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ABSTRACT

An apparatus for producing atomic-gas Bose-Einstein condensates (BECs) of 8'Rb
atoms is described. The apparatus produces 8Rb BECs in a dual-chamber vacuum
system that incorporates magnetic transport of trapped atoms from the magneto-
optical trapping cell to the BEC production cell via the operation of a series of
overlapping magnet coils. The design, construction, and operation of the apparatus
are described in detail.

The apparatus is used to study the creation of quantized vortices in BECs by
the merging and interference of multiple trapped condensates. In this experiment, a
single harmonic potential well is partitioned into three sections by an optical barrier,
enabling the simultaneous formation of three independent, uncorrelated BECs. The
BECs may either merge together during their growth, or, for high-energy barriers,
the BECs can be merged together by barrier removal after their formation. Either
process may instigate vortex formation in the resulting BEC, depending on the

initially indeterminate relative phases of the condensates and the merging rate.
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CHAPTER 1

INTRODUCTION

1.1 Bose-Einstein Condensation: Some Preliminary Concepts

A Bose-Einstein condensate (BEC) is a coherent collection of bosonic atoms that all
occupy the same quantum state [1, 2, 3]. When a dilute atomic gas is cooled below
a density-dependent critical temperature 7., a temperature-dependent fraction of
the atoms undergo a quantum phase transition to form a new state of matter: the
Bose-Einstein condensate [4, 5, 6]. One important consequence of the decrease in
temperature of the atoms during BEC formation is an increase in the atoms’ thermal
de Broglie wavelength [7]. For example, as the 8"Rb atoms in our experiment are
cooled from room temperature to T, &~ 20 nK, their de Broglie wavelength increases
by ~ 6 orders of magnitude to A\yp =~ 1 pm. Such large macroscopic wavelengths
have enabled a wide variety of wave-physics experiments involving atomic matter
waves. More to the point, the large coherence length of a BEC (which can be up to
tens of microns) has enabled many experiments within the field of atom optics [§]
that involve the propagation, interference, and control of atomic matter waves.
The atoms in a BEC share the same property of coherence [9] as the photons
in a laser beam; if two separate BECs are brought into contact, they are able to
constructively or destructively interfere, depending on their relative phase. This
matter-wave interference is similar to the interference of two light waves, and can

exhibit a pattern of bright (many atoms) and dark (few atoms) interference fringes.



14

In fact, one of the first experiments within the field of BEC was similar to Thomas
Young’s double-slit experiment of 1805 [10], which paved the way for our contem-
porary understanding of the wave properties of light. In the analogous BEC exper-
iment, reported by Andrews et al. in 1997 [11], two initially isolated condensates
were physically overlapped, allowing them to interfere, and matter-wave interfer-
ence fringes were observed. This experiment will be discussed in the context of
matter-wave interference between BECs in more detail in Section 5.2.4.

If matter-wave interference fringes are one possible outcome of bringing two
independent BECs into contact, the other extreme is the merging of two BECs into
one coherent condensate, an experiment that was reported by Chikkatur et al. in
2002 [12]. In this experiment, a continuous source of Bose-Einstein condensed atoms
was realized by the merging of multiple condensates.

In the experiments presented in this dissertation, three independent conden-
sates are merged while remaining trapped, and may or may not exhibit interference
fringes based on the timescale of merging, a parameter that will be discussed in
Section 5.4.5. The results of these experiments demonstrate a novel outcome of
condensate merging: the formation of quantized vortices.

As a system with a macroscopic occupation of a single quantum state that can
be described by a single many-body wavefunction, a BEC can be considered a su-
perfluid [13]. One of the defining characteristics of a superfluid is its response to
rotation: in superfluids, rotation of the system can result in the formation of quan-
tized vortices of fluid flow around a fluid-free core. In the case of a BEC, rotation
will set the atoms in motion at a velocity that is dependent on the local phase gra-

dient of the condensate. But because the wavefunction of the superfluid must be
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single-valued, the phase of the wavefunction after motion around a closed loop must
be either the same as its original value, or different by a multiple of 27. The latter
describes a situation in which a vortex of quantized orbital angular momentum ex-
ists in the superfluid, described in more detail in Section 5.2.1. These vortices are
the hallmark feature of superfluidity, and have been created in BEC by a number
of different methods [14]. Most of these methods have involved the deliberate intro-
duction of orbital angular momentum into the BEC, which manifests itself as the
appearance of quantized vortices.

A new mechanism for vortex generation in BECs, presented in Chapter 5, is
novel in that it relies on matter-wave interference between trapped condensates with
indeterminate phase differences. In our experiment, three independent condensates
are merged together while remaining trapped, and the direction of atomic flow
caused by the merger depends on the relative phases of the condensates, a quantity
that is not known a priori. For certain conditions in the relative phases, a circular
atomic flux will ensue, resulting in the orbital angular momentum necessary to create
vortices within the condensate. The vortex observation fraction and the timescale
for ensuing dynamics after the merger are consistent with a simple conceptual model.

The purpose of this dissertation is to describe in detail the experimental ap-
paratus used to form our BEC and the results of the aforementioned experiment.
Before proceeding further, the following section provides an outline of the entire

dissertation.
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1.2  Outline of this Dissertation

The bulk of this dissertation is devoted to a detailed description of the entire exper-
imental apparatus used by our research group to generate, manipulate, and probe
our BEC. As the first student in Dr. Brian Anderson’s research group, I have had the
opportunity be involved in all aspects of building a BEC experiment from scratch,
and all aspects of our experimental apparatus are catalogued in Chapters 2, 3, and 4.
Although atomic-gas BECs have been around since 1995, there is no single best way
to set up a BEC experiment. We present the method we have chosen to use, along
with many of its advantages and disadvantages.

Our method of BEC production can be divided into three basic steps: (1) loading
atoms in a magneto-optical trap; (2) magnetically transferring the trapped atoms
to a lower-pressure region of the vacuum chamber; and (3) evaporatively cooling the
atoms to form a BEC. These three basic steps are described in Chapters 2, 3, and 4,
respectively.

The principal scientific result of this dissertation is the discovery of a novel
mechanism for vortex formation in superfluids [15], described in Chapter 5. This
chapter includes a discussion of the background information and concepts relevant
to our experiment, the experimental procedure, and the results and conclusions of
our findings.

A summary of the major results presented in this dissertation can be found in
Chapter 6, which includes a review of the experimental apparatus, a summary of
the experimental results, and a discussion of further research that can be done to

continue the work presented in this dissertation.
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CHAPTER 2

BUILDING A BEC LABORATORY: LASER COOLING AND MAGNETIC
TRAPPING

2.1 Introduction

Chapters 2, 3, and 4 describe what the bulk of my time as a graduate student was
spent doing: building a BEC laboratory from scratch. The construction details
and steps needed to build all the components of our experimental apparatus are
presented in the chronological order in which we built them. This chapter describes
the first step in the BEC formation process: trapping atoms in a Magneto-optical
trap (MOT) and transferring them into the initial magnetic trap.

Before proceeding on with a description of the components used in laser cooling
and magnetic trapping, a basic overview of the construction timeline for building a
BEC laboratory and a literature review are presented. Then, a description of the
hardware used, such as the computer timing system, vacuum system, and lasers,
is presented. Finally, descriptions of the MOT and trapping atoms in the initial

magnetic trap are presented.

2.1.1 Building a BEC laboratory: the basic steps

The basic steps we followed in order to build our experimental apparatus are:

1. We constructed a computer timing program capable of controlling the many

devices needed to operate in sequence to form a BEC.
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2. We built a vacuum chamber containing a source of 8"Rb atoms.

3. We built lasers and laser locks that we use to cool, manipulate, and probe an

atomic gas.
4. We implemented a Magneto-optical Trap (MOT) of ~ 10? 8"Rb atoms.

5. We magnetically trapped atoms and transferred them into a Time-averaged

Orbiting Potential (TOP) trap.

6. We evaporatively cooled the atoms through the critical temperature to create

a Bose-Einstein Condensate (BEC).

7. We built the imaging systems we use to extract information about the con-

densate.

2.1.2 A review of the literature: other experimental descriptions

There is no single best way to go about constructing an experimental BEC appa-
ratus, many different groups have chosen to do things a particular way because of
various historical and technical reasons. What we provide in this chapter is the
hows and whys of our experimental apparatus, but there are numerous other places
to go for technical information on building all or part of the components necessary
for a BEC experiment.

The first experimental observation of BEC was made in 1995 in the group of
Eric Cornell and Carl Wieman at JILA [16], and was followed shortly thereafter
in the groups of Wolfgang Ketterle at MIT [17] and Randall Hulet at Rice [18,
19]. Our experimental approach follows more closely the lineage of the current

JILA experiments, which tend to favor smaller vacuum systems and the use of Rb
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dispensers, rather than the MIT approach, which involves a larger vacuum system
and a Zeeman slower.

The first experimental dissertation on BECs was written by Jason Ensher [20],
and it contains a detailed description of the experimental approach used in the
first JILA BEC experiment as well as a wealth of details on the TOP trap. The
dissertation of Heather Lewandowski [21] includes valuable information on building
a BEC experiment from scratch, and includes descriptions of many of the same
technical issues as this dissertation. The dissertation of Brian DeMarco [22] includes
information on building a similar experiment for fermions, and is a good resource for
its many figures and electronics schematics on driving magnet coils. The dissertation
of Michael Matthews [23] contains a thorough description of many of the different
methods used for imaging a condensate. Paul Haljan’s dissertation [24] includes
updated and more complete information on phase-contrast imaging. Descriptions
of the basics of building a BEC experiment can be found in the review articles
written by the JILA group [25] and the MIT group [26]. A detailed description
of the methods used by the MIT group, particularly useful for imaging and image

processing, can be found in Dan Stamper-Kurn’s dissertation [27] and in Ref. [28].

2.2 Computer Timing System

Contemporary experiments in ultracold atomic physics require precise control of
lasers, magnetic fields, and other devices on the nanosecond timescale. For this
reason, a computer timing system was built that controls the experiment through
the use of the commercial software package LabVIEW. LabVIEW interfaces with the

computer boards, which themselves interface with various devices in our laboratory
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to control the experiment.

2.2.1 Overview of how LabVIEW controls the experiment

One PC with four computer interface boards is used to control the experiment. This
PC uses several different programs, written using the software packages LabVIEW
and Matlab, to run the experiment. The main LabVIEW program interfaces with
computer boards which are capable of reading analog inputs and controlling the ex-
periment using both analog and digital outputs. The program controls the creation
of a BEC, controls a subsequent experiment with the BEC, and then triggers the
image acquisition on a CCD camera. A separate computer controls the CCD camera

parameters and is used for image acquisition and analysis.

2.2.2  Computer boards used

Figure 2.1 shows an overview of the different computer boards and how they fit
together with the experiment. The experiment PC contains 4 computer boards: a
Viewpoint DIO-128 digital input/output board, a National Instruments (NI) PCI-
6023E analog input board, a NI PCI-6713 analog output board, and a GPIB board.
The GPIB board is used to load an arbitrary waveform onto a function generator,
this is described in Section 3.3.4 on Page 73. The following sections describe the
remaining computer boards and components (opto-isolator boxes, breakout boxes,

DAC, and transfer control circuit) shown in Figure 2.1.

DIO-128 digital output board

The workhorse computer board in our experiment is the Viewpoint DIO-128 digital

output board, which has 4 ports (labeled Ports A, B, C, and D) of 16 digital output
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Experiment PC OPIO'iSO'atOFS Imaging PC
>[T—>| Breakout Box A
DIO-128 é >
8 f:\‘l Transfer Control Circuit
DAC
PCI-6023E |e Breakout Box B
PCI-6713 >
GPIB >
UsSB
CCD

Figure 2.1: Computers and computer boards used to control the experiment. The
‘Experiment PC’ contains four computer boards: the DIO-128 Digital Input/Output
board, the PCI-6023E Analog Input board, the PCI-6713 Analog Output board, and
the GPIB board. The four Ports (A, B, C, and D) on the DIO-128 connect with
Breakout Box A, the Transfer Control Circuit, the DAC, and Breakout Box B. The
‘Imaging PC’ communicates with the CCD camera through a USB connection.
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Cpmputer Opto-isolator | jne Driver  Line Driver Output
signal signal

Computer Lab
ground ground
1kQ — —1 -
\ Lot
ground

Figure 2.2: Schematic showing the circuit used for isolation of computer ground from
lab ground. Each digital line on the DIO-128 passes through an opto-isolator, which
isolates computer ground from lab ground, then passes through two line drivers.
Each line driver inverts the signal, so the output signal is a faithful representation
of the original computer signal, but is referenced to lab ground.

lines each. This board is used to turn on and off various devices in the experiment,
such as shutters, laser beams, magnets, etc. with precise timing.

Each digital line on the DIO-128 must be carefully electrically isolated so as to
avoid ground loops. A potential problem occurs when an electrical signal is reflected
from a lab device back into the computer, which can destroy the board. To prevent
this, electrical isolation of the computer ground from the lab ground is necessary.
A schematic of the opto-isolator circuit is shown in Figure 2.2.

