contribution to stray light appearsa@articularly critical. It turns out,
however, that with thepresent apparatus, the residuagoackd count rate is dominated by

86INOS 063205

8/|TEM Reihe 8, 806<160 x 600 mm

8New Focus Inc., Mod. 9891

89Edmund industrial optics L32-086, protected gold$
9Radiant dyes RD2

%IRadiant Dyes RD-NP-15-01

92LINOS No. 063822525f = 80 mm, NIR-ARB-2
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Figure 3.24: Photomultiplier fluorescence detection



3.4 Atom detection

near resonantight, which indicates that suppression of light at the piag wavelengths
works well.

Polarisation filtering and spatial filtering provide seVeraers of magnitude in stray light
suppression for the trap light beam penetrating parts otlgtection optics (c.f. A.1.2). In
addition, the high power trap light has to be further supggdsy many orders of magnitude.
This is done by spectral filtering of the detection light,ngstielectric bandpass filtéfs
These filters have a passband of 13.2 nm (FWHM) centered & Aa@®at normal incidence.
Maximum transmission at central wavelength is 84 %, whilecapdensity (OD) reaches 4
(i.e.t = 10~%) at790 & 25 nm (data supplied with the filters). The transmission cecaerbe
tuned to a shorter wavelengths by changing the angle oféncié* o. Assuming refractive
indices on the order of 1.5, the angle required to shift taegmission maximum to 780 nm
is expected to be below 15The measured value is 14(1)
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Figure 3.25: Single Bandpass filter, near normal incidendewiggles due to etalon effects
(left), and centered at 780nm by angle adjustnfeght)

The filterstack, equipped with four of these filters at aléimg tilt of £14°, has a mea-
sured total transmission of 53 (2) % at 780 nm, indicatingdbzenter transmission clearly
above 85 % per filter. A spectrum taken from a single tilte@filvith an automated spec-
trometef® is shown in Fig. 3.25. The ultimate suppression at wavetenfgir from the filter
passband was not measured. However, amplified spontansossi@n at 780 nm shows

9pk Interferenzoptik, D-92507 Nabburg, Charge 31689

94The following approximate expression holds for dielectgatings of refractive index n (in multilayer coat-
ings with layers of different refractive index, it may onlgrge as a rough estimation at small angles):

9perkin Elmer 19 (unpolarised light)
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up in the transmitted light, even if the Ti:Sa laser is tunedesal tens of nanometres away
from this wavelength. The spectral content of the filter atitpas examined using a short
grating spectrograph (c.f. 3.3.3) and the MOT-photodetedéscribed above. The relative
contribution of spurious laser output within the bandwidttihe filter is found to be on the
order of10~® or below if the laser is tuned away from 780 nm by more than 10 Amar-
rowband holographic notch filter with OD6 at 780 nm improves situation by two orders
of magnitude only, because the filter curves of notch and jp@s&ldo not match properly. At
large dipole trap detunings, the situation may be improvguificantly by a notch filter of
increased bandwidth

PMT and photon counting

The photomultiplier tub¥ is cooled® to ~ —30°C and operated at 1650 V by a stabilized
high voltage suppR?. Its GaAs:Cs-O photocathode responsivity is very broadbeamging
from below 250 nm to above 850 nm with quantum efficienciesrald® % (max 30 % at
300 nm). At 780 nm its quantum efficiency (QE) is measured tm@xcess of 10 %, while
the dark count rate is below 20 /s at operating temper&fure

Its output current pulses are converted to voltages at the Bput resistance of a pulse
amplifiett®, which has a voltage gain of 100. The pulses are shaped hyiimgsehort stubs
of coaxial cable, equipped with terminations deviatingpfriheir characteristic impedance to
produce reflections with defined time delay and a definedifracif the initial pulse height.
Values are chosen to minimize afterpulsing. The resultirdftwof the amplified pulses is
3 ns.

The (negative) pulses are discriminated and counted byeal gdioton counté?? with the
discrimination threshofd set to -10 mV. The result is read out via GPIB by the detection
computer (see 3.6.2).

This detection system was available from another expetimatihough quantum effi-
ciency can not compete with avalanche photodiode (APD)ctiatesystem®*, the ratio of
QE to dark count rate is similar. In addition, the sensitikeaas much larger, which facili-
ates imaging and alignment. However, up to now the strafyBginal strongly exceeds the
dark count rate (as discussed above), and an APD systemrtheduld increase detection
efficiencies by approximately a factor of five.

9%Kaiser HNPF-785.0-1.0 instead of HSPF-780.0-1.0

9’BURLE Electron Tubes C31034A-02, replacement part altermaHamamatsu R943-02

9%products for Research peltier cooled PMT housing TE104RifF péltier current controller

9Thorn EMI PM28B

100At room temperature it would approach the maximum allowettiooious count rate of £0s

10IEGEG VT120

102SRS SR400

103The measured pulse height distribution does not show atipdisingle photoelectron peak. The threshold
therefore is chosen to result in appropriately measuredrigEiark count rate.

104e.g. EG&G (Perkin EImer) SPCM-AQR
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3.4 Atom detection

Overall photon detection efficiency

The f = 37mm, f/# = 1.8 lens collects 2 % of the solid angle, and, in an experimertt wit
effectively unpolarised emission into the detection dimetg the PBS transmits half of the
fluorescence. The filterstack also has 50 % transmissionthenBMT detects 10 % of the
incident photons. The other optical parts transmit 80% tal¥¥. As a result, one out of
2500 emitted photons produces a counted event. With optairgeometric atom preparation
and excitation (proper linear polarisation emitted tovgatte detection channel), a factor of
two in priciple can be gained.

In a dipole trap, excitation (saturation) should be limitedow values during detection
to limit the resulting scattering force and maintain a pragipole trap potential. Assuming
I = I,/10 and a detuning of, excited state population is 1 % (Eq. (3.1)), and a singlmato
gives a count rate of 150 /s (resp. 300 /s).

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

A laser system was set up which is suitable to drive Ramasitrans between the hyperfine
components of th&’Rb ground state. It is intended as the main tool for advanced ¢
ing, spectroscopy on motional states, and coherent maatipalof dipole trapped atoms
(c.f.2.3.3). Preparations (conceptual work and acquoisitif equipment) already started in
an early stage of the project, while the actual realizatemently was finished successfully
within a diploma work [25]. In addition to electronic measments, first spectroscopic re-
sults have been obtained using a buffer gas loaded rubidaour cell [21], as presented at
the end of this section (part 3.5.3).

3.5.1 General layout

This light source consists of two grating stabilized diodgelrs (similar to the MOT lasers,
3.2.3) with an electronically stabilized (and settablegdixdifference frequency near the
ground state hyperfine splitting. To be more accurate, ta¢ive phaseof the two lasers is
electronically servoed to change Pyvgy in time, wherevgy is derived from the 10 MHz
reference frequency generated by a rubidium clock.

The setup is sketched in Fig. 3.26. A master laser is stalokelb to a reference cavity
by the method of Pound, Drever, and Hall [46] (Fig. 3.27).ds fa linewidth below 200kHz.
The output of a second lasesigve lasey is then superimposed on that of the master laser
on a non-polarising beamsplitter, to yield an intensityth®sate in the microwave range

Mixer +40dB Bias Tee 1oV A
6810.0 MHz < -
PLL DRO

A

Photodetector
10 MHz +30dB 0..10 GHz > N
Reference
Y
Synthesizer ——» Mixer to exp.

Master Diode Laser
(RF-lock to cavity)

70/30

current

low pass filter -
PID Amplifier piezo Slave Diode Laser
phase advance -

Figure 3.26: Ramanlaser optical and electronic setup

90
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detected by a fast photodetecty which is biased through a bias-t8e The microwave
signal at the bias-tee output is amplified by a low noise, Iggim, octave band microwave
amplifiett®® and transferred to an intermediate frequency (IF) near 2% MHis is done in
a mixert%, which is driven by a fixed local oscillator frequency of 6 G8iz (LO1). The IF
is again amplifiet!® before being mixed down to (near) DC, using a tuneable, sgithd
local oscillator frequency (LO2).

The low pass filtered! output of the second mixer is taken as the error signal irpant
electronic servo amplifier, to derive control voltages fog PZT translation of the extended
cavity mirror, and the laser diode current. A special phas@ace circuit is used to extend
the servo bandwidth of the loop beyond 2 MHz (see 3.5.2 below)

Master laser

PD 1 PBS f=300 A/4 | |F’D 2
R . (| "1 H >
\ | | L] / |
C =100
\J ©
low pass filter Ao || LO S f/\
PI Amplifier ® ™ 15MHz EOM T, AN
g 20| ‘\j
PZT | LD current m,w,
1 =100
Y Y Isolator A\ /2 — R e P T
Master Diode Laser NG | e

(RF-lock to cavity) L1 | -

Figure 3.27: Master laser frequency stabilisation to a y=&t&rot resonatoimset: Low pass
filtered error signal vs. laser detuning from FP resonance.

106GaAs MSM photodetector Hamamatsu G4176, 10 GHz, SMA-cdoriged housing
107MiniCircuits ZFBT-6GW-FT

1083CA48-400, 4-8 GHz, gain+40 dB, NF<1.6 dB

109MiniCircuits ZMX7-GLHR

HOMITEQ AU-2A-120, 1-200 MHz, +30 dB

mini-citcuits PLP-5
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3.5.2 Servo bandwidth and phase noise

PLL loop filter

The low pass filtered error signal is processed in threeréiftebranches to derive control
voltages for the PZT translation of the extended cavity anifcombined proportional and
double integrating amplification), and the laser diodeentrr Signal processing for the cur-
rent control is done in a lower frequency Pl-amplifier braaalk a separate high frequency
phase advance filter circuit. The two resulting signals ddaed to modulate the diode cur-
rent. In the design of the fast phase advance filter, the natidalcharacteristics of the diode
laser current modulation input circuit, as well as that @f fdser diode itself, were measured
and taken into account. The filter circuit and its effect oag#hshift are shown in Fig. 3.28.

140 70 R3 10k
120 L 60
100 ] [ 5o Input Output
80 - Fao
=) )
& 60 l30 T
S o c1
o 40 2o ©
@ 2 15n
8 204 10 & L1
o (=)
i Lo ® 1
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10k 100k M 10M 100M
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Figure 3.28: Schematic of the phase compensation network

Microwave and RF local oscillators

The local oscillators are phase locked to the 10 MHz outpuat nfbidium clock*?. While
LO2 is an off the shelf RF synthesiZét LO1 is a custom made fixed frequency doubly
resonant microwave oscillafdf (DRO) working at 6.81 GHz, whose frequency is divided
by 681 to be compared to the 10 MHz reference input. Frequeeations of the 10 MHz
reference frequency are therefore multiplied by a fact@8if, which imposes strict require-
ments on the phase noise and spurious signal specificafitims i@ference source. Consider
a frequency modulated source of carrier frequengymodulation frequenc§?,, and mod-
ulation indexm (being frequency modulation amplitude divided by moduolatirequency
Q,,). The amplituded(¢) of the source is

A(t) x ei(wct+msin(ﬂmt)),

112SRS PRS10
1I3Marconi 2019A
114CTI Inc. XPDRO-6322, 6810 MHz
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0 4 RBW =1 Hz
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Figure 3.29: Comparison of two different 10 MHz referencerses driving the phase locked
DRO (measured at 6.81 GHz center frequency): rubidium c{tmker trace)vs. reference
output of a synthesized function generati@oper trace)

which can be expanded in a Fourier series to obtain modulaidebands at frequencies
we + ny, Whose amplitudes are given by the Bessel functifyis) :

A(t) oc et Z Ty (m)emt

n=—0oo

Frequency multiplication by N acts on the carrier frequeasywell as on the modulation
amplitude, while the modulation frequency (the sidebarats) is unchanged. Therefore,
the modulation index is also multiplied by the same factorThe relative amplitudes of the
modulation sidebands in the multiplied signal are theeetpven by.J, (Nm). For N = 681,

a modulation index of the source abowe = 0.002 results in a modulation index of the
multiplied signal aboven’ = 1.3 and causes the first sidebands to become comparable in
power content to the carrier, which is then reduced-ta /3 the total power (since power
content of higher order sidebands is still low). The camieuld vanish completely at’ =
{2.41, 5.52, 8.66, ...} (‘carrier collapse)).

