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ABSTRACT
Single Photon Photoassociation in a 7Li BEC near a
Feshbach Resonance
by
Mark Junker

The rate of photoassociation (PA) determines how quickly molecules form from
atoms illuminated by a resonant laser pulse. Knowledge of limits of this molecular
formation rate provide a fundamental component on the maximum rate that a tightly
bound ground state molecular Bose-Einstein condensate (BEC) could be formed using
a two-photon transition. This molecular synthesis represents the beginning of a new
era of ultracold quantum chemistry. The available Feshbach resonance in this system
is an indispensable tool to increase the molecular formation rate due to PA in the
anticipation of revealing these fundamental rate limits.
While the rate saturates in a thermal gas, no evidence of saturation has yet been
observed in a BEC. A loss of atoms due to a PA pulse tuned to the v" = 83 excited
state molecular vibrational level provides the measurement of the PA rate. The rate
varies by several orders of magnitude either by tuning the magnetic field near a Feshbach resonance or by adjusting the PA intensity. We measure the PA rate at magnetic
fields between 550-900 Gauss in a BEC and a thermal gas, which is near the Feshbach
resonance at 736 Gauss. The rapidly changing rate near the Feshbach resonance reflects the overlap between the ground state and the excited state wavefunctions. We
present the first quantitative measurement of the PA rate near a Feshbach resonance.
We measure the magnetic field dependence of the molecular resonance position
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near the Feshbach resonance. We introduce the first observation of a positive energy
shift associated with photoassociation. The measured energy shift asymptotically
diverges as it approaches the Feshbach resonance and agrees qualitatively with described theory at all magnetic fields.
We observe intensity dependent saturation in the PA rate in a thermal gas and the
measurements qualitatively agree with a unitarity limited rate. The first conclusive
evidence for a suppression of the PA rate occurs for intensities above the saturation

intensity. We report the first observed saturation of the PA rate in a BEC. Three
separate theories present possible mechanisms for the observed saturation.
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Chapter 1
Introduction
The ultracold regime of atomic physics has allowed experimentalists to examine
fundamental quantum mechanical interactions with unprecedented precision. Over
the past decade, the formation of molecules from pairs of atoms in an ultracold
gas has inspired an enormous range of theoretical and experimental work in the
atomic, molecular and optical (AMO) community. At very low temperature scales,
many energy dependent degrees of freedom of atomic motion, including rotations and
vibrations, become "frozen" out of the system. As the temperature of an atomic gas
decreases, the famous wave-particle duality begins to demonstrate the wave nature of
particles in the form of the de Broglie wavelength,

A=

I 2irh2

\to

(u)

where m is the mass of the particle, T is the average thermal temperature of the gas,
and 2nh and ks are the ever present Planck and Boltzmann constants, respectively.
In an atomic gas, most of the degrees of freedom are frozen out at ~ 1 mK, and
the interactions between the atoms can be described by a single parameter known as
the s-wave scattering length, a. The scattering length is generally defined in units of
a0, the bohr radius, which is 0.53x 10~9 cm. There are two regimes that are generally
associated with the scattering length when compared with the density, n: Una3 <C 1,
then the atoms are in the weakly interacting regime or, if na? ^> 1, then they are in the
strongly interacting regime. In addition to being strongly or weakly interacting, the
interactions can be repulsive (a > 0) or attractive (a < 0). The sign and magnitude
of the interactions depend on the details of the ground state wavefunction.
As the atoms are further cooled to ~1 /xK, the de Broglie wavelength of the
particles becomes comparable to the inter-particle spacing n~1//3. When this condition
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is reached, a phase transition can occur that involves a large fraction of the particles
occupying the ground state of the system and forming a Bose-Einstein condensate
(BEC) [1-4]. Since these first experiments in 1995 to observe BEC, there has been an
eruption in the number of research groups that have achieved condensation in several
atomic species. In fact, the apparatus described in this thesis is the third generation
in this lab to have reached BEC. The first BEC in the lab was made in a magnetic
trap with atoms in the \F = 2, mp = 2) state. The atoms in this state have negative
interactions that limit the number of atoms that can be formed in the condensate [5],
so only a very small BEC was produced [4].
The more recent condensates in our lab have been achieved in an optical trap
that, unlike the magnetic trap, is not limited to a specific spin polarization. In the
optical trap experiments, much larger condensates have been made due to access to
atoms in the |1,1) state that have positive interactions. The positive interactions are
very small at low magnetic field (~5 Oo), but in this state, the interactions can be
tuned using a magnetic Feshbach resonance [6, 7].

1.1

Feshbach Resonance

Most of the data presented in this thesis is strongly dependent on the value of
a. In most systems, a is only associated with the the interactions between atoms
in the gas, and it strongly affects the nature of the system. If the interactions in a
BEC are repulsive, then the formation of a large stable condensate is possible [8]. If
the interactions are negative, then the condensate is unstable and will collapse [9].
However, if the interactions are negative and small, the condensate can form a stable
non-dispersive wave known as a soliton [6, 7].
Magnetic Feshbach resonances are widely used in atomic physics to adjust the
value of a. A Feshbach resonance changes the scattering length by changing the
energy of the atomic state relative to the molecular potential in response to an ap-

3
plied magnetic field. This change in scattering length is a result of the ground state
wavefunction varying in response to the changing potential. As the atomic state approaches the energy level of the molecular state, the energy of the scattering atomic
state becomes degenerate with the least bound state in the molecular potential. This
degeneracy creates a resonance between the atomic scattering channel and the molecular bound state. The scattering state acquires a phase shift that approaches n/2 as
the scattering state approaches the molecular state causing a to diverge [10]. The
tunability of these systems is remarkable simple, yet powerful in their ability to move
the atoms from the weakly interacting to the strongly interacting regime.

1.2

Photoassociation

In photoassociation, pairs of colliding ground state atoms form electronically excited bound molecules in the presence of a resonant laser beam. For ultracold atoms,
the rate of PA depends on the wavefunction overlap between the collisional ground
state and the excited molecular bound state, which varies as a is tuned. By utilizing
the Feshbach resonance for atoms in the |1,1) state, the rate of molecular formation
can be controlled over several order of magnitude as a changes. By monitoring the
magnetic field dependent PA rate near the Feshbach resonance, the structure of the
ground state wavefunction can be ascertained.
The rate of molecular formation has a universal limit that depends on the collisional cross section between pairs of atoms having a maximum value [11]. The rate
increases with increasing laser intensity until it reaches this maximum value and saturates at an intensity Isat. This upper limit scales with the temperature of the atoms
in the gas as T - 1 ' 2 . As the intensity of the PA laser is increased above Iaat, the rate
is predicted to decrease as the collisional cross-section decreases due to coupling to
other scattering channels [12,13]. Saturation of the PA rate in a thermal gas has
been observed by several experimental groups [14-20]. In a pure BEC, this limit
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becomes very large and other mechanisms know as rogue photodissociation [21,22]
or magnetoassociation [23] are predicted to limit the rate of molecular formation. In
rogue dissociation, excited state molecules do not necessarily spontaneously decay
back to the atomic condensate by the photoassociation laser, but rather, they couple
to a contiuum of states and can be lost from the initial condensate as hot atom pairs.
The rate limit occurs when rate of photodissociation, which scales as the intensity
squared, is equal to the photoassociation rate, which is linearly dependent on the
intensity. This limit is predicted to occur at i?~6/Xn2/,3/ra, where n is the density of
the gas and m is the mass of the colliding atoms. In magnetoassociation, Feshbach
molecules can dissociate to other non-condensate states. Thus far, only one measurement of the PA rate has been conducted in a BEC, and no form of saturation has
been observed [24].

1.3

Thesis Outline

The objective of this thesis is to provide a detailed account of recent photoassociation measurements in the vicinity of a Feshbach resonance. Before the photoassociation experiments could begin, the atoms must be state selected, trapped, and cooled
in a magnetic trap then in an optical trap. In the next two chapters, I will explain
the apparatus and all of the necessary steps to achieve BEC in an optical trap where
the photoassociation measurements are performed. Along the way, I will describe
fundamental parameters of the system (i.e. number, frequencies, temperature, etc.)
I intend this to be a reference for future implementations that utilize some of the
trap configurations of this apparatus. Many discoveries and improvements have been
implemented along the way that simplify the vast parameter space available to the
user of the apparatus. Every effort has been made to reduce the complexity of the
experiment in order to make the apparatus operate as smoothly and repeatably as
possible.
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In Chapter 2, I begin by describing the MOT and the transfer of atoms into the
magnetic trap. This section is a supplement to previous documentation [25, 26]. I will
detail the measurements made to optimize the transfer of the largest possible number
of atoms at the coldest temperature. To quantify the optimization, I will also discuss
the methods used to count the number of atoms in the various traps.
Chapter 3 describes the majority of the procedures used on the pathway toward
creating a BEC. I begin by providing an in-depth analysis of the magnetic trap. This
includes measurements of the effectiveness of the RF forced evaporation and possible
future improvements. The fundamental parameters of the magnetic trap, the trapping
frequencies, are measured and compared with theoretical predictions of these values.
Following the magnetic trap, I will present a discussion of the optical trap layout and
a new method for overlapping it with the magnetic trap. I will conclude the chapter
by explaining the steps necessary to achieve BEC in the |1,1) state in the optical
trap.
In Chapter 4, I will present experimental results of photoassociation in a BEC in
the vicinity of a Feshbach resonance. I will show how the rate of molecular formation
can be controlled by utilizing the Feshbach resonance and by varying the intensity of
the photoassociation laser. I will contrast these measurements in a BEC with similar
measurements performed in a thermal ensemble. I will present the latest achievements
including a blue shift of the resonant molecular transition frequency, a rollover in the
photoassociation rate in a thermal gas and a measurement of the saturation of the
PA rate in a BEC.
Several appendices conclude the thesis with descriptions of several important details regarding the functionality of the apparatus that did not fit into the framework
of the primary chapters.

Chapter 2
From a MOT to Magnetic Trap
One of the fundamental tools in atomic physics is the magneto-optical trap, or
MOT. It is an essential tool for initial cooling and confinement of atoms in all the
experiments performed in our lab. Since the MOT is an optical based trap, it is limited
by the Doppler limit of the resonant transition, ~140 [iK for 7Li [27]. Therefore,
another class of trap must be used to cool the atoms into the quantum degenerate
regime.

2.1

Single Species MOT

The 7Li MOT has been used in our lab for over a decade. It was first used to
measure the atomic lifetime [28], profile molecular potentials [29], examine hyperfine
structure [30], and determine s-wave scattering lengths [31]. Now the MOT is just
the first stage of our experiments. Our current implementation of the MOT has been
described in detail the Masters theses of Mark Junker and Chris Welford [25, 26], so
I only will include a few details that have been omitted.
The 7Li MOT requires both a pump and repump beam since the 2Si/2 —> 2P 3 / 2
transition is not a pure two-level system. The energy level diagram for 7Li is shown
in fig. 2.1. The primary transition is on the "trapping" F = 2 ground state cycle
while the "repump" provides the necessary light to prevent the atoms decaying into
the dark F = 1 state. Both the trapping and repump frequencies are supplied from
a broad-area laser diode, or widestripe, and are fiber coupled onto the apparatus
table [26].
The optical layout for producing the MOT, 2D MOT, Zeeman slower and optical
pump beams have been described [26] for the elements inside the hood. The remaining optical components on the apparatus table have expanded since the previous
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Figure 2.1 Trapping and repump laser frequencies used in the MOT, 2D-MOT, and
Zeeman slower.
documentation of the experiment [25]. After the MOT beam is fiber coupled onto the
apparatus table, it is expanded and split into 6 beams to create the trapping beams
for the MOT. Figure 2.2 is an illustration of the optical layout which splits the beams
on the apparatus table. The output from the optical fiber passes through a fiber
collimating lens that is positioned away from the focus to produce a slowly diverging
beam. The beam then passes through a Glan-Thompson prism to ensure the power
balance between the 6 MOT beams does not drift due to changes in polarization. The
beam is collimated using a 2" / = 500 mm acromatic doublet lens to minimize beam
abberations to a 1/e2 beamwaist of 1.2 cm. An iris is positioned immediately after
the collimating lens to simplify alignment and overlap of the 6 MOT beams. After
the iris, the single MOT beam is split into a radial and axial beam by a polarizing
beamsplitter (PBS) cube and is then further divided into a total of 6 beams by a series
of half waveplates, PBS cubes and 50/50 BS plates. The waveplates are adjusted to
provide an equal amount of power for each beam.

Figure 2.2
Optical layout on apparatus table to collimate and split the MOT beam into 6 beams. The top of the
figure corresponds to the laser side of the table and the bottom is the wall side. The single beam emerging from the fiber
is divided into 6 by a series of PBS cubes, half waveplates and 50:50 non-polarizing beamsplitting plates. The optical
pump beam is spatially overlapped along the axial dimension of the MOT.

oo
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The optical pump beam is also fiber coupled to the apparatus table. This is
necessary to ensure repeatable overlap with the atoms from the compressed MOT.
The beam path of the optical pump is shown in orange in fig. 2.2. The optical
pump must be spatially overlapped with the existing axial MOT beams. The pump
beam is overlapped on the hood side of the table using a second PBS cube after the
two axial MOT beams have been divided. Using a small angle between the MOT
and optical pump beams approximately overlaps them on the wall side of the table.
The polarization of this second beam must be rotated by 90 degrees to provide the
appropriate a+ — a+ polarization to promote all the atoms into the \F,mp) — |2,2)
state. The necessity of the optical pump is explained in the following section.

2.2
2.2.1

Transfer between Traps
Introduction

The second type of atom trap we use is a Ioffe-Pritchard electro-magnetic trap
(EMT) [32]. The specific trap we use is a cloverleaf trap devised in the Ketterle group
[33]. It has been detailed in Kevin Strecker's Ph.D. [34] and my Masters [25] theses.
While a great deal of information regarding the components and basic functionality
for the magnetic trap were discussed, I will give a more in-depth understanding on
the characterization of the trap as well as additional knowledge acquired along the
way. In the rest of this chapter, I will describe empirical results related to maximizing
transfer of atoms into the magnetic trap. In Chapter 3, I will present a more detailed
description of the trap and its characteristics.
2.2.2

Optical pumping

In order to efficiently load atoms into the EMT from the MOT, we require the
atoms to be in the highest lying hyperfine state. The MOT contains all 8 hyperfine
levels in the 25i/ 2 ground state shown in fig. 2.3. Although three of these states are
magnetically trappable [35], only atoms in \F,mF) = |2, 2) state are truly useable.

100

150

B field (Gauss)
F i g u r e 2.3
Electronic ground state energy level for 7Li as a function of magnetic field.
The 12, 2) atoms are the only magnetically trappable state that does not experience collisional spin decay.
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The other two magnetically trappable states, |2,1) and |1,—1), undergo two body
inelastic spin-exchange collisions which results in the atoms being lost from the trap.
Therefore, a mostly pure gas of |2,2) atoms must be transferred into the trap to
minimize loss.
To transfer the atoms into the |2, 2) state, a pair of counterpropagating a+ polarized light beams are pulsed along the axial direction of the trap to optically pump the
atoms. By definition, a a+ transition has Am = + 1 . For the light to be polarized,
it must have a defined axis of quantization with respect to the atoms. A polarization
axis for the atoms is defined by a small magnetic field of ~ 2 G. The field is generated
by an external bias cage, which is described in Appendix D. By continually absorbing
CT+ photons, the atoms will eventually end up in the |2, 2) state. The same pump and
repump combination that is used for the MOT prevents the atoms from being lost in
the F = 1 ground state.
The primary function of the optical pump is to load the maximum number of atoms
into the magnetic trap while maintaining good repeatability. In order to achieve these
conditions, one would prefer a short pulse duration, a large amount of power, and
large red detuning. The large detuning is necessary since the cloud is optically dense
while the red detuning provides a small cooling effect. In practice, there is a limited
amount of power. Therefore, the detuning cannot be too large and the pulse duration
cannot be too small.
The optical pump is fiber coupled from the laser diode table to the experimental
table to ensure repeatable overlap with the cooled and compressed MOT. An 8 mm
1/e2 beamwaist ensures a relatively uniform intensity over the atomic cloud (the
atomic cloud has a waist less than 2 mm at the time of the optical pumping). During
pumping, the atoms are no longer confined by any trapping potential. So, the pulse
duration must be very short to ensure a significant number of atoms are not lost
during ballistic expansion of the cloud. For a reasonably large detuning, more optical
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Figure 2.4
Number of atoms remaining after 5 seconds in magnetic trap vs. a.) optical
pump power with a 500 fis pulse duration that is 100 MHz red detuned and b.) optical
pump duration for various detunings between 70-110 MHz using 30 mW of pump power.
From this data the optimal detuning and pulse duration for 30 mW of power are ~100
MHz red and 500 //s, respectively. The maximum transfer efficiency from the MOT to the
magnetic traps is ~20%.
power is required to effectively transfer the atoms to the |2,2) state in the magnetic
trap. Figure 2.4a shows this relationship for an optical pump detuning of -100 MHz
and a pulse duration of 500 fis. The data was obtained using fluorescence imaging
after the atoms had been in the magnetic trap for 5 seconds . The number of atoms
in the magnetic trap increases fairly linearly with optical pump power up to ~ 2 0 m W
where it begins to exhibit signs of saturation. Since the maximum repeatable power
is ~ 3 5 mW, a larger detuning than 100 MHz may be better.
In fig. 2.4b, the detuning and pulse duration are adjusted to explore the transfer
efficiency from the MOT to the magnetic trap. To simulate a good representation of
typical daily operating conditions, 30 m W of optical power was used for maximizing
the transfer efficiency. For pulse durations < 300 /is, a detuning of 70 MHz appears
to be most efficient in transferring atoms to the magnetic trap. However, the transfer
peaks at 300 fxs and deteriorates for longer pulse durations. The sharp peak also
demonstrates that the number of atoms transferred is highly sensitive to the pulse

13
duration at this detuning. In contrast, the larger detunings are not only less sensitive
to pulse duration, but they also transfer a larger number of total atoms. For detunings
larger than 110 MHz, the long pulse durations necessary to scatter enough photons
result in a large number of atoms being lost from the trapping region due to long
expansion time. Based on this data, we typically operate the optical pump at a
detuning of -105 MHz with a pulse duration of 500 /is to give the greatest possible
loading with the most repeatable conditions into the magnetic trap.

2.2.3

M a g n e t i c t r a p current and loading

In this section, I will briefly describe the effects that the magnetic trap currents
have in the loading of atoms into the trap. This is important since the R F evaporation in the magnetic trap strongly depends on the number of atoms available [35].
There are three parameters associated with the magnetic trap that we can adjust
without altering the geometrical arrangement of the confinement coils. The first is
the current in the bias/curvature coils, the second is the current in the quadrupole
coils, and the third is the overall trap bias field. The bias/curve coils provide the
majority of the axial confinement while the quad coils provide nearly all of the radial confinement. Since the MOT is roughly spherical, the ~8:1 aspect ratio of the
magnetic trap is not well mode matched. This leads to heating among the atoms
during the transfer. In principle, the best loading technique would be to ramp the
magnetic fields on adiabatically to capture the largest fraction of atoms. Practically,
this does not work since the cloud is ballistically expanding and is nearly entirely out
of the trapping region after ~ 2 ms. The most efficient transfers result from abruptly
energizing both the bias/curve and quad coils to their respective final current levels
by digitally switching a set control FETs [25]. The loading of the magnetic trap has
been investigated as a function of current in bias/curve and quad coils. Figure 2.5
shows several traces of number of atoms transferred into the magnetic trap as a ratio
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Number of atoms remaining after 1 second in magnetic trap versus the ratio
of quad current to bias/curve current for various bias/curve currents. The transfer to the
magnetic trap is at a minimum when this ratio ~2.75.
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of quad current to bias/curve current. Immediately following the optical pumping,
the magnetic trap currents are turned on. The atoms are held in the trap for one
second, then all of the current through the trapping coils is turned off abruptly. The
relative number of atoms is quantified using fluorescence imaging after a 1.5 ms time
of flight. For each bias/curve current, there is a single associated quad current that
produces a minimum in the number of atoms remaining. If the ratio of the quad
current to bias/curve current is taken for each of these curves, the minimum occurs
when quad to bias/curve current ratio is ~2.75:1. The magnetic trap is operated at a
bias/curve current of 50 A and quad current of 180 A. For a temperature of 500 /iK,
the axial and radial sizes of the magnetic trap are 1.7 mm and 0.5 mm, respectively.
Although the reason for this minimum is not entirely understood, it should be avoided
to improve transfer into the magnetic trap.

2.3

Number and Lifetime

The ability to count atoms in a gas is one of the most useful diagnostic and
analytical tools available in ultracold physics. Knowing the number of atoms provides
a crucial piece of information to determine densities, collision rates and dynamical
evolution of the atoms throughout the experiment. In this section, I explain the
methods of fluorescence and absorption imaging which are used to count the number
of atoms. These imaging techniques are used for acquiring all the information about
the trapped atoms. I will also detail the importance of the lifetime in the magnetic
trap, which is measured using fluorescence imaging.
2.3.1

Counting atoms

To quantitatively analyze atomic evolution, we need to count the atoms. In this

thesis, this is done using either fluorescence or absorption imaging. Fluorescence
imaging is used for nearly all of the diagnostics and measurements in the magnetic
trap. The technique of absorption imaging is only use following an RF evaporation
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Figure 2.6 In fluorescence imaging, atoms absorb near-resonance laser light then spontaneously decay emitting photons isotropically. A fraction of the photons are collected on
a CCD and counted to obtain the number of atoms.
when the atomic cloud is relatively small, cold and dense. These two techniques are
described in this section along with the methods used to calibrate the signals from
the CCD.
Fluorescence
Fluorescence imaging is the process of measuring the spontaneously emitted photons from atoms after they absorb a near-resonant photon as illustrated in fig. 2.6.
A small fraction of the emitted light falls onto the CCD. The number of atoms is
proportional to the number of photons that illuminate the CCD. The amount of light
that illuminates the CCD depends primarily on the detuning of the imaging laser,
the pulse duration, and the solid angle subtended onto the camera.
For our imaging process, atoms are held in the magnetic trap for some specified
duration, and then are illuminated by near resonant light. Some of the fluorescence
from the atoms falls on the camera generating a signal proportional to the number of

photons that strike the CCD. Before the laser radiation excites the atoms, they are
released from the magnetic trap and allowed to expand. The time of flight imaging
(TOF) technique serves two purposes. First, it assures that the only magnetic field
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influencing the atoms is that generated by the external bias cage. The magnetic trap
is spatially variant, which affects the resonant imaging frequency, especially for hot
atomic clouds. Turning off the magnetic trap removes this complication and simplifies
imaging analysis. The second advantage to TOF imaging is that the cloud has time to
expand. This increases the effective imaging resolution given the small magnification
of the camera.
An Electrim EDC-2000N CCD camera along with Navitar Zoom 7000 Close-up
focusing lens is used to collect the fluorescence from the atoms. The atoms are
illuminated for 100 /is by the MOT beams with At — A r = -6I\ where A4 and A r
are the trapping and repump detunings, respectively. When the detuning is this far
from resonance, the signal on the CCD is typically very low. For this reason, imaging
at these frequencies are rarely used during day to day operation. Using a smaller
detuning would increase the signal size, but limitations on the scanning range of the
repump AOM limits the detuning to be above 6r. Once the fluorescence from the
atoms has been captured on the CCD, a background image, taken with no atoms, is
subtracted from the picture containing atoms. The entire CCD array is then summed
to get the total number of photons due to fluorescence from the atoms that is captured
by the camera. The total number of photons from the atoms at the position of the
camera is
™ photons

^ atoms Pee'-^91

v^'-U

where N a i o m s is the number of atoms, pee is the fraction of atoms in the excited state,
r is the spontaneous emission rate, t is pulse duration and g is the fractional solid
angle subtended by the imaging system. The atomic fraction in the excited state is
defined as
Pee

~ 1 + 2/ + 4A 2 '

(2>2)

where / is in units of Isat, 5.1 mW/cm 2 for 7Li, and the detuning A is in units of T
— 2irx 5.9 MHz, the transition linewidth.
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To convert the number of counts on the camera from fluorescence to a corresponding number of photons, a laser beam at a wavelength A = 671 nm is pulsed onto the
CCD. The number of counts on the CCD is compared to the energy of the pulse. The
pulse duration multiplied by the power and divided by the total number of counts on
the CCD gives a camera efficiency of Q = 2.26 xlO~ 19 Joules/count at a wavelength
A = 671 nm. The number of counts on the camera is then given by
he A7
counts = —Nphotons.

.
(2.3)

The geometrical factor g is measured by placing an iris on the front face of the zoom
lens at a set distance from the atoms. The aperture is then reduced until the number
of counts on the camera begins to drop, as illustrated in fig. 2.7. Rearranging eq. 2.1
gives the number of atoms as
XQcounts
J

' atoms

,

1-,,

;

V^'V

hcpeeFtg
where h is Planck's constant.
Since the atoms have a gaussian density distribution, the number of atoms can
also be obtained by fitting the image profile to a gaussian. The 2D fluorsecence signal
on the CCD then has the form
2

2

S(x,z) = S0e~(%+%\

(2.5)

where wr and w2 are the fitted axial and radial waists of the cloud, respectively. S0 is
in units of counts/(pixel)2.

