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ABSTRACT

An Optically Guided Atomic Fountain

Hilary Jane Davies, University of Durham, Dec. 1999
Ph.D. thesis

This thesis describes the development of a laser-cooling experiment aimed at ef-
ficient transfer of cold atoms over a short distance, for loading into a conservative
atom trap. We detail the construction of a 3D magneto-optical trap (MOT) and
perform characterisation measurements to optimise the number and temperature of
the cold atoms. The atoms are launched vertically in a fountain from the MOT
using a ‘moving molasses’ technique and a red-detuned far-off-resonant laser beam
is used to guide them into an UHV chamber. Loading into the guiding beam is
optimised with respect to the beam and MOT parameters. We demonstrate a max-
imum loading of 20% and guiding over a distance of more than 10 cm without loss
of atoms. The atoms are delivered to the UHV chamber in a cloud with a transverse

dimension of order 200 ym.

We discuss the extension to continuous operation of the guided atomic fountain.
The 3D MOT is replaced by a funnel with 2D trapping and 3D cooling which con-
tinuously extracts the cold atoms using moving molasses. A comparison between
the flux of guided atoms obtained in a pulsed fashion from the 3D MOT and contin-
uously from the funnel indicate that the pulsed case is a factor of ten more efficient.

The difference is due to inferior loading from the funnel.

The optically guided fountain is used to load an optical dipole trap in the UHV
chamber, using an ‘optical trap door’. No additional cooling is required. The dy-
namics of the atoms in the optical dipole trap are studied. We discuss multiple
loading of a conservative trap with the view of accumulating more atoms than can
be obtained in a MOT.
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Chapter 1

Introduction

Laser cooling, first demonstrated in 1985, has provided sources of dense, cold atomic
vapours that have found application in many and diverse areas. Ultracold atoms are
now used, for example, in precision measurements of gravity [1] and A/m [2], in the
new generation of atomic clocks [3] and in atom lithography [4, 5] and spectroscopy
(6, 7]. Perhaps the most prominent advance was the observation of the quantum de-
generate phenomenon of Bose-Einstein condensation (BEC) in a weakly interacting
system in 1995 (8, 9]. Weakly interacting condensates promise to provide insight
into related, but more complicated systems, such as superfluid liquid helium. In
addition, the coherence properties of atoms coupled out of the condensate are in
many ways analogous to properties of photons in a laser beam. Thus, BECs can
also be used to create the ‘atom laser’ [10, 11, 12, 13].

For most cold atom experiments the initial cooling and collection is performed
in a magneto-optical trap (MOT). The MOT combines the dissipative nature of
near-resonant light with position dependent Zeeman shifts, leading to a confining
force. An important quantity defining a trapped atomic distribution is the phase
space density, pps = nA3g, where n is the number density and Ayp is the de Broglie
wavelength of the atoms. Whilst the MOT is a good source of cold atoms it has a
limited phase space density of ~ 107°. The minimum temperature and the maxi-
mum density are set by processes involving near-resonant light. In addition, these
high phase space densities can only be obtained for a limited number of atoms (~
10%%). Therefore, the high phase space densities characteristic of quantum degener-
ate phenomena are beyond the capabilities of the MOT. Current BEC experiments
load atoms from the MOT, in situ into a magnetic trap, where they can be further
cooled by evaporation. Precision measurements are also prohibited in the MOT due
to the strong magnetic and optical forces present. Cold atoms are often dropped or
launched away from the MOT region to a perturbation free environment.
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For many experiments it would be desirable to have a much larger number of
atoms or a continuous supply. Overcoming the number and density limits of the
MOT requires the absence of near-resonant light. This condition is met in conser-
vative traps (e.g. magnetic or far-off-resonant optical traps). However, these have
limited depth and can only be loaded with precooled atoms. One method, then, to
accumulate a large number of atoms is to load laser-cooled atoms into a conservative
trap spatially separated from the MOT. This motivates the development of tech-
niques to transfer cold atoms efficiently from one region to another with a minimum
loss of phase space density, and techniques to load a conservative trap without the
aid of near-resonant light. Continuous loading of a conservative trap could lead to
steady state BEC and a continuous atom laser.

As mentioned above, two main classes of conservative traps are based on mag-
netic forces and the dipole force of far off-resonant light. Magnetic forces are gen-
erally stronger, but dependent on the internal state of the atom. The dipole force
is weak and does not depend on the internal state of the atom. Light potentials
are also flexible, providing good spatial and temporal control. In this work we have
chosen to concentrate on the use of far-off-resonant light for the manipulation of

atoms.

This thesis considers the efficient transfer of cold atoms over a short distance
using an optical guiding potential and the subsequent loading of an optical trap
without the aid of near-resonant light. Guiding atoms prevents ballistic expansion
in two dimensions, reducing the loss of phase space density in the transfer process.
We use a focused red-detuned far-off-resonant beam, the simplest optical guide.
The atoms are transferred in a vertical, ‘fountain’, geometry since at the apex of the

fountain the atoms are nearly at rest and this facilitates the loading of an atom trap.

The outline of this thesis is as follows: Chapter 2 gives some background to laser
cooling and an overview of some related techniques, looking particularly at methods
of extracting atoms from the MOT and methods of guiding cold atoms. In chapter
3, we discuss the optically guided atomic fountain for loading a conservative trap.
Chapters 4 and 5 are dedicated to describing the experimental details and the pro-
cess of characterisation and optimisation of the MOT. Since the experiment was set
up from scratch, building the MOT represents a major part of our work. Chapter 6
goes on to look at the guided atomic fountain, operating in a pulsed fashion and the
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extension to continuous operation. In chapter 7 we investigate a method of loading
an optical dipole trap at the apex of the guided fountain. Finally some conclusions
and future directions for the experiment are outlined in chapter 8.

During the course of this thesis, the following work has been published:

1. K. Szymaniec, H. J. Davies and C. S. Adams,'An atomic fountain guided by a
far-off resonance laser beam’, Europhys. Lett. 45, 4, pp. 450 - 455 (1999).

2. L. Nilse, H. J. Davies and C. S. Adams, ‘Synchronous tuning of extended cavity
diode lasers : the case for an optimum pivot point’, Appl. Opt. 38, 3, pp.548
- 553 (1999).

3. H. J. Davies and C. S. Adams, ‘Mean-field model of a weakly interacting Bose
condensate in a harmonic potential’, Phys. Rev. A 55, 4, R2527 - R2540
(1997).

4. H. J. Davies, K. Szymaniec and C. S. Adams, ‘Cold atom accumulation using
an optical trap door’, to be submitted.

Items 1 and 4 are discussed in some detail in chapters 6 and 7.




Chapter 2

Laser Cooling and Atomic Beams

2.1 Introduction

The mechanisms of laser cooling have now been extensively studied and much is
understood about the behaviour of atoms in a MOT. Magneto-optical traps are now
found in many laboratories around the world and form the basis of most experiments
with cold atoms. In this chapter the principles of laser cooling are discussed and
the mechanisms which limit the phase space density in the MOT are explained. We
review some of the existing methods of extracting cold atoms from the MOT and
look at how the flux of atoms produced by these methods could be improved by
guiding.

2.2 Laser Cooling and the Magneto-Optical Trap

Reviews of the theory of laser cooling can be found in references {14, 15, 16]. The
following sections do not aim to reproduce the theory in detail, but instead provide
an outline of the main concepts which will be necessary for understanding later

chapters.

2.2.1 Doppler Cooling

The first basic tenet of laser cooling is that photons carry momentum which is trans-
ferred to any atom absorbing that photon. Atoms absorb uni-directional photons
from a laser beam. The subsequent spontaneous emission is a random process, where
photons are emitted with a symmetric distribution. Averaging over many emitted
photons there is no net change of momentum. The intrinsic asymmetry in the ab-
sorption and emission process leads to a radiation force which can be exploited to
slow the atom using a laser beam tuned to resonance, counter-propagating with the

atom. The idea can be adapted to perform cooling by using two counter-propagating

4



2.2. Laser Cooling and the Magneto-Optical Trap 5

laser beams and red-detuning the beams such that the atom is Doppler shifted into
resonance with the laser beam which is moving towards it. It is thus more likely
to absorb a photon from that beam and be slowed. This simple process is known
as Doppler cooling. In contrast, diffusive heating, corresponding to a random walk
in velocity space of the atoms, arises due to the different direction of the absorbed
and spontaneously emitted photons. A balance between cooling and diffusive heat-
ing leads to a ‘Doppler limit’ in temperature, which for one dimensional Doppler
cooling is given by:

AT’

Tmi ~ =
" 2kp

(2.1)

where [ is the natural linewidth of the transition. The idea is easily extended to
three dimensions producing a system known as optical molasses because of the fric-
tional nature of the force. The 1-D case was first proposed in 1975 by Hansch and
Schawlow [17] and by Wineland and Dehmelt [18]. Ten years later, the 3-D case
was demonstrated experimentally by Chu et al. [19].

Doppler cooling theory assumes a two level atom such that the atom is returned
back to the same initial state after one absorption and emission cycle. Alkali metal
atoms approximate a two level system, having only a single electron in the outer shell
of energy levels. The laser is tuned to an excited state where the dominant decay
is back to the ground state and this is referred to as a ‘closed transition’. The level
structure of 3Rb, the element used in this work, is shown in figure 2.1. For rubidium,
Tonin is 141 pK. The cooling transition is 5Sy/2, F = 3 to 5P3)3, F = 4. Occasionally
an off-resonant excitation to 5P/, F' = 3 and subsequent decay to 553, F' = 2 will
remove an atom from the cooling cycle. For this reason an additional laser is needed,
tuned to the 5S;/5, F = 2 to 5Py/3, F = 3 transition. This laser is commonly known

as the repumping laser.

2.2.2 Multi-Level Atoms

Doppler cooling as described above is not the whole story. The multi-level nature
of real atoms and polarisation gradients of the light field add a further degree of
complexity which fortuitously turns out to aid the cooling process [21, 22, 23, 24, 25,
26]. Polarisation gradients lead to wells in the light potential and atoms are cooled
into these potential wells, a process known as ‘orientational’, or ‘polarisation gradient
cooling’. The optical molasses temperature is proportional to the well depth, which
is determined by the light shift, discussed in section 2.4.1:
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F=4

/ 120.7MHz
F=3

// 628MHz P
F=2
F=1

-/ / 29.8MHz

Cooling 780.24nm
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F=3

3.036GHz / 581n
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Figure 2.1: The 55;/; and the 5P/, energy levels of Rb [20] . The cooling and
repumping transitions are marked.

2
ksT % (2.2)

where wp is the Rabi frequency, (wgp = I‘ﬁm and I,,; is the saturation inten-
sity) and A is the detuning from resonance. In practice this means that the best
cooling is achieved by increasing the detuning and lowering the Rabi frequency i.e.
lowering the intensity of the cooling light.

Unfortunately there is a limit and this equation does not apply down to absolute
zero! Polarisation gradient cooling will not work when the de Broglie wavelength of
the atom becomes comparable with the size of the potential wells and thus the semi-
classical description above no longer applies. This corresponds to kT’ ~ h2k?/2m,
where k is the wavevector of the light and m is the mass of the atom. This limit is

known as the recoil limit.

Two sub-recoil cooling mechanisms are known: Raman cooling; and velocity
selective coherent population trapping. Both have been demonstrated in the labo-
ratory [27, 28|, but neither method was implemented in our work, because of the
complexity of the experimental techniques.

2.2.3 The Magneto-Optical Trap

Atoms cooled in optical molasses are not trapped and are free to diffuse out of
the cooling region, defined by the overlap of the laser beams. The magneto-optical
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trap (MOT) was developed by Raab et al. [29] in order to localise the atoms and
therefore obtain a higher density. A MOT can be formed using three pairs of counter-
propagating beams with oto~ polarisations and a magnetic field gradient, where
the zero of the magnetic field coincides with the intersection of the laser beams.
The magnetic field Zeeman shifts the magnetic hyperfine levels. As the atom moves
away from the centre of the MOT it is Zeeman shifted closer to resonance with the

relevant counter- propagating beam and is therefore pushed back towards the centre.

Only atoms moving slower than a critical velocity, v., can be slowed sufficiently
as they pass through the laser beams to remain trapped. A typical value for v, is
40 ms™! (calculated from the parameters used in our experiment). The MOT can
therefore be loaded either from a slow atomic beam or directly from a vapour, where
only atoms in the slow tail of the Boltzmann distribution are trapped. The vapour
cell MOT [30] is particularly attractive because of its simplicity.

Magnetic fields in the MOT degrade the polarisation gradient cooling, but sub-
Doppler temperatures can still be obtained in a MOT. However, the lowest temper-
atures are achieved by turning off the magnetic field, ramping down the intensity

and increasing the detuning for a couple of milliseconds in a final ‘molasses’ phase.

2.2.4 Density and Number Limiting Processes in the MOT

Initially as atoms are loaded into the MOT, both the number and density increase.
The size of the cloud is determined by the temperature of the atoms and thus this
phase is known as the ‘temperature limited regime’. However, the maximum den-
sity is limited by processes involving near-resonant light. Once the density reaches
~ 10" ¢cm™3 it remains constant and adding more atoms simply increases the size of
the cloud. In the ‘density limited regime’ the temperature of the atoms also starts
to increase. The excess temperature goes as N'/3 [31], where N is the number of
trapped atoms. Thus the highest phase space density will be obtained when the

number of atoms is just sufficient to reach the maximum density.

The number of atoms is limited by collisions between ground and excited state
atoms in the presence of near-resonant light which can release sufficient energy to
eject an atom from the MOT during fine structure changing collisions or radiative
redistribution. Collisions between excited state and ground state ultracold atoms
take place on a time scale comparable to the radiative lifetime of the excited state.
Therefore, emission of a photon during the collision can have a large effect. Ra-
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diative redistribution is the process in which a ground state and excited state pair
emit a photon during a collision. As a consequence of the attractive potential of the
ground-excited state bound pair, the emitted photon has significantly less energy
than the photon initially absorbed to create the excited state atom. The energy
difference provides sufficient kinetic energy to eject them from the MOT. In a fine
structure changing collision the excited state atom changes its fine state. Some of
the excess energy, equal to the fine structure splitting, is converted into kinetic en-

ergy of the ground and excited state pair.

The density limit, on the other hand, is determined mainly by a process known
as ‘radiation trapping’. Reabsorption of scattered photons produces a repulsive force
between atoms. This force is balanced by a radiation pressure arising from the op-
tical thickness of the atomic cloud - the outer atoms absorb photons and attenuate
the cooling light. The resulting intensity gradient produces a force which compresses
the cloud. These two opposing effects do not cancel out, since the frequency spec-
trum of the re-emitted light is slightly different to that of the cooling light, with the
re-emitted light containing a component closer to resonance. The resulting repulsive
force sets a limit to the density.

If no effort is made to reduce these effects, the density limit is around 10! ¢cm=3
[32, 33, 34, 35]. Ketterle et al. improved on this limit by almost a factor of ten by
keeping sodium atoms predominantly in the lower hyperfine state (uncoupled to the
cooling light) once captured [36]. This was achieved by lowering the intensity of the
repumping laser in the central region of the MOT, a so-called dark spot. Attempts
to reproduce this phase space density increase for heavier alkali metal atoms have
been less successful [37]. The larger hyperfine splittings mean that off-resonant ex-
citation into the dark state is lower and it is more difficult to accumulate atoms in
the dark hyperfine state by simply lowering the repumping intensity. Alternatively,
a ‘depumping laser’ can be used to pump atoms into the dark state [38].

Overcoming this density limit seems to require the absence of any resonant light
and for this reason atoms are often transferred to an alternative trap e.g. a magnetic
trap or an optical dipole trap. The conservative trap can be simply overlapped with
the MOT and atoms loaded by turning off the MOT. For other applications, e.g.
precision measurements, where a perturbation free environment is more important
than high density, atoms are extracted from the MOT to form an atomic beam.
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2.3 Atomic Beams

Atomic beams have been used in many significant experiments in the past, for ex-
ample Stern and Gerlach’s experiment which showed ‘space quantisation’ of angular
momentum [39] and Rabi’s measurement of the magnetic moment of the atom [40].
A great deal of information on atomic structure has been gathered by numerous
spectroscopic and scattering experiments on atomic beams. Traditionally beams
are produced by effusion from an oven or by supersonic expansion [41], methods
that both give a high flux of atoms. A series of slits and shutters leads to a rea-
sonably monochromatic velocity distribution, but at the expense of atomic flux.
Typical beam velocities of a few hundred metres per second result in short transit
times through the apparatus. In addition, thermal atoms have short de Broglie
wavelengths, making the observation of the wave properties of atoms very difficult.

Work with atomic beams has a new dimension due to the development of laser
cooling techniques. Initially laser cooling was used to slow a beam in one dimension.
For many applications it is now preferred to cool atoms in the magneto-optical trap
and extract them to form cold beams or fountains.

Cold atomic beams with their longer de Broglie wavelengths have accelerated
the development of atom optics which exploits the wave properties of atoms. Many
precision measurements, in particular the atomic clock [3], have also benefited from
cold atomic beams because of longer interaction times and greatly reduced Doppler
shifts. Collisional shifts then become important. These factors combine to simplify
spectroscopic measurements of the internal structure of the atom. Recently, atom
lasers have been realised by extracting a coherent beam of atoms from an atomic
Bose Einstein condensate [10, 11, 12, 13]. It is possible that in the future the ‘atom

laser’ will replace the MOT as a source of cold atoms for precision measurements.

2.3.1 Slow atomic beams : Review of existing techniques

The first slow atomic beams were produced using the radiation force of a counter-
propagating laser beam to slow the atoms in one dimension only. Since the frequency
of the light seen by the atoms is velocity dependent through the Doppler shift, the
atoms move out of resonance with the beam as they are slowed. Therefore, the
frequency of either the laser beam or the atomic transition must be changed accord-
ingly. Two suitable methods are frequency chirping the laser [42, 43, 44] or using
a varying magnetic field in a Zeeman slower [45, 46, 47] to arrange for the Zeeman
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shift to exactly cancel the Doppler shift at any point along the beam. These schemes
produce atomic beams with a velocity of a few tens of metres per second. However,
the beams suffer severely from transverse diffusion effects (the atoms are very hot
in the directions transverse to propagation). The method was extended to three
dimensions using isotropic light in a ‘light tunnel’, to help alleviate this problem
[48].

With the development of the MOT a new source of cold atoms is available and
only an extraction technique is necessary in order to produce a beam. The simplest
extraction technique is to switch off the MOT and allow the atoms to fall. With a

more advanced method a continuous beam can be created.

The ‘atomic funnel’, first realised by Riis et al. [49], is essentially a 2D MOT
with trapping in two dimensions, but cooling in three. The MOT is loaded from a
Zeeman slower. Atoms are extracted along the axis of zero trapping by shifting the
frequency of two counter-propagating beams to cool the atoms in a moving frame
with a drift velocity of a few metres per second, a technique known as ‘moving mo-
lasses’. The funnel produced an integrated flux of sodium atoms of 10° s=! with a
temperature of 200 uK in a beam moving between 1 and 5 ms™*. A similar funnel
was made for rubidium by Swanson et al. [50]. In this case a 45° laser beam geom-
etry was used such that the cold beam did not propagate along the axis of a laser
beam, with obvious advantages for application of the beam downstream. Swanson
et al. achieved a flux of 10'° s™!, with a temperature of 500 uK, and a beam velocity
of 3 - 10 ms™!. The new generation of atomic clocks use similar technology but in
a pulsed fashion.

The above schemes could be considered to be methods of brightening, rather
than generating an atomic beam, since the MOT in each case is loaded from a slow
beam from a Zeeman slower. The first group to demonstrate the generation of a
cold atomic beam from thermal atoms was in Neuchatel (Berthoud et al. [51]). The
Neuchatel experiment was a vapour cell 2D MOT with atoms extracted using a dc
magnetic field rather than moving molasses, which also imposes a drift velocity due
to the Zeeman shift of the m = + 1 magnetic sub-levels. The beam produced had
a flux of 1.3 x 10® 57! (similar to the loading rate of the MOT), a temperature of
200 ;K and a low velocity, between 0.7 and 3 ms™?.