Each digital line from the DIO-128 is first sent through an Agilent HCPL-220
opto-isolator, which electrically isolates the input and output signals and grounds
with an optical signal. This ensures that the computer ground is not connected to

the lab ground in any of our electronics boxes. Then each signal is sent through a

TI SN74128 line driver that provides the digital line with additional current output
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capability. The line driver inverts the digital signal, so each line is sent through two
line drivers. This is done for all of the digital lines directly after the DIO-128 ribbon
cable, before they connect to lab devices.

Port A of the DIO-128 connects to Breakout Box A, visible on the equipment
rack in our lab. This Port is responsible for turning on and off many devices in our
lab, such as shutters, AOMs, and the MOT coil, as well as triggering many other
lab devices.

Port B of the DIO-128 connects directly into the Transfer Control Circuit, used
to control a series of electromagnets used in the magnetic transfer system, described
in Chapter 3. The digital lines on this Port become the TTL lines responsible for
turning on and off the individual coils used in the transfer sequence.

Port C of the DIO-128 connects to the 16 input lines of the 16-bit Digital-to-
Analog Converter (DAC), described in the subsequent section.

Port D of the DIO-128 connects to Breakout Box B, visible on the equipment
rack. This Port is responsible for turning on and off additional devices in our lab.

The DIO-128 runs on an internal clock at 100 MHz, and is capable of producing
timing events every 10 ns. Because of its stability, we use the DIO-128 as the master
clock in our laboratory. The DIO-128 outputs a square wave at 10 MHz which is
synchronized to its internal clock. We use this clock output as the external clock
reference for the analog output board, as well as the two SRS function generators
used in the transfer sequence, described in Section 3.3.4. By doing this, we have
synchronized all the timing devices in our experiment to one master clock on the
DIO-128, eliminating any possible mismatch or phase slip. An advantage of using

this approach is that high-precision analog signals generated through a DAC can be
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Figure 2.3: Schematic showing the Digital-to-Analog Converter (DAC) circuit. 16
digital lines from the DIO-128 are sent to the DAC chip, which provides one analog
output, which is then sent through a unity-gain buffer.

synchronized precisely with the digital lines coming from the same board.

DAC

A 16-bit Digital-to-Analog Converter (DAC), Analog Devices AD7846JN, is used
to generate a high-resolution analog signal from 16 digital lines on Port C of the
DIO-128. This method of analog signal generation has the benefit of ensuring that
the digitally derived analog signal is exactly synchronized with all the digital lines
already being used. The DAC signal is used to control either the varying MOT coil
current in the first stages of the transfer sequence or the DC TOP coils’ current

during the evaporation sequence. Figure 2.3 shows a schematic of the DAC circuit.

Analog input board

A NI PCI-6023E board is using for analog input. One channel on this board reads
the voltage level on a photodiode monitoring the MOT fluorescence and proceeds

with the rest of the timing sequence only when a certain voltage has been reached.
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This ensures that we start out with the same number of atoms in the MOT for
every run of the experiment, which helps to maintain greater repeatability in BEC

production.

Analog output board

A NI PCI-6713 analog output board is used to control the devices that need to vary
continuously in the MOT and CMOT portion of the sequence, such as the cooling
beam intensity and detuning, and the repump beam intensity. The analog output
board is not fully isolated from lab ground like the DIO-128 board is, however, a
differential amplifier is placed along each line to separate computer ground from lab
ground by 240 k2. The analog output board uses the 10 MHz clock reference signal
from the DIO-128 board as an external timing reference, ensuring that the analog
output from this board is synchronized with the digital board. One limitation of
the analog output board is the finite buffer size, using the 10 MHz reference signal
means that there is a 100 ns update rate in the analog output. Because of this
limitation, we only use the analog output board for an analog output sequence of

up to ~100 ms during the CMOT stage of the experiment.

2.3 Vacuum System

The vacuum chamber is the centerpiece around which the entire experiment is built.
The vacuum system houses our source of atoms and provides a container with con-
venient access for optical and magnetic fields to interact with the atoms inside the
chamber. The design of the vacuum system, in particular the background pressure

and amount of optical access in different areas, will greatly effect what experiments
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are realizable with a particular geometry.

We use a vacuum system that includes two glass cells separated by a linear
distance of ~80 cm, comparably larger than many similar dual-chamber BEC ex-
periments. The use of Rb dispensers, housed in the MOT cell, is a simple and
reliable source of Rb atoms for our experiment that can easily produce MOTs of
greater than 1 -10° atoms. Although the number of atoms in a 8"Rb MOT with
this source will likely be slightly smaller than that of a system using a Zeeman
slower, dispensers are simple to use, particularly with glass vacuum cells. A descrip-
tion of the number of atoms trappable in a vapor-cell MOT based on the volume
and background pressure of the vacuum chamber was discussed by Monroe et al. in
1990 [29].

We have chosen to use a dual-chamber, single-MOT design that requires mag-
netic transfer of trapped atoms from the MOT cell to a lower-pressure science cell.
A significant advantage afforded by a single-MOT design over a dual-MO'T design is
the increased optical access afforded by the lack of laser cooling beams around the
much smaller science cell. It is easy to put small magnet coils outside of the science
cell that are efficient, unobstructive, and easily cooled.

The vacuum system and adjoining components of the experiment are shown in
different ways in Figures 2.4, 2.5, and 2.6. A diagram showing a top-down view
of the vacuum system is shown in Figure 2.4. This is a not-to-scale diagram that
highlights all the important parts of the vacuum system in a pictorial representation.
A side-view photograph of the vacuum system prior to the attachment of the two
glass cells is shown in Figure 2.5. Figure 2.5 was taken after a preparatory bake of

the vacuum system (described below) and does not show the two glass cells. Another
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Figure 2.4: Schematic showing a top-down view of the vacuum system and glass
cells (not to scale). Illustrated here is the second iteration of our chamber, which
differs from the first in the position of the 40 1/s ion pump and the addition of an
ion gauge.

angled side view of the vacuum system is shown in the two photographs of Figure 2.6.
Figure 2.6 (a) is a photograph of the vacuum system and adjoining experimental
apparatus taken after the bake, but before the installation of the magnetic transfer
coils. The science cell, MOT cell, and optics used for the MOT are clearly visible.
Figure 2.6 (b) is a photograph of the same apparatus after the addition of the

magnetic transfer coils. The TOP trap is still absent from the picture, and the

science cell is visible.

2.3.1 Design of a dual-chamber system

The design of our differentially pumped vacuum system incorporates two glass cells,

a MOT cell and a science cell, with a linear distance of 76.2 cm between the location
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Figure 2.5: Photograph of the vacuum system (first iteration), taken after assembly
of components but without the glass cells in place. The 4 electrical connections to
the 4 titanium:sublimation pumps are visible in the upper left-hand corner. The
magnets that attach to both the 40 1/s and 20 1/s ion pump have not been attached.
The ion gauge (added in the second iteration) is attached at the position shown.
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Figure 2.6: Photographs of the vacuum system (first iteration) with and without
the magnetic transfer coils. (a) The system before the installation of the magnetic
transfer coils. The science cell and MOT cell are indicated. The connections to the
titanium:sublimation pump and the magnets used in the ion pumps, not visible in
Figure 2.5, are shown. (b) The system after the installation of the magnetic transfer
coils. The TOP trap coils are not in place.
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of the MOT and the location of the BEC. The two glass cells allow for optical access
into these two different regions of the chamber that have vastly different pressure and
size requirements. The MO'T requires a large glass cell so that one can use large laser
cooling beams for optimum capture volume, and will operate at a higher pressure
due to the Rb dispensers, which are housed in the MOT cell. In our approach,
formation of the BEC requires a long vacuum-limited magnetic trap lifetime in the
science cell, which dictates that the pressure in the science cell needs to be very low,
preferably in the 107! torr range. We achieve this pressure difference by using a
larger ion pump and a titanium:sublimation pump near the science cell and limiting
the vacuum conductance from the MOT cell into the rest of the chamber.

The MOT cell is a 4”7 x 2”7 x 2”7 rectangular glass cell that also houses our source
of Rb, 4 SAES Rb dispensers. Since August 2005, only one of these, the yellow
dispenser, has been used. The MOT cell was custom constructed by Ron Bihler of
Technical Glass in Aurora, Colorado!'. The MOT is connected to the main chamber
by a 6 mm diameter diaphragm (highlighted in Figure 2.5) that has the effect of
limiting the vacuum conductance between the MOT cell and the rest of the chamber.
The MOT cell is pumped by a Physical Electronics? 20 liter/sec ion pump on the
other side of this diaphragm. The ‘transfer tube’ consists of the tubes in between
the MOT cell and the science cell, and has a limiting inner diameter of 1 cm at
its narrowest region and is ~70 cm long. The science cell is a rectangular glass
fluorimetry cell of 12 mm x 12 mm outer area that is ~55 mm long and has a glass
thickness of 1 mm. The glass science cell is connected to a stainless steel flange

using a composite alloy in which the thermal expansion coefficient between the

Lwebsite: http://www.techglass.com

2Now Gamma Vacuum; website: http://www.gammavacuum.com/
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glass and steel varies continuously. The fluorimetry cell was attached to a standard
glass/metal adapter by Ron Bihler.

The science cell is pumped by a titanium sublimation (ti:sub) pump that is
vertically mounted in a standard 4.5” 5-port cross connected to the transfer tube.
This structure houses 4 titanium filaments vertically within the cross. Also attached
to the cross is a Physical Electronics 40 liter/second ion pump, a Varian model
UHV-24 ion gauge (not shown in Figures 2.5 and 2.6), and a valve used for rough
pumping with a Varian Turbo-V70 turbo pump. The ion gauge outgasses into the
system and causes a temporary increase in pressure and is used only rarely, after
baking the system or to diagnose a problem, but is the most reliable measure of
the pressure in the chamber during baking. The ti:sub pumps are also used only
rarely; they are degassed during the baking process and used daily, occasionally,
and then rarely in the subsequent days and weeks after a bake. In normal, everyday
operation, the only things pumping on the system are the two ion pumps and a
layer of titanium deposited on the inner walls of the 5-port cross. The ion pump
controller normally displays a value of 1 - 107! torr as the pressure in the region
of both ion pumps; however, this is the lower limit of the built-in gauge on these
pumps and is not an accurate reflection of the pressure of the chamber.

We estimate that the pressure in the MOT cell is ~ 5 - 107 torr, but this is
difficult to measure because there are no accurate gauges in the MOT cell. An
estimate of the pressure in the science cell can be inferred from the reading on the
ion gauge nearby. Pressures as low as 2-107'2 have been recorded on the ion gauge
before it reaches its lower limit, and we estimate that the pressure in the science cell

is within this range. What we are most concerned about is not the pressure reading,
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but the background-limited lifetime of atoms held in a magnetic trap. In the science
cell, we have measured the background-limited lifetime of thermal atoms held in a
quadrupole trap to be as long as eight minutes.

There are 4 Rb dispensers mounted to the MOT glass cell, each of which contains
enough Rb for several years of experiments. We are currently working with the
yellow dispenser and turn it on each morning to 3.4 A and leave it on for the day,
but turn it off at night and while we are not working on the experiment.

Our dual-chamber vacuum system satisfies the design requirements of having
a large MOT cell containing the source of Rb atoms, separation of the higher-
pressure MOT cell from the main chamber by limiting the vacuum conductance,
and having a small, lower-pressure science cell that allows for convenient optical and
magnetic access. One difficulty of our design is the requirement that we transfer
atoms collected in the MO'T cell to the science cell, which we do by operating a series
of overlapping magnet coils. The complexity of this magnetic transfer apparatus is

described in Chapter 3.

2.3.2  Vacuum system construction and baking

The purpose of this section is to describe the ideal complete procedure we would
use for preparation and baking of a vacuum system containing glass cells for use
in ultra-high vacuum (UHV) situations. The following sections describe (1) the
preparation for baking; (2) the initial all-metal bake; and (3) the final bake of the
chamber including the glass cells. This section is written in the hope that it will
be usable by another research group that is preparing a vacuum system similar to

ours. In practice, the timeline of events that we actually followed differed slightly
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from the recipe below. These differences will be discussed in the final portion of this

section.

Preparation for baking

The preparation of components that are as clean as possible is a necessary first
step in setting up a vacuum system to be used as a UHV chamber [21, 30]. Our
procedure starts with cleaning all the stainless steel components, copper gaskets,
and flanges with deionized water to remove oils. After this, all the components are
placed in a 45-minute ultrasonic bath with deionized water and Cole-Parmer Micro-
90 concentrated cleaning solution. The components were then rinsed with deionized
water. All the components then undergo another ultrasonic bath with acetone;
and finally, an ultrasonic bath with methanol. At this point the components are
considered clean enough to use and are handled only with powder-free latex gloves
and stored in an enclosed wrapping of oil-free aluminum foil.

For the initial all-metal bake, all the stainless steel components, including the
ti:sub pump and ion pumps (with magnets off), are assembled and the chamber
is mounted to the optical table. Stainless steel blanks are placed at the locations
where the two glass cells will later attach. Figure 2.5 shows what the system looks
like at this point in the procedure.