Integrating eq. 2.5 over all space gives the total number

of counts on the camera in terms of the fitted waists and the peak signal on the CCD
as counts = 7rS0wrwz. Inserting this equality into eq. 2.4 gives the number of atoms
based on fit parameters in the form
ir\QS0wrwz
N atoms =

—T

777

hcpeeTtg

•

(2.6)

19

-i

i1— •r — i — ' — i — • — i — • — i — ' — i — • — i — ' — r

1.05 A

• • f

1.00 H

03
C
O)

0.95

ize

en

0.90

03

F
i_
o 0.8b
c

0.95 inches

0.80

0.75

10

12

14

16

18

20

22

24

iris tick mark
Figure 2.7
Measurement of the g-factor for the Electrim camera. An iris on the front
face of the zoom lens is reduced until the counts on the camera begins to drop. This occurs
at an aperture size of 0.95 inches. The iris is 10 inches from the atoms. The fractional solid
angle for this setup is g = 5.64 x 10~4.
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By using this method, the magnification of the camera is needed to scale the waist
fits from pixels to length in eq. 2.6. It is difficult to displace the magnetic trap in
a quantifiable manner. Therefore, the magnification is measured by removing the
camera from the apparatus, placing a ruler at the same distance as the atoms and
measuring the size of the screen. The current magnification of the Electrim camera
is 3.4X or 25.2 /xm/pixel. This magnification was chosen since it allows us to see the
entire the magnetic trap from initial load to an evaporated clouds ~10 /JK.

By using eq. 2.4 and 2.6, the two calculated numbers typically agree to within 10%
when the peak amplitude, So, on the camera is > 3000. When the peak number of
counts is below this value, the number of atoms from eq. 2.4 begins to be dominated by
the shot to shot fluctuations making this calculation unreliable. Under such conditions
we rely on eq. 2.6 to obtain the number of atoms. The majority of the numbers used
in the fluorescence analysis during daily operation are relative for reasons described
below.

Using fluorescent imaging at a detuning of 6r is typically not very useful for
diagnostics on account of low signals on the CCD. A simple fix to this would be to
bring the imaging detuning closer to the resonance to increase the number of scattered
photons. Unfortunately, the detuning of the repump laser can only scan between 5-10
T because of limitations of the double passed AOM. However, the trapping laser can
scan between 0-9 T, so we image the atoms with trapping and repump detunings
of -2.5 and -5.5 T, respectively. We still use a 100 yus pulse from the MOT beams
for imaging but now have ~15,000 peak counts on the CCD after 5 seconds in the
magnetic trap using these detunings. This is a benchmark that generally indicates
the optical pumping and transfer to the magnetic trap are operating properly.
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F i g u r e 2.8
This figure is a conceptual illustration of absorption imaging. A near resonance probe beam illuminates an atomic cloud. The atoms absorb photons from the probe,
which casts a shadow onto the CCD. In this picture diffraction from the atoms is neglected
due to the large size of the cloud in the magnetic trap.
Absorption
As the cloud of atoms in the magnetic trap becomes colder and smaller, the
fluorescence signal on the Electrim CCD diminishes. From this point on, absorption
imaging is used to detect the atoms. In absorption imaging, a near resonant light
pulse is incident on the atoms as illustrated in fig. 2.8. The atoms absorb some
fraction of the probe light depending on several factors, most notably, the detuning
from resonance and the density of atoms. A comprehensive analysis of absorption
imaging is included in Ramsey Kamar's Masters thesis [36] so I will only document
significant differences and details in our particular setup.
The camera currently in use is an Andor DV4-37-BV CCD that was previously
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+160MHz
trapping laser;

|2,2> @ B=0 G

^

|1,1>@B=715G

1,1>@B=550G

F i g u r e 2.9
Series of AOM's used in resonant absorption imaging. The deflected beams
from each AOM are spatially overlapped into an optical fiber. The imaged state, imaging
frequency range, and corresponding magnetic field range are listed in Table 2.1.

used on the EMT I apparatus for imaging atoms. A camera upgrade on that experiment [37] provided us the opportunity to upgrade from the Photometries camera [25].
The newer camera has the ability to take successive images at a much faster rate
(~300 [is compared with ~500 ms.) The Andor camera also has a smaller pixel size
of 13 [Am which reduces the need for large, external magnification.
The probe beam is derived from the trapping laser in the MOT setup, which
is tunable between 165 - 230 MHz red of F = 2 to F = 3 D2 transition.

The

trapping beam passes through one of three AO's as illustrated in fig. 2.9 to select
the appropriate imaging frequency. The beam is then fiber coupled from the laser
table to the experiment table. The imaged state, the frequency relative to the D2
transition, and the magnetic field range for each AOM is listed in Table 2.1. The
drive frequency of each AO can be altered by ±15% to extend the range of accessible
fields. Each of the three beams is coupled into the same optical fiber by using a series
of beam combiners. This arrangement provides a repeatable overlap of the imaging
beam onto the atom and CCD, as well as a fairly smooth gaussian beam profile.
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AO
+ 160 MHz
- 160 MHz
+ 80 MHz

state imaged
|2,2)

IM>
IM>

frequency range (MHz)
+ 30 to - 30
- 210 to - 430
- 120 to - 170

B field (Gauss)
0 to 10
630 to 780 (Feshbach res.)
565 to 600 (zero crossing)

Table 2.1 Imaging frequencies for imaging the |2, 2) state at low field, the |1,1) near
the Feshbach resonance and zero crossing.
After the probe passes through the atoms, the absorption signal is slightly magnified by ~1.8X [25] and transmitted outside the chamber by a high resolution relay
lens [38]. The signal is then further magnified by a US Microscope 2X microscope objective and Nikon 75-240 mm AF Zoom lens combination before falling on the CCD.
The camera position is such that gravity is in the vertical direction on the CCD.
This provides the freedom to perform TOF imaging analysis on this apparatus. The
horizontal axis of the camera corresponds to the axial dimension of both the magnetic
and optical trap, while the vertical axis is the radial dimension of each trap.
The atoms are probed by a pair of 5 /us square pulses separated by a 3 ms wait
between an "atoms" and "noatoms" picture using the Fast Kinetics mode of the
camera [37]. The images are saved and analyzed to measure the atom number and
size of the cloud. The size of the atomic cloud is given in pixels, which must be
converted into a length scale. To do this, we need the magnification of the imaging
system. Changing the position of the optical trap (which I will describe in Ch. 3)
vertically with a calibrated translator and measuring the corresponding displacement
on the CCD gives the magnification. A plot of the pixel position on the CCD versus
micrometer displacement is displayed in fig. 2.10. A linear fit results in a 5.0 //m/pixel
pixel density of the imaging system. With the 13 micron pixel size of the CCD, the
total magnification of the imaging system is 2.6X. This magnification corresponds to
an approximate focal length of the zoom lens of ~140 mm. With our current zoom
lens we can attain a maximum magnification of 4.45X. This would correspond to a
higher pixel density of 2.9 /um/pixel. Although resolution very near diffraction limited
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650

pixels
F i g u r e 2.10
Magnification of imaging system measured by the displacing optical trap
and recording the corresponding displacement on the Andor CCD. A linear fit to the data
gives a slope of 5.00 ± 0.07 ^m/pixel. This is a total magnification of 2.6X for the imaging
system.
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imaging is possible [38], the magnification is set relatively low due to the large aspect
ratio of the optical trap. A stronger microscope objective will be necessary to increase
the magnification to image smaller clouds.

2.3.2

Lifetimes

The lifetime of atoms in a trap is one of the most critical aspects to the success
of the experiment. It sets the time scale of how quickly an experiment must be
preformed or whether and experiment can be attempted at all. There are several
different mechanisms that can reduce the lifetime - collisions with background gasses,
stray light beams or vibrations in the trap. The losses due to stray light or vibrations
can be greatly reduced, leaving the collisions with background gasses as the primary
limit on the lifetime. I will briefly describe the history of our lifetime since its inception
of the apparatus in the absence of these secondary heating mechanisms.
In the original design of the experimental chamber [25], we attempted to incorporate an experimental vacuum sealing technology for each viewport. The viewports
consisted of a A/10 optical flat that were sealed between a pair of aluminum Garlock
Helicoflex™ vacuum seals. The intent of the optical flats was to utilize high quality
optical viewports to minimize distortions to incident laser beams. We spent several
months searching for small air leaks into the chamber from these vacuum seals but
were never able to isolate a source. The lifetime in the magnetic trap using this
vacuum sealing technology was never greater than 35 seconds. We need about twice
this lifetime for an evaporation to be effective with our number of atoms. In addition
to the problems experienced with the vacuum seals, the stresses from compressing
the optical flats caused them to become birefringent. So, even if we could eliminate
the vacuum leaks, these windows are undesirable due to this other effect. Though a
sufficient vacuum was never achieved, we did gain valuable insight about optimizing
the cooling/compression scheme of the MOT and the optical pumping for maximizing
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Figure 2.11 Lifetime of atoms in the magnetic trap after replacing high quality viewports with standard vacuum viewports. The black squares are data while the dashed line
is a first order exponential fit to the data with a time constant of 98 seconds.
atom transfer into the magnetic trap.
Eventually, we replaced the optical flats with standard UHV viewports, which are
AR coated for 532, 670 and 1030 nm. After baking the chamber and returning to
running conditions, the first lifetime was taken. While this first lifetime measurement
was only 5.5 seconds, after a few days of flashing titanium, we achieved lifetimes on
the order of 100 seconds as shown in fig. 2.11. The fit to the data gives a lifetime of
98 ± 5 seconds with the oven body at a temperature of 480 °C. During this lifetime
measurement, the pressure in the source cube was measured at 7.2 xl0~ 9 Torr using
an ionization gauge tube with the degas filament turned off. We have observed a
correlation between the pressure in the source cube and the lifetime similar to that
seen in the EMT I apparatus [37]. At a pressure of 1.6 xl0~ 8 Torr in our source cube,
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the measured lifetime is ~55 seconds, which is the near the lower limit of experimental
operation. The out gassing from the lithium oven is the primary cause of the high
pressure in the source cube. Therefore, the oven temperature must be kept below
~500 °C to assure a sufficiently long lifetime.

Chapter 3
Magnetic and Optical Traps
3.1 A t t r i b u t e s of t h e M a g n e t i c Trap
3.1.1 Introduction
The previous chapter focused on maximizing the number of atoms into the magnetic trap. Once we were able to consistently and efficiently load atoms into the
magnetic trap, we could begin to analyze the characteristics of the magnetic trap.
This section expands on the primarily theoretical treatment of the trapping potentials [34,35] by providing experimental measurements of the trap parameters.
Our magnetic trap uses a cloverleaf design of a Ioffe-Pritchard magnetic trap [33].
Three pairs of coils generate the necessary magnetic field potentials to confine the
12, 2) atomic state of 7Li. The bias and curvature coils are wrapped in the innermost
coil form while the quadrupole coils are immediately behind as shown in fig. 3.1. The
functional form of the magnetic fields for this trap configuration have been previously
derived [39] and when expanded to second order around the minimum of the trap
[33], the resultant field equation is
B(z,r) = B0 + ^-r2

+

1

-B"z2.

(3.1)

In this equation, B0 is the overall bias field of the magnetic trap. The radial gradient,
B', is produced by the quadrupole coils. The axial curvature, B", is generated by
the curvature coils. Using eq. 3.1, we can estimate the trapping frequencies of the
magnetic trap. Near the center of the trap, the trapping potential of a Ioffe quadrupole
trap can be approximated as
U(T) = y/a2r2 + (U0 + pz2)2 - Uoy

(3.2)

in cylindrical coordinates [40]. The coefficients a,U0, and (3 can be expressed in terms
of the magnetic moment //, the magnetic field minimum B0, the radial gradient B'r,
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Figure 3.1
The small circular coils in the innermost coil forms are the curvature coils
which provides the axial confinement for atoms in the magnetic trap. The large circular
coils are the anti-bias coils which are arranged in Helmholtz configuration and null the offset
produced by the curvature coils. The four "D" shaped coils are the quadrupole coils, which
provide the radial confinement in the magnetic trap.
and the axial curvature B"z as U0 = [iB, a = fiB'r, and ft — nB"/2.

The axial and

radial trapping frequencies are derived later in this chapter in terms of B0, B'r, and

3.1.2

Forced R F Evaporation

The next step toward quantum degeneracy is to evaporate the highly purified cloud
of |2, 2) atoms in the magnetic trap. The process of evaporative cooling is explained
in [41] and was first observed in the alkali metals using Na [42]. The optimization of
the evaporation of 7 Li has been calculated for a harmonic trap [43]. The procedure
for calculating the evaporation trajectory for the cloverleaf magnetic trap is has been
completed in McAlexander's Ph. D. thesis [35]. Figure 3.2 illustrates the process of
R F evaporation. The atoms experience a potential energy U = -/i • B. The spatially
varying magnetic field results in a spatially dependent spin-flip transition frequency.
By properly tuning the frequency of a microwave source, the most energetic atoms in
the magnetic trap can undergo a state transfer from the |2, 2) to the |1,1) state and
be removed from the trap. The remaining |2, 2) atoms collide elastically leading to an
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Energy

RF frequency

Figure 3.2 Hot atoms are selectively removed from the trap via a RF spin-flip transition.
The remaining atoms re-thermalize through interatomic collisions resulting in an overall
cooling of the cloud. The plot is the RF transfer frequency versus magnetic field between
the |2,2) and |1,1) states.
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F i g u r e 3.3 Schematic of RF setup for evaporation and state transfers. The loop antenna
transfers atoms in the low field between 790 - 950 MHz. The coil form antenna transfers
atoms in the high field between 2.1 - 3.3 GHz.
overall cooling of the gas. The R F frequency is then adjusted to be resonant with the
hottest remaining atoms and the procedure is repeated. Using this technique allows
us to precisely control the final temperature in the magnetic trap.
An Agilent N5181A analog signal generator with a frequency range between 250
kHz - 3 GHz supplies the R F signals for all of our microwave transitions. The signal is then sent through a series of R F switches to quickly turn the R F on/off and
switch between different amplifiers as shown in fig. 3.3. The two amplifiers operate in
different frequency ranges that drive the transitions either in low field or high field.
The R F for evaporation in the low field is transmitted to the atom by a single loop
antenna inside the vacuum chamber. Figure 3.4 depicts the position of the antenna
relative to the atoms. A stainless steel shielded cable transmits the R F signal from a
SMA vacuum feedthrough to the antenna. The feedthrough itself has a pair of SMA
connectors attached to the face of vacuum flange. The lower connector is attached to
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antenna/shield

^

Ti source

Figure 3.4
Position of the RF loop antenna in vacuum chamber. The antenna is
designed for a quarter-wave resonance at 850 MHz, near the center of the RF evaporation
trajectory. The antenna is positioned ~1.75" directly beneath the atoms between the large
re-entrant windows. A thin stainless steel mask threaded through the antenna blocks direct
line of sight between the Ti filaments and the central region of the re-entrant windows.
This prevents buildup of a titanium layer on the optical viewports which reduces optical
transmission of the re-entrant window.
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Figure 3.5
Liao.

Antenna used for RF transfers in the high field. It was designed by Yean-An

the antenna and the upper connector is used to monitor the RF output. A 3 dB, 20
W RF attenuator is connected directly outside the chamber to ensure the amplifier
sees a 50 0 load.
The antenna for transitions in the high field is on the front face of the magnetic
trap coil form on the hood side of the table. This antenna is made from a thin layer
of conductive tape that transmits the RF signal. This antenna is almost exclusively
used for field calibration due to the low RF power output of the amplifier. An image
of this antenna on the coil form is shown in fig. 3.5. The antenna was designed
by Yean-An Liao. Before we can evaporate, we need to know approximately where
to start and stop the RF trajectory, since the transition is field dependent. The
temperature of the atoms in the trap determines the how far above the "trap bottom"
the evaporation begins. The RF transition between the |2, 2) —*• |1, 1} state is used
to determine the trap bottom utilizing RF spectroscopy. A fixed RF frequency is
applied for ~20 seconds, after which the number of remaining atoms is measured
using absorption imaging. Successively higher frequencies are used until there is a
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Figure 3.6
RF spectroscopy to locate the trap bottom in the magnetic trap. The RF
signal was applied for 20 second at each frequency. This first loss observed near 805.5 MHz
estimates a trap bottom of 0.95 G.
detectable loss of atoms, which corresponds to the smallest magnetic field within the
trapping region and is designated the "trap bottom". A sample RF spectra is shown
in fig. 3.6. The trap bottom is estimated near 805.5 MHz, where the first loss of
atoms is detected. In the low field, the RF transition scales with magnetic field at
2.1 MHz/G. By subtracting the zero field frequency of 803.5 MHz from the observed
transition frequency, we obtain an approximate trap bottom of 0.95 Gauss.

The

resolution using this method is ~500 kHz corresponding to an uncertainty in the trap
bottom of just over 0.2 G. Without any external adjustment, the trap bottom usually
is several Gauss above or below zero requiring a small shunt resistor in parallel with
the curvature or bias coils to bleed off a small amount of current. The overall trap
bottom is generally adjusted by a set of external bias coils, described in Appendix D.
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F i g u r e 3.7
The fluorescence signal of the evaporated atomic cloud is measured as a
function of RF power. The top figure shows the increase of the peak signal from the atoms
at higher RF powers. The bottom figure monitors the decrease in the axial waist with
increasing RF power, which displays the associated decrease in temperature.

The low maximum output power of +28 dBm from our ZHL-42 Mini-Circuits R F
amplifier did not efficiently drive the R F transition. It was replaced with a ZHL-10003W, which has a maximum output power over 35 dBm. The evaporated cloud signal
improved immediately with the increase in output power. The fluorescence signal of
the atomic cloud was recorded as a function of R F power with the results shown in
fig. 3.7. The number of counts on the CCD increased by ~ 5 0 % while the temperature
decreased by about 15% when the power increased from +28 dBm to +34 dBm. The
increased R F power drives the spin-flip transition at a faster rate, which increases
the efficiency of the evaporation. The number of atoms has not yet peaked with the
increase in R F power up to the maximum power output of the amplifier. So, a more
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Figure 3.8 Fluorescence imaging signal using the Electrim camera after evaporation
versus final evaporation frequency. The extrapolated fit gives a zero intercept at 804.985
MHz which corresponds to a trap bottom of 0.69 G.
powerful amplifier may allow for better evaporation signals.
Evaporation is a much more accurate way to measure the trap bottom than the RF
spectroscopy method mentioned above. To measure the trap bottom using evaporation, the final evaporation frequency is lowered until the evaporated cloud disappears
entirely. Figure 3.8 is a plot of the number of counts in the magnetic trap versus final
evaporation frequency. Fluorescence imaging of the atoms with the Electrim camera
was used for this measurement. An exponential fit is used to extrapolate the zero
crossing to 804.985 MHz, or 0.69 Gauss. The uncertainty in the zero intercept gives
an error in the trap bottom of < 10 mG. Generally, the trap bottom does not need
to be known to this degree of accurately, but the exact value is useful in estimating
trapping frequencies of the magnetic trap.
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3.1.3

Frequencies, Quadrupole Excitation and Temperature

In order to complete the characterization of the magnetic trap, the trapping frequencies still need to be measured. The axial trapping frequency is related to the
curvature of the magnetic field, B", in eq. 3.1 and is always harmonic in nature. By
setting the energy of a |2,2) atom in this magnetic potential equal to the harmonic
oscillator potential, we find the axial frequency to be
^

(3.3)
m

where g is the g-factor and m is the mass of the atom. The radial gradient of the
field, B' in eq. 3.1, dominates the radial potential and is not well approximated by
a harmonic potential except for the region very near the bottom of the trap. This
results in a radial frequency that varies with the temperature of the atoms and is
not straightforward to measure. When the cloud is cold and near the bottom of the
magnetic trap, the radial trapping frequency can be estimated from the ratio of the
radial trapping frequency to the axial [8] as

ur _

B'

We are able to predict the axial trapping frequencies by utilizing a Matlab program
written by former post-doc Andrew Truscott, which is saved as tolerantlz.m in the
folder /lab/source/EMTfields/. This code uses the Biot-Savart law to tabulate the
magnetic field at any position in space for our magnetic trap. The field points can
be plotted to determine the spatial behavior of trap. We are only interested in field
along the axial dimension at r = 0 for calculating the axial trapping frequency.
A plot of the calculated magnetic field versus axial position is shown as the black
squares in fig. 3.9 along r — 0. For this calculation, the curvature coils are separated
by a distance of 1.25 inches with

IBC=

50 A and

IQ=

180 A. The line through the data

is a second order polynomial fit with a coefficient of 219.7 G/cm 2 , which demonstrates
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Figure 3.9
The squares are calculated field values along the axial dimension at r = 0
with magnetic trap currents of IBC = 50 A and IQ = 180 A. The line is a second order
polynomial fit to the data with a curvature of 219.7 G/cm".
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the harmonic nature of the axial dimension. This results in a field curvature of B"
= 109.85 G/cm 2 when solving for eq. 3.1 at r — 0. The curvature scales linearly
with the current which results in the frequency scaling as VI. For the |2,2) state,
g — 1, which predicts an axial trapping frequency of

OJZ/2'K

= 66.6 Hz when using a

curvature of 109.85 G/cm 2 . The curvature was also calculated at r = 1 mm and the
corresponding curvature is B" = 116 G/cm 2 , which is ~ 3 % higher than at the center
of the trap.
The same Matlab code used to determine the axial curvature is used to find the
radial gradient along z = 0. Plotting the radial magnetic field with a bias/curve
current of 50 A and quad current of 180 A results in a radial gradient B'— 112.4
G/cm when fit to a linear function. The overall bias of the magnetic trap, B0, is set
to 1 G using the external bias cage and verified using RF spectroscopy. With these
parameters, the radial trapping frequency is estimated to be 7.55to>aa; = (27r)468 HZ.

Measured Axial Frequency
To measure the axial trapping frequency, we introduce a modulated, external
magnetic field along the axial dimension to shake the magnetic trap. The coil used
to generate this field consists of a 16" delrin rod with ~100 wraps of magnet wire at
one end. A sine wave input from a waveform generator to a push-pull transistor pair
drives the coil providing a modulated magnetic field. The external coil is designed to
fit against the outermost plate of the magnetic trap coil form along the central axis.
In this configuration, the applied external field is aligned with the axial dimension of
the magnetic trap. When the drive frequency is resonant with the trapping frequency,
the atoms are heated by the applied field resulting in a loss of atoms from the trap. In
order to observe a significant loss of atoms from the trap, the sine wave input should
be ~180 mV peak-to-peak for at least 15 seconds. The external coil must be removed
from the chamber before the end of the sequence so the MOT beams are not blocked
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Figure 3.10
The axial frequency of the magnetic trap is measured by applying a modulated magnetic field gradient at the drive frequency with an external coil. The red circles
are data for a bias/curve current of 53.4 A with a pair of resonances at 62 Hz and 125 Hz.
The black diamonds are data for a bias/curve current of 35 A with resonances at 50 Hz and
102 Hz. Both d a t a were taken with a quad current of 180 A.

during fluorescence imaging. The red circles in fig. 3.10 show the fraction of atoms
remaining in the trap after applying the externally modulated field. This d a t a was
taken in a thermal cloud at ~600 /iK with a bias/curve current of 53.4 A.
There are two resonances in this data set; a small one centered around 62 Hz and
a larger one centered at 125 Hz. The two loss frequencies are a result of parametric
heating that occurs at frequencies to = 2uiax/n where u> is the drive frequency, cuax
is the natural frequency of the trap, and n is a positive integer [44]. Loss due to
parametric heating is a universal technique for measuring trapping frequencies in
various harmonic trapping potentials [45-48]. These two resonances place the axial
frequency of the trap at 62 Hz, which agrees relatively well with the predicted value
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Figure 3.11
The magnetic trap aspect ratio can be used to measure the radial trapping frequency when the axial frequency is known. In situ images reveal radial trapping
frequencies of 433, 622 and 946 Hz for the top, middle and bottom images.
of 68 Hz when scaling the current. The black diamonds in the second data set were
taken at a bias/curve current of 35 A. Since the trapping frequency scales as V% the
predicted trapping frequency for this lower current is 50.19 Hz based on the measured
value of 62 Hz at IBC— 53.4 A. The corresponding measured resonances occur at 102
Hz and 50 Hz confirming the \fl relationship.

Radial Frequency
The radial frequency is measured using in situ absorbtion imaging of the atoms
after R F evaporation to ~ 1 //K and comparing the axiahradial aspect ratio of the
cloud.