Another scheme known as the LVIS (low velocity intense source), envisaged by
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Lu et al. [52], uses unbalanced light pressure to extract the atoms. A standard
vapour cell 3D MOT was made using three retro-reflected beams. A small hole was
drilled in one of the retro mirrors, generating a beam with a narrow, dark central
region. Atoms moving into this dark region are accelerated along it by the counter-
propagating beam. The atomic beam produced has a flux of 5 x 10° Rb atoms/s

! in pulsed operation. The beam velocity

in continuous operation and 5 x 101° s~
was 14 ms™! with a temperature of 25 mK, three orders of magnitude higher than
that obtainable in a MOT. Dieckmann et al [53] have compared the performance of
an LVIS and a 2D MOT with no trapping along one dimension but Doppler cooling
in all three dimensions. Atoms are extracted from the 2D MOT using unbalanced
light pressure. They found the 2D MOT to be significantly more efficient than
the LVIS. They achieved a beam flux of 9 x 10° s7! at a velocity of 8 ms™! and a
temperature of 37 mK. Williamson et al. have combined the ideas of the LVIS and
the pyramidal atom trap of Lee et al. [54] to produce a pyramidal funnel where
atoms leave in a beam through the apex of the pyramid and enter an UHV vacuum
chamber. This funnel was used to load a magneto-optical trap in the UHV chamber
([55]). A similar pyramidal magneto-optical trap was built by Arlt et al. [56] in
Oxford. Both Dieckmann et al. and Arlt et al. have used the atomic beams for

loading a second magneto-optical trap in an UHV and subsequently obtained BEC.

2.4 Guiding

In all the above schemes the beam expands because of its finite temperature so the
density downstream decreases. This is undesirable for applications such as lithog-
raphy and studies of cold collisions. In addition, in schemes involving transfer from
a MOT to another atom trap, the transfer would ideally take place without loss of
phase space density.

One method to reduce the loss of density is to guide the atomic beam using a
conservative potential, for example, magnetic fields or far-off resonant light. Mag-
netic forces arise from the Zeeman shift of magnetic sub-levels in a magnetic field
and are thus dependent on the internal state. They offer confining potentials of up
to 100 mK and are truly conservative. For strong fields permanent magnets are used

which prevents switching of the potential.

Far-off resonant light, on the other hand, is very flexible. The light can be quickly
switched and the guides are state-independent. The disadvantages include shallow
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confining potentials of up to only a few mK and the presence of spontaneous emis-
sion, meaning that optical guides are not truly conservative. Almost conservative

potentials can be created using very large detunings.

The first atom guide using magnetic fields was made by Friedburg and Paul [57],
using six current carrying bars to create a hexapole magnetic field. For a thermal
beam only atoms entering the guide with an angle of less than 10 mrad from the axis
could be guided. Magnetic guides for laser cooled atoms are very efficient. Examples
include work by Kaenders et al. [58] using rare earth hexapole magnets and Myatt
et al. [59] who used permanent magnets fixed along the sides of a tube to guide
atoms from a vapour cell MOT to a UHV chamber. Schmiedmayer [60] has demon-
strated guiding of atoms orbiting around a current carrying wire. Manipulation of
atoms using magnetic fields is discussed in detail in a review by Hinds and Hughes
[64]. An interesting extension of guiding is the waveguide, where the de Broglie
wavelength of the guided atom is comparable to the transverse dimensions of the
guide, implying single mode coherent propagation. A number of schemes have been
proposed ([61, 62, 63]).

In this thesis we have concentrated on constructing a guide using the optical

dipole force, which is discussed below.

2.4.1 The Optical Dipole Force

There are various ways to understand the origin of the optical dipole force. In a
classical picture the force arises from the interaction between an induced atomic
dipole moment and the electric field. The atom is viewed as a simple oscillator and
the in-phase component of the oscillation gives rise to the conservative potential
and the out-of-phase component corresponds to the dissipative part. In an intensity

gradient the atom experiences a force known as the optical dipole force.

Alternatively, in a quantum mechanical picture, the optical dipole force can be
thought of as a result of the AC stark shift or coupling of the atomic energy levels
in an electric field. Perhaps the most convenient description is in terms of dressed
states.

Dressed states consider the atom and light field jointly. Initially we shall neglect
the atom-light coupling. Consider a two level system with a ground state |g) sepa-
rated from an excited state |e) by an energy of hwy, in a light field with a variable
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number of photons, N, of energy fiwr. There will be a ladder of energy levels, where
each ‘rung’ or manifold contains two states |g, N + 1) and |e, N} (the next rung
down contains [g, N) and |e, N —1)). The two states in each manifold are separated
by KA = K(wp — wp) and the manifolds are separated by fw;. Now, introducing
a coupling between the atom and field, the dressed states |1(N)) and |2(N)) are a

linear combination of the uncoupled energy levels:

|1(N)) =sinf|g, N + 1) + cosf|e, N), (2.3)

|2(N)) = cosf|g, N + 1) + sinf|e, N). (2.4)

where tan 20 = —wg/A and wg is the Rabi frequency. The Rabi frequency charac-
terises the strength of the interaction,

1 /1
= - 2.5
wR T 2Isat) ( )

where I,q; = (whc)/(37)3) is the intensity at which the atom spends one quarter of

its time in the excited state and 7 is the lifetime of the excited state.

The dressed states differ in energy by #i{2r where Q0 is known as the generalised
Rabi frequency:

hQp = hy/w? + A2, (2.6)

Neglecting spontaneous emission, atoms propagate in a single dressed state. The
optical dipole force arises if there is a gradient in the Rabi frequency, caused by a
gradient in the intensity of the electric field (for example across a laser beam). The
dressed states then appear as in figure 2.2. Outside the laser beam the states are
lg, N + 1) and |e, N). Inside the laser beam there is a coupling between the atom
and the light, giving the dressed states. Note that if A > 0 (blue detuning) an atom
in the dressed state |2(/N)) sees a repulsive potential and an atom in |1(N)) sees an
attractive potential and vice versa for A < 0 (red detuning).

Spontaneous emission, however, couples the dressed states giving rise to heating
and fluctuations in the sign of the optical dipole force. The heating is a consequence
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Figure 2.2: Dressed state energy levels as a function of position, across a region
of varying light intensity (e.g. across a laser beam). The arrows show allowed
transitions for spontaneous emission between dressed states.

of the fact that atoms absorb uni-directional photons from the laser beam and emit
the photons in a symmetric distribution. This results in a heating of order FE,..
for every photon emitted. Fluctuations in the optical dipole force occur because
atoms in different dressed states see the opposite sign of the force. The net force
felt by the atom will depend on the proportion of time which the atom spends in
each state. For resonant light the atoms spend an equal amount of time in each
state so that the dipole force averages to zero. For off-resonant light the population
of the dressed states can be calculated from the transition rates between the states.
According to Fermi’s Golden Rule the transition rates between the dressed states
will be proportional to the square of the matrix elements. The relevant matrix

elements between the states are given by:

(1(NV)]e){gl1(N — 1)) = ((e|g))1 = sin b cos b,

(2(N)le)(g2(N — 1)) = ((elg))22 = —sin b cos b,

(L(V)le){gl2(N — 1)) = ({elg))r2 = cos®¥),
(2(N)le)(glL(N - 1)) = ({elg))n = —sin*6. (2.7)

Using equations 2.3, 2.4 and 2.7, we can calculate two important quantities for laser
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beam guides and traps, namely the trap depth and the spontaneous scattering rate.

The trap depth at some point in the light field is given by the light shift:

U= -Z[A ok + A7, (2.8)

In the limit where A > wp the light shift becomes:

hwh

U:—E.

(2.9)

The limit A > wpg is known as the secular approzimation and essentially means
that during spontaneous emission, the photons of the laser field are spectators. The
spontaneous emission occurs on a much shorter timescale than the atom/light cou-

pling so there is no coherence between the dressed states.

The spontaneous scattering rate can be calculated from equations 2.7 where the
transition rates between the states are I'(matrix element)?. In the secular approxi-
mation the atom will spend most of its time in the state |2(/N)) and will most often
fall into the equivalent state one rung down the ladder on emitting a photon. For
A > wpg then:

[2(N)) = |g, N + 1) + ‘2"—21@ N) (2.10)

which leads to a scattering rate for the |2(NV)) to |2(N — 1)) transition of:

2
Wg
=I—=. 2.11

For a more complete description of the dressed state picture see [65].

2.4.2 Guides Using the Optical Dipole Force

The first work using the optical dipole force to manipulate atoms was that of
Bjorkholm in 1978 [66] who demonstrated focusing of an atomic beam co-propagating
with a laser beam red-detuned from resonance. More recently optical guiding exper-
iments have concentrated on guiding atoms inside hollow fibres [67, 68, 70, 71, 72].
Either red-detuned or blue-detuned light can be used to guide the atoms along the
fibre. The red-detuned case was the first to be demonstrated due to its simplicity.
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Renn et al. loaded atoms into a TEMgy mode red-detuned laser beam, which propa-
gates inside the fibre at grazing incidence [67]. The attractive potential prevents the
atoms from being absorbed on the fibre walls. However, this method suffers from
loss due to spontaneous emission. The laser cannot be sufficiently far detuned to
eliminate this effect since the corresponding intensity necessary to guide the atoms
would damage the fibre. In addition grazing incidence propagation is very lossy. In
Renn’s experiment the attenuation length of the laser beam was 6.2 cm, limiting the
possible guiding distance. Alternatively a blue detuned TEy; mode laser beam can
be coupled into the walls of the fibre and the evanescent field in the core provides a
repulsive force preventing absorption of the atoms by the fibre walls [72]. The laser
beam in this case propagates without significant attenuation. Efficient coupling of
the atoms and light to the fibre has proved difficult since fringing modes repel atoms
entering the first few millimetres. An additional red-detuned escort laser solved the
problem by coupling the atoms into the first few millimetres of the fibre after which
the fringing modes have decayed away.

A guide can also be constructed using a free-propagating laser beam. A doughnut-
mode blue-detuned laser or a far-red-detuned laser both provide conservative guiding
potentials. The doughnut-mode beam can be generated using an axicon [73] or us-
ing the LPg mode selectively excited in a micrometer-sized hollow optical fibre by a
gaussian laser beam [74]. Schiffer et al. have guided atoms loaded into a doughnut
mode beam from a Zeeman slower, reducing the waist of the atomic beam from
750 pum to 17 pm [75). The peak intensity was increased by a factor of two but only
10% of the initial atoms were guided.

The simplicity of the red-detuned focused laser beam as a guide makes it a very
attractive option. The downside is that since atoms are guided in the high intensity
region of the beam a very high power and large detuning are necessary in order to

reduce spontaneous emission.

2.5 Summary

In this chapter we have outlined the main concepts of laser cooling and reviewed
some of the existing techniques for manipulating atoms, including the creation of
cold atomic beams and atom guides. The processes that lead to a phase space
density limit in the MOT were discussed.




Chapter 3

Loading a Conservative Trap

3.1 Introduction

A scheme for loading a conservative trap without the limitations of near resonant
light could provide a way to exceed the number limit of the MOT. The shallow depth
of atom traps means that atoms must be precooled before loading. The MOT could
be used as the source of cold atoms to load a conservative trap which is spatially
separated from the MOT. By multiple loading it would be possible to accumulate
more atoms than can be obtained from a single load of the MOT. Ideally the transfer
to the conservative trap should take place without loss of phase space density.

A number of existing BEC experiments already involve transfer between two
atom traps. A double MOT scheme is used to combine efficient collection of atoms
in a vapour cell MOT with long lifetimes in an UHV chamber [76]. After multi-
ple loading of the second MOT the atoms are transferred to a magnetic trap for
further cooling by evaporation. The second MOT is necessary to regain the phase
space density which is lost during the transfer process, despite magnetic guiding.
Improved transfer would remove the need for a second MOT. One technique already
demonstrated involves magnetic focusing [77] of atoms launched vertically from a
MOQOT to load into an ac magnetic trap. However, fringing fields from the magnetic
trap complicate the focusing process. An optical guiding potential is simpler and
a good alternative. The most appropriate choice of geometry is the fountain since
atoms are nearly at rest at the apex, facilitating loading of a conservative trap.
The experimental realisation of an optically guided fountain is discussed below in
section 6.3.

The remainder of the chapter discusses techniques for loading conservative traps,
including optical pumping, time dependent potentials and buffer gas loading. All

17
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three methods could be used to improve on the number limit of the MOT.

3.2 The Optically Guided Atomic Fountain

In the previous chapter we discussed techniques for creating cold atomic beams and
introduced the optical dipole force for guiding atoms. We now look at the specific
case of the combination of an atom beam projected vertically and an optical guiding
potential to give an optically guided atomic fountain. In any geometry, a continuous
beam can provide a high flux of atoms. In a continuously operating guided atomic
fountain one could expect to form a column of cold atoms, confined within the
guiding beam. The Monte Carlo simulations presented in the following section show
that the fountain geometry leads to a density enhancement at the apex.

3.2.1 Density of a Column of Guided Atoms

As previously mentioned, the main motivation for using a guiding potential is to
prevent the ballistic expansion of an atom cloud that occurs due to finite tempera-
ture. Consider a continuous beam of cold atoms. If they are unguided the density
decreases as 1/t2, where t is the time of flight, since the cloud can spread out in two
dimensions. There is no density decrease along the direction of propagation because
the beam is continuous. Adding a 2D tubular guiding potential, with parallel walls,

the beam is confined and the density remains constant.

Now consider projecting the beam of atoms vertically, rather than horizontally.
Typical trajectories of guided and unguided atoms are shown in figure 3.1, illustrat-
ing how the guiding beam confines the atoms.

In this case there is a density enhancement at the point where the atoms turn
around under gravity. Such an enhancement could be useful for studying atomic
collisions or for loading an atom trap using collisions. It is easy to see how the
increase in density arises by simply plotting the parabolic trajectory of the atom’s
flight. The height, s and the inverse velocity, dt/ds, are plotted as a function of
time in figures 3.2a and b, respectively. -

Obviously at the top of the trajectory the atom is moving more slowly and
hence spends more time. Since p o< dt/ds, if we project a continuous beam of atoms
vertically with a velocity v and assume a zero velocity spread, the density in the
fountain is given by: '
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Figure 3.1: Showing typical trajectories of atoms on leaving the optical funnel region.
Some are loaded into the optical dipole guide beam and guided in a near vertical
trajectory. The others follow parabolic trajectories.
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Figure 3.2: a) Height, s, as a function of time, ¢, for an atom projected vertically with

an initial velocity v = 1.18 ms™! and subsequently bouncing on a hard potential. b)
dt/ds.
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where s is the height in the fountain and g is the acceleration due to gravity.

p X (3.1)

Assuming a zero velocity spread is unphysical. Figure 3.3 shows the results of

a simulation where the atoms loaded into the guiding beam have a temperature of
20 pK.

In our case the guiding potential is not a tube with parallel walls, but a focused
gaussian laser beam, with the intensity distribution:

1=y ee | P (3.2
and
w?(z) = wh (1 + %) : (3.3)

where wg is the beam waist at the focus and zp, is the Rayleigh range (zp = mw2/A).
We performed a Monte Carlo simulation to calculate the density of atoms in an
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Figure 3.3: Density on axis of an atomic fountain, guided in a potential with hard
parallel walls. The temperature of the atomic distribution loaded into the guide is
20 pK.

atomic fountain guided by a focused laser beam. Atoms were chosen at random from
a distribution having a gaussian velocity spread of 14 kk/m in all three dimensions
and a gaussian position distribution with a diameter of 1 mm in each of the two
horizontal directions. The atom is selected if it is trapped in the guiding beam.
The atom is then projected vertically with a velocity of 1.18 ms™} starting from a
height of —7 cm relative to the position of the focus of the guide. The trajectory is

calculated according to:

m¥x = —VU, (3.4)

where U includes the guiding potential and the gravitational potential. The position
of the atom is recorded after a random time ¢, uniformly distributed between zero
and T', where T is the time taken for the atom to travel to the apex of the foun-
tain and return to the initial height again. From the final position distribution the
distribution of atoms in a continuously operating fountain is deduced. The photon
scattering rate in the guide is very low (about 1 s7!), so the effects of spontaneous
emission are neglected. Collisions between an atom and another trapped atom or
with a background gas are also neglected.

Figure 3.4 shows the results of a simulation for a laser beam of power 10 W,
detuning 300 nm and focused to 100 pm.
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Figure 3.4: Result of a simulation showing the density as a function of height, along
the axis of an optically guided atomic fountain. The atoms are launched with a
vertical velocity of 1.18 ms™! and have a temperature of 36 uK. The guide laser
(power 10 W, detuning 300 nm) is focused to a 100 pm waist at the apex z =
0.07 m. The bin size in the transverse direction was 10 pm.
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Figure 3.5: Density on axis of a guided atomic fountain with the addition of a
crossed dipole beam, focused to 20 gm and aligned horizontally at the apex of the
fountain. The bin size in the transverse direction is 10 pm.
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Figure 3.6: Positions of atoms at a random time in an optically guided atomic
fountain with a cross-dipole beam at the apex. The guide beam is focused to 100 gm
at z = 0 and the crossed-dipole beam is focused to 20 um at x = 0.

There are two effects of the focused beam guiding potential. The first is that as
the atoms approach the focus they fall into a potential well. The second is that the
focus more tightly confines the atoms in the horizontal directions. This changes the
shape of the density distribution. The density at the apex of the fountain is a factor
of 45 higher than the initial density. The exact shape of the curve depends on the
temperature of the initial distribution.

Finally, a simulation was performed to calculate the density in a guided atomic
fountain with an additional red-detuned far-off resonant beam focused to a 20 pm
waist and aligned horizontally at the apex of the fountain to form a cross-dipole
trap. Figure 3.5 shows the density on axis of the fountain. There is a large density
enhancement in the region where the dipole beams cross. Atoms are not actually
trapped in this region, since there is no dissipative mechanism, but tend to be
compressed into the point where the beams cross, giving rise to the density build
up. Such a density enhancement could be useful for collisional loading of an atom
trap. The cross dipole beam also couples some of the atoms out along the horizontal
direction and these are lost. This loss is visible in figure 3.6, which shows the position
distribution at the end of a simulation.
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3.2.2 Liouville’s Theorem

The well known Liouville’s theorem of classical mechanics states that:

‘In any isolated system a group of representative points occupying a small hyper-
volume in phase space will continue to occupy a constant hypervolume as it moves
through phase space’ [78]

In an equilibrium system the density of points in any small hypervolume in phase
space must stay constant. This implies that there must be no gradient of phase space
density, pys, along any trajectory. Otherwise p at any given point along the trajec-
tory would change with time. Therefore, ‘for an isolated system in equilibrium the

phase space density is constant for all mutually accessible localities’.

The guided atomic fountain is a quasi-equilibrium distribution since atoms enter
and exit the fountain at the same rate and with the same velocity distribution.
However, the same atomic distribution could be obtained by replacing the input
with a hard wall potential and allowing the atoms to bounce. Therefore, whilst
there is a density enhancement at the apex of the fountain, Liouville’s theorem
suggests that the phase space density is constant so the temperature of the atoms
has also increased. This was confirmed by comparison of the velocity distribution

of the atoms at different points in the fountain.!

3.2.3 Summary

A focused red-detuned laser beam can be used to guide laser cooled atoms over a
distance of a few centimetres. By using a high power, far-detuned beam the heating
due to spontaneous scattering (oc I/A?, where I is intensity and A is detuning from

resonance), can be reduced whilst maintaining sufficient trap depth (o< I/A).

In continuous operation, in a fountain geometry, there is a density enhancement
at the apex where the atoms are nearly at rest. This can be increased with the
addition of a crossed-dipole beam and has potential application in collisional loading

of an atom trap.

A falling cloud of atoms, in contrast, is not an equilibrium distribution. Consequently the
phase space density is conserved locally but not globally.
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3.3 Loading Conservative Traps

The optically guided fountain is a good solution to the problem of delivering cold
atoms to a conservative trap at a phase space density similar to that obtained in
a MOT. Below we shall discuss three techniques for loading the trap: (i) optical
pumping; (ii) time-dependent potentials; and (iii) buffer gas loading.

3.3.1 Optical Pumping

Magnetic traps can be loaded by optical pumping from an untrapped state to a
trapped state. Obviously resonant photons can disturb trapped atoms. This can be
avoided by pumping to a dark state. One such scheme is used in Cornell’s scheme
for multiply loading strong-field seekers into an ac magnetic trap [77]. Caesium
atoms are launched towards the trap in F' = 4, mp = 4, a weak-field seeking state,
which is repelled by the trap. As they come to rest they are optically pumped using
light tuned to F = 4 — F' = 4, linearly polarised along the magnetic field, with
the corresponding selection rule Am = 0. Atoms are transferred to F' = 4, m'F =4
and can then decay to the F' = 3, mr = 3 ground state. The optical pumping
removes energy from the atoms and also transfers them to a trapped state, which
is transparent to the optical pumping light. A similar scheme could be used to
transfer atoms into a conventional magnetic trap for weak-field seeking atoms. An
appropriate scheme for #Rb would involve transfer to the trap in F = 3, mp = —3,
which is pumped to F' = 3, m = —3 using light linearly polarised along the mag-
netic field. The atoms could then decay to F' =2, mr = —2, a low-field seeking state.