In preparation for baking, oil-free aluminum foil is placed over the entire system
to provide better heat distribution and to minimize burning from the heater tape
at hot-spots. Eight heater tapes are carefully wrapped around different parts of
the system. Eight thermocouples are placed in various locations to record the tem-

peratures of different parts of the vacuum chamber. The entire system is wrapped
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repeatedly in aluminum foil to create an ‘oven’ that will keep the heat trapped

inside.

Initial all-metal bake

The aim of the initial bake is to remove any impurities that exist on the insides of
the metal components that make up the vacuum chamber. This is accomplished by
bringing the system up to a very high temperature while pumping with the turbo
pump for several days. After assembly of all the vacuum components, the turbo
pump was attached to the system and it began pumping for the entire bake. The

following is a timeline of the 8-day baking schedule:

Day 1 (5/26/2005) The temperature of the entire system was brought up slowly
to an average temperature of ~ 300 °C over the course of the day. By the end

of the day, the ion gauge read a pressure of 1.3 - 107° torr.

Day 2 (5/27/2005) On this day, the temperature of the entire system was in-
creased slightly, to an average temperature of ~ 325 °C. By the end of the

day, the ion gauge read a pressure of 9.0 - 1077 torr.

Days 3-7 (5/28/05)-(6/1/2005) Over the course of these five days, the temper-
ature remained constant and the pressure dropped from 3.3 - 10~7 torr on the

third day to 1.2 - 10~7 torr on the seventh day.

Day 8 (6/2/2005) The temperature of the system was slowly decreased to room
temperature over the course of the day. By the end of the day, the pressure
had dropped to 1.5 - 1078 torr. The valve to the turbo pump was closed and

the turbo pump was turned off. This concluded the bake.
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The magnets on both ion pumps were attached, and on the subsequent
day (6/3/2005), the large ion pump reported the lowest pressure it can record,
1.0 - 107 torr. Because this was the first time that we used the Varian UHV-24 ion
gauge, it initially caused a large amount of outgassing into the chamber and caused
the pressure indicator on the ion pump to temporarily increase. After repeated
outgassing of the ion gauge and running it continuously for 30 hours, the ion gauge

reported a pressure of 1.3 - 107'% torr by 6/9/2005.

Final bake

The aim of the final bake is to prepare the entire system (including the glass cells,
Rb dispensers, and ti:sub pump) for use as a UHV vacuum chamber. This involved
the addition of the two glass cells and another 7-day bake that included degassing
both the Rb dispensers and the ti:sub pump filaments.

When baking a vacuum chamber that includes both glass and metal components,
it is essential to keep the temperatures on either side of the glass/metal interfaces
as close to each other as possible because these materials have different thermal
expansion coefficients. Also, glass cannot be brought up to as high of a temperature
as the stainless steel components. It is possible to do the entire vacuum preparation
procedure in only one bake, but we felt that the preceding factors made an initial
high temperature all-metal bake more satisfactory.

To prepare the chamber for baking, the glass cells must be attached to the rest of
the chamber, which requires bringing the entire vacuum system up to atmospheric
pressure. To accomplish this, the ion pumps were turned off and the magnets on

the ion pumps were removed. Then, the valve that connects the turbo pump to the
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vacuum system was slowly opened (with the turbo pump turned off) to allow the
system to come up to atmospheric pressure. During this entire process, dry nitrogen
was flowing into the vacuum system through a source connected on the turbo pump
side of the valve. This ensured that the major pollutant in the chamber would be
Ng, which is easily removed by our pumps. With Ny flowing into the chamber and
the system at atmospheric pressure, a blank was removed and replaced with the
glass MOT cell. The entire time, Ny, was flowing into the system so that it would
act to push out any impurities through the hole left where the MOT cell attaches.
The same steps were repeated for insertion of the glass science cell. In both cases,
the time involved in between removal of a blank and insertion of the glass cell was
less than a minute, minimizing contact between the inside of the vacuum chamber
and non-Ny atmosphere.

Two additional glass heater tapes were placed around the two glass cells, and
ten thermocouples were used to record the temperatures at various locations of the
vacuum chamber. To commence baking, the flow of Ny was stopped, the valve
was sealed, and the turbo pump was turned on for the duration of the bake. The

following is a timeline of the remaining 7-day baking schedule:

Day 1 (8/9/2005) The temperature of the entire system was brought up slowly
to an average temperature of ~200 °C over the course of the day. By the end
of the day, the ion gauge read a pressure of 1.8 - 1078 torr. On this day, the
ti:sub pump degas routine was started. The ti:sub pump consists of 4 filaments,
filament #1, having been used from 2001 to 2005, has not been used at all after
the summer of 2005. Since then, filament #2 has been used predominantly as

the main sublimation pump, and filaments 3 and 4 were also degassed. The



37

ti:sub pump degas routine consists of running each filament (#2, 3, and 4) at
30 A for 2 minutes, then 40 A for 2 minutes, then 45 A for 2 minutes, then
50 A for 2 minutes, then 50 A again for 2 minutes. This degas procedure was
repeated on later days. The Rb dispensers were also degassed by running each
of the 4 dispensers at 6 A for 15 seconds, then at 5 A for 15 seconds. The
dispensers get visibly red-hot when running a current of 6 A for only a few
seconds, indicating that they are clearly hot enough to be dispensing Rb and
other adsorbed materials into the chamber. All 4 Rb dispensers were then left

on at 3 A for the entire duration of the bake.

Day 2 (8/10/2005) The temperatures remained constant. The ti:sub pump and

Rb dispensers were degassed according to the above procedure.

Day 3 (8/11/2005) The temperatures remained constant and the ti:sub pump
and Rb dispensers were degassed. By the end of the day, the ion gauge read

a pressure of 5.7 - 10~% torr.

Day 4 (8/12/2005) The temperatures remained constant everywhere except for
the two ion pumps. The temperatures on these were brought down slowly
to room temperature over several hours and the aluminum foil was removed
in order to attach the magnets to the ion pumps. With the two magnets
attached, both ion pumps, as well as the turbo pump, were now pumping on
the system. At this point, the ion gauge read a pressure of 4.4-10~% torr. The
ti:sub pump and Rb dispensers were degassed. Then, ti:sub filament #2 was

turned on to 25 A and left on continuously for the duration of the bake.
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Day 5 (8/13/2005) Temperatures were held constant, the ti:sub pump was de-
gassed, and all dispensers were degassed at 5 A for 30 sec. By the end of the

day, the ion gauge read 2 - 10~% torr.

Day 6 (8/14/2005) Temperatures were held constant, the ti:sub pump was de-
gassed, and all dispensers were degassed at 5 A for 30 sec. By the end of the
day, the ion gauge read 2.3-10~° torr. Ti:sub filament #2 was still left running

at 25 A.

Day 7 (8/15/2005) Ti:sub pumps #2, 3, and 4 were degassed at 40 A for 2 min-
utes, then ti:sub pump #2 was degassed at 45 A for 2 minutes. All tempera-
tures in the system were brought down slowly over the course of the day, and
by the end of the day the aluminum foil could be removed and the system
was near room temperature. The valve to the turbo pump was closed and the

turbo pump was turned off. This concluded the bake.

If we were to build a new vacuum chamber from scratch, we would follow the
2-bake procedure above. However, if our current vacuum system were exposed to
atmospheric pressure for a short period of time, it would probably only be necessary

to perform the second, ‘final’ bake as described above.

What actually happened

What has actually occurred over the history of our lab differs slightly from the above
recipe. When the lab was initially set up in 2001, two bakes, similar to the ones
described above, were performed. In April 2005, after working with smaller than

expected MOTs and failed attempts at making a BEC, we discovered that there was
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significantly more K than Rb in our vacuum chamber. We had originally designed
our system to have three Rb and three K dispensers, in the hope of doing experiments
with both atoms. For some unknown (and still baffling) reason, the K from each of
the six dispensers was much more plentiful after 4 years. The abundance of K in
the chamber was not originally checked and compared with Rb when we first set up
the experiment. We suspect that all the dispensers were actually K dispensers, but
were ‘contaminated’ with a small amount of Rb, enough to make small Rb MOTs,
consistent with our observations. This kind of ‘cross-contamination’ with residual
amounts of other alkali atoms is not unusual for these kinds of dispensers.

A decision was made to replace the MOT cell with a new cell containing only four
Rb dispensers, and we prepared to perform two bakes as described above. The first
bake occurred from 5/26/2005 through 6/2/2005 and is described exactly above.
The second bake, which included both glass cells, occurred from 6/10/2005 through
6/16,/2005 and was very similar to the ‘final bake” described above. However, after
this second bake, a vacuum leak was created by accidentally breaking off one of the
Rb dispensers’ electrical leads. Vacuum sealant was not able to fix the leak. The
cell had to be removed and returned to Ron Bihler, who closed the leak. After
re-installing the cell, we performed a third bake with both glass cells in place, this
bake occurred from 8/9/2005 through 8/15/2005 and is described exactly above.

A final scare occurred on the last day of this third bake, during the process of
bringing the system back down to room temperature. Shortly after the system re-
turned to room temperature, the ion gauge read a pressure of 6.2-1071° torr. At this
point we began to suspect that things were awry, because at the corresponding point

of the second bake the system had already come down to a pressure of 1- 107! torr.
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We noticed that when both ion pumps were turned off, the pressure on the ion gauge
jumped up to ~ 1077 torr in ~2 minutes, clearly a bad sign. We began looking for
a leak by blowing dry Ny into the chamber at all the seal locations, and noticed a
small but observable increase in pressure when blowing Ny into one of the dispenser
leads. We applied VacSeal vacuum sealant to the probable location of the leak and
the pressure began dropping immediately. After an hour and a couple of VacSeal
applications, the pressure on the ion gauge had dropped to 7.3-107! torr, the 40 1/s
ion pump read 1.36 - 107'% torr, and the 20 1/s ion pump read 2.3 - 1072 torr.

By the next day (8/16/2005), the ion gauge was reporting pressures as low as
3 - 107'2 torr before the device hit its lower limit and could no longer accurately
record the pressure. After repeated degassing of the Rb dispensers, we were able to
observe a small Rb MOT by the end of the day.

The size of the MOT grew steadily over the next few days. We transferred atoms
into the science cell and achieved our first Bose-Einstein Condensate of 8Rb atoms

only one month after this bake, on 9/23/2005.

2.3.3 Vacuum system integrity test

Immediately following the final bake and daily for several weeks afterward we per-
formed a vacuum system integrity test using the ion gauge. This was used as a
diagnostic tool to see how well the ion pumps were able to pump down to low
pressure, and as a check against any suspected vacuum leaks. During everyday op-
eration the two ion pumps read a pressure of 1.0- 107! torr, the minimum pressure
readable on the gauges, but in reality the pressure is much lower than that at the

pumps. Because the built-in gauges on the ion pumps cannot record pressures below
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1.0 - 1071 torr, we need to use the ion gauge to determine the actual pressure in
the vacuum chamber. After being turned on, the ion gauge will quickly decrease
its reading to as low as 1.2 - 107!2 torr before the device can no longer record the
pressure. To perform the vacuum system integrity test, we turn off both ion pumps
and record the pressure on the ion gauge every 15 seconds for 3 minutes, watching
the pressure steadily rise. We then turn both ion pumps back on and record the
pressure on the ion gauge every 15 seconds for 1-2 minutes afterward, watching the
system pump down to lower pressures before the ion gauge bottoms out.

When the ion pumps are turned off, the eventual value and speed of increase
in pressure yields information on the quality of the vacuum system and how well it
can maintain low pressures without any pumping. When the ion pumps are turned
back on, the rate of decrease in pressure tells us how well the ion pumps are able
to perform at pulling the system back down to lower pressures. A plot of ion gauge
reading vs. time for this test both immediately after the final bake and one week
after it are shown in Figure 2.7. After the system had been pumped on for only a
few days, the pressure only rose to 1079 torr after 3 minutes, whereas on the final
day of the last bake, before we had plugged the leak with VacSeal, the pressure rose

to 1077 torr after only 2 minutes.

2.4 Lasers

Our experiment uses four lasers to cool, manipulate, and probe 8’Rb atoms. The
transition frequencies necessary for laser cooling of 8’Rb are shown in Figure 2.8,
this and much more information on the 8’Rb D line transition can be found in the

useful online resource paper written by Dan Steck [31].
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Figure 2.7: Vacuum integrity test. Semi-log plot of the ion gauge pressure [torr]
vs. time [seconds]|. Data taken on 8/17/2005, immediately after the bake, is shown
in solid triangles. Data taken on 8/22/2005, one week after the bake, is shown in
open squares. Both ion pumps were turned off at t = 0 s, and the pressure on the
ion gauge began to rise immediately. At ¢ = 180 s, both ion pumps were turned
back on, the pressure jumped back down and continued to decrease over time. The
eventual rise in pressure (at ¢ = 180 s) on 8/22/2005, only 5 days after the original
data, is almost an order of magnitude lower in pressure than it was on 8/17/2005.
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Figure 2.8: 8Rb energy levels

The titanium:sapphire laser used for laser cooling 8"Rb atoms will be described
in Section 2.4.1. Two home-made diode lasers are used in our experiment; the
construction method used for our diode lasers is described in Section 2.4.2. The
diode laser used as the repump beam will be described in Section 2.4.3, and the
diode laser used as the probe beam will be described in Section 2.4.4. The diode
laser used as a beam to create an optical potential in our experiment will be described

in Section 5.4.3.