Figure 3.11 shows a series of atom cloud pictures at three different trap

bottoms. The uppermost figure is an evaporated cloud with a bias field B0 ~ 1.0
G. The cloud has an aspect ratio of 7:1 resulting in a frequency of 434 Hz. This
agrees well with the predicted value with the mostly likely source of error is the
overall bias field. We are able to directly control the radial trapping frequency by
raising or lowering the overall bias of the magnetic trap. For comparison, the middle
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and bottom images were taken at B0 ~ 0.55 G and 0.1 G, respectively. The middle
image has an aspect ratio of 10.2:1 and the bottom image has an aspect ratio of 15.5:1.
These two aspect ratios correspond to radial trapping frequencies of 622 and 946 Hz,
respectively and demonstrate the high sensitivity of the radial trapping frequency as
the magnetic trap bottom approaches zero.
A systematic study of the magnetic trap loading as a function of overall bias fields
has not been conducted. However, no significant difference in loading was notice for
bias fields between 0.3-4 G. The evaporation also displayed no obvious dependence
on the bias field so long as the field was larger than 0.5 G. For bias fields smaller than
this, the number of atoms after an evaporation was not repeatable.

Quadrupole Oscillation
While investigating the transfer from the MOT to the magnetic trap, we noticed
a dynamical behavior of the shape of the atomic cloud depending on the wait time
in the magnetic trap. Figure 3.12 displays various atom cloud distributions for wait
times between 1 - 10.5 ms in the magnetic trap. The dynamics are most noticeable
along the axial (horizontal) dimension where the axial size of the cloud first becomes
more elongated at 2-3 ms, then compresses at 5.5 ms and finally decompresses at 10.5
ms. This behavior is attributed to the non-adiabatic turn on of the magnetic fields,
which excites a monopole-quadrupole oscillation mode in the trap [49]. Figure 3.13
tracks the evolution of the axial waist of the atomic cloud versus time in the magnetic
trap. Damped oscillations are clearly evident from the data. The damping occurs from
collisions between the atoms, which redistribute the thermal energy. An exponentially
damped sine wave is fit the data in fig. 3.13 to obtain an oscillation frequency of

120.1 Hz. For an anisotropic trap in the collisionless regime [50, 51], such as ours, the
axial waist oscillation frequency is twice the frequency of trap resulting in a trapping
frequency of 60.05 Hz. This agrees with our earlier measurement of 62 Hz when
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Figure 3.12
Atoms oscillating in the magnetic trap after transfer from the MOT. The
non-adiabatic turn on of the magnetic trap excites a quadrupole oscillation in the trap
which can be used to measure the trapping frequency.
modulating the magnetic field.
Temperature
The temperature of the gas can dramatically alter the manner in which the atoms
interact. Inside a trap, the atoms conform to the spatial limitations imposed upon
them. The lower the temperature of the atoms, the less volume they occupy. As
such, the size of an atomic cloud in a trap is a direct indication of average atomic
temperature. Since the axial trapping frequency of the magnetic trap is known, the
temperature can be extracted by fitting a gaussian density distribution to the axial
profile of the atoms. The temperature of the atoms in a trap is related to the 1/e
gaussian radius along the axial dimension, w z .

The temperature of the atoms is

related to the axial size of the cloud by the relation
_ muj2zw2z
2kn

'

(3.5)
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The axial waist of the atoms in the magnetic trap is plotted against time
after trap turn on. The size of the waist oscillates in a quadrupole mode of the magnetic
trap at a frequency 2 / — 120.1 Hz. This data was taken with the magnetic trap currents
at lBC= 50A and I Q = 180A.
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Figure 3.14
Solid line is an axial cut through the center of the atom cloud in the magnetic trap. The dashed line is a gaussian fit to the data that corresponds to a temperature
of 682 n.K in the magnetic trap.

where u>z is the axial trapping frequency and w2 is the 1/e waist. In situ absorption
imaging is used to get the density profile of atoms in the magnetic trap from which
we can extract a temperature. The solid line on fig. 3.14 show an axial cut through
the center of the cloud in the magnetic trap. This measurement was taken after a
RF evaporation 0.9 MHz above trap bottom. The dashed line is a gaussian fit to the
data with a waist of 105 fim. The trapping frequency of the magnetic trap is 61 Hz
for this data which corresponds to a temperature of 682 nK.
With the imaging camera oriented perpendicular to gravity, our apparatus has
the ability to perform time of flight (TOF) analysis. This allows us to measure the
dynamic expansion of the cloud from which we can obtain the temperature. The
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0.20

time of flight (ms)
Figure 3.15
Time of flight measurements of the evaporated cloud in the axial (red
circles) and radial (black squares) dimensions. A fit to the expanding waists give an axial
and radial temperature of 640 and 685 nK, respectively.
waist of a thermal cloud of atoms expands at a rate
w(t)

= W(H/1

+

2kBTt2
2

'

(3-6)

mwo
where w 0 is the initial size of the cloud and T is the temperature. By fitting the waists
for various TOF's, we can track the size evolution and compare it with eq. 3.6. This
method is independent of the specific parameters of the trap. A T O F measurement
of the axial and radial waists of the cloud are plotted in fig. 3.15. The tighter radial
confinement in the magnetic trap results in a faster expansion of the waist in the radial
dimension than the axial. Both the axial and radial expansions are fit to eq. 3.6 with
WQ and T as the free fit parameters. The axial expansion fits to a temperature of
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640 nK and the radial fits to 685 nK. Both measured temperatures have excellent
agreement with the in situ measurement of 680 nK.

3.2

Optical Dipole Trap

The RF evaporation in the magnetic trap is generally halted at a temperature
T ~ Tc = 5 fxK with ~10 7 atoms. However, the atoms are unstable below the phase
transition temperature, T c , due to the negative scattering length in the |2,2) state.
This inhibits the formation of a large number of atoms in a BEC [9]. Fortunately,
atoms in the |1,1) state have a Feshbach resonance at 736 Gauss that allows us to
tune the interactions from attractive to repulsive. By changing the interactions to
repulsive, cooling the atoms below T c is possible, which allows the atoms to undergo
a phase transition and condense into the ground state of the trap [6, 7]. In order to
utilize the Feshbach resonance in the |1,1) state, which is not magnetically trappable,
we must use an optical dipole trap.
3.2.1

Optical Layout

The optical trap on the EMT II apparatus is generated from an ELS Verasdisk1030 Yb:YAG pumped crystal. The laser is specified to output 25 W into a TEM0o
single frequency mode at 1030 nm. Lasing is achieved in a linear cavity that periodically requires adjustment. The single frequency mode of the laser is not needed
for any of the experiments presented in this thesis, but will be necessary for future
lattice experiments.
The beam emerging from the cavity is not collimated and must be shaped to
achieve the appropriate beam size to pass through the optical trap AOM. The "spot
size" of the beam increases as it propagates away from the focus as

w(z) = wj 1 + (—) ,

(3.7)
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where w 0 is the beam waist and ZR=7TW%/\

is the Raleigh length. The optics layout

of the optical trap is displayed in fig. 3.16. The spot size immediately before the
first lens is ~425 /im. The beam is diverging at this point so a pair of lenses is used
to slightly reduce the spot size and slow the divergence of the beam. All lenses in
the optical trap beam path are either acromatic doublet lenses or aspherical lenses
to minimize aberrations in the beam shape. With a high power laser, the maximum
intensity in the beam should be noted so that the damage threshold of the lens antireflective coatings is not exceeded. The first two lenses are positioned such that the
spot size at the AOM is ~360 /im and slowly diverging, which assists in creating the
appropriate beam size at the subsequent magnification stage. The AOM used for the
optical trap is a N46080-2-1.06-LTD from NEOS with a 2 mm active aperture. The
LTD (Low Thermal Drift) model was chosen to reduce pointing instability associated
thermal drift when the AOM is driven at high R F power. Initially, an 800 //m spot
size through the AOM was used, but the large spot size of the beam resulted in an
asymmetry between the horizontal and vertical dimensions of ~ 1 5 % when passing
through the modulator. The smaller 360 fim spot size has a slightly lower diffraction
efficiency through the AO, just under 80%, but eliminated the astigmatism.

After passing through the AOM, the beam slowly expands to ~ 1 mm spot size at
the position of the 35 mm lens. The beam is then magnified by a factor of 7 using a
telescope with a 250 mm back lens in combination with the 35 mm front lens. Just
a few inches behind the 250 mm lens is a two-inch iris to assist in alignment and
overlap with the magnetic trap. At this point, the beam is well collimated and raised
vertically by a periscope to the magnetic trap height. Since this is a narrow frequency
laser, the Melles Griot shear-plate collimation tester can be used to assess the degree
of collimation of the beam. The IR beam then passes through a 400 mm lens that
is mounted on a 3D translator to overlap the optical trap with the magnetic trap.
Following the final focusing lens is a short-wave pass dichroic beamsplitter which
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focus on
I atoms

120 mm

105 mm

Figure 3.16
Current beam path and optical components on the apparatus table used
to shape, turn on and align the optical trap align the axial dimension of the chamber. The
beam waists are indicated at several locations throughout the setup. The beamwaist at the
position of the atoms is 34 fim.
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passes the higher frequency MOT beam and reflects the lower frequency optical trap
beam into the chamber with little lost power. About 0.5% of the IR power passes
through the dichroic beamsplitter and is focused onto a calibrated photodiode to
monitor the power of the optical trap. After the beam passes through the chamber,
it is reflected off a second dichroic mirror into a beam dump.

3.2.2

Aligning IR optics

I would like to take moment to explain the alignment procedure of the lenses
used in shaping the beam. Since the beam is an IR laser, the alignment procedure is
considerably more difficult and time consuming than aligning visible laser beams. IR
cards are helpful in beam path setup, but they are not particularly useful for optical
alignment. The best tools for aligning IR beams are an IR viewer, blank white paper
and several irises. It is very important to consider safety while working with an IR
beam, so IR safety goggles should be worn at all times during alignment.
To maintain a good beam profile, it is very important to have every lens in the
optical setup well centered and normal to the incident beam. All of the alignment
should be done using the IR viewer. The first step is to make sure the beam exiting
the laser is travelling parallel to the optical table. This is accomplished by adjusting
the vertical alignment of the first mirror and monitoring the height of the beam as it
traverses the entire length of the table. This should also be done with every mirror
in the beam path with the exception of the periscope mirrors. The beam should also
be well centered on the mirror to ensure that the beam is not apertured.
The second step is to properly position the lens relative to the incident beam.
The best way to center the beam on the lens at the proper angle is mount it in a
mirror mount and onto a 2D translator. This arrangement is rather excessive and
not very practical. If the incoming beam is highly parallel to the table, then a simple
lens mount and post are usually sufficient. There are three stages to properly align
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each lens. The first stage is to ensure the beam passes directly through the center of
the lens. A careful visual inspection of the beam alignment on the lens is sufficient.
At this point, the screw that locks the lens holder to the optics table should be hand
tightened. This allows a bit of freedom to nudge the horizontal position of the lens
without moving it too far from the central axis. If the beam is relatively centered and
normal to the lens surface, back reflections from lens should be visible. The easiest
method for aligning the back reflections is to start with an iris a few centimeters in
front of the lens to be aligned. The aperture should be centered and adjusted to
be slightly larger than the incoming beam. The height and tilt of the lens should
be adjusted to overlap all visible reflections with the incoming beam. There should
be one visible reflection from each surface of the lens. The horizontal position may
require adjustment to overlap all of the reflected beams if the incoming beam is not
centered. The beam after the lens should be blocked with a beam dump to avoid
confusing back reflections from other optics further down the beam path.

The last step in alignment is to look for Newton's Rings [52]. These are interference
patterns from the reflections of a monochromatic light source off the different surfaces
of a lens [53]. The best method to align the interference fringes is to pass the incoming
beam through a hole in a white card, which has a better contrast than a black iris.
Then make very small adjustments to vertical height and the tilt of the lens until
all the fringes are as well overlapped with the incoming beam as possible. After this
alignment, the lens base should be firmly locked down to the optics table. The back
reflections should be rechecked after securing the base to the optics table since the
lens may move slightly while being locked down. The back reflections should not
perfectly overlap the incident beam so as to prevent intensity instability caused by
feedback into the laser cavity. This process must be repeated for each lens in the
optical layout.
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3.2.3

Overlapping with Magnetic Trap

Once the beam has been shaped and directed into the chamber, it must be overlapped with the magnetic trap. The beam is first overlapped without the final / =
400 mm focusing lens in fig. 3.16. The beam is apertured by an iris, which is immediately after the / = 250 mm collimating lens. The apertured beam is then overlapped
with a pair of targets that slip into the axial two holes on the main chamber. The last
mirror and dichroic beamsplitter are used to center the IR beam vertically and horizontally on the chamber. After this initial overlap, the final focusing lens is inserted
into the beam path and aligned by the lens alignment procedure described above.
This lens is on a 3D translator, which is necessary for overlapping the two traps. If
properly aligned, the beam should strike the targets in the same place. At this point,
the optical trap alignment cannot be made any more accurately without the use of
cameras and the atoms in the magnetic trap to provide an absolute reference.
The first step to finding the position of the optical trap relative to the magnetic
trap involves using the Electrim camera. An invaluable discovery was made that
considerably reduces the alignment time of the optical trap. While driving the optical
trap AOM at maximum power, approximately 3 Watts, a 10 ms exposure on the CCD
reveals the horizontal position of the optical trap relative to the magnetic trap, as
shown in fig. 3.17. The CCD is positioned directly above the atoms. So, the horizontal
axis on the graph is the axial dimension and the vertical axis is the radial dimension
parallel to the optical table. The top image is a fluorescence image of the atoms in
the magnetic trap after RF evaporation. The yellow line indicates the center position
of the atoms in the plane of the table. The next three pictures are taken with the
optical trap beam without atoms.

Scattered light from the laser incident on the

large re-entrant windows locates the radial (horizontal) position of the optical trap.
The first image shows the optical trap ~1.5 mm away from the magnetic trap. The
optical trap is then translated until it overlaps with the indicated position of the
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F i g u r e 3.17
Initial overlap of optical trap with the magnetic trap. The top image is a
fluorescence image of an evaporated cloud in the magnetic trap. The yellow line marks the
radial (horizontal) location of the magnetic trap. The following three images are fluorescence
from the optical trap scattering off the large re-entrant window. The horizontal position
of the optical trap is adjusted until it is overlapped with the yellow marker. Scatter is not
seen from the window on the left as it is not in the field of view of the camera.
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magnetic trap as shown in the bottom picture. To first order, a translation of the
final focusing lens perpendicular to the incoming beam corresponds to a translation in
the optical trap position. This overlap technique virtually eliminates one dimension
of uncertainty in locating the optical trap.
If the distances from the chamber to the focusing lens are carefully measured,
then the axial overlap between the two traps should also be well aligned. This leaves
the radial (vertical) dimension as the only unaligned axis. Unfortunately, there is no
reference for this dimension so we must perform a ID "grid" search. The turn on
procedure of the optical trap strongly affects the loading into the trap. The method
that has produced the most success in locating the optical trap has been a 300 ms
linear ramp of the optical trap to the final power level after RF evaporation in the
magnetic trap.
The optical trap power is controlled by a National Instruments PXI-6713 analog
output card, which is described in Appendix B. The output from this card supplies
a voltage to Minicircuits ZX73-2500+ voltage variable attenuator, which controls the
output RF power from the attenuator. The RF travels from the attenuator to an
amplifier which drives the AOM to control the optical trap power. Following the
optical trap ramp, the magnetic trap is then digitally turned off, followed by a 3
ms TOF expansion before an absorption imaging picture is taken. The 3 ms TOF
allows sufficient time for the atoms to expand so any signal from the optical trap
is resolvable. It also is a short enough time to ensure a diffuse cloud of atoms are
actually present and nothing failed during the experimental sequence.
Figure 3.18 is a sequence of images with the optical trap translated in the radial
(vertical) dimension. In the top image, the optical trap is not within the viewing
window of the CCD. The second image shows the optical trap just entering the
viewing range and the bottom image shows the optical trap well centered with the
radial (vertical) dimension of the magnetic trap. The high absorption of the atoms in
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Figure 3.18
Sequence of absorption images while overlapping the
magnetic t r a p . Each image is a 3 ms T O F from the magnetic t r a p and
t r a p . In the top image, the optical t r a p is not within the field of view.
the optical t r a p enters the overlap region of the magnetic trap. The
the optical t r a p well centered with the magnetic trap.

optical t r a p with the
in situ for the optical
In the middle image,
b o t t o m image shows
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the optical trap in the bottom two images make the small number uncaptured atoms
expanding from the magnetic trap imperceptible due to the very low density of the
untrapped atoms. The optical trap is usually located in 5 shots or less using the
methods mentioned above. Typical step sizes are no more than 150 fim. to ensure the
optical trap does not overstep the magnetic trap. Once the trap is found, the final
alignment in the two radial directions is done by maximizing the number of atoms
transferred to the optical trap.
3.2.4

State Transfer and Trapping Frequencies

With the atoms now in the optical trap, we want to transfer the atoms to the
11,1) state. With the magnetic trap now off, the only remaining field is from the
external bias cage, which is describe in Appendix D. The bias cage current for the
present iteration of magnetic trap coils is 0.90 A, corresponding to a field of 2.14 G.
In the low field, the hyperfine energy shift between the |2, 2) and |1,1) state is 2.1
MHz/G resulting in an RF transition frequency of 807.9 MHz. The RF transition is
accomplished by frequency modulating the RF output. The sweep has been optimized
at this field and a 150 kHz linear ramp over 20 ms produces a transfer efficiency
typically > 90%.
With the atoms in the |1,1) state, we would now like to characterize aspects of the
optical trap. Like the magnetic trap, the most important parameters in the optical
trap are the trapping frequencies. The trapping frequencies for a given atom depend
on the beamwaist, power, and detuning of the optical dipole trap. The radial and
axial trapping frequencies have been derived from the optical dipole potential [37]
and are given by
7
Wrad

Mo

=

mAIs

_ 7A

HI
°
2mAL

(3.8)

and
^ax

—

7TO 0

(3.9)
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A Mathmatica script that calculates the trapping frequencies and several other trap
parameters is located in the directory of /lab/data/emt2/OTfreqs.nb. The beamwaist
and trapping power for the 1030 nm ELS laser are w0 = 34 /xm and 3 W at full trap
depth as of the writing of this thesis. Using these parameters, the predicted trapping
frequencies for 7Li are
ujrad =

(2TT)3.03

kHz and uax =

(2TT)20.7 HZ.

(3.10)

Radial Frequency
The next step is to measure the trapping frequencies. The radial trapping frequency is relatively easy to measure by frequency modulating the AOM that controls
the optical trap power. By frequency modulating the AOM drive frequency, the angle of deflection changes, shaking the position of the trap. This method introduces
pointing noise which heats the atoms resulting in a loss from the trap. The average
energy increase in the atoms is provided by Savard et al. [54] as
< E >= ^muiSMr),

(3-11)

where Sx is the one-sided power spectrum of the trap center position fluctuation. The
two key aspects of this formula are that the heating rate scales as uifr, and the loss
occurs at the trapping frequency. With a u!rad/u>ax = 145 aspect ratio in the optical
trap, the pointing fluctuation is theoretically 4x 108 times more efficient at measuring
the radial frequency than the axial.
A Fluke 6061 A RF synthesizer provides the drive frequency to the AOM. An
SRS 345 arbitrary waveform generator with a 1 Vpp sine wave sources the input
modulation port of the Fluke to shake the optical trap. The deflection angle for
the NEOS N46080-2-1.06-LTD AOM is 9 = Xfa/va,

where lambda is the optical

wavelength of 1030 nm, fa is the drive frequency of 80 MHz, and va is the acoustical
wave velocity of 4260 m/s. The deflection angle at this frequency is 19.3 milliradian.
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Figure 3.19 Measurement of the radial trapping frequency of the optical trap using 2 W
of optical power. For this spectrum, the trap is frequency modulated for 1 s. A Lorentzian
fit places the center frequency at 2.61 kHz.

Frequency modulating the central frequency by 3 kHz corresponds to a displacement
of ~340 jum at the 35 mm lens in fig. 3.16. This displacement is magnified to ~2.4
frni by the 250 mm and 35 mm telescope combination once the beam reaches the final
400 mm focusing lens, which translates this same displacement at the trap position.
A TTL triggers the SRS to begin the modulation after the atoms have been loaded
into the optical trap. To obtain a reasonable loss signal, the modulation time should
be at least 1 s. Figure 3.19 is a loss spectrum taken at an optical trap power of 2
W and a 1 s shake time. A Lorentzian fit to the loss spectrum gives a center trap
frequency of 2.61 kHz. Referencing eq. 3.8 shows that the trapping frequency scales
as \jP. Scaling eq. 3.10 by the relative powers results in a predicted frequency of 2.46
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3500

root power (W1/2)
Figure 3.20 Calibration of the radial trapping frequency by modulating the pointing
of the optical trap. The blue data point was taken using amplitude modulation to generate
the loss.

kHz, which agrees well with the measured value. Other measurements of the radial
trapping frequency are taken at several different powers and are shown in fig. 3.20. A
linear fit of y/P versus the resonant loss frequency is plotted and provides the radial
trapping frequency for any given optical trap power.
The trapping frequency is a very important trap parameter as it provide the means
for calculating the temperature and density of the atoms. So, we verify the measured

frequencies using a second measurement method. A common technique to measure
the trapping frequency is to frequency modulate the intensity amplitude of the optical
trap [47, 55, 56]. The heating rate constant due to intensity fluctuations [54] is given
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by
T£ = 7r2ulSe(2ptr).

(3.12)

The loss due to intensity fluctuations differs from pointing noise loss as it occurs at
a frequency 2u and scales as v2 - as opposed to v and u4, respectively, for pointing
noise.
The intensity modulation loss measurements are made by selecting the amplitude

modulation (AM) mode on the Fluke signal generator instead of frequency modulation
(FM) setting. The modulation amplitude of the optical trap power is kept small
(±3%) to minimize broadening of the trapping frequency, which is proportional to

VP. This was the minimum modulation amplitude giving a distinguishable loss of
atoms. Figure 3.21 show a loss spectrum measuring the radial trapping frequency
using 8 seconds of amplitude modulation. The AM resonance is significantly broader
than the FM resonance but is clearly distinguishable around 6 kHz. A Lorentzian
fit to the resonance places the center at 6.18 kHz = 2 / —*• / = 3.09 kHz. The
blue data point in fig. 3.20 demonstrates the good agreement between the AM and
FM measurements. The fitted width of the resonance is 2.8 kHz and is significantly
larger than what would be expected from the ±3% amplitude modulation (~200
Hz). The large broadening of the resonance was not investigated and is currently not
understood.
Axial Frequency
The axial frequency can also be measured using AM. This is most effective at
relative high axial trapping frequencies (> 15 Hz) since the loss rate scales as v2
according to eq. 3.12. The optical trap lifetime is the primary limitation on the
lowest frequency at which this technique to measure the axial frequency is feasible.
Figure 3.22 is a loss spectrum using an optical trap power of 2.9 W with 18% AM
of the diffracted power, shaking the trap for 6 seconds. A Lorentzian fit to the data
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Figure 3.21
Loss spectrum from amplitude modulation of the radial optical trap frequency. The optical trap power for this data was 3.35 W. A Lorentzian fit places the center
of the resonance at 6.18 kHz.
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F i g u r e 3.22
Loss spectrum using AM to measure the axial trapping frequency of the
optical trap. The Lorentzian fit places the center of the loss resonance at 43.7 Hz.
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places the resonance at 43.7 Hz, which corresponds to a trap frequency of 21.9 Hz.
This agrees within 10% with the predicted axial frequency in eq. 3.10.
For frequencies below 15 Hz, we excite a dipole oscillation mode and monitor the
center-of-mass oscillation to measure the axial trap frequency [57]. For these axial
frequency measurements, the atoms are in the |1,1) state near 715 G. At this magnetic
field, we evaporatively cool the atoms in the optical trap to form a superfluid BEC,
which is discussed in the next section. Following the evaporation, a magnetic field
gradient is pulsed on for 5 /xs which applies an impulse force to displace the atoms.
The center-of-mass of the atoms then begins to oscillate about the trap center which
we monitor at various times following the impulse "kick". Figure 3.23 tracks the time
evolution of the cloud center following the kick for two optical trap powers. In the
upper plot, the optical trap power is 30 mW while in the lower plot it is 260 mW.
The oscillation for each set of data is fit to the decaying sine function
z = z0 + Aet/Tsm(27rvt)).