Optical pumping could be an excellent method for accumulating atoms in a
magnetic trap and increasing the phase space density. Williams et al. have presented
calculations suggesting that it should be possible to obtain steady state BEC by this
method [79]. However, the presence of the few resonant photons scattered by atoms
added to the trap would probably destroy the condensate. Steady state BEC may

require a loading technique that does not involve any near-resonant light.

3.3.2 Time-Dependent Potential

Most conservative traps are loaded by overlapping the trap with the MOT and then
switching the MOT off. This is essentially a time-dependent scheme, where atoms
are initially nearly at rest and the trapping potential is introduced around them. A
similar scheme could be used at the apex of the guided fountain where the atoms
are nearly at rest.
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Figure 3.7: Schematic for loading into a magnetic trap using a time dependent
potential. Atoms are delivered to the trapping region in a magnetically insensitive
state and are coupled into the trap using an rf transition to a trapped state.

A great number of trapping geometries using far-detuned light or magnetic fields
can be envisaged. Figure 3.7 illustrates just one possible geometry for a trap with
a time-dependent input. In the case illustrated, the trap is a magnetic trap and
the input is a pulse of rf radiation which couples atoms from an untrapped to a
trapped state. The frequency of the transition is position dependent so the atoms
can be coupled into the side of the trap. Atoms can therefore only leave the trap at
this position. Atoms coupled in fall into the potential and oscillate in the trap. By
switching the input, multiple bunches could be loaded. Obviously, in order to see
any accumulation the number added to the trap on each load must be greater than
the loss in between loads (trap loss) and the loss occuring when the trap is opened
to allow a new bunch of atoms to enter (trap leakage).

If the trap leakage can be neglected and the lifetime for each load of atoms is
the lifetime of the trap (limited, for example, by collisions with a background gas),
the steady state number of atoms is equal to the product of the lifetime and loading
rate. A typical loading rate curve might look like the solid line of figure 3.8 (10'°
atoms added every second to a trap with a lifetime of 10 seconds). Traps with
lifetimes greater than 200 s have been demonstrated using magnetic fields or very
far-detuned, high power light, in UHV [80]. With a loading rate of 101° s~! one
could expect to accumulate more than 10'? atoms, two orders of magnitude higher
than has been obtained in a MOT.

However, as the density in the trap builds up the trap leakage increases. The
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Figure 3.8: Theoretical loading curves for multiple loading of a trap with a time-
dependent input. For both curves 10'° atoms are added every second and the lifetime
of the trap is 10 seconds. For the solid curve, trap leakage on adding each new bunch
of atoms has been neglected. For the dotted line there is a loss of 10% of the trapped
atoms each time the trap is opened to allow a new load in.

steady state occurs when the density of trapped atoms at the input is equal to the
density of the incoming atoms. In this case the maximum number in the trap is
limited by the trapping volume and the filling curve resembles the dashed line in
figure 3.8. An experimental realisation of loading in a time dependent conservative

potential is described in section 7.4.

3.3.3 Buffer Gas Loading

A group at Harvard have demonstrated magnetic trapping of atoms and molecules
without using any near-resonant light [81, 82, 83, 84]. The method relies on ther-
malising a paramagnetic species by collisions with a cold buffer gas, for example
%He or *He. The paramagnetic species can be cooled from room temperature to a
few hundred milliKelvin, cold enough to load a trap. To date, buffer gas loading
and magnetic trapping of atomic europium [82], atomic chromium [83] and calcium
monohydride [84] has been demonstrated. Since no near-resonant light is used, the
number and density limits of the MOT do not apply. In fact, 10'? europium atoms
were trapped (two orders of magnitude higher than has been obtained in a MOT),
at a peak density of 5 x10'? ¢cm3 and a temperature of 800 mK. The method re-
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Figure 3.9: Schematic for buffer gas loading into a magnetic trap. Atoms are de-
livered to the trap in an untrapped state. A proportion are coupled into the trap.
Collisions with untrapped atoms, which are continually replaced, thermalises the
trapped distribution.

quires a very large number of buffer gas atoms. Further cooling by evaporation from
the magnetic trap could be used to increase the phase space density of the trapped
sample [85).

A very attractive feature of the buffer gas loading scheme is its general applica-
bility - any paramagnetic species can be trapped. However, adapting the scheme to
temperatures characteristic of laser cooled atoms would lead to a high initial phase
space density [86]. The optically guided fountain in combination with a magnetic
trap could be used for this purpose.

A schematic is depicted in figure 3.9. Cold atoms are delivered to the trapping
region in an untrapped state. A proportion are coupled into the trap using an rf
transition. The radiation is then switched off so that there is essentially no evap-
oration from the trap. Instead, excess energy is removed by collisions with cold,
untrapped atoms. One possible method of providing the buffer gas is to use atoms
of the same species in an untrapped state that are continually delivered to the trap-
ping region, can collide with the trapped atoms, but then leave the region, carrying
away the excess kinetic energy. An alternative is to use a MOT of a different species.
The trapped atoms would be transparent to the cooling light.
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In this scheme the ratio of buffer gas atoms to trapped atoms is much smaller
than in the helium scheme. We present simulations of the ratio of buffer gas to
trapped atoms that is necessary to efficiently remove energy.

Simulations

We have performed simple Monte Carlo simulations to model the loading process.
Simulations of collisional processes in a harmonic trap leading to evaporation are
discussed in [87]. Here, we aim solely to gain insight into the necessary conditions
for buffer gas loading.

In the simulations, the trap is represented by a box potential, of depth &. A
distribution of atoms are initially trapped, with temperature T' and a uniform po-
sition distribution. The simulation proceeds in time steps dt where dt < 7;, the
initial mean collision time. Typically dt is 0.01 7. At each time step, atoms which
may collide are selected randomly from the distribution. An acceptance/rejection
method [88] is used to determine whether a collision does occur. The probability
of a collision, p(coll) is equal to dt/Tstom, Where 740, is the mean collision time,
weighted by the relative velocity of the two atoms selected. The rejection method
involves selecting a random number I,4, from a Poisson distribution with a mean
given by dt/7aom and comparing the random number to p(coll). If p(coll) > I 4
then a collision occurs. The collision is calculated in the centre of mass frame of the
two particles and after transforming back to the laboratory frame, the velocities of
the particles are updated. If 7 is a function of time, a new mean collision rate is
calculated from the new velocity and number of trapped atoms after each time step.

First consider the rate of thermalisation in a homogeneous trap. Consider a dis-
tribution, where the initial mean square velocity along the z and y axes is v2 and the
initial along the z axis is 2v? (figure 3.10) or 3v? (figure 3.11) in an infinitely deep
trap (i.e. no evaporation). The time constants for thermalisation are both 0.9 7;.

The buffer gas is modelled by a distribution of atoms that have equal probability
of colliding with the trapped atoms, but whose velocity is not changed in a colli-
sion, since the colliding buffer gas atoms are replaced by new ‘cold’ atoms. Let the
number atoms already in the trap be V;, the number of atoms added in be N, and
the number of buffer gas atoms be N, '

Figure 3.12 shows the evolution of the mean energy of trapped atoms after adding
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Figure 3.10: Rate of thermalisation of a gas in a homogeneous potential, where the
initial mean square velocity along the z and y axes is v2 and along the z axis is 2v?.
The upper curve shows the evolution of the mean square velocity along the z axis
and the lower curve shows the evolution of the mean square velocity along the z
axis. The curves have been fitted with exponentials (dashed lines).
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Figure 3.11: Rate of thermalisation of a gas in a homogeneous potential, where
initially the mean square velocity along the £ and y axes is v? and along the z axis
is 3v2. The upper curve shows the evolution of the mean square velocity along the z
axis and the lower curve shows the evolution of the mean square velocity along the
z axis. The curves have been fitted with exponentials (dashed lines).
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Figure 3.12: Mean energy per particle as a function of time for a distribution of
trapped atoms, after adding some hot atoms, in the presence of a buffer gas. The
ratio of N; : N, is 5 : 1. The ratio N : N, is: solid 5 : 1, dashed 1 : 1, dot-dashed
1: 2, dotted 1 : 20.

some hotter atoms, for different ratios N, : N,. The ratio N; : N, is 5 : 1. The
atoms are coupled in at a trap depth of 10 k7. The temperature of the buffer gas
and of the initial trapped distribution is kT'. For a ratio of Ny : N, of 5 : 1 the atoms
thermalise after less than 2 collisions; for a ratio of 1 : 1, approximately 10 collision
times are required; for a ratio of 1 : 2, more than 20 collision times are needed.
The thermalisation for different ratios of N; : N,, for constant N, : N, is shown in
figure 3.13. Figure 3.14 shows the rate of thermalisation for different energies of the
atoms added in, for constant ratio of N; : Ny : N, of 5: 1 : 1. Complete thermali-
sation occurs after approximately 15 7; regardless of the energy of the atoms added
in.

We should note here that in a homogeneous potential the collision rate increases
with temperature since the density remains constant. The opposite is true for a
parabolic trap.

Summary

To relate these results to a real situation, consider a magnetic trap containing 4 x
10° atoms at a density of 2 x 10° cm~2 and a temperature of 90 uK (these are
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Figure 3.13: Mean energy per particle as a function of time for different ratios of
N, : Ny : N,. Solid line: N;: Ny : N, =50 :1: 5, dashed: 50 : 2 : 10, dotdashed:
50 : 4 : 20, dotted: 50 : 10 : 50, thick solid: 50 : 20 : 100
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Figure 3.14: Mean energy per particle as a function of time for a constant ratio
N;: Ny : N, of5:1: 1 for different energies of the added particles. The temperature
of the buffer gas and of the initial trapped distribution is T'. For the solid line Tg4q
=95 T, dashed Tadd =10 T, dotdashed Tadd =20 T, dotted Tadd =30T.
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the parameters for the starting conditions for the magnetic trap in the first BEC
experiment [8]). This corresponds to an initial mean collision rate of 3 s~!. For a
ratio of Ny : N, : Ny of 5:1: 1, 8 x 10° atoms must be coupled in and there must be
a background of 8 x 10° buffer gas atoms that are continually replaced on a timescale
much shorter than the timescale for thermalisation. Approximately 15 initial mean
collision times or 5 seconds is needed for complete thermalisation. These conditions
might be met at the apex of a guided fountain with a flux of 10® s~!, operating
continuously, or quasi-continuously. Atoms will spend of order 10 ms in the region
of the magnetic trap at the apex of the fountain and the number of atoms in the
fountain overlapping with the trap at any one time is ~ 10%. For a magnetic trap
with a lifetime of 200 seconds, this is a reasonable method for accumulating atoms
and increasing the phase space density. Obviously, as the number of trapped atoms
increases, the ratio N; : N, will increase and the thermalisation process will slow

down.

3.4 Conclusion

A continuously operating optically guided fountain can be used to transfer laser-
cooled atoms from a MOT to a conservative trap, conserving phase space density.
The conservative trap can then be loaded directly, without the need for a second
magneto-optical trap. Multiple loading can be used to accumulate a large number
of atoms, which would be useful for improving signal to noise ratios in precision

measurements or for creating larger Bose-Einstein condensates.

Conservative traps include magnetic traps and far-off resonant light traps. We
have described three methods for loading magnetic traps - optical pumping from
an untrapped to a trapped state, loading using a time-dependent potential and
buffer gas loading, where the buffer gas is provided by atoms in an untrapped state
delivered by the optical fountain. Trapping a large number of atoms in an optical
dipole trap would be advantageous for spectroscopic and collisional studies. In
addition, the accumulation of a large number of atoms in an optical dipole trap
would be a first step towards an all optical route to BEC [89]. Of the loading
methods discussed, the time-dependent potential is most suitable for loading an
optical dipole trap. This is investigated experimentally in chapter 7.




Chapter 4

Experimental Setup

The foundation of nearly all experiments on cold atoms is a magneto-optical trap
(MOT). This chapter describes the components of the MOT, including the lasers,
the vacuum system, the magnetic trapping potential and the computer controlled

timing and data acquisition system.

The main aims of the experiment - demonstrating a continuous beam of cold
atoms guided over a short distance and the loading of a second atom trap at the

apex of the fountain - influenced certain aspects of the design.

Firstly the quartz cell was chosen to have two regions, one of which would act as
a vapour cell to give fast loading of a MOT, whilst the other could be differentially
pumped giving a lower pressure and longer lifetimes for a second atom trap. In
addition the cell has good optical axis, allowing for the possibility of large diameter

cooling beams and study of an atomic beam anywhere along its path.

The magnetic field coils were designed to give an anisotropic trapping potential,
giving weaker confinement along the vertical direction. The resulting magneto-
optical trap is elongated and therefore well mode-matched for loading into a tubular

guide, such as a laser beam.

4.1 The Vacuum System

The vacuum system is shown in figure 4.2. The cell is made from 6 mm thick amor-
phic quartz plates which have been polished to a flatness of order 100 nm. It consists
of two regions connected by a hole of 1 mm diameter, the lower chamber measuring
16 cm x 9 cm x 9 cm and the upper chamber 3 cm x 3 cm x 10 cm. The large cells
give nearly unlimited optical axis, but are not anti-reflection coated. Both ends are

34
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Figure 4.2: The vacuum system

mounted via bellows to avoid stressing the cells.

The pressure in the smaller of the two vapour cells was 3 x 1071° Torr as mea-
sured on an ion gauge (AIG 17). Initially, the system was pumped using a turbo
pump and baked at 200°C for two weeks giving a pressure of 3 x 10~7 Torr, which
decreased to a pressure of 3 x 107!° Torr when the system was cooled back down to
20°C. After switching off the turbo pump, an ion pump near the top of the system
was turned on to give a pumping rate of 25 1/s. The lower ion pump in the figure
has not been connected. Ion pumps can be damaged by alkali metal atoms and
therefore graphite tubes were inserted into the vacuum chamber directly in front of

the lower ion pump to absorb rubidium atoms.
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Figure 4.5: Vapour pressure of rubidium as a function of temperature.

The Rb pressure in the lower chamber can be varied by temperature control-
ling the glass finger containing Rb. The vapour pressure is expected to vary with
temperature as below [91]:

log(p/Torr) = A — T/LK +C(T/K) + Dlog(T/K), (4.1)
where A = —94.04826, B = 1961.258, C = —0.03771687, D = 42.57526 and T is
the absolute temperature of the Rb reservoir. The vapour pressure is plotted in
figure 4.5. The pressure increases by approximately an order of magnitude for a
temperature increase of 20°C. Since there is no direct line of sight from the rubid-
ium reservoir to the vapour cell it is necessary to heat both the reservoir and the
vacuum chamber en route to the vapour cell in order to achieve high vapour pres-

sures (e.g. 107 Torr).

4.2 The Lasers

4.2.1 Extended Cavity Diode Lasers

Semiconductor diode lasers have become very popular in atomic physics in recent
years [92, 93, 94, 95, 96] because they are relatively cheap, compact and convenient
to run. A free-running diode laser has a linewidth of several MHz and can be tuned
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by varying either the current (3 GHz/mA) or the temperature (30 GHz/K). Neither
of these methods give continuous tuning because of mode hops of the laser cav-
ity. A well established technique for both narrowing the linewidth (from 1 MHz to
100 kHz) and for tuning the laser, is to build an external cavity by feeding back the
first order diffracted beam from a grating (the Littrow configuration). The zeroth
order light is used as the output, see figure 4.6.

The wavelength of the feedback light is given by the grating equation:

nA = 2dsin 0, (4.2)

where d is the grating spacing. Since the wavelength of the laser is determined by
the wavelength of the feedback light, the extended cavity diode laser (ECDL) can
be tuned by rotating the grating with respect to the laser. The range over which

the laser can be tuned is limited by the additional standing wave criterion :

m% =L (4.3)

i.e. only an integer number of half wavelengths is allowed in a cavity of length L.
By careful choice of the pivot point about which the diffraction grating is rotated, L
and 8 can be changed to fulfil equation 4.2 and 4.3 over a range of several hundred
GigaHertz. For a full discussion of this consideration see [97]. However, if a tuning
range of only a few GHz is required, as in this work, the position of the pivot point
is not critical.

Good alignment of the feedback light into the laser cavity is vital. The threshold
current is minimised for good alignment and this proved to be a good diagnostic for

aligning the feedback.

The ECDL system built for this experiment used a SDL GaAlAs, 50 mW diode
laser, with a wavelength specification of 781 nm at 25°C. The output beam is colli-
mated using an aspheric lens with focal length of 4.4 mm. A diffraction grating is
mounted on a standard Thorlabs mirror mount such that its angle relative to the
laser can be changed. A piezo placed at one corner of the mirror mount enable the
laser to be scanned over a few GigaHertz by applying a voltage. The external cavity
has a length of 1.5 cm and the holographic grating has 1800 lines per mm. Two
levels of temperature stabilisation are employed; one for the laser itself and the other
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Figure 4.6: A diagram of the Littrow configuration for an extended cavity diode
laser (ECDL). The first order light from a diffraction grating is reflected back into
the laser diode. The zeroth order is the ouput of the ECDL. The grating can be
rotated about a pivot point P, by use of a piezo electric element.

for the external cavity to prevent change of the cavity length. This eliminates large
drifts in the frequency so that the laser can be locked by feedback to the current
only. The laser is isolated from vibrations transmitted through the optical table by
a foam base, approximately 15 mm thick. Air currents are also excluded using a
perspex box. A diagram of the laser system is shown in figure 4.7.

4.2.2 Saturated Absorption Spectroscopy

The laser was used to perform spectroscopy on Rb vapour (containing both #*Rb
and 3" Rb isotopes) in a cell (figure 4.8). A pump beam was aligned through the
cell to saturate the 5S;/5 to 5Py/ transitions in the Rb vapour. The pump beam
has a power of ~ 0.8 mW and is expanded to a beam of diameter 8 mm to give an
intensity of 16 Wm™2 (c.f. I,y is 16.3 Wm™2). The absorption spectrum is Doppler-
broadened because thermal atoms moving with a velocity v see the laser frequency
shifted by kv, where k is the wavevector of the light. The beam was then attenuated
and retro-reflected. Atoms that have non-zero velocity see the counter-propagating
beams with different detunings and if the beams are not too intense, the absorption
of one beam will not affect the absorption of the other. However, for atoms with
v = 0, there is no Doppler shift so the presence of one beam reduces the absorption
of the other. Figure 4.9 shows a typical saturated absorption spectrum obtained by
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Figure 4.8: Saturated absorption spectroscopy in a rubidium vapour cell. The pump
beam passes through the cell and a quarter wave plate and is retro-reflected with an
orthogonal polarisation. The orthogonally polarised probe beam is separated from
the pump using a beam splitting cube and absorption in the cell is detected on a

photodiode.




4.2. The Lasers 43

scanning the laser through 7 GHz. The broad dips in the transmission show the
Doppler-broadened transitions. Superimposed on this is the Doppler-free spectrum,
showing the hyperfine structure. Figures 2.1 and 4.10 show the corresponding
energy levels of 3Rb and 8"Rb.

4.2.3 Locking the lasers

For a laser cooling experiment the laser frequency needs to be stabilised to better
than the linewidth of the cooling transition i.e. better than a few MHz [93]. The
lasers are locked to the appropriate hyperfine line of the Doppler-free saturated ab-
sorption signal using a dither lock.

For dither locking [98] the transmission through the Rb cell close to a frequency

wp is given by:

14%T

T(w) = T(w()) + d—T(w — w()) + Ew(w - w0)2 + - (44)

dw

Thus if the laser frequency is modulated such that w — wy = dsin(wy,t) (in our case
the laser current was modulated at 32.5 kHz), the error signal is proportional to the
first derivative of the transmission. Phase sensitive detection is used to extract the
component oscillating at wy,, isolating the signal from the noise. The error signal
was generated by a EGG Brookdeal 9503-SC lock-in amplifier.

To lock the laser the integral of the error signal is fed back to the laser current.
The integration is performed by a simple electronic circuit. Feedback to the laser
current provides a fast response, but with a limited range. In many similar set-ups
feedback is also sent to the piezo-electric element which controls the angle of the
diffraction grating, to compensate for long term drifts of frequency. This was found

to be unnecessary in our case because of the two levels of temperature stabilisation.