2.4.1 MBR laser and lock

The workhorse laser in our lab is the Coherent Monolithic Block Resonator MBR-110
continuous-wave titanium:sapphire ring laser, pumped by a Verdi V-10. This laser
has a maximum output power of 1.5 W, is tunable over 600-1000 nm, and can be
locked to an external frequency reference. The MBR laser is locked to a stabilized

internal reference cavity; the external lock operates by making the internal reference
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cavity mimic an external error signal. In our case, we generate an error signal based
on a saturated absorption signal from a 8"Rb vapor cell, and the MBR laser locks
to this error signal.

Other than the frequency tunability, the principal advantage of using the MBR
laser is the large amount of output power in comparison to that of diode lasers; the
MBR output is used as the laser cooling beam, and high power is helpful in loading
a large MOT. At 780 nm, the MBR has an output of ~1.1 W, and after the output
beam passes through an 80 MHz double-pass Acousto-optical Modulator (AOM)
and a single-mode fiber we still have a total of 450 mW to use for the cooling
beams. This laser system is not without its disadvantages; it is large and costly
and requires periodic maintenance of the optics in the cavity and electronics in the
feedback loops. A detailed description of many of the the optics and electronics
problems and solutions associated with the MBR laser is given in Appendix A.

A schematic of the optics and electronics used to atomic lock the MBR laser
is shown in Figure 2.9, with laser light shown as a solid line and electrical signals
shown as dashed lines®. A small portion of the MBR output light is sent to the
atomic laser lock (enclosed within a bold box in Figure 2.9), but the majority of the
MBR output light is sent through the 80 MHz double-pass cooling AOM, operating
at an upshift. Most of this light is sent to the MOT through the cooling beam
fiber, but a small amount is sent to the BEC cell via the near-resonance probe fiber.
The atomic laser lock is responsible for keeping the MBR laser in lock; this laser is
used simultaneously as the laser cooling beam and a near-resonance probe beam for

imaging the BEC.

3For additional information, see the lab notebook entry on 6/10/2004.
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Figure 2.9: Optics and electronics used in the MBR laser lock. Laser light is shown

as a solid line and electrical signals are

shown as dashed lines. The atomic laser

lock is the portion of the schematic enclosed in a bold box. The optical output of
the entire apparatus is coupled into the cooling beam fiber and the near-resonance
probe fiber. Both AOMs shown operate at an upshift. Mechanical shutters are

placed before both optical fibers.
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The portion of the light that enters the laser lock gets split into a pump beam
and a probe beam using a beamsplitter. The pump beam passes through a single-
pass 110 MHz AOM operating at an upshift. The probe beam deflects off a thick
plate of plexiglass which provides reflections from both the front and back surfaces,
producing two copropagating probe beams that are spatially separated by ~4 mm.
One of these probe beams interacts with the counter-propagating pump beam in the
Rb vapor cell and provides a saturated absorption signal to one of the photodiodes.
The other probe beam simply passes through the Rb vapor cell and provides a
background Doppler absorption signal.

The signals from the two probe beams in the laser lock get subtracted in the
photodiode subtraction circuit [32, 33, 34, 35, 36]; this results in a signal consisting of
only the saturated absorption dips. The derivative of this signal is used as the error
signal that is applied as feedback to the MBR laser. We differentiate this signal
using a lock-in amplifier and function generator. A function generator outputs a
sine wave signal at 70 kHz, which provides the modulation that we ‘lock to’ using
the lock-in amplifier. This signal inputs into the ‘fast external lock’” input on the
MBR control box and directly modulates® the tweeter mirror, mirror M3 of the
MBR cavity. The 70 kHz signal is applied both to the MBR control box and to the
‘reference input’ of the lock-in amplifier. The output of the photodiode subtraction
circuit is applied to the ‘signal input’ of the lock-in amplifier. The output of the
lock-in amplifier will then be a differentiated version of the saturation absorption

dips.

4This provides a small amount of Frequency Modulation (FM) to the lasing frequency of the
MBR laser. The amount of FM is so small that it does not affect our ability to use this laser for

the purposes of laser cooling and absorption imaging.
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We lock to the crossover dip between the |F' = 2 — F' = 2) transition and the
|FF =2 — F' = 3) transition. We use the lock-in output as the error signal that
is sent to the ‘lock-box servo’ electronics box. After an appropriate adjustment of
the amplitude and offset, this box is responsible for switching on the laser lock by
feeding the error signal back to the ‘external lock’ input on the MBR control box.
This forces the internal reference cavity of the MBR laser to mimic the error signal
coming from the lock-box servo, and locks the laser to the atomic reference.

We have found that using single-mode, polarization maintaining optical fibers to
couple light from the lasers to the experiment is a good way of providing a stable,
clean beam. Any optical misalignments that occur can usually be fixed by simply
optimizing the fiber alignment, and using a single-mode fiber is an excellent way of

generating a beam with high mode quality.

2.4.2 Diode laser construction

Two diode lasers have been constructed using a home-made design® and are used as
the repump laser and probe laser. The design is a modified version of the Littrow
configuration design [37, 38]. A top-down photograph of a diode laser box is shown
in Figure 2.10.

The diode laser itself is a Sharp GHO781JA2C 120 mW diode laser, which typi-
cally has a free-running wavelength of 784 nm. An external feedback cavity employ-
ing an Edmund Optics model 43774 holographic grating is mounted on a Thorlabs
Piezo-Electric Transducer (PZT). The laser and external grating are mounted on

a modified Newport Ultima U100-P kinematic mirror mount. The laser beam de-

°For additional information, see the lab notebook entry on 5/22/2002.
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Figure 2.10: Top-down photograph of a diode laser box, showing all the components
in the box and the beam path highlighted in black arrows. The laser diode itself is
housed within a black Newport Ultima mount, to which is attached an aluminum
plate. The grating is glued onto a 45° wedge that is glued onto the PZT; the PZT
is glued onto the aluminum plate. The aluminum plate also holds the mirror which
deflects the output beam after the grating. The output beam then passes through
a half-wave plate before it exits the diode laser box. The thermistor (not visible
from the top) is connected to the Ultima mount, very close to the diode laser. The
TEC (also not visible) is placed under a different aluminum plate under the Ultima
mount. A removable allen key can access the horizontal angle adjustment of the
Ultima mount to change the grating angle. The entire box sits on top of a large
heat sink.
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flects off the grating and an external mirror in such a way that adjustment of the
grating angle does not cause a change in the output beam angle. There is a small
translational shift in the output beam position, but this is usually negligible. The
Ultima mount is placed on top of a Thermo-Electric Cooler (TEC), which sits on
top of a large heat sink. Using the TEC, we cool the temperature of the aluminum
mount (and hence the laser diode) to approximately 16 °C. We have found that it
is essential to place the thermistor as close to the diode laser as possible to prevent
oscillations of the temperature controller. Temperature cooling is necessary in order
to shift the laser’s operating wavelength closer to 780 nm; external grating adjust-
ment is necessary in order to fine-tune the laser to be in resonance with 8"Rb. The
entire unit is housed within a box to prevent fluctuations due to air currents. There
are small holes in the box to allow for light output and external grating adjustment.
After leaving the diode laser box, the output beam passes through an anamorphic
prism pair to correct the aspect ratio of the beam. The beam then passes through
an Optics For Research OFR 10-3C-781VLP optical isolator that prevents optical

feedback from returning to the diode laser.

2.4.3 Repump laser and lock

The repump laser is tuned to be in resonance with the |F' =1 — F’ = 2) transition
and is used to optically pump atoms out of |F' = 1) and into |F' = 2). The repump
laser is used while creating a MOT and for pumping atoms into |F' = 2) in order to
image the BEC using absorption imaging. The repump laser is locked to an atomic

transition using a saturated absorption scheme® similar to that of the MBR laser,

SFor additional information, see the lab notebook entry on 12/1,/2005.
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shown in Figure 2.11.

A small portion of the repump beam is sent to the laser lock using a beamsplitter.
Just like in the MBR lock, a plexiglass plate is used to pick off two probe beams; the
transmitted beam becomes the pump beam in this laser lock. The two probe beams
pass through the Rb vapor cell and onto the two photodiodes of the subtraction
photodiode. The pump beam passes through a double-pass 80 MHz AOM operating
at a downshift and then through the Rb vapor cell in the opposite direction of
one of the counter-propagating probe beams. Just like in the MBR lock, one of
the probe beams interacts with the counter-propagating pump beam and produces
the saturated absorption dips, and the solitary probe beam provides a background
Doppler signal.

By changing the frequency of this 80 MHz double-pass AOM (i.e. by changing
it from 80 MHz to 77 MHz), the frequency of the pump beam relative to the two
probe beams changes; this shifts the location of the saturated absorption dips in
frequency space. We dither the frequency of this 80 MHz double-pass AOM using
a function generator operating at 35 kHz. We change the frequency of the pump
beam by changing the operating frequency of the AOM by a few MHz, but the light
output will also be frequency-modulated by a small amount at a rate of 35 kHz. This
produces a small amount of FM on the pump beam, which dithers the location of
the saturated absorption dips by an amount detectable using the lock-in amplifier.
When using a scheme like this it is helpful to modulate the pump beam, rather
than the probe beam; otherwise one will also provide a small amount of Amplitude
Modulation (AM) onto the photodiode signal, which could hinder the operation of

the lock-in scheme.
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Figure 2.11: Optics and electronics used in the repump laser lock. Laser light is
shown as a solid line and electrical signals are shown as dashed lines. The atomic
laser lock is the portion of the schematic enclosed in a bold box. Most of the optical
output of the entire system goes to the repump fiber, to be sent to the MOT as the
repump beam. A small portion of light gets picked off before this fiber and is sent
to the science cell as the repump flash beam, these two beams operate on the same
AOM and mechanical shutter. Both AOMs shown operate at a downshift.
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The lock-in amplifier’s output is a differentiated version of the saturated absorp-
tion dips, and is sent to the lock-box servo. The output of the lock-box servo, after
an appropriate scaling and offset adjustment, is used as the error signal that is fed
back to the PZT of the repump laser to stabilize its frequency.

Most of the light from the repump laser is sent through an 80 MHz single-pass
AOM operating at a downshift, a mechanical shutter, and a single-mode fiber before
being sent to the MOT cell. This AOM allows for fast switching and also provides
an amplitude adjustment for the repump beam, which is necessary in the CMOT
stage of the experiment. After the shutter, a small portion of the beam is picked
off and sent to the science cell, to be used as the ‘repump flash’ to optically pump

atoms into |F = 2) in the science cell.

2.4.4 Probe laser and lock

A probe laser” used specifically for phase-contrast imaging of the BEC was con-
structed using an identical design as the repump laser. This far-off-resonance probe
beam is used to image the trapped atoms in the science cell; this laser is typically
800 MHz red-detuned from the |[FF =1 — F’ = 2) transition. This laser is locked
to an atomic transition using a Dichroic Atomic Vapor Laser Lock (DAVLL) [39]; a
schematic of the laser lock is shown in Figure 2.12.

Most of the probe laser output light passes through a 125 MHz single-pass AOM
operating at a downshift, a mechanical shutter, and a single-mode optical fiber to
be used to image the BEC in the science cell. The portion of the light used in

the DAVLL lock first passes through a half-wave plate. Rotation of this half-wave

"For additional information, see Tim McComb’s lab notebook entry on 4,/1/2005.
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Figure 2.12: Optics and electronics used in the probe laser lock. Laser light is shown
as a solid line and electrical signals are shown as dashed lines. The DAVLL laser
lock is the portion of the schematic enclosed in a bold box. The optical output
of the entire apparatus is sent to the probe fiber to be used for imaging the BEC.
A mechanical shutter is placed before the optical fiber. The AOM operates at a
downshift.
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plate changes the polarization angle of the beam while keeping it linearly polarized.
This linearly polarized beam can be thought of as a combination of o and o~
polarizations. The DAVLL lock requires a large uniform magnetic field inside the
Rb vapor cell. This provides different Zeeman shifts to the atoms interacting with
the ot and o~ components of the beam. We create this magnetic field by wrapping
magnet wire around the 1”7 outer diameter Rb glass vapor cell. We achieve a uniform
magnetic field of approximately 100 G inside the vapor cell by running 3 A through
the magnet coils. After the vapor cell, the beam passes through a quarter-wave
plate, which maps the ¢ and o~ components of the beam onto horizontal and
vertical linear polarizations. Finally, a polarizing beamsplitter cube separates these
horizontal and vertical components and sends them onto two different photodiodes.
These signals are subtracted in the photodiode subtraction circuit, and sent to the
lock-box servo, which atomic locks the probe laser by applying feedback to the PZT.

