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Summary

This dissertation describes investigations into optical dipole traps formed using a high
power COq laser beam, culminating in the first creation of a Bose-condensate by all optical
means. COg lasers are ideally suited to the task of atom trapping since their extreme
detuning results in a trapping field that is independent of the internal state of the atom
with a practically negligible scattering of the trapping light. These traps are then ideal
candidates for achieving Bose-condensation as there is little or no intrinsic heating from the
trapping beams themselves.

In this work it was found that high densities and phase space densities could be
easily established in these traps, giving rise to the possibility of evaporative cooling to
the BEC transition. To achieve this a trap was made in which it was possible to achieve
densities an order of magnitude higher than previously obtained by others in the field.
Bose-condensation is achieved by subsequent forced evaporation in which the highest en-
ergy atoms are removed from the trap by adiabatically lowering the trap depth. As the
technique involves the most basic of laser cooling and trapping methods, it provides a simple
alternative to achieving BEC, and is currently the only alternative to the standard recipe

used in magnetic traps today.
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Chapter 1

Introduction

The first observation of Bose-Einstein condensates (BEC) in dilute atomic vapors in 1995
[4],[13], [25] has stimulated a tremendous volume of experimental and theoretical work in
this field. Condensates are now routinely created in over 30 laboratories around the world,
and the pace of theoretical progress is equally impressive [20]. However, the recipe for
forming a BEC remains unchanged. The atomic vapor is first pre-cooled using laser cooling
techniques to sub-mK temperatures and then transferred to a magnetic trap. Further
cooling to BEC is then achieved by evaporative cooling induced by energy selective spin
transitions. Well impressive the technique is typically slow requiring background limited
lifetimes measured in minutes. This places stringent requirements on the vacuum and a
high degree of isolation of the system from stray rf and optical fields. It is thus desirable
to have an alternative rapid technique for producing BEC so as to relax these conditions.

All optical methods of reaching the BEC phase transition have been pursued since
the early days of laser cooling. Despite the impressive developments made in this field be-
yond the limits set by Doppler cooling, including polarization gradient cooling [59], velocity
selective coherent population trapping [6] , Raman cooling [48], [24], [55] and evaporative
cooling in optical dipole traps [1], [39] the best efforts, excluding the results in this thesis,
fall short of the BEC transition by an order of magnitude [45]. The principle hurdle bottle-
necking progress is in the fact the laser cooling seems to be an inherently density limited
process, limited by reabsorption of scattered radiation and photo-associative two-body in-
elastic collisions. These limitations render laser cooling techniques ineffective at the high
densities needed to achieve BEC and give unfavorable starting conditions for evaporative
cooling.

When laser cooling into a trap one cannot, indeed should not, neglect the dynamics



of the gas itself particularly when the collision rates between atoms is large. When the
trap geometry is non-trivial this is particularly important and one needs to consider the
consequences of thermalization as the initial distribution, defined by the loading process,
relaxes to a thermal distribution appropriate to the trap. To some extent the importance
of this equilibrium process and the importance of strongly deformed traps was touched
upon by two experiments by Wolfgang Ketterle’s group. In the first experiment [68] a
non-equilibrium distribution of atoms was created from which condensation was observed
during the subsequent relaxation of the system. In the second experiment [81] a dimple
was formed in a cold atomic sample and reversible formation of a condensate was observed.
The technique described in this thesis can be considered as a variation of this research. A
laser cooled sample is allowed to relax into a strongly deformed trap giving rise to densities
considered beyond the reach of laser cooling techniques. These densities allow for subsequent
evaporation to BEC in just 2 seconds - currently the fastest method available today and

the only alternative to a magnetic trap.

1.1 A brief history

To begin this thesis I start with a brief review of some of the key advances made in the
field of laser cooling and trapping. The review is by no means extensive. Its purpose is to
illustrate the rapid progress made in this area of research and to give some perspective as to
the simplicity of the techniques used in this thesis. More extensive reviews on these topics
can be found elsewhere. For laser cooling see [93],[57],[83], for optical lattices see [47], and
for optical dipole traps see [37].

In 1986 Steve Chu et al demonstrated the first optically confined atoms, trapping
a mere 500 hundred atoms loaded from optical molasses. Well a proof of principle, the
result was hardly impressive or useful and it was the MOT, first demonstrated in 1987 [75],
which gave a readily available large, dense source of cold atoms. This trap provided both
trapping and damping forces and proved to be extremely robust, achieving large numbers
(~ 107), high densities (~ 10'!/cm?) and sub millikelvin temperatures over a wide range

of experimental parameters. Later investigations showed that collision induced losses were



a limiting factor for the MOT [79]. With high intensity trapping beams these losses were
dominated by ground-excited-state collisions, whereas the low intensity limit was dominated
by hyperfine changing collisions between two ground state atoms. Being density dependent,
these loss mechanisms limited the attainable densities to ~ 10 /em®. A second limitation
was found to be reabsorption of scattered radiation or radiation trapping which gives rise
to repulsive forces between atoms [89]. The effect of these mechanisms could be reduced by
shelving atoms in a hyperfine ground state which does not interact with the light field. Using
this technique, researchers could increase densities by an order of magnitude to ~ 102 /cm?
[50], being ultimately limited by the same mechanisms present in a normal MOT.

In the earliest days of laser cooling the cooling force was understood to be a Doppler
mechanism by which the Doppler shift seen by a moving atom gave rise to a velocity
dependent or friction force. Theoretically this gave a limit to the obtainable temperature
satisfying kpTp = hI'/2. This theory was shown to be inadequate when temperatures far
below this limit were observed [59]. The mechanisms responsible for this result were later
shown to be a consequence of the multi-level structure of the atom [22], [17], [58], [91],
[88] which was largely ignored by the Doppler theory. The essential idea was that optical
pumping between state dependent micro-potentials gave rise to a Sisyphus type effect.
Kinetic energy is first converted to potential energy, through the motion of the atom, and
subsequently removed by the scattered radiation via optical pumping.

Since the discovery of sub-Doppler cooling mechanisms, much progress has been
made in this field. Free space raman cooling [48],[24] and velocity selective coherent pop-
ulation trapping [6] have been used to cool atoms below the single photon recoil limit.
Raman cooling in an optical dipole trap [55] has yielded a 300-fold increase in phase space
density. Resolved side band cooling, first demonstrated on a single trapped Beryllium ion
[70], has been used to achieve phase-space densities of 1/30 [40]. The level of sophistication
reached is best illustrated by the experiment reported in [39]. In this experiment atoms,
which are first transiently compressed in MOT, are transferred to a 1-D Far Off Resonant
Lattice (FORL). After the untrapped atoms have fallen away the 1-D FORL is converted
to a 3-D FORL in which polarization gradient cooling is then implemented. The atoms

are then optically pumped to the lowest hyperfine state and a magnetic field to counter



gravity is switched on. The atoms are then adiabatically released into a very shallow cross
beam trap. Once in this trap a zoom-type optical set up is used to change the trap size
dynamically to compress the sample. In this way researchers were able to achieve phase-
space densities of 0.001'. It is worth noting that we achieve similar results by loading a
cross beam trap directly from the MOT, although the additional sophistication does give
an order of magnitude improvement in the number of atoms obtained.

In addition to experimental advances a number of theoretical works are also worth
noting. Laser cooling methods for trapped ions are reported in [18], and [66] and similar
treatments more applicable to neutral atoms are given in [85]. Ground state cooling methods
which utilize dark states decoupled from the light field are discussed in [27] and a side band
cooling scheme is given in [69] which operates outside the usual Lambe-Dicke limit. In
addition to cooling schemes the limitation imposed by reabsorption of scattered radiation
is addressed in [19], and [15]. The basic idea is that by using strongly deformed traps and
reducing the scattering rate to below the trap oscillation frequencies reabsorption would be
strongly suppressed. This regime, referred to as the festina lente limit, was experimentally
confirmed as reported in [94]. Limitations imposed by technical sources of heating have also
been discussed in [8],[76],[34].

Despite the advances made in this field little or no consideration has been given to
the dynamics of atom-trap systems particularly to the relaxation of trapped distributions,
imposed by the loading technique, to a Boltzmann distribution appropriate to the trap.
Emphasis has always been on the loading and cooling process or on the fundamental and
technical limitations relevant to the various systems. Typically the trapping system is
chosen for convenience or to compliment the cooling technique. By choosing a geometry
in which high densities are a natural consequence of the relaxation process, it is possible
to bypass many of the problems encountered in laser cooling today. Indeed the efforts
reported in this thesis achieve densities that are an order of magnitude higher than any
other reported effort, and it utilizes only the most basic of sub-Doppler cooling methods. It
will be argued that this achievement is not through some fortuitous choice of atom and trap

combination or meticulous attention to detail but to the fundamental redistribution process

lsubsequent evaporation lead to phase space densitites of 0.1



that must occur after loading if Mother Nature’s desires for a Boltzmann distribution are

to be fulfilled.

1.2 Organization of this thesis

In the following chapters I describe the work done in my four years at Georgia Tech under the
supervision of Dr. Michael Chapman. My principle focus was in the investigation of dipole
force traps derived from a high power CO5 laser. This work showed that atoms could be
trapped at very high densities with extraordinary ease and, through subsequent evaporation,
Bose-Condensation could be achieved in a purely optical system: a highly sought after result
since the earliest days of atom trapping and laser cooling. In the following chapters I discuss
the physics involved, the machine that was built and the experiments that led to this result.

In Chapter 2 I begin with a discussion of the physics which is naturally separated into
three sections. The first section deals with the trapping techniques involved. Specifically
I discuss the principles of the magneto-optic trap and the optical dipole force trap. The
second section concerns laser cooling and a brief description of both doppler and sub-doppler
cooling mechanisms is given. Finally the chapter concludes with a discussion of evaporative
cooling which is the standard technique used to create BEC.

Chapter 3 focuses on the technical aspects of the experiment, beginning with the
stabilization and control of the diode lasers used for cooling and probing. This is followed by
sections discussing the implementation of the dipole force traps which, in turn, is followed
by a discussion of loading and alignment of the system. The chapter is concluded with a
description of the diagnostic techniques, specifically of the imaging, from which number and
temperature is obtained, and of parametric excitation, which is used to determine trapping
frequencies.

Chapters 4 and 5 are devoted to the experiments themselves. In chapter 4 the initial
investigations are discussed which involved a single focus and 1-D lattice trap. Also included
is a 3-D lattice system which initiated these investigations. The results obtained from these
trapping geometries led to the cross beam geometry in which BEC was finally achieved.

Chapter 5 is devoted to this trap.



This thesis is concluded by chapter 6 in which I summarize my work, making some
suggestions in regards to improvements to the current system and to future directions that

this research may lead to.



Chapter 2

Background

For all of the trap geometries considered in this thesis the basic loading procedure is the
same. Atoms are first collected in a magneto-optic trap, more commonly referred to as a
MOT, and transferred via laser cooling into a COs laser trap with subsequent thermalization
and evaporation determining the final temperatures obtained. In this chapter we review
the physics behind the key ingredients of this seemly simple recipe with special emphasis on
those aspects most relevant to our system. This discussion is naturally divided into three
sections. The first section deals with the trapping aspects in which we discuss the MOT
and the optical dipole trap. The second deals with the laser cooling processes and the third

section involves evaporation.

2.1 Trapping

2.1.1 The MOT

The most widely used trap for neutral atoms is the magneto-optic trap (MOT) which was
first demonstrated in 1987 [75]. It has proven to be an extremely robust and versatile trap
in that its operation is somewhat insensitive to the degree of polarization and alignment
of the light fields. Providing both cooling and trapping forces simultaneously, the MOT
can be loaded directly from a room temperature vapor, and the light required can typically
be provided by low cost diode lasers !. The MOT is thus a simple inexpensive method to
produce dense atomic samples with temperatures below 1 mK. In this section we discuss the
basic principles on which the MOT operates, its principle limitations, and the considerations

that go into its set up.

IThis is true for all the alkalis with the exception of sodium



(@) \

(b)

M=+1

Figure 2.1: (a) 1-D MOT. (b) Energy levels in the spatially varying field

The principle behind the operation of the MOT is most easily explained for the 1-D
configuration illustrated in Fig 2.1. Two counter-propagating beams of opposite helicity
drive a J = 0 — J = 1 transition in the presence of a magnetic quadrupole field which
Zeeman shifts the excited state energy levels as shown in Fig 2.1. The beams are both
red detuned with respect to the zero field resonances as shown. Because of the Zeeman
shift, an atom displaced from the center scatters light preferentially from the beam directed
towards the origin giving rise to a net force towards the origin. In addition a moving atom
experiences a Doppler shift which results in a velocity dependent force that opposes the
motion of the atom (we discuss this further in a later section). In the low intensity limit the
net force on an atom is simply the sum of the forces from the individual beams. Writing
the Zeeman frequency shift as w, = 5z, the net force can be written as

hkT S0 50
F = - 2.1
2 (1 F50+4(6_/T)2 1+s0+ 4(5+/r)2> (21)




where the detuning 04 is given by 6+ = 6 + (kv + 2), so = I/, is the saturation parameter
and I' is the transition linewidth. In the limit of small velocities and small Zeeman shifts

the force is given by the approximate expression

_ 4hkso(20/T) (kv + Bz)
S (ETE b

and thus the motion is that of a damped harmonic oscillator. Typical values used in

(2.2)

experiments give trap frequencies of a few kHz and damping rates of a few hundred kHz so
that the motion is over-damped.

The scheme can be readily extended to 3-D by using 2 additional beam pairs to
provide confinement in the other two dimensions. For multilevel atoms the situation is
somewhat more complicated but the basic mechanism remains the same. In Fig 2.2 we
show the relevant part of the level structure for 8’Rb. Cooling and trapping is achieved
using the F, = 2 — F, = 3 transition. Atoms scattering mainly o, light are optically
pumped to the m, = 2 substate which forms a closed system with the m. = 3 substate. In
practice however, off resonant excitation from Fy = 2 — F, = 2 leads to a loss of atoms
to the F; = 1 state. Since the ground state hyperfine splitting is large (~ 6.8GHz), atoms
in this state are no longer cooled and trapped. For this reason an additional repump laser
tuned to the F; = 1 — F, = 2 is needed to sweep the atoms back into the cooling cycle.
The number of atoms captured by the MOT depends on the size, intensity and detuning
of the trapping beams and on the strength of the magnetic field gradient. A reasonably
in-depth study on the dependence of these parameters can be found in [63]. In [35] it is
shown that the number of trapped atoms increases with the fourth power of the beam
diameter and shows a much less dramatic increase with intensity. Thus for a given power
it is much better to use larger beams even if the intensity is somewhat less than optimal.
In our system the beams are limited to a diameter of 2 cm and the beam power limits the
intensity to 8 mW /cm? ~ 51, where I, is the saturation intensity. In this configuration the
optimal number of atoms is obtained with a detuning of 15 MHz and an estimated field
gradient of 7.4 G/cm. The estimate is based on the known current and geometry of the
coils so is only accurate to about 40%.

Although a large number of atoms can be trapped in a MOT, the density is generally

limited to ~ 10'atoms/cm3. The principle mechanisms responsible for this limitation



10

266MHzl F=2 SR ‘T

F=2 6.8 GHz

F=1

Figure 2.2: Level structure for 8’Rb relevant to the MOT operation

are reabsorption of the scattered radiation [89], and inelastic collisions between ground
and excited state atoms [79], [90]. For shallow traps hyperfine-changing collisions between
ground state atoms can also be important. These limitations can be mitigated to some
extent with the so called dark SPOT [50] in which the central region of the MOT is shadowed
from the repump light, keeping the atoms in a predominately dark state. Another way of
implementing this idea is to apply a depump laser which drives the atoms to the lower
hyperfine level or to simply reduce the repump intensity in the final stages of trapping [5],
[87]. In any case densities beyond 10*2atoms/cm® have not yet been achieved in a MOT.
However, as we shall see later, these ideas prove to be useful in achieving ultra-high densities

in a dipole force trap.

2.1.2 Optical Dipole Traps

An atom in a light field is subjected to a mean force which can be written as a sum
of a dissipative component and a reactive component [23]. The dissipative component is

associated with spontaneous emission and is responsible for the cooling mechanisms to be
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discussed in the next section. The reactive force, also known as the dipole force, can be
thought of as a redistribution process involving absorption and stimulated emission. This
redistribution process gives rise to a conservative force enabling the atom to be trapped by
the light field. In [21], the authors use the dressed-atom picture to described the dipole
force. This approach treats both the field and the atom quantum mechanically and uses a
semiclassical approximation to treat the motion of the atom. For our purposes it suffices to
treat the atom as a simple oscillator in a classical field and our treatment follows that in
[37].

The dipole force arises from the interaction of the induced electric dipole moment p
of an atom and the electric field E of the light field. In terms of the complex polarizability
« the induced dipole moment may be expressed as p = aE so that the interaction potential
can be written as

1 1
=~ (pE)=——" I.
U 5 (p-E) 2EOCRe(a)

Here the angular brackets denote an averaging over optical time scales and we have intro-
duced the intensity I of the field. The factor of one half is due to the fact that the dipole
moment is induced and not permanent. The dipole force is given by the gradient of this
potential and is thus a conservative force.

The imaginary part of the polarizability results in absorbtion of the power which
can be expressed as

Pabs = <pE> = ilm(a)]

€oC
where w is the angular frequency of the optical field. The absorbed power is re-emitted
as dipole radiation and can be interpreted in terms of photon scattering. The associated

scattering rate is then given by

P 1
[ge = —2 = I 1.
T hw heoc m(a)

In order to completely determine the dipole force and associated scattering rate it remains
to find an expression for the polarizability. To this end we consider the Lorentz model of a
classical oscillator.

In the Lorentz model the equation of motion for the electron driven by an external
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field is given by
i+ Tud 4 w2 = —eE(t)/me
where T',, is the classical damping due to radiative energy loss and is given by the Larmor

formula

e2w?

I'p=———=
Y bmegmecd
Integration of the equation of motion gives the expression
3 T/wj

wd —w? —i(wd/w2)T

for the polarizability where I' = I',,;, When saturation effects can be neglected, as in the

a = 6mege

case of large detunings, this result agrees with a semiclassical treatment in which the atom
is treated as a two level system in a classical field with one modification: The linewidth, I,

is replaced by the expression

3
wo

3mehcs

The actual atoms used in experiments have a multilevel structure and some consid-

(el ulg)]?.

eration should be given to the consequences of this fact. In general the structure of the
atom gives rise to state dependent polarizabilities resulting in a trapping potential which
depends on the polarization of the light field and the internal state of the atom. However
for linear polarizations and large detunings, as considered in this thesis, these dependencies
become negligible and the two level result still applies. For smaller detunings the reader is
referred to [37] and [26] for further information.