The Doppler-free absorption signal and the corresponding error signal for the
5512, FF = 3 to the 5Py F = F' of Rb are shown in figures 4.11 and 4.12.
In addition to the peaks for the F — F' transitions there are also extra peaks
known as crossovers. These occur when the pump beam saturates, for example, the
F =3 — F' = 3 transition for a particular velocity class and therefore the probe
beam cannot drive the F = 3 — F' = 4 transition for that velocity class. The
crossover peaks lie half way in frequency between the two transitions. Figures 4.13
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Figure 4.9: The Doppler broadened saturated absorption signal from a Rb vapour
cell showing the 58/, (two hyperfine levels) to 5P3/, transitions for both ¥Rb and
87Rb. The hyperfine structure of the 5P3/3 level can be seen in the Doppler-free
reduced absorption features. For this data the ECDL was scanned without mode
hops over more than 7 GHz.
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Figure 4.10: The 5S;/; and the 5P/, energy levels of 8"Rb [20]. The cooling and
repumping transitions are marked.




4.2. The Lasers 45

= n o
© n = ()
T T -

Photodiode signal /Volts

-
o
Y

—y
~
T

-
-]

Frequency /arbitrary units

Figure 4.11: A Doppler-free saturated absorption spectrum of the ®Rb F =3 — F'
transitions. The large peaks between the F' = 4 and the F' = 3 transitions are the
crossovers between the F' = 4, F' = 3 and the F' = 4, F' = 2 transitions from left
to right, respectively.
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Figure 4.12: The error signal for locking the cooling laser, corresponding to the
spectrum shown in figure 4.11.
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Figure 4.13: Saturated absorption spectrum for the Rb F' = 2 — F' transition.

The repumping transition is F''= 2 — F =3.
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Figure 4.14: Error signal for the repumping lock, corresponding to: the spectrum

shown in figure 4.13.
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and 4.14 show similar signals for the 551/, F' = 2 to the 5P;/2, F = F' transition.
The lasers can be locked to any zero-crossing of the error signal.

4.2.4 Repumping Laser

The extended cavity laser described above provided the repumping light for the
MOT. The laser was locked to the 5S,/5, F = 2 to the 5P3/3, F' = 3 transition and
was stable to better than 1 MHz.

4.2.5 Cooling laser

The cooling laser was a commercial SDL TC40, 0.5W MOPA (master-oscillator
power-amplifier) laser [99]. This laser relies on the injection-seeding of a tapered
semiconductor laser/amplifier by a standard grating-tuned extended-cavity laser.
This produces high output powers whilst retaining the advantages of a grating feed-
back diode laser such as a narrow linewidth, single spatial mode and a tunable
frequency. The TC40 was locked to the 553, F' = 3 to the 5P3/;, F = 4 transi-
tion using the error signal shown in figure 4.12, stabilising the laser to better than
1.5 MHz. The experimental set-up is shown in figure 4.15.

To optimise temperatures in magneto-optical traps it is necessary to have con-
trol of the frequency and the intensity of the light. This can be achieved using
acousto-optic modulators (AOM). The first order light from the AOM is shifted by
the frequency of a RF signal applied to the AOM. Our AOMs operate in the range of
60-110 MHz. They can also be used to control the intensity of the light by altering
the amplitude of the RF signal which affects the efficiency of the diffraction into the
first order.

An AOM is used in double pass configuration in order to provide a tunable offset
for the lock. The double pass configuration has the advantage that the frequency
can be changed without affecting the alignment of the experiment. The laser is thus
locked around 200 MHz to the blue of the resonance. This shift is compensated for
the cooling beams by using another AOM in double pass on the main beam, shifting
the laser frequency to the red by around 170 MHz. Using this set-up the detuning of
the cooling beams can be changed from 0 MHz to —55 MHz (i.e. red-detuned). The
laser remained in lock if the detuning was ramped from —15 MHz to —55 MHz in
1 ms in steps of 4 MHz, during the molasses phase (see later). In addition the AOM
in the cooling beam path could be used for fast switching of the cooling beams. No

mechanical shutters were used.
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4.3 The Magnetic Field Coils

Two rectangular coils in an anti-Helmholtz configuration provide the magnetic field
gradient for the MOT. The coils have dimensions of 17 cm and 9 cm, have 9 turns
each and are separated by a distance of 9.5 cm. For a typical current of 60 A (sup-
plied by a Hewlett Packard, 6671 A dc power supply) through the coils the magnetic
field gradient along the axis of the coils at the midpoint is of order 6 G/cm and the
gradient in the vertical direction is approximately 1.5 G/cm. Thus the confinement
of the atoms in the MOT is approximately 4 times weaker in the vertical direction,
leading to an elongated MOT. The coils were made of 3 mm diameter copper with a
1 mm diameter hole in the centre for water cooling. The cooling water was provided
by a chiller system, at a temperature of 1.5 °C. With water cooling a maximum
current of 165 A could be sustained continuocusly.

The coils were mounted to allow translational adjustment in both horizontal di-

rections, but not in the vertical direction.

The decay time of the field on switching the current was 20 ms. For initial exper-
iments the field was allowed to decay for this time before initiating the sub-Doppler
cooling phase. Later, a MOSFET switching method was implemented and the field
could be switched in 100 us. The timescale of the switching was then limited by the
decay of eddy currents in the coils.

Stray magnetic fields, due mainly to the earth’s magnetic field are compensated
by three orthogonal sets of coils in Helmholtz configuration. The ion pumps, situated
to the top left and bottom right of the vapour cell produced a field gradient of
order 0.1 G/cm in the region of the MOT. This gradient was not compensated but
was found to be tolerable. In a poorly compensated field atoms experience a drift
velocity in the optical molasses phase. The final values of the compensation fields

were optimised to give the lowest temperature.
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4.4 Timing and Data Acquisition

Timing for the experiment was controlled from a Pentium 150 MHz computer. The

details are given in appendix A and only a brief overview will be given here.

The graphical interface is provided by Matlab. Pushbuttons toggle between
the various modes (pulsed, continuous, temperature measurement etc.). Various
parameters can be changed interactively. For each mode there is a matlab .m file

which writes appropriate values for the intensity, detuning etc. to a waveform buffer.

Matlab communicates with NIDAQ (National Instruments Data Acquisition)
cards via MEX-files which are c files for Matlab. A timing card, PC-TIO-10, gen-
erates pulses for the various timescales involved. An analogue output card, the
AT-AO-10 is triggered by the PC-TIO-10 and updates voltages sent to the compo-
nent parts of the experiment. The relevant voltages for each analogue output are

read from the waveform buffer.

Data acquisition is performed by a Matrox Meteor frame grabber which records
data from a CCD camera (CV-M50 from Alrad Instruments Ltd.) and transfers it
to a Matlab array. Both the CCD camera and the frame grabber are triggered by
the PC-TIO-10.

Controlling the timing from the computer is very convenient for the purposes of
data acquisition. A particular sequence can be repeated many times and the results
averaged or processed by the computer. The main limitation of the timing system
was the time for data transfer from the CCD camera (around two seconds) which

imposed a minimum time for each cycle.



Chapter 5
Characterising the MOT

A good understanding of the capabilities of our system was essential before con-
tinuing with the work. In particular the number and temperature of the atoms
must be optimised with respect to the intensity and detuning of the cooling light
and the magnetic field gradient. The optical set-up for the MOT is described and
then the methods of measuring the temperature and number of atoms are discussed.

These methods were implemented to optimise the MOT.

5.1 6-beam MOT

The 6-beam MOT is formed by six independent beams, two in the horizontal and
four in a perpendicular plane at 45° to the horizontal. The beams can be well
described by gaussians, with a 1/e? diameter of 1.5 cm and equal intensities. The
alignment of the beams is de-coupled from the laser by use of polarisation conserving
fibres. This eliminates changes in the alignment of the experiment due to the beam
pointing error of the laser. In addition the fibres perform spatial filtering, giving
a near-gaussian output. Even with polarisation conserving fibres there can be a
rotation of elliptical polarisation with small temperature changes. However, a pure
linear polarisation is preserved if the input is aligned along the birefringence axis
of the fibre. The maximum possible transmission through the fibre is of order 80%,
assuming that the waist of the input beam is equal to the waist of the fibre. If not,

the transmission goes as:

2'11)111)2 2
4 (—w2+w2) , (5.1)
1 2

9l
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where w; and w, are the fibre diameter and the input beam diameter respectively
and A a constant specified by the manufacturer (A = 0.8 in our case). Our best
transmission after experimenting with different input beam diameters was of order
65%.

The acousto-optic modulators were sensitive to temperature changes on switch-
ing between operating modes. For example, the efficiency of one of the AOMs
changed by about 10% on switching between operating the MOT continuously or in
pulsed mode. This affected the beam balance.

The optics set-up is shown in figure 5.1. A typical CCD camera image of the
MOT, taken from a side view, is shown in figure 5.2. The aspect ratio of the atom
cloud is approximately 4:1 as expected from the ratio of the axial and radial magnetic
field gradients. Fringes are clearly visible due to the interference between reflections

of the laser beams from the uncoated quartz windows.

A typical time sequence for a cycle to produce a cloud of cold atoms is sketched
in figure 5.3. Initially, in the MOT phase, both the magnetic field and the cooling
light are on. The laser light has a high intensity and is red-detuned. Approximately
one second is allowed for this phase. The magnetic field is then switched off. The
cooling laser remains on for a further three milliseconds to allow a molasses phase
to further cool the cloud. During this phase the intensity is decreased and the
detuning is increased to allow polarisation gradient cooling. Both are ramped from
their initial to final values over 1 ms. The repumper remains at full power for the
entire cycle. After this short molasses phase the cooling laser is also switched off
and the cloud of atoms expands ballistically. A resonant acquisition pulse is used
to detect the atoms after a variable delay.

5.1.1 Temperature Measurement

Measurements of temperature of gases of cold atoms in the microKelvin range and
below all rely on the fact that the temperature is an expression of the velocity
spread of the atomic distribution. If the cooling and trapping fields are turned off
instantaneously, then the cloud of atoms expands ballistically and the width of the
cloud at subsequent times can be used to infer the velocity distribution and thus
the temperature.

Figure 5.4 shows how the width of the cloud varies with the delay of the detection
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Figure 5.1: The optical set-up for a six-beam MOT, showing how the 6 independent

beams are formed.
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Figure 5.3: The pulse sequence for a temperature measurement. During the MOT
phase both the light and the magnetic field are on, for 1 s. The MOT detuning is
chosen to maximise the collection efficiency. The magnetic field is then turned off and
the detuning increased whilst the light intensity is simultaneously decreased. After
this molasses phase the light is also turned off and the atoms expand ballistically. A
detection pulse of resonant light of duration 1.0 ms is used to image the expanding
cloud.
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Figure 5.4: Graph showing measured widths of the atom cloud after ballistic expan-
sion and a fit to the data. The fit gives a value of u? = 0.00267 m?s~2 which implies
a temperature of 27.5 uK using equation 4.6. The error bars are the statistical error
from 5 measurements.

pulse. For initial gaussian position and velocity distributions, the width of the cloud

is expected to vary as:

o? = of +u?t?, (5.2)

where

u? = kgT/m, (5.3)

and oq is the initial rms width of the gaussian position distribution and o is the
width at time £. The data in figure 5.4 is fit by a curve of this form, giving a tem-
perature of 27.5 uK.

Note that this expression is one dimensional only and a temperature measure-
ment of this sort assumes that the temperature is isotropic. It was verified that this
is indeed the case by comparing the expansion of the cloud along three orthogonal
axes. In addition it is necessary to ensure that the detection beam is sufficiently
large to image all the atoms. Otherwise the imaged distribution will be a convolu-
tion of the profile of the detection beam and the atomic cloud. The detection pulse
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must be short enough to image a ‘snapshot’ of the distribution. For a 1 ms detection
pulse, atoms with a temperature of 20 4K will travel ~ 45 pm, which is the same
order as the resolution of the CCD camera and considerably smaller than the size of
an expanded atom cloud. Finally, we also ensured that the atoms were not heated
significantly by the detection by comparing the effect of detection pulses of different

duration.

5.1.2 Number Measurement

The measurement of the number of atoms is based on the intensity of the sponta-
neously emitted light. This depends on the fraction of time which each atom spends
in the excited state. Solving the optical Bloch equations, for a single laser beam of
intensity I and detuning A, the rate of scattering of photons is given by:

dN, I, »p

b WS O 5.4

dt ) 2p+1 (54)
and p is the saturation parameter, p = (I/I,q)/(1 + 4A2/T2) (I', is the natural
linewidth of the excited state, A is the detuning of the cooling light from resonance

and I, is the saturation intensity).

For the initial number measurements, a 3.2 c¢m lens of one inch diameter was
mounted 7 cm from the MOT in order to image the fluorescence onto a calibrated
photodiode. To obtain the total fluorescence of the MOT, the solid angle of the
collected light, and the quantum efficiency of the photodiode must be included in
the calculation. This result was then used to calibrate the signal from the CCD

camera..

The above method of measuring the number of atoms assumes that the cloud
is optically thin, i.e., that a photon emitted by an atom at the centre of the cloud
escapes without reabsorption. If this is not the case the measurement will be an
under-estimate of the real number. In addition, equation 5.4 assumes a two-level
atom, and does not account for slightly different saturation intensities for different
transitions. The intensity is the absolute intensity, calculated by summing the in-
dividual intensities of the cooling beams. The intensity is measured before entering
the vapour cell, using a calibrated photodiode.
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5.2 Optimising the MOT

The remaining sections describe how the temperature and number of atoms in the
MOT are optimised. The number of atoms depends on the loading rate into the
MOT and therefore is determined by the high intensity trapping phase. The lowest
temperatures are only obtained after the final molasses phase, which allows orien-
tational cooling mechanisms.

5.2.1 Optimising the Number of Atoms
5.2.2 Loading Rates

In a vapour cell MOT the loading rate, R, is determined by the flux of atoms entering
the cooling region with a velocity below the capture velocity, v, (the largest velocity
from which an atom can be brought to rest whilst crossing the laser beam). The
steady state number of atoms occurs when R is equal to the loss rate due to collisions
with the background gas. The number of atoms as a function of time (¢ > 0) is given
by:

N(t) = ?[1 ~ exp(—1)), (5.5)

where R is a loading rate into the MOT and 7 is a loss rate that is assumed to be
independent of N. Two and three body collisional losses are neglected.

A typical loading rate curve is shown in figure 5.5 for the case where the rubidium
reservoir has been cooled to 1.2°C. The number of atoms in the MOT saturates

1

after approximately 4 seconds, v = 0.6 s™*. With a steady state number of atoms

of 4 x 108, R = 2.4 x 107 s~L.

5.2.3 Steady State Number of Atoms

The steady state number of atoms is given by R/v (equation 5.5). For a vapour
cell MOT, the main losses arise from collisions with the background vapour. For
the following measurements the vapour pressure was a constant so the steady state
number of atoms is proportional to R.

Dependence on Intensity of the Cooling Light

First consider the variation of the number of atoms with the intensity of the cool-
ing light, as plotted in figure 5.6. For each measurement the MOT was loaded to



5.2. Optimising the MOT 59

1.5 2 25 3
time/s

Figure 5.5: Number of atoms in the MOT as a function of time after switching
on. The rubidium reservoir is at a temperature of 1.2°C. The signal is recorded by
monitoring the fluorescence from the atoms on a photodiode. The data can be fitted
by a curve of the form given in equation 5.5.

saturation, for different intensities of the cooling light, keeping the diameter of the
beams constant. The number of atoms was determined by measuring the integrated
signal obtained by a CCD camera for a resonant detection pulse of maximum laser
intensity. The number of atoms increases linearly for single beam peak intensities
of up to around 7.5 mW/cm? and then levels off. Atoms can only be loaded into
the magneto-optical trap if they have an initial velocity below the capture velocity
when they enter the cooling beams. For constant beam diameter but variable in-
tensity, R oc (dN/dt)? [101], where dN/dt is the rate of scattering photons, given
by equation 5.4.

The photon scattering rate, dN/dt increases linearly with intensity for a satura-
tion parameter p < 1. When p > 1, the transition is saturated and the scattering
rate is constant. In this case the number of photons that can be scattered will be
limited by the lifetime of the excited state since far above saturation atoms spend
half of their time in the excited state. The data was taken for A = 27 x 15 MHz
and for Rb, I'y is 2r x 5.9 MHz and I,,; is 1.63 mW/cm?. So with six beams,
p = 1 when the single beam peak intensity, Iy, is 12 mW/cm?, assuming that the
absolute intensity seen by the atoms is a sum of the individual intensities of the
cooling beams. This agrees well with the data in figure 5.6.
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Figure 5.6: Variation of the number of atoms in the MOT with the single beam peak
intensity, I. The data is taken for a detuning A = 27 x 15 MHz and a current,
Ig = 60 A. The solid line is a fit to the data for N = Aly/(Iy + B), where A and B
are constants. The error bars are the statistical error on five measurements.

Dependence on the Magnetic Field Gradient

The effect of the magnetic field gradient is shown in figure 5.7. For increasing field
gradients the steady state number of atoms at first increases, then levels off for
currents through the coils, Ip, between 45 A and 90 A and finally decreases again.
For low magnetic field gradients the main issue is a lack of trap depth. When the
trap is deep enough to confine all atoms that can be slowed by the cooling light
the steady state number of atoms saturates. The fall in the number of atoms for
high magnetic field gradients occurs for Iz > 80 A. The gradient taken along a
line through the centre of the coils is around 10 G/cm for Ig = 100 A. We can
estimate the Zeeman shift at the edge of the beams to be 7 x 10727 J (10.5 MHz
in frequency units). This is comparable to the detuning of the cooling beams from
resonance (10726 J or 15 MHz), suggesting that for these field gradients the cooling
mechanism is degraded by the large Zeeman shift.

Dependence on Detuning

A similar argument can be employed to explain the fall in the number of atoms for
small detunings (figure 5.8). For large detuning the scattering rate falls and the
capture velocity will be lower. The optimum detuning for a current of 60 A through
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Figure 5.7: Variation of the number of atoms in the MOT with the current through
the magnetic field coils, I5. The data was taken with a detuning A = 27 x 16 MHz
and Iy = 4.0 mW /cm?. The solid line is a second order polynomial fit to the data.
The error bars are the statistical error on five measurements.
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Figure 5.8: Variation of the number of atoms in the MOT with the laser detuning.
The data was taken with I = 60 A and I; = 4.6 mW/cm 2. The solid line

is a polynomial fit to the data. The error bars are the statistical error on five
measurements.
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the anti-Helmholtz coils is around 15 MHz.

5.2.4 Optimising the Temperature

Whilst the main collection of atoms occurs during the MOT phase, the final cooling
phase in which the magnetic field is turned off is important for reaching the lowest
temperatures. During this phase, where a polarisation cooling mechanism is oper-
ating, the beam quality and good magnetic field compensation are important. Our
lowest temperature is around 13 K, comparable to the 10 uK obtained by Wallace
et al. [102]). However, recently Fertig and Gibble have observed 1.8 uK and collected
5 x 10 atoms [103] for an experiment with a Rb clock.

The molasses phase was optimised for a final detuning of 50 MHz (8.5I",where
' is 5.9 MHz) and a final single beam peak intensity of 2.0 mW/cm?. The MOT
values were ramped to these final values over 1 ms and a further 2 ms of molasses
was sufficient to reach the final temperature. Figure 5.9 shows the variation of
temperature with detuning in the molasses phase and figure 5.10 shows the vari-
ation of temperature with intensity of the cooling light. The temperature varies
linearly with the intensity, for Iy > 2 mW/cm? and linearly with inverse detuning
for A > 50 MHz (c.f. equation 2.2). For lower intensities and larger detunings, the
polarisation gradient cooling mechanism is not efficient.

5.2.5 Optimised Trapping and Cooling Sequence

In summary, the final sequence is an initial trapping phase with the current through
the magnetic field coils set at 60 A, the detuning of the cooling light at —15 MHz
and the intensity at its maximum value Iy = 10.7 mW/cm?. The temperature is
then optimised by switching off the magnetic field, ramping the intensity down to
2.0 mW/cm? and ramping the detuning to —50 MHz.
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Chapter 6

The Guided Atomic Fountain

6.1 Introduction

The technology for atomic fountains is now well developed for use in the new gen-
eration of atomic clocks. The fountain is an ideal geometry for providing relatively
long interaction times in a perturbation free environment. An additional advantage
for a clock was recognised by Zacharius [104] in 1954 - in the fountain geometry
atoms pass twice though the same region of space. In Ramsey’s technique of sep-
arated oscillatory fields [105] the frequency of an atomic resonance is measured by
observing fringes produced by applying two 7/2 pulses to an atom passing through
rf cavities. In a fountain a single cavity can be used for both pulses, eliminating

errors due to phase shifts between two separate cavities.