A major advantage of using the DAVLL lock is the simplicity of the optical setup,
the laser lock does not require any AOMs or lock-in amplifiers and uses a minimum
of components. The lock is also easily tunable over a very wide frequency range; we
have made measurements using phase-contrast imaging at detunings of —1000 MHz
to +800 MHz. The major drawback in our implementation of this locking scheme,
however, is that the laser is more susceptible to small frequency drifts over the course
of the day. This is a technical problem associated with our experimental setup, and

it not fundamental to the DAVLL technique.
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2.5 MOT

Loading the Magneto-Optical Trap (MOT) is the first stage in a series of sequential
steps that we use to create a BEC. This first step collects, cools, and traps atoms
from a room-temperature vapor in the MOT cell. Efficient preparation of a large
number of trapped atoms at low temperatures sets the stage for the next two major
steps in the sequence: transferring the cloud of atoms into the lower-pressure science
cell, and then evaporatively cooling the cloud to BEC. The MOT, Compressed MOT
(CMOT), and optical pumping stages, which all occur in the MOT cell, play a
crucial role in preparation of the cloud in order to optimize the number of atoms
in the eventual BEC. Several review articles and books have discussed the general
principles underlying laser cooling and trapping [40, 41, 42]; the original MOT was
described by Raab et al. in 1987 [43]; and a description of achievable MOT size vs.

cooling beam parameters was discussed by Gibble et al. in 1992 [44].

2.5.1 Magneto-optical trapping using diverging beams

Our MOT differs from a conventional vapor cell MOT in that we use diverging beams
as the laser cooling beams, rather than collimated beams. It is more common to use
large collimated beams as the cooling beams to ensure efficient sampling of a large
capture volume in the MOT cell. One way to generate six independent 2” diameter
beams requires the use of six separate 2” lenses, each lens part of an individual beam-
expanding telescope. This method requires several 2”7 diameter optical components
on the optical table in the vicinity of the MOT cell, which is a rather inefficient use

of space as well as money.
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We have instead generated six diverging beams by sending six 2 cm diameter
beams into six separate 1”7 diameter positive lenses that first bring the beams to
a focus and then allow the beams to expand. These 100 mm focal length lenses
are placed 400 mm from the center of the MOT cell, far enough away to allow the
diverging beams to expand to a ~10 cm diameter at the location of the MOT. A
photograph of the MOT cell and neighboring optics is shown in Figure 2.13.

The diverging beams make the MOT less susceptible to optical misalignment
and standing-wave problems caused by counter-propagating collimated beams. An-
other advantage of using diverging beams is the relative insensitivity to small mirror
misalignments, which have a negligible effect on the MOT and on loading the MOT
into the initial magnetic trap.

This method of using diverging beams is similar to a technique used to create
an atom trap that relies solely on optical pumping and does not require a magnetic
field [45], a phenomenon we have observed with our diverging beams as well.

We use a total of 450 mW in the six cooling beams, resulting in an intensity of
2.9 mW /cm? = 1.8 I,y at the location of the MOT. The MOT beams are tuned 4 I’
below the |F' =2 — F’ = 3) transition during MOT loading.

The repump beam travels along the same path as the four horizontal cooling
beams, resulting in four diverging beams with a diameter of ~10 cm at the MOT
location. We use a total of 30 mW in the repump beam, resulting in a total intensity
at the MOT of 0.19 mW/cm? = 0.12 I,;. The repump beam is tuned to be in
resonance with the |F' =1 — F’ = 2) transition.

A magnetic field gradient is needed to provide a restoring force that traps the

atoms cooled by the laser beams; the magnetic field gradient produced by our MOT
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Figure 2.13: Photograph of MOT optics. The MOT cell is highlighted and sits in
between two copper plates. Each of the two MOT coils (one is highlighted) are
attached to the water-cooled copper plates. The photodiode used for collecting
fluorescence from the MOT is highlighted. One of the six beam paths used for the
MOT beams is highlighted in bold arrows; the lens used to create a diverging beam
and final mirror are shown for this beam path. A CCD camera is mounted vertically
to observe the MOT through a reflection off a mirror mounted at 45°.
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coils is 8 G/cm axially (vertically) during the MOT loading phase. The basic circuit
used to drive the MOT coils makes use of a linearized current-voltage relationship
by applying feedback onto the gate of a power MOSFET; a similar circuit will
be described in much more detail when describing the magnetic transfer coils in
Chapter 3. A schematic of the MOT circuit is shown in Figure 2.14.

Using six independent counter-propagating beams requires the use of six indi-
vidual 1”7 diameter quarter-wave plates. Small rotations of these waveplates have
a negligible effect on the number of atoms in the MOT, but can affect the loading
efficiency into a magnetic trap. We also use three orthogonal magnet coils to null
out the background magnetic field, mostly caused by the permanent magnets of the
ion pumps. Small adjustments of these nulling coils will shift the position of the
MOT and can cause an observable difference in loading into the initial magnetic
trap.

A photodiode placed near the MOT cell records fluorescence from the MOT.
A collection lens is placed as close to the MOT cell as possible, and focuses the
fluorescence from the MOT onto a photodiode. Based on the solid angle subtended
by the collection lens, we can calculate the percentage of the total amount of fluo-
rescence given off by the MOT that arrives at the photodiode. Using this and the
scattering rate caused by the cooling beams, we can calculate the number of atoms
in the MOT. The total power P emitted from the MOT in all directions is equal to
the number of atoms /N in the MOT multiplied by the scattering rate multiplied by

the energy per photon hvg, [42].

[/[sat hVRb

1
P=N -
2+ 1/ Luat + 4 (A/T)] Tt

(2.1)
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Figure 2.14: Schematic of the MOT circuit. The power supply is shown as Vmain.
The MOT coils are depicted as a resistor in series with an inductor, a fly-back power
diode is placed in parallel with the coil. The coil is driven using two load-balanced
power MOSFETSs and two Hall Probes, described in detail in Chapter 3.
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The saturation intensity [, is defined as

1 hVRb

[sat = 5
00 * Tnat

(2.2)

where hvpgy, is the energy of a photon, A is the detuning from resonance of the scat-
tering light, I' is the natural linewidth of the atomic transition, 7,4 is the scattering
time, and o is the on-resonance absorption cross-section. This is a convenient defi-
nition of the saturation intensity I, written as an energy (hvg,) per unit area (o)
per unit time (7,,4¢) [31].

Knowing the solid angle of collected light and the intensity and detuning of the
cooling beams, we calculate the number of atoms in the MOT to be N = 3 - 10°
atoms. We can fit the observed rise in MOT fluorescence during MOT loading to
the following expression:

N(t) = N(1 — e ¥/mmor) (2.3)
This results in a MOT filling time of 7p;or = 15 s with the Rb dispensers running
at 3.4 A. The cloud size is ~1 cm in diameter, easily visible to the human eye
despite the fact that the ’Rb fluorescence given off by the MOT is at 780 nm, in

the near-infrared.

26 CMOT

The compressed MOT (CMOT [46]) stage of our experiment spatially compresses
the MOT and causes a temporary increase in density, which aids in the loading of
ultracold atoms into a magnetic trap. Several factors are important in the CMOT
stage, and we have noticed that periodic fine-tuning of CMOT parameters aids
greatly in the number of atoms in the eventual BEC, a quantity that can be subject

to periodic degradation.
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The desired compression in the CMOT stage can be achieved by allowing a
population of atoms to build up in the |F' = 1) state. This allows them to stay
out of the |F' =2 — F’ = 3) absorption events caused by the cooling beams. The
dominant player that causes this to occur is the repump intensity; by turning the
repump intensity down for a short period of time while keeping the cooling beams
on, atoms do not get pumped out of the |F' = 1) state. The other major player in
this process is the detuning of the cooling beams. By making the cooling beams
even more red-detuned from the |[F' = 2 — F’ = 3) transition, we decrease the
scattering rate and achieve the same result.

The CMOT phase is 40 ms long and consists of ramping the cooling beam de-
tuning from -4 T" to -7 T over this time (the intensity also decreases by ~ 35%),
ramping the magnetic field gradient from 8 G/cm to 0 G/cm, and switching the
repump power from 30 mW (full power) to 260 pW for the duration of the CMOT
phase.

As stated previously, optimization of the magnetic field nulling coils can have a
major effect on loading atoms into the initial magnetic trap, the step which follows
the CMOT stage. This is partly because adjustments of the nulling coils can physi-
cally move the MOT into or out of position with the B = 0 point, where the center
of the magnetic trap exists. This is especially important in the CMOT stage, where
the lower magnetic field gradient makes the B = 0 point more easily shifted by the
fields due to the nulling coils.

Our experiment does not include an optical molasses phase, as we have noticed
that any decrease in temperature afforded by a molasses phase is totally offset by

an accompanying decrease in density due to the lack of magnetic field gradient in
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the molasses phase. The physical expansion of the cloud, even in a short optical
molasses phase, has hindered our ability to load cold atoms into a magnetic trap for

the preparation of a BEC.

2.7 Optical Pumping

After the CMOT phase, the cooling beams (still at the CMOT detuning) stay on for
an additional 1 ms, during which time the repump beam and magnetic field gradient
are both off. This forces all the atoms to populate the |F' = 1) state. Only one of the
three magnetic sublevels, the |F' = 1, mpr = —1) state, is magnetically trappable, so
when we turn on the magnetic trap in the next stage of the experiment, we can only
expect to trap atoms that get projected into this state. Since there is no optical
pumping into a particular Zeeman sublevel, we can expect to trap about 1/3 of the
atoms.

In the past, we have attempted to install Zeeman-sublevel pumping into the
|FF = 1,mp = —1) state by using a linear magnetic bias field, a |[F' =1 — F' = 1)
o~ optical pumping beam, and a |FF =2 — F’ = 2) ¢~ pumping repumper beam.
However, we have found that the small gains in number of trapped atoms is not

worth the effort involved in this step.

2.8 Initial Magnetic Trap

After the MOT loading, CMOT, and optical pumping phases of the experiment, the
atoms are transferred into the initial magnetic trap formed by the MOT coils. This
occurs by turning on the axial magnetic field gradient in the MOT coils to 40 G/cm,

and then ramping the strength of the field gradient up to 180 G/cm over 100 ms.
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The MOT ‘catch’ value of 40 G/cm, the initial strength of the quadrupole trap,
should be relatively low in an attempt to approximately mode-match the initial
magnetic trap to the size of the atomic cloud.

This concludes the first major stage in our BEC formation process: loading a
MOT and magnetically trapping atoms in the MOT cell. The next major stage,

magnetically transferring atoms into the science cell, will be described in Chapter 3.
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CHAPTER 3

MAGNETIC TRANSFER OF ATOMS TO SCIENCE CELL

3.1 Introduction

Chapter 2 described the first stage in our BEC formation sequence, loading atoms
in a MOT and trapping them in the initial magnetic trap in the MOT cell. The next
stage in the BEC formation process, magnetic transfer of atoms into the science cell,
is described in this chapter.

The organization of this chapter is as follows: Section 3.2 provides a conceptual
overview of the transfer system and components used. Section 3.3 provides a de-
scription of all the hardware (magnet coils, power supply, and electronic circuits)
used in the transfer process. Section 3.4 provides a description of the calculation
used to determine the sequence of current ramps sent to the magnet coils used in
the transfer process. Finally, section 3.5 summarizes the transfer system and lists

some of the advantages and disadvantages of our method.

3.2 Overview of the Magnetic Transfer System

A pair of coils wired in anti-Helmholtz configuration provide the simplest method
for magnetically trapping neutral atoms: a quadrupole magnetic trap [47]. This
configuration provides a |§ | = 0 point on-axis in between the coils and a spatially

varying magnetic field that increases linearly from the center of the trap.
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Figure 3.1: Photograph of magnetic transfer coils. The MOT coil pair, 5", 90
and final (14'") transfer coil pair are highlighted. The horizontal distance between
the center of the MOT coil pair and the center of the final transfer coil pair (BEC
location) is 76.2 cm.

In order to magnetically transfer atoms through the transfer tube that connects
the MOT cell to the science cell, we have expanded on this idea by operating current
through an array of 14 pairs of anti-Helmholtz coils placed above and below the
transfer tube. A photograph of the transfer coils is shown in Figure 3.1.

By ramping the array of transfer coils on and off such that the |§ | = 0 point
moves down the transfer tube, the magnetically trapped atoms will follow the po-
tential minimum down the transfer tube and into the science cell. This procedure
is based upon the magnetic transfer system described by Greiner et al. in 2001 [48].
This procedure requires three pairs of coils to be on at a time, creating a magnetic

trap that is elongated in the transfer direction. The coils are ramped on and off in

sequence such that initially coil pairs 1, 2, and 3 are on; then 2, 3, and 4; then 3, 4,
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and 5; etc.

The components involved in the magnetic transfer system can be divided into
two categories: (1) the hardware and electronics components that operate to actu-
ally control the transfer system on a day-to-day basis, which will be described in
Section 3.3; and (2) the calculation that determines the current sequence used for
transfer. The results of this calculation, described in Section 3.4, can be used over

and over to transfer atoms unless a change in the transfer procedure is desired.

3.3 Hardware Used in the Magnetic Transfer System

3.3.1 Overview of components used

A schematic of all the hardware and electronics components used in the magnetic
transfer system is shown in Figure 3.2. This complete schematic shows all the
components which together comprise what we refer to as the ‘transfer circuit’, these
include many electronics boxes, a power supply, 14 transfer coil pairs, two function
generators, and the experiment PC.