The above expression for the polarizability can be substituted into the equations for

the scattering rate and trapping potential with the result

U(r) = 3”2( r I )I(r) (2.3)

_QwS Wo—Ww Wy —w
3rc2 (w\®/ T r \?
Tge=—— | — I 2.4
° 2hw} <w0> <w0—w+w0—w> (x) (24)

where we have assumed that the detuning, A = wp—w, is much greater than the linewidth, I'.

Typically the additional assumption that A < wq is made and one obtains the expressions

32 T
= 1 2.
3rc (T2 r
Toe = o [~ ) I(r) = — 2.
2w <A) ) =7aU (26)
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which are relevant to the so called far off resonant trap or FORT. These expressions illustrate
the fact that by increasing both the intensity of the trapping beam and the detuning one
can maintain the trap depth and decrease the scattering rate.

In the case of a COs laser, the detuning is no longer small relative to the atomic
resonance and the approximations leading to equations (2.5) and (2.6) are no longer valid.
In this case the driving frequency, w, is negligible relative to wq so that the potential takes

the simple form
Qg

U=-57 (2.7)

2606

where o is the static polarizability. In this quasi-electrostatic limit the scattering rate can

I, = 2L <w )3 U. (2.8)

be written as

~ hwo \wo
which is a factor 2(w/wp)? beyond that for a FORT. For a well depth of 300uK the scattering
441

rate is approximately 5 x 10~ justifying the statement that the quasi-electrostatic trap

(QUEST) is, for all practical purposes, a conservative trap.

2.2 Laser Cooling

Since the COg trap is a practically conservative trap it is necessary to either cool the atoms
into the trap or to snap the potential on suddenly after the MOT has been extinguished,
thus capturing those atoms spatially overlapped with the trapping beam. As noted in the
first demonstration [86], best results are obtained by cooling into the trap as one could well
expect. Due to the difference in light shifts of the excited and ground state the resonance
frequency of an atom located within the trap is red-shifted. For this reason the detuning of
the MOT beams is typically shifted further into the red [86], [32],[33]. However, we find, as
in [32],[33] that the best results are obtained when the detuning is far greater than the Stark
shift induced by the trapping beam. Furthermore, in our experiments the MOT is loaded
with the MOT beams typically detuned ~ 5I'/2 from resonance and the expected Stark
shift from the single focus trap would be at most ~ I'. Loading with these detunings gives
inferior results than those obtained with larger detunings indicating that the Stark shift

induced by the trap plays a secondary role in the loading dynamics. With the detunings
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being as large as they are under optimum loading it would seem that sub-Doppler cooling
mechanisms indeed play a role. In this section we review some of the basic principles of
laser cooling. The field of laser cooling has a very broad scope and we limit our discussion

to the Doppler and sub-Doppler cooling mechanisms most relevant to this work.

2.2.1 Doppler Cooling
The scattering force

The easiest force to understand is that of the scattering force. When an atom absorbs or
emits a photon it recoils so that momentum is conserved. In a laser beam the recoil from
absorption is always in the same direction whereas the recoil from spontaneous emission is
random. Thus, if the atom scatters many photons the momentum transfer from emission
averages to zero leaving only the contribution from absorption. This momentum transfer

can be expressed as a force which may be written as

BAT 11,
Fs, = 2.
P Ty T4 I/L+ 2A/T) (29)

where I' is the line-width of the transition, A the laser detuning, I the intensity, and
I, = 1.6mW /cm? the saturation intensity. The equation simply states that the force is
given by the momentum kick of a single photon multiplied by the rate at which photons are
scattered and so is referred to as the scattering force. Note that the force saturates at large
intensity. While increasing the intensity increases the absorption rate it also increases the
rate of stimulated emission. Since the momentum kick from stimulated emission exactly

cancels that due to absorption, the forces saturates with the spontaneous emission rate.

Cooling of a moving atom

To understand the cooling nature of the scattering force consider an atom subjected to two
counter-propagating beams detuned from resonance. If the atom is stationary it scatters
equally from both beams resulting in a average force of zero. However if the atom moves
it experiences a Doppler shift moving it closer to resonance with one beam and further
from the other. This results in a net force associated with the imbalance of the scattering

force from each beam. When the beam is red-detuned, i.e. is detuned below the atomic
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Figure 2.3: Scattering force for two counter-propagating beams as a function velocity

frequency, the force acts to oppose the motion of the atom and is thus a cooling force.
This is precisely the mechanism providing cooling in the MOT and in Fig 2.3 we show
its dependence on velocity. Cooling in 3 dimensions, as in the MOT, can be achieved by
providing cooling beams in all three directions. It should be noted that the cooling power is
limited. Since the force derives from discrete momentum kicks, there is an inherent diffusion
in momentum space. This diffusion results in a limiting temperature given by kyT" ~ RI'/2
(see, for example, [36], [93], [83]). For 87Rb this limit is about 140uK. Experimentally, it
was soon realized that temperatures well below this limit could be achieved [59]. To explain
this fact a more sophisticated description involving the multilevel structure of the atom was

needed, which we now discuss.

2.2.2 Sub-Doppler Cooling

In the previous section on dipole traps we briefly alluded to the fact that the trapping
potentials induced by a light field depended on the internal state of the atom. When
polarization gradients are present optical pumping between the different potentials can give

rise to new cooling mechanisms, which turn out to be much more efficient than the Doppler
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cooling just discussed. Here we consider two possibilities which differ only in the choice
of polarization for the two counter-propagating beams. The first uses linear polarizations
that are orthogonal to each other, and is referred to as lin L lin cooling. The second also
involves orthogonal polarizations. However they are circularly polarized and is referred to

T — o~ cooling. In what follows we do not attempt to give an in-depth treatment of the

as o
cooling mechanisms as such a treatment can be found in [22] or [23, Coursel]. We simply

give the physical picture to illustrate the mechanisms of interest.

lin | lin configuration

When the polarizations of the counter-propagating beams are orthogonal and linear the

resulting field can be expressed as

E = Ey (cos(kz — wt)& + cos(kz + wt)y)
Ey -t< T+y . 56?9)
= —e " cos(kz)—== +isin(kz)—= | + c.c.
V2 ( )\/§ ( )\/5

Thus the field describes one in which the polarization spatially varies over the length scale of

(2.10)

the wavelength as illustrated in fig 2.4. To illustrate the cooling nature of this configuration
we consider a J; — Jy + 1 transition and take the simplest example with a degenerate
ground state namely J, = 1/2. The light shifts for the ground states can be written as

Kol /I,C?
AFE /T Ce

97 T4 (20/T)% (2.11)

where Cy. is the Clebsch-Gordon coefficient describing the coupling of the atom to the light
field. This coefficient depends on the magnetic state of the atom and on the polarization
of the light field so the light shift is spatially varying due to the polarization gradient of
the field. In fig 2.4 we show schematically the light shift for the two magnetic sub-states.
To discuss the origin of the cooling consider an atom in the M = +1/2 state starting at
the origin where the light shift is maximum with the light field being o*. As the atom
moves along the z axis its potential energy increases and its kinetic energy decreases so as
to conserve energy. When the atom has moved a distance \/4 the light shift is a minimum
and the field is 0~. Thus the atom is optically pumped to the M = —1/2 state where
it finds itself back at the bottom of the hill. Thus cooling arises from the kinetic energy
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Figure 2.4: Schematic of the light-shift potentials involved in sub-doppler cooling
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being converted to potential energy which is subsequently carried away by the field. As
this process brings to mind the Greek myth in which Sisyphus was condemned for eternity
to push a stone up a mountain, this process is often referred to as Sisyphus cooling. It
was shown in [22] that the temperature decreases with increased detuning and decreased
intensity but, being dependent on photon scattering, the temperature is limited to ~ 107,
where T, is the recoil temperature which, for 8’Rb is 360nK. Thus one can expect the

minimum temperatures obtained to be a few pK which is far below the doppler limit.

+

0" — o— configuration

In this case the field can be written as
E = —iV2EyExp—iwt(cos(kz)& — sin(kz)) + c.c. (2.12)

which is everywhere linearly polarized but the direction of polarization rotates about the
z axis over the length scale of the wavelength. Since there are no spatially varying light
shifts associated with this field the cooling mechanism in this configuration cannot rely on
a Sisyphus type effect. Instead the force derives from a ground state orientation and so
requires at least J, = 1. In general it works for any J, — J. = Jg,JJy £ 1, and here we
specifically consider a J, = 2.

Let us now consider a stationary atom. Since the field is linear the population is
shifted with the M = 0 state more heavily populated that the M = 41 states. In contrast
when the atom moves it experiences or ’sees’ a rotation of the quantization axis and, as
a result and the population distribution shifts. As shown in [22], when the atom moves
towards the o beam the population shifts to the M = +1 state. Since this state couples
most strongly to the oy the resulting scattering force tends to oppose the motion. Moving
in the other direction results in a similar effect. Well the force here derives from differential
scattering from the laser beams it should not be confused with the Doppler mechanism
described earlier. Here the difference arises from an imbalance in the population. As shown
in [22] similar final temperatures to the previous case of lin L lin are expected.

It is worth noting the specific case of J; =1 — J. = 1 as discussed in [6]. In this

case a zero velocity dark state exists such that for atoms rest there is a superposition state
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not coupled to the light. Thus if an atom, through spontaneous emission, finds itself at rest
in this state it no longer interacts with the light so that there will be an accumulation of
atoms in this zero velocity dark state. This is a powerful technique by which to cool atoms
below the photon recoil limit, however it is limited to low density samples. At high densities
reabsorption of scattered light becomes important and the scattered light can couple to the

dark state.

2.3 Evaporative Cooling

Evaporation is a naturally occurring process in which atoms with the highest energy leave
the trap. Since these atoms have a larger than average share of the energy, this process
lowers the average energy, and thus the temperature, of the remaining atoms. Intra-trap
collisions invoke a continuous thermalization process so that the high energy tail of the
Boltzmann distribution is replenished. However, as one might expect, the probability that
an atom is ejected from the trap decreases as 7, the ratio of trap depth to temperature,
increases so that the evaporation process eventually stagnates. Thus, for efficient cooling,
the effective depth of the potential needs to be lowered so as to maintain efficient removal
of the highest energy atoms.

In magnetic traps removal of high energy atoms is accomplished with a radio fre-
quency magnetic field. Because the higher energy atoms sample the trap regions with higher
magnetic field, their spin-flip transition frequencies are shifted due to the Zeeman effect.
Thus the RF field can be set to selectively drive these higher energy atoms to an untrapped
spin state. Cooling continues by ramping down the RF frequency and thus lowering the
effective trap depth. In this way the temperature decreases while simultaneously increasing
both the density and collision rate. This is the standard technique used to create BEC
today and for a detailed review of evaporative cooling of trapped atoms see [52].

In optical dipole traps the situation is somewhat simpler. Since the trapping poten-
tial is state independent there is no obvious analog to the RF knife used in magnetic traps.
The simplest alternative is to ramped down the power in the beam so as to lower the trap

depth. In this way we have been able to produce, for the first time, a Bose-condensate in a
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purely optical system. In this section we review the techniques used to model this process.
We begin with the simple scaling laws developed in [71] to illustrate the limitations of our
technique and, more importantly, obtain an estimate for the initial conditions needed to
obtain condensation via our approach. We then discuss a more sophisticated approach as
described in [64] and generalized in [11]. In this approach we approximate the trapping
potentials by truncated harmonic oscillators. While this approximation is somewhat crude
the model can incorporate non-evaporative losses so as to gain insight as to the role these

play in the evaporation process.

2.3.1 Scaling Laws

While the evaporation process is most accurately modelled using the Boltzmann equation,
this description does not easily answer the two most pressing questions asked by the exper-
imentalist: Can it be done? and, if so, what needs to be done to make it possible? The
answer to these questions is provided by a simple “back of the envelope” type calculation,
given in [71], which we outline here.

We begin by noting that the evaporation process stagnates when 1 becomes large
and in this regime the trapped gas is confined to a region in which the potential is well
approximated by a harmonic oscillator. Thus the energy is given by £ = 3NkyT from
which we can obtain the rate equation

. OE. OE .
E=—"Z2T+—N
o " ON (2.13)

= 3NkyT + 3k TN.
This change in energy comes from two contributions: energy is carried away by evaporated
atoms and the energy decreases due to the adiabatic lowering of the potential. The average
energy carried away by the evaporated atoms is given by (n + k)kyT', where k is a small
number usually between 0 and 1 and depends on 1 and the details of the trapping potential
[52, pg 185]. As we are principally concerned with large 1 we can ignore it and we find that
the rate of change of the internal energy due to evaporation is then given by E., = N (nkyT).
To find the rate due to the changing potential we note that the action is an adiabatic

invariant so that F/v is a constant where v is the (geometrically averaged) trap frequency.
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Since v < /Uy we find that change in energy associated with the decreasing potential is
thus (3Nk,T/2)Uy/Uy. Therefore, we have
. 3Up . .
nkyTN + 2T 3NkyT 4 3kyT'N. (2.14)
0

By definition we have Uy = nkyT so that, if we assume 7 remains constant, we may write
Uy = nkyT. This expression can then be used to eliminate 7" from equation (2.14) and we
obtain the result ' '
N 1 3 U
S . (2.15)
N 2n—-3U
This expression can be trivially integrated to obtain the scaling law
N, U, 273
. . 2n-3
= <> : (2.16)
Ny \Uy
We are, of course, principally concerned with the increase in phase space density.
For the harmonic oscillator approximation used here the phase space density is given by?

_— o

Since v « /Uy and Uy = nky T we can then write

IS

Pr_ (U>éz_3 (2.18)
pi Uy
This equation gives us a rough estimate for the initial phase space density we need to
achieve in order to cross the BEC transition. Typically we have n ~ 10 and its reasonably
straightforward to change the trap depth by a factor of 100. Thus in order to achieve a
unity phase space density we require p; ~ 0.001.
As yet we have not considered the speed of the evaporation process. In assuming
constant 17 we have implicitly assumed that the relaxation time of the trapped gas is much
faster than the timescale over which the potential changes. This relaxation time is deter-

mined by the elastic collision rate so one needs to consider how this quantity evolves during

the process. This rate is given by v = 4ngov/+v/ 37 [67, pg 173] where v = /3kyT'/M is the

2The expression given is not strictly the phase space density but is valid provided it is much less than
one. Nevertheless it is a useful parameter approaching the value of 1.202 as one approaches criticality.
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average velocity of the trapped atoms, ng is the peak density, and o is the cross-section for

elastic collisions. Thus v oc Nv3/T so we may write

n
U n—3
% = <Uf) ! (2.19)

D=

Using the numbers above we expect the collision rate to change by a factor of about 25.

2.3.2 Modelling Evaporation

The scaling laws given in the previous section provide very simple estimates for the con-
ditions one needs to create in order to achieve quantum degeneracy. However they fail to
provide any insight as to the effects of background losses or inelastic collisions on the evap-
oration process. For these purposes a more sophisticated approach is called for. It is not
our intention to provide a model which accurately depicts our experimental system. Rather
we seek a simple model that can account for the qualitative features we see, provide some
insight as to the effectiveness of a non-ideal system, and can run on a home computer with
a similar run time as the actual experiment. The approach we take follows that found in
[64] and an in-depth discussion can be found in [71]. Here we merely summarize the main

features and discuss the assumptions made.

Basic Assumptions

The model we describe here assumes that the thermodynamics of the evaporating gas is well
described by a truncated Boltzmann distribution and that the atomic motion is sufficiently
ergodic so that this distribution depends solely on their energy. Furthermore the model
assumes that every atom with energy e greater than the trap depth ¢; is removed before
colliding with another atom so that the evaporation is considered to be complete and fully
3D. The use of a truncated Boltzmann distribution was validated by comparison with a
numerical solution to the Boltzmann equation [64] and by a Monte Carlo technique given
in [3]. However the assumption of 3D evaporation is deserving of some discussion.

In [30] the authors noted that, due to gravity, evaporation predominately occurs in
only one spatial dimension, which slows down the cooling process citing the work done in

[74]. However this work illustrated the difference between 1D and 3D evaporation. Evapo-
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ration is considered one dimensional if the energy of motion in only one direction determines
the escape criteria and evaporation under these conditions was shown to be significantly
reduced. This is easy to understand: The phase space volume associated with loss is ob-
viously smaller. While gravity causes atom loss predominately along one direction, the
condition for escape is not necessarily based on the energy associated with this direction. If
the energy of the atom is large enough it will leave independent of the direction its heading.
In the absence of gravity the escape energy is independent of direction so the evaporation is
3D. Gravity changes the directional dependence of the escape energy but no so much so as
to effect a dimensional change in the evaporation. If, for example, no integral of the motion
exists, an atom with a given energy will ergodically explore the entire energy surface it’s
on. If part of this surface leads to escape then the entire surface does. Of course it may
take some atoms longer than others and this can lead to reduced evaporative power. To
illustrate this we take a closer look at the single focus trap.

In magnetic traps the trap depth is controlled using an RF knife which cuts away the
atoms from the outermost regions of the cloud. In our system the trap depth is determined
by gravity and in Fig 2.5 we show two equipotential surfaces for the single beam trap. We
have chosen a beam waist of 75um and a depth of 100pK although the exact values are
inconsequential to this discussion. The first surface has an energy slightly above the trap
depth (by a fraction of a percent). Since atoms with this energy cannot cross this potential
surface their only avenue of escape is through the small regions at either ends of the trap.
We thus expect there to be a low probability of escape. The second surface shown has a
potential energy a mere 5% above the trap depth. Integration of 5000 randomly chosen
initial conditions consistent with this energy reveals that ~ 60% of the atoms with this
energy escape within 3 longitudinal oscillations 3. Increasing the energy to 10% above the
trap depth increases the escape rate to ~ 80%. Thus it would seem that the effect of gravity
is better described as an increase in the effective trap depth, not to alter the dimensionality
of the evaporation. Well this increase in effective trap depth would serve to decrease the
evaporation rate it would not be to the extent expected by a reduction in dimensionality.

Finally, we would like to remark on the assumption that the evaporation is complete

3For the typical conditions we create in this particular trap this time scale is on the order of one collision
time
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Figure 2.5: Equipotential surfaces of the single focus trap relevant for escape energies - see
text

in the sense that atoms with sufficient energy escape without any further collisions taking
place. This assumption requires that the trapped gas be well within the Knudson regime,
that is, the mean free path of the atoms should be much larger than the dimensions of the
trapped gas. Equivalently, the trap frequencies should be much larger than the collision
rate. This is a standard assumption which is well satisfied by most experiments. However,
in the case of the single focus trap this criteria is just barely satisfied, in the 1D lattice
trap the collision rate is on the order of the transverse frequencies and in the cross beam
configuration the collision rate actually exceeds the trap frequencies. Intuitively one would
expect that this wouldn’t stop the evaporation process but rather slow it down. Atoms with
sufficient energy in this direction would most likely undergo a collision preventing the escape.
Presumably the effect is to increase the effective trap depth since the collisions themselves
would provide the mixing required to assume 3D evaporation. We do not attempt to justify
this statement. We leave this as an open problem noting that our work clearly establishes

conditions which warrants a more detailed consideration of evaporation in this regime.
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ODE’s for the evolution of the gas

Under the assumption of sufficient ergodicity all relevant information about the trapping

potential is given by the density of states which can be written

p(e) = (2wh)~ /5(6 —U(r) — p*/2m) dr d®p

27r 2m) 3/2

~ (2nh)3 /V r)dr.