Fig. 3.29 shows the output spectrum produced by the DRO tbtkévo different refer-
ence sourcé®’. The measured performance in each case is according teesspecification.
The measurement is performed using a spectrum an&ysapable of performing a fast
fourier transform (FFT) on its intermediate frequency,stlallowing for fast measurements
of spectra with a resolution bandwidth (RBW) of 1 Hz at cefriequencies up to 13 GHz. In

5ijther SRS PRS10 (rubidium clock), or SRS DS345 (synthdsirmection generator)
118Rohde & Schwarz FSP13 with DC block FSE-Z4
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3 The apparatus

the case of the rubidium clock as reference input, spedtiesif the DRO, spectrum anal-
yser, and clock roughly match, so that the observed noisiesboan not be unambiguously
attributed to one of the components.

3.5.3 Performance

The performance of the phase locked laser system can esdlumadlifferent ways. First, an
electronic beat note of the two laser fields can be measuredfast photodetector, inde-
pendently from the components used in the servo loop. Se&ardan spectroscopy on the
ground state of rubidium atoms can be performed. Dark resmsathen are observed as in-
troduced in 2.3.3. This was done in a buffer gas loaded rubidiapour cell, with linewidth
and a pressure-induced frequency shift as expected. Anotbhod to be applied soon is
spectroscopy on a cooled sample of rubidium atoms, trappad optical dipole trap.

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

The spectra of electronic beat signals presented here ane tken with the spectrum
analyser already mentioned above. Figure 3.30 shows tleergpeof the IF within the servo
loop, which is taken by extracting part of the first mixer'smut using a power splitter. Figure
3.31 shows a direct comparison of IF spectra and indepenuggurements, which are taken
on a separate photodetector, and amplified with a broadb#rdwave amplifiet'’, before
being measured on the spectrum analyser.

1'MITEQ AFS42-00101000-20-10P-42, 100 MHz to 10 GHz, +40 dBigaoise figure< 2 dB
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Figure 3.31: Comparison of spectra taken either within #r@sloop (at the intermediate
frequencyleft), or measured independently as beat notes near 6.835rigHR) ( The spectra
are taken in single sweeps. To obtain accurate noise regdmgRMS detector was chosen
for the upper spectra, which was not available in FFT-moee tsrecord the high-resolution
lower spectra. A trace contains 501 points.

From a series of spectra taken at different spans, of whigh3B0 is the one with the
highest resolution, the fraction of total output power o #tave laser present in 1 Hz band-
width around the central peak of the spectrum was estimatbdif > 96 %.

From this value, an average (rms) phase ef#gi is determined to be

(®*) = y/—Inn=0.2rad.

This is consistent with an estimation based on the magnifittee error signal observed on
an oscilloscope.

Using some simplifying assumptions concerning the noiséiig to the phase error,
phase jumps‘€ycle slips) are expected to happen once every few seconds. This is not
the same as the coherence time, since coherence is onlyba@idtduring the short time it
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takes the system to lock on another proper phase, which aligan integer multiple o=
different from the initial phase. See [25] for details andlier references.

The measurements in Fig. 3.31 show slightly higher noisespndous content. However,
corresponding spectra are very similar, which indicatas i large interference is coupled
into the electronics of the loop. The pronounced differeoicthe noise level close to the
carrier between the lower left and lower right part of the fegmay be caused by vibrations,
which lead to fringes moving across the photodetectorss dtiditional noise in the external
signal may be reduced by improving the mechanical stalafithe setup.

Dark resonance spectroscopy

polarization
filter 2WO¢

I

A4

mu-metal shielding

Rb-vapour cell

Figure 3.32: Rb vapour cell dark resonance spectroscopticabsetup. The expanded,
collimated beam has a waistaf, = 3.5 mm

To perform dark resonance spectroscopy, the light fields agter- and slave laser are
superimposed in a singlemode fibre. The beam exiting the iBopelarisation filtered and
circularly polarised before being expanded to severahnaters and sent through the vapour
cell. Contribution of the two light fields is equal within acfar of two'!8 and the total
power is attenuated to belavd 4W. Transmission of the rubidium vapour is measured on an
amplified photodiod€?®, which is placed near the waist of the refocussed beam. Tanmeh
sensitivity, a lock-in technique is applied: The photodistgnal is detected synchronously to
a frequency modulation of the slave lasewat= 27 x 530 Hz, using a lock-in amplifie®.

Three main mechanisms contribute to the observed lineweitdtine Raman transitions:

18yhich will be improved in future measurements
119New Focus Inc., Mod. 1801-FS
120Femto GmbH, Mod. LIA-MV-150
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Figure 3.33: Dark resonance observed with frequency madualapectroscopy in a Rb
vapour cell with 30 Torr Ne as a buffer gas. The measured sdlygen circles) are fit by the
expected theoretical curve (solid line, see text). From fihithe following data is obtained:
Line center: 6 834 694 154 (1) Hz, Line width (FWHM): 149 (3),elative phase between
measured signal and local oscillator: 1.05 (2) rad. Expenit@l parameters are : Modula-
tion frequency: 526 Hz, max. intensity: 41 (@yV/cn? (i.e. P = 30 uW, wy = 3.5 mm),
PMaster/PS'lcwe = 1/2

1. Limited interaction time between individual atoms ane light,

2. Fluctuating Zeeman shift of magnetic sublevels due tdaudkting magnetic fields,
3. Saturation effects due to high laser intensities.

These effects on the linewidth are minimized by the follayumeasures:

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

2. Zeeman shifts are reduced by enclosing the cell in a lobg tnade of three layers
of mu-metal sheets. The residual magnetic field fluctuatamesexpected to be be-
low 0.01 Gauss, which is the minimum resolvable magnetid fiebasurable with our
laboratory gaussmeter.
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3. The added intensity of the two beams was reduced to beloWW\s@n? on the beam
axis to reduce saturation broadening of the Raman transiwich scales approxi-
mately with the Raman Rabi-frequency (c.f. 2.3.3).

The presence of a high Neon partial pressure, while reducamgition time broadening,
causes a pressure shift of the Raman lines by 392 Hz/Torr [IB¢ observed line center
at 6 834 694 154 Hz, which is shifted from the expected valué 884 682 611 Hz by
11 543 Hz, would be caused by a Neon pressure of 29.4 Torr.

The following measures are considered relevant to furtierase the stability and repro-
ducibility of the dark resonance measurements:

e The (near-resonant) detuning of the master laser from gwmence” = 2 — F' =
has to be stably set, which can be done by locking it (via an A@\& rubidium spec-
troscopy cell. This would avoid fluctuating Rabi frequesdiethe individual branches
of the Raman transition, as well as fluctuating disturbarftieeodark resonance by ex-
citation of the strong” = 2 — F’ = 3 transition (which does not couple to the slave
laser field) within the Doppler-broadened profile of g, — P/, transition.

e The control over the residual magnetic field, concernindp lboagnitude and direction,
could be improved by a set of three Helmholtz coils. Thenlstapectroscopy of the
Zeeman-shifted sublevels may be possible.

e At the moment, the temperature of the spectroscopy cell igpraperly controlled.
A temperature stabilized enclosure for the spectroscolpyvoeild result in precisely
settable and stable rubidium vapour pressure and Neonupeesthis would reduce
pressure shift variations of the Raman resonance.

The observed signal to noise ratio of the dark resonance srfakiher reduction of the in-
tensity possible, which meanwhile results in linewidthiel00 Hz.
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3.6 The composite apparatus: Integration and control

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

The apparatus which has been described in this chapterigedivnto rather independent
subsystems, which are connected optically by single modesfiband mechanically by
mounting interfaces which allow for refitting parts or susteyns into their proper relative
positions after disassembly. From this point of view, thpaaptus is composed of the fol-
lowing main components, with connections as indicated:

e The2D-MOT optics and magnetic coil is mounted on a solid aluminiumeplahich
is bolted down to the support pillars of the vacuum systemaambe removed as a
whole. It is optically connected to the MOT laser setup viagle mode fibres (c.f.
3.2.1).

e As described in 3.3.1, the dipole trap components are mdumrea stiff, damped
aluminium base. This base also supports the components 80HVOT, parts of the
detection systems, and a spatially adjustable magnetitd@l cage consisting of the
MOT quadrupole coils and three-dimensional offset field pensation. Thigentral
trap assemblyis the most complex one of the subsystems, virtually enctpsine
lower fused silica vacuum cell. It can be removed from theuuac system baseplate
after taking off some uncritical patfs.

A guiding rail at the side allows easy slide-in and -out, andidishes the risk of
accidental damage to the lower fused silica cell. The finaitmm parallel to the rail
is defined by a mechanical stop. Position reproducibilityrighe order of 10@m and
one minute of arc. For the adjustment of dipole trap beaml fozsitions described in
3.3.1, itis sufficient to move the assembly by several cegities.

Optical connections up to now consist of four single modeeBbtwo for the MOT
and two for the dipole trap beams, and one beam through feesedp the PMT detec-
tion unit. With improved fibre connectors, it should be pbksto also disconnect the
dipole trap beam fibres without deteriorating the trap atignt. More fibre connec-
tions can be added for Raman laser beams and improved atentidet

e The only critical free-space optical interface connecthh®oPMT detection unit. If
this turns out to be a major inconvenience in future expemisiat may be replaced by
a multimode fibre link?2, which would be particularly helpful if the photomultiptie
would be replaced by a (small active area) avalanche phtatcie.

As noted in 3.4.3, the components of the detection systesati &se rigidly mounted to
a high cross-section extruded aluminium profile, which rewed down to the optical
table. The only alignment task is to make the fluorescente figss the first pinhole.
This alignment i1ot sensitive to position adjustments of trap beam No. 2, or agha
of the focussing and detection lens.

121one MOT-backreflection mirror and two single compensatiitsc
22resulting in uncontrolled polarisation at the fibre outpujch could be a drawback concerning filterstack
performance
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e The threelaser systemg3.2.3 MOT, 3.3.3 dipole trap, 3.5 Raman) are directly set
up on the optical table, and connect to the experiment (andvaemveter) exclusively
via single mode fibre connections. No alignment interrefegiexist between different
systems.

e After removing the optical subsystems as described abtreyacuum vesselc.f.
3.1) could be removed from the optical desk for changes akddw, or to separate
the atom trapping components from the laser systems by mdhiem to a second
optical table.

Central trap assembly

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

Figure 3.35: Photograph showing a view into the heart of gpaeatus.
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Dipole trap beams enter from the left (No. 2) and from the tiroght (No. 1). The MOT
beams enter via fibre connections from the lower left, anc¢allenated by single lenses on
miniature axial translation stages. Behind the fibre cagplihe precision XYZ translation
stage supports the optics for dipole trap beam No. 2. AboME& backreflector is mounted
on one of three elevated horizontal bars, which are supp@iteve the baseplate by four
posts.

Most of the central vacuum steel block is above the top of thatqggraph, the lowest
guarter being visible centered at the upper edge. The loivea sell, equipped with AR
coated silica slabs, protrudes downwards into the uppdecenthe picture. It is hemmed
in by the MOT and compensation coil-cage, which is suppotitedugh openings in the
baseplate to an L-shaped adjustment bar (not visible),iwitgelf is connected to the bottom
of the baseplate, similar to the body of a mirror holder usét ixed mounting plate. One
of the corresponding adjustment screws is visible justwéhe lower MOT fibre connector.