To understand the operation of the transfer circuit, first consider the role of the
‘transfer control box’, which is the mastermind behind the entire system. The trans-
fer control box receives three time-varying analog inputs that control the amount
of current flow through the three coil pairs that are in operation at any given time.
These three signals, labeled A, B, and C in Figure 3.2, are the result of a calculation
(described in Section 3.4) that determines the current ramps needed for magnetic
transfer. These three analog signals originate from the experiment PC and are
loaded onto the arbitrary waveform SRS function generator. We use the sample-

and-hold circuit to split up the signal from the SRS into three separate ramps, a
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Figure 3.2: Schematic of the overall transfer system. This figure shows all the
components that make up the ‘transfer circuit’; this includes many electronics boxes,
a power supply, 14 transfer coil pairs, two function generators, and the experiment

PC.
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process that is described in Section 3.3.4. The transfer control box also receives 14
digital inputs from the experiment PC, which act to turn on and off the coils in
sequence.

The transfer control box takes these three analog and 14 digital inputs and uses
them to control the 14 pairs of transfer coils. It does this by sending 14 logic signals
to the 14 switching MOSFETSs which reside in the MOSFET boxes (described in
Section 3.3.6); these signals act to turn on and off the individual coils. Two Hall
probes reside in each MOSFET box to monitor the amount of current flow through
each of the three coil pairs that are operational at any given time. The signals from
the Hall probes are then fed back into the transfer control box, which regulates the
amount of current flow through each coil group by sending the appropriate voltage to
the gate of a ramping MOSFET in the MOSFET boxes. The principles of operation
of this feedback loop are described in more detail in Section 3.3.5.

Positive current flows from the power supply, through the transfer coils, and
into the MOSFET boxes, which contain a connection to ground. There are fly-back
power diodes (described in Section 3.3.7) connected in parallel with each transfer
coil pair to dissipate voltage spikes. A safety interlock box will inhibit the power
supply and prevent the flow of current if any of the interlock conditions are met, as
described in Section 3.3.8.

The following sections describe the individual components of the transfer circuit
in more detail, all of the components will be described with reference to how they

integrate into the overall system shown in Figure 3.2.
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Figure 3.3: Photograph of a single magnet coil. The coil has an inner diameter of
6.5 cm.

3.3.2 Magnet coils and mounts
Magnet coils

All of the magnet coils used in our experimental apparatus are home-made coils
constructed by winding magnet wire around a mold and using an epoxy to hold the
wire together. For most of our coils, we have used polyurethane coated 12 AWG
magnet wire with a diameter of 2.02 mm. We constructed a mold by making a
custom-sized disc with 2 plates connected to either end, one of them having a slot to
facilitate starting the winding process. The coils are wound on a lathe by connecting
the mold to the lathe chuck and having one person manually rotate the lathe slowly
while another person winds the coil around the disc. After one layer, MG Chemicals
thermally conductive, electrically insulating epoxy, part number 832TC, is applied
to the layer, and then another complete layer is wound. After the entire coil is
constructed, the epoxy is then cured by either baking at 90 °C for a couple of hours
or letting the coils sit at room temperature for a day. A photograph of one of the

home-made coils used in the magnetic transfer system is shown in Figure 3.3.
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Coil mounts

The transfer coils are mounted on copper plates above and below the transfer tube of
the vacuum system, visible in Figure 3.1 on Page 65. Hollow copper tubing soldered
to the copper plates allows for the flow of chilled water which cools the plates.
Because the transfer coils do not need to switch on and off rapidly, there is no need
to protect against eddy currents in these copper plates. This was not the case on the
MOT and TOP trap plates, where we cut a slit through the plate to prevent circular
eddy current flow. The water-cooled copper plates reach a temperature of ~ 13 °C
after running the chiller water for half an hour, which greatly reduces heating of the
coils. The coils are clamped onto the plates in such a way that small adjustments
of the physical position of each coil, though difficult, is possible. Based on careful
measurements, we estimate that we have placed the coils to within £ 3 mm from

the positions assumed in the calculation of Section 3.4.

Coil locations

Table 3.1 lists the locations of the transfer coils and various coil parameters. The
inner radius of each coil, the = position (the horizontal distance from the center
of the MOT coil pair to the center of the coil pair in question), and the z height
(the vertical distance from the center of the transfer tube to the closest part of a
coil) are tabulated. All of the coils are built out of 12 AWG magnet wire with an
electrically insulating polyurethane coating. The plate separation, defined as the
closest distance between the upper and lower copper plates on which the upper and
lower coils are placed, is also tabulated. Calculated values for the inductance of

each coil pair are also shown. Because only three transfer coil pairs are on at any



71

Coil Rinner X position Zheight N Config. Plate Sep. Group L

MOT 3.25cm Ocm 3.05cm 32 1 8.3cm C 138 pH
Coail 1 1.5cm 5.8cm 4.47 cm 72 2 8.3cm A 322 uH
Cail 2 3.25cm 10.9cm 3.05cm 32 1 8.3cm B 138 uH
Coil 3 1.5cm 16.0 cm 4.47 cm 72 2 8.3cm C 322 uH
Coil 4 3.25cm 21.2cm 2.6cm 32 1 7.4 cm A 138 yH
Coail 5 3.25cm 26.8 cm 4.02 cm 32 1 7.4 cm B 138 pH
Coil 6 3.25cm 32.3cm 2.6 cm 32 1 7.4 cm C 138 uH
Coil 7 3.25cm 37.9cm 4.02 cm 32 1 7.4 cm A 138 pH
Coil 8 3.25cm 43.3cm 2.6cm 32 1 7.4 cm B 138 uH
Coail 9 3.25cm 48.7 cm 4.02 cm 32 1 7.4 cm C 138 pyH
Coil 10 3.25cm 54.1 cm 2.6cm 32 1 7.4 cm A 138 pH
Coail 11 3.25cm 59.5cm 4.02 cm 32 1 7.4 cm B 138 uH
Coil 12 3.25cm 64.9 cm 2.6cm 32 1 7.4 cm C 138 pH
Cail 13 2.2cm 70.5cm 4.02 cm 63 3 7.4 cm A 361 uH
Coil 14 3.25cm 76.2 cm 2.0cm 32 1 3.55cm B 138 pH

Table 3.1: For each coil pair in the magnetic transfer system, the inner radius,
x position, z height, number of turns N, coil configuration (see Table 3.2), plate
separation, group, and inductance L are shown.

Configuration Coils Inner Diameter Thickness  Turns Total Turns
1 2,4-12,14 65 mm 11 mm 4 axial x 8 radial 32
2 1,3 30 mm 15 mm 7,6,7,6,7,6,7,6,7,6,7 72
3 13 44 mm 17 mm 7 axial x 9 radial 63

Table 3.2: Three different coil configurations were used in construction of the trans-
fer coils. For each coil configuration shown above, the inner diameter of the coil,
axial thickness of the coil, number of wraps and turns, and total number of turns
are given.
given time, the coils can be divided into three groups, labeled Group A, B, and C,
as shown in Table 3.1.

Based on physical constraints, we have used three different configurations for

wrapping the coils. A table showing the three different configurations used and the

coil properties for each configuration is shown in Table 3.2.
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Push coils

During the initial period of testing the transfer system, we attempted to magnetically
transfer atoms only a few cm down the transfer tube, transfer them back to the
MOT cell, and image them there as a system check. We noticed that we could
not transfer any atoms past a particular point in the transfer tube, right where
the MOT cell glass met the metal flange of the vacuum system. This is where we
installed a 6 mm diameter circular diaphragm into the vacuum system (highlighted
in Figure 2.5), with the intention of limiting vacuum conductance from/into the
MOT cell. Unfortunately, the diaphragm was not perfectly aligned with the transfer
coils’ \E | = 0 point, and axial and transverse push coils were necessary to shift the

|J§ | = 0 point enough to allow the atoms to pass through the diaphragm.

3.3.3 Power supply and ground

We use an Agilent HP 6682A power supply to supply current to the MOT coil,
transfer coils, DC TOP coils, and levitation coil. This power supply operates in
constant voltage mode at 21 V, and is capable of supplying up to a total of 240 A.
The ground on the supply is connected to the ground on the power line of our
building. The optical table, which is electrically connected to a Uni-Strut shelf that
is attached to the framework of our building, is connected to the ground of the power

supply and serves as the reference ground for our laboratory.



73

3.3.4 Sample-and-hold circuit

The sample-and-hold circuit!, visible in Figure 3.2 on Page 67, has two inputs and
three outputs. It receives input signals from the ‘arbitrary waveform SRS’ and the
‘logic SRS’ and its three outputs eventually connect to the ‘transfer control box’.
The transfer control box requires three input ramps to control the amount of current
in coil groups A, B, and C. The purpose of the sample-and-hold circuit is to provide
these three current ramps.

The transfer process operates with a digital update rate of At = 1.1 ms; over
the 5.9 second transfer process there are over 5,000 digital updates in the current
sequence. Because the time constant 7 = R/L governed by the resistance R and
inductance L of the transfer coils is on the order of the 1.1 ms update rate, we can
approximate a smooth current ramp with a series of current steps updated at the
1.1 ms digital update rate. We were faced with the design problem of creating three
different digital arrays of 5,000 updates each at a spacing of 1.1 ms.

One solution to this problem would be to use three different SRS arbitrary wave-
form function generators, which could be loaded with the three different ramps using
a GPIB connection. Instead, we solved this problem by using two SRS function gen-
erators (the ‘arbitrary waveform SRS’ and the ‘logic SRS’ of Figure 3.2) and a simple
home-made sample-and-hold circuit, thus reducing the potential cost of the project
by almost 1/3. The arbitrary waveform SRS is used to send a combined version
of the three current ramps to the sample-and-hold circuit, and the logic SRS con-
trols the sampling rate. The details of this process are described in the following

paragraphs.

!For additional information, see the lab notebook entry on 10/27/2004.
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The calculation that determines the appropriate current ramps for each transfer
coil pair (which will not be described until Section 3.4) produces 14 individual
current ramps, each describing the necessary current sequence for each individual
coil pair. In software these 14 ramps are grouped into three waveforms corresponding
to coil Groups A, B, and C. This is done by simply adding the non-overlapping
current ramps (i.e. the non-overlapping ramps for coils 1, 4, 7, 10, and 13 are added
together to form the sequence for Group A). These three waveforms corresponding to
the three different groups are further combined in such a way that only one arbitrary
waveform is loaded into the ‘arbitrary waveform SRS’. The three different waveforms
are multiplexed together so that the array output reads (Group A value 1, Group B
value 1, Group C value 1, Group A value 2, Group B value 2, etc). The sample-
and-hold circuit then splits this combined input into three outputs. An example of
this technique, illustrating how the sample-and-hold circuit separates one input into
three outputs, is shown in Figure 3.4.

The combined waveform (the input of Figure 3.4) is created in software on the
Experiment PC and loaded into the ‘arbitrary waveform SRS’ function generator
using GPIB; this waveform is sent to the sample-and-hold circuit at an update rate
of f = 3/(At). Another function generator, the ‘logic SRS’ is programmed with a
square wave at a frequency of f = 1/(At).

The sample-and-hold circuit splits that square wave into three separate pulse-
trains, each with a frequency of f = 1/(At) and separated in time by 1/3 of the
sampling period At. The circuit employs NE555 timer chips to do this. These three
pulsetrains are then sent to three different LF398 sample-and-hold chips, which all

sample the same input array but output the three distinct current ramps required
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Figure 3.4: Ilustration of sample-and-hold technique. The input signal is a com-
bined version of the signals that will be sent to coil groups A, B, and C. The
sample-and-hold circuit separates one input signal into three output signals, which
will be sent to the ‘transfer control box’. Drawing by David Kaz.
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by the transfer control box, shown in Figure 3.4.

An additional sophistication is required on Group C because this group controls
both the MOT coil and the DC TOP coils. The signal to the Group C input on the
transfer control box is switched between two inputs using a Vishay DG419 analog
switch. The analog switch connects either the output of the sample-and-hold circuit
or the DAC output to the transfer control box. During the transfer process (i.e.
when the MOT coil pair, coil pair 1, and coil pair 2 are on) the input to Group C
comes from the sample-and-hold circuit, which controls the transfer process. During
MOT loading or RF evaporation the input to Group C comes from the DAC, which

controls the timing events before and after the transfer sequence.

3.3.5 Transfer control box

The ‘transfer control box’, shown in Figure 3.2 on page 67, has been described as the
mastermind behind the entire transfer process. The transfer control box controls
the amount of current flow through each of the transfer coil pairs. It does this by:
(1) individually turning on and off the current flow through each of the 14 transfer
coil pairs; and (2) controlling the variable amount of current through each transfer
coil pair by monitoring and regulating its amount of current flow.

The complete electronics circuit used to drive the transfer coils includes not
simply the transfer control box, but also the power supply, the coils themselves,
and the MOSFET boxes, as described in Section 3.3.1. However, the operation
of the entire system will be described in this section, with reference to the circuit

diagram shown in Figure 3.52. This circuit diagram includes the electronics used

2This and all the circuit diagrams included in this dissertation were generated by M. David

Henry in TOP Spice using the PSPICE 3f5 engine.
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Figure 3.5: Circuit diagram showing the electronics components used to drive one
group of five transfer coils. This circuit diagram will be repeated in Figure 3.6

to drive one group of five transfer coils, and includes elements physically situated

within the MOSFET boxes, diode boxes, and transfer control box, as well as the

coils themselves.