(3.13)

The fitting parameters are z0, the unperturbed center position; A, the oscillation
amplitude; r, the decay constant; and v, the oscillation frequency. The fit to the data
in upper graph gives an oscillation frequency of 3.89 Hz and a decay time 3> 1000 ms.
In this regime, we have a nearly pure condensate which is an undamped superfluid
[57]. The bottom graph fits to a frequency of 8.22 Hz with a decay time of 410 ms.
The decay arises from coupling between condensed atoms and thermal atoms that
redistributes the thermal energy of the atoms [58].
A plot of the axial trapping frequency versus \fP is shown in the inset of fig. 3.24.
The data was taken at a magnetic field of 715 G and fits well to a linear slope of
11.87 Hz/y/W + 1.83 Hz. The zero intercept should be very near 0 Hz but there is
additional axial confinement due to a small amount of curvature from the bias coils.
The additional confinement due to the magnetic confinement must be accounted for,
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Figure 3.23
Two axial optical trap trapping frequencies measured by monitoring the
center-of-mass motion of the atoms after an impulse "kick". The top oscillation is a pure
BEC at an optical trap power of 30 mW which fits to a frequency of 3.89 Hz. The bottom
oscillation is a bimodal distribution at an optical trap power of 260 mW. The data fits to
a frequency of 8.22 Hz.
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This plot shows the additional magnetic contribution from the bias coils
to the optical trap axial trapping frequency. The linear fit parameter, a, is the strength of
the normalized magnetic field curvature.
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leading to a correction in the actual trapping frequency given by

where v\, t>, is the calculated optical trapping frequency, B is the magnetic field and
a is the strength of the magnetic curvature. Figure 3.24 is a plot of eq. 3.14 solving
for a as the slope. A linear fit to the data gives a = 0.0144 Hz 2 /G. For a magnetic
field of 715 G, this value for a results in a 3.2 Hz axial trapping frequency from the
bias coils alone.
Since the |1,1) state is a high field seeker, a positive slope for a indicates a local
maximum along the axial dimension. This is a result of the separation between the
bias coils being too small. One method to decrease (increase) the magnetic field
contribution is by increasing (decreasing) the separation between the two coil forms.

3.3

Making a BEC

In the previous section I mentioned that we used a BEC to measure the axial
trapping frequency in the optical trap. In this section, I will elaborate on the necessary
steps to make a BEC. After the low field atom transfer to the |1,1) state in the
optical trap, the scattering length is +5a 0 [35]. With such a small scattering length,
evaporation in the optical trap in unrealistic. For evaporation to be feasible, the
scattering length must be closer to ~100 a0. Magnetic field dependent collisional
resonances, known as Feshbach resonances, provide a tool to greatly enhance the swave scattering length [59]. The |1,1) state of 7Li has one such resonance centered
at a magnetic field of 736 G.
3.3.1

The 1,1 Feshbach Resonance in 7Li

A Feshbach resonance occurs when a bound molecular ground state (closed channel) become resonant in energy with the free atomic state (open channel) at high
magnetic field [60]. Atoms in the |1,1} state interact via a triplet state, S = 1, and
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s=0
(closed)
s=l
(open)

F i g u r e 3.25
A magnetic Feshbach resonance occurs when free atoms become resonant
with a molecular bound state by changing the magnetic field. Atoms in the |1,1} hyperfine
state interact via the triplet potential at high field. A magnetic field tunes the scattering
state into resonance with the least bound state of the XlYi+ singlet potential. The detuning
from the resonance, A, is negative (positive) when the atomic state is above (below) the
molecular bound state.
decrease in energy with increasing magnetic field. As the field increases, the atoms
eventually cross the first molecular bound state, the v" — 41 vibrational level in
the XlY,+

singlet potential [61]. Figure 3.25 illustrates the relative energies of the

atomic and molecular states. As the detuning, A, approaches zero, the closed channel
and open channel couple more strongly, dramatically affecting the s-wave scattering
length. The resonance results in a dispersive variation in the scattering length defined
as
abg{l

SB

B-B0

-),

(3.15)

where at,g is the off-resonant background scattering length, <5B is the width of the
resonance, and B0 is the center of the resonance. With the availability of a Feshbach

68
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Figure 3.26 Coupled-channel calculation predicting the position of the |1,1) Feshbach
resonance in 7Li. The center of the resonance is estimated at 729.7 G.
resonance, we can increase the scattering length into a regime where evaporation
becomes much more efficient.
The location of a Feshbach resonance between a pair of |1,1) atoms was first
estimated at 800 G using coupled channel calculations [35] and later observed near 725
G [6]. More recent calculations using a more accurate potential place the resonance
just below 730 G [62]. Figure 3.26 is a plot of the most recent coupled-channel
calculations for the scattering length between pairs of |1,1) atoms as a function of
magnetic field. At zero field, the scattering length is +7.5ao. There are two zero-
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crossings that are predicted to occur around 150 G and 535 G. The center of the
Feshbach resonance is calculated to fall at 729.7 G.
To generate a field of 730 G, we control a FET to quickly ramp on the bias
coils of the magnetic trap over ~50 ms using an Agilent 33220A arbitrary waveform
generator. The magnetic field is stabilized using a Danfysik current transducer that
feeds back to the control FET [26]. The direction of the magnetic field from the
bias coils is opposite that of the axial bias cage and the curvature coils. When the
bias coils are ramped on, the magnetic field passes through zero as the field changes
direction. A Majorana spin-flip transition can occur if the trapped atoms pass near a
zero in the magnetic field; this results in a loss of atoms from the trap [63]. Therefore,
a magnetic field perpendicular to the bias field is applied 50 ms before the high field
ramp begins.
The side cage used to generate the field is described in Appendix D. Two amps of
current through these coils is sufficient to ensure there is a continuous field present to
suppress the probability of a spin-flip transition occurring and to maintain the proper
projection in the |1,1) state during the high field ramp. At the same time the field
ramp is triggered, a gradient coil, described in Appendix D, is also energized to center
the magnetic and optical potentials [37]. After the magnetic field ramp reaches its
ultimate value, the side cage is extinguished leaving the bias coils and gradient coil
as the only remaining active contributors to magnetic field.
The high field ramp places the atoms in the vicinity of the predicted 730 G Feshbach resonance. There are several ways to determine the position of a Feshbach
resonance experimentally. An enhancement in the photoassociation rate was predicted as a possible mechanism for detecting a Feshbach resonance [64], which was
later verified experimentally [65]. A second experiment measured both the loss of
23

Na atoms due three-body collision and the increase in the s-wave scattering length

associated with a Feshbach resonance [66].
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To locate the resonance, we measured the enhancement in the loss due to threebody collisions. According to Fedichev et al. [67], the three-body recombination rate
scales as a4. Near the Feshbach resonance, where the scattering length is rapidly
increasing, the three-body loss should be very sharp. The density dependent threebody loss rate is given by
h = -K3n3,

(3.16)

where K3 is the three-body loss rate coefficient and n is the density of the atomic
cloud. The three-body loss rate coefficient in a BEC is reduced by a factor of 6 compared to a thermal gas due to three body density correlations [67,68]. The effects
of one-body collisions and off-resonant atomic scattering are neglected in this equation, as they occur on much larger time scales. The solution to this time-dependant
differential equation is
/ x
n(r,t) = —=

n(r, 0)
y
''

(3.17)

Equation 3.17 can be approximated reasonably by replacing the density with the
number of atoms making Kz an effective
of this effective

loss rate. Figure 3.27 shows the relationship

K3 (normalized) at various fields near the Feshbach resonance while

the inset is a sample fit to loss data taken at a field of 720 G. The magnetic field is
calibrated using both RF and optical atomic resonances. Some sample RF resonances
are given in ref. [26]. The loss rate increases by ~3 orders of magnitude from 708
Gauss to 735 Gauss. The loss rate was only taken on the low field side of the Feshbach
resonance where the scattering length is positive and a BEC can formed. This curve
provides a lower limit on the position of the Feshbach resonance at 735 G.
3.3.2

Evaporation and Birnodal Distributions

As previously mentioned in the chapter, we would like a large scattering length
to evaporate more efficiently in the optical trap. There is, however, a compromise
that must be met between elastic and inelastic collisions. For bosons, the scattering
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Figure 3.27
The normalized three-body loss rate coefficient for a thermal sample of
|1,1) 7Li atoms near the Feshbach resonance. This data places a lower limit on the position
of the resonance above 735 G. The inset is a sample loss curve with a three-body fit to
eq. 3.17 taken at 720 G from which the effective K;s is obtained. The error bars represent
the error of the fit of the effective K3 in eqn. 3.17. Error bars not shown are smaller than,
the size of the data points. The uncertainty in the magnetic field is <0.5 G.
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length increases the rate of two-body elastic collision by a2, redistributing the thermal
energy among the atoms. The three-body inelastic collision rate increases as a4, which
leads to a loss of atoms from the trap due to excess heating. If the field is too close
to the Feshbach resonance, three-body loss will overwhelm the increased evaporation
efficiency. However, if it is too far away, the evaporation takes too long, and one-body
loss processes from background gas collisions and off-resonance scattering rates from
the optical trap dominate two-body rethermalization rate. When the magnetic field
is far from the Feshbach resonance, the scattering length is small, requiring a longer
evaporation trajectory. The off-resonant scatting of the optical trap is given by
Roff-res

= Pee?,

(3.18)

where pee is defined in eq. 2.2 and T is the excited state lifetime. For a wavelength
of 1030 nm, peak power of 3 W and a beamwaist of 34 /im, the scattering rate is 0.4
s _1 . So, the 1/e evaporation decay time constant must be significantly smaller than
—res-

The optical trap evaporation is identical that of the EMT I apparatus except for
different RF components and the use of bosons instead of fermions [37]. The combined
RF output response of the variable attenuator and the AOM is a non-linear function
versus input voltage to attenuator as shown in fig. 3.28. The data is fit to a sigmoidal
function of the form
P = e-*-k(V-Vo\

(3.19)

where P is the optical power after the AOM and V is the applied voltage to the variable
attenuator. The fit parameters provide the response for this unique combination of
variable attenuator and AOM which are k = 0.953 V - 1 and V^ = 2.877 V. By solving
eq. 3.19 as a function of voltage, we can customize any waveform for the evaporation.
After calibrating the optical trap response to the input voltage, the next step is
to try an evaporation. In the first attempts to evaporate, the cloud of atoms drifted
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Optical output power from the optical trap AOM as a function of input
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along the axial dimension as the optical trap depth decreased as shown in fig. 3.29.
For this sequence of images, the camera was displaced from the cloud center at full
optical trap depth so that the motion of the atoms could be monitored at lower

evaporations.
In addition to the axial displacement, the radial dimension is noticeably smaller in
each subsequent image which implies the cloud is cooling. The axial drift observed at
lower optical trap depths was due to a mismatch between the overlap of the optical and
magnetic traps. To compensate for the spatial disparity between the two potentials,
an external push coil, described in Appendix D, was installed to provide a magnetic
field gradient to align the two potentials. The field gradient spatially shifts the axial
minimum of the magnetic potential. The amount of current and the direction of
the gradient were then adjusted until the magnetic minimum corresponded with the
optical trap minimum. For the present set of bias coils, the necessary current to
correct the overlap is 4.93 A at a field of 715 G*. Future magnetic trap coil sets will
require new calibration of the push coil current to overlap the two potentials.
Once both the optical and magnetic potentials are overlapped, the optical trap
evaporation can be completed without the atom cloud travelling outside the field of
view of the camera. A sequence of images taken at 1 ms TOF, where axial cuts
were taken through the center of the atomic cloud, is shown in fig. 3.30 at various
optical trap depths. At full trap depth (not shown) the cloud has a gaussian distribution since the atoms are classical and have a Boltzmann density distribution.
As the temperature of the atoms is reduced, the density profile begins to change
as it passes through a phase transition at a temperature T c and begins to acquire
a partial Thomas-Fermi density distribution [36,69]. The Thomas-Fermi distribution is an inverted parabolic density profile characteristic of an interacting BEC in
a harmonic trapping potential. At lower optical trap depths, the fraction of atoms
*The push coils field necessary to correct the optical and magnetic potential offsets for the
d a t a in fig. 3.29 was 1 A.
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U = 1.8|iK
Figure 3.29
Evaporated cloud of atoms at successively lower optical t r a p depths at a
magnetic field of 715 G without an external magnetic field gradient. The t r a p depth for
each image is denoted in the figure. The mismatch between the axial center of the optical
and magnetic potentials result in an axial displacement of the atoms as the power in the
optical t r a p is reduced. Each image was taken using a 1 ms T O F absorption image.

76

N=1.4E6
T=2.7 jiK

N=1.7E6
T=4.5 nK

N=2.1E6
T=13 \lK

U = 125 |iK

U = 23 |iK
N=3.4E5
T<50 nK

N=2.6E5
T=100nK

N=7.1E5
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32%
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U = 550 nK
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U = 470 nK

Figure 3.30
Axial cut of the column density for 7Li atoms in the |1,1) hyperfine state
at a field of 715 G, near the Feshbach resonance. The black line is an axial cut through the
center of the evaporated cloud. The red line is a bimodal fit to a gaussian plus ThomasFermi density distribution. The optical trap depth, temperature, number and condensate
fraction are given for each image. The larger number of atoms in the bottom right frame
than the adjacent frame to the left is a result of shot-to-shot fluctuations in the number on
that day.
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^ atoms

TOuK)
U(//K)
fax (Hz)
/rad (Hz)

before evaporation
4xlO b
8
85
21
3,030

after evaporation

4xl0 5
<T C
0.35
3.5
200

Table 3.1 Typical conditions for the atoms in the optical trap before and after evaporation at 715G.
stage
final MOT loading
after optical pumping
after 5 s in magnetic trap
after magnetic trap evaporation
in optical trap (|2,2) state)
in optical trap (|1,1) state)

number
2xl0 1 0
1.5xl0 10
2.5xl0 9
lxlO7
5xl06
4.5 xlO 6

Table 3.2 Typical conditions for the each stage of the experiment beginning with the
MOT and ending with atoms in the |1,1) state in the optical trap. These numbers are for
a MOT photodiode level of 1.2 V and do not scale with the initial load level.
in the condensate increases until an essentially pure BEC forms. From this point,
further evaporation only serves to reduce the number of atoms in the condensate.
The waveform used for the current optical trap evaporation is an exponential with
a 300 ms time constant. The decay time was experimentally determined to provide
the best repeatability and largest number of atoms at a field of 715 G. During typical
operating conditions, approximately 4 x l 0 5 atoms in a pure BEC are achieved at this
magnetic field. Typical starting and ending conditions are given in table 3.1.
As a final section of this chapter, I am including a list that provides the number of
atoms at each stage of the experiment and the approximate transfer efficiency between
each trap. The large loss of atoms between optical pumping and after 5 seconds in the
magnetic trap is primarily due to the atoms expanding during the optical pumping
stage outside of the trapping region of the magnetic trap. The conditions change
from day to day depending on the loading of the MOT so this list in table 3.2 is for
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a ~1.2 V signal on the MOT load photodiode. The number of atoms in each stage
do not scale linearly with the initial number of atoms loaded in the MOT.

Chapter 4
Photoassociation Experiments
The preceding chapters have described the methods of creating a degenerate Bose
gas and characterizing the traps used to confine the atoms. In this chapter, I will
present photoassociation (PA) measurements that have been conducted in the vicinity
of a Feshbach resonance. A relative comparison of the magnetic field dependent PA
transition of the |2, 2) and |1, 1} hyperfine states will also be discussed.

4.1

Introduction

Single photon PA has been a prominent tool in this lab for more than a decade.
It has been used to determine the s-wave scattering length [31], measure the excited
state lifetime [70], probe atomic pairing fraction in the BEC-BCS crossover [71], and
detect saturation in the molecular formation rate [15]. The experiment in which
saturation of the molecular formation rate was observed provides a fundamental limit
on the minimum timescale on which molecules can be formed from atomic pairs. The
saturation previously observed in the |2,2) state has been expounded on in ref. [25]. A
continuation of that work including thesis relevant measurements and and calculations
using the |1,1) atomic state is presented here. For a more comprehensive review of
PA, ref. [72] provides a detailed background on the subject.
The measurements presented in this chapter are motivated by the desire to distinguish the rate limiting mechanism in the paper by Prodan et al. [15]. In that
work, saturation of the rate constant was observed in a quantum degenerate, but
non-condensed atomic gas (T ~ Tc) as shown in fig. 4.1. The data has good quantitative agreement with the theory of ref. [11], but at the temperature the experiment
was performed, T ~ Tc, another saturation mechanism has been proposed [21], which
is also in agreement with our maximum measured rate. In this theory, the rate is the
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Saturation of the PA rate constant for atoms initially in the |2,2) state t o
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defined quantity whereas, in our paper, we use the rate constant. The rate is related
to the rate constant by the relation
R = nKp,

(4.1)

where n is the density of the gas and Kp is the rate constant.
The details of these saturation mechanisms have been previously explained [15, 25],
so I will only provide an abbreviated explanation here. The saturation due to quantum
mechanical unitarity occurs from the cross-section of the colliding atoms being limited
to the square of the de Broglie wavelength. The collisional rate constant is defined in
ref. [73] as

Kp = ^-JpB(E)\SE\2dE,

(4.2)

where ks is Boltzmann's constant, T is the temperature of the gas, h is Planck's
constant, QT = ((2TT ^tkBT)/h2)3/2,

and ji is the reduced mass. A thermal averaging

over the energy for a Boltzmann distribution is the integral. As previously described
in my Master's thesis, the unitarity limited rate constant is 2.2 x l O - 8 cm 3 /s for a gas
of 7Li with a peak density of 4x 1012 cm - 3 at a temperature of 600 nK. This maximum
rate is temperature dependent and scales as T - 1 / 2 . Several other measurements of
the intensity dependent rate have observed saturation that is consistent with the
unitarity limit theory [14-20].
The other possible loss mechanism that could lead to saturation in the photoassociation rate is the process of photodissociation. Photodissociation is the process of
converting excited state molecules into pairs of "hot" atoms that are not returned to
the original translational state of the cold atomic gas [74]. This rate limit depends on
the energy width of the dissociated pairs, which is proportional to the PA rate. The
rate limit for this process is estimated at ~6fm 2/,3 /m based on numerical calculations
of the maximum rate as the Rabi frequency of the transition, as defined in ref. [21],
is increased. This is equivalent to a maximum rate constant of 3.5xl0~ 8 cm 3 /s for
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our previous saturation measurements in a gas of 7Li atoms at a peak density of
4xl0 1 2 cm - 3 [15]. This maximum limit due to photodissociation is ~60% higher
than both the maximum measured value and the unitarity rate constant limit. The
previously observed saturation in the non-condensed gas is most probably a result
of the unitarity limit, but photodissociation cannot be entirely discounted as it does
agree to within a factor of two and the numerical coefficients are not currently known.
In order to unambiguously distinguish between unitarity and photodissociation, the
temperature of the gas must be reduced to increase the unitarity limit, which scales
as T - 1 / 2 , well above the photodissociation limit.
In our previous PA rate measurements in the |2,2) state [15], temperatures below
Tc were not possible due to the negative scattering length which prohibits a stable
gas below this temperature [75]. However, the |1,1} state has a Feshbach resonance
that provides the ability to tune both the sign and magnitude of the interactions [6].
By utilizing the Feshbach resonance, we can modify the scattering length to make the
interactions repulsive which allows for a large stable condensate. Having a pure condensate is essential as the unitarity limits increases with decreasing temperature while
the dissociation limit is temperature independent. So, the same intensity dependent
measurement of the PA rate constant can be made when the unitarity limited rate is

>6ftn 2/3 / TO.
Only one measurement of the intensity dependent PA rate has been realized in a
BEC and no saturation in the rate was observed [24]. The maximum measured rate
constant in the BEC experiment of

23

Na was ~3.7xl0~ 1 0 cm 3 /s. The peak density

of the condensate was 4xl0 1 4 cm - 3 , which leads to a photodissociation rate constant
limit of 2.3 x l O - 9 cm 3 /s, nearly an order of magnitude above the highest observed
rate constant. The favorable overlap of this v" = 83 excited state vibrational level
in 7Li [76] added with the enhancement of the PA rate due to the presence of the
Feshbach resonance [64,65] provide an ideal system for possibly observing saturation
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in a BEC. If saturation is observed in a pure BEC, then it will be the first evidence of
saturation due to photodissociation. This process would be a universal rate limiting
mechanism of molecular formation, either by photoassociation or magnetoassociation which couples an atom-molecule state be ramping the magnetic field through a
Feshbach resonance [77].
Most of the data presented in this chapter involve PA to the v" = 83 molecular vibrational level of the 13S+ electronic, triplet potential. The appropriate PA
transition from the 2S,1/2 + 1S\/2 ground state to the 2JSl1/2 + 2P x / 2 excited state
is depicted in fig. 4.2. Shortly after the molecules are created, they quickly decay
(~13 ns), resulting in the constituent pairs of atoms being lost from the trap. The
trap loss probability is proportional to the square of the scattering matrix between
the ground state and the excited state [11] and, on resonance, is given by

where 7 is the spontaneous decay rate, and V is the intensity dependent stimulated
emission rate. The stimulated rate depends not only on the intensity dependent
radiative coupling,(Vj^) 2 , but also on the overlap between the radial ground state
wavefunction, fo(R), and the radial bound excited state vibrational level, 4>b(R), as
2
rad\2

T = 2n(VST)

dRf0{R)<f>b(R)

(4.4)

The integral in eq. 4.4 is often referred to as the Franck-Condon overlap of the two
states.
Since PA is a two-body collisional loss process, the time dependent density evolution is described by n(r, t) — —Kpn2(r, t), where Kp is the two-body loss rate constant
and n is the density. This differential equation can be solved analytically, rendering
the time dependent density equation of

w(r ) =

rc(r,0)

Kp(I)n(r,0y
'* i ++ ja/wr,ov

(45)
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Interatomic Separation
Figure 4.2
Two relevant molecular potentials for a 2S1/2 + 2Ply/2 electronically excited
state and a 2S1/2 + 2Sjy2 ground state. The dashed line represents the dissociation limit of
each molecular potential. A PA laser at frequency u; and detuning A from the v" vibrational
state forms electronically excited molecules from pairs of unbound, colliding atoms. The
molecules subsequently decay at a rate 7 to either a bound molecular ground state or an
unbound hot atom pair and are lost from the trap. The vibrational state is bound by EB
= 60.3 GHz below the atomic dissociation limit [29].
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where r is the duration of the PA pulse. Integrating eq. 4.5 gives the fraction of
atoms remaining for a given initial density, pulse duration and rate constant. This
equation is valid so long as the motion of the atoms in the trap is neglected. If
the pulse duration is comparable to the period of oscillation, then the initial density
distribution will not be sufficient to describe eqn. 4.5. To minimize this effect for
long pulse durations, the loss of atoms from the initial number is kept small (< 30%).
This makes the change in the density distribution from re-thermalization relatively
minor due to the small loss of number from the PA pulse.
Two different PA lasers were used for the measurements presented in this chapter.
Most of the measurements were made at low intensity, so a single mode 60 mW
extended cavity laser diode (EDCL) was used as the PA laser. The PA setup on
the laser diode table is shown in fig. 4.3. The power exiting the diode mount and
passing through the optical isolator was about 40 mW. A small fraction (~5%) of this
power was sent to a Fabry-Perot cavity to lock the laser frequency. The remaining
power was sent through an AOM switch to an optical fiber coupler. A mechanical
shutter was inserted between the AOM and the fiber launcher to block any leakage
light through the AOM. About 35 mW of power was available before the fiber. The
beam is fiber coupled from the laser diode table inside the clean hood to the wall side
of the apparatus table. For the high power measurements, the Coherent 699 dye laser
was used as the PA laser. When this laser was used, mirror Ml was removed and the
output beam of the dye laser was sent through the AOM with ~600 mW before the
fiber coupler.
The fiber couples the PA beam from the laser diode table to the apparatus table.
The PA setup on the apparatus table is shown in fig. 4.4. After exiting the fiber, a
telescope magnifies and collimates the beam before it passes through a 700 mm lens.
This lens focuses the beam onto the atoms in the chamber. The lens is mounted on
a 3D translator to overlap the PA beam with the atoms in the optical trap. After
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Spectrum
analyzer

Fabry-Perot
Master

Figure 4.3
Top view diagram of the PA beam path on the laser diode table. The laser
is locked to a Fabry-Perot cavity to scan the laser frequency. The first AOM couples the
PA beam into the optical fiber. The undiffracted beam is sent through a second AOM and
sent to an optical spectrum analyzer. A reference laser locked to the D2 atomic transition
of 7Li is overlapped with the PA beam in the spectrum analyzer.
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PBS S

PA fiber

MOT
beam

Figure 4.4
Top view diagram of the PA beam path on apparatus table. The PA beam
passes through a dichroic beamsplitter (shown in green) along the axial dimension of the
chamber and is focussed onto the atoms in the optical trap.
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passing through the focusing lens, the beam is reflected off the first PBS cube and
directed toward the axial MOT beam. This cube was inserted to so the same PA laser
could be used for a separate experiment involving a random optical potential imposed
on the atoms which is not part of this thesis. The second PBS cube is necessary to
overlap the PA beam with the axial MOT beam. The beam passes through a short
wave pass dichroic beamsplitter to allow overlap of the 671 nm PA laser and MOT
beam with the 1030 nm optical trap beam inside the chamber. After passing through
the various optics, ~15 mW (250 mW using dye laser) of PA power was available at
the position of the atoms. The 1/e2 beam waist of the PA laser at the position of
the atoms is varied between 150 and 720 jum depending on the desired intensities and
limitations due to dipole forces.
There are two different regimes where the dipole force must be considered. One
is for a thermal gas at high trap depth and the other is for a BEC at low trap depth.
The strength of the dipole force can be compared with trapping frequencies at high
and low trap depth which are provided in table 3.1. The radial and axial trapping
frequencies for the PA laser can be calculated using eq. 3.6 and eq. 3.7. The intensity
dependent measurements where saturation was previously observed used intensities
up to ~80 W/cm 2 . At the smallest PA beamwaist of 150 /mi, only 30 mW of power is
needed to reach an intensity of 84 W/cm 2 . This also corresponds to axial and radial
trapping frequencies due to the PA laser of (27r)0.8 HZ and (27r)785 Hz, respectively.
These are significantly smaller than the frequencies at high trap depth but not at
the low trap depth needed to produce a condensate. The high (o;z=27rx21 Hz and
a;r=27rx3 kHz) and low (u>z=27rx3.5 HZ and uv=27rx200 HZ) trapping frequencies
are given in table 3.1.
For low trap depth, the PA beamwaist must be increased since the optical trap
potential is much weaker. Using 250 mW (approximately the maximum available
power) and a PA beamwaist of 720 fim gives an intensity ^30 W/cm 2 with axial and
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radial trapping frequencies of (27r)0.02 HZ and (27r)98 Hz, respectively. This radial
frequency is about half the radial frequency of the optical trap after evaporating to a
condensate.
Given that / oc -P/w2, and vr ex

P 1 / / 2 /WQ,

we would need either more power in

the PA beam or increase the radial frequency of the optical trap to achieve higher
PA intensities without inducing dipole force problems from the PA beam. The offresonant scattering rate from the atomic transition is R = peeT- The scattering rate
times the pulse duration, Rt, should be less than unity for off resonant scattering to
not be a significant loss contribution. For a PA intensity of 30 W/cm 2 tuned to the
v" = 83 molecular resonance 60.3 GHz red detuned from the atomic transition, the
scattering rate is ~530 scatters/second. Therefore, the PA pulse duration should be
<Cl ms.
The PA beam is spatially overlapped with the optical trap beam to provide the
highest possible PA intensity and ensure the flattest possible beam profile across the
atomic cloud. Since there is no reference for the position of the PA beam relative to
the atoms in the optical trap, the optimum overlap is determined by translating the
PA beam vertically and horizontally to maximize the loss. The overlap of the PA
laser and the atoms in the optical trap is generally done with the PA laser detuned
just a few GHz from the 251/2 + 2P3/2 atomic asymptote where the off-resonant loss
is large.