On the right side of the photograph, a multi-function aluinin block, which is made
from one piece, supports the optics for dipole trap beam Ndl'He mirror deflecting the
sviveled MOT beam is mounted inside this block on a small stdjpie mount. Below this
mount, a large bore parallel to trap beam No. 1 opens optwagss to a 90deflector
mounted directly below the silica cell (hardly visible). i$t intended for one of the Ra-
man beams, additional near-resonant detection light, leerapplications requiring low to
medium numerical aperture.

The baseplate is cut out to the right side of the block due ® afithe vacuum vessel
support posts - one on the right, and a second in the backdmuthe left. These posts also
have large bores at the height of the trap center. In the lagletrcorner, the end of the rail is
visible which is used to guide the baseplate when the whajedassembly is removed from
the vacuum system, or reinstalled. The baseplate itselbismed to the tray-like base of the
vacuum system with massive cylindrical aluminium bases yigible).

Magnetic field compensation coils

The MOT quadrupole coil pair is already described in 3.2.Bre€ additional coil pairs are
integrated into the coil cage, which are intended to prodwcepensation fields on the order
of one Gauss, which can be considered homogeneous on tieecddke dipole trap. The
space near the trap does not allow exact Helmholtz-contiguraf the coil pairs. However,
they are designed to vary by less than 0.1 mGauss acrosstéres@sn of a crossed dipole
trap.

One of the compensation coil pairs is wound on top of the guzale field coils, the
other two are wound on black anodized aluminium supportsyHne operated by low noise
0...300 mA current sources of a design used also for most of our laséedontrollers.
The dimensions are (in mm):
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compensation axis diameter cross sect. axial separatiams tu

1 (MOT quadrupole) 89 ~1x10 50 25
2 (vertical) 120 4 x4 70 51
3 (PMT detection) 58 4 x4 102 70

At 200 mA, they produce flux densities in the center of 0.951&hd 0.7 Gauss.

3.6.2 Computer control

Experiments are performed in a largely automated way. Tgnsngoverned by one half
(Ch.1...16) of a 32 bit highspeed digital 1/0O bodrd in the control computéf*, which
produces the required pulses to synchronize digital owtjthe second half (CH.7 . . . 32) of
this card, as well as a six channel 12 bit analog output'éamahd an additional multipurpose
I/0 card?® mainly used for 12 bit analog to digital conversion of the éifigal photodiode.

The digital outputd 7. .. 32 of the digital I/O card control fast AOM shutdowns, shutters
for the two separated 3D-MOT branches, the 2D-MOT light,dipwle trap beams and the
PMT, and triggers the gated photon counter and CCD camedauéeaystem. The analog
outputs control the frequency of the MOT cooling laser, thgktudes of the MOT lasers
and dipole trap beams, and the MOT quadrupole magnetic faldccarrent. The Raman
laser system so far is notincluded into the automated clooittbe experiment.

A separate measurement computer acquires and procesaesf tlee PMT via GPIB?’
from the gated photon counter, and reads out frames capiyréak framegrabber card from
the triggered CCD camera.

The output cards are programmed using a graphical develusoéiwaré?® specialized
on the implementation of data acquisition, instrumentgtiand control systems with an
interactive graphical user interface. Data processintp(dwas well as input) is mainly done
by calling routines of a numerical computation softwate

The analog frequency-setting inputs of the AOM frequenayrees are calibrated using
a frequency countét’, and the calibration data is integrated into the contraivearfe, such
that values are entered directly as frequencies on theal@anel. The attenuation channel
data is set in terms of voltages. Fig. 3.36 shows calibratiomes for the MOT-cooler and
dipole trap beams.

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

123N ational Instruments PCI-DIO-32HS

124AMD K6, 300 MHz, 256 MB RAM, PCI and ISA card slots
125National Instruments AT-AO-6

126National Instruments AT-MIO-16DE-10

127General Purpose Interface Bus, |IEEE 488

128N ational Instruments, Inc. LabVIEW, v. 6.1

129The MathWorks, Inc. Mat Lab v. 5.1

130Racal Dana Mod. 1992
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Figure 3.36: Light power attenuation curves for dipole tbegam No. 2 left) and cooling
laser ight).

light (or light off) pulses during experiments, and limitetuseable range of pulsewidths to
above~ 1 us. On the computer controlled hardware timing system it ispossible to run
extended timing sequences with such a high resolution.t&=giroutput sequences were suc-
cessfully run with resolutions below s, limited by the specifications of the AO-card (the
DIO card being much faster). In typical experimental runaéeer, the system is limited by
first the analog input (MIO) card, which does not run stablesablutions approaching its
hardware-limit of 1Qus, second the data transfer on the slow ISA bus, and third/ikahble
memory. The resolution therefore is set to 18 and faster switching is done by trigger-
ing a separate pulse/delay genergfomwhich is capable of delivering four edges (i.e. two
pulses) with delays set by the control computer via GPIB.

3.6.3 First generation setup

Several experiments presented in the following chapterdare using a preliminary 3D-
MOT and dipole trap setup, which is shortly described hené, €hown in Fig. 3.37. The
3D-MOT optics was mounted using off the shelf posts and hasesthe horizontal beam
repositioned later to allow optical access for one of theMiprap fibre collimators, which
was mounted on a high stability mirror motifitfor angular alignment, and an additional
translation stagé® for axial translation. The collimation optit$ was mounted with an
axial displacement of few milimetres away from the fibre egldtive to its usual position,
to directly focus the beam into the MOT with an appropriatestvéc.f. 4.2.2). The MOT

1815RS DG535

132Radiant dyes Mod. RD2
13%3Radiant dyes Mod. KUL-FGS-15
34 inos HALO f = 30 mm
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@

Figure 3.37: First generation red-detuned dipole trappsetu

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

The atoms were detected on the amplified photodiode (seg&)3which used af =
50 mm plano-convex lens in the optical path now occupied by tbaam No. 2 and the
photomultiplier detection channel. In addition, the MOTswmaged by a CCD caméfa
equipped with the high aperture photographic lens whicliligrsuse today on the trigger-
able CCD camera (see 3.4.2).

135EHD Physikalische Technik, Mod. Kam07
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4 EXxperiments

4.1 Preparation and detection methods

The experimental runs have the following general structure
1. loading : Atoms from the 2D-MOT are accumulated by the 3D-MOT.

2. transfer: The 2D-Mot is switched off, and the atomic sample is cooleti@mpressed
in the 3D-MOT. The atoms are transferred into the dipole,tvéfich is spatially su-
perimposed on the center of the 3D-MOT.

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

4. detection :The atoms are optically detected by application of neanrasolight.

A typical experimental cycle is shown in Fig. 4.1.

The first section of this chapter describes the techniges tasprepare atoms stored in a
dipole trap, as well as detection methods applied in theplaase. In the remaining chapter,
experiments with dipole trapped atoms are presented. Téagseriments are intended to
serve the following purposes:

e Characterize the realized traps
e Approach single-atom trapping and detection

e Demonstrate the versatility of the trap apparatus

4.1.1 Preparation of precooled atoms
Collection, compression, and cooling

In all our dipole trapping experiments, abouf Hloms & 1 V photodiode signal) are col-
lected by the 3D-MOT during a loading cycle at a cooling lad&tuning of around 4 MHz
and a quadrupole coil current of 2 A. This takes typically eméwo seconds. Due to the
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limited size of our dipole traps, loading more atoms intoM@T does not lead to a signif-
icant increase in the number of atoms transferred to thdealipap, whereas loading much
fewer atoms into the MOT results in increased shot-to-shutidhtions in the number of
dipole-trapped atoms. This is because the region of cond&rsity in the MOT decreases
in size with shorter loading time such that spatial overlaiithe dipole trap deteriorates.
On the timescale of hours, the initial atom number after taomidoading time may vary by
10 %, most likely due to room temperature changes, whichenfta the Rubidium vapour
pressure in the upper (2D-MOT) vacuum cell. At the initiaratnumbers given above, this
fluctuation is not apparent in the number of dipole trappedat

fill MOT 60 ms 30ms 15 dipole trap operation detection

3D-cooling light | //
-4 -7 MHz -15 MHz -23 -4

Cooler detuning
Repump intens. \.
B-field current
(0 10 A) ...... | [F————=ov00o000c
dipole trap light off | on \\ off

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

After the loading phase, the cold atom beam is switched ofblogking the 2D-MOT
cooling light with a mechanical shutter, and the atoms ametbby increasing the cooling
laser detuning and reducing repumper laser intensity. Atséime time, the atom cloud
is spatially compressed by ramping up the magnetic quatkupdd gradient. At the end
of this phase, which has a duration of several ten millisdspthe repumper is shut off
completely for few milliseconds to pump the atoms from F=® i=1. This reduces loss of
atoms, especially during the first fractions of a secondendipole trap.

In the later part of this cooling and compression phase, ip@a trap light is switched
on or ramped up. The detailed cooling and compression scdepends on the parameters
of the dipole trap to be loaded:

¢ In red-detuned traps, the light shift automatically inesesathe MOT laser detuning
for atoms near the dipole trap center, such that less lasenidg with respect to the
unshifted atomic resonance is used. On the other hand, eease in atom density,
which is obtained by transiently ramping up the magnetidfis} a factor of three to
four, significantly helps in filling the red-detuned traps.

e Unlike red-detuned dipole traps, blue-detuned traps daiwbibading. The repulsive
light field prevents additional atoms from entering the piag region, and the light
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shift actually tunes the atoms towards resonance with theletuned cooling laser
field, such that an additional detuning on the order of theimarn trap depth is re-
quired to properly cool the atoms. In the experiments witlopen blue-detuned tube
(see below), low temperature is essential to reduce axa@pesof the atoms, such
that high cooling laser detunings in combination with reztliecnagnetic field gradi-
ents are employed to produce temperatures on the order/@KZ6- 0.15 Tyoppier, ~
55 Trecoil)'

Detailed loading sequences are described in sections d.2.3rbelow.

Magnetic field cancellation

In shallow traps and the open blue detuned hollow beam destibelow, it is helpful to
apply a molasses cooling phase, i.e. to cool with a strongdjuced repumper laser and
switched-off magnetic quadrupole field, during the last few of the atom transfer to the
dipole trap. This method is applied to reach the lowest teatpees of the atom sample.
Residual ambient magnetic fields, acting on the magneticembwf the atomic states, easily
corrupt the balanced forces which keep the atoms in theitryggpgion, and therefore have
to be compensated for to obtain stable and near-isotropiceskpansion of the atomic cloud
in the molasses light field.

In order to adjust the compensation coil currents, the MOGpisrated at large cooling
laser detuning of many linewidths, to minimize the influentenbalanced scattering force.
First, the quadrupole field center is determined by switghinhigh magnetic gradients, and
after switching back to low gradients (currentl A) the spatial shift of the atomic cloud is
compensated for by adjusting the compensation coil cusréiter this coarse compensation
the expansion of the cloud is observed after switching afdgbadrupole field. The atoms
usually dissappear quickly within a few tenths of a second ancertain direction. With
careful fine adjustment of the magnetic field compensatiall ithree directions, atoms can
be recaptured by the MOT even after several seconds of neslagpansion.

Spatial superposition of the MOT center and dipole trap beans

Precise spatial overlap of MOT and dipole trap is requireddtain optimum transfer effi-
ciency. Since in the apparatus described in the previougtehshe position of the dipole
trap is kept fixed in space, the MOT center has to be moved. i$hiene by adjusting the
position of the magnetic coils according to the followinggedure.

Atoms inthe MOT are imaged on the CCD camera together wiltieedne of the (strongly
attenuated) dipole trap beams. To obtain also a view in thectiibn of dipole trap beam
No. 1, this beam, after exiting the silica cell, is reflecteddards the CCD camera by a gold
mirror, and is collimated by ¢ = 160 mm achromat. Thus, by swiveling the CCD camera
back and forth between the directions of these two collichdttection beams, images along
the two orthogonal axes of trap beams No. 2 and No. 1 can ba.tdke MOT is operated
at increased magnetic gradient (.8 A) to confine the trapped atoms to a small region of
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space. Superposition of the imaged atom fluorescence amtipbie trap beams by eye (on
a TV screen) is sufficient to reliably obtain dipole trapp#ahas in a normal loading cycle.
Further optimization is then possible during dipole traprapion.