In order to better understand how the individual pieces of Figure 3.5 fit into
the black-box components of Figure 3.2, three sections of Figure 3.5 are highlighted
in Figure 3.6. These sections demarcate which portions of Figure 3.5 comprise the

‘transfer control box’ and ‘MOSFET box’; the transfer coils and diodes are also

highlighted.

Operation of transfer circuit

This section provides an explanation of the circuit shown in Figure 3.6 by tracing

the path of positive current flow from Vmain (the positive end of the power supply
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Figure 3.6: Circuit diagram showing the different sections of the circuit used to
drive one group of five transfer coils. The box at the top of the schematic contains
both the coils (situated on the optical table) and the diodes (housed in the diode
box described in Section 3.3.7). Each transfer coil pair is modeled as an inductor
(a coil) and a resistor in series. The two sections on either side of the schematic
contain all the electronics in the transfer control box, described in Section 3.3.5.
The section in the middle of the schematic contains all the power electronics in
one of the MOSFET boxes, described in Section 3.3.6. The connections to the
five switching MOSFETSs (labeled Xswitch_1 through Xswitch_5) and two ramping
MOSFETs (labeled XRAMP_A and XRAMP B ) are also shown. The Hall probes

are modeled as voltage-dependent current sources.
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at the top of the diagram) to ground. Current first flows through a transfer coil,
modeled as an inductor in series with a resistor in Figure 3.6. There is a power
diode placed in parallel with each transfer coil to prevent current spikes; the role of
this diode will be discussed in more detail in Section 3.3.7.

Current then flows through one of the five switching MOSFETSs, labeled as
Xswitch_1 through Xswitch 5 in Figure 3.6. The switching MOSFETSs used are
Advanced Power Technology APT10MO07JVR power MOSFETS; there is one indi-
vidual switching MOSFET per coil pair that acts as an on/off switch for each coil
pair.

The sources of the five switching MOSFETSs are connected to the drains of the
two ramping MOSFETs, labeled as XRAMP _A and XRAMP_B in Figure 3.6. Two
ramping MOSFETSs, IXYS model IXYS180N10, are used in each MOSFET box.
These two ramping MOSFETSs are placed in parallel and act as variable resistors,
modifying how much resistance there is between the power supply and ground,
and therefore, how much current flows through the coils. We use two ramping
MOSFETsS in parallel because of the high power demand on these MOSFETS; using
two MOSFETSs means that only half as much current will flow through each one
compared to using only one MOSFET.

In each MOSFET box an electrical cable passes from the drain of each ramping
MOSFET, through a Hall Probe, and connects to ground, as shown in Figure 3.7.
However, for the purposes of circuit modeling, the Hall Probe is modeled as a
voltage-controlled current source in Figure 3.6. Each ramping MOSFET is on a
separate feedback loop and uses its own Hall Probe to monitor current. The Hall

probes used, FW-Bell model CLN-200, are zero-resistance probes that measure the
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amount of actual current flowing through the device by monitoring the induced
magnetic field around the current-carrying wire. The feedback loop in the ‘transfer
control box’ compares the amount of actual current (the signal send from the Hall
Probe) to the desired amount of current (indicated as Vanalog in Figure 3.6) with
an LF356 op amp. The output of this op amp connects to the gate of the ramping
MOSFET to make the actual amount of current equal to the desired amount of
current.

Without this feedback loop, if a MOSFET were to heat up because of high current
flow, the current through the coil would increase. The feedback loop prevents this
thermal runaway by continually monitoring the amount of current low and applying
the proper voltage to the gate of the ramping MOSFET. Another advantage of
the feedback loop is that we avoid having to use a voltage/current lookup table
that would have to be generated for every MOSFET used. The feedback loop
automatically adjusts the ramping MOSFETS’ gate voltage until the current is at

the specified value.

Connections on transfer control box

The transfer control box, shown in black-box form in Figure 3.2 on Page 67, has 20
outputs and 23 inputs. On the back of the transfer control box there are 14 digital
outputs that act to turn on and off individual coil pairs. These digital outputs
originate from Port B on the DIO-128 and get amplified in the transfer control box
to a logic high of 24 V to turn on the individual switching MOSFETSs associated with
each coil pair. The reason they need to be at such a high voltage is that the drain of

each switching MOSFET is connected (through the coils) to the 21 V power supply,
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and the gate-source voltage of these MOSFETSs needs to be higher than the drain
voltage to prevent these MOSFETSs from operating in the triode region. There is an
amplifier circuit inside the transfer control box that, after appropriate opto-isolation
of the logic lines as shown in Figure 2.2, amplifies the logic high to 24 V.

There are six analog outputs on the back of the transfer control box, labeled
‘Gate signals’ in Figure 3.2, that are applied directly to the gates of the two ramping
MOSFETS in each of the three MOSFET boxes. These signals control the resistance
of each ramping MOSFET, regulating the time-varying amount of current through
each coil.

There are six analog inputs on the back of the transfer control box, labeled ‘Hall
Probe signals’ in Figure 3.2, that come from the six Hall Probes in the MOSFET
boxes. These current signals get dropped across a resistor in the transfer control
box to provide a voltage that is proportional to the actual amount of current lowing
through each Hall Probe.

There are three analog inputs on the front of the transfer control box labeled
Group A, B, and C. These are analog signals that come from the sample-and-hold
circuit and provide the current ramps to be sent to the coils. Finally, there are 14
digital inputs on the back of the transfer control box that originate from Port B of

the DIO-128.

3.3.6 MOSFET boxes

The role of the components in the MOSFET boxes within the overall scheme of
the magnetic transfer system has already been described in the previous section.

This section describes the physical layout and hardware of each MOSFET box.
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Three identical boxes house the MOSFETSs used to control coil Groups A, B, and C.
These three MOSFET boxes are depicted in a black-box diagram in Figure 3.2 on
Page 67, the power electronics within a MOSFET box are highlighted in Figure 3.6
on Page 78, and a photograph of one of the MOSFET boxes is shown in Figure 3.7.

As seen in Figure 3.7, each MOSFET box has seven BNC inputs and two BNC
outputs on the front of the box, one 4 AWG connection to the power supply ground
on the right side of the box, and five 8 AWG connections to the diode box (and
hence the transfer coils themselves) on the left side of the box. Each MOSFET box
contains five switching MOSFETSs, two ramping MOSFETSs, and two Hall Probes.
The MOSFETSs are mounted on a large copper plate that is water cooled with
chiller water. On the front of the box, five logic signals from the ‘transfer control
box’ connect directly to the gates of each of the five switching MOSFETSs; two
gate signals from the ‘transfer control box’ connect directly to the gates of the two
ramping MOSFETSs; and two Hall Probe signals originate from each MOSFET box
and are sent to the ‘transfer control box’. The three MOSFET boxes are grounded

together as well as connected to the power supply ground.

3.3.7 Diode box

The diode box is shown in the black-box diagram of Figure 3.2 on Page 67. The
diode box contains 14 IXYS DSEI 2X101-06A power diodes that are each placed in
parallel with a transfer coil pair and oriented such that the cathodes of these diodes
connect to the positive end of the power supply. These fly-back power diodes act to
dissipate large voltage spikes, such as what would occur if there was a large amount

of current flowing through a coil and a switching MOSFET was suddenly turned
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Figure 3.7: Photograph of one of the 3 MOSFET boxes, MOSFET Box A. MOSFET
Box A controls transfer coil pairs 1, 4, 7, 10, and 13. The 5 cables on the left
side of the box connect the transfer coils (through the diode box) to the 5 switch-
ing MOSFETs. The 5 switching MOSFETSs connect to the 2 ramping MOSFETs
through a copper plate. The current passing through each of the 2 ramping
MOSFETSs passes through a Hall Probe before connecting to a large water-cooled
copper plate at the bottom of the MOSFET box. This copper plate is electrically
connected both to the power supply ground and the optical table. The BNC con-
nections on the front of the MOSFET box connect to the gates of the switching and
ramping MOSFETSs, and the power and output signals of the 2 Hall Probes.
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off. Based on the relationship
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%4 T (3.1)

there would be a huge voltage on the drain of the switching MOSFET, potentially
causing device failure. By installing a fly-back diode that operates only when the
voltage on its anode is large enough (as in this situation), that transient current will
flow back up through the diode instead of destroying the MOSFET.

As shown in Figure 3.2, the diode box contains the one and only connection to
the positive end of the power supply, this connects to the cathodes of all the diodes
and one end of each transfer coil pair. The other end of each coil pair is connected
to the anode of its respective diode, and there is a 4 AWG wire connecting this point

to the drain of the corresponding switching MOSFET in the MOSFET boxes.

3.3.8 Safety interlock box

There have been several times when an accident has occurred in lab and we found
ourselves in a situation where 100 A or more was flowing steady-state through a
coil, once heating the DC TOP coils to the point where epoxy melted onto the
surface of the science cell. This usually occurs when a MOSFET blows up or when
the computer crashes and sends an erroneous value to the transfer circuit. For this
reason, we have installed several hardware safety interlocks that will automatically
disable the Agilent power supply until a front-panel button is depressed, inhibiting
the flow of current. The safety interlock box receives so many input signals from
different parts of the experiment that they are not shown in Figure 3.2, rather, they

are explained in the subsequent paragraphs.
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Two of the safety interlock conditions are based on the flow of chiller water,
through two separate flow meters that monitor water flow. Three of the safety
interlock conditions are based on the temperatures of coils used in the transfer
process, these are based on temperature readings using thermistors epoxied to the
coils. The temperature trip points were set by recording the maximum temperatures
of the monitored coils, and setting the trip point to be ~ 5 °C above that.

Three of the safety interlock conditions monitor the integrated amount of cur-
rent through various coils. To set the trip point on the integrators, we adjusted
the R and C values of the integrator circuits to operate on a timescale of several
seconds and trip a comparator if the integrated value of current is ~ 10% larger
than normal. Two of the safety interlock conditions are based on the instantaneous
amount of current through particular coils. Both the integrated current interlocks
and temperature interlocks operate slowly (on the timescale of a few seconds), but
the chiller water and instantaneous current interlocks operate right away. The power
supply will automatically enter into inhibit mode if any of the following conditions

occur:
1. If the flow of the chiller water cooling the transfer coils’ copper plates stops.

2. If the flow of the chiller water cooling the MOSFETSs in the MOSFET boxes

stops.
3. If the temperature of the MOT coil gets too hot and reaches its trip point.
4. If the temperature of the DC TOP coils get too hot.

5. If the temperature of the AC TOP coils get too hot.
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6. If the integrated amount of overall current is too large and reaches its trip
point. In addition to the several Hall probes that monitor current through
the MOT coil, transfer coils, DC TOP coils, and levitation coil (used for
BEC imaging), we have installed a Hall Probe directly to the output of the
Agilent power supply to monitor the total amount of current flow. A voltage
proportional to the total instantaneous amount of current flow is sent to an
integrator circuit. The output of this integrator circuit rises slowly over the
course of the transfer sequence and will trip a comparator and inhibit the

power supply if the total integrated amount of current is too high.
7. If the integrated amount of current in the MO coil is too high.
8. If the integrated amount of current in the DC TOP coils is too high.

9. If the instantaneous amount of current in the DC TOP coils is too high. At
the beginning of the evaporation sequence, the DC TOP coils operate at their
highest value of 20 A. If the amount of instantaneous current in the DC TOP

coils exceeds 30 A, the safety interlock circuit will inhibit the power supply.

10. If the instantaneous amount of current through the levitation coil is greater

than 15 A.

If any one of the above conditions is met, that portion of the interlock circuit sends
a TTL low signal to a multi-input AND gate in the safety interlock box. A TTL low
signal at the output of the AND gate will inhibit the power supply. If we lose power
to the safety interlock box or if one of its internal components fails, the logic output
will also be low, inhibiting the power supply. One consequence of using integrators

in the safety interlock circuit is that we need to wait ~30 seconds between each
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run of the experiment, or the integrated values from running the transfer sequence
too frequently will inhibit the power supply. This is usually a good idea, however,
because running too frequently, though possible, will tend to decrease the lifetime

of the power MOSFETSs due to overheating.

3.3.9 Direction of current flow

Positive current flows from the power supply (under the optical table) to the cathode
of a diode in the diode box (under the optical table) through a transfer coil pair
(mounted around the vacuum system on the optical table), and back to the anode
of a diode in the diode box. Current then flows through a switching MOSFET
and a pair of ramping MOSFETs and Hall Probes, all of which are located in one
of the MOSFET boxes (under the optical table). The current path terminates at
the ground in the MOSFET box, which itself is connected to the power supply
ground. The DAC, arbitrary waveform SRS, logic SRS, sample-and-hold circuit,

analog switch, and transfer control box are all located on the 19”7 equipment rack.