The atomic fountain as a frequency standard was only successfully demonstrated
after the development of laser cooling. Launching techniques for the cold atoms have
evolved over time. The simplest is to apply a short pulse of light to push the atoms
upwards by the radiation force [2]. The disadvantage here is that the atoms are
heated in the transverse direction. A more successful technique (but also more in-
volved experimentally) is known as ‘moving molasses’ (3, 106] where the atoms are
cooled in a moving frame by shifting the frequencies of the upward and downward

propagating beams by equal amounts, but in opposite senses.

In this chapter we consider how to convert the MOT described in the previous
two chapters into an atomic fountain, using a ‘moving molasses’ method. Fountains
used for atomic clocks are tybically 1 - 2 metres high. In contrast, our fountain
is designed for loading an atom trap and therefore it is important that the cloud
has not spread out too much by the time it reaches the apex. Therefore, a small
fountain (~ 10 cm or less) is an advantage. With the addition of a far-off resonant

64
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red-detuned guiding laser beam to confine the atoms in the horizontal direction, the
density of the atoms at the apex of the fountain can be maximised. Section 6.2.1
describes the moving molasses technique. Section 6.3 describes how the loading into
the guide can be optimised and how the guided fountain improves the efficiency of
transfer of the atoms from a vapour cell MOT to an UHV chamber [107].

Most fountains operate in a pulsed fashion - the MOT is loaded for several hun-
dred milliseconds and then a cloud of cold atoms is launched by switching to moving
molasses for the last couple of milliseconds. However, by continuously extracting
atoms using moving molasses it may be possible to obtain a higher flux. With the
guiding laser beam one could envisage accumulating a column of cold atoms with a
high density at the apex, similar to the results of the simulation presented in chapter

3. The extension to continuous operation is discussed in section 6.4.

6.2 The Atomic Fountain

6.2.1 Moving Molasses

For a standard magneto-optical trap the frequencies of all the cooling beams are
equal and atoms are cooled isotropically in the laboratory frame of reference. How-
ever, in order to produce a beam of cold atoms, the atoms can be cooled in a moving

frame. The frequencies of two counter-propagating cooling beams are set to be:

Wy = wy + Aw, (6.1)

wy = wg — Aw, (6.2)

where wy is the normal MOT frequency. The atoms will be cooled about a velocity
v such that atoms travelling at v see both beams with equal frequencies. In the

moving frame the frequencies are:

w; = wy — kv = wy + Aw — kv, (6.3)

wy = wy + kv = wy — Aw + kv, (6.4)
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where k is the wavevector of the light. So the velocity of the moving frame is:

Y= —. (6.5)

6.2.2 Generation of Frequencies for Launching

In chapter 3 we discussed the use of acousto-optic modulators for switching and
controlling the frequency of the cooling light. These AOMs operate in double pass
at 86 MHz. By using separate AOMs for different sets of laser beams, a small
frequency difference can be introduced which can be used to generate a moving
molasses. For example, launching the atoms to a height of approximately 10 cm can
be achieved by generating v4+1.4 MHz. The frequency difference must be stable to
at least a few kilohertz to prevent heating and give a consistent launching speed. In
addition, for the pulsed fountain, it is necessary to be able to switch between the
central frequency (86 MHz) and the shifted frequencies over the course of a single
cycle. The scheme for generating these frequencies using electronic components
purchased from Mini Circuits is outlined below.

6.2.3 Mini Circuits

The central 86 MHz signal is generated by a sine-wave generator (Tektronix SG503).
A 5-way rf-splitter (Mini Circuits ZFSC-5-1) divides the signal into 5 parts of equal
amplitude. Three of the outputs may be fed directly into amplifiers and subsequently
to AOM drivers to provide the MOT frequencies. Each of the two other outputs are
combined with the Aw/2 signal using frequency modulators (Mini Circuits ZFMIQ-
70ML). The output from one modulator is 86 MHz + Aw/2 and that from the other
is 86 MHz — Aw/2 (the drive frequency is Aw/2 as the AOMs operate in double
pass). We can gain an understanding of how the modulator works by using some
simple trigonometry.

First the rf input is split into 2 components with a 90° phase difference.

2 cos(wyt) — cos(wyt) + sin(wit). (6.6)

Each modulator has additionally two inputs for the low frequency Aw/2 signal,
in phase and in quadrature (produced by Mini Circuits PSCQ-2-0.455). Multiplying
the cosine terms together and the sine terms together gives:
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cos(wit) cos(%gt) + sin(w; t) sin(%t), (6.7)

Using trigonometric identities this can be re-written as:

o o 3]+ -2
+-21- cos [(w1 - %)t] - %cos [(wl + %)t], (6.8)
cos [(wl — %)t] (6.9)

By subtracting rather than adding the second term in equation 6.7, we obtain the
other sideband:

cos [(wl + %)t] (6.10)

In practice the modulators produce a 30 dBm suppression of the carrier and the
other sidebands. An rf switch enables these frequencies to replace the 86 MHz for
the launch phase. The chip generating the in-phase and quadrature signals works
efficiently between 250 kHz and 750 kHz. Since the AOMs are operating in dou-
ble pass this gives Aw between 500 kHz and 1.5 MHz. Assuming that the beams
propagate along the vertical direction, this corresponds to fountain heights of up to
7 cm. Larger fountain heights can be realised by replacing PSCQ-2-0.455 by a chip
operating at higher frequencies.

All the outputs are amplified sufficiently to saturate the AOM driver and thus
give no change in the laser power being used for the experiment. Figure 6.1 shows
the components and their connections. Figure 6.2 shows a typical Fourier transform
of the frequency spectrum input to the AOMs, for both the moving molasses and
the MOT case. The frequency of the carrier is 86 MHz and that of the sidebands
is 450 kHz. For the moving molasses case it can be seen that the carrier and the
upper sideband are suppressed by 30 dBm.

As an aside, it is interesting to note the importance of deriving the central

frequency for all six molasses beams from the same source. If, for example, the



6.2. The Atomic Fountain 68

e
Mixer 1
. amplifier to AO
| switch 25dBm )drivers
5 - way .
86MH
z splitter amplifier |
| N amplifier
—I‘ 25dBm
Mixer
I Q
90
splitter
|
455kHz

Figure 6.1: Schematic of the electronics for generating the launching frequencies.
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Figure 6.2: Fourier transform of the rf signal applied to the acousto-optic modula-
tors. The dashed line shows the pure rf signal at 86 MHz and the solid line shows
the spectrum when a 450 kHz signal is added using a frequency modulator. For the
latter case the carrier and upper sideband are suppressed by 30 dBm.
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horizontal and the vertical beams differ in frequency by a few hundred kHz, the
effect on the temperature of atoms in the molasses can be seen in figure 6.3. This
data was taken by sending the horizontal and vertical beams through AOMs driven
by different voltage controlled oscillators and noting the beat frequency between
the beams. The order of magnitude increase in temperature of the molasses is
consistent with equation 6.5. A corresponding plot of the number of atoms in the
MOT is shown in figure 6.4. The number of atoms decreases by 34% for a frequency
difference of 155 kHz.

6.2.4 Operation of the Fountain

The atomic fountain is built using 6 beams, two counter-propagating horizontal and
two pairs of counter-propagating beams in a perpendicular plane at 45° to the hori-
zontal as illustrated in figure 6.6. The 45° geometry is important for the extension to
continuous operation since it allows the atoms to propagate freely along the vertical
direction after leaving the MOT. The frequency difference of the launching beams
must be a factor of 4/2 smaller than for a vertical beam geometry (i.e. v = v2Aw/k).
Separate AOMs are used to provide control of three different frequencies - one AOM
controls the horizontal beams, another the downwards propagating beams and a
third controls the upward propagating beams. Each beam has a 1/e? diameter of
1.5 cm and a peak intensity of 10 mW/cm?. For the pulsed fountain, the repump-
ing beam is aligned vertically through the MOT and retro-reflected with orthogonal
polarisation. It operates continuously. The MOT is loaded for approximately one
second. The MOT was optimised for the lowest temperatures and for the measure-
ments described below, the cloud is roughly cylindrical with a diameter of 0.4 mm
(FWHM) and a long axis of 2 mm.

The pulse sequence is identical to that of figure 5.3 except that the frequencies
are switched to the launching values 500 us before the intensity decrease. After the
initial MOT phase, a sub-Doppler cooling phase is initiated; the magnetic field is
switched off; the intensities of the molasses beams are reduced by a factor of 4 and
the detuning increased from —3I" to —10I" for 2 ms. After launching, all light is
switched off using the AOMs, giving an extinction ratio of better than 1073.

In order to observe the atoms during their ballistic flight, a detection beam is
aligned vertically through the MOT, overlapping with the repumping beam and also
retro-reflected with an orthogonal polarisation. The detection beam is switched with
an independent AOM and is off all the time except during detection. The detection






6.2. The Atomic Fountain o 72

UHV chamber ———
<——— dipole guiding beam

1 mm diameter hole

N
©® ®

\ Anti-Helmboltz coils
Ve

cooling beams

:Ij CCD

vapour cell —— MOT

® ®

Figure 6.6: Schematic of the experiment. A vapour cell MOT loads cold rubidium
atoms into a far-off resonant, red-detuned laser beam. The atoms are launched
using moving molasses and guided in the beam through a 1 mm diameter hole into
an UHV chamber. Fluorescence from the atoms can be imaged onto a CCD camera.

pulse duration was varied to produce sufficient signal without significantly disturb-
ing the distribution.

We compared the temperature of a cloud of atoms launched in the fountain with
that of atoms simply dropped when the MOT is turned off and found that they were
the same within error. Thus the moving molasses cooled the atoms as efficiently as
cooling in the laboratory frame.
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6.3 The Pulsed Guided Atomic Fountain

With the atomic fountain working reliably it is possible to study the effect of adding
a guiding potential, in our case a red-detuned, far-off-resonant focused laser beam.
The dipole guiding laser is a 12 W, diode-pumped, continuous wave, Nd:YAG laser.
The central wavelength is 1064 nm and the linewidth is 5 GHz.

The beam, focused to a waist of radius wp is aligned vertically through the
MOT and operates continuously. It is retro-reflected, with the orthogonal polari-
sation. The retro-reflected power measured with a calibrated power meter is only
approximately 8.5 W before re-entering the vacuum chamber and 6 W afterwards.
Therefore, we can estimate the total power in the MOT region to be approximately
19 W. We found that the easiest alignment procedure involved overlapping a reso-
nant beam with the guide beam in order to give a visible reference and then moving
the magnetic field coils until the MOT was overlapped. Finally, the alignment of
the laser beams were re-optimised to collect the maximum number of atoms and the

compensation fields were adjusted to yield the lowest temperatures.

6.3.1 The Guiding Potential

Figure 6.7 plots the trap depth in microKelvin along the axis of a 19 W laser beam,
detuned 284 nm from resonance, focused to wy at z = 0, for three different values
of wy ( 50, 100, 200) pm. The trap depth is given by equation 2.9 and the Rayleigh
range, zp (the distance from the focus at which the trap depth is halved) is:

Tw?

R= (6.11)
From the figure we can easily see that the choice of focus will be a trade-off between
trap depth and Rayleigh length; the trap depth gives an indication of the percentage
loaded into the trap and the Rayleigh length is related to the distance over which
the atoms can be guided. An additional factor to consider is the overlap of the guide
with the MOT, since only atoms which are spatially overlapped with the guide can
be loaded. Obviously good mode matching of the shape of the MOT with the guiding
potential is important, hence the choice of an elongated MOT.

6.3.2 Loading into the guide beam

The percentage of MOT atoms loaded into the guide can be studied by imaging the
atomic cloud after it has been released from the MOT and allowed to ballistically
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Figure 6.7: Trap depth along the axis of a focused laser beam, with beam radius at
the focus, wy. we = 50 pm (dot-dashed), wy = 100 um (solid) and wy = 200 pm
(dashed).

expand for a variable time delay, typically between 20 and 30 ms. The guided atoms
can be seen as a sharp peak superimposed on top of the gaussian distribution of the
unguided atoms. The percentage loaded into the guide can be estimated by inte-
grating over the number in the narrow peak and comparing it to the integral over
the whole cloud.

Figure 6.8 shows experimental data on the fraction loaded into the guide for
different values of wg, with the guide focused in the MOT. The values of wy were
calculated from the measured divergence of the beam. For each measurement the
alignment of the MOT was optimised for maximum overlap with the guide and the
temperature of the atoms was also optimised (the lowest temperature observed was
13 uK, but a temperature of approximately 20 uK is obtained easily without any
optimisation). A maximum of 20% were loaded into the dipole guide beam. We
attempted to improve this percentage by ramping up the magnetic field to compress
the cloud, for a short period before the molasses phase, but this was unsuccessful.

Also shown on the figure are the results of a simulation of the percentage loaded
into the guide from a MOT for different values of w, and different positions of the
focus. For the simulation the density of atoms in the MOT was assumed to be

gaussian in all directions, with 0, = 0y, = 0.2 mm and ¢, = 1 mm, which are similar
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to the parameters for our MOT. The power of the guide laser is taken as 19 W, with
a detuning of 284 nm from resonance. :

The first three data points agree well with the theoretical curve for atoms of
temperature 13 pK. The final two points do not agree, most likely due to fluctua-
tions in the temperature and that for larger foci it is more difficult to be certain of

the precise position of the focus.

Loading the atoms below the focus and then launching them upwards avoids loss
during the guiding. For example, if the position of the focus is shifted to 6 cm above
the MOT (focusing through the aperture connecting the vapour cell and the UHV
chamber) then all the atoms loaded from the MOT into the guide can be guided
over a distance of at least 12 cm. Figure 6.8 shows that the optimum focus shifts to
a larger value if the guide is focused 6 cm above the MOT. The Rayleigh range of
6 cm corresponds to a beam focused to 142 um and for more sharply focused beams
the trap depth in the MOT region falls off rapidly so very few atoms are loaded into
the guide.

The dependence of the loading on trap depth can be simply studied by decreasing
the power of the guiding laser (trap depth o power) as shown in figure 6.9. The two
sets of data correspond to the case where the guide is focused to 120 & 25 pm in the
MOT (circles) and 6 cm above the MOT (squares). There is a linear dependence as
predicted by equation 2.9.

6.3.3 Temperature of Guided Atoms

The temperature of the guided atoms can be measured by considering the expansion
of the guided atoms along the vertical axis. Dropping the atoms, we measured a
temperature of 20 uK, consistent with a measurement of the temperature of the
unguided atoms for the same alignment. This indicates that the sub-Doppler force
is similar inside and outside of the guide, as would be expected for a light shallow
trap, where the light shift is less than the optical molasses detuning. In our case,
the ground state light shift is ~ 6 MHz, i.e., the same order as the linewidth.

6.3.4 Importance of the Molasses Phase

For loading atoms into a dipole guide the molasses phase serves a dual purpose.
Firstly, as usual, the molasses phase lowers the temperature of the MOT atoms
by enabling the polarisation gradient cooling mechanisms. Secondly, the molasses
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Figure 6.8: Fraction of atoms loaded as a function of laser spot size, wy. The curves
correspond to Monte Carlo simulations where the density of atoms in the MOT is
gaussian with 0, = 0y, = 0.2 mm and o, = 1 mm. The power of the guide laser
is 19 W, with a detuning of 284 nm from resonance. Solid: Temperature of atoms
T = 13 uK, guide focused in the centre of the MOT; dashed: T = 13 pK, guide
focused 6 cm above the MOT; dot-dashed: T = 20 uK, guide focused in centre of
MOT; dotted: T = 20 uK, guide focused 6 cm above the MOT The data points
correspond to experimental data.
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Figure 6.9: Percentage of atoms loaded into the dipole guide beam as a function
of laser power. The guide is focused to 200 um either in the centre of the MOT
(circles) or 6 cm above the MOT (squares). The temperature of the cold atoms is
20 +1 uK.

phase estalishes a quasi-equilibrium temperature distribution across the atom cloud,
including the region overlapped with the dipole guide beam. Without this phase, if
the dipole guide is not exactly aligned along the zero of the magnetic field, atoms
are loaded to one side and the percentage loaded will be smaller.

In fact, if the magnetic field was left on for the duration of the low intensity,
large detuning phase, the loading to the guide remained very similar indicating
that the guide was well aligned with the zero of the magnetic field. Very close to
zero magnetic field the polarisation cooling mechanism is not made ineffective by
Zeeman shifts and the temperature of the atoms is similar to that obtained in optical
molasses [108]. If the intensity and the detuning were kept at the MOT values the
loading into the guide decreased by a factor of four due to the increased temperature
of the atoms. This is important if one wishes to operate the fountain continuously.

6.3.5 Launching the Atoms Within the Guide

Typical images of the cloud as it travels upwards are shown in figure 6.10. The guided
atoms are at the same vertical displacement as the unguided ones after launching,.

Thus both cooling and launching light forces act similarly inside and outside the
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guide.

From the data in the figures it can be seen that for the launching and guiding
parameters that were used, i.e., a hole of diameter 1 mm, 6 cm above the source and
a launch velocity of 1.25 m/s, the guiding increases the number of atoms coupled
into the UHV chamber by a factor of 50. This enhancement factor is a function of
the speed of launch and hence the size of the unguided atomic cloud when it reaches
the hole. For the slow launch speeds and small fountains that are important for
this work, guiding the atoms is very important to improve the transfer to the UHV
chamber.

The width of the atomic cloud as it is guided through the aperture is shown in
figure 6.11. The data illustrates the focusing effect of the laser beam discussed in
chapter 3.

6.3.6 Flux from the Pulsed Guided Fountain

With the rubidium reservoir at a temperature of 1.2°C, approximately 10® atoms can
be collected in one second, giving a flux from the 3D MOT of 1 x 10 s~!. Assuming
a loading percentage of 15% in to the dipole guide beam, the flux of atoms through
the aperture into the UHV chamber is 1.5 x 107 s7! or 4.8 x 10 s~lem~2. By
operating with the rubidium reservoir at 40 °C, ~ 108 atoms can be loaded in 150 ms,
giving a corresponding flux from the MOT of 6.7 x 10® s~1. The flux of atoms into
the UHV chamber is then 10% s7! or 32 x 10! s~'cm™2,

6.4 Extension to Continuous Operation

To obtain a higher flux of atoms it would be advantageous to operate the fountain
continuously. The obvious choice for the generation of a continuously operated
atomic beam is a 2D MOT, with no trapping along the axis of propagation of the
beam, but cooling in all three dimensions. Then, only damping forces of the cooling
light have to be overcome in order to extract atoms. Section 6.4.1 compares coil
arrangements for producing a 2D trapping potential. Section 6.4.2 discusses the two-
dimensional magneto-optical trap, including the modifications that were necessary
to the magnetic field coils and a summary of some characterisation measurements.
Section 6.5 describes the operation of the 2D MOT as a funnel, in which atoms are
continuously extracted along the axis of zero magnetic field using moving molasses.

The effect of the guiding potential is considered.
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Figure 6.11: The width of the atomic distribution as a function of height , illustrating
the focusing effect of the laser guide. The MOT and the aperture are at 0 and
60 mm respectively. The widths below 0 mm correspond to the atoms falling below

the MOT position.
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6.4.1 Design of the Magnetic Field Coils

A number of different coil geometries can be used to create a field which confines the
atoms in two dimensions and not in the third. Two potential arrangements are con-
sidered here, both of which have been used in other experiments on two-dimensional
traps [53, 49]. Both give a good 2D trap at the centre of the coils but differ mainly
in the behaviour of the field outside of the region surrounded by the coils.

In order to compare the fields for each we have calculated both the z component
of the field and the resultant field along a line parallel to the z axis, 1 mm away

from the centre of the coil arrangement, using the Biot-Savart law.