Characterization of the preparation methods

A simple figure of merit characterizes the dipole trap logdiechniques. This is the atom
number detected after a certain storage time in the dipafe tfo gain more information
on the processes determining this variable, additionalsomeanents are performed on the
temperature and density of the atomic sample prior to teariefo the dipole trap. These
also aid trouble shooting in cases when the transfer pedocadoes not meet expectations
or previously measured values.
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20 \%‘L 20 \kwmw 20
0 A4 .LM/ ia ol AIMINM/ p 0
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Figure 4.2: Temperature measurement by time of flight and @é&Bction: 1D-Gaussian fit
(smooth, light curvesto a cut through the center of the spatial intensity distidn (dark
curve taken from the atom cloud after variable expansion titegt(inset. Each curve
represents a single shot, the successive curves beingssueexperiments of the same
single temperature measurement cycle.

Figures 4.2 and 4.3 show data of a temperature measuremsaties of six CCD pictures
is taken after an expansion time= 3...8 ms of the atomic cloud. The extensioerof the
cloud is determined by a fit, assuming a Gaussian intensstyilolition, see Fig. 4.2. With
this data, the temperatuteof the cloud is estimated according to

o? =op + kgT/m x t*, (4.1)
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Figure 4.3: Temperature measurement by time of flight and @&tection: Circles are the
measured cloud extension vs. expansion time, as displayEdyi 4.2. The temperature is
obtained from a fitgolid line) to these datapoints. In this case the resultis T #R3

whereoy is the cloud extension at= 0, and/kzT/m is the width of the initial velocity
distribution. Adjusted parameters argand7’. From this fit, one also obtains the extension
of the sample prior to release and, by estimating the to@mhatumber with the help of
the photodiode, an estimated value for the maximum inittahber density of the cloud
is obtained. This is typically several f0atoms/cm. Higher compression of the cloud is
possible at the expense of a higher temperature.

4.1.2 Detection methods

After transferring atoms to the dipole trap and further rpafating them during the dipole
trap phase, the remaining atoms have to be detected. Up tpthevdetection methods
applied are mostly destructive, i.e. after detection a re@aihg cycle has to be started.

Recapture into the MOT

The most robust way of detection is recapture of the atoneaseld from the dipole trap
into the 3D-MOT, where their fluorescence can be detectetefts of milliseconds before
additional atoms loaded from the background vapour staibsaure the initial atom number.
As already described in 3.4.1, this works well down to atormbers below 1000.
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To reduce the uncertainties explained
in 3.4.1, after recapturing the atoms with
0075 1 MOT parameters as in the loading phase
007 1 for 10 ms, the cooling laser is switched
very close to resonance, the detuning be-
ing chosen to induce a loss rate sufficient
to compensate for the residual background
vapour loading rate. During this detection
time (10.. .. 25 ms), the fluorescence signal
0.045 ] from the amplified photodiode is recorded.
Then the atoms are heated out of the MOT

0 100 200 300 400 500 600 70 &0 py tuning the cooling laser several MHz

above the atomic resonance, and detection
Figure 4.4: Typical data trace of MOT recapturie repeated with the same parameters to
measurement cycle (ten measurements): phatbtain a stray light background value. In
diode signal vs. number of sample as taken tys way, the influence of slow drifts of
the AD converter. Samples are only taken duhe background signal on the measurement
ing recapture detection. is strongly suppressed. In addition, real

background measurements are performed
with the dipole trap switched off, to make sure that no detaletnumber of atoms are recap-
tured from the initial MOT sample. This can happen within fingt 100 ms after switching
off the MOT. Measurements are repeated five to ten times tdleeta estimate statistical
fluctuations.
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Detection of free atoms released from the dipole trap

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

The measurements show that the atoms quickly leave theitigyognd detection region
during PMT detection. This is caused by thermal expansich®trapped sample as well
as by imbalances in the resonant scattering process (tloeaftcted detection beam is bal-
anced only to within 10 %). The detection region was limite@ tdiameter of 1gm at the
focal position of trap beam No. 2 by means of a;5@ pinhole at the entrance of the filter
stack (see 3.4.3).
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Figure 4.5:Upper graph: detection of free atoms with a near-resonant detection keam
saturation intensity on the photomultiplier. Count rates duration of the detection light
pulse, obtained with cooling- and repumping lighir¢les), and without repumping light
(square3. Symbols represent the average value of ten experimaraer graph: atom
loss due to the above detection procedure as measured by Bt@pture (see text), with
K = N/S ~ 7 x 10° atoms/V (c.f. 2.4.1). Circles are single shot data points.
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Detection of atoms in the dipole trap

A similar detection method can be applied to atoms which &oeed in the dipole trap,
as demonstrated in a red-detuned trap: The detection ligktattenuated by a factor of
ten compared to the measurement on free atoms, to avoid iratelyddriving the atoms
radially out of the trap by the radiation pressure force, amdestrict the influence of the
excited state m-dependent trap potentials to few percent (c.f. end of 3.4T®Be number

of atoms is approximately 10as determined from the MOT recapture signal when PMT
detection is omitted. The decay time of the MOT recapturaaigs extended by a factor of
100 compared to free atoms, and fluorescence at long timesrisaised by a factor of five.
The detuning of the detection laser was adjusted to maxitheeollected fluorescence (see
4.2.3 below).
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Figure 4.6: Detection signal of dipole trapped atoms (esEls. duration of the detection,
and resulting atom loss as measured by MOT recapture (stéfs)X’ = N/S ~ 7 x
10° atoms/V (c.f. 2.4.1). Detection started?2 s after the MOT was switched off. The
cooling laser intensity was reduced+ol,,,; /10 for detection on the PMT.
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4.2 Red-detuned dipole traps

4.2 Red-detuned dipole traps

4.2.1 Lifetime and loss mechanisms

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

As in a MOT, different loss mechanisms contribute, whichegovthe shape of the ob-
served curve of atom number vs. time. Collisions with backgd gas atoms cause an
exponential decay of the atom numb#ingar loss”). At short times, when many atoms fill
the trap, their density is high and atom-atom interactiamcesses within the trap cause ad-
ditional loss. Since these processes are dependent on tilve tthpped patrticles to collide,
the corresponding loss rates rise quadratically with atemsidy (‘quadratic loss”). Such
processes are clearly visible at short times in Fig. 4.7 ksd, pronounced, in Fig. 4.8. As
shown in Fig. 4.9 below, photoassociation processes diraogtribute to this loss.
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Number of Experiment

dipole trap:
P=04W

A =810 nm
W= 15 um

Photodiode signal after recapture (mV)

10 0 5I 1(IJ 1é 20
MOT off (s)
Figure 4.7: Lifetime of atoms in the first generation trag. (8.6.3): MOT recapture signal
vs. storage time in the dipole trap. The solid curve is a fihtorheasured data pointsr€les)
using eq. (4.2). The obtained fit parameters ate= 0.04 /s, /V.;; = 8 x 1079 /s,
assumingk’ = N/S = 3 x 10° atoms/V (c.f. 2.4.1). The inset shows a part of the raw data
(photodiode signal vs. time) taken in the MOT recapture phd$e straylight background
(lowest values of the trace) is measured once for each seffefeiht storage times, and
subtracted from the data to give the graph of the main figure.

A simple model fits the data well, based on the differentialagmpn (c.f. 2.4.1):
dN

= = _aN — BN? 4.2
o~ = —aN — N, (4.2)
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which takes accout of the linear losses (rate constaats well as the quadratic ones (rate
constant?). N is the number of atoms.
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P=260mW A=+63 MHz =3
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dipole trap operation (s)

Figure 4.8: Lifetime of atoms in the second-generation.tide measurement extends over
three orders of magnitude in atom number. Here, approxignat®MT count per atom is
recorded. The solid line is a fit to the experimental datecles) up to 10 s, which gives the
parametersy = 0.45/s,3/V.;; = 8 x 107°/s (c.f. 2.4.1).

Technical heating also contributes to the linear trap lasd,is included imv. As discussed
in 2.4.4, it shows up as an increased linear loss from the ffap reduced lifetime in Fig.
4.8 as compared to the data of Fig. 4.7 is likely to be causeddrgased technical heating at
the three to four times higher oscillation frequencies efsacond-generation trap (c.f. 4.2.2
below). Atvy,., = 25 kHz, the measured trap intensity fluctuationsSgf= 10'° /Hz (c.f.
Fig. 3.23) cause heating times of 1.6 s in the radial direstiovhereas at,,, = 8 kHz, the
heating times of 16 s do not clearly show up beacause of ablssrgrocesses (background
gas collisions) which become relevant on this timescalatifg due to trap light scattering
is on the order of 10G@;.. /s (37 uK/s) at maximum, compared to a trap depth of 3.6 mK.

As can be inferred from Fig. 4.6, the signal-to-straylightio of the measurement pre-
sented in Fig. 4.8 could have been improved by a factor of byureducing the detection
time window of the photomultiplier to 10 ms. This means thagke-atom detection might
already be within reach with the present setup and deteptiotess.

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

by several tenths of a nanometer, the quadratic loss cagffionay change by a factor of
five, while the linear losses stay constant. In additior;agpdlation of the two curves to time
zero shows no signature of a difference in initial atom nunhledéween the two experiments.

810.79 nm

=
o
o

810.02 nmy

Fluorescence after recapture (a.u.)
=
o

0 2 4 6 8 10
MOT off (s)

Figure 4.9: Strongly trap wavelength dependent quadrasi in first generation trags’ =
N/S = 3 x 10° atoms/\Wpper curve:a = 0.04 /s, 3/V.;r = 8 x 107% /s. lower curve:
a=0.06/s,8/Verr =4x10° /s (c.f. 2.4.1). Two body processes dominate for up to 15 s.

The observed difference in density dependent loss can bleustid to photoassociation
processes which are stimulated by the trap light. As medsuwé’Rb [26,116], a rich
spectrum of photoassociative lines extends from reson@nimnger wavelengths. In later
experiments the trap wavelength was chosen to minimizeoplssbciative trap loss. No
attempt was made to measure these loss spectra over anexktemdje, because the trap
laser system does not allow for continuous scans over denarameters.
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4.2.2 Trap frequencies

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

A very simple way to measure trap frequencies is to paraocadtyiexcite oscillations and
thus cause a frequency-dependent trap loss. This was domgthe first-generation trap by
modulating the trapping light intensity at a fixed frequenicying atom storage. Fig. 4.10
shows the relative number of recaptured atoms as a functitrecexcitation frequency. A
very broad minimum shows up near 16 kHz, which indicatesigiptrap frequencies on
the order of 8 kHz. From beam power and paraxial Gaussian be@ging, one would
expect the trap frequency to be twice this value. An evabuatif the actual optical setup by
numerical ray tracinghowever shows that the imaging is not diffraction limited @noduces
a beam with largely increased spot size in the focal regidre Mumerically obtained beam
data are consistent with radial trap frequencies near 8 KHe broad frequency range in
which increased loss is observed is a further indication mb@optimal potential shape in
this trap.