With the assumption of a truncated Boltzmann form the distribution over these states is

(2.20)

given by
f(e) = noA’e=MTO (e — ), (2.21)

where O is the Heaviside step function, ng is a reference density, and A = (2wh?/mk,T)' /2
is the thermal de Broglie wavelength. With these simplifications the time evolution of the

trapped gas can be described by two differential equations [64], [11], [74],

N = Ney + Ny + N3p (2.22)
) . ) . 3 . oy :
CT =E., + Ey+ E3p — 5 4+~ ) kTN — @ NkyT6. (223)
T

These equations simply reflect the fact that the rate of change of number and energy is just
the sum of the independent contributions due to evaporation, trap changes, and three body
recombination. Since we trap only the F' = 1 ground state, no two body inelastic losses
are present [52] and we have neglected any possible heating due to trap instabilities as we
have not seen any evidence of such heating in our experiments. At this point we have not
included losses due to background collisions. This simply adds an additional term —I'yN
to the number equation with no change to the temperature equation if heating effects of
such losses are neglected. In the above expressions # represents the set of parameters which
controls the potential. In our system this is just the power in the trapping beams. We now
summarize the forms for each of the contributions mentioned. For now we retain generality

by keeping the density of states unspecified.
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Evaporation terms

As derived in [64] the contributions due to evaporation can be written as

Ny = —ndove "V, (2.24)

; : Xev
E,, = Ny <n +1- > kT (2.25)

ev

1/2

In these expressions o is the elastic cross-section, v = (8k,T/mm)"/* is the average velocity

of the trapped atoms, n = €,/k,T and ng is the reference density which is related to the

number of trapped atoms via ng = N/V, where V, is given by

V. = A3 /Oet p(e) exp(—e/kyT) de (2.26)

The volumes V., and X., can be similarly expressed in terms of the density of states.

Specifically
A3 €t
Vew = / p(e) [(et — € — k‘bT)e_E/ka + kae_"] de (2.27)
ka 0
A3 €t
Xep = — p(e) {kae_e/ka — (et — e+ ka)e_"} de (2.28)
kT Jo

Terms involving trap changes

Changes in the trapping potential results in a loss of atoms and a change in the energy of
the remaining atoms. These changes are independent of evaporation as they occur even in
the absence of collisions. Using the total number of states N = foe " p(e€) de it was shown in
[74] that the terms due to changes in the trapping potential are, for 3D evaporation, given

by

Ny = noA3e "N (2.29)
. . NkyT [0V, .

Three body recombination

In the case of the cross beam geometry we are able to achieve densities of 10'*atoms/cm?.
At these densities losses due to three body recombination are expected to play a role.

Furthermore, since such losses predominately occur at the core of the distribution atoms
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lost by this mechanism give rise to an effective heating. To include these effects we follow

the approach used in [74] to include dipolar relaxation. We thus have

N3p = —n3LVs, (2.31)

: 3 T 9V :
Esp= (= kyT'N: 2.32
3B <2 + Vs, 0T > b1 IN3B ( )

where L is the three body recombination rate coefficient and Vie = [(n(r)/ng)3 d3r is the

effective volume for trinary collisions.

Density of states

As yet we have not specified the density of states p(€) which is determined by the geometry
of the trap. Using the true potential can give rise to problems as in the case of a single
focus trap. For a focussed gaussian beam, the density of states exhibits a simple pole at an
energy given by the trap depth and since many of the expressions above involve an integral
over p the results are meaningless. In [30] the authors replace the potential with a three
dimensional gaussian for which the density of states remains integrable. Another approach
would be to include gravity which serves to truncate the potential below the energy at
which the divergence occurs. In either case simple expressions for p cannot be obtained
and one has to resort to numerical techniques. For the three geometries we are interested
in this can become quite tedious, and we adopt a somewhat more simplistic approach by
approximating the potential by a harmonic oscillator truncated at the trap depth. This is
a very crude approximation but it has the advantage that analytic expressions for all the
above expressions can be obtained. With this approximation the density of states can be

trivially calculated with the result

o) = (h‘;)ge? (2.33)

where @ is the geometrically averaged frequency of the system. With this expression all of
the above terms can be evaluated in terms of generalized gamma functions most of which
are given in [64]. For completeness these expressions can be found in appendix A.

The parameters that appear in the model above can either be measured directly or

obtained from published data with the exception of the trap depth. This can of course be
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Effects of background losses
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Figure 2.6: Evolution of number of trapped atoms in a single focus trap illustrating the
effect of background losses. Solid curve includes background losses whereas the dashed
curve does not.

estimated from the measured frequencies but in view of the earlier discussions regarding
the roll of gravity and high collision rates in the evaporation process, we leave this as an
adjustable parameter to obtain the best fit to the data. We defer the comparison to the data
to later chapters where we discuss the actual experiments. For now we illustrate features

of the model by illustrating the effects of the various terms.

Features of the model

We begin with the single focus trap. In Fig 2.6 and 2.7 we show the number and phase
space density as a function of time. The parameters chosen are appropriate to the single
focus trap. Specifically we have @ = 750rad/s and Uy = 100uK. The plots show results
with and without background losses with the background loss rate chosen to be 0.1s7!.
Clearly the loss causes an eventual decay of the phase space density but note that the effect
sets in after only a few seconds. In the cross beam configuration the densities are typically
above 10'*atoms/cm 3 where three body losses become significant. Since these losses occur

at the densest part of the cloud it very much opposes evaporation since it is the coldest
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Figure 2.7: Evolution of phase space density in the single focus trap. Solid curve includes
background losses whereas the dashed curve does not

atoms that are lost. The effect is illustrated in Fig 2.8 and Fig 2.9. Here we have chosen
w = 9100, Uy = 650uK and a three body loss coefficient given by the theoretical value
[31], L = 1.15 x 1028ecmO~!. The background loss is as for the previous example. The

0atoms/cm~—3 which gives

initial conditions are consistent with an initial density of 1.5 x 1
an initial loss rate of 4.7s7!. In order to better illustrate the effects of each term we have
given four plots, which from top to bottom, correspond to no losses, background losses only,
three-body losses only, and finally both losses together. Clearly three-body recombination

dominates the lifetime curve.
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Chapter 3

Experimental Setup

We now turn our attention to the technical details of the experimental setup. We begin
with a discussion of the diode lasers and their setup which is followed by a brief description
of a typical setup for a dipole force trap. In section three we discuss the alignment of the
system and the loading procedure for the dipole force traps. The final section deals with

diagnostic techniques used to characterize the traps and the atomic sample.

3.1 The Diode Lasers

Trapping and cooling rubidium atoms is greatly simplified by the availability of the inex-
pensive diode laser producing up to 100mW of 780nm light. With a little work on the
electronics, housing, and external optics these lasers can be made to lase with the frequen-
cies and sub-MHz line-widths required for most atom trapping and cooling experiments.
Reference [92] gives a practical guide to using these lasers and outlines the various methods
that can be used to tune and narrow their output spectra. Our setup is similar to the setups

described in [65], [61], and we briefly outline the main features.

3.1.1 Frequency Stabilization

Since the diode laser output spectra is sensitive to both temperature and injection current,
precise regulation of these quantities is required for long term stable operation. To this end
the laser is housed inside an aluminium block which is temperature stabilized to ~ 1 mK
and the diode current is provided by the controller described in [62]. As in [65] the output
frequency is controlled using optical feedback from a diffraction grating. The position of the

grating, and thus the frequency of the laser, can be finely controlled using a piezo-electric
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transducer (PZT).

For long term frequency stability the laser needs to be actively stabilized. This is
done by locking the laser to a saturated absorption spectra [2],[43] using a lock-in technique
[42, pg 1032-1034]. A schematic of the setup is shown in Fig 3.1. The injection current to
the laser, and thus the laser frequency, is modulated by a small amplitude high frequency
(~ 6 MHz) signal and the saturated absorption signal is then phase-detected relative to the
modulating signal. The result is an error signal proportional to the slope of the saturated
absorption signal allowing one to lock the laser to a resonance peak. This is accomplished
by feeding the error signal through a PI controller [29] with the output of the integrator
controlling the grating position and the proportional output controlling the injection current
to the laser. If both signals controlled the grating position the bandwidth of the lock would
be limited by the ability to drive the PZT (~ 1 kHz). If both were used to control the
injection current the DC component needed to compensate drift of the laser frequency
would cause the laser to mode hop and lose lock due to the limited range over which the
current can be changed. Splitting the signal in this fashion allows us to lock the laser for

many hours or even days with a bandwidth up to 10 kHz.

3.1.2 Frequency Control

For our experiments it is imperative that we have online control of the laser frequency. The
frequency of the light can be controlled externally with an acousto-optic modulator (AOM)
however the beam is deflected at an angle proportional to the frequency shift. Such beam
steering is highly undesirable particularly if the light is fibre coupled as in our case. In order
to overcome this problem the AOM can be set up in a double pass configuration as shown in
Fig 3.2. Here the modulator is placed at the center of a one to one telescope and is thus at
the focal plane of each lens. In this configuration the deflected beam is perpendicular to the
retro mirror independent of the angle of deflection and thus independent of the frequency
shift. This set up has the advantage of doubling the range over which the frequency can
be swept although this comes at the cost of reduced power output due to the efficiency of
the AOM. Even if this reduced power is tolerable the efficiency of the AOM depends on the

frequency shift so that the power in the beam becomes frequency dependent. To avoid this,
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Figure 3.1: (a) Saturated absorption set up. (b) Schematic of the lock in technique
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Figure 3.3: Basic master-slave configuration. Not shown is the frequency shift of the injec-
tion signal

we use the double passed beam to injection lock three slave lasers.

A detailed discussion on injection locking can be found in [80, Ch. 29]. The basic
idea is that an un-stabilized laser can be locked to a stabilized master laser by coupling a
small amount of power from the master into the slave. The basic setup is shown in Fig 3.3.
The light from the master is coupled to the slave through an optical isolator so that the
master laser is isolated from the slave output. In this way the number of slaves is limited
only by the available power from the master. In our set up the injection light is double
passed through a 200 MHz center-band frequency deflector with a 100 MHz bandwidth

thereby allowing us to sweep the frequency of the slaves over 200 MHz.
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3.2 The Dipole Traps

The dipole force traps investigated in this thesis were all formed from a single CO» laser
outputting up to 30W of power with a wavelength of 10.6pum. The setup used for the 3D
lattice is shown in Fig 3.4 with the other setups being somewhat similar. Each beam is sent
through an AOM which is used to control the power and provide isolation to the laser from
the return beam when working with lattice traps. The beam is then passed through a one
to one telescope formed using two 2.5 inch focal length ZnSe lenses. The beam then enters
the chamber through a ZnSe window where it is focused and then recollimated by a pair
of aspheric 1.5 inch focal length ZnSe lenses inside the chamber. A lattice can be formed
by simply retro-reflecting the beam. The purpose of the external telescope is to correct the
beam divergence before entering the chamber so that the output beam from the chamber is
well collimated. While such collimation is not so crucial for the single focus and cross traps,
the formation of a lattice requires that the focus of the input beam be well overlapped with
the focus of the return beam. In addition the external telescope also provides a point at
which to spatially filter the beam if required. The power is controlled by controlling the
power in the 40MHz RF signal which drives the AOM. This power is generated by an HP
signal generator and passed through an RF switch to a variable gain pre-amp. It is then
passed to a high power amplifier which drives the AOM. This setup allows us to control the
beam power in three distinct ways. Firstly, the beam can be shut off in < 1us by simply
cutting the power with the RF switch. This is useful for time of flight measurements where
rapid switching is needed to maintain the integrity of the measurement. Secondly, the power
from the generator can be modulated directly at up to ~ 80 kHz with an external signal.
This is used to determine the trap frequencies by parametric excitation. Finally, the gain
of the pre-amp can be modulated up to ~ 1 kHz. This is used to set the dc component of
the beam power and to ramp down the power for forced evaporation.

When ramping down the power one needs to bear in mind that both the modu-
lators and the pre-amp are inherently nonlinear so that the control voltage is in no way
proportional to the beam power. Thus accurate control of the ramp down requires one to
correct this nonlinearity which is easily achieved by the LabView software used to interface

the experiment. Essentially all one needs to do is measure the beam power at a range of
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Figure 3.5: Typical response curve showing laser power vs control voltage. For clarity plot
is shown on a semi-log plot.

voltages and use an interpolation function to find the voltage required to achieve a desired

power. Fig 3.5 shows a typical response curve.

3.3 The MOT

In chapter two we discussed the operation of the MOT, and here we outline the details of
the setup. The level structure of 3’Rb is shown in Fig 2.2. The MOT beams used to drive
the F' = 2 to F/ = 3 transition come from the slave lasers whose setup was described above.
Off resonant excitation of the F' = 2 to F’ = 2 transition pumps the atoms into the F =1
state and so a repump laser, locked to the F' =1 to F’ = 2 transition, is used to pump the
atoms back into the MOT cycle. The power in each beam is controlled with an AOM and is

delivered to the chamber via a single mode, polarization maintaining fibre, with the repump
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light sharing the same fibre as one of the MOT beams to ensure good spatial overlap. Each
MOT beam has a peak intensity of ~ 8mW /ecm? = 5l and its gaussian profile with a
waist of 1.4 cm is clipped to a diameter of ~ 2 cm. The repump laser, being overlapped
with one of the MOT beams, has the same spatial characteristics but has a peak intensity
of about 3.4l5;;. The master laser, used to control the slaves, is locked to a frequency such
the the MOT beam detuning, A, can be swept from resonance to 200 MHz to the red of
the F' = 2 to F' = 3 transition.

3.4 Loading and Aligning

Loading 8"Rb into a dipole force trap is a relatively straight-forward procedure and is
described in [9]. Briefly, atoms are collected in a MOT for 5 seconds, and then the repump
intensity is reduced to ~ 2.5uW /cm?. After a 20 ms delay, the detuning of the MOT beams
is shifted ~ 140 MHz to the red for a duration of 40ms at which time all beams and magnetic
fields are extinguished. While this procedure is straight-forward, successful loading requires
the MOT to be carefully aligned with the CO2 laser beams and, in the case of multiple
beam geometries, these beams must intersect at their focal points to within the resolution
limits of the imaging system (~ 10um). As these beams are focused by lenses located inside
the chamber, at least 5 inches from the ports, alignment of the beams can become a rather
tedious exercise. Although procedures for alignment can be found in the literature, these
procedures tend to be needlessly complicated and we adopt a more pragmatic approach.
Initial alignment begins by ensuring the COy beams are centered and perpendicular
to the focussing optics. This is accomplished using a HeNe beam tracer which is overlapped
with the COg beams. Since ZnSe is not AR coated for 633nm each surface of the lens reflects
the tracer giving rise to interference rings in the reflected light. Only when the beam is
correctly centered will these rings be centered on the optic axis. Once this is done the MOT
is then centered on the travelling wave dipole trap. This is done by monitoring the position
of both from two orthogonal directions and positioning the MOT coils so that the center of
both MOT and trap coincide. In the extreme case in which the MOT is so poorly aligned
that the trap cannot be loaded, the MOT can be imaged along the axis of the COy beam *.

!This is only possible if the lenses are made of ZnSe which has a reasonable transmittance at 780nm
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When the image is centered in this fashion we have always found sufficient overlap to allow
the dipole trap to be loaded.

The next step in the alignment is to intersect the dipole traps which can be done
by monitoring their positions from two orthogonal angles and walking the trap using two
external mirrors. This is not exactly ideal as it results in off axis propagation through the
lenses introducing unwanted beam aberrations. Unfortunately this is unavoidable with the

lenses being located inside the chamber.

3.5 Diagnostics

We now turn our attention to the diagnostic techniques used throughout this work. We
begin with a discussion of the imaging system. This has evolved throughout the duration
of this work, but the resolution of any imaging system used is limited by the chamber to
~ bum. Since this is typically larger than the size of a trapped sample in situ imaging is not
feasible and so we rely on time of flight techniques. Furthermore fluorescent and absorptive
imaging techniques have been sufficient for our purposes. Well number and temperature are
readily extracted from images of ballistic expansion, density and phase space density have
to be inferred. For these we require a knowledge of the trap oscillation frequencies which
may be obtained via parametric excitation. We finish the section with a discussion of this

technique.

3.5.1 Imaging

The principle difference between fluorescent and absorptive imaging techniques is the man-
ner by which the scattered photons are detected. In fluorescent imaging, atoms are typically
driven to saturation and the scattered photons are imaged onto the detector. Using the
known solid angle subtended by the imaging optics the total number of scattered photons
can be deduced from the number collected. In contrast, absorptive techniques measure the
number scattered photons more directly by illuminating the atoms with a laser beam and
imaging the shadow cast by the atoms. In either case the imaging optics remain the same

and a typical set up is shown in Fig 3.6. In this set up a one to one imaging relay is made
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Figure 3.6: Diagram illustrating a typical imaging setup.

using two 200mm achromatic. This is typically following by a second imaging system to

provide magnification.

Fluorescence imaging

In our system fluorescence imaging is implemented by pulsing both the trapping and repump
beams on for a time 7 = 100us with the MOT beams shifted into resonance with the
F =2 — F = 3 transition. The resulting fluorescence is then imaged onto an ICCD
camera. The use of an intensifier reduces the resolution by about a factor of three but the
increase in gain more than makes up for this drawback. Since the MOT beams each have
a maximum intensity of 5Is, the atoms are driven well into saturation and the signal is
thus insensitive to intensity fluctuations in the beams. The total counts accumulated on
the CCD array is then given by

n:N% (2%)277 (3.1)

where N is the number of atoms, r and d are as shown in Fig 3.6 so that the term in brackets
is just the collection efficiency of the imaging optics. We note that if the chamber limits the
collection efficiency then r and d are determined by the vacuum port. 7 is the efficiency of
the camera expressed in units of counts per incident photon which can be measured directly
by determining the count rate from a known power source. Thus the integrated signal is a

direct measure of the number of atoms and the dominant source of error comes from the
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estimation of the collection efficiency of the optics.
Temperature measurements can also be extracted from the same images. As shown
in [91] the ballistic expansion of a thermal cloud with an initially gaussian density profile

results in a gaussian distribution with an rms spread given by

KT

2 i
m

ol =08 + (3.2)

where ¢ is the expansion time. Since the initial spread is given by og = /kT/(mw?) this

o} = o (W> (3.3)

m 1+ (wt)?
Thus if ¢t > T,s. where T, is the trap oscillation period then the initial size of the cloud

equation can be written as

can be neglected, and this is always the case in our experiments. In measuring temperature
this way one should bear in mind that the probing induces a blurring of the image given
by \/W’UTECT where vy is the recoil velocity, and IV, is the number of photons scattered
per atom, see [51, pg 29]. This is typically less than the resolution of the imaging system

and, as such, can be neglected.