The first option is that of 4 rectangular coils placed around the cell, to form a
cuboid, which we will call the ‘racetrack’ configuration after [53] (figure 6.12). The
coils would be positioned on the sides of the lower cell of our vacuum chamber, which
therefore determines the length of the short side to be 9 cm. The long side is chosen
to be 18 cm. The axes and origin of coordinates are shown in the figure. The 2
component of the field and the resultant field 1 mm off-axis are shown in figure 6.13.
From this we can see that the radial magnetic field gradient near the origin for coils
with 9 turns and a current of 60 A is around 20 G/cm. This falls to zero about 2 cm
above the top of the coils and then increases again. It decays to 3% of the maxi-
mum value, 10 cm outside the coils. The z component of the field is zero for most of
the length of the coils but there is a small increase to 0.5 G/cm at the top of the coils.

The second option which we shall consider is that of four rectangular coils placed
at the corners of a square, pointing outwards, i.e., aligned along the lines of the di-
agonals of the square (figure 6.14), which we shall call the ‘diagonal’ geometry. The
coils again measure 9 cm by 18 cm. Figure 6.15 shows the z component and the
resultant field again for a distance of 1 mm away from the 2-axis. The most obvious
point is that the resultant field is less than half the value of that for the racetrack
configuration, for the same current and number of turns. If the current is increased
to give the same resultant field at the centre of the arrangement, the z-component
also increases and becomes equivalent to the other case. The advantage of the diag-
onal arrangement over the racetrack, however, is that the resultant magnetic field
decays away more quickly outside the coils. It decays smoothly to 3% of the maxi-

mum value over a distance of 5 cm outside the coils.

A commonly adopted geometry for 2D fields is the hairpin arrangement, formed
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18 cm

Figure 6.12: The racetrack coil geometry: four coils placed around the walls of the
vacuum cell in a cuboid arrangement. The current in each is indicated by arrows.
The axes and origin of coordinates are marked on the figure.
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Figure 6.13: Racetrack configuration: magnetic field strength calculated from the
Biot-Savart law, 1 mm away from the centre. The coils measure 9 cm by 18 cm and
have N turns and carry a current I. The solid line shows the z-component of the
magnetic field and the dashed line is the total resultant field.

from a single coil but with a similar resultant shape to that of figure 6.14. The
resultant fields are also similar. However, separate coils can be more efficiently
cooled in parallel rather than in series. For good cooling the coils should also be as
small as possible. Figure 6.16 shows the effect of redudng the dimension a on the
size of the resultant field near the centre of the coils. The current which travels in
the opposite direction in the outer arm reduces the field at the centre of the coil
arrangement. For an arm length of 8 cm, the field gradient at the centre is ~ 90%

of its maximum value.

6.4.2 The 2D MOT

The magnetic field coils for the 2D MOT consisted of four coils, each measuring
12 cm by 8 cm, with 9 turns each. As for the 3D MOT coils, water cooling was
necessary and the same technology was used, with the water cooling in parallel and
the current in series through the coils. The coils were mounted on a single block
with translation stages machined accurately at 45° outwards from the corners of the
cell, giving only a single degree of freedom of movement, along the line connecting
two coils at opposite corners. Mounts for the coils consisted of clamps which held
the lower third of the coils. The clamps ensured that the coils remained rigid and
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18 cm

Figure 6.14: Diagonal geometry: coils placed around the vacuum cell aligned along
the diagonals of the cell. The current in each is indicated by arrows. The axes and
origin of coordinates are marked on the figure.
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Figure 6.15: Diagonal configuration: magnetic field strength calculated using the
Biot-Savart law, 1 mm away from the centre. The coils measure 9 cm by 18 cm and
have N turns and carry a current /. The solid line shows the z-component of the

magnetic field and the dashed line is the total resultant field.
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Figure 6.16: Resultant magnetic field 1 mm from the centre of the coils, as a function
of the length a, marked in figure 5.14.
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Figure 6.17: Schematic showing the vapour cell and magnetic field coils for the 2D
MOT. The vapour cell measures 9 cm by 13 cm and the coils each measure 8 cm by
12 cm. The top of the coils is 1 cm above the centre of the vapour cell. Arrows on
the diagram indicate the direction of movement along the translation stage. Arrows
on the coils indicate the direction of the current.

upright. Figure 6.17 is a vertical cross-section showing the position of the coils rela-
tive to the vapour cell, with arrows indicating movement along the translation stage.
The MOT beams cross at the centre of the cell and the height of the top of the coils
is set to be approximately 1 cm above this point. Figure 6.18 is a horizontal cross-
section. To avoid part of the vacuum system, the coils had to be rotated round by a
few degrees from the corners of the cell, slightly restricting optical access. However,
this did not prove to be a problem.

The beam alignment for the 2D MOT was the same as that for the 3D MOT.
Figure 6.19 shows a CCD camera image of the two dimensional MOT. The MOT
extends for the entire width of the laser beams in the vertical direction. Again the
fringes imposed on the laser beams by interference at the uncoated windows are

clearly visible.

6.4.3 Loading Rates

Since the 2D MOT has no confinement along one direction, it has a lower collection
efficiency than the 3D MOT. The loading rate, R, into the 2D MOT is approximately
4 times lower than into the 3D MOT at the same Rb reservoir temperature. The
intensity for both measurements is high enough to saturate the number of atoms in
the MOT and the loading rate is a maximum. R,p at 19°C was equal to R3p at 13°C.
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Figure 6.20: Loading rate into the 2D MOT with the Rb reservoir heated to 38°C
and the vacuum chamber en route to the vapour cell heated to 85°C. The time
constant is 160 ms.

For continuous extraction from the MOT it is obviously important to obtain a
good loading rate in order to get a good flux. Figure 6.20 shows the loading rate if
the Rb reservoir is heated to 38°C and the vacuum chamber en route to the vapour
cell is heated to 85°C. In this case the time constant is of order 160 ms.

6.4.4 Comparison of number and temperature with 3D MOT

As with the 3D MOT it was necessary to optimise the number and temperature
of the atoms. Figures 6.21, 6.22, 6.23 show the variation of the number of atoms
with intensity, detuning and current through the magnetic field coils. Comparison
with the results of chapter 4 shows that intensity and detuning are optimised for
the similar parameters as for the 3D case, i.e., maximum intensity of 9 mW /cm?.
and a red detuning of 13 MHz. The dependence on the current through the coils
is different to the 3D case, due to the different coil arrangement. The number of
atoms maximised for a current of 90 A. In fact the coils begin to get hot for this
current, so most of the work was performed using a current of 70 A.

In continuous operation the magnetic field is always on and there is no low
intensity, high detuning molasses phase. The lowest temperature obtainable for
an intensity of 9 mW/cm? and a detuning of —13 MHz is 55+5 pK. This is still
considerably lower than the Doppler temperature for rubidium (141 pK). With a low
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Figure 6.21: Number of atoms in the 2D trap as function of intensity of the cooling
beams. The solid line is a fit to the data.
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Figure 6.22: Number of atoms in the 2D trap as a function of detuning in the MOT.
The solid line is a polynomial fit to the data.
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Figure 6.23: Number of atoms in the 2D trap as a function of current through the
magnetic field coils. The solid line is a polynomial fit to the data.

intensity, far detuned molasses phase, the temperatures were comparable to those
obtained in the 3D MOT.

6.4.5 Guiding

The loading into the guide from the 2D MOT depended in a similar fashion to
the 3D MOT on the beam waist at the focus, the position of the focus and the
temperature of the atoms loaded in. The actual percentage loaded was the same
as the 3D MOT, within error, for similar temperatures and cloud sizes. However,
since the 2D MOT can be longer in the vertical direction than the 3D MOT, the
overlap with the guide is also improved. Therefore a loading percentage of 10% was
observed for temperatures as high as 55 pK for a cloud measuring approximately
1.2 cm in the vertical direction.

6.5 The Guided Atomic Funnel

The 2D MOT can be simply converted into a ‘funnel’ by using the moving mo-
lasses frequencies continuously. Since the efficiency of the AOMs and the angle of
deflection of the first order beam depends on their operating frequency, some small
alignment adjustments are also necessary to switch between MOT and funnel. A
CCD camera image of the funnel is shown in figure 6.24. Again, the funnel extends
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Figure 6.24: CCD camera image of the funnel.

for the entire length of the beams. In this case the fringes are not visible since the
atoms are moving at ~ 1 m/s. There is a high background fluorescence because the
vapour pressure has been increased by heating the reservoir to 40°C and the vacuum

chamber enroute to the cell to 85°C to give a good loading rate.

6.5.1 Depumping atoms using a spatial method

One of the main problems of creating a continuous beam of atoms is that, as the
atoms leave the region of the cooling light they are strongly affected by intensity
imbalances which cause heating. Temperatures of a few hundred microKelvin are

typical for atomic funnels [49, 50].

The guiding is particularly sensitive to any intensity imbalance of the beams.
By allowing the guided atoms to be launched and then return to the MOT region it
is possible to isolate the guided atoms from the unguided ones and use the guided
atoms as a diagnostic of the effect of the intensity imbalance. Figure 6.25 shows the
guided atoms after a 240 ms flight time. The cloud now has a vertical width of over
2 cm. Figure 6.26 shows the effect of a low intensity, high detuning molasses pulse of
1 ms. Comparing the two figures it is clear that some atoms are knocked out of the
guide by the short molasses pulse since the molasses beams do not balance perfectly
in all places. The imbalance is particularly significant at the top and bottom of the
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Figure 6.25: CCD camera image of the guided atoms returning to the MOT region
after 245 ms.
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Figure 6.26: CCD camera image of the atoms returning to the MOT region after
240 ms. For this data a 1 ms low intensity, high detuning molasses pulse was applied
before taking the image. By comparison with figure 6.25 it can be seen that atoms
have been knocked out of the guide beam at the bottom of the figure due to an
imbalance of the molasses beams in this region.
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cooling region.

One method of reducing this problem is to pump the atoms into the lower hyper-
fine state before they leave the cooling region so that they are not heated on leaving
the funnel. Using a horizontally aligned repumping beam that is smaller than the
cooling beams or a beam with a sharp edge, the atoms will pass through a region
of cooling light and no repumper as they leave the funnel and will be pumped to
the lower hyperfine state. To create a sharp edge to the repumping beam at the top
end of the funnel, the repumper was cut with a razor blade. Using this method the
temperature of the atoms leaving the funnel was 55 +5 K, in agreement with the
temperature of atoms in the 2D MOT, operating without a low intensity, far-detuned
molasses phase.

6.5.2 Guiding

A maximum guiding of order 1% was observed for the funnel as compared to 10%
for the 2D MOT for optimum guide beam parameters (note that the 2D MOT for
these measurements extended for the length of the cooling beams i.e. 1.2 cm, giv-
ing a larger overlap with the guide beam and therefore a good loading percentage,
despite temperatures of 55 uK). The lower guiding percentage arises because the
atomic spatial distribution leaving the funnel is broader than that leaving the 2D
MOT, even though the temperatures of the atoms are similar. A gaussian fit to the
images obtained from the CCD camera and shown in figures 6.24 and 6.19 gives
o = 170 pum for the 2D MOT and o = 475 um for the funnel.

The broader width of the atomic distribution in the funnel can be explained by
considering the various timescales involved. Atoms continuously leave the funnel
at a speed of 1 m/s and for a funnel of length ~ 1 ¢m the average time spent in
the cooling region is 10 ms. The motion of atoms in a magneto-optical trap is well

approximated by damped simple harmonic motion:

F = —kz - av, (6.12)
where the spring constant, «, is:
ageppb
= =27 6.1
e (6.13)

with g, is the g-factor of the excited state, up is the Bohr magnetron, b is the
magnetic field gradient and « is the friction coefficient in the laser field:
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Figure 6.27: Cross-section through atomic cloud leaving the funnel with the dipole
guide switched on. The percentage of atoms guided is 0.5%.
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(6.14)

I is the single beam intensity. The expression for o can be simply derived from
Doppler cooling theory [14]. For our parameters a =~ 0.09 hk?.

The condition for critical damping of simple harmonic motion is a, = 2m+/k/m,
where m is the mass of a rubidium atom. For a magnetic field gradient of 6 G/cm,
we find 2m+/k/m = 0.0059 hk%. Therefore, for our parameters, o = 15¢, and the

system is overdamped.

Finally the period of the simple harmonic motion, T = 2w+/m/k, is 29 ms.
Therefore the atoms which only spend 10 ms in the funnel do not have time to reach

the equilibrium spatial distribution and therefore the funnel is much broader than
the 2D MOT.

6.5.3 Comparison of the flux from the funnel
and the 2D MOT

By integrating over the number of atoms obtained from the funnel in one second we
can compare the flux for the funnel and the 2D and 3D MOTSs operating in a pulsed
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Figure 6.28: Flux of atoms, integrated over the vertical direction, obtained from
the 2D MOT after 1 second loading time (upper curve) and from the funnel for the
same vertical distance (i.e. implying a loading time of only 10 ms) (lower curve).
The cooling light was switched off before taking the images.

fashion. The flux of atoms leaving the funnel was measured approximately 1 cm
above the funnel, to avoid problems due to scattered light. Scattered light from the
MOT knocked atoms out of the guide and also heated the unguided atomic beam
after leaving the funnel.

If the 2D MOT is loaded for 150 ms, for a loading curve similar to figure 6.20,
the flux is 1.7 x 10® s7!. The funnel at the same vapour pressure gives a flux of
1.2 x 10° s7!. Therefore for these parameters the flux obtained from the funnel in
continuous operation is approximately 7 times higher than that obtained from the
2D MOT, operating in a pulsed fashion. The reason for this difference is that the 2D
MOT has no confinement along one axis so that during the loading phase atoms are
free to diffuse out of the MOT along this axis and therefore be lost. For the funnel,
since atoms are continuously extracted there is no such loss. However, since the
loading into the guide from the funnel is only of order 1%, compared to 15% for the
2D MOT and for the 3D MOT for similar guiding beam parameters, the flux into
the UHV chamber is 1.2 x 107 s71, 2.6 x 107 s7! and 10 x 107 s~! respectively. The
optimum configuration for our aim of transferring atoms efficiently at low velocity
into the UHV chamber is therefore the 3D MOT, operating in a pulsed fashion, at
high vapour pressures.
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6.6 Summary

We have demonstrated an optically guided atomic fountain for efficient transfer of
laser cooled atoms over a distance of order 10 cm. For a given laser power and
detuning the percentage loaded in the guide laser beam is dependent on the tem-
perature of the atoms, the beam waist at the focus, the position of the focus and
the overlap of the guide beam with the MOT. For our beam parameters (P = 19 W,
A = 284 nm), we loaded a maximum of 20% of MOT atoms in the the guide for a
100 pm beam focused in the MOT, corresponding to a guiding distance ~ 3 cm. For
a 200 ym beam focused 6 cm above the MOT, 13% were loaded and can be guided
over a distance of more than 12 cm.

The transfer of atoms is very efficient. For a 20 uK cloud of atoms guided over
7 cm the phase space density decreases by a factor of around 4, compared to a
decrease of a factor of more than 640 for a cloud of atoms ballistically expanding
in free flight over the same distance. The guided cloud has a transverse dimension

~ 200 pm, comparable to the dimension of a typical atom trap.

We have also compared the flux of atoms obtained from a 3D MOT with a 2D
MOT and a funnel. The atomic flux obtained from the funnel is greater than that
obtained from the 2D MOT or the 3D MOT. However, since the atomic beam leaving
the funnel is broader, the loading into the guide beam is considerably less efficient.
A guided fountain loaded from the 3D MOT delivers a factor of ten more atoms into
the UHV chamber than a guided fountain loaded from the funnel and a factor of four
more than from the 2D MOT. An additional problem in the funnel configuration
is that any imbalance in the intensity of the cooling beams as the atoms leave the
funnel tends to heat the atoms. This can be alleviated by blocking the repumper
for the upper section of the funnel such that atoms are pumped into a dark state
before they leave the cooling light. For continuous operation of the guided funnel,
an opaque partition just above the exit of the funnel would be necessary to prevent
scattered light from knocking atoms out of the guide.




Chapter 7

Loading an Atom Trap from the
Guided Fountain

7.1 Introduction

Confining atoms in traps provides long interaction times and high densities, impor-
tant for many studies of light-matter interaction and atom-atom collisions . There
are various types of atom traps, including the magneto-optical trap (which we have
already looked at in detail), magnetic traps, traps using oscillating electric fields!
and optical dipole traps formed by far-off resonant light. Each has its own advan-
tages and disadvantages. Amongst the issues that have to be considered are trap
depth, method of loading and lifetime.

The magneto-optical trap combines the dissipative nature of near-resonant light
with position dependent Zeeman shifts imposed by a magnetic field gradient to pro-
vide a trap a few Kelvin deep and the ability to load from a room temperature
vapour. The presence of near-resonant light, however, sets a limit to the density
achievable, as we have already discussed in chapter 2. For this reason, magneto-
optical traps are often used as a preliminary to loading into a purely conservative

trap, where the density limit can be exceeded.

Both the magnetic trap and the far-off resonant optical dipole trap are con-
servative traps. Conservative traps have limited depth and no intrinsic dissipative
mechanism and therefore the atoms need to be precooled before they can be loaded.
Magnetic traps can be a few hundred milliKelvin deep, but have the disadvantage
that the trapping is dependent on the internal state of the atom, prohibiting certain

IStatic electric fields cannot produce a trapping potential since it is impossible to obtain a
minimum of the potential using static fields. A dynamic trap has been proposed by Riis and
Barnett {109].
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spectroscopic measurements and precision measurements.

The optical dipole trap is more flexible. Light traps provide easy control of the
trapping potential, both spatially and temporally. Tighter confinement is possible
and for sufficiently far detuned traps, where the Stark shift is much greater than
the hyperfine level splitting for linearly polarised light (for circularly polarised light
the detuning must be greater than the fine structure splitting), all the hyperfine
levels move together [113] and therefore a number of different magnetic sub-levels
can be trapped. These factors combine to make dipole traps ideal for spectroscopy
and collisional studies [110, 111, 112]. However, the trap depth is only of order 1 mK.

Loading into either a magnetic trap or an optical dipole trap without the aid of
near-resonant light could open up a route to overcoming the density limitations of
the MOT. By multiple loading of atoms the number limit could also be exceeded.
Any such scheme requires a method of delivering cold atoms (e.g. the guided foun-
tain) and a technique for loading them into the trap.

In this chapter we shall investigate the possibility of obtaining a large number of
atoms in an optical dipole trap. First we look at losses from optical dipole traps and
existing methods of loading them. We then discuss schemes for loading an optical
dipole trap from the guided fountain. In section 7.4 we demonstrate experimentally
a method of loading an an optical dipole trap, spatially separated from the MOT,
using the guided fountain. The trap is based on a time dependent potential and
therefore can be loaded without any additional cooling. The idea is adapted for
accumulation of atoms by multiple loading.

7.2 Loss Mechanisms from Optical Dipole Traps

Optical dipole traps are not truly conservative, as discussed in chapter 2 (sec-
tion 2.4.1). A dissipative component arises from heating due to spontaneous emis-
sion. In the limit where A >> T, the scattering rate is given by:

_ wil

Ys = mv (71)

i.e., 7, o« I/A? Heating due to scattering a large number of photons can lead to
trap loss. Since the trap depth is proportional to I/A (equation 2.9), the scattering
rate can be decreased and the trap depth maintained by increasing both intensity
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and detuning.

Other losses arise due to collisions. The number of trapped atoms is expected
to vary as:

N(t) = —aN(t) - ﬂ/nz(r,t)dar - 'y/na(r,t)d3r. (7.2)

The first term is loss due to collisions with a background gas. As an indication of
the size of this term, the 1/e lifetime, 7 = 1/q, is around one second at a pressure of
3 x 107 Torr [113]. The second term is due to binary collisions. In the absence of
resonant light, the most important of these is hyperfine structure changing collisions.
B is typically of the order 5 x 101 cm~3s~? [114, 115]. If there is any near resonant
light present, excited state fine structure changing collisions, radiative redistribution
and photoassociation [21] also become important. The final term, three body losses,
only plays a role at very high densities, such as those for Bose-Einstein condensates
trapped in optical traps [116].

7.3 Loading Optical Dipole Traps

The most common method of loading a dipole trap is directly from a MOT, by
simply spatially overlapping the two traps. For focused laser beams a trap depth
versus volume trade-off is necessary - the overlap with the MOT should be as large
as possible whilst still maintaining a great enough trap depth to confine the atoms.
Loading atoms directly from a MOT implies the same phase space density and
number limits inherent in the MOT. The density in a dipole trap can be ramped
up by adiabatically tightening the trapping potential, but the temperature will also
increase keeping the phase space density constant [117].