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

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

for the atoms to thermalize, the trap is switched off for arstime 7. This causes the atomic
cloud in the trap to expand. When the trap is switched on agjagnatoms start to oscillate
in the trap potential. Since expansion occurs symmetyieaih respect to the trap-center,
atoms from opposite regions of the trap now oscillate withagite phase. The atomic cloud
as a whole therefore expands and contracts with twice tlygesatom oscillation frequency.
This oscillation of the cloud extension is measured by apgla second short trap-off pulse
with a variable time delay T to the first pulse. The loss of at@mthis second pulse depends
on the phase of the cloud oscillation when the trap is swadafe from an expanding cloud
many atoms can escape, while from a contracting cloud mostssare recaptured by the trap
after the second off-pulse. The number of atoms remainitey #ie two pulses have been
applied is shown in Figs. 4.12 and 4.13 versus the delay leetwves pulses. Experimentally,
7 is adjusted to result in loss of half the atoms whenT=

P T T

Y

[T ——] t

Figure 4.11: Trap frequency measurement by the method ofraposhut off pulses: Illus-
tration of the method (trap laser power P vs. time t).
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Figure 4.12: Trap frequency measurement in second-génmetaap. Measured atom num-
ber vs. delay time TI¢ft), and computed Fourier spectrungft).

This method also can be viewed as parametric excitatiodiggip the limit of maximum
modulation depth (on/off) and shortest possible durattam (periods). An exponentially
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Figure 4.13: Trap frequency measurement in second-gemeraap at lower trap beam
power.left: Measured atom number vs. delay timaight. Computed Fourier spectrum.

damped sinewave was fit to the data, and is shown in Figs. 4d2.43. Alternatively, the
Fourier spectrum is computed, which is also shown in the déigur

The rapid decay of the measured oscillation is caused bygpkaking of atoms with dif-
ferent trap frequencies. Due to the small ratio of the rarfgeto the period of oscillation,
the Fourier transform shows dependence on the actual getiinthe window function, as
well as on the start and end points of the input d&taijcation error” , few percent). In ad-
dition, the excitation Fourier spectrum produced by twaoarmpulses represents excitation
in a broad band of frequencie® (~ 2), although the line center can be determined much
more precisely. Higher resolution could be achieved witigkr pulse trains, as discussed
in the appendix, A.0.3. This will be important for three-@nsionally tight traps and atoms
at lower temperatures, where anharmonicity of the potecdiatributes less to the spread of
oscillation frequencies.

In conclusion, it is shown that in the second generationdetined dipole trap, radial os-
cillation frequencies in excess of 30 kHz are easily acldemeeombination with reasonable
storage times.
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4.2 Red-detuned dipole traps

4.2.3 Energy state occupation

In the strongly confining red-detuned

dipole traps presented here, the AC Stark- le>
shift of the detection transition (part of ¢
which is the trapping potential) is much :

larger than the natural linewidth of the W W

atoms. This imposes an additional diffi- ;

culty in detecting the trapped atoms, be- X 9>

cause the shift of the resonance frequency
depends on the motional ener@yof the Ug
individual atom. Figure 4.14 illustrates the
situation. For a thermalized sample, one

expects an occupation of the motional trap , o
states according to Boltzmann’s probabif-9ure 4.14: Energy vs. radial position in dipole
ity distribution: trap beam - approximate Sketch

P(E,) o exp(—kin ) (4.3)
L P() o exp(— (ng + 1/2)hw, + (ny 4—1611392)71% + (n, + 1/2)7’sz) 44

wheren,, n,, n, are the phonon numbers of the three degrees of freeedom.

As a function of energy (measured from the bottom of the {rdq® density of states per
unit energy interval increases. To my knowledge, an aragitpresssion for the density of
states does not exist for a three-dimensional GaussiantdteAs a simplified approxima-
tion, the average density of stat@s?) of a 3D harmonic oscillator is takéfil26]:

EZ

- 4.5
2h3wwyw, (4.5)

9(E)
This expressionis valid as long as all trap energy levelisgaéw; are much smaller than the
energy interval over which is averaged, which is well fulfilled in the experiments presd
below. For thermal energiés; T’ much higher than the motional energy level spading the
expected number density of atoms therefore is proportional to the product of thertar
distribution and state density :
E? E

X exp(———) . (4.6)

N(E) = o(E)  P(E) "

2h3wawyw,

Figure 4.15 shows the fluorescence of atoms in two diffenepistas a function of de-
tection laser detuning (open circles). The theoreticatesolid line) is fitted to the data

2which underestimates the increase of the density of statagunction of energy in the real (Gaussian) trap.
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Figure 4.15: Light shift dependent fluorescence of dipcdgped atoms in two different
traps. Measured fluorescence of the atoms vs. detuning @p#es) and fit according to
(4.6) (solid line) as described in the text. The temperatbtined from the fit isl’ =

I\

Detection laser frequency detuning (MHz)

2.2 Thoppler (Upper curvgand?’ = 1.8 Tioppier (lOWer curve.

according to the above formula, convolved with the natunahidthT". Adjusted parameters
are temperature T, the ratdos_p /v of total Stark shift to ground state shift, and a propor-
tionality constant for the count rate. Trap depth and (dxthap frequency are independently
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4.2 Red-detuned dipole traps

determined from the waist and total power of the beam. Botkie=uare fit using the same
Valueél/_g,p/él/g = 1.32.

These measurements are currently limited by the tuningerafghe AOM. A detection
beam detunable further to the red would make measurementsaper dipole traps possible.
The trap depth could be increased by at least a factor of fmugafsingle beam trap by
increasing the power.
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Figure 4.16: Computed maximum observable fluorescence &roiC Stark-shifted transi-
tion of atoms in a harmonic dipole trap.

In this measurement, not all trapped atoms contribute t@bserved fluorescence. The
fraction of observed fluorescence relative to the maximumréiscence obtained without
energy-dependent AC-Stark shift depends on temperatige4 A6 shows this fraction for
optimum detuning as a function @f. Below the Doppler cooling limit, the effect of spectral
spreading on atom detection quickly becomes negligiblechvis good for efficient detec-
tion, but also shows that as a diagnostic tool the above measunts are not applicable for
temperatures far below the Doppler cooling limit, whererthtural linewidth of the detection
transition masks the spectroscopic features of the digtab of atoms over trap states.
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4.2.4 Transfer of atoms between two single beam traps

This part presents an experiment where atoms have beefetraasbetween two elongated
red-detuned single beam traps of orthogonal orientati@pace.

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

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

Experiment and result

fill MOT  preparation and loading dipole trap operation recapture detection

3D-cooling light

-4 -7 MHz -15 MHz -23

Cooler detuning

Repump intens.

B-—field current
(0..10 A)

dipole trap 1

dipole trap 2

Figure 4.17: Control sequence used for the transfer exgatim

With trap beam No. 2 switched off, atoms were loaded into bepm No. 1 and stored
for 100 ms, before the intensity of No. 2 was ramped up (100and)the intensity of No. 1
ramped down (another 100 ms). Beam No. 2 was then on for arzi2ZBens before detection
by doing MOT recapture (Fig. 4.17). To avoid residual traygpof atoms in the attenuated
beams, mechanical shutters were used to shut off the respbetams before ramp-up and
after ramp-down. Linear voltage ramps were applied to théViAgdtenuation electronics,
which translate according to the calibration curve, Fi§63n sec. 3.6.2. Trap beam powers
were 0.7 W (No. 1) and 0.4 W (No. 2) at 810.0 nm. If atoms wereestin one beam for
the whole time (no transfer), beam No. 1 stored approxim&gte as many atoms as beam
No. 2.

The method of preadjustment of the dipole trap beams destiib3.3.1 worked so well
that atom transfer was achieved after scanning the relaéaen position (z-axis of transla-
tion stage) through-20 um (i.e < 3wy).
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Figure 4.18: Transfer of atoms between two crossed Gaulsemn trapgupper graphyand
from a (red detuned) doughnut beam trap into a Gaussian beagifiawer graph)

The actual recapture signal vs. z-displacement for two 8andgrap beams is shown
in the upper part of Fig. 4.18. It turns out that perfectlyss®ed beams do not result in
the best transfer of atoms from one trap to the other. Inst@gfonounced minimum in
transfer efficiency shows up at the line center, whereasfears optimum at two symmetric
z-positions of trap beam No. 2, spaced by approximately, with respect to the central
minimum. For comparison a diffractive optical element waserted into the path of beam
No. 1 to generate a hollow beam, which resulted in the spattaipture profile in the lower
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part of Fig. 4.18. Here, optimum transfer is obtained at #h@ml position (i.e. the Gaussian
beam propagates through the dark center of the hollow beaith) fwo additional maxima
near+v/2 w, (the Gaussian beam center is shifted outside the ring ofrmanxiintensity of
the hollow beam by one ring radius). However, in this configion the transfer efficiency is
nearly constant in between the three maxima.

Qualitative explanation

Figure 4.19: Crossed Gaussian beams of equal power and tuatislifferent radial distance
of the beam axedrom left to right: perfectly crossedtw, /2 offset,+3w, /4 offset.

For a qualitative understanding of the processses invatvt transfer of atoms between
crossed beams, it is very helpful to visualize the resulpiogential when both beams are on.
Figure 4.19 shows 3D images of three orthogonal Gaussiandegidentical parameters in
color-coded intensity, wich are perfectly crossed (leftfsplaced radially byw, (center)
and3wy/2 (right). In the case of (any) radial displacement, the probbecomes intrin-
sically three-dimensional, i.e. there exists no two-disenal plane in which all relevant
properties of the potential are visible.

In the following discussion, the propagation direction eiln No. 1 is denoted as,,
that of beam No. 2 is denoted ag and the vertical direction (in the experimental setup) is
denoted ae., the origin being centered between the focal positions efttvo beams. For
the sake of simplicity, identical beam properties (waisli artensity) are assumed. Figure
4.20 shows potential profiles along (0,0,z) for differemtiahdisplacements of the beam axes
out of the symmetry center.

Exactly crossed beamgesult in a narrow dimple in the crossing region, where the po
tential depth is twice that of a single beam focus. This sitmecan be displayed properly in
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4.2 Red-detuned dipole traps
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Figure 4.20: Potential profiles along the black lines (z=p&f Fig. 4.19, i.e. the shortest line
connecting the axes of radially displaced beafran left to right: perfectly crossedtwy /2
offset, +3w /4 offset.

two dimensions, which is done in Fig. 4.21. As an atom apgreathe central region along
beam No. 1{fe,), it experiences aadditionalacceleration in this direction due to the radial
gradient of beam No. 2 (the additional acceleration dueeaathal gradient of beam No. 2
is much smaller in the experiment and thus neglected). Torerethe increase in kinetic
energy is also axial with respect to beam No. AEy;, = AFEy,,. A transfer into beam
No. 2 can occur only within the regions near the entrance aiatthe dimple, where the
kinetic energy componetf, is still sufficient to radially climb out of the dimple. Thdoze

a potential barrier exists in the central part of the pothwlgch inhibits transfer to the other
beam. The fractional extension of the barrier in the cragsagion, and therefore also that of
the regions where transfer is possible, is a function ofiglarenergy in the oscillator along
the initial beam axis. The central part of the dimple is glyiattossed (within the period
of a radial oscillation), because here all three trap fregies are equal within a factor of

Figure 4.21: Potential profile of two perfectly crossed Gaaus beams.
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V2, and especially the two relevant ones along the two beamaarsesqual for equal beam
parameters. For these two reasons, radial energy bariggnthes. axial position, and axial
velocity distribution, transfer between the two beams igeeted to occur only in a narrow
range at the rim of the central dimple.

If the beams are spaced by treial distance wy, the bottom of the central region is
maximally flat and maximally wide. From the 3D-represemtatin Fig. 4.19 it can be seen
that, in contrast to the case of perfectly crossed beams theraverage gradient is not purely
axial. Instead, a particle traveling along beam No. 1 entzygran additional acceleration
alonge,, and therefore is driven towards the axis of beam No. 2, ueobthe initial axial
direction of motion. Although this additional acceleratiof the particle has no component
alonge, (beam No. 2), its initial energy along, can drive the particle into beam No. 2.
Since the potential in the central region is shallower, aasldnlarger extension compared to
the perfectly crossed case, atoms also spend more time andbging region.