Absorptive imaging

As the signal to noise levels from fluorescence images decreases it becomes necessary to
move to absorptive imaging. The following discussion closely follows that found in [51]. As

the probe beam passes through the cloud the intensity diminishes according to Beer’s law

dl
o= —nool (3.4)

where n is the density profile, and oy is the scattering cross-section. It is implicitly assumed
that the probe intensity is less than the saturation intensity so that saturation effects can
be neglected. Thus the intensity profile of the probe after propagation through the cloud is
given by

I(z,y) = Ip(z,y) exp(—noo) (3.5)

where n is the integrated density or column density. This profile gives rise to an image

profile given by

S(x,y) = So(w,y) exp(—naog) + Sp(,y) (3.6)
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where Sp(z,y,) is the contribution of background light not associated with the probe and
we have neglected the small contribution due to probe scatter. Generally useful information
cannot be extracted from this single image since multiple reflections in the beam path and
flawed optical elements can severely distort the quality of the image. Thus two additional
images are used in the processing: a bright field image Sy(x,y) where the probe is imaged
without the presence of the trapped atoms, and a dark ground image Sy(x, y) with no atoms

or probe. These three images are then combined to give the transmission T via

S(:L‘,y) - Sb(xay)
So(z,y,) — Se(z,y)

We have found that the dark ground need only be taken once over many runs whereas

T = (3.7)
reliable results require a bright field image to be taken immediately after every absorptive
image?. This minimizes the effects of vibration and movement responsible for degradation
of image quality.

The number of atoms can be obtained by integrating over the column density which

is given by 7 = —In(T)/og. In terms of the digitized image we thus have
A -
N=—-—— In(T .
- le n(7) (3.8)

where A is the scaled pixel size. Temperature measurements can be extracted from n as
done for fluorescence imaging above. We note at this point that we have not included the
effects of Bose-statistics on the data analysis. Nearing critically the distribution deviates
from a gaussian distribution as discussed in [82]. We defer a discussion of this effect to

chapter 5 where we discuss the cross trap in which condensation is achieved.

3.5.2 Parametric Resonance

Once number and temperature have been obtained a simple calculation involving the trap
frequencies gives reasonably fair estimates of density and phase space density. In order to
measure these frequencies we use a standard technique in which the trap depth is modulated
sinusoidally [32]. Since the frequencies of the trap scale as w oc /Uy, the governing equation

in the harmonic oscillator limit is

i = —w?(1+ esin(wpt))z (3.9)

2immediately means as fast as possible which, for a slow scan CCD camera this is about 0.5 seconds
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where € denotes the strength of the perturbation. It is well known that such a system
exhibits parametric resonances in which the energy of the system grows exponentially when
the driving frequency wy, satisfies w,, = 2w/n where n is a positive integer [54]. Thus one
would expect trap losses when the trap depth is modulated at these frequencies. However,
it can be shown that the widths of these resonances scale as €"w so that in practice only
the first two are typically seen. Furthermore it has been shown [46] that the anharmonic
nature of the trap can give rise to a slight discrepancy between the measured resonance
frequencies and those expected from the harmonic approximation. This is simply a conse-
quence of the oscillation frequency being a function of energy as shown in Fig 3.7. As this
frequency shift is typically less than 10% we generally find reasonable agreement between
the measured spectra and that expected from the harmonic oscillator model. For this rea-
son we do not concern ourselves with this small correction. Experimentally, modulation
of the trap depth is achieved by directly modulating the power in the beam. Since this is
achieved by modulating the power to the AOM one needs to consider the nonlinearity of the
device. Obviously one cannot modulate the power sinusoidally when operating at maximum
deflection efficiency of the device. Thus measurements are performed at a reduced power
such that the device operates in an approximately linear fashion. Results for other powers
are typically inferred from the fact that w o v/P.

As an illustration of the technique we consider parametric excitation in a 1D lattice
which has a potential given by
2

U() r

V=13 ® (‘2w3<1 +(2/2)%)

> cos?(kz) (3.10)

where wy is the waist of the beam, 2, = mw2/\ is the Rayleigh range or collimation dis-
tance, and k = 27/\ is the wave number. The potential is thus a 1 dimensional array of
minima with a spacing of approximately A/2 and the divergence of the beam gives rise to
a variation of the frequencies across the array. Specifically the minimum located at z = 0

is characterized by the frequencies

4 2Upk?
LOQ and WY = o . (3.11)
mwg m

W) =
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Figure 3.7: Curves showing variation of oscillation frequency with energy. Energy is nor-
malized to the trap depth and frequency is normalized to that at the bottom of the trap.
Curves shown from top to bottom are for gaussian, sinusoidal and lorentzian potentials.
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whereas the minima located at z = z; has frequencies given (approximately) by

; v d ol i (3.12)
Wy = ———— 5 al Wy = —F/7—7—— .
1+ (z/a)? SRV CENE

It should be noted that these expressions differ from those given in [32] which are obviously
incorrect. By spatially resolving the fluorescence from the trap we can observe this disper-
sion directly and Fig 3.8 shows typical series of images. These images can be integrated
transversely to obtain the number of atoms as a function of position along the trap and,
by taking images over a range of modulation frequencies, we can obtain atom number as a
function of both position and frequency. Fig 3.9 illustrates the low frequency results and
Fig 3.10 illustrates the high frequency. For the low frequency steps of 10Hz was used be-
tween 200Hz and 800Hz and 20Hz steps between 800Hz to 2000Hz. For the high frequencies
500Hz steps were used for the entire 10kHz to 40kHz range. The frequency dispersion is
clear and, in addition, the smaller width associated the n = 2 resonance is also evident.

From the above expressions for the central frequencies it is easily shown that the ratio
of these frequencies is a direct measure of the beam waist. For the data shown we obtain
w% = 27 550 Hz, w% = 27 16 kHz, giving wg = 69pm and z, = 1.43mm in good agreement
with the values expected from the 4W beam used in the experiment. By way of comparison
in Fig 3.11 and Fig 3.12 we show the spectrum based on total atom loss as done in [32]. For
the purposes of clarity we have plotted the high and low frequency components on separate
plots and used a linear scale. The difference in frequencies obtained via the two methods
is ~ 10%. Given the technical simplicity of monitoring total fluorescence this is clearly the
better technique although resolving the frequency spread aids in alignment of the return
beam. Essentially if the return beam is not well overlapped the symmetry seen in the figures
is broken. This is particularly true for the low frequencies where even a small discrepancy
in alignment can split the degeneracy of the lowest frequencies.  As a final remark on
parametric excitation we would like comment on the strength of the modulation needed
to induce the effect as a large range of strengths are mentioned throughout the literature.
Generally we have found a modulation strength of only a few percent is needed to induce
significant trap loss at 2w which suffices to determine the frequency of the trap. If the intent
is to observe the resonance at w a stronger modulation is needed to compensate the reduced

resonance width mentioned above. The situation for multiple traps, such as in the 1-D
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High Frequency Modulation images

Figure 3.8: Typical series of images taken after parametric excitation. Excitation frequen-
cies start at 12kHz and increase from left to right in 2kHz steps.
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Figure 3.9: Density plot illustrating frequency dispersion of the transverse frequencies.
Curves are the expected dispersion based on the measured central frequencies - see text.
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Figure 3.10: Density plot illustrating frequency dispersion of the longitudinal frequencies.
Curves are the expected dispersion based on the measured central frequencies - see text.
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lattice case discussed above, the situation is complicated by the limits of ones resolution.
Basically, if the modulation is too small, trap losses may only occur in a limited number
of traps such that the finite resolution of the imaging obscures the effect. To illustrate,
consider the above experiment. The band of frequencies Aw present in a region of spatial
extent Az, centered at z, can be found by considering the differential of the expressions for

frequency given above. We find

Awg z 1 Az
e — 1
WH zr 1+ (2/2:)? 2 (3.13)

and
Awr, 2z 1 Az

A — 3.14
wr, zr 14+ (2/2)% 2 (3.14)

Thus in order to observe losses a stronger modulation (by a factor of two) is evidently
needed for the lower frequencies. Furthermore the resolution of the imaging system used
at the time was very poor (~ 300um ~ 0.25z,) so that fairly strong modulation would be
needed to see the effect. Indeed the in the above experiment a 50% modulation was needed
at low frequency and a 30% modulation at high frequencies. In the work that follows we
use a greatly improved imaging system and we are solely concerned with the determination

of trap frequencies. Thus we typically use a modulation strength of a few percent.
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Chapter 4

Initial Experiments

The experimental setup described in the previous chapter has allowed us to explore a variety
of trap geometries. In this chapter we discuss our initial investigations that led us to the
cross beam geometry used to create the condensate. We begin with a 3-D lattice structure
created by intersecting 3 1-D intensity lattices. This trap provides tight confinement (~
30kHz) in all directions lifting the ground state energy to approximately 1uK. Furthermore
the level spacing associated with these frequencies exceed the photon recoil energy making
it a plausible candidate for resolved raman side-band cooling. For reasons to be discussed,
this idea was abandoned in favor of evaporative cooling. In sections 2 and 3 we present our
initial studies of a single focus trap and a 1-D lattice, and in section 4 we make a comparison
of the two geometries and speculate on the quantitative features of the data.

For the single focus and 1-D lattice geometries two sets of data will be presented:
one set corresponding to a set up in which the maximum power available is 15W and the
second set corresponding to a set up in which the maximum power is 24.5W. The reason
for the difference is due to problems encountered with the lattice configuration particularly
at high powers as illustrated by the striking example in Fig 4.1. No power modulation
was applied and no satisfactory explanation for the structure has been found. Furthermore
such effects were intermittent making it impossible to study the problem systematically.
Two possible causes are mode hopping due to the poor temperature stability of the laser
cavity and feedback due to the retro-reflected beam. The return beam is double shifted by
the AOM and thus the AOM provides a reasonable degree of isolation due to the fact that
the laser cavity is not resonant with the frequency shifted beam. However when operating
at high powers the power isolation is pretty much non-existent and it is not clear that

frequency isolation is all that is needed.
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Figure 4.1: Image taken during a data run. No modulation to the laser power was applied
and the observed structure was attributed to feedback.

In an initial attempt to alleviate the problem, (rough) temperature stabilization of
the cooling water for the laser was implemented, and data relevant to this set up includes
the highest powers available of 24.5W. We will refer to this as configuration A. While
this alleviated the problem to some extent, intermittent problems still occurred making
data collection a rather frustrating and tedious task. To further alleviate the problem a
Michaelson interferometer was used to direct the return power away from the laser and we
will refer to this as configuration B. It could be argued that deliberate misalignment of the
return beam would suffice but the lattice requires fairly stringent requirements on alignment
and so the retro-reflected beam inevitably finds its way back to the laser. The use of an
interferometer gave more satisfactory long term performance but at the cost of a reduction

in available power.

4.1 3-D Lattice

As we saw in chapter one, the potential energy in a QUEST is proportional to the intensity
profile. In the case of a standing wave (1-D lattice) trap one can easily obtain frequencies
on the order of (~ 30kHz) along the beam propagation axis and (~ 1kHz) transversely. By

intersecting 3 mutually orthogonal lattices one can thus achieve ~ 30kHz in all directions.



54

Neglecting the divergence of the beam, the potential energy for this 3-D structure is
given by
Uz, y,2) =U; + Uy + U2 + aUUy + BU,U. + yU.U, (4.1)

where Uy is the square root of the potential energy due to the beam propagating along the
k axis. The first three terms are just the contributions from the individual 1-D lattices and
the remaining terms are due to interference effects and depend on the relative polarizations
and phases in each beam. Since the wavelength is large (10.6pum) we initially relied on
passive stability to keep the magnitude of the interference terms fixed. The polarizations
were chosen for convenience ! having the diagonal beams orthogonally polarized and the
horizontal beam vertically polarized and all polarization vectors lie in a plane perpendic-
ular to the propagation direction of the horizontal beam. With the diagonal beams being
orthogonally polarized, one of the interference terms in the above expression vanishes.

In order to establish that one has a three dimensional lattice structure one needs to
look for features unique to this geometry. With the presence of the interference term one
such feature is the existence of a frequency larger than the maximum frequency exhibited
by any one or two beam configuration. A typical result of a high frequency parametric
excitation is shown in Fig 4.3 which shows the result both with and without modulation.
With all beams present the central feature is removed by the modulation where as no such
losses are seen if one or two of the beams are removed. However the spectrum, as shown
in Fig 4.2, is broad band extending down to the lowest frequencies associated with the
individual beams. And worse, a slow drift of the maximum frequency was noted indicating
a drift in the relative phases.

The drift problem can be easily fixed simply by shifting the frequency of the horizon-
tal beam relative to the others. This causes the interference terms to beat at the difference
frequency of 80 MHz and are thus time averaged away. However the broad band nature
of the spectrum still persists and some explanation is needed. To this end, consider the
potential with the interference terms averaged away. Since the potential depends on the

field strength from each beam it should be obvious that the frequency of any given trap

"Wawve plates for this wavelength are not readily available and the polarization can only be changed by a
judicious mirror arrangement



fluorescence (arb. units)

Central Losses

95

25
o
o
| : 8
o
15 4 —
' 23 8
® ®
o
1t © 8
<> §
o
05 -
o
0 §
O ¢ 0 OS2
O | . . PR | . . . .
10" 10° 10" 10

modulation frequency (kHz)

Figure 4.2: Spectrum of the 3-D lattice geometry. Trap inhomogeneity gives rise to a broad

band loss
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Figure 4.3: Images showing evidence of the 3-D structure. Image (A) shows the result after
parametric excitation and image (B) shows the result without.
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Figure 4.4: Plot illustrating the variation of trapping frequencies over length scales of the
waist. Position is scaled by the waist of 60 microns and frequencies are in kHz.

varies considerably over length scales of the beam waist. In Fig 4.4 we show this effect by
computing the minimum frequency for traps located along the axis of one beam. In addi-
tion we show in Fig 4.5 the contrast of these traps which we define as the depth of the well
relative to the depth of the potential at the well minimum. The problem is almost obvious.
WEell the potential does describe a 3-D structure of tightly binding locations, the associated
frequencies cover a broad band spectrum. Furthermore, the poor contrast means that an
appreciable part of a thermal distribution will not be bound to these sites, but free to move
over length scales of the waist. Under a low frequency excitation these atoms can gain suf-
ficient energy to escape as verified by numerically integrating the classical trajectories. To
more firmly establish this as a loss mechanism one needs to estimate the collision rate. In
the absence of collisions only the weakly bound atoms would be removed whereas if the gas
is collisionally dense the energy gained by these atoms would be constantly redistributed
to the entire ensemble. Such an estimate is complicated by the presence of the wings and
so they need to be removed. This is achieved by slowly and sequentially switching each

beam off and then back on leaving only the intersection region from which number and
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temperature measurements can be made in the usual fashion. We find that we have about
20000 atoms at a temperature of 25(2) pK and from the frequency measurements we can
obtain a crude estimate of 10'3cm™3 for the density which gives a collision time of about 3
ms. Thus atoms would typically experience a collision before escaping serving to heat the
entire ensemble.

At this point we decided to abandon the 3-D geometry and look for evaporation in

simpler geometries that were somewhat easier to characterize.

4.2 Single Focus

The most simple trap to make is that of a single focus beam. A gaussian beam with a waist

wo, and Rayleigh range z, gives a potential

B Uo $2 + y2
U= Ti)zexp <_2w§(1+(§;)2)> (4.2)

with frequencies

4U() 2UO

29

Wy = -5
muwg mz
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These frequencies can be measured using parametric resonance as discussed in the
previous chapter. In configuration A we measured frequencies of w, = 27700(50)Hz and
w, = 2m26(4)Hz at a beam power of 19 and in configuration B we measured frequencies
of w, = 27375(20)Hz and w, = 2712(2)Hz. The errors reflect the experimental uncertainty
in determining where minimum loss occurs and not the uncertainty associated with the
frequency shift caused by trap anharmonicity. The expressions in equation 4.3 can be easily
rearranged to give the trap depth and the waist in terms of the measured frequencies and
in this way we estimate a beam waist of 64um and a trap depth of 210uK in configuration
A and for configuration B a waist of 75um and a trap depth of 80uK. These estimates are

consistent with the independent expression

ag 2P
= i 4.4
0 2€pcC 7rw(2) (44)

for the potential depth.

4.2.1 Trap Loading

Our loading procedure is essentially the same as that used by the Hansch group in their
investigations of a 1-D lattice geometry [32],[33], [77]. It begins by collecting approximately
40 ~ 100 million atoms during a MOT loading period of 2 ~ 5s. After this time the repump
intensity is reduced to approximately 3 ~ 4yW /ecm? for 20 ms before detuning the MOT
beams 140 MHz (~ 23I") to the red of the 251/2, F=2 - 2P3/2, F=3 transition for a load
time of typically 40 ms. At the end of the load time the repump light is shuttered and
the MOT beams extinguished in 1ms. The 1 ms delay ensures all atoms are pumped to
the F=1 ground state and the shutter ensures no further repumping occurs. Without the
shutter we have found that stray light due to the finite extinction ratio of the AOM’s is
enough to drastically reduce the lifetime of the trap. The CO5 laser remains on during the
entire loading process.

The loading dynamics of an optical dipole trap has been extensively studied in a
FORT detuned 4 nm to the red [53]. Well the scattering rate for such a trap is far greater
than that in a COs trap, the physics involved in the loading process remains the same.