7.3.1 Loading Directly from the MOT

We measured the characteristic lifetime of a crossed-dipole trap loaded by overlap-
ping with our vapour cell MOT. The crossed-dipole was formed using the 12 W
Nd:YAG beam aligned vertically and focused to a beam waist of 200 gm in the
MOT region. The beam was retro-reflected to give a total power of 19 W. The
retro-reflected beam (power 6 W) was recycled, focused to 60 pm and aligned hori-
zontally to form the crossed trap in the MOT region. The resulting trap depth was
125 uK. The crossed-dipole trap was left on continuously.
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The MOT was loaded for 750 ms and after a short molasses phase, which cooled
the atoms to 20 pK, all cooling light was switched off and the atoms allowed to
fall under gravity. Those overlapping with the crossed dipole trap remain trapped
(figure 7.1). Imaging the trap after a variable delay, we obtained the lifetime. Since
the imaging is destructive, each measurement was taken for a new load of atoms. A
typical lifetime curve is shown in figure 7.2 where each point represents an average
of six measurements. No data points were taken for the first 150 ms to allow the
untrapped atoms to fall out of the detection region. The data can be fitted with a
single exponential, giving a lifetime of 370 ms.

Possible loss mechanisms include heating due to spontaneous scattering, hyper-
fine state changing collisions and collisions with the background gas. The sponta-
neous scattering rate is only of order 1 s™! and therefore negligible. The density in
the trap should be too low for hyperfine structure changing collisions to be signif-
icant. This was confirmed by pumping atoms to the lower hyperfine state at the
end of the molasses phase by switching off the repumper several milliseconds before
the cooling light. No change of the lifetime in the crossed-dipole trap was observed.
Therefore, we would expect that the lifetime measurement is dominated by loss due
to collisions with a background gas. We have no way of measuring directly the pres-
sure of the background gas in the lower vapour cell, but, from the vapour pressure
of the rubidium reservoir we expect the pressure to be of order 10~® Torr. A lifetime

of 370 ms at this pressure agrees well with measurements of other groups [113].

A crossed-dipole trap loaded from a vapour cell MOT is the easiest way to load
an optical dipole trap. The vapour cell MOT is much simpler than a MOT loaded
from a Zeeman slower. However, the lifetime of the trap (370 ms) is relatively short
- lifetimes of up to 200 s have been observed for far-off resonant traps [80]. To obtain
longer lifetimes the background pressure must be reduced by trapping in an UHV
chamber.

7.3.2 Loading a trap below the MOT

Atom traps loaded a small distance (a few millimetres) away from the MOT have
been demonstrated {73, 118, 119, 120]. The traps are all variations on a gravito-
optical trap (so named since the trap is closed from above by gravity) where the
atoms fall a few millimetres onto a repulsive potential. Excess kinetic energy is
removed by cooling of some form, most commonly a variation of Sisyphus cooling
[25, 26]. Note that again near-resonant light is involved in the loading process. In
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addition, the traps are not sufficiently distant from the MOT to allow for the MOT to
be reloaded whilst atoms are in the gravito-optical trap, preventing multiple loading
schemes. A new technique is necessary to load an optical dipole trap spatially
separated from the MOT without the aid of near-resonant light. One way is to
use collisions to remove excess energy from the atoms delivered to the trap, similar
to the idea of evaporative cooling [85]. An alternative is to use a time-dependent
potential, where cold atoms are delivered to a particular region and then a trap is
switched on to hold them there.

7.3.3 Crossed Dipole Trap at the Apex of the Fountain

In chapter 2 the results of a simulation of the density on axis of a guided atomic
fountain with a crossed-dipole beam at the apex showed that in continuous opera-
tion a density enhancement in the crossed dipole region could be expected. Such a
density enhancement could be useful for collisional loading of an atom trap. We have
attempted to observe the density enhancement using the pulsed guided fountain.

The retro-reflected beam from the guide was focused to 60 pm and aligned to
cross the guide, forming a cross-dipole trap in the UHV chamber, just above the
aperture. Bunches of atoms were sent up from the MOT with the velocity chosen
such that the apex of their trajectory coincided with the position of the crossed-
dipole trap. Since the cloud is well spread out by the time it enters the vacuum
chamber only a very small proportion of the atoms (= 0.5%) turn around in the re-
gion of the crossed-dipole trap. Figure 7.3 is a cross-section through the atom cloud.

The most obvious feature is the dip in the originally gaussian profile. The dip
arises when atoms moving upwards at velocities of a few tens of centimetres per
second, pass the dipole trap, tend to be accelerated around it and are lost from the
guide. There is also a small peak in the profile, but it is much broader than the
width of the crossed-dipole trap. It appears that the atoms which do turn around in
the region of the trap are slowed down, spending more time in the attractive poten-
tial. In continuous operation this should give rise to a large increase in density. This
structure in the cloud is only visible for a short time period (~ 2 ms) indicating that
it is due only to those atoms that turn around exactly in the region of the dipole
trap. The broad dip is visible for around 10 ms since it arises when atoms with a
range of velocities travel through the crossed-dipole region.

So, it is clear that it is difficult to obtain a significant density enhancement using
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Figure 7.3: Vertical cross-section through the atom cloud as it turns around at the
apex of the guided fountain in the region of a crossed-dipole trap.

a pulsed method. However, in continuous operation it may be possible to use the
density enhancement to implement a collisional loading scheme.

Since the largest flux is obtained from the guided fountain operating in a pulsed
fashion, a good alternative to collisional loading is a scheme using a time-dependent
potential, as outlined in chapter 3. One example, the ‘optical trap door’ is outlined

below.

7.4 The ‘Optical Trap Door’

The idea of the ‘optical trap door’ is to create an optical dipole trap with a time-
dependent potential that can be switched off to allow atoms to enter the trapping
region and then on again to trap them. In our design we have chosen to use the
red-detuned dipole guide beam to form the walls of a trap and an additional blue-
detuned beam termed the ‘trap door’, aligned horizontally for the floor. The trap
is closed from above by gravity. The trap is loaded several centimetres away from
the MOT, in order to remove atoms spatially from the disruptive forces of resonant
light. An efficient transfer technique is necessary. The optically guided fountain
thus serves a dual purpose - it delivers cold atoms to a specific location and the
guide beam also forms the walls of the trap itself. The scheme, then, is to launch
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a cloud of atoms from the MOT with a velocity such that they turn around under
gravity approximately 8 cm above the MOT. The atoms are guided through the
aperture to an UHV chamber using the dipole guide beam. As they turn around
under gravity, a blue-detuned trap door is switched on and the atoms fall back onto
a repulsive potential and bounce, thus remaining trapped. Figure 7.4 illustrates the
idea.

7.4.1 Quantum Monte Carlo Simulations

We can calculate typical atomic trajectories of atoms bouncing on the trap door
beam using a Quantum Monte Carlo simulation [121]. The Quantum Monte Carlo
method has been shown to be equivalent to the Optical Bloch equations and is com-
putationally more efficient if a large number of atomic states are being considered.

In this case, it is useful for gaining some physical insight into the bouncing process.

As the atoms fall onto a sharply focused laser beam, the number of photons scat-
tered will depend on how far the atoms penetrate into the beam. Assuming that the
atoms transfer adiabatically from a state |g) to dressed state |2(N)) as they enter
the trap door beam potential, they will experience a repulsive potential. For light
detuned by more than a few MHz, most atoms undergoing a spontaneous emission
will fall into state |2(N — 1)) and they will still feel a repulsive potential. The only
change is then that due to the photon recoil. Occasionzﬂly, however, the atoms fall
into |1(N — 1)) and experience an attractive potential and thus tend to fall through
the trap door. The relevant transition rates are given by equations 2.7. This process
is modelled below.

First the initial position of the atom in the £ — y plane is chosen randomly
from a gaussian distribution and the velocity of the atom is chosen randomly from a
distribution corresponding to a temperature of 20 zK. Only atoms which are initially
trapped in the dipole guide beam are selected. At the start of the calculation the
atoms are a vertical distance of 30 yum above the blue-detuned trap door beam and
are travelling downwards at a mean velocity of 0.485 ms™. The initial velocity is
equivalent to that of atoms dropped from a height of 1.2 cm. The guide beam is
focused to wy = 100 um at z = 0, has a power of 19 W and a detuning of 284 nm. The
trap door beam is focused to wpy in the vertical direction and wgy in the horizontal
direction and has a power P and a detuning A. In the dressed state picture the
atom remains in a single dressed state until a spontaneous emission occurs, when it

is transferred to a new dressed state. The atomic trajectory is calculated by solving:
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Figure 7.4: Schematic of the ‘optical trap door’. Atoms are launched from a vapour
cell MOT and guided into a UHV chamber using a far-off resonant red-detuned
beam. As they turn around under gravity a blue-detuned ‘trap door’ beam is
switched on. The atoms fall onto the beam and bounce.
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mi = —VU, (7.3)

where U is the energy of the dressed state and includes the potential of the guide
and trap door beams and gravity. The spontaneous emission process is mod-
elled using a quantum Monte Carlo method [121, 122, 123, 124]. At each time
step (dt = (2m/100)I') the probability for a spontaneous emission occurring is
dp = T'dt|a|* where |a| is the normalised component of the excited state |e) in
the dressed state. This is compared to a random number, o chosen between 0 and
1 and if dp > o then a photon is emitted. The choice of which state it falls into
is again random, with probabilities weighted by the transition rates to the states
|[1(N — 1)) and |2(N - 1)).

The approximations made in the approach include the secular approximation:
i.e. 2 > I so that the spontaneous emission occurs on a much shorter timescale
than the Rabi oscillations and the photons of the laser field can be considered to
be simply spectators during the spontaneous emission. The atom is treated as a
pointlike particle. Collisions with other trapped atoms or the background gas are
ignored. On a practical level the trap door beam is assumed to be perfectly gaussian
and for most of the calculations scattered light is neglected.

Results
For the following calculations woy = 5 pm and wey = 100 pm.

Figure 7.5 shows a typical trajectory of an atom bouncing on the trap door beam.
Figure 7.6 is a trajectory for the case where an atom emits a photon and falls into
the wrong dressed state and is accelerated through the beam.

Figure 7.7 shows the percentage of atoms lost through the trapdoor beam as a
function of trap depth for five different detunings. All the atoms fall through the
trap door for trap depths less than 1.2 mK. For detunings of 14 GHz, 1.4 GHz and
140 MHz there is a sharp drop in the number of atoms lost at a trap depth of 1.2 mK.
For trap depths of over 10 mK, less than 5% of the atoms are lost. The dependence
is very different for detunings of 14 MHz. The drop in the number of atoms lost
occurs for a higher trap depth (~ 4 mK) and the loss falls off more gradually.
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Figure 7.5: Typical trajectory of an atom bouncing on the trap door beam.
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Figure 7.6: Trajectory of an atom that undergoes a transition to a dressed state
which sees an attractive potential and falls through the trap door beam.
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Figure 7.7: Percentage of atoms lost through the trap door beam as a function of
trap depth for different detunings. Triangledown : 14 MHz; Square : 140 MHz;
Circle : 1.4 GHz; Triangleside : 14 GHz.

Figure 7.8 shows the corresponding number of photons scattered. The number
of photons scattered decreases rapidly as the detuning is increased. For detunings of
greater than 140 MHz the photon scattering rate peaks for a trap depth of between
1 mK and 2.5 mK where the percentage of atoms falling through the beam is chang-
ing rapidly. Some atoms penetrate a long way into the beam before being reflected
and therefore spend a long time in the light field and scatter a large number of pho-
tons. For detunings of less than 100 MHz the scattering rate continues to increase
for trap depths up to 10 mK. This difference for smaller detunings can be explained
by transitions to the dressed state |[1(NN)), in which atoms experience an attractive
potential. Figure 7.9 shows the average time spent in the dressed state. The gen-
eral shape closely follows the shape of the curves of the number of photons scattered.

In conclusion, over 95 % of atoms falling from rest from a height of 1.2 cm should
bounce on the optical trap door beam for trap depths of over 10 mK, provided that
the detuning is larger than 140 MHz. For a detuning of 14 GHz a 10 mK trap depth
corresponds to a power of 8.6 mW (figure 7.10). For these detunings less than one
photon is scattered for each bounce (figure 7.11) and scattering into a dressed state
feeling an attractive potential is negligible.
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Figure 7.8: Average number of photons scattered by an atom bouncing on the trap
door beam as a function of trap depth, for different detunings. Triangle : 14 MHgz;
Square : 140 MHz; Circle : 1.4 GHz.
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Figure 7.9: Average time spent in the dressed state {1(/V)) (which experiences an
attractive potential), as a function of trap depth for two different detunings. Triangle
: 14 MHz; Square : 140 MHz.
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Figure 7.10: Percentage of atoms lost through the trap door beam as a function of
power for different detunings. Triangle : 14 GHz; Square : 21 GHz; Circle : 28 GHz.
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Figure 7.11: Average number of photons scattered by an atom bouncing on the trap
door as a function of power for different detunings. Triangle : 14 GHz; Square :
21 GHz; Circle : 28 GHz.
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Figure 7.12: Set-up for generation of the trap door beam. A slave laser is injection
locked by an ECDL. The injection lock can be switched on or off using an AOM.

7.4.2 The experimental set-up

The set-up for the trap door is illustrated in figure 7.12. The trap door beam is gen-
erated by a 70 mW Sanyo diode laser, injection locked [125, 126 by a master laser.
The master laser is an extended cavity diode laser (ECDL) with a design similar to
that of the repumping laser described in chapter 2 (section 4.2.1). In this case only
a single level of temperature stabilisation is used, for the laser itself - the extended
cavity is not temperature stabilised. The laser is not locked. The result is a laser
with a linewidth of a few hundred kilohertz, stable to a few Megahertz. By changing
the diode current or temperature, the laser can be blue-detuned from resonance in
7 GHz steps, up to 50 GHz, whilst monitoring the frequency with reference to the
251/, F = 3 =? P33, F = 4 transition on a scanning Fabry Perot etalon with a
free spectral range of 70 GHz. The output of the master laser is passed through an
optical isolator and then an acousto-optic modulator (AOM), which acts as a switch.
When the trapdoor is ‘on’ the first order of the AOM can be used to injection lock
the slave diode laser but when it is ‘off’ no light goes to the slave laser and the
slave is free running. There is no shutter on the output of the slave laser so the
beam is present even during the upward flight of the atoms, but at this time it is
not injection locked. Since the free running frequency is 5 nm from resonance and
the power is of order 50 mW, the light shift experienced by the atoms during their
upward flight is equivalent to a few tens of microKelvin and therefore negligible to
atoms travelling at a few tens of cm/s. Once the atoms have passed through the
beam the injection lock is turned on and a repulsive barrier is created.
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Stability of the injection locking of the slave was very important. Alignment of
the injection lock is optimised by tuning the master to a rubidium absorption line
and then monitoring the transmission of the slave beam through a Rb cell, whilst
modulating the slave current. When the alignment of the injection lock is good the
slave will injection lock over a range of a couple of milliamps and this can be seen as
a decrease in transmission through the Rb cell. Figure 7.13 shows the current mod-
ulation applied to the slave laser and a corresponding transmission signal. When
the injection lock is working well the transmission through the cell is a minimum.
The flat portion corresponds to a locking range of around 1.5 mA. Injection locking
mechanisms are discussed by Bouyer et al [127].

There are only certain combinations of temperature and current of the slave
laser at which lasing behaviour is possible for the frequency of the injected light. By
controlling the temperature of the slave the injection lock current can be set to give
maximum output power. The stability of the injection lock was monitored during
the experiment on another etalon.

The output beam from the slave is passed through anamorphic prisms to give a
beam measuring approximately 1.5 mm by 9 mm. By a combination of spherical and
cylindrical lenses the beam is focused a thickness of 10 ym and a width of 200 ym
and aligned horizontally just above the aperture, crossing the dipole guide beam.
The width of the focus can be confirmed by measuring the divergence of the beam
over a couple of metres. The Rayleigh range of a beam focused to wy = 5 pm is
only around 100 um, so the translational alignment is critical and the final lens was

mounted on a translation stage for easy adjustment of the focal plane.

7.4.3 Bouncing Atoms

Atoms are delivered to the region above the trapdoor beam by the pulsed guided
fountain, which is described in the previous chapter. In this section we discuss the
dynamics of an atom cloud bouncing on the ‘trap door’. The observed distribution
differs significantly from those of previous atom bouncing experiments [128, 129, 130]
since in our case the spread in potential energy of the initial cloud is of the same
order as the mean potential energy. In other bouncing experiments the potential
energy spread is significantly less than the mean potential energy.

The flight time of atoms to the apex of the fountain is around 110 ms and in
this time a cloud with an initial vertical size of 2 mm has expanded to 1.2 cm due
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Figure 7.13: The upper figure shows the current modulation applied to the slave laser
with a peak to peak amplitude of 4 mA. The lower figure show the corresponding
tranmission of the slave beam through a cell containing rubidium vapour. The
master laser is tuned to a rubidium resonance, such that when the slave is injection
locked the transmission through the Rb cell falls. The lower level flat region indicates
that the injection lock works well over a slave current range of more than 1.5 mA.
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Figure 7.15: Vertical cross-sections through the bouncing atom cloud recorded every
10 ms. The position of the trap door beam is indicated by a dotted line. Each cross-
section is 17 mm in length.
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to the temperature of the cloud (20 uK, corresponding to 4.4 cms™!). We have
positioned the trap door just below the bottom of the cloud. Atoms falling from
a height of 1.2 cm above the trap door have a potential energy of 1.2 mK, which
is therefore the necessary barrier height if most atoms are to be trapped. Typical
parameters were a power of 40 mW and a detuning of 20 GHz from resonance giv-
ing a trap depth of 200 mK, i.e., more than sufficient for all the atoms to be trapped.

The large vertical spread of the cloud means that atoms fall onto the trap door
from different heights and therefore have very different bouncing periods. This
leads to interesting dynamical phenomena. A typical sequence of images of bounc-
ing atoms taken at 10 ms intervals is shown in figure 7.14, together with vertical
cross-sections through the centre of the images. Since the imaging technique is de-
structive each image is obtained from a new load of atoms. The length of the image
is 17 mm. The position of the trap door beam is indicated on the figure as a thick
white line.

During the first 100 ms after closing the trapdoor, the cloud develops two distinct
maxima. This is purely an artifact of the initial position distribution and after a
further 100 ms, the motion of the atoms is sufficiently out of phase for this structure
to have disappeared. Similar splittings of thermal clouds bouncing on repulsive light
sheets has been observed by Bongs et al. [130]. In our case the initial size of the
cloud is larger than the mean drop height. In other experiments the parameters are
very different with the initial cloud size being much smaller than the drop height.
The general shape of the bouncing cloud can be simply explained using classical
trajectories. Figure 7.16 plots height versus time for particles initially at rest falling
from heights ranging between 0 and 1.2 cm, onto a hard potential. The leading edge
of the bouncing cloud occurs where each parabola intersects the one above it and
these points fall along a curve that can be approximately fit by a parabola with

LES (%)2, S (7.4)

where s is height and ¢ is time and n is the number of the bounce. The parabolas
become progressively less steep. Two leading edge parabolas are superimposed on
the atomic images shown in figure 7.14 and provide a good fit to the data.
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Figure 7.17: The number of atoms above the trap door as a function of time after
switching on the trap door. The trap door beam is 20 GHz blue-detuned and
has a power of 40 mW. The data has been fit with a curve obeying the equation
N = No[Aexp(—t/m) + Bexp(—t/7)] (solid line), where A is 0.47, r; is 147 ms, B
is 0.53 and 75 is 1667 ms. Also shown for comparison is a single exponential fit to
the data, N = Ny[Aexp(—t/m1) + B] (dashed line), where A is 0.772, B is 0.209 and
71 is 335 ms. The error bars are the statistical error obtained from averaging five
measurements for each data point.
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Figure 7.18: 7; plotted against barrier height. The data has been fit with a straight
line. Each data point was obtained from a fit to a decay curve, such as the one
shown in figure 6.17.

Several explanations suggest themselves. The first is that poor alignment of
the beam means that the trap depth is significantly less than the calculated value.
The alignment was optimised for large detunings and low intensity i.e. shallow trap
depths, where the trapping was extremely sensitive to the exact position of the fo-
cus. Therefore, this explanation seems unlikely. Interference of the trap door beam
at the uncoated walls of the vacuum cell could have degraded the beam quality to
the extent that there were holes in the trapping potential. The beam was not spa-
tial filtered in order to avoid power loss and consequently the beam profile was not
very clean. Another possibility is that spontaneous scattering plays a role: atoms
fall into a dressed state that sees an attractive potential on emitting a photon and
are subsequently accelerated through the trap door. The Monte Carlo simulations
suggest that this is very unlikely, even allowing for some scattered light in the cal-
culations. The truth is probably a combination of poor beam quality and scattered
light.