4.2

Photoassociation near a Feshbach Resonance

One of the very powerful applications of PA is its ability to directly examine the
structure of the ground state wavefunction. The overlap between the ground state
and the excited state changes for different excited state vibrational levels, which in
turn changes the rate of molecular formation [76,78]. This variation in the overlap
provides the ability to measure the ground state s-wave scattering length by observing

90
a sharp decrease in the PA rate at a particular vibrational level [76, 79-85]. Instead
of varying the PA laser frequency to probe different vibrational levels, the PA rate for
a given level can be enhanced [65,86] or suppressed [87] by a change in the ground
state wavefunction in response to a Feshbach resonance [64]. These measurements
have qualitatively demonstrated how the PA rate varies near a Feshbach resonance.
Absolute PA rate constants have only been measured by a few experimental groups
[15,24,83,88], none of which were made near a Feshbach resonance. In this section,
I provide measurements of Kp near the 736 G Feshbach resonance for atoms in the
|1,1) state.
Monitoring the change in the PA rate over many different vibrational levels is a
common technique to measure the nodal structure of the ground state wavefunction.
The reverse process can be applied by using a Feshbach resonance to tune the node
of the ground state wavefunction through the radial position of the classical turning
point of a single vibrational level in the excited state and observe a reduction in the
PA rate [87]. An experiment by Courteille et al. [65] used a very similar method, but
they used the increase in the photoassociation rate to locate a Feshbach resonance in
85

Rb. This experiment was focused on finding the Feshbach resonance rather than

the effects it has on the PA rate. A second experiment by Laburthe Tolra et al. [86]
used a Feshbach resonance to control formation of molecules. The PA rate was found
to increase, peak and then decrease for one vibrational level, while it decreased, hit
a minimum, and increased for another level as a function of magnetic field.
Initial measurements of Kp involving the PA transition from pairs of |1,1) atoms
to the v" = 83 vibrational level were made in our setup at 710 G, where a large BEC
with consistent numbers are typically produced. No detectable loss due to PA was
observed despite high intensities and long pulse durations. The rate should increase
near a Feshbach resonance [65] so, secondary measurements were made at 717 G,
closer to the center of the |1,1) resonance. The expected molecular resonance was
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F i g u r e 4.5
Fractional number of atoms remaining in a BEC as a function of frequency
relative to the v" ~ 83 molecular resonance taken at low intensity. This resonance has a loss
just under 30% with a Lorentzian width of 13.2 ± 0.2 MHz, which is slightly larger than the
expected, width of 11.8 MHz, twice the atomic linewidth [89]. This data was taken at a field
of 715.9 G with 7.5x10° atoms in a nearly pure BEC (> 95%). Other parameters for this
figure: P P A = 1 3 . 3 mW, ipA=l-6 W/cm 2 , w 0 =720 //m, r=595 /is, T/Tc -0.2, I/ Z =(2TT)3.9
Hz, i/r=(27r)430 Hz, U = l /xK.
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observed at this field. The relative frequency of the PA laser tuned to the molecular
transition is referenced to a second laser locked to the 7Li 2S\/2, F — 2 —>• 2P 3 / 2 ,
F = 3 atomic transition in a 300 MHz optical spectrum analyzer. A sample PA
resonance in a BEC is shown in fig. 4.5. This resonance was taken at a magnetic field
of 715.9 G with 7.5xl0 5 atoms in a BEC .
The absence of a molecular resonance at 710 G prompted an investigation of the
magnetic field dependence of the rate. The PA rate was measured at several different
fields while maintaining a constant PA intensity. The resonances were measured in a
thermal gas at T ~ 2TC ~10 /iK since the repeatability is significantly better. Several
of the resonances are displayed in fig. 4.6.
The relative loss was measured by dividing the measured loss at each field by the
pulse duration. A plot of this relative rate versus magnetic fields from 689-717 G is
shown in fig. 4.7 and, in accordance with Murphy, there is a minimum exactly at 710
G. Once the approximate location of the rate minimum was discovered, more accurate
measurements of Kp were obtained in a BEC. The uncertainty in the magnetic field
for all of the data presented in the remainder of this thesis is <0.25 G.

4.2.1

Field Dependant PA Rate in a BEC

The primary motivation for this study of the PA rate was to investigate the intensity dependence of Kp in a BEC with the goal of observing saturation. To improve
the probability of this, we must locate the magnetic field that provides the largest
possible Franck-Condon overlap between the ground and excited state. Evaporation
in the optical trap is only reliable between 700-720 G - which may not be within
t h e region w h e r e t h e best overlap occurs. Below 700 G, t h e s c a t t e r i n g length is t o o

small for evaporation to be very effective. Above 720 G, the scattering length is large
enough for inelastic three-body collisional losses to exceed the unitarity-limited elastic two-body rethermalization collision rate. To make a BEC outside of this range,
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F i g u r e 4.6
Molecular resonances for a thermal gas (T ~ 2TC ~ 10/xK) of 1.5-2.5xl0 6
atoms near the Feshbach resonance. The PA intensity was kept constant at 0.7 W/cm 2
(130 jj,m waist) and the pulse duration was varied between 0.5-30 ms to maintain a ^30%
loss from the initial sample. Optical trap parameters: VZ=(2TT)4A HZ, i/r=(27r)5.1 kHz, U = l
fuK.
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Figure 4.7
Relative rate of photoassociation versus magnetic field in a thermal gas
near the 736 G Feshbach resonance. The rate displays a strong dependence to the applied
magnetic field.

evaporation takes place at 715 G before the magnetic field is ramped to the final
desired field. Once the final field is reached, the field is allowed to stabilize for ~100
ms before the PA laser illuminates the condensate along the axial dimension as previously shown in fig. 4.4. To obtain the relative rate at different fields, the peak laser
intensity illuminating the atoms is kept constant at 1.65 ± 0.2 W/cm 2 . The fractional
loss of atoms from the initial number is maintained at ~30% by adjusting the PA
pulse duration between 0.07-270 ms.
The rate constant in a BEC is calculated by spatially integrating eq. 4.5 and adjusting the value of Kp until the calculated and measured losses agree. As mentioned
in the previous chapter, the density profile of a pure BEC with large, repulsive interactions is described by a Thomas-Fermi (T-F) density distribution. The solution to
the two-body loss equation 4.5 due to PA with an initial T-F density distribution has
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an analytical solution that can be expressed as a fraction of atoms remaining [24],

f(v) = f T5/2 [v1/2 + \v3/2 - (i + r^ W -

1

^^}.

(4.6)

When the PA laser is tuned to the center of the molecular resonance, the parameter
t] is defined by the equation
rj = Kpn{0,0)T,

(4.7)

where n(0,0) is the initial peak density of the condensate before the PA pulse at t = 0
and T is the PA pulse duration. The peak density can be calculated given the number
of atoms, the trapping frequencies of the optical trap, and the measured T-F radius
of the cloud [90] by the equation
n(0,0) = £ .

(4.8)

Here, [i is the chemical potential of the bosonic gas [90] and is defined as

152/5

fNa\2/\

where N is the number of atoms, a is the scattering length, LO = (a^cc^)1/3 is the average trap frequency, and a = (h/mco)1/2 is mean harmonic oscillator length. Equation
4.9 is not useful in determining the density of the condensate since the scattering
length is an unknown variable dependent on the magnetic field. However, the boundary condition imposed by the Thomas-Fermi approximation that the trap potential,
V(r), is equal to the chemical potential at the edge of the cloud [69]. This give the
relationship
fi=-muj2zR2zTF,
where m is the mass, u>z is the axial trapping frequency, and

(4.10)
RZTF

is the measured

axial T-F radius. In this way, we get the chemical potential in terms of measurable quantities. The remaining variable in eqn. 4.8, U, is the nonlinear mean field
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interaction energy for bosons [90] which depends on the scattering length as
U =^

.

(4.11)

m
The scattering length is unknown, but we can solve for it by equating eqn. 4.9 and
eqn. 4.10 to get the scattering length in terms of known parameters
m2
a

R5zTFuz

15£2 Nu*

'

[

'

The peak density of the condensate can now be solved for using the measurable
parameters coz, u>r, N, and

RZTF

as
TF

_

15AH2

The other remaining variable in determining the rate constant is the duration of
the PA pulse, which is measured using a photodiode and a digital oscilloscope. The
value of Kp for PA to the v" = 83 vibrational level is plotted in fig. 4.8 as a function of
magnetic field. All of the data in this figure have no discernable thermal component
and we can only estimate T < 0.1TC. The number of atoms in the condensate varied
from 5-8xl0 5 at fields below 720 G. The density varies from 0.5-2.3 xlO 13 cm - 3 with
the highest density at the lowest field and the lowest density at the highest magnetic
fields. The PA laser had a 320 /mi waist with a radial trapping frequency of (27r)58
Hz. The systematic uncertainties in measurement of Kp are discussed in Appendix
A and are 12.6% for the data in fig. 4.8.
The statistical uncertainties are based in the standard deviation of the measurement of the error in the number, fractional of atoms remaining, and Thomas-Fermi
radius. These are the measurable quantities in the experiment. The error in the
number and fractional loss is obtained by fitting the molecular resonance at each
magnetic field to a Lorentzian function as done in fig. 4.5. From this functional fit,
the standard error in the number and the fraction loss of the Lorentzian is obtained.

97

.

i

•

1

'

1

1

i

'

i

i

'

i

r

i

-

•

•

.

_

1E-8-:
I

1E-9-

"

1
X

E

o

*

!

'

-

*

*

1

1E-10-

!

j

*

-

-

*

1E-111

'

i

'

i

•

i

•

i

660

— i —

i

•

i

•

i

r

-

740

B(G)
F i g u r e 4.8
The PA rate constant in a BEC is measured for magnetic fields between
660-732 G at an intensity of 1.65 W/cm 2 . The sharp dip in Kp near 710 G is a result
of a node in the ground state occurring at the classical outer turning point of the excited
molecular state. The rate is enhanced at the highest magnetic fields near the center of the
Feshbach resonance. The error bars represent the uncertainty in Kp based on the standard
deviation of the measurement of the number, fractional loss, and Thomas-Fermi radius. For
the data points below 720 G, WPA =720 pm (0^,4=2^x23 Hz and CUZPA=2TTX0.005 HZ);
UZ—2TTX3.9 HZ; u;r=27rx430 Hz; and U = l fjK. For the data points taken above 720 G,
wPA=S20 fim (urPA=2irx58 Hz); C^=2TTX3.5 Hz; w,.=27rx200 Hz; and U=600 nK.
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The other measurable parameter is the Thomas-Fermi radius where the standard deviation of the mean of ~8 measurements is taken for atom clouds in the absence of
the PA laser pulse. The errors from each of these parameters are expressed in terms
of the fractional uncertainty. These fractional uncertainties are used to obtain the
total fractional statistical uncertainty in Kp at each magnetic field using the equation

The error bars are displayed for each data point in fig. 4.8 and are dominated by
the uncertainty in the Thomas-Fermi radius. A more detailed description of the
derivation of eqn. 4.14 is given in Appendix A.
Far below the Feshbach resonance, Kp changes very little up to a field ~700 G
and averages Kp ~3xl0~ 1 0 cm 3 /s. Above this field, the rate decreases to a minimum
very near 710 G, then climbs to a maximum measured level of 2.7xl0~ 8 cm 3 /s at a
field of 732 G. We show that the dynamic range of the molecular formation rate in a
BEC varies by more than a factor of 1000. Data was not taken above 732 G due to a
large increase in the three-body loss rates very near the Feshbach resonance [67] and
the fact that the scattering length is negative above the resonance.
4.2.2

Field Dependant PA Rate in a Thermal Gas

Many of the magnetic field limitations for a BEC near a Feshbach resonance do
not apply to a thermal gas. This allows for further exploration of the field dependance
of Kp. In contrast to a BEC, a thermal gas can exist on the high side of the Feshbach
resonance where the scattering length is negative. The functional form of Kp versus
magnetic field should agree between a thermal gas and a condensate, since the field
dependent variation is attributed to the changing ground state wavefunction. The
much larger trap depth, greater number of atoms, and relative insensitivity to the
scattering length allows for more freedom in exploring the response of Kp in a thermal
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gas to the Feshbach resonance. The PA rate in the thermal gas was also calculated
by spatially integrating eq. 4.5, but this time using a Boltzmann density distribution
for atoms in a cylindrical trap given by
n(r) =

^

e imKV + a^)/ f c r

(4J5)

7T 3 / 2 W^W Z

where
2kT
™r,z = \l—T(4-16)
mw*z
The integral of eq. 4.5 is not analytical for this density distribution and must be
computed numerically. The value of Kp is again adjusted until the calculated loss
equals the measured loss for a PA pulse duration r. The fractional loss was maintained
between 25-35% to keep minimize the effects of density redistribution in the trap.
The black data points in fig. 4.9 are a plot of Kp in a thermal gas versus magnetic
field for PA to the v" — 83 excited state vibrational level at an intensity of 1.65
W/cm 2 using eqn. 4.5. This equation assumes that the density distribution of atoms
is only affected by the PA pulse. However, since the average trap frequency of the
optical trap is ~5000 s _1 , eqn. 4.5 is not valid for pulse durations longer than ~100 (is.
Nearly all of the pulse durations for the data in fig. 4.9 longer than this. For these long
pulse durations, the rate constant can be calculated by assuming only the number of
atoms changes and the initial Boltzmann distribution is maintained throughout the
PA pulse. Using this assumption, the number for a given pulse duration is given by
N = - J ff

Kpn2d3r\

dt,

(4.17)

where n is the density distribution given in eqn. 4.15. This equation is analytically
solvable and the rate constant can be expressed in terms of the initial density distribution, the fractional loss, and the pulse duration as
23/2 /
K
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Figure 4.9
The magnetic field dependence of Kp is measured for 7 Li atoms in the |1,1)
state to the v" = 83 excited state vibrational level in a thermal gas. The intensity of the PA
laser was maintained at 1.65 W/cm 2 . The black data points are using the two-body, time
dependent density evolution given in eqn. 4.5. The red data are obtained using the constant
Boltzmann distribution assumption from eqn. 4.18. The two analysis methods only differ by
~20%. On the low magnetic field side of the resonance, Kv approaches a constant of 1 x 109
cm 3 /s. On the high side of the resonance, the rate constant approaches 3.5xl0 9 cm 3 /s. At
710 G, the rate decreases to nearly zero. In the immediate region surrounding the 736 G
center of the resonance, Kp is greatly enhanced. Approximately two-thirds of the data was
taken with a 34 /xm optical trap and 300 yum PA beamwaist while one-third of the data was
taken with a 25 //m optical trap and 720 (im PA beamwaist. The data points above 800 G
were taken with an optical trap beamwaist of 34 /im and a PA beamwaist of 560 /itm. Most
of the data taken with the 300 //m beam waist coincides with the fields between 705-725 G.
The typical uncertainty in Kp for this data set is 20% which arises from statistical standard
deviation in the initial number of atoms, the temperature, and the fraction of atoms lost.
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This method of analysis does not substantially change the value of Kp from the value
obtained using eqn. 4.5 with the largest deviation being 35% and an average deviation
of 22%. The value of Kp using eqn. 4.17 is shown in red in fig. 4.9.
Equation 4.17 is valid when the trap period is much less than the duration of the
PA pulse. At an average trap frequency of u;~(27r)600 Hz, only that data points that
are near the dip at 710 G and have long pulse durations are in this regime. While
the two different methods for finding Kp are the extremes of r <C<U<§C r, most of the
data is taken with r~a;. Therefore, the actual value of Kp lies somewhere between
these two extremes.
Unitarity limited saturation suppresses the rate constant measurements between
745-765 G. The effects of saturation do not dramatically alter the data in this graph,
but are quantitatively discussed in a later section of this chapter. The temperature,
number and density of the gas vary dramatically across the Feshbach resonance,
so assigning an average value to each of these parameters would not be sufficient.
Therefore, a plot of each of these variables is displayed in fig. 4.10.
The statistical uncertainty of Kp for the thermal data is calculated in a similar
fashion as is done for the BEC data. The uncertainty depends on the initial number
of atoms, the fraction of atoms remaining, and the temperature of the atoms. The
uncertainty in number and fraction of atoms remaining is found in the identical
process as is done in eqn. 4.14. The temperature of the atoms is obtained by fitting
the axial dimension of the cloud to a gaussian density as described in Ch. 3. The
total statistical uncertainty is then given as

dKp

\fdN\2

(dFR\2

9 (dT\2

The statistical uncertainty for most of the data points is «20%. Typical uncertainties
for this data set are ~10-12% for the number and the fractional loss and ~ 8 % for the
temperature. Systematic uncertainties are discussed in Appendix A and are ~25%
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Figure 4.10
The a.) number, b.) density, c.) temperature, and d.) pulse duration
are plotted in relation the the Kp vs. B in a thermal gas in fig. 4.9. For the bulk of
the data, the number of atoms is between 1-3 xlO 6 atoms and the density is between 1lOxlO 12 c m - 3 arid the temperature is 8-18 fiK. The variation in these parameters arise
from, a reduction in number due to three-body losses near the Feshbach resonance and
what appears to be a systematic heating effect as the magnetic field is ramped through the
resonance. Although the temperature varies by nearly a factor of two, T ~ 2 — STC. The
the PA pulse duration was the largest around 710 G, which is the position of a node in the

ground state wavefunction. The duration was shortest nearest the center of the Feshbach
resonance where Franck-Condon overlap is the highest.
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being most strongly influenced by the uncertainty of the time-dependent shape of the
density distribution and magnification of the imaging system.
As with the rate data in a condensate, the optical trap and PA beamwaists
changed. The variations on the probe and optical trap conditions do not appear
to have an effect on the data so long as the PA intensity remains constant. The
thermal data agrees well both qualitatively and quantitatively with the BEC data in
fig. 4.8. The rate constants of a thermal gas and a BEC differ by about a factor of 2,
which is expected due to coherence in the second order density correlation function
in a BEC [68,91]. The same minimum in Kp appears around 710 G for both the thermal and BEC data, which indicates the field dependent reduction in the rate does
not depend on coherence in the gas. Both data sets also show that Kp approaches
an asymptotic limit at fields far below the Feshbach resonance. On the low field side,
far from the resonance, at a peak intensity of 1.65 W/cm 2 , the rate constant in the
thermal gas is ~ l x l 0 ~ 9 cm 3 /s. The rate constant observed for atoms in the |2,2)
state at T ~ Tc at this intensity was found to be 1.24xl0~ 8 cm 3 /s [15]. Changing
the magnetic field across the Feshbach resonance drastically varies the rate constant
to an observed high and low of 1.7xl0~ 8 and 1.2xlO -12 cm 3 /s, respectively. This is
a variation in Kp of ~10 4 across the Feshbach resonance.
The variation in Kp can be explained by the theory of ref. [11]. For a given
intensity and excited state vibration level, Kp only depends on the square of the
ground state wavefunction, |/o(-R)|2. This can be seen from the PA rate give by
eq. 4.4. The ground state wavefunction as R —» oo is
f0(R)^\/^sin(kR

+ 5),

(4.20)

where /x is the reduced mass of the collision, hk is the relative collision momentum,
and 5 = —ka is the elastic scattering phase shift. In the ultracold regime, kR =
2TCR/\

< 1 (at a temperature of 10 fiK and R=R c =103a 0 , kR = 0.16), where A is
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the thermal deBroglie wavelength, eq. 4.20 can be approximated as

UR)

~i^kKR~a)

(4 21)

-

where a is the s-wave scattering length provided kR + 5 <Cl. For a 10 fiK cloud,
this approximation only valid in range of ~-600 a0 < a <700 a0. This corresponds to
magnetic fields between ~725-745 G.
For PA to high lying vibrational levels, eq. 4.4 can be approximated using the
reflection approximation [11] by
r = 27r(y06 ){—)^5—,

(4.22)

where | ^ is the vibration level density at vibrational level n and
c

~

OR

p
tic

d -C,
OR R3

(4.23)

is the radial change of the excited state potential evaluated at the Condon radius. As
the magnetic field is increased from ~600 G, a is positive, but small as can be seen in
fig. 4.11. When a — Rc, fo^O&s

shown in fig. 4.12 for a high lying vibration level.

The blue curve is the radial part of the ground state wavefunction when a is small. As
the magnetic field increases approaching the Feshbach resonance, the outermost node
of the wavefunction moves radially outward. At a particular magnetic field, the node
will be located at Rc as illustrated by the red curve. At this field, the overlap between
the two states is virtually zero, resulting in |/(i? c )| 2 ~ 0. As the magnetic field and a
continue to increase near the Feshbach resonance, |/(i? c )| 2 becomes increasing larger
which results in a large increase of Kp.
The rate constant approaches different asymptotes on the high and low side of
the Feshbach resonance of ~3.5xl0~" 9 cm 3 /s and ~ l x l 0 ~ 9 , respectively. This can
be explained by the different values of the scattering length above and below the
resonance as illustrated in fig. 4.11. The scattering length at 600 G is ~5a 0 , whereas
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Figure 4.11
G center.

Scattering length of the |1,1) Feshbach resonance for 7 Li around the 736
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Figure 4.12
Illustration depicting the relative overlap of the ground state wavefunction
with the excited state at different magnetic fields. The blue curve in the ground state
potential is a radial solution of the scattering state. The black curve in the excited state
potential is radial solution of the bound molecular state. The red curve illustrates the
position of the outermost node of the ground state collisional wavefunction wave when
a = Rc. The potentials and waveforms are not to scale.
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at 900 G it is ~-50a 0 . The relative ratios between the two rates depends on the ratio
of |/o(-Rc)|2) which can be seen from eqn. 4.22. The ratio of the two rates can then
be approximated as

where a\ and a2 are the two different scattering lengths. For the v" = 83 vibrational
level, Rc=103a0. This leads to a difference in the expected PA rate constant of ~2.4
based on the difference in scattering lengths at 600 and 900 G. This compares with a
measured difference of ~3.5 of Kp at those two fields, which gives agreement to the
30% level without having a more complete solution to the ground state wavefunction
at the two different fields.
To further test this explanation of the dependence of the overlap between the
ground state and excited state wavefunctions, additional measurements of Kp were
taken for excitation to the adjacent v"= 82 and 84 vibrational levels in the region
of 710 G. A small shift in magnetic field position of the minimum was observed for
each of these transitions along with the v" — 83 level, as shown in fig. 4.13. The
first minimum occurs in the v" = 82 vibrational level at 708 G. The minimum for
v" = 83 and v" — 84 levels are seen at ~710 and ~711 G, respectively. The magnetic
field position of the minimum for each level increases with increasing vibrational
level. A visual representation of why the minima occur at different magnetic fields
can be seen in fig. 4.14. The ground state scattering length increases with increasing
magnetic field on the low side of Feshbach resonance. The first Condon radius that
the outermost node of the ground state wavefunction will reach will be that of the
v" = 82 vibrational level as a increases. As the magnetic field continues to increase,
the node will cross the Condon radii of the subsequently higher vibrational levels. The

magnetic field separation between the 82 and 83 levels is larger than the separation
between the 83 and 84 levels. This is a result of the rapid divergence of a for the
ground state wavefunction with increasing magnetic field.
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Figure 4.13
Measurement of the zero position of Kp for vibrational levels v"= 82, 83
and 84. The position of the zero in Kp is at a higher magnetic field for a higher vibrational
level.