Essentially the loading was described by a loading rate determined by the MOT and a loss
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Figure 4.6: Plots showing number as a function of load time. Measurements were made
2 seconds after loading. Crosses correspond to data taken under configuration A and dia-
monds correspond to data taken under configuration B.

rate which was attributed to light assisted collisions induced by the MOT beams. The
loss rate can be reduced by increasing the detuning of the MOT beams and reducing the
repump intensity although this causes the MOT to dissipate resulting in a decay of the
loading rate. Optimum loading thus requires a careful choice of repump intensity, MOT
detuning and load time. We illustrate this in Fig 4.6 and Fig 4.7 by plotting the number
and temperature of the atoms as a function of load time for a fixed detuning and repump

intensity. The optimum load time is seen to be approximately 40ms and we note this to be
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4.2.2 Lifetime and free evaporation

An important consideration for any trap is its lifetime as it determines the timescale over
which experiments can be performed. An extensive discussion on the limiting factors for
a COgq trap can be found in [71]. Essentially the major factors limiting the lifetime are
background vacuum pressure and laser fluctuations in both amplitude and position. An
ultra-stable laser design is used in [72] to obtain lifetimes of 5 minutes although very re-
spectable results using the same model laser as used in this work is reported in [30]. Our
modest vacuum setup limits our lifetime to a humble 10 seconds and a typical lifetime mea-
surement is shown in Fig 4.8 taken under configuration B. The number and temperature
measurements can be combined with the measured frequencies to determine the density, n

and phase space density, p using the the harmonic approximations

i )32, and p = N(—)* (4.5)

In appendix B we give the exact expressions for these quantities and discuss the validity
of the harmonic oscillator approximation. Essentially the true density is always smaller
and, for the depths and temperatures discussed here, the difference could be as much as
a factor of two. From these plots we can see clear evidence of evaporation in the first
few seconds. Free evaporation has been seen in this type of trap before [72] but only on
timescales exceeding a minute. It is a worthwhile exercise to apply the model discussed
earlier. As we noted then the trap depth Uj is treated as a free parameter and chosen to
optimize the fit to the data. The curves given in Fig 4.8 uses a trap depth of Uy = 105uK.
This is not so different from the estimated 804K mentioned earlier and the fit is surprisingly

good considering the simplicity of model.

4.2.3 Properties vs. Trap Depth

The densities and phase space densities achieved in a single focus trap are not sufficient to
warrant forced evaporation, particularly in view of the limited lifetime, but it is of interest
to see how these quantities scale with power or equivalently trap depth. The measurements
shown in Fig 4.9 to Fig 4.10 were obtained by shifting the power in the beam 250ms before

loading commenced and probing the sample 2 seconds later. Of course properties we are
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Figure 4.9: Plots showing the dependence of various properties on power. Data here is
taken under configuration B.

measuring are dynamical as the lifetime curve above shows. However they do not change
that dramatically on the 2 second timescale which was chosen so as to ensure thermal
equilibrium at the lowest powers. In estimating the density and phase space density, the
frequencies at different powers were inferred from the measurements at 19W and 11W for
configurations A and B respectively, using the fact that the frequencies are proportional to
the square root of the power.

Given the similarity in the number and temperature between the two data sets the
larger difference in density and phase space density seems somewhat surprising. However
these quantities are derived and depend on the third power of the mean frequency so at least
some of the discrepancy can be attributed to modest errors in the measured frequencies.

We also note the saturation of phase space density at the highest powers.
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4.3 1-D Lattice

By way of comparison, and in an attempt to generate greater trap depths and tighter
confinement, the single focus trapping beam can be simply retro-reflected to generate a 1-D
array of micro-traps. These traps have a depth four times greater than the single focus
geometry, and the potential is given by
2,2
U= HU(O) exp ( 2(2)(:E1_;L(yzzr)2)> cos?(kz) (4.6)
As seen in the previous chapter, the frequencies for each trap vary with position due to the

divergence of the beam, and the central trap has frequencies

2U0/€2
=4 / 2, (4.7)
mwg

Using parametric resonance, the frequencies in this central region are measured to be 1.5

kHz and 39.5 kHz at a beam power of 19W in configuration A. For configuration B we
measured frequencies of 800 Hz and 24 kHz at a power of 11W. Since these traps were
formed by simply retro-reflecting the beam a number of consistency checks can be made.
Firstly, the ratio of highest to lowest frequency should be the same for both single focus and
lattice traps, and this ratio is a measure of the beam waist as mentioned earlier. Secondly,
the ratio of the highest frequency of the lattice trap to the lowest frequency of the single
focus trap is also a direct measure of the waist. Finally the trap depth for the lattice is
expected to be four times as deep as the single focus so that lowest frequency of the lattice
should be twice the highest frequency of the single focus trap. The three different estimates

of the waist based on the frequencies all agree to within 5%.

4.3.1 Loading and lifetime

Details of the loading are exactly the same as for the single focus geometry and for com-
parison the number and temperature as a function of load time is shown in Fig 4.11 and

Fig 4.12. The repump intensity and detuning is the same as that used in Fig 4.6 and Fig 4.7.

As one can see the optimum load time is essentially the same as for the single focus

case despite the fact that the trap geometry is substantially different. This indicates that
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Figure 4.11: Plots showing number as a function of load time. Measurements were made
2 seconds after loading. Crosses correspond to data taken under configuration A and dia-

monds correspond to data taken under configuration B.
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the loading mechanism is largely dependent on the MOT characteristics and not on trap
geometry. Indeed the 40 ms is consistent with estimates of the MOT damping time.

We find a similar lifetime of ~ 10 seconds and the analogous curves are given in
Fig 4.13. Here we have shown data taken under configuration A as this was the only
time we took measurements of the number per site during the lifetime measurement. Once
again free evaporation is clearly evident and occurs on slightly shorter time scales due to
the enhanced density and collision rate obtained using this geometry. As for the single
focus case we have applied the model developed in the previous chapter. As the densities
are significantly higher we have included the three body loss term?, and best results are
obtained using Uy = 630uK which we note is significantly different than the estimated trap
depth of 900uK. Much of this difference could be accounted for by modest errors made in
the frequencies or beam mismatch between the input and return beam. Nevertheless the fit

of the model is quite reasonable.

4.3.2 Properties vs. Trap Depth

In the interest of comparison between the single focus and lattice geometry we have inves-
tigated the dependence of the various properties on power as in the single focus case. In
this case however the situation is complicated by the fact that the depth and frequencies
associated with any given micro-trap depends on its position. In the previous section we saw
that the temperature was approximately proportional to trap depth and so it would seem
likely that the temperature would not be uniform across the entire array of traps. While it
is found that most (~ 80%) of the atoms are located within the Rayleigh range of the beam
where the trap geometry doesn’t change substantially, the temperature measurements made
in this section should perhaps be treated as a weighted average over the entire ensemble.
As we are only interested in general trends at this point we do not concern ourselves overly
with this technicality.

In order to estimate densities and phase space densities the expressions given in 4.5
require a knowledge of the number of atoms in an individual trap. As we are unable to

resolve individual sites this quantity cannot be measured directly, and it is estimated from

2We note that the inclusion of this term makes only a slight difference to the fit.
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Figure 4.13: Plots showing the evolution of various quantities of interest with time. Data
was taken under configuration A at 19W. The solid curves were obtained using the SHO

model developed in an earlier chapter.
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Figure 4.14: Plots showing the dependence of various properties on power. Data here is
taken under configuration B.

the spatial distribution of the imaged fluorescence. This estimate is thus an average over
the resolution of the imaging system which we estimate, for these data sets, to be ~ 80um.
Since this is much less than the Rayleigh range of the trapping beam we believe it to be a
fair estimate of the number contained in the central trap. As in the single focus case we
infer the frequencies at different powers by scaling the measurements made at a single fixed
power. The results are shown in Fig 4.14 and Fig 4.15

The most notable feature is the saturation of the site occupation and the roll over of
the phase space density. As in the single focus case we note the striking similarity in number
and temperature measurements made between the two configurations. With regards to the
temperature measurements it may well be argued that the waists of the beams relevant
to the two different configurations were in fact equal (so that trap depths are equal at

equal powers) and that the disparity in density and phase space density inferences is solely
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Figure 4.15: Plots showing the dependence of various properties on power. Data here is

taken under configuration A.
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due to systematic errors in the frequency measurements. However it would be strange
that such a systematic error would show the degree of consistency seen in comparing the
measured frequencies between the two trapping configurations as discuss at the beginning
of the section. Ultimately the discrepancy is only a factor of two and as we are concerned
more with trends and relative differences between geometries we do not concern ourselves

further with this issue.

4.4 Discussion

At this point it is worthwhile to compare results from the single focus and 1-D lattice
geometries considered above. In order to make a reasonable comparison some consideration
as to what ultimately determines these quantities is needed. In [71] a simple model for
the number of trapped atoms is derived assuming that the MOT comes into thermal and
diffusive equilibrium with the COq trap and predicts that the number of trapped atoms
would rise exponentially with trap depth and that the peak density would scale as ng =
nyror exp(Uo/keT) where npyror is the MOT density, Uy is the trap depth and T is the
MOT temperature. In our system the temperature of the MOT after the loading sequence
is implemented has been measured at 20uK giving an estimated peak density in the lattice
at high powers of 1017 /ecm? illustrating that a reasonable model needs to include the effect of
density limitations imposed by the loading procedure. We are not interested in developing
a sophisticated or even simple model to correctly predict the number of atoms we obtain
in the trap. Our goal is to identify key elements dictating the main features in the data.
Since the density and phase space densities are derived we may focus on the number and
temperature.

The obvious limitation bottle-necking progress is the laser cooling process by which
atoms are loaded into the trap. Since this process is understood to be density limited
there are two immediate consequences to be expected. The first is the intuitively obvious
fact that the number of atoms loaded will be limited by the volume of the trap itself and
if the density limit is largely independent of depth the number of atoms could well be

expected to scale with volume. The second consequence is in regards to the temperature
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of the atoms. If the distribution of atoms obtained during loading is density limited then
there will be an excessive amount of potential energy present when the cooling light is on.
When the cooling light is extinguished the energy will redistribute to a Maxwell-Boltzmann
form giving larger kinetic energies and therefore larger temperatures. One can therefore
expect the temperature to rise with potential depth and this fact would be preserved by
any subsequent evaporation.

The data does show a rising temperature with trap depth consistent with this simple
argument, but it could well argued that this trend is consistent, to some degree, with
evaporation which clearly plays a role over the 2 seconds delay before probing. However
evaporation alone does not explain the highest temperatures which exceed that obtained
using the same cooling scheme in free space. We note that in [77] larger temperatures
seen in deeper traps was attributed to the induced stark shift interfering with the laser
cooling process. Here the cooling lasers are detuned by ~ 23I' which is far greater than
any stark shift induced by the trapping beams (< 4I') so it is hard to believe that this
could be a plausible explanation. Since evaporation clearly plays a role in determining the
temperatures measured we do not elaborate on this further but simply note that the rising
temperature is qualitatively consistent with the simplistic picture given above.

In regards to the number of atoms it is worthwhile elaborating on the simple idea
mentioned above. We begin by noting that, in the extreme limit in which the temperature
of the MOT atoms is completely negligible and the trap is uniformly filled with a constant
density, the number of trapped atoms would simply be proportional to the volume. For a
gaussian trap the volume is of course infinite however gravity serves to truncate the trap
at a finite volume. In Fig 4.16 we plot these volumes as a function of power where we have
approximated gravity by truncating the trap as in Appendix B. The dashed line is that for
the lattice trap, normalized by %Wz)\ and the solid curve is that for the single focus trap
normalized by mw?z,. Well these curves show the same qualitative behavior seen in the data
for the number of atoms there are two features that should be accounted for to maintain
some degree of credibility. Firstly, the temperature of the MOT atoms (20uK) is not always
small relative to the trap depth and secondly the MOT does not, in the case of the single

focus trap, completely cover the longitudinal extent of the trap. To include these effects we
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thus consider a phase space distribution given by

1 22 p2

37210 exp(—5—) eXP(—m)

p(r) = (@rmiyTr)?2 952 (4.8)

where ng is the fixed density, Tr = 20uK is the thermal energy obtained during loading,
and o ~ 600um is the rms spread of the MOT. Typically a MOT is not, in general, well
described by a gaussian profile but during the loading phase the MOT density profile does
indeed take on such a form. We also note that we have neglected the variation transverse
to the beam as the trap dimensions are much less than that of the MOT. To determine the
number of trapped atoms we integrate over that part of phase space in which the energy
is less than the potential depth taking the zero point energy to be the trap minimum. We

find that the number of trapped atoms is given by

// E < Uypdrd®p (4.9)
_ no/ P(3/2,0(3 — u)) dir (4.10)
%4

Ny

where V is the volume of the trap, n = Uy/(kyT), and [ is the depth of the trap in
the presence of gravity normalized by Uy. Gravity is included for the single focus trap
since it is estimated to play a significant role for much of the data particularly at low
power. However, it is typically negligible for the lattice traps and is therefore neglected
with the integration region extended to infinity. In addition, the z dependence is dropped
when considering the lattice trap as this dimension is much smaller than the MOT. In
Fig 4.17 we plot this estimated number together with the measured values for all four traps
considered. The density ng is chosen to given the best fit and for all four data sets is
on the order of 10'!/cm3 consistent with the MOT density. This fact can be viewed as
somewhat fortuitous since evaporative and background losses have not been accounted for
and it is known from absorptive images taken during loading that there is an enhancement
of the (column) density within the trap. However, as mentioned above, we are not trying to
predict the final number. To do so would require a complex analysis incorporating the exact
nature of the trapping process, redistribution of the kinetic and potential energies after the
cooling light is extinguished and subsequent evaporation. Here we are simply illustrating

the intuitively obvious fact that larger traps trap more atoms and that the roll-off of number
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Figure 4.17: Plots illustrating the dependence of number on the volume of the trap for the
lattice trap. Solid curves are calculated as described in the text.

for the lattice trap is consistent with a limitation imposed by the lattice geometry itself.
In our system it is not practical to investigate the effects of spot size but for completeness
we show the dependence on waist using the method above in Fig 4.18. Gravity has been
included for both since it will clearly dominate for larger waists. Both plots use a power of
11W and a MOT temperature of 20K and have been normalized arbitrarily to fit on the
same graph. The optimum waist comes from a trade-off between trap size and depth and
has been observed in [39]

Finally since evaporation processes clearly play a role in the results it is worth
considering this and two quantities relevant to this process are the elastic collision rate kg
and n = Uy/kpyT. In Fig 4.19 we plot ke vs. 7 for all four traps considered. Apart from
a few outlying points which are associated with measurements made at the lowest powers

the curve illustrates the universal fact that the higher the elastic collision rate the longer
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Figure 4.18: Plots illustrating the dependence on waist. Solid curve is for the lattice and
dashed curve is for the single focus trap as described in the text.
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Figure 4.19: Plot illustrating the relation between the elastic collision rate and the ratio of
trap depth to temperature. All four systems are included. Asterisks and circles correspond
to the lattice and single focus data of configuration A. Diamonds and crosses correspond to
the lattice and single focus data of configuration B

evaporation can be sustained giving rise to larger values of 7.

Forced evaporation has been attempted in both of the trap configurations discussed
here but with limited success. In the single focus case best attempts yielded only a factor
of ~ 4 increase in phase space density and was most probably due to stagnation of the
evaporation caused by the reduction in collision rate at low powers. In the lattice trap more
than an order of magnitude increase could be obtained but small atom numbers prevented
further progress. It should be noted that, in these attempts, data was extracted from
fluorescent images and so better results could perhaps be achieved via absorptive imaging.

To summarize, in the current system forced evaporation needs to be fast due to the
limited background lifetime of ~ 10 seconds. In the single focus trap a reasonably large

number of atoms suitable for evaporation can be obtained but the relatively low starting
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density means that the process becomes prohibitively slow with the background loss rate
dominating at lower powers. Higher densities can be easily achieved in a 1-D lattice but
this comes at the expense of a severe reduction in atom number. This is ultimately the
crux of the problem: For high densities one wants tight confinement and for large atom
number one desires a large volume and these requirements are typically in conflict. The
solution is to choose a geometry in which the volume defining the number is different than
the confinement volume defining the density. This is provided by a cross beam geometry as

described in the next chapter.
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Chapter 5

X-Trap : The QUEST for BEC

In the previous chapter we found that increasing the volume of the trap gave the intuitively
obvious result that the number of trapped atoms increases, and that tight confinement
gives rise to high densities and phase space densities. The single focus trap provides a large
trapping volume but lacks the tight confinement in the longitudinal direction. The lattice
trap, on the other hand, gives extremely good confinement but this is at the expense of
the trapping volume. In an attempt to bring together the best of both worlds we have
intersected two single focus traps in a cross beam geometry. In doing this we correct the
weak confinement of the single beam trap while maintaining its large loading volume. Based
on the investigations discussed in chapter 4 we could well expect to obtain 2 million atoms
within this geometry. Furthermore by tightening the focus of the beams one can easily
achieve a mean frequency exceeding 1kHz and a total depth of 600uK. From the trends seen
in the single focus and lattice data we would thus expect a temperature of < 50uK. Hence
one expects to achieve densities of ~ 10™atomscm ™ and phase space densities exceeding
1073, These are favorable numbers in view of the scaling laws discussed in chapter two and

so the hunt for quantum degeneracy begins.

5.1 Basic Condensate Physics

We begin this chapter with a short discussion on Bose-condensation. Detailed discussions
on this topic can be found elsewhere [20], [56], [51], and here we focus on those issues most
important to our experiment, particularly regarding the observation of the condensate itself.
We start with the standard treatment given in most texts on the ideal (non-interacting)

condensate which is followed by a discussion on the effects of interactions. We then discuss
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the evolution of the condensate in a time varying potential. Well this thesis does not
cover excitations of the condensate arising from a time varying potential, the results can be
applied to the simplest case of sudden switch off of the trap relevant to the time-of-flight
analysis used exclusively in this work. Finally we remark on the case of a multi-component

(spinor) condensate.

5.1.1 The Ideal Bose Gas
The Bose-Einstein Distribution

The thermodynamics of a Bose gas is most easily derived from the grand canonical partition

function [44]
Z= H (1 — zexp(—PB¢;)) (5.1)

where 8 = 1/kyT and z is the fugacity of system, related to the chemical potential, u, via
z = exp(fu). Within this framework, the number of particles is determined by

Zef/aez

T cfa (52

0
N = Z%IH(Z) = Z

which is nothing more than the statement that N = ). (n;) where n; is the occupation
number for the ¥ state. In order to evaluate this sum we can make the semiclassical
approximation whereby the summations are replaced by integrals under the assumption
that the thermal energy kT is much larger than the energy level spacing hw. In this

approximation we have

z o 1
N= 1—2 +/0 p(e)z—l exp(fBe) — 1 (5:3)

where p(¢€) is the energy density of states. The first term gives the ground state occupation

and is separated out since it is given zero weight in the integral term. Thus the integral
term gives the number of particles occupying the excited states. For a trapping potential
U the density of states is given by

T(2m 3/2
o) = 2((227#33 / Je— U@ d*r, (5.4)
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where the integration is restricted to the region over which U(r) < ¢, so that the excited

state fraction may be written as

C2w(2m)¥? g [ 1
N, = “nh)p / d T/U(r) VeE— U(r)iz—leﬁe —

)
o (2m)3/2 ° _ 00 »
- ((271'7’135 / dPr(kyT)3/? ;exp(](ﬂ —U(r))/ksT) /0 de \/ee -
mhy T\ . exp(j( — U(x))/ksT) |
- ( et ) / d%«; 372 b

- / n(r) d*r

Here we have identified the particle density n(r) = g3/, [ze*U/ MT] /A3 where A is the
thermal deBroglie wavelength, and generally g;(z) = Z;‘;l 27 /j%. Tt should be noted that,
in the classical limit in which z << 1, we have g3/5(2) ~ z so that the density reduces to

that described by the classical Maxwell-Boltzmann distribution as expected.