The double exponential indicates that there is a second loss mechanism, possibly
collisions with a background gas or hyperfine state changing collisions. Again, hy-
perfine state changing collisions should be negligible. This was tested by pumping
the atoms into the lower hyperfine state (and absolute ground state) before leaving
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the MOT region by switching off all repumping light a few milliseconds before the
end of the molasses phase. We observed no change in the lifetime of the trap, indi-
cating that the density in the trap was not high enough for this to be a significant
loss mechanism. In fact, the density in the trap is of order 2 x 10'® cm~3 and values
in the literature give the rate coefficient to be typically around 5 x 107! cm3s~! so
we would not expect hyperfine state changing collisions to be important.

The most likely second loss mechanism involves collisions with a background gas.
The ion gauge, situated close to the ion pump in the upper cell (see figure 4.2) near
the upper chamber indicates a pressure of 3 x 10~'% Torr, two orders of magnitude
lower than that in the vapour cell. A lifetime of 1667 ms shows the advantage of
trapping in a UHV chamber, since the lifetime in the vapour cell was limited to only
370 ms by collisions with the background gas.

The data will only be fit by a sum of two exponentials if two different loss
mechanisms affect two different ‘populations’ of atoms. A fit of this sort has four
free parameters and thus should be treated with caution. Here it may be appropriate
since the loss mechanisms invoked to explain the decay are loss through the trapdoor
(affecting only those atoms in the region of the trapdoor beam) and loss due to
collisions with a background gas (affecting all atoms in the entire length of the
bouncing cloud). Figure 7.17 also shows a single exponential fit to the data (dashed
line) for comparison. If, for example, there are two loss mechanisms which act on the
same ‘population’ of atoms the decay curve will be a product of two exponentials,
N = Nyexp(—t/7), where 1/7 =1/1 + 1/72.

7.4.5 Time Sequence for Multiple Loading

In this section the losses which occur during multiple loading are investigated in
order to gain insight into the conditions that would be necessary to see any accu-
mulation of atoms.

A typical time sequence is as follows. A first MOT is loaded and atoms are
launched within the guide. After allowing 20 ms for the atoms to leave the optical
molasses region the MOT is switched back on and reloaded for a variable time tyorT,
of a few tens of milliseconds. By operating at high vapour pressures (~ 10~7 Torr)
we could load more than 107 atoms during this time. Meanwhile the initial cloud
reaches the UHV chamber and is trapped above the trap door. The second load of
atoms is launched. When they reach the trap door it is opened for typen to allow
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most of the second load to enter but minimise trap leakage. A third bunch of atoms
arrives ~ 100 ms later and the sequence can be repeated an arbitrary number of
times.

7.4.6 Results

After optimising the MOT loading time (¢mot ~ 70 ms) and duration of the opening
the trap door (topen ~ 15 ms), 15% of the trapped atoms were lost during each refill.
The trap loss between refills was 20%. By using a higher power, further detuned
trap door beam, it should be possible to reduce the trap loss to the 1% level. Based
on these numbers one could expect to accumulate in steady state around 7 times
the number obtained from a single load.

Unfortunately, there is another mechanism intrinsic in our vacuum system design
that leads to substantial loss from the trap and could not be eliminated without
rebuilding the vacuum chamber. Since the vapour cell and UHV chamber are made
completely of quartz, there is no optical shielding of the optical dipole trap from
scattering light from the MOT. The problem is compounded by the fact that the
quartz is not anti-reflection coated. Absorption of only a few tens of photons of
near resonant scattered light is sufficient to knock atoms out of the guiding beam.
Consequently, if the MOT is reloaded whilst atoms are trapped above the trap
door or travelling in the guide to the UHV chamber, the atoms are lost in a few
milliseconds.

7.4.7 Repumper Effects

One way to combat this effect is to pump the atoms into a dark state before they
leave the MOT (the lower hyperfine state of the ground state, F' = 2) such that they
do not see the resonant light. This can be achieved by using a mechanical shutter to
switch off the repumper several milliseconds before extinguishing the cooling light.
The mechanical shutters switch off the light in 400 us.

Figure 7.20 shows the proportion of atoms remaining in the upper hyperfine state

a given time after switching off the repumping beam. The data has been fit with a
double exponential:

N(0)(r=3) = Aexp(—t/74) + Bexp(—t/75) (7.6)




7.4. The ‘Optical Trap Door’ 122

where 74 is 0.41 ms and 75 is 26 ms and A and B are 0.77 and 0.23 respectively. 74 is
consistent with the optical pumping time but 75 suggests that there is a mechanism
which pumps atoms back to the upper hyperfine state. Our initial thought was that
this is caused by scattered repumping light from the optical bench. Considerable ef-
fort was made to shield the experiment from scattered light but without successfully
changing the decay curve illustrated. Alternatively the repumping could be caused
by spectral impurity of the cooling laser.

7.4.8 Rate of Loss due to Scattered photons

Figure 7.20 shows how the number of atoms remaining in the guide is affected by
the length of time that the repumper and MOT beams are on during the atoms’
flight. Initially, the MOT was loaded until the number of atoms saturated. The
atoms were launched within the guide and pumped into the lower hyperfine state
by switching off the repumper before the end of the molasses phase. All the light
(except the guiding laser) was then extinguished for 20 ms to allow the atoms to
leave the region of the MOT beams. After this time the MOT was switched back on
for a variable time, 7. The measurements were all taken after a constant delay of
120 ms, corresponding to the time when the atoms are at the apex of the fountain.
Integrating the CCD camera signal gives the number remaining in the guide, N.

If the MOT is switched back on for 45 ms, 80% of the initial number remain in
the guide, but after 80 ms only 20% remain. This indicates that scattered repumper
photons pump atoms back into F' = 3, where they can be heated by near-resonant
light. The error in the measurements is largely due to fluctuations in the initial
number of atoms collected in the MOT which varied from load to load.

7.4.9 Effect of Intensity of the Repumping Light

We can optimise the intensity of the repumping light in the MOT to minimise the
losses caused by scattered light. The number of atoms in the MOT is plotted as
a function of the repumper intensity in figure 7.21. For high repumper intensities
the number of atoms in the MOT saturates. It falls off when the repumper power
is below around 2 mW. To optimise the intensity of the repumper there will be a
trade-off between the number of atoms collected in the MOT and the probability
that scattered light from the loading of a second MOT will knock atoms out of the
guide during their flight.
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Figure 7.19: Number of atoms detected in the upper hyperfine state versus time
that the cooling light remains on after the repumper is switched off.
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Figure 7.20: Fraction of atoms that remain in the dipole guide as a function of the
duration (T') of the MOT which is turned on during the atomic flight.
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Figure 7.21: Number of atoms in the MOT as a function of the power of the re-
pumper. The data has been fit with a curve of the form N = Npax[1 — exp(—7vP)].
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Figure 7.22: Number of atoms remaining in the guide after a second MOT phase of
25 ms as a function of the repumper power in the MOT. Also plotted is the signal
from figure 7.21 (solid line).
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Figure 7.22 shows the corresponding signal from the atoms remaining in the guide
as a function of repumper intensity when the MOT is switched back on during their
flight. The signal increases with repumping intensity for low intensities since the
number of atoms in the MOT also increases. The maximum occurs for a repumper
power of 0.5 mW, after which it falls again due to the increased probability that
scattered light from the MOT will knock atoms out of the guide.

7.5 Summary

We have demonstrated a technique for loading a conservative atom trap spatially
separated from the MOT without the aid of near-resonant light. The guided foun-
tain is an essential component for delivering the cold atoms efficiently to the trap.
The technique is readily adapted for multiple loading and could be used for the
accumulation of atoms.

The optical trap door is distinct from other optical dipole traps for a number of
reasons. The trap has a large volume and consequently can trap more atoms than
traps loaded by overlapping with the MOT, where the trapped number is limited by
a volume/trap depth trade-off. A similar geometry was realised by a combination of
a vertical dipole trap and an electrostatic floor by Lemonde et al. [131]. The optical
trap door is separated by a distance of a few centimetres from the MOT and hence
it is possible to reload the MOT, whilst atoms remain trapped above the trap door.
This allows for multiple loading schemes. Other traps spatially separated from the
MOT are all loaded by dropping the atoms from the MOT, in which case they gain
kinetic energy as they fall. Some form of cooling, typically a variation of Sisyphus
cooling, is necessary to prevent elastic bouncing back to the MOT region. In our
fountain geometry, at the apex the atoms are nearly at rest. Therefore no additional

cooling was required.

Our existing apparatus requires a number of adaptions. The most important of
these would be a new design for the vacuum chamber with the vapour cell optically
isolated from the UHV chamber. Ideally the aperture would be placed only 1 cm
above the MOT, such that the atoms were unaffected by scattered near-resonant
light for most of their flight time. A further improvement to the optical trap door
would be to use a higher power beam to reduce losses though the trap door. Anti-
reflection coated windows would prevent degradation of the quality of the beam
profile. With these improvements it would be possible to significantly improve on
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the results presented here.

The scheme of multiple loading with a time-dependent input potential is of gen-
eral applicability. Although we have concentrated on an entirely optical scheme, a
similar scheme using a magnetic trap has been outlined in chapter 3. Lifetimes of
200 s in a magnetic trap are fairly typical, reducing trap loss compared to optical
dipole traps. Trap leakage is determined by the volume of the trap.

In addition, we have seen evidence for a density enhancement in the region of a
crossed dipole trap at the apex of the fountain, in agreement with the simulations
presented in chapter 2 (section 3.2). With the improvements to the vacuum design
described above, it would be possible to investigate collisional loading of an atom
trap in a continuously operating guided fountain.







Chapter 8

Conclusion

During the course of this work, we have developed a laser cooling experiment from
scratch in an initially empty laboratory. We have built a vapour cell magneto-optical
trap and demonstrated efficient transfer of atoms from the MOT to an UHV cham-
ber, using a far-off-resonant guide beam. The atoms are transferred over a distance
of order 10 cm in a fountain geometry. We compared the flux obtained in pulsed
and continuous operation and found that, whilst the atomic flux is greater in the
continuous case, the guiding is less efficient. Therefore, fewer atoms are transferred
to the UHV chamber. In continuous operation atoms in the fountain are heated by
scattered light.

Methods of loading a conservative atom trap at the apex of the guided foun-
tain were investigated. We demonstrated an optical dipole trap loaded using a
time-dependent potential. Far-off-resonant optical dipole traps are essentially con-
servative and therefore do not suffer from the same density and number limits as the
MOT. Therefore, in principle, a multiple loading scheme could be used to accumu-
late a larger number of atoms than has previously been obtained in optical dipole
traps. The scheme is generally applicable to any conservative trap.

As this was a first attempt, a number of possible improvements to the design have
been highlighted. Most importantly the UHV chamber should be optically isolated
from the MOT. With the addition of an opaque partition with a small aperture, just
above the MOT or funnel, the atoms would be unaffected by near-resonant light for
most of their flight time.

In the future, the work could be extended to look at multiple loading of a mag-
netic trap. Typical lifetimes for magnetic traps are of order 100 s, implying that
many atoms can be collected. The time-dependent potential method of loading with-

128
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out near-resonant light could be adapted for a magnetic trap. Alternatively, optical
pumping or collisional loading schemes can be explored. For all these schemes the
optical guide is a key component, since it delivers cold atoms with a spatial distri-
bution well matched to that of the atom trap and minimises the phase space density
decrease occurring during transfer.

At present some BEC experiments use double MOT schemes to combine efficient
collection of atoms from a vapour cell MOT, with the long lifetime of a UHV MOT
[76]. The UHV MOT is necessary to regain the phase space density lost during the
transfer process. After multiple loading, the UHV MOT is extinguished and atoms
loaded into a magnetic trap. An efficient transfer implies that the UHV MOT can
be replaced by a conservative trap. Continuous loading of a magnetic trap could
provide a route to a steady state Bose-Einstein condensate [79]. Resonant light can
destroy a condensate so a collisional loading or time-dependent loading scheme may
be a vital tool.
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Appendix

Timing and Data Acquisition

This appendix describes the timing and data acquisition system used for the
experiment. A brief overview of the structure is as follows:

The graphical interface is provided by Matlab. Pushbuttons toggle between
the various modes (pulsed, continuous, temperature measurement etc.). Various
parameters can be changed interactively. For each mode there is a matlab .m file

which writes appropriate values for the intensity, detuning etc. to a waveform buffer.

Matlab communicates with NIDAQ (National Instruments Data Acquisition)
cards via MEX-files which are c files for Matlab. A timing card, PC-TIO-10, gen-
erates pulses for the various timescales involved. An analogue output card, the
AT-AO-10 is triggered by the PC-TIO-10 and updates voltages sent to the compo-
nent parts of the experiment. The relevant voltages for each analogue output are
read from the waveform buffer.

Data acquisition is performed by a Matrox Meteor frame grabber which records
data from a CCD camera (CV-M50 from Alrad Instruments Ltd.) and transfers it
to a Matlab array. Both the CCD camera and the frame grabber are triggered by
the PC-TIO-10.

More details are given below.

A.1 Timing

The card for controlling the timing of the experiment was a PC-TIO-10. Figure A.1
illustrates the pulse sequences generated by the card.
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1. The main clock: defines the length of a single whole cycle, i.e., the MOT time,
molasses time, delay before acquistion, acquisition time and time for data
transfer from the CCD camera to Matlab. Typically the ‘active’ time would
be one second and the ‘dead’ time would be around two seconds. The ‘dead’
time must be long enough to allow data acquisition from the CCD camera. If
this is not the case, the sequence cannot trigger correctly and the detection
and data acquisition are no longer synchronised.

2. CCD camera trigger: square pulse with a timebase of 20 ms and a variable duty
cycle which is set such that the detection pulse coincides with the opening of
the camera shutter. The CCD camera takes a picture every 20 ms.

w

. The frame grabber trigger: triggers the Matrox Meteor frame grabber to record
data from the CCD camera.

W

. Update timebase: Sets the frequency for updating the analogue output channels
which control parameters such as the intensity and detuning. The timebase is
a square wave with a duty cycle of 50 us by 50 us.

(4]

. AND gate control: this signal and the update timebase are sent to an AND gate
and the resulting signal is illustrated by 6. For signal 6 a large number of the
100 us period pulses are replaced by a single pulse.

6. External Update: The result of 4. A 5. This signal is send to the AT-AO-10
card to trigger the analogue output channels to read a new value from the
waveform buffer when the signal goes from low to high. Thus the channels are
only updated when the values of intensity and detuning are changing rapidly,
preventing the waveform buffer from becoming unmanageably long.

All the outputs must be synchronised and this is achieved using gates. The main
clock is gated by the CCD camera trigger. The frame grabber trigger, the update
timebase and the signal for the AND gate are all gated by the output from the main
clock as illustrated by figure A.2.

A.1.1 Repeated pulse sequences

The minimum time of a single cycle (i.e. the active time + the dead time in fig-
ure A.1) is limited by the time for the data transfer from the CCD camera to matlab
(about 2 seconds). In some cases, for example the multiple loading of an atom trap
described in chapter 5, it might be necessary to repeat the same pulse sequence
several times with only a single detection pulse and data transfer at the end, after
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Gate 1 | L’,L = main clock
Gate2 o | A %vm = CCD trigger

Gate3 Q=] 3 0—=» Frame grabber trigger

Gate 4 Qe 4C

External update

Gate 5 O=——— Oo—

Figure A.2: Schematic of the outputs and gating for the timing control.

many - identical sequences. For this case, to prevent the waveform buffer from be-
coming unmanageably long the repeated sequence is stored in a minibuffer. Output
5 which is sent to the AND gate is modified as shown in figure A.3. An additional
outp‘ut» (out 6) is the inverse of output 5 and is sent to the external trigger of the
data acquisition card, LabPC1200. The trigger is used to indicate the start of each
minibuffer. The result is output 7 on the figure which is the external update sent
to AT-AO-10. Hence the minibuffer can be repeated an arbitrary number of times.

A.1.2 Triggering the CCD camera

The frame grabber for the CCD camera is Matrox Meteor, which can grab i 1mages_
using an external hardware-controlled trigger. The frame grabber is triggered by

the rising edge of a signal changing from 0.8V to 2V and will then record the next
frame from the CCD camera.

A CCD camera frame consists of an even field and an odd field, each field lasting
20 ms. The frame grabber starts collecting data at the beginning of the first even
field after the trigger. This adds a complication to the data collection since the
time from the frame grabber trigger can vary between zero and the time for one
full frame. The situation is illustrated in figure A:4.- The CCD camera shutter 1s
triggered every 20 ms and i in each frame two sets of data will be collected In case
(1) the grame grabber will record a set of data 2 ms and 22 ms after the trlgger In‘_’
case (2) it will record data 22 ms-and 42 ms after the trigger. ‘Both sets of data are -
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Not to scale

Figure A.3: Modified pulse sequences generated by card PC-TIO-10 for the case of
a repeated minicycle. Output 5 is the signal sent to the AND gate, output 6 is a
trigger for the start of each minibuffer and output 7 is the external update signal
sent to card AT-AO-10.

transferred to Matlab arrays. In general the appropriate data set can be selected by
comparing the size of the two arrays and selecting the larger.

A.2 Input and Output Signals

The external update (signal 6 in figure A.1) is used as the control timer for the
AT-AO-10 which is a high performance analogue output and digital I/O board for
PCs. A new value from the buffer is written to the analogue outputs each time the
external update signal goes from high to low. The analogue output channels are
used to control:

0. Magnetic Field Switch: 0 or 5 V for MOSFET gate switching the current in the
magnetic field coils.

1. Intensity Control: 0- 1V to the intensity control of the acousto-optic modulators
on the cooling beams. -

2. Detuning Control: 0 - 10 V to the frequency control of the acousto-optic mod-
ulators on the cooling beams.

3. Launch Trigger: 0 or 5 V for the RF switch to switch between cooling and
launching frequencies.

4. 5. Mechanical shutters: 0 or 5 V for mechanical shutters.
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Figure A.4: Timing of data acquisition from the CCD camera. The vertical dotted
lines indicate the position of the beginning of the first frame after the frame grabber
trigger for case (1) and case(2).
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6. Trap door: 0 or 5 V to switch AOM for trap door beam.

7. Detection beam: 0 or 5 V to switch AOM for detection beam.

A third board, the Lab-PC-1200 consists of a number of analogue and digital
inputs and outputs. A single analogue input is used on this board for the signal
from the photodiode monitoring fluorescence from the MOT. Loading rate curves
can be recorded by triggering this input using the main clock from the PC-TIO-10.

A.3 Graphical Interface

The graphical interface, Matlab, can communicate with the data acquisition cards
via MEX files, which are c files for matlab. The .c files are compiled using the
command line:

mex filename.c nidaq32.lib, nidex32.lib

nidag32.lib and nidex32.1ib are libraries for the data acquistion software. If
the .c file also involves calls to the Matrox Meteor frame grabber the additional
libraries named Mil.lib and Milmet.lib must be added. The result is a file called
filename.dll which can be read by matlab.

Figure A.5 is a schematic of the graphical interface. Various parameters can be
set interactively. An image from the CCD camera and a cross-section through the
image are displayed for each cycle (i.e. about every 3 seconds). A number of differ-
ent operation modes are available. For example, ‘Pulsed’ mode operates the MOT
in a pulsed fashion with a loading phase, a molasses phase, free ballistic expansion of
the atomic cloud, detection and data transfer. Clicking on ‘Pulsed’ runs the matlab
file motpulse.m.

motpulse.m calls:

setinfopulse.m sets the colours, positions of the figures etc for the display.

startpulse.m defines the waveform controlling the intensity, detuning etc. for the
pulsed mode.

ks_WFM _LowLevel.c assigns a waveform buffer to the analogue output channels
and selects the rate and the number of times the data in the buffer is to be
generated. (This is a MEX-file for matlab).



TRTIRTTERT T,
;

A.3. Graphical Interface 148

ks_trigim.c function that grabs an image from a CCD camera using Matrox Me-
teor frame grabber and transfers the image buffer to-a Matlab array. (This is
a MEX-file for matlab.)

The file motpulse.m then displays the image and performs any calculations
required: A similar program structure exists for each mode.