Figure 4.14
Illustration of the relative size of the three excited state vibrational levels
v" = 82, 83 and 84 used to measure the nodal structure of the ground state wavefunction.
The higher vibrational level has a larger classical turning radius.

109

4.3

Lightshift vs. B

In addition to changing the rate of molecular formation, the presence of the PA
laser also couples the ground state and excited molecular state into a dressed state.
In this picture, the addition of the light field results in an intensity dependent energy
shift between the two states [92-96]. Experimental measurements of this predicted
resonant energy shift as a function of PA laser intensity have been observed in several different systems [15,24,97,98]. In each of these experiments, the observed red
(negative) light shift has been attributed to coupling between the excited bound state
and the density of continuum states [11,93]. The density of the continuum of states
is always greater for energies above the scattering energy than below it, giving rise
to a red shift of the transition. This red shift is considered to be the convention in
all near-threshold scattering [72].
While exploring the magnetic field dependence of Kp near the Feshbach resonance,
the intensity induced lightshift was also monitored for atoms in the |1,1) state to the
same t>"=83 vibrational level. Figure 4.15 shows a series of PA intensity dependent
molecular resonances in a thermal gas at a field of 775 G. A Lorentzian fit to each
resonance was used to locate the center position of the molecular transition. As with
previous measurements made in 7Li [15,98], the shift in the center of the resonance is
negative and linear with increasing intensity as indicated in fig. 4.16. The -4.80±0.08
MHz/(W/cm 2 ) slope of the lightshift at this field is substantially larger than measured
-1.7 MHz/(W/cm 2 ) shift for atoms in the |2,2) state to the same vibrational level at
1000 G that we measured previously [15].
The dominant origin of the systematic frequency uncertainty is from the calibration of a single free spectral range for the 300 MHz optical spectrum analyzer. The
output signal from the spectrum analyzer is sent to an oscilloscope. The amplitude
and rise time of the spectrum analyzer driver is adjusted until a single free spectral
range fills the entire width of the screen. The frequency scale is then calibrated by
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Figure 4.15
Intensity dependent lightshift in a thermal gas of 1.8xl0 6 atoms at a
temperature T~3T C ~9 fJ,K at a field of 775 G for the v" = 83 excited state vibrational level.
Molecular resonances from right to left taken at 6.4 W/cm 2 (black triangles), 24.2 W/cm 2
(red circles) and 45.2 W/cm 2 (blue squares). The frequency of the PA laser was referenced
to a laser locked to the 2S —> 3P atomic transition of 7 Li. The optical trap potential was
at a depth of 85 JJK with (27r)21 Hz axial and (2-7r)3.03 kHz radial trapping frequencies for
this data set.
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Figure 4.16
The center position of the PA transition resonance from fig. 4.15 is plotted
as a function of intensity. A linear fit to the data results in a -4.80±0.08 MHz/(W/cm 2 )
shift. This data was taken in a thermal cloud of atoms at a field of 775 G. The statistical
uncertainties are from the error in the fitted center position of the resonance (5y) and shot
to shot fluctuations in the PA intensity (Sx). The error bars on the vertical axis (frequency)
are smaller than the data points.

112

400380360^—^
N

X
^
'>•_*'

340.

>» 3 2 0 O

c

CD 3 0 0 3
O"
"
CD 2 8 0 -

260 H

240-^

Intensity (W/cm2)
F i g u r e 4.17
The center position of the PA transition resonance is plotted as a function
of intensity for a pure BEC of 1.2x10° atoms at a field of 728 G. A linear fit to the
data results in a +6.65±0.06 MHz/(W/cm 2 ) shift. The error bars represent the statistical
uncertainties in the frequency and intensity. Error bars not shown are smaller than the
data point. The optical trap parameters for this data set are u;z=(27r)3.5 HZ, o;r=(27r)180
Hz. and (7=260 nK.
scanning the frequency of a locked laser by 60 MHz and recording the corresponding
displacement across the screen. The systematic uncertainty in the frequency is ~ 4 % .
The systematic uncertainties in the intensity of the PA pulse in described in Appendix
A and is ~10%.
Measurements of the lightshift were also taken on the low side of the Feshbach
resonance in a pure BEC where the atomic interactions are repulsive. Figure 4.17
shows the shift in the center of the PA resonance as a function of intensity at a field of
728 G. In the BEC, the shift was measured to be +6.6 M H z / ( W / c m 2 ) , the first known
documentation of a blue (positive) shift. The magnitude of the shift is much larger
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than any predicted frequency shift in a condensate [99]. As with the value of Kp, the
light shift appears to have a magnetic field dependence also. The uncertainty in the
frequency of each data point is the standard error in the center of a Lorentzian fit to
the molecular resonance at each intensity. The statistical uncertainty in the intensity
is from the shot-to-shot fluctuations in the PA intensity while taking a molecular
resonance for each data point and are obtained from monitoring a photodiode. The
actual value was no recorded for each shot but, the maximum intensity fluctuation
(~10%) was recorded along with the number of shot to get an approximate statistical
error of 3%.
Further measurements of the lightshift were taken between fields of 480-900 G in
both a thermal gas and a BEC. The slope of the shift is plotted as a function of
magnetic field in fig. 4.18. Since the initial parameters for the thermal data have a
large variation over the range of magnetic fields, the number and T/Tc are plotted
in fig. 4.19. The statistical uncertainty in the number is relatively high, ~20%, since
only the center position was measured and not a good background of off resonant
data. The variation in the number is mostly influenced by high loss rate near the
Feshbach resonance, which can be seen by the sharp dip in number around 736 G.
The small dip around 550 G is only an artifact of a lower number of atoms loaded
into the optical trap on those days. The measured lightshift in fig. 4.18 exhibits no
indication of a temperature dependence as the shift is the same for a thermal gas of
~7TC as for a pure condensate at T ^0 to within the uncertainty of the measured
lightshift slopes.
As the Feshbach resonance is approached from low field side, the measured lightshift slope crosses through a zero near 710 G then becomes large and positive near
the resonance. The zero crossing occurs at the same magnetic field as the zero in the
measurement of Kp. On the high side of the Feshbach resonance, the sign of the shift
reverts to a negative value. The difference in the slope between the thermal data and
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Figure 4.18
Slope of the intensity dependent lightshift as a function of magnetic field
for PA to the v" = 83 vibrational level. The error bars are the standard error of the fitted
lightshift slope at each field (see figs. 4.16 and 4.17). Error bars not shown are smaller than
the data point. The systematic uncertainty in the slope is dominated by the uncertainty in
the PA intensity and is ~11%. The black data points are measurements of the light shift
taken in a thermal gas while the red data points are for a BEC. The slope of shift is negative
(red shifted) at all fields except between 710-733 G where a > Rc. The temperature for
the thermal data is concentrated between 7-11 fxK for fields below 800 G. The few points
nearest the center of the Feshbach resonance and above 800 G are ~16 /JK. The optical trap
parameters for the thermal data are COZ=(2TT)20 HZ, ay=(27r)3 kHz, and £/=85 /JK. For the
BEC data, they are U; Z =(2TT)3.8 HZ, wr=(27r)200 Hz, and [7=400 nK.
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Figure 4.19
The upper graph displays the number of atoms at each magnetic field for
the thermal data points in fig 4.18. The standard deviation in the number is ~20% for
each data point. The number is greatly reduced around the center of the 736 G Feshbach
resonance where three-body loss rates are high. The number of atoms for the BEC data
points varied between 1-3x10° which was primarily due to the higher loss rate near the
Feshbach resonance but also partly attributed to day to day variation in the condensate
number. The lower graph shows the relationship of the temperature of the thermal gas with
respect to Tc, the condensate transition temperature. The thermal data ranges from 2-4Tc
for most of the data except the center of the Feshbach resonance where it spikes to ~7TC.
The temperature of the BEC data is at T f=»0 as there is no discernable thermal component,
in the density distribution. The slopes (plotted in fig. 4.18) were measured to be the same
in both a thermal gas and a pure BEC for a given magnetic field.
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BEC data in figs. 4.16 and 4.17 is due only to the difference in magnetic fields.
Both the divergence and the sign inversion of the light shift are explained by the
changing ground state wavefunction of the atomic state in response to the Feshbach
resonance. The PA lightshift of the resonance position is given in ref. [11] as

Ex = -27r(V0rbad)2 J dRcj>b(R)go(R) J dR'MR'^iR').

(4.25)

This is similar to eq. 4.4 except for the addition of the "irregular" solution to the
ground state wavefunction [10],
g0(R)^^^cos(kR

+ 8).

(4.26)

At ultracold temperatures and small scattering lengths, go(R) ~ ( ^ i ) 1 ^ 2 i s a

con_

stant. Thus, it has no effect on the magnetic field dependent shift. By a similar
argument, the bound molecular state, <f>b(R), is also unaffected by the Feshbach resonance. Since the slope of the lightshift is what is plotted infig.4.18, the intensity of
the PA beam has been factored out of eq. 4.25, leaving fo(R) as the only contributing
term to the shift.
The reflection approximation can be used again to estimate the frequency shift of
the resonance given by
T?
El
= „v

dE

r{/rad\2f

}

\fo{Rc)9o(Rc)

< »> W—K—•

„,
(4, .27)

-

0

The parameters Dc and go{Rc) are always positive while dE/dn is always negative.
This leaves the relationship E% oc —fo(Rc)- Unlike the scattering rate, which depends
on |/(i? c )| 2 , the lightshift only depends on f(Rc).

Looking back at eq. 4.21, fo(R) ~

Ck(Rc — a) at very low energies and small scattering lengths. For a < Rc, f(Rc) is
always positive. This results in a negative lightshift. At a = Rc the lightshift is zero.
For a > Rc, the sign of f(Rc) becomes negative, resulting in a blue shift in the energy
of the PA transition. On the high side of the Feshbach resonance, the scattering
length flips from positive to negative, which forces f(Rc) positive, resulting in a red
energy shift.
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4.4

Saturation in the PA Rate

All of the measurements presented thus far have been for PA in the low intensity
regime in the presence of a Feshbach resonance. The rate has been shown to have a
strong dependence on the magnitude of the scattering length. The PA rate is also
influenced by the laser intensity [11]. As the intensity of the PA laser increases, so
does the rate of PA. The rate increases as (V0r6ad)2, as defined in eq. 4.4, which is
proportional to the intensity / . Therefore, at low intensities, the PA rate is linearly
dependent on i". By utilizing both the magnetic field and laser intensity, the tunability
of the molecular formation rate becomes enormous.
The inelastic PA rate constant was first defined as {av) to describe observed spectra in Na collisions [89]. The theoretical treatment was further expanded to include
spectra where the temperature, kBT, is small compared to the natural linewidth, 7,
to coincide with advances in laser cooling [73]. The on-resonance rate constant for a
Maxwellian distribution with s-wave collisions is given by

hQT hi. + 7sCO]2
where QT = ((2TTnk B T)/h 2 )^ 2 , fj, is the reduced mass, j p is the natural linewidth
(same as 7), and ~fs is the stimulated emission linewidth. In the context of ref. [73]
and this thesis, 7=7 P + j s - The maximum rate constant occurs when 7S = 7 P . This
results in
Kp(max)

= ^ .

(4.29)

This physical limitation that prevents the collisional rate from becoming infinite as
the intensity approaches infinity is known as the quantum mechanical unitarity limit
[11], Kp oc 1/VT. Unitarity limited saturation of the PA rate has been experimentally
observed in several experiments with T >TC [14-20].

118
4.4.1

Thermal

The magnetic field dependence of the PA rate discussed in the previous section
displayed no indication of saturation. This is somewhat expected since all the data
presented thus far were taken at a low intensity of 1.65 W/cm 2 . To confirm the results
of our previous paper [15], we again investigated an intensity dependent PA rate in
the |1,1) state. The most obvious place to look for saturation was near the peak of
the Feshbach resonance where the rate is dramatically enhanced. From fig. 4.9 the
Franck-Condon overlap is clearly asymmetric with a larger overlap on the high side of
the Feshbach resonance. This is advantageous for intensity dependent measurements
in a thermal gas where the overlap is large fairly far from the Feshbach resonance
where losses due to three-body collisions are reduced.
Measurements of the intensity dependence of Kp in a thermal gas were taken at
755 G. The pulse durations for these measurements fell into the regime where r ~ JU
as was the case of the measurement of Kp vs B in a thermal gas in fig. 4.9. The
average value of Kp is shown in fig. 4.20 using the two different analysis methods
described earlier in the chapter. A linear fit to the data for intensities between 1
mW/cm 2 and 0.41 W/cm 2 gives a slope of 7.7±l.lxl0~ 9 cm 3 s _ 1 /(W/ c m 2 )- Since
only the saturation and rollover in the rate were the goals of this measurement, only
the three data points were used to fit the low intensity region. The large overlap
results in maximum measured value of Kp = 8.7xl0 - 9 cm 3 /s at an intensity of 6.6
W/cm 2 . Above this intensity, Kp continually decreases up to the highest intensity of
47 W/cm 2 to a measured value of 3.6xl0~ 9 cm 3 /s. This rollover in the rate has long
been predicted [11,100] but, heretofore never observed. The data are fit (weighted) to
eq. 4.28 where Kp(max), eq. 4.29, and 7 S (/) are fit parameters. The fit agrees very well
with the data with fit parameters of i^ p ( mai )=9.5±0.5xl0~ 9 cm 3 /s and 7 S (/)=4.1±0.4
W/cm 2 .
The statistical uncertainty in the intensity is ~ 3 % for the data in fig. 4.20 due to
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Figure 4.20
Plot of intensity dependence of Kp in a thermal gas to the v" = 83
vibrational level at a field of 755 G. The error bars are obtained from the uncertainty in
number, temperature and signal size as described by eqn. 4.19 and are dominated by the
shot-to-shot fluctuations in the Gaussian fit to the cloud. Before the PA pulse, 7.3±0.2xl0 5
atoms were trapped with a peak average density of 7.5x 1011 c m - 3 . The average temperature
was 16.8±0.75 /xK where the uncertainty is the standard deviation of temperature of all of
the data. A 560 /mi PA beam waist was used to produce an intensity range of 1 mW/cm 2 to
47 W/cm 2 for the PA pulse. The pulse duration varied between 0.21-2 ms. The rate is linear
at low intensities but quickly saturates to 9.5x10"' cm 3 /s at an intensity of 4.1 W/cm 2 .
Kp decreases at higher intensities to a minimum measured value of 4.2x10" cm /s at
the highest intensity. The optical trap parameters for this data were ^ = ( 2 ^ ) 2 0 . 3 Hz,
wr=(2vr)2.98 kHz, and £/=85 fjK.
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shot-to-shot intensity fluctuations. The statistical uncertainty for the intensity was
measured by the same method as described in the previous section on the lightshift.
The systematic intensity uncertainty is further discussed in Appendix A. The error
bars in fig. 4.20 are statistical uncertainty in the initial number, the fractional loss,
and the temperature. The number of atoms for each data point are all within 5% of
the average number except for the two lowest intensity points which had 6x 105 atoms.
The temperature had a similar distribution with all of the data falling between 16.517.5 fiK except for the two lowest data points which were at 15.5 //K. The systematic
uncertainty in Kp is estimated at ~30% and is dominated by the uncertainty in the
density evolution during the PA pulse and the magnification of the imaging system.
The observed saturation at such a low intensity in fig. 4.20 brings the about the
question of whether or not saturation distorts the measurements of Kp in fig. 4.9
in a thermal gas near the Feshbach resonance. At an intensity of 1.65 W/cm 2 , the
value of Kp would be 1.27xl0~8 cm 3 /s at 755 G based on the low intensity slope of
7.7±l.lxl0~ 9 cm 3 s _1 /(W/cm 2 ) compared to a measured value of ~ l x l 0 ~ 8 cm 3 /s,
which is about 30% lower. This would lead to an artificial compression of the measured
rate constants around the center of the Feshbach resonance for our measurements in
fig. 4.20. This would most significantly affect only the highest measured data point
at 745 G which would likely be more than a factor of two higher in the absence
of saturation. The effect of the reduced rate is negligible for the other data points
where the coupling decreases further from the Feshbach resonance. A investigation
of the intensity dependence of Kp would have to be done to fully assess the effects of
saturation in fig. 4.20.
The maximum rate according to the unitarity limit in eqn. 4.29 is Kp^max^ =
4.2 x l O - 9 cm 3 /s for a 16 /JK cloud, which is about a factor of two smaller than what
is measured. The experiment by Kraft et al. [16] also reports a ~40% higher measured
rate than that predicted by eqn. 4.29, which is the maximum rate in the Bohn and
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Julienne theory [11]. However, Kraft et at. attribute the difference to limits of the
accuracy of their measured values of Kp.
The disagreement between the measured value and the predicted value is currently
not understood. It may be related to a breakdown of an assumed energy independent coupling in the Bohn and Julienne model [11]. The PA rate in that model
are determined by a semianalytical theory based on the coupled-channels model for
laser-assisted collisions [12]. In the theoretical work by Kallush et al. [100], the cold
collisions are modelled using the numerical grid method [101-103] to determine the energy eigenstates of the system. From this energy representation, physical parameters
of the system including energy shifts, line shapes, and trap loss rates are computed,
to provide numerical solutions for PA lineshapes, rates, and energy shifts.
A comparison of this theory is make with the theory of B&J for

23

Na at a tem-

peratures of 200 nK and 20 /iK. At the low temperature, the grid method predicts
saturation at a lower level (4xl0~ 9 cm 3 /s) than the B&J theory (6xl0~ 9 cm 3 /s).
With our large coupling due to the Feshbach resonance, we could conceivably measure the difference between these two rates. At the higher temperature of 20 /iK, the
grid method predicts saturation at a rate a factor of two higher than B&J prediction
(1.4xl0~ 9 cm 3 /s compared with 0.7xl0~ 9 cm 3 /s). This is approximately the temperature of our measurements in fig. 4.20 where we observe saturation at ~ 9 . 5 x l 0 - 9
cm 3 /s when B&J predict 4.2xl0~~9 cm 3 /s. The difference between the two different
saturation levels for the different temperatures are not explained but, are most likely
due to an approximation of the energy dependence of the contiuum [100]. The authors
of ref. [100] do not explicitly elaborate on the difference between their calculations
and the constant coupling approximation of ref. [11] other than the thermal width of
the contiuum is no longer negligible and the constant coupling approximation breaks
down. This theory may also possibly explain why our previous measurement of saturation of Kp at Tc in a degenerate non-condensed gas [15] are ~10% higher than what
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F i g u r e 4.21
Molecular resonance for the v" = 83 vibrational level in a thermal gas at
755 G at an intensity of 35.5 W/cm 2 . A Lorentzian fit to the data gives a width of 110±10
MHz.
is predicted by B&J.
In addition to saturation, significant broadening of the molecular resonance was
observed at the highest intensities, consistent with power broadening.

A molecu-

lar resonance taken at 35.5 W/cm 2 , far above saturation, is shown in fig. 4.21. A
Lorentzian fit to the data gives a linewidth of 110±10 MHz. The intensity at which
the stimulated scattering rate, 7 S , equals the natural linewidth, j p , is defined as the
saturation intensity. Thus, we obtain the relationship I/I3at

= T/7 P . The width of

the resonance is then given by
Sf = Is + 7 P = 1P (1 + -;— ) •
\

(4.30)

J-satJ

Solving eq. 4.30 for Isat with the experimentally measured linewidth gives a saturation
intensity of 4.3±0.4 W/cm 2 . This is in good agreement with the intensity dependent
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probability fit parameter Isat in eq. 4.28.
Although saturation is clearly evident in fig.4.20, the maximum measured rate at
which saturation occurs (~9.5xl0 - 9 cm 3 /s) is more than a factor of two larger than
the unitarity predicted rate of eqn. 4.29 (4.2xl0~ 9 cm 3 /s). However, the maximum
rate may have some temperature dependence [100] that does not scale as T - 1 / 2 as
described in the theory of ref. [11], which encourages future measurement of the
saturation rate at various temperatures.
4.4.2

BEC

Several papers have proposed mechanisms for rate limits due to PA in a BEC
[11,21,22,104] but, thus far, only one group has experimentally studied PA in a
pure BEC of Na [24]. In this PA experiment, the unitarity limit is much larger than
experimentally achievable PA rates so, saturation due to unitarity was not expected
at the highest intensity of 1.1 kW/cm 2 . The unitarity limited rate constant is found
by expressing eqn. 4.29 in terms of the characteristic length of the system, L, as
K; = (h/m)L.

(4.31)

In this equation, L = 1/k = A/(27r), where A is the de Broglie wavelength. In a BEC,
this corresponds to the size of the cloud which is given as 15 /im in their paper. The
unitarity limit is then Kp~3xl0~ 7 cm 3 /s for a Na BEC, which is nearly 3 orders of
magnitude larger than their maximum observed rate.
A many-body theory predicts saturation may occur in a condensed gas at a maximum rate of
Oh

(4'32)

*£•» - mn
w T1 i

due to dissociation of the molecules into hot atom pairs [21]. The maximum measured
rates by McKenzie et al. [24] were of ^Q,2K^ax,

well below the dissociation limit.

Their measurements showed no evidence of saturation. In our previous rate measurements at T ~ Tc [15], the maximum measured rate was ^O.QK^ax.