Bose Condensation and the Critical Temperature

At this point it is worth considering a specific example and we choose that of a simple
harmonic oscillator as it is relevant to all traps considered in this thesis, at least in the low
temperature (or equivalently deep trap) limit. In this case the integration for the excited

state occupation can be computed analytically to give
kT >

N, = _— 5.6

=) (35 (5.

where w is the geometrically averaged frequency. Since the occupation numbers (n;) must

remain positive, it can be easily seen that 0 < z < 1. Furthermore, the function gs(z) is
monotonic and bounded on this interval so that we must have
3 3

N, < g5(1) (2’5) ~ 2612 <’%’f) . (5.7)

Now, so long as the actual number of particles in the system is less than this limiting

value, practically all the particles of the system are distributed among the excited states

and the precise value of z can be determined from equation (5.6) with the approximation

that N ~ N. When the number of particles exceeds this value the result is a dramatic
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accumulation of particles in the ground state and this phenomenon is generally referred to
as Bose-condensation. For a given number of particles, this onset occurs at a temperature,

T?, given by

N\ /3
T2 = ho <> : 5.8
As the system cools below this critical temperature the number of particles in the ground
state grows according to
M _,_ (L ’ (5.9)
N 10 ‘

These equations of course depend on the exact geometry of the trapping potential. Results
for a variety of potentials can be found in [7].

Strictly speaking our discussion only applies in the thermodynamic (large N) limit.
A discussion of finite size effects can be found in [20] and references therein. Basically the
effect is to reduce the critical temperature from that given above and is typically negligible

for N > 10%.

5.1.2 The Interacting Bose Gas

In the absence of atom-atom interactions the condensate is described by the single particle
ground state wave function. Thus the density profile is that of a gaussian having an rms
size of ap, = \/m independent of particle number. When interaction effects are
included the condensate swells due to self-repulsion and becomes much larger than that
predicted from the simple non-interacting picture. Starting from a general many body
Hamiltonian description one may apply a mean field approach which leads to the Gross-

Pitaevskii equation typically used to describe the trapped condensate.

Mean Field Theory

The many body Hamiltonian describing IV interacting bosons confined by an external po-

tential U is given, in second quantization, by [20]

jo / rut (r) [—ZW 4 U(r] (r) + % / & d Ut ()0 () V (r — )8 () U (r)
(5.10)
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where ¥(r) and ¥f(r) are the boson field operators that annihilate and create a particle
at position r and V is the two-body interaction potential. The dynamics of the system
can then be found by numerical integration of the Heisenberg equation. This approach is
somewhat cumbersome and two simplifications are made.

The first simplification involves the interaction potential V. At low energies binary
collisions are completely characterized by the s-wave scattering length as, independent of
the potential V', and for dilute gases these are the only collisions that one needs to consider.
Under these conditions one can then replace the potential V' with a more convenient form
having the same scattering properties, namely V' = ¢gd(r — /r) where g is related to the
scattering length via g = 4wha,/m.

The second simplification is the use of a mean field approach whereby the condensate
contribution to the boson field operator is separated out so that we may write ¥(r) =
®(r) + U/(r) where ®(r) = (¥(r)). Its modulus fixes the density of the condensate through
no(r) = |®(r)|* and is often referred to as the condensate wave function. When W/(r) is
small it may be treated as a perturbation, and one obtains, to zeroth order, the equation

at (L

ot — \ 2m

V2+U—|—g|<1>]2> P (5.11)
known as the Gross-Pitaevskii (GP) equation. Its validity is based on the condition that the
s-wave scattering length be much smaller than the average distance between atoms and that
the number of atoms in the condensate is much larger than 1. The latter of these conditions
is trivial and the former can be written as na? < 1 where 71 is the average density of the gas.
In our experiment we have i ~ 10*atoms/cm? and as = 5.77nm [12] so that fa® ~ 1075.
Thus our use of the GP equation is well justified.

When the condition na? < 1 is satisfied the system is said to be weakly interacting
or dilute, however this does not mean the effects of the interaction are small. To assess the
importance of the interaction one has to compare the relevant energy scales. For densities
n ~ 10"em™3 we have gn ~ kj x 40nK ~ 27h x 1kHz. Above the critical temperature the
relevant energy scale is, of course, just the thermal energy kT and so interaction effects
can be neglected. On the other hand the relevant energy scale for the condensate is the

level spacing hw ~ h x 27100 Hz and so the behaviour of the condensate is dominated by

the interactions.
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The Ground State

To obtain the ground state within the mean field theory, one may write the condensate
wave function as ®(r,t) = ¢(r) exp(—iut/h) where p is the chemical potential and ¢ is real
and normalized such that [ d®r¢? = Ny = N. The GP equation then takes the form

h2
(—2mv2 +U + g6°(r) - u) ¢(r) = 0. (5.12)

In the absence of interactions this equation reduces to the familiar Schrédinger equation
as one might expect. When interactions are included the equation can be numerically
integrated, but this is typically unnecessary. In most, if not all, experiments to date the first
term in the equation, which represents the kinetic energy, can be neglected in comparison
to the mean field energy. In this case the solution is trivially obtained and one has

_n=U
g

n(r) = ¢*(r) (5.13)

in the region where y — U > 0 and is zero otherwise. This approximation is often referred
to as the Thomas-Fermi (TF) model. The chemical potential p is then determined from

the normalization condition and one finds, for the harmonic oscillator, the expression

ho (15Na\?/°
M:”( > a) (5.14)

2 Aho

where ap, = 4/ % is the rms size of the single particle ground state. To determine the
range of validity of the TF model one can simply rescale equation (5.12) in the usual way

to obtain the non-dimensional form

{— (87‘:’;3\7)4/562%%&2—4 é=0 (5.15)

where the tilde is used to indicate rescaled quantities and, for simplicity, we have restricted
our attention to a spherically symmetric harmonic oscillator. Thus we see immediately that
the kinetic energy term may be neglected whenever 8raN/ayp, > 1. More generally, for the
non-symmetric case, this condition should be satisfied in each direction.

It is also worth noting that the solution of the GP equation (5.12) minimizes the

energy functional given by

2

2
E(n) = / d3r {;Jv\/m? +nU(r) + % (5.16)
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and each of the three terms correspond to the kinetic, potential and mean field energies

respectively.

Expansion of the Condensate

The time-dependent GP equation (5.11) may be used to determine the behaviour of a
condensate in a time varying potential [16]. Details of this can be found in [20] and references
therein. Here we simply note that, in the limit 8maN/ap, > 1, the GP equation permits
a class of solutions in which the parabolic shape of the Thomas Fermi model is preserved

and the radii, R;, where the density vanishes, scale in time as

Ri(t) = RiOW(0) = || bt (5.17)

Here wg; determines the frequencies at time ¢ = 0 and 7 is used to denote the coordinate
axes. Furthermore it can be shown that the functions b;(t) satisfy the ordinary differential
equations

R (5.18)
bib1b2b3

These equations can be used to simulate the expansion of the gas during time of flight

bl+wl2bzf

by dropping the second term associated with the confining potential and using the initial
conditions b;(0) = 1 and b;(0) = 0. In this way one can determine the time evolution of the
aspect ratios and cloud size which is easily observed in the experiment.

It worth commenting on the difference between the expansion of a condensate and
the expansion of a thermal cloud as the time of flight distribution is a key signature for
the onset of condensation. In the case of a thermal cloud the momentum distribution is
isotropic, according to the equipartition principle and so the gas expands isotropically. The
result is that any thermal cloud will eventually take the form of an isotropic gaussian for
expansion times greater than the oscillation periods of the system. For a condensate however
the situation is much different which can be easily understood from consideration of a non-
interacting gas in an asymmetric harmonic trap. In this case the momentum distribution
is no longer isotropic and reflects the asymmetry of the trap so that the cloud expands
faster in the most tightly confining direction. The result is that the ballistic expansion of a

condensate has an aspect ratio reflecting the geometry of the trap.
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5.1.3 Spinor Condensates

So far our discussion has been restricted to a one component gas. However in our experiment
this is not the case. Well the atoms are initially pumped into the F' = 1 manifold, no effort
is made to restrict them to a particular m state and so we expect a mixture of all three spin
projections. The order parameter, or wave function, representing this multi-component gas
is a vector in hyperfine spin space and is thus called a spinor condensate. In this thesis we
have not explicitly probed the spinor nature of the condensate, and a detailed discussion
on this topic is not needed. A treatment in the spirit of that given for the one component
gas gas above can be found in [41] and a detailed discussion of spinor condensates in both
theory and experiment is given in [49].

The essential features of these treatments is in the fact that, due to rotational sym-
metry, the interaction potential for an F' = 1 spinor is described by two parameters not one
as in the the scalar case and we denote these as gg and gs. As in the scalar case these are
related to scattering lengths via gp = 4wh?ap /m where ap is the scattering length in the
total spin F' channel. The order parameter is written as ¢ = \/@& where n(r) is the
density and f is a normalized spinor. The ground state structure is found by minimizing
the functional

2

K= /d3< (V/m)? + (vg)n—(ﬂ U+ 5

(co+ c2 (F>2)> , (5.19)

where co = (go + 292)/3 and c2 = (92 — go)/3 [41]. The final term gives rise to two distinct
forms which depend on the relative sizes of the scattering lengths ap. For as > ag the
energy is minimized by (F) = 0 and the spinor is said to be anti-ferromagnetic or polar.
For as < ag the energy is minimized by | (F') | = 1 and the spinor is said to be ferromagnetic
which is the situation for 8Rb. In either case the density profile is well approximated by

the Thomas-Fermi profile provided the interaction energy dominates as in the scalar case.

5.2 Trapping Frequencies and trap lifetime

We begin our discussion of the cross trap with measurements of the trap frequencies and

the trap lifetime. Since the nature of the trap depends on the alignment and intersection of
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two beams the trap spectrum can exhibit some unexpected features which was particularly
pointed in the initial set up where no attempt was made to ensure the two single focus traps
had identical trapping frequencies or equivalently spot sizes. In this section we illustrate a
couple of frequency spectrums taken throughout the course of this work. This is followed

by a discussion of the trap lifetime which is found to be dominated by three-body losses.

5.2.1 Frequency Spectrum

The potential for the cross beam trap is simply given by the sum of the individual potentials
for the single beam constituents. Any interference is removed by shifting the frequency of
one beam relative to the other. Assuming each beam is identical it is easy to show that the

frequencies at the bottom of the well are given by

4
ws = UO2 and  w = v2w, (5.20)

mwg

where Uy is the depth of the single beam trap. Thus the two lowest frequencies are just
the frequencies of the individual traps. This is easy to understand since the longitudinal
confinement of one beam is completely negligible relative to the confinement provided by
the other. Both beams provide equal confinement in the direction orthogonal to both and
thus the frequency in this direction is enhanced. This is of course in theory and in practice
the situation is somewhat more complicated with the trap spectrum being different from
setup to setup.

In the set up that led to the first observation of a BEC the frequency spectrum
at the lowest powers showed a rather extreme splitting. A spectrum taken at 450mW is
shown in Fig 5.1 and there are two immediate concerns. The first is the large difference in
frequencies not seen at high power. The second problem is in the fact that each frequency
is pretty much separated by a factor of two and so one needs to determine if a given
frequency is an w or 2w frequency. The first problem is not well understood and it is
suspected that the effects of beam aberrations and differences in beam sizes become more
pronounced at low powers. Eigenvalue analysis for reasonable beam aberrations does not

confirm this' although the anharmonic, indeed bimodal, nature of the trap geometry brings

!Gravity clearly reduces one of the frequencies to zero at a low but finite power but this fall off is very
sharp and it would be hard to believe that such a trap could be stable
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Figure 5.1: A frequency spectrum of the cross trap taken with P=450mW.
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into question the validity of such a treatment [46]. A more detailed investigation on the
frequency spectrum was discussed earlier and here we note that, well the problem is not
well understood, the spectrum was very reproducible and that the highest frequency is
consistent with those measured at high power. For this reason we have faith in the fact the
spectrum provides reasonable estimates of the true frequencies.

The second problem can be overcome simply by varying the power in each beam and
noting the frequency shifts. If the power in both beams is changed the ratios shift slightly
indicating they are truly three separate frequencies of the system. In addition, if the power
in one beam is shifted with the other unchanged then the relative change in each frequency
is different. This can be easily understood by considering how each frequency is influenced
by the power in each beam. With reference to Fig 5.2 confinement in the x direction is
due solely to the beam propagating in the y direction and vice-versa. Confinement in the
z direction is provided by both beams. Thus by changing the power in one beam only
one frequency should remain unchanged while the others shift by differing relative amounts
consistent with our observations. This splitting was latter investigated by measuring the
frequencies at a range of powers in order to observe how the additional frequencies arose.
While the spectrum was not equivalent to that relevant to the work in [?], it exhibited the
same splitting at the lowest powers. The reason for the difference is that the laser initially
exhibited two stable modes of operation. At the time these spectrums were taken one of
these modes had become unstable and this was the mode relevant to the work cited in [?].
In Fig 5.3, 5.4, and 5.5 we show the measured spectrums ranging over powers extending
from 0.5W to 9W and apparent in Fig 5.5 is the sharp appearance of a third frequency
at P=0.6W. Also note that at the highest power there appears to be only one frequency
or though there is some evidence of an additional unresolved frequency which becomes
more apparent as the power is lowered. We also note that the second frequency seems
largely suppressed despite the fact that the smaller frequency is expected to exhibit a larger
resonance based on numerical simulations of parametric excitation within such a geometry.
These features are not well understood although it is suspected that beam alignment and
abberation play an important role in determining the nature of the spectrum. Nevertheless

in Fig 5.6 we show the measured frequencies as a function of power. In this figure we
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Figure 5.2: Schematic of the cross beam geometry.
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Figure 5.3: Frequency spectrums of the cross trap found via parametric resonance

have omitted the measured frequency at 9W and the additional frequencies at low power.
In addition we have plotted the geometrically averaged frequency assuming the smallest
frequency is degenerate. The solid curve is the best fit assuming that v ~ +/P. Error bars
have been omitted to avoid cluttering figure and the typical uncertainty is about 10%.
Later, on the assumption that beam alignment and differences in beam waists played
a role in determining the features of the spectrum, the beam focusses were adjusted so
that the measured frequencies of the individual traps, and thus spot sizes, were as equal as
practically possible. This resulted in a much more satisfactory spectrum. A typical example
at high power is shown in Fig 5.7 which shows the larger resonance at the lowest frequency
as expected, and the complete spectrum is shown in Fig 5.8. Under these circumstances no
splitting was observed even at low powers lending support to the explanation given earlier
for the features of the spectrum. The geometrically averaged frequencies are given Fig 5.9

and the solid curve is the best fit assuming v ~ /P as above.
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Figure 5.10: Lifetime data for the cross beam trap

5.2.2 Lifetime and three body losses

A typical lifetime curve from the cross beam trap is shown in Fig 5.10 and for clarity we have
shown the first 3s of these curves in Fig 5.11 to emphasized the initial dynamics. Taking
the final 6 data points on this curve gives a background loss rate of 10(1)H z consistent with
the previous traps. This has been validated by monitoring the atom loss for times out to
20 seconds where three-body recombination and evaporation is negligible. The solid curves
shown in the figures are given by the model discussed in chapter 2 with the trap depth
set to 650uK. This depth is consistent with estimates made based on the measured mean
frequency of ~ 1.5kHz but, as one beam is on the diagonal, gravity is expected to reduce
this somewhat. Nevertheless in view of the simplicity of the model the results are quite

satisfactory.

Given that the initial density exceeds 10'%cm™ and that the model indicates that
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three body losses dominate the lifetime curve, one should be able to extract a three body
loss rate from this data. Well this is complicated by the obvious presence of evaporation we
note that the evaporation is clearly negligible after approximately 0.75secs so we proceed
using only the data taken at ¢ > 0.75. Our approach follows that in [14] and we outline this
procedure.

In the absence of evaporation processes the rate equation is given by

N =-T,N — L3/ n3(x,t) d*r (5.21)
1%
or equivalently by the integral equation
N(t) ! 2 / /
In —= + Tyt = —L3/ n(x,t)) dt (5.22)
N(O) o et

where we have defined

(n?(x,¢)) = Ngt’) / n3(x,t') dPr. (5.23)

Using the harmonic oscillator expression the spatial integral can be computed straightfor-

wardly and the resulting equation can then be written

N(t
lnLJert:

NO) n2 dt’ (5.24)

Ls
3V3Jo
where ng is the peak density. Thus a plot of In % + I'yt against ﬁ fot n3 dt' should be a
straight line whose slope gives the negative of the three body loss coefficient. Such a plot is
given in Fig 5.12. A straight line fit gives a three body loss coefficient of ~ 10728¢m® /s with
a confidence interval of just a few percent. The agreement with the theoretical value in [31]

is excellent and differs from the measured value in [?] by only a factor of two. However the

value of the slope depends on the 6" power of the measured mean frequency and the 6"
power of the width of the TOF signals so the relative error in the slope is quite large (at
least a factor of 2 or 3). In any case the goodness of fit of the data to a straight line in the
given plot is a strong indication that three body losses play a dominate roll in the dynamics

of the trap.

5.3 The Experiments

Efficient forced evaporation requires selectively ejecting the more energetic atoms from the

trap such that the remaining atoms thermalize to a lower temperature with a higher phase
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Figure 5.12: Determination of the three body loss rate. Slope of straight line fit gives the
negative of the three body loss rate.
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space density. In our system the obvious way to do this is to is to lower the trap depth
by decreasing the power in the beams. This technique has been used before in a system
very similar to ours [1] but with somewhat limited success. The drawback to the method
is that lowering the trap depth lowers the elastic collision rate and can eventually lead to a
stagnation of the process. In our case the thermalization rate falls by about a factor of 50
during the process but due to the excellent starting conditions it remains fast enough for

us to achieve BEC in ~ 2.5 seconds as we describe in this section.

5.3.1 Observation of the Condensate

The experiment itself is straightforward. The trap is loaded as per the standard procedure
and, immediately upon loading, the power is ramped down so as to sustain the evaporation
process. In the original experiment [?], the power was ramped from full power to 1 W in
the first second. Over the next second the power was further reduced to some final variable
power which was followed by a further half second delay before probing. This scheme
was largely a matter of practicality, and after a little software programming we were able
to implement more general ramps. It was found that a simple exponential decay gave
comparable results provided, of course, that the decay constant was chosen appropriately
(typically 400ms to 500ms).