At large radial distancesof the beams (greater than one beam waig), a potential
barrier inhibits the transfer of atoms having smaller tetadrgy than the barrier height. It is
obvious that the drop-off in transfer probability with ieasing beam distance is at least as
steep as given by the distribution of atoms over trap engrgeaddition, due to geometrical
effects not every atom having enough total energy will paisdiarrier. In an appproximately
harmonic trap with thermalized motion, only one third of th&al energy is available in the
z direction, where passing the barrier is possible.
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Figure 4.22: Crossed beams at different intensity rd&fi: +w,/2 offset,right: +3w,/4

offset. While the left beam is held at the intensigy the right beam intensity is varied from
zero tol, in four equidistant steps.

Dynamical aspectsof the transfer, which arise through the intensity rampdiagpn the
experiment, are sketched in Fig. 4.22. During ramp-up ofrb&m. 2, an energy barrier
exists in all three cases for a transfer from beam No. 1 to H¢an2, which decreases with
time, and during ramp-down of beam No. 1, atoms changing &mbBo. 2 gain kinetic
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4.2 Red-detuned dipole traps

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

For beam separations up to one waist (2wy), this energy difference is proportional
to the beam intensity difference, whereas in the case of laegam separation, the potential
barrier between the beams changes nonlinearly with irtiensi

It should be noted that changes in beam intensity are noseady adiabatic, since the
atoms spend most of their time near the turning point of thal axotion, which slows down
as the potential is decreased. Atoms not being transfetnegsonably high beam intensity
will most likely escape during the last part of ramp-dowrst@ad of finding the open path
into the deep potential of the other beam. Therefore, effidiansfer is limited to a time
interval much shorter than the total time during which batarfns are switched on.

Numerical simulation of trajectories in crossed traps

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

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

These numerical calculations have to be programmed chréietause of the highly dif-
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Figure 4.23: Simulated trajectory of a single patrticle ia potential well of two red-detuned
Gaussian beams radially spacedvy. Separatéz, y)-positions vs. timeléft) and 3D-plot
of the trajectory ight). The motion in z is not displayed in the left graph.
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fering trap frequencies and the nonlinear potential entsoed by particles off the beam
axes. Although the motion along the beam axes is of primdgrést, the resolution has to
be chosen high enough to account for the radial motion as wkith extends computation
time and the size of the produced data significantly. Thd tatargy (the sum of kinetic

and potential energy) changes slowly with time, due to acdated errors in the numerical
procesd. This change in total energy is, on average, sufficientlwgim assume constant
energy on the timescale of a single transit of the partialeugh the crossing region of the
trap beams.

0.5

0.4

0.3

0.2

0.1

Transfer probability (a.u.)

Beam offset (um)

Figure 4.24: Bar graph showing the relative transition pilitites obtained in the simula-
tions as a function of particle energy and beam separatidd td 1000 transits of the atom
through the crossing region are considered for each bin.

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

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

duced for different separations of the beam axes in the ioi@ssgion, which are then auto-
matically analyzed to identify transits of the particledtigh the crossing region, and events
where the particle changes its direction of axial motiomfrone beam axis to the other.
These events can be further analyzed, with regard to enedjyoa other characteristics of
the transit.

A particle is said to be transferred from one beam to the afhiérenters the central
region from a distance larger thdp, = 3w, from the origin along one beam, and exits this
region to distances larger thafy, along the other beam. A transit is any event where the
particle enters and leaves the central region, indeperaleéhe beam axes of the incoming
and outgoing path. The transfer probability is defined asdhie of the number of transfers
to the number of transits.

Figure 4.24 shows a preliminary result of these numericastgations, with transfer
probability displayed vs. beam separation and particleggnéts general features agree well
with the qualitative explanation given earlier: at smalhlveseparation, significant transfer
only happens at high particle energies, whereas at beamasiepa close td wy, the transfer
probability is more equally spread over all possible eresrgand generally much higher than
in the case of small beam separation. Beam separationsdmgéer, show no transfer at
low particle energies. This excluded energy range inceeasih increasing separation.
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Figure 4.25: Transfer probability vs. beam separation,paed as the average over all en-
ergies of Fig. 4.24, which are weighted with the appropriaienber densitied/'(E) (c.f.
sec. 4.2.3). The same results of calculation are plottegastive as well as vs. negative
displacement, to obtain a graph easily comparable to thergwpntal data of Fig. 4.18.

Figure 4.25 shows a plot of transfer probability vs. beamaszpon, which can be com-
pared to Fig. 4.18. It uses the data of Fig. 4.24 and takesotdount the thermal distribution
of number density (F) of eq. (4.6) in the trap as measured in sec. 4.2.3. As a gaesiat,
the transfer probability is maximum at a beam separatiomefwaist, with a pronounced
minimum at the position of perfect crossing of the beams.|&ger separations, the proba-
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bility also falls off steeply. Therefore, the main featuoéthe measurement are well reflected
in these simple simulations using a static trap potenti@adissian beams.

The obvious quantitative deviation for small beam sepamnatnay partly be attributed to
atoms accumulated in the central dimple, which has a voluméhe order of 100Q:m?
(using the beam waist as its radius). An average densityxabs /cm® would have to be
assumed throughout this volume to account for the expetatigobserved transfer in the
case of perfectly crossed beams. Therefore, other possibtabutions to the observed high
transfer have to be investigated as well, such as the influehoon-equal intensities of the
beams during ramp-up and ramp-down. This also can be doneibg tefined simulations.
Since intensities were varied slowly in the experiment,iragéatic potentials of variable
intensity ratio might be appropriate for a numerical studynamical simulations, although
not difficult to implement, might require algorithms withtter capability of handling the
nonlinearities of the problem in order to be reliable.

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

4.3 Blue-detuned dipole trap

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

Fig. 4.26 shows the timing diagram of this experiment: theppration in this case is
chosen to produce low temperatures in free space (withpotaltrap), and atoms are loaded
into the dipole trap beam No. 2, which is equipped with a DOB.(I), by ramping up
its intensity 20..25 ms before switching off the MOT cooling laser. The atornes lzeld
in the horizontal hollow beam for up to 100 ms, before theydetected in free space by
switching off the dipole trap beam and switching on the #1glOT beam with the cooling
laser tuned close to resonance (c.f. 4.1.2). The dipolelteamn is operated at 740 nm and
at a power of 0.6 W. Apart from being an kLGnstead of a Gaussian beam, it has the same
spatial beam parameters as the red-detuned dipole trapssdesd before, i.evy = 7um
andzy = 0.2 mm.

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

As the next step, the beam exits will be plugged with bluexdetl Gaussian beams, shone
in orthogonally to the hollow beam each at approximately Bagleigh length from the
hollow beam’s focus. This will be done using dipole trap bedon 1.

fill MOT  preparation and loading dipole trap detection

3D—-cooling light \ I I
_ -4MHz -7MHz  -30 MHz ~2MHz
Cooler detuning X
Repump intens. ~— [ |
B-field current
(0..10A)  siim————————r T\
dipole trap 2 — I

Figure 4.26: Loading sequence used to load atoms into a klwaed hollow beam.
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Figure 4.27: Lifetime in a single horizontal blue-detunetldw beam with open ends (pre-
liminary). Circles are median values of 30 measurementh.e&gtrorbars correspond to
a confidence level of 68 %. Hollow beam parameters de= 0.6 W, A = 740 nm,
wy = 7.4 um. Radial trap parameterdf,,..(z = 0)/kp = 1.4 mK, 4,4, = 25 kHz. The
solid curve marks a single exponential decay with initi@nathumberV, = 90 and decay
ratea = 38 /s (c.f. 2.4.1).
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Summary and conclusions

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

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

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

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

Using this set of capabilities, methods have been develapetaracterize the different
properties of realised traps. In this way, a continuoustyngng set of trap parameters is
made available through routinely performed measuremdiitese parameters include life-
time, loss coefficients, trap frequencies, distributiomtaims over energy states in the trap,
and information on the potential shape in crossed beam geiesie

The results of these measurements are summarized below. shbes that many of the
desirable features of tightly confining few atom traps haserbrealised:

e Trap depths exceed the Doppler cooling limit by more tharctofeof ten.

e Trap frequencies exceed the recoil frequency shift (3.7Z)Kkby up to an order of
magnitude, i.e. the particles in the lower motional statethe trap are trapped in
the Lamb-Dicke regime. Improved methods of trap frequeneasarement will be
employed using more appropriate electronic hardware.

e Atom storage times are on the order of at least several secdidce heating rates
estimated from the measured trap light intensity fluctutiare consistent with the
observed lifetimes, a significant improvement can be exgaeitom electronic stabili-
sation of the light intensity. Background gas collisiongose a limit in the range of
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several tens of seconds. Even in the red-detuned trapympbcattering does not limit
these lifetimes.

e Efficient detection of dipole trapped atoms is possiblesendly with a lower limit near
ten atoms. Optimized strategies in straylight suppressmhnear-resonant excitation
of the atoms are currently implemented to further approastrete atom-counting in
dipole traps.

¢ Collisional loss of atoms from dense samples is clearlyblesin red-detuned traps.
Although photoassociative loss is also possible in bluentk traps, basic estimates
indicate that ground state cooling of more than one atomenirttended tight blue-
detuned traps may not be inhibited by this loss mechanisiin [34

e Akeytechnology giving access to advanced dipole trap implgations with repelling
light fields is the efficient and robust production of lowesler hollow beams. This
technology is already fully implemented into the existirgup and applied in first
experiments by confining atoms radially in an open tube oé4alatuned light.

e Another key technology, the production of two light fieldghwilifferent frequencies,
but with a well defined phase relation, allows for Raman spscbpy and manipula-
tion of the hyperfine ground states of trapped rubidium atofirtss technology has
been fully developed and tested on atoms in a vapour celljsandw ready to be
applied also to trapped samples.

Efficient single atom detection is presently the limitingtta in realising a three-dimen-
sional blue-detuned tightly confining trap of the intendesk swhich is expected to acco-
modate approximately ten atoms. The detection efficientginbd already (in red-detuned
traps) would be just at the threshold of being able to measoras in such a trap. As demon-
strated by the atom transfer experiment described in S2el,sheam positioning works ex-
cellently, and, as shown in the open blue-detuned tube,satomactually confined by the
doughnut light fields. The next step, a linear blue-deturipdld trap with added axial con-
finement of the atoms, is presently being implemented. bitthp, detection-relevant topics
will be studied in a similar fashion to the methods presemetthis work for red-detuned
traps.
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Outlook

Apart from obvious technical improvements which have alydaeen discussed, several ad-
ditional lines of investigation have been picked up in thisrky which might be further
pursued in the future:

e Even tighter red-detuned dipole traps are possible usihgratollimation- and fo-
cussing lens combinations in the trap beam paths. Howehisrwould come at the
expense of increased photon scattering, photoassodiaés@nd sensitivity to techni-
cal heating effects. Crossed red-detuned traps also falkis regime, which would
be tightly confining in three dimensions. With other lasairses in the infrared, some
of the increased difficulties can be avoided.

e The spectroscopy on AC Stark-shifted atomic transitiomsxeaapplied to deeper traps
to give higher relative resolution. This requires the fremey tuning range of the de-
tection laser to be further extended towards higher fregeen This technique then
lends itself to studies of the thermalisation dynamics oinétrally non-thermal occu-
pation of trap states with time resolution on the order of lomiselow (limited by the
required detection times).

e The experiments on transferring atoms between two diftetgrole traps will be fur-
ther pursued using blue detuned trap light which is spatitiluctured by a digital
spatial phase modulator. As a first step, a combined red- areddetuned trap is
considered the most convenient way into this next techncédghallenge.

e Concerning the efficient detection of singtappedatoms, dipole traps operating on a
“magic wavelength” with respect to a strong, closed (sudriition might be highly
advantageous, avoiding AC-Stark-shifts and thus alloianghe reliable detection of
maximum fluorescence within a single natural linewidth efatomic transition, whilst
providing optimum Doppler cooling at the same time. Fibisela in the telecommu-
nication band of wavelengths might offer viable means ofegating such conditions
for rubidium, as already suggested in Sec. 2.5. Howeverghdts already obtained
in red-detuned traps offer promise that working with trulgsascopic traps is also
possible in the trap wavelength range accessible with thegot apparatus.
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A.0.1 gp-factorsfor I =3/2,1 =5/2,and = 7/2