This is close to
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Figure 4.22
Intensity dependence of Kp in a BEC at 732 G. The black squares were
taken with 1.5xl0 5 atoms with an average i?ZTF=500 /j,m and an axial trapping frequency
w2=(2-7r)4.53 HZ while the red circles had 3.7x 105 atoms with an average RZTF=900 yum and
tuz=(27r)2.65 Hz. The radial trapping frequency and trap depth were wr=(27r)200 Hz and
U ~400 /JK for all of the data. The peak density was 1.5±0.1xl0 12 c m - 3 (average over all
of the data) and the PA beamwaist was 560 /im for all this data. The solid line is a weighted
fit to the data (weighted) using eqn. 4.28 with the parameters Kpmax — 1.41±0.05xl0~ r
cm 3 /s and Isat = 26.5±1.4 W/cm 2 . The dashed line is a linear fit to the low intensity data
(up to 2.5 W/cm 2 ) with a slope of 1.60:t0.05xi(r 8 c m 3 S - 1 / ( W / cm 2 ). T h e error bars are
the uncertainty in Kp due to the standard deviation in the number, fractional loss, and
Thomas-Fermi radius.
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the proposed limit but there may be additional numerical factors not included in the
calculation [23].
We present experimental data of Kp in a BEC as a function of intensity at a field
of 732 G with no discernable thermal component. At this field the scattering length is
~1000 oo- Due to the very large Franck-Condon overlap, the PA pulse durations are
very short, ranging from 4 to 50 /is. Figure 4.22 shows the PA intensity dependence
of Kp up to 20 W/cm 2 . The peak density is between 1.4-1.7xl012 cm" 3 for all of
the data except for the highest intensity data point which has a density of 1.25xl0 12
cm - 3 . At intensities above 20 W/cm 2 , an additional loss of atoms was observed at
all frequencies which is attributed to dipole forces from the PA laser. At the highest
intensity of 20 W/cm 2 , the radial trapping frequency was (27r)100 HZ, about half the
optical trap radial frequency.
Saturation in Kp is observed at a maximum value of 1.4 x l O - 7 cm 3 /s. The maximum observed value of Kv is nearly a factor of 10 larger than any previous measurement of Kp. This maximum rate constant can be compared with the unitarity
limited saturation in a BEC, which arises from the maximum kinetic energy between
colliding atoms. As T —>0 A —• oo but, a trapped condensate has a finite size. The
most energetic collisions are between the most tightly confined atoms which is along
the radial dimension of the trap. For the BEC's at 732 G, A = 2RrTF —20 /im. Using
this length in eqn. 4.31 results in a unitarity limited rate constant of

Kp=1.8xl0~7

cm 3 /s for 7Li, which is reasonably close to our highest measured value for Kp.
Another explanation for the saturation is from rogue photodissociation [21], where
the upper limit of the rate constant is given by eqn. 4.32. The peak density of 1.5x 1012
cm" 3 results in a maximum rate constant of 4.8x 10~8 cm 3 /s due to photodissociation,
which is nearly a factor of 3 lower than our highest measured values.
However, more recent theoretical work predicts three different regimes of photoassociation: the coherent regime, the rogue dissociation regime and the adiabatic
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regime [105]. The adiabatic regime is the most familiar, which has been assumed
thus far in this chapter, where the rate constant does not vary throughout the photoassociation process and is associated with weak coupling between the atomic and
molecular state (i.e. low laser intensity). In the coherent regime, the atom-molecule
coupling is much stronger than both the atom-atom coupling and the coupling of the
molecules to other decay channels resulting in a coherent conversion between atoms
and molecules (i.e. very high laser intensity). Finally the rogue dissociation regime
falls between the coherent and adiabatic regimes (i.e. high laser intensity).
The three different regimes are determined by the timescale of the PA pulse relative
to the two-body timescales tw and tA [22]. They are defined in terms of the rate
coefficient as
h\3

(

16

and

"-T(T)'(*)'Note that we define 7 m , the natural molecular linewidth, in terms of frequency whereas
ref. [22] defines j

m

in terms of energy. Therefore, 7 m —> ftqm in their paper in order to

get the correct units and arrive at eqns. 4.33 and 4.34. For our maximum measured
value of 1.4xl0~ 7 cm 3 /s, this corresponds to tw=44 ps and £^=33 /is. At intensities
above 10 W/cm 2 , r <10 (is, which is very near the rogue dissociation regime of
tw <Cr<C£ A [22].
In both the coherent and rogue dissociation regime, the rate coefficient is not
constant but, is time dependent [22,106]. The coherent regime is considered to be
out reach of realistic densities and laser intensities [105] so, only the rogue dissociation
regime will be considered. In this regime, the rate constant approaches a "universal"
limit of
K V

4 / h\

3//2

r (*) = -{-)

St,

(4.35)
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Figure 4.23
A plot of the "universal" limit for the number of atoms remaining as a
function of PA pulse duration for a peak density of 1.5xl0 12 c m - 3 is shown in the blue
curve. For comparison, the purple curve shows the number of atoms remaining as a a
function of PA pulse duration for a constant value of Kp of 1.4xl0 - 7 cm 3 /s. The addition
of the rogue dissociation reduces the rate of molecular loss resulting in a saturation of the
measured rate constant.
which only depends on the mass of the atom, m, and the time of the PA pulse, t.
In ref. [22], the authors show that the many body rogue dissociation of molecules
[21] is just a manifestation of transient two-body collisional dynamics. A plot of
the expected fraction of atoms remaining for as a function of pulse duration for a
peak density of 1.5 xlO 1 2 c m - 3 when inserting eqn. 4.35 into eqn. 4.7 is shown as the
blue curve in fig. 4.23. When compared with the time evolution of a constant rate
coefficient (shown in purple), the rate at which atoms are lost is significantly reduced
when the time dependent rate coefficient is considered.
The effect of saturation due to a time dependence of the rate coefficient are better
understood when comparing the atom loss with and without the time dependence
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Figure 4.24 This plot is provided by Pascal Naidon [107] to show the effect of saturation
in a BEC due to rogue dissociation in reference to our data in fig. 4.22. The peak density of
the condensate in this calculation is 2xl0 1 2 c m - 3 . The coupling strength was determined
from the low intensity of our data in fig. 4.22. The blue lines are show the number of atoms
remaining after a given duration of photoassociation pulse for an intensity of 1 W/cm 2 . The
green is for 4 W/cm 2 and the red is for 10 W/cm 2 . The dashed lines represent the usual
theory without the time dependence of Kp while the solid lines represent the full calculation
including the time dependent. The black dotted line is the universal rogue dissociation limit
defined in eqn. 4.35.
at several different intensities.

A theoretical plot base on the measured coupling

strength of the PA transition in fig. 4.22 has been provided by Pascal Naidon [107]
and is shown in fig. 4.24. The number of atoms remaining after a given PA pulse
duration is compared for a constant rate coefficient (the dashed lines) and a time
dependent rate coefficient (the solid lines). As the intensity of the PA laser increases,
saturation occurs in the time dependent case as the loss approaches the "universal"
limit from eqn. 4.35. As the saturation occurs from a time dependence in the rate
coefficient, it is not straightforward to compare out maximum measured value of
Kp with the theoretical predictions of ref. [22,106]. A better experiment would be
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Figure 4.25
Illustration of the three level system of an atomic condensate (labelled
|0)) coupling to two molecular levels through photoassociation (PA) (labelled |1)) and
magnetoassociation (MA) (labelled |2)). The coupling strength between the atoms and
PA molecules is defined as fii while and the coupling strength between the atoms MA
molecules is defined as f^. The detuning from the atomic level to the PA and MA levels are
#o and UQ, respectively. The two molecular levels also couple to a quasicontiuum (QC)of
non-condensate states (labelled Q3), which results in a loss of atoms from the three-level
system.
to measure Kp as a function of r which could then be directly compared with the
theory.
A third theory of magnetoassociation which involves photoexcitation of bound
Feshbach molecules to the excited state also predicts saturation of the rate constant
[23,108]. In this three-level picture, the Feshbach resonance adds an addition coupling
channel between the atomic condensate and molecular bound state in addition to the
photoassociation coupling as illustrated in fig. 4.25. The addition of the Feshbach
molecular level (labelled |2) in fig. 4.25) adds an additional term to the standard
atom-molecule photoassociation coupling that determines the rate coefficient.

The

additional term depends on the detuning from the Feshbach resonance, the coupling
to the Feshbach molecules f22, and the coupling to the quasicontiuum (QC) O3. Since
f23 couple to both the FB molecules and MA molecules, the QC functions as a virtual
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state between the two molecular levels. This additional coupling explains both the
dip in Kp as a function of magnetic field (figs. 4.8 and 4.9) and the field dependence
in the slope of the lightshift fig. 4.18.
A comparison between this cross-molecular coupling theory and our data in fig. 4.22
show reasonable agreement in both intensity dependence of Kp and the measured
lightshift at 732 G. The rate constant is then roughly limited by the rate of converting atoms into Feshbach molecules [23] by
pKfA

« p - = 16™,,

(4.36)

i 2

where u)p=hp2/3/m

and p is the density. This estimate is best approximated near

the Feshbach resonance and the exact result at B =732 G is 0 . 3 5 J F ^ J 4 = 1 . 4 X 1 0 - 7
cm 3 /s using a peak density of 1.5xl0 1 2 c m - 3 in a nearly pure BEC. This prediction
has excellent agreement with our maximum measured rate constant in fig. 4.22. The
predicted lightshift of 13 MHz/(W/cm 2 ) does not agree quite with our measured shift
of 10.5 MHz/(W/cm 2 ) but does give the correct blue shift.
It is currently unclear whether saturation arises from a unitarity limited collisional rate, a universal rate limit based on rogue photodissociation or coupling of
Feshbach molecules to the excited state. All three predictions give reasonably good
agreement with our measured maximum value of the rate constant. There are several
experiments that possibly differentiate between the three methods. The unitarity
limit could be differentiated from the other two mechanisms by making the trap more
symmetric while maintaining the same peak density. By using a cross beam dipole
trap and reducing the radial frequency of the trap, we could increasing the size of
the BEC in that dimension. The unitarity limit, which scales as the length of the
smallest dimension of the condensate, would increase as the radial dimension was
relaxed while maintaining the same peak density. If Kp was observed to increase
with the weaker radial confinement, then the saturation would be a consequence of
unitarity otherwise, it would be a consequence of a time dependent rate coefficient
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(rogue dissociation) or the cross-molecular coupling magnetoassociation.
In order to distinguish between these two mechanisms, one experiment would be
to measure the number of atoms remaining as a function of PA pulse duration at
several different intensities as shown in fig. 4.24. This could then be compared with
the theory of ref. [22,106]. However, a better method would be to vary the density of
the condensate. In the MA theory, the rate coefficient scales as p - 1 / 3 while in the time
dependent theory, there is no density dependence. If the saturation level changes with
density, then it can be attributed to the MA model. The most conclusive experiment
to distinguish these two mechanisms would be to perform the measurement closer to
the Feshbach resonance. This is difficult as the three-body loss rate becomes very
large but, both the density would decrease and the atom Feshbach molecule coupling
would increase resulting in a higher saturation limit in the cross-molecular coupling
theory.

4.5

Finding the Resonance

The position of the molecular resonance also changes depending on the initial
hyperfine state. This should be apparent as different hyperfine states have different
energies. PA involves collision between two atoms that do not necessarily have to be
in the state. In this section, I consider three different collisions involving the two used
hyperfine states discussed throughout this thesis. The three collisions are between
pairs of |2,2) atoms, between pairs of |1,1) atoms, and between pairs of |2,2) and
|1,1) atoms.
4.5.1

Resonances at low magnetic field

The |1,1) atomic state is energetically 803.53 MHz below the |2,2) state at zero
magnetic field. In order to find the excited state molecular resonance, one would
expect this shift to account for the difference in the position of the PA resonance
between the two states. However, this simple picture only considers the energy sepa-
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quantum number

composition

representation of

k

k

orbital angular momentum
electronic spin
atomic nuclear spin.
total atomic spin

—»

5

u

k

fi

Si + ii

s

5+ 5

I
G
N

i'i + i'j

fj. + fj
v%

1

vj

total electronic spin
total nuclear spin
total spin
total orbital angular momentum

Table 4.1 Angular momentum of atoms (lower case letters) and two-atoms states (upper
case letters).
ration between the atomic ground states. To be complete, we must include the excited
state molecular hyperfine structure as well. The hyperfine Hamiltonian for ultracold
collisions is dominated by the magnetic dipole interactions. A detailed derivation of
the Hamiltonian has been realized for the energy splittings [30], so I will only briefly
describe details unique to this experiment.
The ground state energies for 7 Li are obtained by diagonalizing the hyperfine
Hamiltonian. In the case of two colliding atoms, the angular momentum determines
the energy of the particles. A list of relevant quantum numbers for colliding atoms
is given in table 4.1. The spin angular momentum of an atom is ft — h + Si where
i\ and s\ are the nuclear and electronic spin of the atom, respectively. The total
molecular spin and orbital angular momentum are G = f\ + f2 and N. This provides
all of the relevant quantum numbers for the ground state molecular energy which are
iV, fi, f2, and G. With the basis set established, the energy of the scattering state is
given by
ENhhG

= ^ [ / i ( / i + 1) + / 2 ( / 2 + 1) - 9].

(4.37)

The coefficient <i2S is the 2si/2 atomic hyperfine constant for 7 Li which has a value
of 401.8 MHz [109]. Presently, only the |2,2) and |1,1) states are used in the optical
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fi
1
1
2

h
i
2
2

Energy (MHz)
-1004.5
-200.9
602.7

Table 4.2 Ground state energies for / — 1 and f — 2 atoms during collisional exchange
in reference to the center of gravity.
trap, so I will only calculate the energies of collisions involving these two states. There
are three possible collisions that can occur involving these atoms, and their energies
are given in table 4.2 relative to the "center of gravity" of the 2s\/2 ground state
(i.e. neglecting hyperfme interactions).
The energy splittings of the excited molecular state are calculated relative to the
2si/2 + 2pi/2 excited state asymptote. The dominant hyperfme interaction for the
excited state comes from coupling between the nuclear and electronic spins of the
form bS • I. The coefficient b arises primarily from the Fermi contact interaction
[110], while S and / are the total electronic spin and total nuclear spin as defined in
table 4.1. The excited molecular state for our system is in a E potential. For this
potential, the total electronic orbital angular momentum along the internuclear axis,
A, is equal to zero. This is an example of Hund's case b@s where the electronic and
nuclear spins are coupled, resulting in a total spin of G = S + I [111]. Therefore, the
relevant quantum numbers for the excited molecular state are N, S, I, and G. The
energy levels of the excited state are split and are given by
ESiG = \[G{G + l)-S(S+\)-I{I

+ \)},

(4.38)

where the coefficient b, the Fermi contact term, is ~ | a 2 s [30,112].
The expected energy shifts will assist in locating the position of the resonance of
atoms in the |1,1) state relative to the |2, 2) state. The transitions are identified by the
notation \Nfif2G)

—> \NSIG).

In previous experimental work, PA of ultracold |2, 2)

atoms in a magnetic trap at a high bias field to various vibrational levels only observed
a single resonance peak [15,98]. Whereas when the experiment was performed in a
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Figure 4.26 Molecular resonances for the v" = 64 iV = 1 level of the l3Ylt
taken from ref. [30].

°f TLi2

MOT, several resonant peaks were observed [29,30]. The |0224) —> 11134) transition
was observed in the magnetic trap experiments since it is the strongest transition.
The explanation for the single peak is that only the single mF = 2 state exists in the
magnetic trap experiments, resulting in only the G = 4 ground state being populated.
For this value of G, the excited state energy is 301.35 MHz from eq. 4.38. Making
a similar argument for atoms in the |1,1), G = 2 state results in a |0112) —> 11132)
transition which has an excited state energy of 401.8 MHz at zero magnetic field. To
get the relative energy splitting between the |2, 2) and |1,1) state, the energy splitting
of the ground state is added to the excited state splitting resulting in a net frequency
difference of 904.05 MHz. The relative frequency between these two transition has
been previously measured in MOT and they are shown in fig. 4.26. The splitting
between these two resonances was measured to be ~960 MHz.
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To initially detect the molecular resonance, the atoms were confined in the optical
trap at a magnetic field of 2 Gauss. This was to provide conditions most similar to the
previous measurements in a MOT [30]. The detected resonance was from a collision
between pairs of atoms in the |2,2) hyperfme state. The black data points in fig. 4.27
display the fraction of trapped atoms remaining in the |2,2) state following a short
PA laser pulse tuned to the v" = 83 vibrational level of the l 3 J2t excited state. The
atoms were detected by using on-resonant absorption imaging. Since the objective
is to find the position of the |1,1) resonance, only the relative center position of the
resonance is needed, and therefore, the |2,2) resonance is set to zero as a reference.
The relative frequency of each data point from the PA pulse was referenced to a laser
locked to the 25*1/2 F = 2 to 2P 3 / 2 F = 3 hyperfine transition using a Coherent 300
MHz optical spectrum analyzer. The center of the resonance was located using a
Lorentzian fit to the data.

After detecting the transition for a pair of |2,2) atoms colliding, a R F sweep was
applied to transfer the atoms into the |1,1) state. The red data set in fig. 4.27 is
collisional resonance between pairs of |1,1) atoms. The frequency separation between
the peaks of the black and red data sets is measured to be 935±22 MHz which agrees
reasonably well with the previously predicted value of 904 MHz. The primary source
of uncertainty arises from the frequency calibration of the optical spectrum analyzer.
A third resonance peak also was detected and is shown in blue in fig. 4.27. In order
to produce this resonance, a faster R F sweep generated ~ 5 0 / 5 0 mixture of |2, 2) and
|1,1) atoms. The |1,1) atoms were imaged for this data set. The frequency separation
of this resonance is measured to be 443 ± 1 1 MHz. This was ~ 4 0 MHz higher than the
expected value of 401.8 MHz. Using the measured position between these resonances,
we calculate the Fermi contact term for this data to be 93.1±3 MHz which agrees
well with previous experimental results using the l 3 ^ ^ state [30].
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Figure 4.27
Molecular resonances for the v" = 83 l 3 ^ 1 " excited state at a magnetic
field of 2 G. The black, blue and red data set are for collisions between a pair of |2, 2) atoms
(the |0224) -» |1134) transition); a |2,2) and a |1,1) atom (the |0123) -»• J1133) transition);
and a pair of |1,1) atoms (the |0112) —+ (1132) transition), respectively.
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F i g u r e 4.28
Molecular resonances for the v" = 83 l 3 ^ g " excited state at a magnetic
field of 484 G. The leftmost resonance is a result of a |2,2) <-» |1,1) collision while the
right-hand resonance is due to a pair of |1,1) atoms colliding.
4.5.2

M a g n e t i c field d e p e n d a n t resonance shift

Most of the interesting physics occurs at the high field near the Feshbach resonance. The first attempt to locate the PA resonance in the high field in the |1,1)
state was unsuccessful; no resonance was seen at the same frequency where it had
been observed in the low field. So, we decided to track the location of the resonance
peaks as the field increased, as we believed there may be some magnetic field dependence in the location of the transition. Due to restrictions on imaging frequencies,
we began by taking a PA resonance at 484 G, the lowest magnetic field at which
the |1,1} atoms could be observed. Figure 4.28 contains a pair of resonances for a
mixture of |2,2) and |1,1) atoms. The resonance on the left is a result of collision
between |2,2) and |1,1) atoms, while the one on the right is a result of pairs of |1,1)
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F i g u r e 4.29 Relative frequency difference of the PA transition between pairs of colliding
|1,1) atoms and pairs of colliding |2, 2) atoms as a function of magnetic field.
atoms colliding. When compared to the resonances in fig. 4.27, it is apparent that
the position of the resonance has shifted from the low field value. The resonance due
to the |1,1) atoms is now 772 MHz shifted from the low field pair of |2,2) atoms. The
|2,2) <-> |1,1) collisional resonance has also shifted to a frequency 348 MHz above the
low field 12,2) reference.
Since the primary concern of this experiment was to locate the resonance for
pairs of |1,1) atoms near the Feshbach resonance, no further data was taken for
|2, 2) «-> 11,1) collisions at different fields. However, the change in center position
of the molecular resonance due to pairs of |1,1) atoms with changing magnetic field
was monitored. Figure 4.29 tracks the position of this resonance versus the applied
magnetic field, relative to the |2,2) <-» |2,2) low field collisional resonance. The largest
measured shift occurs at zero magnetic field. The splitting between the two resonances
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Figure 4.30
Molecular resonances taken at a magnetic field 1.35 G. The double resonance on the left is from collisions between pairs of |2, 2) atoms. The resonance on the right
is from collision between |2, 2) and |1,1) atoms. The bottom figure is a higher resolution
scan of the resonance between pairs of |2, 2) atoms.
appears to asymptotically approach a value of 750 MHz. There is no known theory
for a field dependent shift between these two states which requires diagonalization of
the hyperfine and Zeeman Hamiltonian H — HHF +
4.5.3

HZeeman.

Splitting of t h e |2,2) R e s o n a n c e

While searching for the |1,1) resonance, a peculiar anomaly in the lineshape of
the low field |2, 2) resonance was observed. A higher resolution scan of the resonance
displayed evidence of a double resonance structure. The data in the upper frame in
fig. 4.30 shows |2,2} <-> |2,2) (left) and |2,2) •*-• |1,1) (right) PA resonances taken at a
field of 1.35 Gauss. There is an obvious structural difference between the left and right
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peak that does not appear to be accounted for in eqs. 4.37 and 4.38. The lower plot
in fig. 4.30 is a higher resolution scan of the |2,2) <->• |2,2) resonance. There appears
to be a ~ 3 5 MHz splitting of this state in the low field. This 35 MHz splitting may
account for the discrepancy in the separation of the resonances in fig. 4.30 from the
predicted values. The hyperfine structure experiment realized in a MOT by Abraham
et al. [30] did not have the resolution to detect this fine splitting of the resonance.
This structure was also not seen in the experiment by Prodan et al. [15] which did
have the capabilities to distinguish the splitting but was done at 1000 G. Since no
double resonant structure was observed, there is likely a magnetic field dependance
to this splitting as well.

The resonance between pairs of |2, 2} atoms was taken at several different magnetic
fields to determine if there is any field dependance to this unexplained structure.
Figure 4.31 displays the relative frequency difference between the two peaks as a
function of magnetic field. The largest splitting occurs at zero field and has an average
value of 32.4 MHz. The uncertainty in this measurement arises primarily from the
optical spectrum analyzer which has a minimum resolution of 1.5 MHz. The other
significant contribution to this uncertainty is in the alignment of the laser beams into
the cavity which can result in apparent frequency shifts as much as a few MHz. As the
magnetic field increases, the separation between the two peaks decreases until they
become indistinguishable with only a slight broadening of the single resonance. The
inset in fig. 4.31 displays the response of each peak to an increasing magnetic field.
The triangles correspond to the left (black) dip in bottom graph of fig. 4.30 while the
circles are the dip on the right (red). As the field increases, only the resonance on the
right is significantly affected and slowly shifts to the red until the individual peaks
become indistinguishable. The data fits to a slope of 56.9±3 kHz/G. The small shift
of both resonances above 700 G is most likely attributed to a change of the beam
alignment into the spectrum analyzer. The slight broadening of a single resonance

141

35-i—'—i—"—r~

I
3CH

N

30-

S

fr 20-

25 A

X

20H
100

200

300

400

500

B(G)

15-

10-^

— I —

0

100

200

300

400

500

600

700

800

B(G)
Figure 4.31
Relative frequency shift between the double resonance peaks between pairs
of colliding |2,2} atoms. At high magnetic fields above 700 G, the two peaks combine to
form a single resonance and become indistinguishable. The inset shows that the higher
frequency peak appears to move while the lower frequency peak remains stationary with
increasing magnetic field.
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at high field may explain the inability to resolve the theoretically predicted linewidth
of 11.8 MHz [89] in the intensity dependent rate measurement at ~1000 G [15]. The
origin of the double peak is presently unknown and remains an interesting topic for
future investigations.

Chapter 5
Conclusion
Much of the work described in this thesis has detailed the journey of building and
characterizing various trapping stages of the apparatus for producing quantum degenerate 7Li bosons. The original apparatus that I inherited, the Permanent Magnet
Trap, had served its purpose of producing the first 7Li BEC, but it had since reached
its limitations of experimental flexibility. I was given the opportunity to construct
a new system, EMT II, based on the design of the EMT I apparatus. The EMT I
has been in a constant race to stay at the forefront of the field of degenerate Fermi
gasses. Because of that emphasis, many of the subtle details of creating a quantum
degenerate gas have not been thoroughly explained. This thesis has focused on providing a comprehensive resource for describing the experimental steps starting from
a MOT and ending with a BEC.
The success of the experiment can be summarized by the two most important
parameters, the number of atoms in the magnetic trap and the lifetime of these
atoms due to collisions with background gasses. This is a great simplification; many
things can affect the number of atoms. The lifetime in the trap is generally a bit easier
to control as it primarily depends on the background gas pressure. By baking the
chamber well and operating the oven at reasonably low temperature [37], it is generally
possible to reach the necessary pressure. The one main exception to the pressure
limited lifetime is the stray laser light anywhere in the chamber which invariably
finds the atoms.
Beginning with a MOT which has been explained in several previous theses
[25,26,34], I have described experimental measurements utilized to optimize the atom
transfer into the magnetic trap. Once in the magnetic trap, the axial trapping frequency was measured to obtain an accurate temperature of the atomic cloud from
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Figure 5.1

Density fluctuations in a BEC.

which we were able to determine the phase space density. The magnetic trap aspect
ratio directly depends on the overall offset bias of the field and this was shown by
direct imaging of the evaporated atomic clouds. Although a detailed investigation
was never conducted, this relationship may improve the transfer of atoms into the
optical trap. The efficiency of the RF evaporation in the magnetic trap was strongly
dependent on the RF power. A larger amplifier has since been introduced into the
setup but the effects have not yet been documented.
A novel technique that uses the Electrim diagnostic camera to locate the optical
trap was discovered. This technique dramatically reduces the difficulty in overlapping
the optical trap with the magnetic trap. After transferring atoms into the |1,1) state,
the center of the Feshbach resonance was measured at 736±1 G. This is ~10 G
higher than estimated by previous measurements [6]. The optical trap evaporation
was determined to produce the largest, most repeatable condensates at ~715 G. At
this field, the observed transformation from a Boltzmann to Thomas-Fermi density
distribution followed the phase transition from a classical gas to a BEC during the
evaporation. If the evaporation was not low enough, density fluctuations were seen
in the TOF images. Figure 5.1 is an image of such fluctuations. The wiggles through
the condensate disappeared if the final optical trap depth was low enough. This
is a fascinating phenomenon that -was not explored. Only a handful of shots were

taken with these wiggles and there was no apparent correlation or repeatability in
the number and position of the wiggles. It would be an interesting experiment to
try to relate the oscillations to possible thermally induced initial density or phase
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fluctuations. By using polarized phase-contrast imaging [4], we will be able to image
the initial density distribution.
Once we had achieved condensation, the PA experiments began. The evolution
of the ground state wavefunction as the s-wave scattering length was changed in
response to the Feshbach resonance produces magnetic field "map" of the wavefunction. The divergence of the lightshift was measured as the Feshbach resonance was
approached. Intensity dependent investigations of the PA rate observed saturation
in both a thermal gas and a BEC. Several "firsts" were encountered along the way:
the first measured blue shift of the molecular resonance, the first rollover in the rate
above the saturation intensity, and the first observed saturation in a BEC. These
measurements provide important contributions toward the creation of deeply bound,
ground state molecular condensates [113].

5.1

Where do we go from here?