Observation of the transition from thermal cloud to condensate is as simple as low-
ering the final power in the experiment and Fig 5.13 shows at different final powers for
the trapping beams. The first image shows a cloud well above criticality and has the
classic isotropic momentum distribution expected from a thermal cloud. As the evapora-
tion proceeds to lower powers, a bimodal distribution appears with a central non-isotropic
component characteristic of condensation. As the power is lowered further, the central,
non-spherical peak of the distribution becomes more prominent and the spherical pedestal
diminishes. At a trap power of 190mW, the resulting cloud is almost pure condensate and
contains about 35000 atoms. For lower powers the cloud rapidly diminishes as the trap can
no longer support gravity. Line profiles of the images are also given. These profiles are
taken along the minor axis of the resulting condensate. Also shown are fits to the thermal

part of the cloud.
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Figure 5.13: Images of the cloud as the final power is reduced. Images were taken after a
10ms ballistic expansion. (a) Thermal cloud (P=480mW), (b) thermal-condensate mixture
(P=260mW), (c) pure condensate (190mW), (d) Line profiles taken from the three images
illustrating the bimodal distribution
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5.3.2 Condensate Expansion

Another feature of a condensate that distinguishes it from a thermal distribution is its
behavior under ballistic expansion which reflects the anisotropic momentum distribution.
Quantitative comparison with theory requires knowledge of both the trap frequencies and
principle axes of the trap, and this can be a difficult task. The principle axes depend on the
beam size, ellipticity and alignment and in our system the trap beams are aberrated due
to off center propagation through the lenses (required to overlap the beams), and the fact
that the beam is not a pure TEMg spatial mode. Furthermore the frequencies of the trap
cannot be reliably measured at the lowest powers. If a condensate is formed the excitation
spectrum can be altered by its presence [20] and if it is not the signal is too small to provide
a useful spectrum. As a compromise we measure the trap frequencies above the critical
temperature and rely on the scaling of the frequencies with power. For the data shown here
we have used the set up in which no frequency splitting was observed. At P = 200mW we
measured frequencies of 120Hz and 260Hz and so the estimated frequencies at P = 100mW
are 85Hz and 185Hz.

Using these frequencies we may use equation (5.18) to determine the expansion
coefficients b;. In addition we can use equations (5.14) and (5.17) to determine the chemical
potential and radii of the condensate. In Fig 5.14 we show the aspect ratio that one would
expect and also plotted is the measured values. In Fig 5.15 we show the absolute sizes, both
measured and theory. We note that the measured sizes are somewhat larger than predicted
(by about 15—20%). A slight calibration error in the camera magnification could contribute
to this, but most likely it is due to a systematic error in determining the frequency. As we
have noted earlier the measured frequencies could well be expected to be lower than the

real frequencies due to the anharmonic nature of the potential.

5.3.3 Growth of the Condensate

Once criticality has been reached the condensate fraction should grow according to equa-
tion (5.9) where the critical temperature 7, is given in equation (5.8). Determining the

temperature and condensate fraction is done using 2D fits to the absorptive images as
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Figure 5.14: Evolution of the aspect ratio of the cloud during time of flight - both measured
and theory



107

Condensate Expansion

120 T T T

Sizes (um)

20 B

|
12 14 16 18 20 22 24
Time (ms)

Figure 5.15: Plots illustrating the expansion of the condensate - both measured and theory.
The discrepancy between theory and experiment is possibly due to measurement error in
the frequencies - see text.
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described in [82],[51]. Briefly the integrated density profile is fitted to the form

) e} 2?2 3/2

n = apgo [e 202} + acmax <1 i 0—5, O) (5.25)
The first term describes the bose-enhanced thermal distribution and the second term de-
scribes the condensate density profile according to the Thomas-Fermi limit. With this
fitting function comes two implicit assumptions worth noting. The first is the isotropic
nature of the thermal cloud which is valid provided the expansion time 7 = 10ms satisfies
(wr)? > 1. From the measured frequencies the lowest frequency considered is 50Hz giving
wT ~ 3 so the assumption is reasonable. The second assumption concerns the condensate
term. This term is found by integrating the Thomas-Fermi density profile along a principle
axis. Well this is perfectly valid in all other BEC systems where the principle axes are well
known, this should be treated with some caution in our system where the principle axes
are unknown due to beam abberation. However if one takes an ellipsoid and integrates
it through an arbitrary axis the resulting distribution is well approximated by the form
given in equation (5.25) particularly for the aspect ratios found here. Finally, we work
in a rotated coordinate system and restrict the aspect ratio in a manner consistent with
the pure condensate found at the lowest powers. The results concerning the condensate
fraction are plotted in Fig 5.16. Also plotted is the theoretical curve for the purposes of
comparison. The agreement is reasonable given the scatter in the data and the fact that
the mean frequency may not precisely follow the scaling with power used in determining

the critical temperature.

5.3.4 Condensate Lifetime

In Fig 5.17 we plot the number of atoms in the condensate as a function of time from
which we infer a lifetime of about 3 ~ 4 seconds. This is significantly shorter that the 10
second lifetime measured above at high power and for the single beam geometries. There
are a number of possible reasons for the reduced lifetime, and we discuss each of these in
turn. Firstly, in magnetic traps, significant heating and subsequent reduction in lifetime is
known to occur due to the presence of a diffuse cloud of hotter atoms commonly referred

to as the oort cloud. In our trap it is plausible that the wings of the trap may provide an
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Figure 5.16: Plot showing the growth of the condensate as a function of scaled temperature
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Figure 5.17: Plot showing the decay of the condensate with time. From this data we
estimate a lifetime of 3 ~ 4 seconds

analogous situation. After loading, a small fraction of atoms can be detected in the wings
by absorptive imaging. However, as time proceeds the wings dissipate and we have been
unable to detect these atoms at low power. Furthermore, the wings are not expected to
support atoms at the lowest trap depths due to the effects of gravity.

A second possible mechanism is three body losses observed at high powers and has
been seen in a number of experiments. From the estimated frequencies and measured
number of atoms we infer a peak density of 1.610"%atomscm™3. For a 8’Rb condensate
in the |[FF = 1,mp = —1 > state the three body loss coefficient has been measured at
5.8(1.9) x 1073%m" /s [14] giving an initial loss rate of > 0.05s~!. Enhancement of the
three-body loss rate and trap heating due to secondary collisions has been discussed in
the literature (see [38], and [10]) with an eight-fold increase in the three body rate being

reported in [78]. However, these regimes are only applicable to large condensates or those
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confined to very deep traps so it is unlikely that three-body recombination is responsible
for the observed decay.

A third possibility is trap instability stemming from laser fluctuations in both in-
tensity and position. Attempts to observe heating at higher powers in the thermal cloud
showed residual cooling. However since evaporation cannot be simply switched off this
result is somewhat inconclusive. Furthermore heating due to laser fluctuations would be
frequency specific and therefore depend on the power. As a practical matter it is not pos-
sible to have a useable thermal cloud at the powers where condensation is achieved simply
because the signal is very low making data extraction unreliable.

Finally, it should be noted that off-resonant scattering from the MOT beams may
well contribute to the problem. In setting up the system it was found that the finite
extinction ratio of the AOM’s caused a considerable decrease in the trap lifetime which
was remedied by shuttering the repump light. The measured extinction ratio of the AOM’s
exceeds 40dB and the net power delivered to the chamber is thus estimated to be ~ 10uW.
From the spatial characteristics of the beams we thus estimate a total intensity of 0.002144;.
Since this light is 6.8GHz detuned the estimated scattering rate is 7.510 3s~! giving a net
heating of ~ 3nK/s. This heating is obviously negligible for any thermal cloud but the
mean field energy of the condensate is estimated to be 60nK. Thus stray light may well
contribute to the rapid decay. In future experiments this should be ruled out by using
RF switches to improve the isolation of the AOM’s or by using shutters to eliminate the

problem altogether.

5.3.5 The M-State Situation

Throughout the work involved in this thesis no consideration was ever given to the distri-
bution amongst the Zeeman sub-levels. For technical reasons associated with the extinction
ratio of the AOM’s, the atoms were transferred to the F' = 1 ground state manifold, but
this was done by simply leaving the MOT beams on after shuttering the repump. Thus no
optical pumping to a specific m-state should be expected. Having achieved BEC without
regard to this fact it is therefore of interest to probe the m-state distribution. This is done

in a fairly simplistic manner. After loading a bias field is switched on and after the conden-
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Figure 5.18: Image taken of condensate expansion in a magnetic field gradient

sate is released the MOT coils are switched on and the force induced by the field gradient
is enough to separate the spin components. The resulting image is shown in Fig 5.18. As-
suming the circularly polarized probe optically pumps the atoms so that they scatter the
same number of photons we infer a 3:1:1 weighting of the mpr = —1,0, 1 sub-states. In the
current system we are unable to probe the spin mixture in the initial thermal cloud as the
components do not cleanly separate. Thus we cannot be sure if the measured distribution
is a consequence of the condensation process or arises from some pumping process during
loading. Given the nature in which the atoms are loaded the latter possibility seems un-
likely. A plausible explanation for the M-State distribution would be the presence of field
gradients within the chamber which would give rise to state dependent potentials. If the
zero of the field is located within say 1mm of the trap center this would give rise to favor-
able evaporation from the m = 0, 1 states leaving a predominate population in the m = —1

state as observed. Further evidence of this was found when the power was reduced until all
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three clouds diminished completely. When this was done the m = 1 cloud disappeared first
followed quickly by the m = 0 and then the m = —1 as the power was reduced. Further
evidence of this effect was found by implementing evaporation with the MOT coils turned
on which left the entire population in the m = —1 state. With regards to expected gradi-
ents, the ion pump spec-sheet indicates that it would give a field gradient of ~ 25mG/cm at
the trap. Over 1mm this corresponds to an energy of just ~ 200nK. Additionally the coils
used to cancel residual fields do not have a strictly Helmholtz geometry so that, if the trap
is off-center with respect to these coils, there can be an appreciable gradient from them.
Assuming a displacement of Imm we would estimate a field gradient comparable to that
from the ion pump. Given that these gradients give rise to such small energy shifts across
the relevant length scales it would be likely that the effect would manifest itself at the lowest
trap depths. However in monitoring the populations as one crosses the condensation point
we have seen no significant change in the measured distribution. The spinor nature will be

the subject of future investigations.

5.3.6 The Evaporation Process

In this experiment we ramp the power down using a exponential ramp with a time constant
of 500ms. At variable powers the ramp is stopped and the sample probed. This is essentially
what was done above but here we explore the entire range of powers spanned during the
ramp. Temperature is measured by fitting the absorptive images to a two dimensional
gaussian which is sufficient as we restrict our attention here to temperatures above criticality.

It is difficult to compare the data to the scaling laws discussed earlier as it is unclear
what constitutes the effective trap depth. The reason for this is simply because of the roll
gravity plays as the power is ramped down particularly as it pertains to the diagonal beam.
Due to gravity the diagonal beam cannot itself support the atoms at powers on the order of
1 ~ 2W. Thus at low powers the trap depth would be closer to that of the single beam. We
illustrate this in Fig 5.19 where we plot the depth of the cross trap including gravity vs. the
depth of the single beam trap in the absence of gravity. In addition it is unclear that the
wings of the trap even play a roll in the evaporation during the ramp down. In [1] it was

argued that atoms which escape from the central region but remain confined by the wings
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Figure 5.20: Plot showing the temperature as a function of power during the evaporation
process.

would not play a significant role in the evaporation dynamics and due to the similarity
of the trap geometries the same can be expected in our system. Nevertheless, as we see
in Fig 5.20, there is an approximately linear relationship between power and temperature
indicating a reasonably constant value of 7. Further, in Fig 5.21, we plot the power vs psd
on a loglog plot and shows a roughly linear trend as predicted by the scaling laws discussed
earlier. Finally, in order to compare the simple harmonic oscillator model with experiment
without the ambiguity associated with the trap depth we show in Fig 5.22 the temperature
vs psd on a loglog plot. The agreement is not so unreasonable considering the shortcomings

of the model.
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Figure 5.22: Plot showing the phase space density as a function of temperature during the
evaporation process. The solid curve is taken from the SHO model derived earlier.
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5.4 A Comparison With Other Work

To our knowledge there is only one other experiment that can be directly compared to ours,
namely that done by Steven Chu’s group at Stanford [1]. This experiment was in many
respects identical to ours and it is worthwhile to compare the two. In their experiment a
10W Nd:YAG laser (A = 1.06um) was used for the trapping laser for sodium atoms. Each
beam had a maximum power of 4W and had a minimum waist of 15um. In terms of the
actual evaporation itself the experiments are quite comparable. With a factor of 20 change
in the power, as in their experiment, we observe a factor of 50 increase in the phase space
density compared to their quoted factor of 28 with the difference most likely due to the way
in which phase space density in computed. In this thesis we have always used the fact that
p~ Nw3/T3 ~ NP5 /T3 and applying this to their results gives an estimated increase
of ~ 48. The three most notable differences between these experiments are the scattering
rate from the trapping beams, the lifetime of the trap and, most importantly, the initial
conditions.

The scattering rate from the Nd:YAG laser at the highest powers used was quoted at
about 1.6 photons per second whereas in our system it is practically zero. Well the scattering
rate did give rise to an observed heating in their system it is most likely inconsequential
to the forced evaporation in which the power, and therefore scattering rate, is significantly
reduced on the time scale of the initial scattering rate. This same comment applies to the
lifetime of their trap which varied inversely to the power. At the lowest powers the lifetime
was comparable to that of our system where no dependence on power has been observed.

The most significant difference between the experiments is, of course, in the initial
conditions. Our initial densities are almost two orders of magnitude higher, resulting in
faster evaporation, and the starting phase space density is higher by a factor of 10. Fur-
thermore we start with 2 x 10% atoms compared to their 5000 which ultimately means we
can lower the power further and still maintain a viable signal. Indeed in our system we
have been able to change the power by a factor of 150 compared to their factor of 20. Thus
our superior starting conditions mean we have less work to do with more power to do it.

It is worth speculating why there were so few atoms in their experiment. This work

involved sodium and the MOT operates on the 32S; /2 — 3°P, s2 which has an associated
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Figure 5.23: The significance of detuning the beams during loading. Crosses show the
number of atoms after 300ms and the diamonds show the number of atoms after 1 second

wavelength of 589.16nm. Thus the trapping potential will, to a good approximation, be
proportional to the static polarizability, as[84]. Now the difference in a, between the
3281/2 ground state and 32P3/2 excited state is a factor of 2.2 [28]. With a trap depth of
900uK ~ 19MHz one would then expect the atoms at the trap center to be stark shifted
by 22MHz. This exceeds the detuning used for their MOT (15 MHz) so that atoms would
actually be repelled from the trap center. Thus only the edge of the trap would be loaded
successfully. To illustrate the significance of detuning the beams we plot the number of
atoms vs. detuning in Fig 5.23 for our system. The two sets of data correspond to different
times at which the measurements are made and in either case we see that the number is

severely reduced when operating near the detuning typically used in a MOT.
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Chapter 6

Some Final Remarks

In this thesis we have discussed our investigations of quasi-electrostatic traps or QUEST’s.
These studies lead us to a new method by which to create a Bose condensate that frees
one from the constraints imposed on the magnetic trappers. The relatively low initial
densities achieved in magnetic traps means that the initial evaporation proceeds slowly
placing stringent requirements on the background pressure in the vacuum. The typical
time to create a condensate in a magnetic trap is 30 — 60 seconds and requires a background
limited lifetime measured in minutes. In our system the job is done in 2 — 3 seconds with
a background limited lifetime of about 10 seconds.

An additional constraint imposed on the magnetic trapper is in what they may
actually trap. Typically they are restricted to a particular m-state of a single hyperfine level
with only a handful of experiments being able to investigate multi-component condensates.
Furthermore, to investigate spinor condensates, researchers had to resort to transferring
a condensate made in a magnetic trap to an optical trap and then using the method of
adiabatic rapid passage to distribute the condensate among the hyperfine sub-levels. In
our system we have no such prejudice on the internal state of the atom and the spinor
condensate can be formed directly in the optical trap.

In this chapter we begin by summarizing our investigations and then contrast and
compare our efforts with those of others. In doing so we will hopefully provide some insight
into why the experiment succeeds where others have failed and explain the ‘mystery’ behind

our excellent starting conditions [60].
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6.1 Summary

The work involved in this thesis started with the construction of an all optical laser trapping
system which enabled us to explore a number of QUEST geometries ranging from the simple
single focus trap to the more ambitious 6 beam configuration. The appeal of this system is
its simplicity, employing standard diode laser technologies and an off-the-shelf CO5 laser.
WEell custom built COq lasers, designed for the purpose of scientific research, have been used
by other researchers, we have found that the SYNRAD1, designed for cutting and engraving,
is a practical alternative for atom trapping and cooling. Indeed this same design has been
used by others to achieve lifetimes exceeding one minute which is more than sufficient for
most experiments in this field of research. Well the lifetime of our system is only 10 seconds,
it is most probably limited by the vacuum and has proved sufficient for our purposes.

Our initial investigations began with a complicated 6 beam geometry with the hope
of creating a system with tight confinement in all three dimensions and a ground state
energy of 1uK. With the negligible scattering rate from the trapping beams, and the fact
that the excited state of the atom is more tightly bound than the ground state, such a
system would provide unique conditions for the prospect of achieving quantum degeneracy
by laser cooling techniques only [32]. However this system lacked a clear signature expected
of a 3-D structure and exhibited a certain degree of instability. This system was thus
abandoned and investigations on more simple structures began.

When determining the lifetime of these more simple traps, the temperature was
monitored, in addition to the number, and it became clear that evaporation was clearly an
important factor determining the final temperature achieved in these traps. Furthermore
this evaporation occurred on fairly rapid timescales (~ 1 second) giving rise to the possibility
of achieving BEC via forced evaporation. In this system forced evaporation proceeds by
ramping down the power in the beam which reduces the elastic collision rate slowing down
the process. Thus high initial phase space densities and collision rates are vital ingredients
for success in this type of system. Determining these properties as a function of power
indicated the intuitively obvious fact that what was needed was a trap exhibiting both tight
confinement and large trapping volume. For normal traps, those in which each dimension is

well characterized by a single length scale, these features are contradictory: Large volume
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requires a large length scale and tight confinement requires a small length scale.

To overcome this restriction the solution was to create a trap that is characterized
by two length scales, one that determines the capture volume, and one that determines
confinement. This is precisely what is provided by the cross trap. Loading volume is then
pretty much defined by the sum of the volumes given by each single beam trap. Confinement,
on the other hand, is determined by the intersection region provided the temperature is low
enough so that, in (quasi-)equilibrium, all the atoms are restricted to this region. Such
temperatures are largely unavoidable in this system due to the natural or free evaporation
process and the result is very high initial densities and collision rates.

The initial conditions obtained in the cross trap seemed very promising for the
achievement of condensation. Subsequent forced evaporation by lowering the power in the

beams validated this and condensation by all optical means is now a reality.