L S J| g5 |F 1 2 3 4 5 6 7
0 -12 1/2] 312 -3/8 3/8

0 12 1/2| 5/2 -5/8 5/8

1 12 12| -112 18 -1/8

1 12 3/2|11/6 11/12 1112 11/12

2 -12 32| 1/6 112 112 1/12

2 1/2 5/2|17/10 119/40 187/120 289/240 17/16

3 -1/2 52| 3/10 21/40 11/40  17/80  3/16

3 12 7/2|11/2 33/4 11/2 22/5 77120

0 -12 12| 32 -1/4 1/4

0 1/2 1/2| 5/2 -5/12 5/12

1 -12 12| -112 112 -1/12

1 12 3/2|11/6 A8 1172 77/144  11/16

2 -1/2 32| 1/6 -1/8 1/72 71144 1/16

2 1/2 5/2|17/10 17/20  17/20  17/20  17/20  17/20

3 -1/2 52| 3/10 3/20  3/20 3120 3120 3/20  3/20
312 7/2| 1172 99/8  143/24 209/48 297/80 407/120 77/24
0 -12 1/2] 312 -3/16 3/16

0 1/2 1/2| 5/2 -5/16 5/16

1 12 12| -112 1716  -1/16

1 12 3/2|11/6 -11/12 0 11/30  11/20

2 -1/2 32| 1/6 112 0 1/30 1/20

2 1/2 5/2|17/10 -17/8  -17/120  17/48  221/400 391/600 17/24
3 -1/2 52| 3/10 318 -1/40 1/16  39/400 23/200 1/8
3 12 7/2|11/2 114 11/4 11/4 11/4 114  11/4 11

Table A.1: g-factors for all hyperfine-levels up to L=&p to bottom:7 = 3/2, I = 5/2,
I =7/2. Nuclear g-factor neglected.
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A.0.2 Particle trapping overview
Charged particles [54] :
e RF- electromagnetic trapPdul trapg [145, 146]
¢ RF- magnetic trapsRenning trap¥[40]
e Storage rings, accelerators, colliders and the like
Neutral particles [151] :
e Traps acting on the magnetic moment - (purely) magneticstfap):

— Magneto-static traps (only trap weak field seeking statE3)) |

* with magnetic zero crossing in the center aBdr)| o« r [115]

x TOP trapstime orbiting potentidl[6, 149], which overcome spin flip-induced
loss of atoms in the zero crossing of the magnetic field by isigatkie trap
in a circular motion.

x with parabolic minimum around a constant bias fiduffe-Pritchard-typé
[59, 155]

— Magneto-dynamic traps (analogous to RF Paul trap for id3)) |
e Traps acting on the electric (dipole) moment :

— Laser dipole traps [24, 61]
— Microwave traps (i.e. dipole traps in the limit of lowestdreency) [175].

— Radiation pressure traps, in particular the magneto-tgatc(MOT) [157]. Also
opto-electric traps can be realized [104]. The magnetidemtiec field is used to
introduce a spatially dependent shift of the atomic levelcttire, and consecu-
tively the photon scattering rate of a near resonant lighd.fie

— Electrostatic traps : (proposed) [197]

e Hybrid traps became increasingly important in recent yezsgecially with an optical
dipole trap as one of the constituents, such as gravit@aigiole traps [4, 102, 141]
and magnetically levitated dipole traps [68, 191].
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A.0.3 Fourier spectrum of pulse trains

Fig. A.1 shows the Fourier transforms of a double-pulse &dun the experiment, the
guality factor@) = 2), and of a similar sequence of ten pulses, whigre 10.

These spectra are simple to compute analytically: The @spblse in time shown in
Fig. 4.11 is obtained from the convolution of a pair of deltdses spaced by with a single
rectangular profile of width. In frequency space, the amplitude spectini) of the delta
peak pair is a cosine @f/2 (andv), while the spectrum of a rectangular pulse (a “slit”) is the
well known sinc-function. The convolution in time transfos into a product in frequency
space. Any even numberV of delta-pulses is a product of cosines (superpositiorcipie)
with V an additional factor in the argument:
sin(mTv)

Sa(v) HCOS(Q?TNT/Q X V) X (A.1)

nZ

Fig. A.1 shows the power spectrum, i(€.4(v))?. Please note that due to the sinc-function,
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Figure A.1: Spectrum of a double-puldeff) and a train of ten pulsesight). 7" = 25 us,
and total pulse train areBV x 7 = 14 us.

the maximum of the spectral lines is shifted fotfi” and its multiples to smaller frequen-
cies. This effect shows up more pronounced indr are of similar magnitude, and for low
N. ForT/r = 10/7 (the first data point in Fig. 4.13), the relative frequencijtstue to this
effect is 20 %. Obviously, this kind of measurement couldrbproved by using pulse trains
with N ~ 10. This was not possible with the available pulse genetatAnother device,
capable of delivering well defined fast pulse trains, is cede
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A.1 More about optics and alignment

A.1.1 High aperture optics for dipole trap and detection
Four lens custom trap optics

Figure A.2 shows the custom-made f=36/1.8 optics used tesfrap beam No. 2, and collect
fluorescence from the atoms with high aperture. It is basethemesign described in [2].
Some experimentation, using optical design software @inly optimization tool§ and a
great range of start systems, very stably resulted in tHigisa, which therefore seems to
be the optimum within a large parameter space. This desparf #om very good imaging
performance on axis, shows two big advantages for imagiradl stomic samples:

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

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

However, as with most of such high aperture systems, pedocen is diffraction lim-
ited only within a very narrow angular range around the axidl{is case~ i%"). Three
sets of AR coated elements were bodgand assembled using a precision aluminium mount
designed and fabricated in the institutes workshop. Ingagerformance, although not prop-
erly measured, appears to be diffraction limited on axisibhaiperture. This assumption is
backed by performance estimations from numerical tolengncRegarding the dipole trap
beam (No. 2), imaging quality requirements are easily fatfiidue to the limited aperture
covered by the collimated input beam.

Custom fibre collimators

The commercial HALOf = 30 mm lens used for collimation of beam No. 1 offe¢s)/2-
perormance on axis gt/# = 2 and 740 nm (at full aperture, wavefront distortion exseed
one wavelength). Performance can be improvef)/dt = 2 on axis by more than a factor of
five by inserting an additional single BK7 plano-convex edaitnof 300 mm focal length on
the side of the collimated beam, as demonstrated in Fig.éver if this additional lens is
decentered by 0.1 mm or so (e.g. just glued to the HALO housihige focal length of the
system is then reduced from 29.9 mm to 27.7 mm. Axial aligrinaéti respect to the light
source again is crucial, angles in exces%"olfeading to significant distortions by coma.
The 14 mm HALO used for beam No. 2 is not easily improved belg@&. However, a
diffraction limited, air-spaced version exists with maxim f /# = 2 (and a standard coating

2ZEMAX, Focus software, Inc., Tucson, Arizona
3LENS Optics GmbH, D-85391 Allershausen, LPV25-75, LBXZ®1LPX25-75, and custom-made menis-
cus
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Figure A.2:Left: Trap focussing and fluorescence detection optics, base@]orRjight:

Enhanced commercial HALO system, 27.7 /2.

optimized for Nd:YAG and its harmonic). This kind of lensffdrently coated, may be used

in the future.

An f/# = 2 optic cuts off the beam exiting the singlemode fibr@ at,, and therefore
should be the minimum diffraction limited aperture for highality Gaussian beam transfor-
mation § w, being regarded as beyond any doubt [173]).
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A.1.2 Straylight suppression by polarization- and spatiafiltering

Reflections from optical surfaces in the beam path followhmg splitting layer of the PBS
can constitute a major source of stray light generated bylijpale trap beam. Since light
transmitted by the PBS is linearly polarised, and polaosais maintained by orthogonal
reflection, 2 to 3% of this returning light may be reflected gy PBS splitting layer towards
the PMT. Especially critical are surfaces (nearly) orthwgldo the beam path, such as the
PBS exit face, the achromatic waveplate, and the entrartacsuwof the four lens HALO.
All these surfaces are properly AR coated (to better tha®o)).a8nd therefore contribute less
than 10* each of the trapping beam power to the light incident on theddi®n system (this
amount is still very large in terms of photons per second)tAar critical contribution stems
from the inner vacuum cell walls, which are not AR coated dretdfore reflects 3.5%.
This light is transformed by the imaging system to beams witimeters of several mm
at the position of the back focal plane of the achromat (he.itnage plane of the trapped
atoms) and can therefore be spatially filtered using a penhblthis position, resulting in
additional suppression by an estimated three orders of imagn(and a total suppression on
the order of 109, including the PBS).

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

As shown in Fig. 3.24, spatial filtering is done at the enteatacthe filter stack, and again
at its output. Pinholes of different size can be inserteth witnor corrections to alignment.
A @100um aperture, covering a field of view below 2fn in the plane of the trapped atoms,
was found experimentally to constitute a reasonable tfhetween stray light suppression
and detected count rate from the atoms.
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A.1.3 Alignment procedures
2D-MOT cooling laser beams

See Fig. 3.6 on page 58 for reference: A light beam beingripgalarized before entering
the first waveplate, leaves the second waveplate with thegaonal linear polarization and is
therefore guided back into the direction of the telescoptnbyext beamsplitter cube. Thus,
once one of the two quarter wave plates is set properly wipaet to the magnetic field,
the other one can be adjusted by minimizing light at the udys®t of the corresponding
beamsplitter.

At the beamsplitter cube next to the telescope, the backwargagating light is split
in halves due to the halfwave plates, and an interferenderpathows up at the unused
port of this cube, which is a sensitive indicator of relat@regular deviation of the counter-
propagating beams in each rfagn addition, for optimum alignment the part of the beams
propagating back through the telescope is coupled to thes fijoring a visible output at some
beamsplitter in the MOT laser setup.

Crossed dipole trap beams

To align the crossed dipole trap beams, the optomecharpcagaembly is removed from
the vacuum system as described in 3.6.1. Aufbpinhole, mounted on a XYZ translation
device, is placed near the intended trap center. The axesardlation are approximately
parallel to the beam axes. The pinhole is rotated arounderecal axis such that the angle
of incidence for both trap beams is°45AR-coated windows are installed in the convergent
part of the trap beams following the focussing lenses. Itjom is adjusted to maximally
transmit the fixed trap beam (No. 1). The axial focus positsdiound by locating the axial
positions of halved relative transmission with respectgtroum. After setting the pinhole
to this focus position of trap beam No. 1, and locking the XY&nslation assembly, trap
beam No. 2 is adjusted relative to the pinhole in a similar mearusing the XYZ flexure
stage of the dipole trap setup. The position of the dipole &@djustment screws is noted in
units of turns from their extremal position. This allows doe&eturn to this setting later, and,
after performing this alignment procedure for differerstptbeam wavelengths, to change
trap wavelengths easily. Having locked the coarse drive@f/ertical adjustment screw, fine
tuning of the vertical axis is easily done in red detuneddrdayptransferring atoms captured
in one beam to the other beam (see 4.2.4).

PMT detection

e Filterstack: Loosen small bellows (between filters and rear pinhole) fsupport at
XYZ-stage and focus light at 780 nm through front pinholetjroze observed power

4This applies only to the plane of the ring, since by tiltingeaf the mirrors in this plane, the counterpropa-
gating beams exiting the ring walk off in opposite direcioim contrast, tilting a mirror orthogonal to the
ring plane affects both beams in the same way, giving no ahelication for angular alignment.
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incident on rear pinhole. Adjust rear pinhole on XYZ-staglative to incident light to
obtain transmission at the back of the filter stack. Refit sb@dlows, optimize overall
transmission. Lock XYZ stage.