3.4 Calculation of the Current Sequence

The previous sections have described the hardware, electronics, and principles of
operation of the magnetic transfer system. The only things that have been left out
are: (1) a description of the calculation that produces the three current ramps that
are sent to the ‘transfer control box’; and (2) a description of the center-of-mass
velocity of the atoms as they move down the transfer tube. Both of these topics are

addressed in this section.
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The following paragraphs describe the calculation that produces the current
ramps that are sent to the transfer control box. We will use the convention that
z is the vertical (gravity) direction, z is the longitudinal (along the direction of
the transfer tube) direction, and y is the transverse direction. The magnetically
trapped atoms start in an axially symmetric quadrupole trap in the MOT cell
with 0B/0z = 180 G/cm, 0B/0x = -90 G/cm, and 0B/0y = -90 G/cm. Be-
cause three pairs of coils are on during the transfer process, the magnetic trap gets
elongated in the transfer direction to form a 3-dimensional trapping potential with
0B/0z = 180 G/cm, 0B /0x = -65 G/cm, and 0B/dy = -115 G/cm.

A 3-dimensional calculation was performed to determine the current ramps nec-
essary to produce the desired magnetic field gradients. The calculation used the
Biot-Savart law to determine the magnetic field and magnetic field gradient along
the transfer tube in all 3 orthogonal directions as a function of the amount of cur-
rent through the transfer coils. For a single coil of radius R perpendicular to the
z axis and centered at z = A, the transverse magnetic field component B, and the

axial magnetic field component B, as a function of axial and radial position z and

p are [49]
_/LI 1 ) 2 R? —p* — (2 = A)? 2
B, = o [(R+ p)? + (z — A1 [K(k‘ ) + (R—p)Q—i—(z—A)?E(k )] (3.2)
il 2 A ey BEP+ =4 0,
B [ K(k)+(R_p)2+(Z_A)2E(k )1 (3.3)

* T 2mp[(R+ p)2 + (2 — AL

where g is the Bohr magneton, [ is the current through the coil, and

2 _ 4Rp
W= (R+p)2+ (2 — A)? (3-4)

is the argument of the complete elliptic integrals K and E [50]. From the preceding

equations it is straightforward to determine the magnetic field at two neighboring
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points in order to construct a field gradient. With three coils on at a time, it is also
straightforward to set up a matrix of three equations and three unknowns. This
matrix equation is solved at one particular point in space, starting at the center of
the MOT cell, to determine what currents are necessary to produce the desired field
gradients at that point. Then the matrix equation is solved again at each subsequent
point in space along the transfer tube along a linear grid of spacing Az = 0.165 mm.

The inputs to the matrix equation are the three known quantities:

1. |§ | = 0 at that particular point in space (therefore atoms are magnetically

trapped there).
2. OB/0z (along the transfer direction) equals the desired longitudinal gradient.
3. OB/0z (along the vertical direction) equals the desired axial gradient.

The three unknowns are the three currents (I, I2, and I3) in the three neighbor-
ing coil pairs that happen to be on at a given time. The 3 x 3 matrix M is determined
from the Biot-Savart Law, which determines the resultant magnetic fields from input

currents and specified coil locations.

’é‘ O Ml M2 M3 [1
83/32 180 G/cm M7 Mg M9 [3

To understand how the values of the matrix M are determined, consider the
following example: when the atoms are at position x = 3 cm down the transfer
tube, transfer coil pairs 1, 2, and 3 are on. The calculation determines the three

currents [y, I, and I3 through transfer coil pairs 1, 2, and 3 required to make
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|B| = 0, B/dx = —65 G/cm, and dB/dz = 180 G/cm at the position = 3 cm.
Matrix values M, Ms, and M; are the large prefactors in Equations 3.2 and 3.3

that set up the equation

1Bl=0=B.+B,=M - I, + My I + My - I (3.6)

which is the top row of the matrix equation 3.5. The other values of the matrix,
M, through My, relate the currents in coil pairs 1, 2, and, 3 to the field gradients
along = and z at this position in space, and are determined from taking a spatial
derivative of Equations 3.2 and 3.3.

The required current ramps and resultant magnetic field gradients, plotted along-
side the coil locations, are shown in Figure 3.8. Figure 3.8 (a) is a side view of the
15 coil pairs (the MOT coil and 14 transfer coils), showing their to-scale positions
and widths along the transfer (x) direction and vertical (z) direction.

The thin vertical lines in Figure 3.8 (a) indicate ‘breakpoints’, additional ad-
justable parameters in the calculation. These user-adjustable breakpoints are the
position locations where one coil turns off and another turns on. For example, the
breakpoint position of x = 39.4 cm is the longitudinal position of the moving atom
cloud where transfer coil pair 6 turns off and transfer coil pair 9 starts turning on.
The breakpoint locations were adjusted to optimize the current ramps for smooth
field gradients. After this optimization, we noticed that coil pairs farthest from the
transfer tube in the 2z direction operate over a longer range in x than coil pairs closer
to the tube.

Figure 3.8 (b) shows the result of the simulation, the current ramps required

for each coil pair in order to produce the desired field gradients. The breakpoints
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Figure 3.8: Coil locations, current ramps, and field gradients for magnetic transfer
system are shown. (a) Shown are the locations of the MOT coil pair and all 14
transfer coil pairs. This is a to-scale rendering of all the coil positions, outer diame-
ters, and heights. Also shown are the breakpoints, the positions in space where one
coil turns off and another turns on. (b) Shown are the original current ramps (the
result of the calculation) with current [A] plotted as a function of position z [cm].
Each coils’ current ramp is plotted directly beneath the coil position. (c¢) Shown
are the magnetic field gradients resulting from the current ramps shown in (b); the
largest magnetic field gradient is |0B/0z|, the intermediate magnetic field gradient
is |0B/0y|, and the weakest field gradient is |0B/0z|. Figures (a), (b), and (c) are
plotted on the same spatial horizontal axis. (d) Shown is the atomic velocity vs.
time [s] over the transfer time, reflecting the final deceleration stage. (e) Shown
are the actual current ramps used for transfer, which differ from (b) in that the
final portion of transfer reflects the deceleration. (f) Shown is the total amount of
current used for transfer vs. time [s]. Figures (d), (e), and (f) are plotted on the
same temporal horizontal axis.
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are still shown, and it is clear that these are the position locations where one coil
pair turns off and another starts ramping on. Figure 3.8 (c¢) shows the magnitude
of the magnetic field gradients produced while using the above current ramps. The
largest field gradient is in the axial (z) direction, while the weakest field gradient is
in the transfer (z) direction. The field gradients vary at the beginning and end of
the transfer sequence, these are the regions where only one or two transfer coil pairs
are operational. Figures 3.8 (a), (b), and (¢) plot the coil locations, current ramps,
and field gradients as a function of position = (in cm) along the transfer direction,
but do not provide any information on the timescale of the transfer process, which
is dependent on the velocity of the moving |B| = 0 point.

In order to optimize the number of atoms transferred from the MOT cell to the
science cell, the velocity and acceleration of the moving magnetic trap was adjusted.
We originally thought we would need to increase the initial velocity of the atoms up
from zero to the nominal velocity of 15 cm/s and then decrease the velocity back to
zero at the end of the transfer process in order to keep the atomic motion as adiabatic
as possible. We initially thought that these acceleration/deceleration steps would
be rather important in optimizing transfer efficiency; however, we have observed
that the transfer efficiency is not very dependent on these steps or the nominal
velocity. After optimizing the process, we discovered that the initial acceleration
phase actually decreased the number of transferred atoms, presumably because the
slower initial speeds meant that trapped atoms spent a longer time in the MOT
cell, the highest-pressure region of the chamber, and underwent more collisions with
background atoms. We did notice, however, that a small amount of deceleration at

the end of the transfer process increased the transfer efficiency slightly.
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After optimization, we found that it is best to start the transfer process with
an initial velocity of 15 cm/s and include a deceleration phase to 3 cm/s over the
final 1 second of the 5.9 second transfer process. A plot of the calculated center-
of-mass atomic velocity vs. time is shown in Figure 3.8 (d). A plot of the actual
current ramps used vs. time is shown in Figure 3.8 (e). These current ramps differ
only slightly from the ramps shown in Figure 3.8 (b) in that they are plotted as a
function of time and the last 1 second is a visibly lengthened version of the original
current ramps, indicating a slower atomic velocity. Figure 3.8 (f) shows a plot of

the total current used through all the coils vs. time.

3.5 Transfer Revisited

Based on the amount of time involved in the design and implementation of the mag-
netic transfer system, it is easily the most complex part of our laboratory. Successful
operation of the transfer system took one B.S. thesis in Electrical Engineering by
M. David Henry [51], over two years of work, a lot of software and hardware, and
many blown-up MOSFETSs. One might ask if all this trouble was really worth it.

To our knowledge, there have been two varieties of successful approaches to
magnetic transport of ultracold atoms in a vacuum system over a large distance
(not including BEC on a chip experiments, which are different altogether). Our
approach, using a series of coils run in sequence, was first developed in the group of
Ted Hénsch in 2001 [48]. This experiment involved magnetic transfer of atoms over
33 cm and around a 90° bend using a series of nine transfer coil pairs.

Another approach, developed in Eric Cornell’s group at JILA, involves using a

track-based system that physically moves a coil pair along a track on the optical
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table [25]. A hybrid approach is used in the group of Carl Wieman at JILA, which
includes a moving track, a 90° bend, and a series of transfer coils [52].

The track-based moving coil system has its merits and is worth comparing and
contrasting to our system. We have heard that the moving coil system is easy to
use, robust, and simple to set up. At JILA, it worked on the first attempt [25]. The
ease of use of the moving coil system makes it appear rather advantageous compared
to our machine. However, the moving coil system is not without its disadvantages.
It places a moving mechanical system on the optical table, which can potentially
have repercussions for vibration-sensitive equipment such as laser locks. It is also
large, bulky, and restricts optical access to the MOT cell and science cell. Finally,
because the same coil pair and associated mount need to translate from the MOT
cell to the science cell, optical access to the science cell will be particularly blocked
in this design.

One of the main advantages of our design is the large amount of optical access to
the science cell from five directions, which will be highlighted in the description of
the TOP trap in Section 4.2.1. Setting up complex experiments such as 3-D optical
lattices while imaging from multiple directions and using an optical trapping beam
is possible with our open geometry design. The biggest disadvantage to our current
system is the MOSFET lifetime. We continue to blow up MOSFETSs, particularly
the DC TOP MOSFET and occasionally one of the switching MOSFETs. This is
something that can possibly be alleviated by increased or more efficient cooling,
waiting longer between runs, or, in the case of the DC TOP MOSFET, distributing

the power dissipation over two MOSFETSs.
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CHAPTER 4

BEC FORMATION AND IMAGING

4.1 Introduction

Chapters 2 and 3 describe the first two steps in our BEC formation process: (1) laser
cooling and magnetic trapping in the MOT cell; and (2) magnetic transfer of atoms
from the MOT cell to the science cell. This chapter describes the final step in the
BEC formation process: evaporative cooling of atoms in the science cell. After trans-
fer into the science cell, the atoms are held in a Time-averaged Orbiting Potential
(TOP) trap, described in Section 4.2. The atoms are then evaporatively cooled in
the TOP trap until a BEC is formed; this process is described in Section 4.4. The
methods used for imaging the condensate and techniques used for image processing
are described in Section 4.5. The final characteristics of our BEC are presented in

Section 4.6; and Section 4.7 summarizes our complete BEC formation sequence.

4.2 TOP Trap

In order to evaporatively cool atoms to the BEC transition in a magnetic trap, the
atoms cannot be held in a quadrupole magnetic field. This is because as atoms get
colder during the evaporation process, more atoms will occupy the region of the
potential minimum (the |B| = 0 point) and be ejected from the trap by Majorana
losses [47]. In order to prevent this problem, two main approaches are most com-

monly used to create a BEC in a magnetic trap, the Time-averaged Orbiting
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Potential (TOP) trap [16, 20, 53] or the loffe-Pritchard (IP) trap [17, 54, 55].

We use a TOP trap consisting of a pair of anti-Helmholtz coils with an axis of
symmetry along the vertical direction, referred to as the DC TOP coils, and two
orthogonal pairs of Helmholtz coils with an axis of symmetry in the horizontal plane,
referred to as the AC TOP coils. The TOP trap provides a simple method for cre-
ating an axially symmetric trapping potential. Also, it is relatively straightforward
to elongate the TOP trap in one of the radial directions and rotate this elongated
trap. This is one way of nucleating a vortex lattice in the BEC, a procedure that
will be described in Section 5.4.6. We have chosen to use a TOP trap because of its
vertical axial symmetry, and the fact that the most tightly confining axis is in the
vertical direction. This makes it easier to make ‘pancake-shaped’ condensates that

can easily be manipulated with light in a 2-dimensional plane.

4.2.1 Physical layout of TOP trap

The TOP trap is an axially symmetric trap created by the addition of the fields
from the two DC TOP coils and the four AC TOP coils. The DC TOP coils are
concentric with the final transfer coils and held on the same copper mount, but lie
closer to the science cell. The AC TOP coils are mounted to aluminum plates on all
four sides of the science cell. A photograph of the TOP trap showing a side view and
top view is shown in Figure 4.1. A table showing the locations and other relevant

information about the coils surrounding the sc