6.2 The secret of our success

Loading the CO4 trap is achieved by standard laser cooling techniques which are generally
accepted as being density limited due to light assisted collisions, photo-association and re-
absorption of scattered radiation. Thus the densities we achieve seem somewhat surprising.
In [60] the initial conditions we achieve were quoted as being a mystery that remains to
be solved with a number of researchers offering possible explanations. Here we offer two
possible mechanisms both of which most likely play a role determining the high densities
we see in the experiment.

The first possibility involves a dark spot mechanism which has been used by a number
of researchers to increase the density obtained in a MOT to ~ 10'2/cm3. In this technique
the repump beam is shadowed at the center of the MOT or transiently reduced in intensity.
This increases the fraction of atoms in the lower hyperfine state which does not interact
with the cooling light and thus reduces the light assisted loss mechanisms. In our trap we
implement a transient dark spot during loading but the trap itself induces an additional
dark spot effect due to the induced stark shift. This is because the trapping potential is

proportional to the static polarizability, ags, which is different for the ground state and
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excited state. Specifically, for the ground state we have a, = 5.3 x 1073m2C/V and for the
excited state we have a; = 1.3 x 1073¥m2C/V thus the excited state experiences a larger
shift by a factor of approximately 2.5. For the cross beam trap we estimate a depth for the
ground state of 600uK ~ 2I" so that the atom experiences a blue detuning of ~ 3I'. Since
the repump is nominally on resonance and well below the saturation intensity we expect a
reduction in the saturation parameter by almost a factor of 40.

One of the limitations of the dark spot which keeps densities to a relatively low
value of ~ 10'2 /em? is repump scatter rendering the shadow less effective. This limitation
is circumvented in our trap as it is the detuning of the atom which effects the dark spot
mechanism. However, this is not the full story and in [87] it was noted that effective dark
spots for the larger alkalis, particularly Cesium and Rubidium, required forced depumping
with an additional laser beam. Thus, well the dark spot effect may help, it is most probably
not the only contributing factor to the high densities obtained. We now offer an additional
mechanism which is in the spirit of the treatment given in [73] and was touched on in
chapter 4.

When laser cooling into a conservative traps it is intuitively appealing to assume the
resulting density distribution is a direct consequence of the laser cooling process. However,
in this system at least, it is not obvious that the densities obtained arise from this mechanism
alone. Indeed, from the lifetime curves of any of the traps it is clear that evaporation
dynamics after the cooling light is extinguished cannot be simply ignored. The earliest one
can reliably extract data in our system is 50 — 100ms which is longer than typical collision
and oscillation times of the system. Thus it is very possible that the ‘initial’ distributions
measured in this system stem from a redistribution of the energy after the cooling light has
been extinguished. We illustrate this point using a very simple argument.

Suppose the cross beam trap is filled to a depth Uy with atoms at a uniform density of
10'2 /em3 where Uy is the depth of a single beam trap'. Assuming a beam waist of ~ 40um
and a trap depth Uy = 300uK it is relatively straight forward to show that the number of
atoms is ~ 2.3x 10% with an average potential energy of ~ 0.7Uy. In thermal equilibrium this

energy must be redistributed according to the equipartition principle. Assuming a harmonic

!This picture is consistent with images taken immediately after loading
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oscillator approximation for the final distribution we thus have 0.7NUy = 3NkyT giving
T = 70pK which is roughly consistent with our simple harmonic oscillator approximation.
Well this is a very simplistic treatment, these numbers are in fair agreement with our
observations. Numerical simulations of the type described in [3] have been performed by
fellow student Su Yi and validate this rough calculation. In this simulation 3 million atoms
with an initially uniform density of 10'2/cm? at the center of the trap are left to thermalize.
The result is a peak density of 10'*/cm? after 50ms evolution. In this simulation the velocity
distribution takes a longer time to reach a thermal distribution but this is most likely due
to the extreme initial condition of all the atoms being completely stationary.

The initial conditions are the key to our success in achieving BEC and here we have
presented two possible mechanisms to explain why we obtain densities typically considered
beyond the reach of standard laser cooling techniques. In the present set up it is difficult
to verify these as valid mechanisms as better imaging would be needed to directly probe
the density profile during loading. Nevertheless the simple arguments mentioned above are
physically appealing and do explain some of the qualitative features of the data as discussed
in chapter 4. Furthermore these arguments illustrate the important point that one should
be wary of jumping to the conclusion that high densities measured after laser cooling are
a direct consequence of the laser cooling itself. This is particularly so if the delay between
cooling and probing is larger than a collision or oscillation time of the system in which case
redistribution processes can play a significant role. Thus it is fair for us to say we laser cool
into the trap and achieve high densities but we cannot lay claim to the achievement of high
density laser cooling. Well this may seem somewhat moot it has to be realized that laser
cooling at high densities remains an important problem in this field. The point we make is

that we have perhaps not solved this problem but merely found a means to bypass it.

6.3 Improvements to the current experiment

The X-trap experiment was implemented in a very straightforward manner and there is much
room for improvement. The two major improvements pertain to the choice of trapping laser

and the vacuum chamber design. Here we discuss these two points in turn.
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6.3.1 The trapping laser

While the synradl laser has sufficed for the work done in this thesis it would be of interest to
have more power available in the beams. The Coherent E DIOS LC-100NV laser is spec’ed
to have > 100W of power with a better mode quality than the Synradl. Using one of
these lasers instead we could then increase the beam power by a factor of at least 5 greatly
increasing the possibilities available to the experimenter. With this much power one could
achieve frequencies of ~ 4kHz giving a Lamb-Dicke parameter n ~ 1 for which ground state
cooling mechanisms have been identified [69]. Alternatively, and keeping within the spirit
of the work done in this thesis, larger beam sizes could be used well maintaining either the
trap depth or the trapping frequencies. This would possibly lead to larger condensates and
perhaps even the creation of a condensate directly in an optical lattice?.

Another possibility is to keep the waist small so as to realize a system in which the
Stark shift of the atomic resonance greatly exceeds the linewidth of the atom. Well such a
situation would mostly likely hinder the loading scheme used in this work, other possibilities
can be envisaged. For example, in [75] it was shown that a MOT could be formed using
cooling on the F' = 1 — F’ = 0 transition while repumping on the F' = 2 — F’ = 1 line.
If one was to implement this by repumping on the F' = 2 — F’ = 2 instead, the effect of
a large Stark shift would be to shift the repump beams to a cooling configuration on the
F =2 — F = 3 transition, like that used in this thesis, and the MOT beams would be
shifted to the repump transition line F = 1 — F’ = 1. If successful this could bypass one
major problem associated with the loading scheme used here, namely the dissipation of the
MOT under the loading configuration. One would obtain the best of both worlds: Efficient
capture outside the trap and efficient cooling inside.

With regards to our remarks at the end of chapter 5 it may well be possible to
implement the X-trap experiment using a more user friendly wavelength for which more
standard optics apply. If so this would certainly be an advantage. CO- laser optics can be
expensive, as is the laser itself, and ZnSe windows limit the chamber bake out to 200°C.

Given the simplicity of the experiment it would be well worth the effort to investigate this

2 Although technical problems associated with returning 100W of power to the laser may make this
prohibitive.
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as a possibility and, if successful, would make BEC studies as accessible as is the MOT.

6.3.2 Chamber Design

Most of the shortcomings of the experiment stem from the chamber design itself and much
more could be achieved with a more appropriately designed chamber?. Basically the cham-
ber is far larger than it needs to be and the viewports protrude out to such an extent that
they restrict the imaging capability. By moving to a more compact design it should be
possible to move the focusing optics outside the chamber. This would simplify the task of
aligning the cross beam trap immensely and also make it possible to directly characterize
the beam at its focus. In the present system we need to rely on inferences made by the
characterization of the trap. This is undesirable since, for example, it is known that the
anharmonic nature of the trap can shift the measured frequencies from those present at the
bottom of the well.

The second and more important advantage of having a more compact design is the
improvement that can be gained in the imaging capability. A factor of 7 increase in reso-
lution would make in situ imaging a possible and worthwhile alternative. This would mean
that the one could, via phase contrast imaging, monitor the evolution of the trap during
loading and thus possibly shed light on the origins of the ultra-high densities we obtain.
Verifying the mechanism proposed in the previous section would have important conse-
quences as it could show that trap dynamics after cooling has terminated are as significant,
if not more so, than the cooling processes themselves. Well our investigations in which we
varied the power in the trapping beams provided circumstantial evidence supporting this

idea, in situ imaging would provide direct, incontrovertible evidence of this fact.

6.4 Future Directions

Having made a condensate directly in an optical trap the natural question is what role might
the result have in future research? Magnetic trapping has become a very well developed

technology and condensates with 106 atoms are now somewhat routine. In our system it is

3In fairness to the designer it was not designed with the intention of making a BEC in a cross beam
dipole trap.
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unlikely that such large condensates could be made but it does offer the advantages of being
technically simple, fast, and amenable to those species that cannot be easily confined in a
magnetic trap. A noteworthy example is that of spinor condensates which simply cannot be
held in a magnetic trap. Spinor condensates have been extensively studied by transferring
a condensate to a dipole trap and then using the method of adiabatic rapid transfer to
distribute the condensate among the hyperfine sub-levels. Our system would vastly simplify
such experiments and, additionally, provide the opportunity to study directly the formation
of such a condensate.

We have argued above that a more user friendly wavelength of 1.06um may well
suffice to achieve condensation via this technique. If this could be shown to be possible it
would make the study of BEC far more accessible as no special technology or equipment
would be needed beyond that needed for a MOT. Furthermore our technique has a somewhat
less stringent requirement on the vacuum which is important for applications in which ultra
high vacuum conditions are difficult to achieve.

Finally the technique need not be limited to a cross beam geometry. All that is
needed is a geometry which incorporates a large loading volume and tight confinement.
Such geometries are easily created by optical potentials. By superimposing a deep single
focus trap with a weak lattice it may be possible to cool the atoms down into the lattice

and thereby create an array of condensates directly in a lattice.
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Appendix A

Evaporation Model

Here we give the explicit expressions for each of the terms used in the evaporation model
discussed in chapter 2. These terms are most simply expressed in terms of incomplete
gamma functions defined by
1 /e
P(a,z) = I’a/o t et at (A.1)
It is also convenient to define the ratio of these functions, that is,

R(a,z) = W (A.2)

and we note that all of this functions have limiting values of one as n — oo.

A.1 Evaporation terms

We first introduce the rate ., defined by

modo

Yev =

where m is the mass, @ is the geometrically averaged frequency, o is the elastic cross-section,

and Up is the trap depth. Using this rate we have

77P(3a 77) — 4P(4777)
P(3,n)?

Ne'u = Yev |: :| 77€_nN2 (A4)

and

- 77P(3777)_4P(4777)_P(5a77)_
Nev = —Yev <77 =+ nP(3,7]) — 4P(4,77) 3R(3777)>

% 77P(3a77) - 4P(4>77) 26_
(12P<5,n>P<3,n> ~0P{.n)P(, n>> reN
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A.2 Three body loss terms

We first introduce the rate y3p given by

mo? 3
=L —— A6
38 <2\/§7TU0> (4.6)

\f [ e (A7)
AP - 3P<5, rerCa-)) s
2 2 2 2

both of which are calculated numerically and have limiting values of one as n — oo. In

and two integral expressions

l\)

terms of these quantities we have

Nsp = —v3n° N3 f1(n) (A.9)
V3B 3fi(mR(3,n) —2f2(n)
s = =5 1N | B )R n) — SRG.1) ) (A.10)

The numerical integrations can be avoided by simply replacing the term in square brackets
by its asymptotic value of 1 and fi(n) by one. This is equivalent to ignoring truncation

effects which is a reasonable approximation for the values used in the text.

A.3 Terms due to potential changes

We have N = UZ/(6(hw)3) and remembering that & o< /Uy we obtain

e Ug

Ng=—— N A1l
’ 4P(3777) UO ( )
3= — —
iy — Uo ne (1 +n—3R(3,1m)) =~ 6P(3,n) (A.12)
Note that if n is large then we have
. LU,
o = niﬁz (A.13)

consistent with a simple adiabatic change of the potential with no atom loss.
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Appendix B

SHO Approximation

Here we discuss the validity of the approximations used to estimate densities and phase
space densities throughout this thesis. The approximation essentially assumes an infinitely
deep harmonic oscillator and as we shall see this approximation can be quite crude. We use
the truncated Boltzmann distribution as discussed in [64] and throughout it is assumed,

without loss of generality, that the potential is zero at the trap center

B.1 General Form of the Distribution

For an infinitely deep well, a thermal gas is described by the phase space distribution
fo(r,p) = noA3 exp (=(U(r) +p2/2m)/ka) (B.1)

where ng is the peak density and A = (272 /mk,T)/? is the thermal de Broglie wavelength.

Integration over momentum space leads to the well known density distribution function.
n(r) = ngexp(—U(r)/kyT") (B.2)

For a finite depth trap strict equilibrium is not possible as it is accompanied by continuing
evaporation. However the gas can be well characterized by a quasi thermal equilibrium in
which the phase space distribution above is restricted to that part of phase space in which

the energies are less than the trap depth. This leads to the modification
n(r) = ngexp(—U(r)/kyT)P(3/2, (et — U(r))/kpT) (B.3)

where P(3/2,x) is the incomplete gamma function introduced in Appendix A and ¢ is the

trap depth. ng is no longer the peak density, rather we have n(0) = ngP(3/2, ¢;/kyT") < ny,
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but ngA? still remains a proper measure of the phase space density. Thus to find the
appropriate expressions for phase space density and density it remains to find ng which can
be found by integrating the spatial density over all space and equating the result to the

number of trapped atoms, i.e.
N = / no exp(—U (x) /kyT) P(3/2, (U — U (x))/kT) d®r (B.4)
v

Calculation of this integral can be facilitated by introducing V(U) which is the volume of
space contained by the equipotential surface U. This reduces the 3 dimensional integral to

the one dimensional form

N = /0 " o exp(—U k) P(3/2, (e — U) /ka)% dU (B.5)

and in what follows it is convenient to write the potential in the non-dimensional form

U = Uyu so that we have

p dv
N = [ noexp(-qu)Pa/2,0(8 - w) G du (B.6)
0
Here we have adopted a slightly different set of definitions from that in [64]. Specifically
we have defined n = Uy/kyT and 8 = €;/Uy. Typically 8 = 1 and the definitions coincide.
However in the case of the single focus and cross trap it is necessary to choose g < 1 for
reasons to be discussed.

B.2 Single Focus

It is relatively straight forward to show that

dv TI'U)(Q)ZT u  3—2u

oY B.

du 3 V1—wu(l—u)? (B-7)
so that we have

2 B — 2
N = T [ exp(c P25 - w)y [ R du= T g, 6). (B9

Using the known expressions for the trap frequencies, this equation can be rewritten as

ma? \ /2 2
N <277k?bT> = m)ﬁng’ﬁf(n, B) (B.9)
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Recognizing the left-hand side of the equation as the harmonic oscillator approximation to

the density, ngo, we may then write the true density as

3y/m P(3/2, Bn)
2 n3/2f(77,5)> Ho: (B.10)

The term in brackets is thus the depth dependent correction factor for the density. Un-

n(0) = noP(3/2, ) = (

fortunately the integral represented by f(n,3) is divergent for § = 1 due to a pole in the
integrand at u = 1. Typically an approximation is used for the potential such that the
integral converges. Here we simply set § < 1 which in effect simulates approximately the
effect of gravity which truncates the potential at w < 1. For the single focus trap discussed
in chapter 4 the appropriate upper limit for the integral can be shown to be ~ 0.8 but we
note that in general this depends on Uy. Specifically, if we write o = mgw /Uy < 1, then it
can be shown that the true depth is approximately Up(1 + a?/4 — (a?/e)'/3).

Since the phase space density is given by ngA? it is reasonably straightforward to

show that the true phase space density is given by

3/ 1
a ( [n3/2f(n,ﬁ)> PHO: (B.11)

For most 7 values considered the correction factor for both densities is essentially the same

and could be as much as a factor of two. It should be noted that the difference in correction
factors for the two densities is always P(3/2,4n) independent of the trap geometry and,
since this is practically one for most values of 7 of interest we focus only on the expressions

for density. Fig B.1 shows this correction factor as a function of n for 5 = 0.8.

B.3 Lattice

For the lattice trap we have

av. w3 arccos /1 — u
du  k 1—u

and the expression for the peak density is thus

(B.12)

n(0) = noP(3/2, ) = (ﬁw> nHo. (B.13)

2 32f(n, B)
where f(n,3) is now given by

arccosv/1 —u

1—u

B
f(n.5) = /0 no exp(—mu) P(3/2,1(8 — u)) du (B.14)
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Figure B.1: Correction factor for single beam trap
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Figure B.2: Correction factor for lattice trap

In this case the integral converges for § = 1 and the inclusion of gravity is not

needed. Fig B.2 shows the dependence of the correction factor on 7

B.4 Cross

For the cross trap we have not been able to find an analytical expression for ‘é—‘: and so it

is calculated numerically. The trap is completely characterized by k = mwg /A, which is the
ratio of the rayleigh range to the waist, and by the trap depth Uy for the single beam. Here
we choose k = 12 which is appropriate for a waist of ~ 40um used in the experiment. By

scaling each length coordinate by wg we may write

av :
du wipo(w). (B.15)

20
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Figure B.3: Correction factor for cross trap

av

7 in this fashion we can then write the peak density as

By normalizing

_ 2 P(3/2, Bn)

"= %2 (n, B) (B16)
where the integral f(n, ) is given by
B
£0.8) = [ moexpl =) P(3/20(3 = w)p ) d (B.17)

In this expression we have used n = Uy/kyT and § = ¢;/Uy as before but Uy is now the
depth of a single beam trap. As in the case of the the single beam trap § depends on U
and at full power 3 ~ 1.5. Fig B.3 illustrates this case. From the life time curves in chapter
5 we estimate that evaporation stagnates at 7 ~ 8 and so the correction in this case is is
much smaller than for the previous two cases.

Finally it is worth while at this point to estimate what percentage of the atoms are

actually present in the wings of the cross beam structure. An atom is free to move in the

3

20
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Figure B.4: Fraction of the trapped atoms in the wings

wings if it has an energy greater than Uy and so the number of atoms in the wings is given
by

B
Nwings = wgnlﬁ)/1 eXP(—UU)P(3/2a n(ﬂ - u))pv(u) du (Blg)

Since the total number of atoms is

N = winof (1, 5) (B.19)

we have

4 B
Nuings _ f(nl 5 / exp(—11u) P(3/2,7(8 — u))py (1) du. (B:20)

In fig B.4 we plot this ratio as a function of 7 for a truncation 8 = 1.5. The choice of 1.5 is

motivated by the fact the one of the beams lies on the diagonal which lowers the truncation

significantly.
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