PMT detection channel: Remove four lens objective from channel No. 2. Insert mir-
ror for backreflection into the collimated trap beam on threside of the silica cell.
Insert highly parallel, AR coated quarter wave retardes odllimated, backreflected
beam. Adjust reflected beam to couple back into single mode (feeble signal of
several teruW detectable at free PBS-port of trap laser setup). Seteatksiaction

of beam being split off towards detection system by turnhmg etarder. Adjust this
beam part to be centered on the front pinhole of the filteksaad parallel to filterstack
axis. Insert thef = 200 mm achromat at a distance of one back focal length from the
pinhole and shift it by hand to center the beam focus on thieghen Further align-
ment is done by adjusting the beam steering mirror betwebkroatwt and pinhole.
Optimization by PMT count rate is possible with reduced poflelow 100,W) at
wavelengths far from 780 nm. The first time it may be necessanyove also the lens
between filterstack and PMT, to steer the output beam of tieedibck onto the photo-
cathode. Remove backreflecting mirror and retarder plaiesert four lens objective
(adjustment of crossed trap beams is not appreciably clngeial adjustment of
the achromat has to be done on atoms trapped in beam No. 8€falition beam size)

- the collimated trap beam waist is too small to give a suffittieshort Rayleigh range
of the focus.
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A.2 More about the vacuum system

A.2.1 Vacuum system design
Definition of terms

The velocity distribution of a thermal gas is given by the MaX-Boltzmann distribution,
with the most probable velocity, = /2kgT/m, the mean velocity,, = 2/\/7 X v,,
and the root-mean-square velocity,,; = \/3kgT/m. The pressure on a surface then is
p = znmuv},, =nkgT,n being the number density.

Under VHV and UHV conditions, thenean free patt\ = 1/(v/2 70, n) of an atom or
molecule with collision cross sectian, in a gas of number density is much larger than
the dimensions of a desktop vacuum systefihe particles move from wall to wall without
interaction in between. In this regime, caliedlecular flowviscosityn is zero and Reynolds
number ¢ 1/n) is not defined.

It is convenient to use the quantiy” for transport calculations in this regime, and define
throughput) = £ pV, which is measured in unif§)] = Pam?®/s = Nm/s = W. Therefore,

Q is energy flow, and sincgV is temperature dependent, mass is not consérvéthe
conductanceof a channel connecting two large volumigs, V, with a pressure difference
Ap =p; — pp thenisC = Q/Ap, [C] = m?/s.

In VHV and UHV systems, conductance itself is independenpressure, and pumps
are well approximated by a conductance to empty space. feakad outgassing rates are
given in terms of throughput. The walls of the vacuum systeenraugh on the molecular
scale, such that an incident particle adheres to the wail)ates some time in a microscopic
well and then leaves in an arbitrary direction with the aaggrobability distribution ap-
proximated byP, = cosf. Therefore, particles perform a random walk in any conahggti
structure, and theoretical determination of conductagisdds analytical solutions only for a
selection of simple geometries. Due to these wall-effeatd,due to the non-isotropic veloc-
ity distribution in pipes, treatment of conductors conedatirectly in series is not as simple
as in electronics However, if large volumes are present between the singiductances,
1/Cip =1/C1 +1/C5.

The non-isotropic velocity distribution leads to directegams exiting on both ends of a
tube [188], deviating fronP) = cos # asl/d increases. Fa/d = 10, Pige / Py ~ 0.5.

Differential pumping

As mentioned before, an ideal vacuum pump is a conductanespdy spaceé Desorption
from, and diffusion through the walls always cause leakageifito the different parts of the

SAir at room temperatured, = (3.72A)2

5The mass flowd is obtained fromQ as® = %m = MQ/(NakpT), M being the molecular weight and
N4 Avogadros constant.

’see [65, 139] for details

8Real pumps have a base pressure
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system. Real leaks are a conductance to the environmemndethg vacuum system.

A certain partial pressure of some species might be prodoic@dirpose in one part of the
system. The influence on other connected volumina is tharcestbydifferential pumping
which acts as a pressure divider. In a system where largenadare connected by known
conductances, this is easily demonstrated by applyingrtkgy to an electric circuit (Fig.
A3):

Qin

Vi C V,

P,

Py
SH S,
Po Pump 1 Py Pump 2

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

A leakage flux (or controlled gas flow),, enters volumd/;, which is pumped at a rate
(conductance);. VolumeVs,, pumped bysSs, is connected td; by a conductancé’. In
steady state, the actual sizelgfandV; does not entéy and total flux into a volume equals
total flux out of this volume. This results in steady statespuges

p1 = (CC+SZ,2 + 51> Qin,  P2= S%pl’ (A.2)
wherep,, the base pressure of the pumps, has been assumed to béaxhegiall.

In the case” <« 57, S> : p1 = S1 Qin, and pressure in the second volume is lower than
pressure in the first by the rati/ S,. C', in conjunction with $and S, is called aifferential
pumping stageSuch a setup is used if material like particle beams or nsaopmic samples
have to be transferred betweEnandVs.

°The actual size oF; andV; has to be taken into account if the evolution in time is ofiest, e.g. to estimate
how long it takes until steady state calculations are valid.
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A.2.2 lon pump refurbishing

The already used 60'$ Varian ion pump is of unknown origin and had been exposed to a
for years before being installed in this experiment. Afteecking for proper general opera-
tion of the pump, the magnets were removed, and the old hitgagefeedthrough, covered
in vacuum epoxy, was replaced by a blank flange. Then the puagpfied to the brim
with acetone, capped with a piece of aluminium foil, and icé=hin an ultrasonic cleaner
at 55C (the acetone boiling heavily at 80) for an hour. After cooling down, the acetone
was poured out, now being grey and fully opague. The pump imasd two more times
with acetone at room temperature. Afterwards, white chqpddcbe shaken out of the dry
pump (looking similar to lime deposit in a kettle). A new higbltage feedthrough was in-
stalled, the magnets attached, and the pump input equipjlecwlean adaptor flange and
a full metal valve, which was attached via a bellows to a tovblecular pump systeth
After pumping the system with the turbomolecular pump foewa hours, the ion pump was
started shortly (few seconds) several times, knocked wihhtandle of a screwdriver, and,
after closing the valve, finally reached a pressucé ~ 10~® mbar. Bakeout at 33C for
three days resulted in a pressure of severalthbar. The pump was baked again (without
magnets) near 48C. After several days back at room temperature, the operatinrent
was measured carefully using a multiméten the ground return path of the pump, which
stood isolated on a brick. Leakage current (magnets remaovasi< 10 nA. The operating
current (magnets attached, after 24h operation on cloded)waas not distinguishable from
this leakage current. A typical operating current for a pushghis size is on the order of
1mA at p= 10~% mbar. Since the ion current is highly linear with pressuine, measured
operating current below 10 nA therefore indicates a bassspre of the pump on the or-
der of 10~ mbar, which is all one can expect from this type of pump. A $miacharge
lamp'® parallel to a 1 nF capacittrwas installed in series with the high voltage input pin
of the pump, and electrically isolated from the environnigna sturdy tube of acrylic. The
observable frequency of short glow discharges serves asrapent operating current indi-
cator & 10 /s at10~? mbar). Now, during normal operation of the whole vacuumeyst
time between discharges exceeds ten seconds, partly ledeakage current of the capacitor
(R ~ 10' ©2) may be on the order of the operating current. Also the iongpoontrollef®
had to be refurbished due to a primary short of the main tcansér. After changing the
transformer, the device now works properly since mid-1998.

10_eybold Turbopumpstand PT361

read at the ion pump controller (determined from the opegatirrent of the pump)
12Keithley 2000 Multimeter

BFarnell electronics, type 16/30 SB, 68 V start voltage

Wiha MKC, 400 V-

Bvarian StarCell power unit 929-0180
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A.2.3 Electropolishing of vacuum parts

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

As sketched in Fig. A.4, one side of the tube is sealed withaakbflange, and the other
side is sealed to an open tubulated flange. Viton gasketssack which are not affected by
the strong electropolishing acid. A strong central ela#rs inserted on the tube axis, and
supported by teflon spacers on both ends of the tube. For@edishing stainless ste€|
take three parts of concentrated phosphoric aciP®, 85 %), two parts of concentrated
sulfuric acid (HSO,, 96 %) and one part purified water {&).

Electropolishing is done with the tube mounted upright inig tb filled with water, to
cool the walls of the tube, whose inner walls are completelynersed in acid. With a
DC operating current of 20 A (central electrode is negatarg) a @3.2 mm stainless steel
electrode, the inner walls of this particular tube were glaifter approximately 15 min (at 8
to 10 V).

e WEAR PROPER EYE PROTECTION AND GLOVES, WORK IN A PROP-
ERLY VENTED PLACE AND TAKE FIRST WATER, THEN ACID (etc.) !

e Some experimentation using test pieces is mandatory irr ¢odebtain satisfactory
results.

e A more massive electrode is strongly recommended, to redisistance and heating,
and maintain a more uniform current density vs. axial positi

e Atthe line of contact with the air boundary of the acid, catréensity and temperature
are highest, and all sorts of dirty chemistry seem to happe=ulting in very strong
erosion of the tube wall, which should therefore be the withe auxiliary tubulated
flange.

e With other parts, which were already mechanically polishezlobtained better results
using a different electropolishing acid of 85 % concentidigPO, ( 85 %) and 15 %
pure glycerine (85 %). Of course, all other parameters chasgvell.

e Placement of the electrodes in general is non-trivial, esithe rate of erosion scales
with current density and is therefore strongly dependergemmetry.

e Given proper cooling and very low resistance of the centeadteode, higher current
densities and shorter times may be advantageous.

16Caburn MDC, Mod. CT-41
"Dipl. Ing. Magnus Buhlert, private communication. UnivigisBremen 1998
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Figure A.4: Electropolishing of vacuum system tubes
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vielen Kleinigkeiten méchte ich danken. Stefan danke idbesidem flr eine sachkundige Einfiihrung
in richtiges Rodeln.

Matthias Cumme vom Institut fir Angewandte Physik in Jenakddch fur seinen enormen Ein-
satz bei der Herstellung der Diffraktiven Elemente. Wadalsperation begann, hat sich fast zu einer
Freundschaft entwickelt. Ich hoffe, wir bleiben in Kontakt

Der Firma Walzholz danke ich fur die unkomplizierte Liefegumehrerer Quadratmeter weich-
magnetischen Spezialblechs frei Haus.

Auch zwei ehemaligen Lehrern méchte ich an dieser Stell&k&an
Heinz Sander hat mich in meiner Jugend neben Bohren, Feii¢an und sehr viel solider Elektronik
die verantwortungsvolle Nutzung gemeinsamer Ressourekenig.

Prof. Dr. F. Smend danke ich fUr die engagierte und sehr pkcb@ Betreuung insbesondere im Prak-
tikum fur Fortgeschrittene am II. physikalischen InstituiGoéttingen, die nachhaltig mein Interesse
an Experimentalphysik ausgebaut und gefestigt hat.






Meine Eltern haben mich dreif3ig Jahre lang in jeder Hingictérstitzt.

Meiner Mutter danke ich unter anderem fir ihre praktischemnudise zum allgemeinen
Studentenleben und ihr groRes Verstandnis fur die dantiuvetenen Bedurftnisse.

Mein Vater kann den Abschluss dieser Arbeit leider nicht nexteben - er starb im Mérz
2000. Bis zu seinem Tod nahm er regen Anteil an den Fortsehrit

Nur wenige Menschen bekommen mit Mitte zwanzig eia#arenBruder. Ich danke Frank
fur viele lustige Erlebnisse und Abenteuer in den letztdmela
Sonja hat auf ihre Weise dafir gesorgt, dass ich dem alitégh Wahnsinn trotze.