The focus of this thesis has been on PA near a Feshbach resonance. The saturation
in the thermal data presents an interesting question as to whether or not the maximum
rate has a temperature dependence that differs from the unitarity explanation [100].
It would be a relatively simple experiment to vary the temperature of the gas and see
how Kp evolves in the region around T = Tc. The saturation of Kv in a BEC gives a
fundamental upper limit on the rate of molecular production. The explanation for the
limit is ambiguous as to whether it is due to quantum mechanical unitarity or rogue
photodissociation. This question could potentially be resolved by going to higher
photoassociation intensities and/or an exploration of the possible time dependence
of Kp [23,107]. Higher PA power or a tighter trap would be necessary to reach
significantly higher PA intensities (>30 W/cm 2 ). Higher PA power would allow for
a bigger PA beamwaist, which would reduce the dipole force for a constant intensity.
A tighter trap would reduce the effect of the dipole force from the PA laser.
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The presence of a Feshbach resonance provides an intriguing system for exploring
the field of molecular formation.

The large tunability of the molecular formation

rate opens the possibility of producing ultracold ground state molecules using a two
photon transition to access the lower energy molecular states [9,31,113,114]. The
tunability of the Franck-Condon overlap has the potential to access a more deeply
bound excited state that has better overlap with deeply bound molecules in the
ground state. With the recently obtained experimental results, we also know the
limitations of the molecular formation rate. This enhancement may enable a high
rate of production of ultracold, ground state molecules using a two-photon Raman
technique, which allows for the possibility of observing coherent Rabi oscillations
between an atomic and molecular condensate [115].
Though there is still experiments to be done involving PA, there is also exciting
research on the horizon utilizing the favorable zero-crossing at ~545 G associated
with the Feshbach resonance. The zero-crossing is relatively soft, and this should
allow the BEC to be tuned into the non-interacting regime. Recent additions to
the experimental setup allow the introduction of a random optical disorder potential
on the condensate. This is an exciting new field that can model condensed matter
systems in a controllable fashion [116-119]. The soft zero-crossing also presents an
encouraging system for possibly observing Anderson localization [120].

Appendix A
Uncertainty Estimates of Kp
Estimations of the uncertainty of Kp arise from errors in the two-body loss equation
/ x
n(r, 0)
" < ' • ' ) - l + y,Wn(,,0)«Rearranging this equation in terms of the rate constant results in
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where n(r,z) is the density distribution at t — 0, and FR = n(r,t)/n(r,0).
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density is different for a BEC than in a thermal gas. In a BEC, the peak density is
given by eq. 4.6 and can be expressed in terms of measurable parameters as
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where iV is the number of atoms, u)r is the radial trapping frequency, RZTF is the
axial Thomas-Fermi radius of the condensate, and coz is the axial trapping frequency.
For a thermal gas, a Boltzmann distribution is used, where the peak density is given
as
N
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where m is the mass and T is the temperature. The fractional uncertainty in the
measurement of the rate constant in a BEC is then given by
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ing.

parameter
pixel size
peak absorption cross section
probe intensity
saturation intensity
optical density for each pixel
probe detuning from resonance
natural line width

Variables for determining number of atom for on resonant absorption imag-

The uncertainty in the atom number comes from the uncertainty in the number of
photons absorbed by the atoms. The number of atoms, N, is determined by summing
the column density array, h(x,z).

N is defined as
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The parameters in eq. A.7 are listed in Table A.l. This uncertainty in the atom
number has previously been calculated in ref. [37] as
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so we only need to determine the uncertainty in each of these quantities for our setup.
The uncertainty in the pixel size, ( y ) comes from uncertainty in the magnification
of the imaging system. For all of the data taken in this thesis except for the Kp vs.
/ (fig.4.20) in the thermal data, ( y ) = 1.4%. The uncertainty in the magnification
for the Kp vs. i" thermal data is ( y ) = 3.5%. The uncertainty in the detuning of the
probe from resonance, (^jf^) = 2.9%, which comes from a 0.5 MHz uncertainty in
the frequency compared with the 5.9 MHz natural linewidth of the atomic transition
(uncertainty from analog output is described in Appendix B). Since A / r < < 1 , this
uncertainty is determined by calculating the fractional difference in the number for
A = 0 and A = 0.5 MHz using eqn.A.7. The uncertainty in the number due to the
probe intensity is I —^ 1 = 4.7%. This comes from a 3% uncertainty in the accuracy
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of the Newport power meter as specified by the company, a 2.2% uncertainty in the
calibration of the camera, and 1.4% uncertainty in the magnification of the system
on which the intensity is quadratically dependent. The total fractional uncertainty
in the number is 8.0% for all measurements except for measurement of Kp vs. / in a
thermal gas (fig. 4.20) which is 10.2%.
The fractional loss uncertainty (FL), is dominated by statistical errors of the signal
size with an average uncertainty of ( ^ f ) — 4%.
The uncertainty in the axial and radial trapping frequencies come from uncertainty
in the slope of a calibrated photodiode. The measured axial frequency, measured
radial frequency and photodiode voltage were recorded over a large range of optical
trap powers. The error in the axial and radial slopes reflect the error in axial and radial
trapping frequencies. The fractional errors are (^f2-) = 1.5% and ( ^ p ) = 3.1%.
In a BEC, the uncertainty in

RZTF

is a fit quantity that only depends on the

size of the condensate. Therefore, the uncertainty in RzTF is directly related to the
uncertainty in the magnification ( d^zTF ) = (j)=1.4%.
In a thermal gas, the uncertainty in the temperature depends on the axial trapping
frequency and the pixel size
T

I /ai\2

/A,

, \

2

(A.9)
For the all of the thermal data except for fig. 4.20, dT/T=4.1%.
in fig. 4.20 dT/T=7.6%.

For the thermal data

Inserting all of these errors into eqs. A.5 and A.6 gives a

total systematic uncertainty of 12.1% for Kp in all of the BEC measurements. In a
thermal gas, the uncertainty is 12.6% in the thermal rates except the measurement of
Kp vs. / (fig. 4.20) which is 17.1%. The uncertainty in Kp for all of the data is most
strongly dependent on the uncertainty in number and temperature/Thomas-Fermi
radius.
In addition to Kp, the intensity of the photoassociation pulse has systematic un-
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certainties. The uncertainty in the intensity is much direct to estimate as the intensity
is
2P
I =—,

(A.10)

7TWQ

where P is the power of the pulse and w0 is the beamwaist at the position of the atoms.
The systematic uncertainty in the power comes from the uncertainty in calibration
of the power meter, 3%, and the uncertainty in the power at the position of the
atoms, which is ~ 5%. This leads to a total uncertainty in the power of 5.8%. The
uncertainty in the beamwaist is a little tricky as we cannot directly measure the
waist at the position of the atoms. The waist is measured on a CCD camera at the
approximated position of the atoms by inserting a mirror in the beam path. The
uncertainty in the measurement of the waist is ~ 5 % . The estimated uncertainty in
the intensity is ~11%.

Appendix B
An Introduction to Control
The complexity of the experiments in this lab requires precision resources to control timing, voltages, currents, frequencies and various other components in the lab.
The timing in particular is very critical and requires time step resolution of ~10 fjs
over an entire sequence lasting ~60 seconds. The EMT I and now defunct PMT
experiments use an "in house" control sequence that relies on the timing of the computer CPU clock. Newer generations of computers split the clock cycles between
many different processes. This makes timing via the CPU clock inaccurate and, more
importantly, unrepeatable. Therefore, a new control system has been integrated for
the EMT II apparatus. The hardware primarily consists of digital and analog voltage
outputs that send control signals to the experiment. The software provides a GUI to
control the relative timing of the outputs. The following sections detail the "brains"
of the experiment.

B.l

The Hardware

The hardware for controlling the EMT II experiment is built on a National Instruments PXI-1042 8 slot chassis. Although inputs are available, the system is currently
configured for output only to manage the various experimental components. The
system control slot (first slot) is occupied by the MXI-4 card which sends control
information between the computer and the PXI chassis. The star trigger slot immediately next to the control slot contains a PXI-6713 analog output card. This slot is
unique in that it provides trigger lines between itself and all the remaining slots. The
final card currently in use is the PXI-6533 digital I/O card. Five unused slots remain
for future expansion.
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Table B . l
This table lists the current function of each digital output channel on t h e E M T II a p p a r a t u s . Channels
AO and D7 in this table correspond with channels 0 and 31 in fig. B . l , respectively.
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Figure B . l
Layoiit of the digital output panel. There are currently 32 channels numbered 0-31. T h e o u t p u t from
the digital output card connects to the panel t h r o u g h a 68 pin D-type panel connector. The output from t h e connector
is sent to digital o u t p u t buffers before relaying t h e signals to the BNCs on t h e front panel. The BNC o u t p u t s begin on
the right side of t h e panel at channel 0 and increase going down the column. Each channel has an associated L E D which
illuminates when t h e output is high directly t o t h e left of each connector. Table B . l lists the control function of each
output channel.
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Since the majority of the control processes are dedicated to TTL outputs that
trigger AOMs, shutters and FETs, I will begin by explaining the digital output setup.
The PXI-6533 digital I/O card has 32 input/output data ports with a maximum
transfer rate of 20 MHz. The signals from each channel are sent to a breakout panel
depicted in fig. B.l through a shielded 68-conductor cable. To protect the digital I/O
card, the signals are then sent through a buffer mounted on the rear of the breakout
panel before being sent to the various experimental components. The digital outputs
are divided into 4 groups designated A, B, C, and D with 8 output channels per group
numbered 0-7. The first and last channels are A0 and D7, corresponding to channels
0 and 31, respectively. The outputs from the buffer circuits are then rerouted to
the breakout panel to an array of BNCs bulkhead connectors. The layout of the
BNC along with each corresponding TTL channel is also depicted in fig. B.l. Each
channel has a LED in parallel with the output BNC to visually confirm when the
channel is active high. A list of what each digital output channel currently controls
is documented in table B.l.
In addition to the digital outputs, the experiment also requires several analog
output channels. These channels are used to ramp AO frequencies, adjust RF drive
powers to the AOs, sweep RF frequencies for state transfers and control several TTL
inputs. The EMT I apparatus uses an arsenal of arbitrary waveform generators to
perform these tasks. Instead, the EMT II apparatus uses a single analog output card
that replaces up to 8 arbs. Most of the analog outputs for the EMT II apparatus
are derived from a single PXI-6713 high speed analog output card. The card supplies
8 output channels over a range of ±10 V with 12 bit resolution. This card is also
responsible for controlling the timing of the experimental sequence. Like the digital
outputs, the analog output signals pass through a buffer circuit before being sent
to the respective instruments. The analog buffer circuit, shown in fig. B.2, uses an
OP-27 drive a push-pull transistor pair. The output from the transistors is sent to a
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10Q
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Figure B . 2
Buffer circuit to protect PXI-6713 analog output card and drive analog
input devices. An OP-27 op amp drives a push-pull transistor pair which provides the
ability to drive 50 SI loads. A 10 SI resistor functions as a fuse.
channel 0
MOT trapping intensity
channel 1
push coil gate
voltage
channel 2
MOT trapping detuning
Table B . 2
channel.

channel 3
MOT repump detuning
channel 4
disorder beam power

channel 6
optical trap power
channel 7
RF synthesizer
sweep frequency

channel 5
MOT light intensity

Arrangement of analog output channels on front panel and function of each

panel of BNCs which is then relayed to the various instruments throughout the room.
The panel layout of the channels along with a description of what each analog output
channel controls is listed in table B.2.

B.2

The Software

The software to manage the digital and analog outputs is a C + + based program written by Florian Schreck [121]. The front graphical interface is very versatile
and allows for easy changes in experimental parameters. The main menu accesses
submenus that run the experimental sequence, change experimental parameters or
manually trigger individual channels for testing. The submenus are fairly intuitive
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Menus of the manual control submenu to control each individual channel.

and simple to use. In some ways, they are too simple and equipment can inadvertently be turned on, resulting in a blown F E T or other mishap, so common sense
should be used before executing any commands.
The most commonly used submenus are the "Manual control of outputs ..." and
"Exp. parameters". The manual control menu shown in fig. B.3 allows the user to
trigger each digital output individually and vary each analog output. This menu is
typically used when peaking up the coupling through various fibers, controlling the
amount of optical power through an AOM or checking the scanning range of AO's.
Each output on this screen has a number in parentheses after the description that
maps to the corresponding digital and analog output channel in tables B.l and B.2,
respectively.

The submenu in fig. B.4 is where the experimental sequence is run.

The parameters that are typically varied for a given experiment are located in this
menu. Checking or unchecking each box determines which sequence of commands is
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merits.

Menu of the experimental parameters submenu to v a r y / r u n the experi-
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executed for the various experiments.
The units for all analog parameters are in milliseconds, volts, or MHz and are
labelled next to each variable control parameter. The minimum time interval is 5 /JS,
and all time steps are multiples of this base unit. The minimum voltage increment is 5
mV which is limited by the resolution of the 6713 analog output card. The minimum
frequency step varies depending on the characteristics of each VCO but is ~0.5 MHz
which is sufficiently small compared to the 5.9 MHz atomic transition linewidth.
Occasionally, changes must be made to the C + + code that are not available in
the interface menus. A users manual on basic programming of the control sequence
is located in the /lab/data/emt2/ folder under ControlManual.pdf. Only 3 pairs of
files should ever require modification: IOList.ccp, ParamList.ccp, Sequence.ccp, and
their .h equivalent. The IOList files assign variable names to each output channel
and determine the layout the menu in fig. B.3. The ParamList files create the various
parameters in fig. B.4 to define digital true/false parameters as well as set analog
levels for voltages, time durations and frequencies. The order of operations, logistical
comparisons and analog set points for running the experiment are all located in the
Sequence.ccp file in the main control folder. The large number of output channels
over such a long duration makes a complete time-line of the experiment impractical,
so small sections of the sequence are located throughout this thesis to describe specific
subsystems.

Appendix C
About the Vacuum
The quality of the vacuum is directly correlated to the ability of the experiment
to function. As discussed in Chapter 2, a lifetime of at least 50 s in the magnetic trap
is necessary for the RF evaporation to be effective. In this section, I will describe the
components of the vacuum, problems encountered during various bakes and useful
discoveries over the past years.

C.l

Source Cube

The vacuum system is divided into two separate sections, the "high" vacuum side
where the atoms are trapped and the "low" vacuum side where the atoms are loaded
from the oven. The low vacuum side is centered around a cube with the oven mounted
opposite the Zeeman slower. The oven nozzle is directed toward the center of high
vacuum chamber as illustrated in top half of fig. C.l. An ion gauge is mounted on the
chamber side of a six-way cross on the top surface of the cube to measure the "source
cube" pressure. The rear surface of the cube in fig. C.l has a TMU 071 Pfeiffer
turbo pump attached to the flange. The exhaust from the turbo pump is backed by
a RV8 BOC Edwards oil pump. Between the two pumps is a filter stage containing
molecular sieve to prevent backstreaming of oil into the source cube. There is also a
Varian Eyesys ConvecTorr pressure gauge and Speedivalve between the two pumps
illustrated in the lower half of fig. C.l. The pressure gauge operates in the range of
10~4-104 Torr, and the Speedivalve is a manual diaphragm type valve that can isolate
the rough pump from the source cube. These two devices are only used under the
circumstances of a long power outage or during an oven change when the source cube
comes up to atmosphere.
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Ion gauge
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turbo
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Figure C . l
The top picture is an illustration of the source cube and attached components. The oven is on the left and supplies the 'Li for trapping. A gate valve on the right
isolates the source cube from the high vacimrn chamber during bakeouts or extended power

outages. The bottom figure is a layout of the vacuum components related to the source
cube chamber.
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ion pump
F i g u r e C.2
Diagram of the main chamber vacuum. The pumping components consist
of an ion pump and TSP pump that are positioned directly beneath the position of the
atoms. Additional pumping is provided by NEG strips located inside the hot window tube.

C.2

Main Chamber

The second half of the vacuum system consists of three pumping mechanisms:
an ion pump beneath the optics table, a titanium sublimation pump (TSP) and a
series of non-evaporable getter (NEG) strips. The location of each pump is labelled in
fig. C.2. The ion pump is a 230 1/s Varian StarCell pump salvaged from the original
Permanent Magnet Trap apparatus. The TSP has 3, 85Ti-15Mo filaments connected
to the outside by electrical vacuum feedthroughs in a 2.75" flange and rests inside
the center of the ion pump. The filaments can be replaced and the bushing cleaned
by removing the 2.75" vacuum flange. A series of SASES ST-707 NEG strips provide
additional pumping inside the hot window tube. Since the ion pump is essentially
maintenance free, I will only describe the TSP and NEG pumps.
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melted filament

break in filament

Bushing/insulator sleeve

Figure C.3 Photograph of the titanium filaments used for deposition of titanium onto
the chamber walls. An example of a broken and a melted filament are shown. The clamps
that connect the current to the terminals and the insulator bushings are also labelled in the
picture.
C.2.1

Titanium Sublimation Pump

When new, the TSP requires no preparation and only requires installation. However, after several years of flashing, the filaments will eventually break and require
replacement. Figure C.3 is a picture of a broken and melted filament. A broken
filament can occur in one of two ways: either the filament was a faulty to begin with
or, after many cycles of flashing, the filament deteriorated over time, became thin
and failed. A melted filament typically is a sign of passing too much current through
the filament. The flashing current is 55-56 A and should never exceed 57 A. Keeping
the current below 57 A significantly reduces the chance of failure and extends the
lifetime of the filament. Occasionally, a filament will short after the current has been
turned up, and then it will appear to spontaneously mend several minutes after the
current is turned off. This is a problem that can be difficult to isolate. The shorting
occurs after many cycles of flashing (usually several years) without the cleaning or
replacing of the insulator bushings. A layer of evaporated titanium deposited over the
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Figure C.4
Design for mounting the NEG strips inside the hot window tube. Each
strip is spot welded at two points on each of the two mounts.
surface of the bushing eventually creates a short between the clamp and the ground
post. A good practice is to replace or clean the bushing and the clamps any time the
titanium filaments are replaced. To clean the bushings, a solution of HF, H 2 0 and
NO3 is used to etch away the titanium deposited onto the bushing and the clamps.
A 5:1 ratio of nitric acid, which has a 70/30 NO3 to H 2 0 ratio, to hydrofluoric acid,
which has a 49/51 ratio of HF to H 2 0 , is combined to form the titanium etchant.
The ceramic bushing should be etched for 2 minutes. The majority of the titanium
is removed within the first 30 sec. The clamps should be left in the solution for 3-5
min. to remove the titanium completely.
C.2.2

Non-evaporable Getter

The NEG strips are located inside the hot window tube as indicated in fig. C.2.
Since this is the path of the Zeeman slower beam, the interior path through the tube
must remain unobstructed. A radial fan configuration allows a large number of strips
to be inserted into the tube while maintaining optical access along the central axis as
shown in fig. C.4. Each strip was spot welded in two places onto a custom mount at
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either end of the structure. The welds must be tested for strength to assure the strips
will not detach while inside the vacuum. Due to lack of available getter material, only
15 strips were actually used in the EMT II chamber. Each mount has three tapped
2-56 screw holes for vented vacuum screws to rigidly secure the strips to the inside of
the hot window tube. The long length of the strips caused them to sag under their
own weight. The sagging resulted in an obstructed path through the tube for the
Zeeman slower beam. So, three equally spaced rings of NEG strips were welded on
the inner radius of the lengthwise strips before insertion into the vacuum.

Appendix D
M T coil wrapping and external fields
In this section I provide documentation for the various coils used throughout the
experiment to generate magnetic fields. The main set of trapping coils are described in
Strecker's Ph.D. thesis [34], but several improvements in the wrapping and installation
technique have been discovered since then.

Magnetic trap
The wrapping of the bias and curvature coils is still done using the appropriate
Delrin forms for each coil set [34]. The wrappings fill an exact array when wrapped
correctly. If the wires become crossed at any point other than the outer edges, the
coils should be rewrapped. While wrapping the coils, be sure that the insulation does
not get nicked. If it does, the coils must be rewrapped.
One major improvement is to use dental floss to hold each set of coils in place
instead of using the Elmer's glue. The floss retains the coils during the assembly of the
three coil form layers and is removed after the coils forms are gently compressed. The
major advantage of this assembly method is that the coils do not have to sit overnight
in hot water to remove the glue from inside the form. Additionally, the possibility
of residual glue that could restrict water flow and reduce the cooling capacity is
eliminated.
The floss should be tied as tightly as possible to minimize the protrusion of the
coils from the form factor. The knots of the floss must be tied on the outer edge of
bias/curvature form so they do not interfere with the compression of the coil forms.

The curvature coils only need 3-4 pieces of floss wrapped between the middle set
of screw holes and the interior hole of the coil form as illustrated in fig. D.l. The
bias coils need ~6 pieces of floss to adequately retain the coil. The floss should be
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Figure D . l
Picture of the position of floss for retaining the bias, curvature and
quadrupole coil inside the coil forms. The red, green, and blue lines represent a typical
configuration for the position of the floss retaining the bias, curvature and quadrupole coils,
respectively. The position of the floss across the bias and quadrupole coils ar only a partial
representation of the all the floss necessary.
threaded through the middle screw holes and tied to the outer edge of the coil form.
The quadrupole coils should be wrapped inside the coil form. Any other method is
highly susceptible to damaging the wire insulation. During the wrapping procedure,
care must be taken that the plastic retainers, which can be seen in fig. D.l, do not
scrap the wire insulation. The coil holders should not be rotated across the wires, or
they will likely scratch the insulation. Once the quad coils are wrapped, floss is used
to secure them as illustrated by the blue lines in fig. D.l. Typically two pieces of
floss are needed for the outer part of each subsection. The floss should be threaded
through the middle screw holes and the knots tied on the outer edge of the coil form.
A single piece of floss is usually sufficient for the inner part of each section. It should
be threaded through the small innermost screw holes and knotted off on the outer
edge of the coil form as well. The plastic retainers can then be removed.
Once all of the coils are secured with the floss, the plastic retainers can be removed.
The bias/curve and quad coil forms can be assembled with the gasket between them.
The four small screws that connect the quad form to the bias/curve form should be
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tightened just enough to allow the floss to slip between forms. The floss that held the
bias and curvature coils is then cut and pulled out from between the forms. The same
procedure is used between the back face and the quadrupole coil forms, but this time
using about six evenly spaced screw holes to gently compress the forms together. The
remaining floss holding the quad coils can then be cut and removed from the forms.
The coil forms should then be uniformly compressed using a fairly symmetrical
pattern of tightening the screws. A small screwdriver should be used to ensure the
coil form gaskets are not overcompressed. After compressing the gaskets, the forms
can then be leak-checked using flowing water and further tightened if leaks occur.
After each stage of the assembly process, the wires should be carefully examined to
be sure there is no damage to the wire insulation. If damage is detected on any
wire, that coil should be rewrapped to prevent failures that will likely arise from the
damaged wire.
One of the most important aspects of the magnetic trap is the configuration of the
current carrying pipes as they pass from underneath the table to the coil forms. If
the pipes are wired incorrectly, stray fields will create problems during the magnetic
trap turn off. Figure D.2 shows the correct configuration of electrical current flow
to the coil forms. Switching the direction of the curvature pipes on the wall side
resulted in the atoms being transferred into the |2, — 2) state from the |2,2) state
during the magnetic trap turnoff. The different configuration appeared to provide
some imbalance as the magnetic fields decayed resulting in a flip in the atomic spin
projection. Once the curvature leads were arranged in the original configuration as
illustrated in fig. D.2, the atoms remained in the |2,2) state when the magnetic trap
turned off. No definitive conclusion was made as to the exact cause of the change in

the spin projection, but this does emphasize the importance of the configuration of
the current carrying pipes. This problem may be attributed to the proximity of the
pipes to the atoms. The pipes of the EMT I setup are ~1.5 times further from the
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Laser side

Wall side
Figure D . 2
Configuration of current carrying pipes of magnetic trap. The schematic
on the left side of the figure is the direction of current flow through the bias/curvature coils.
The drawing on the right is a top view of the chamber. The purple, green, and blue lines
represent the bias, curvature and quadrupole pipes, respectively. The current flows from
positive to negative for each coil set.
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Figure D . 3
chamber.

Picture of the push coil and one side of the bias cage mounted on the

atom than our EMT II arrangement. Future implementations may consider increasing
the distance between the vertical pipes and the atoms or shielding them to reduce
stray fields at the position of the atoms.
Bias cage
The external bias cage primarily serves two purposes. First, it generates a polarization axis during optical pumping when transferring between the MOT and the
magnetic trap as described in Chapter 2. Secondly, it provides a fine adjustment
for the trap bottom of the magnetic trap as described in Chapter 3. The external
bias coils are mounted on the outer edge of the cylindrical axis of the chamber in
Teflon U-channels as depicted in fig. D.3. The Teflon material allows the chamber
to be baked out to maximum temperature of 180 Celsius, the temperature rating of
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fit of 2.85 Gauss/Amp
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Low field RF transfer frequency in optical trap as a function of bias cage
current. The slope fits to 5.98 MHz/A. This corresponds to 2.85 G/A using the 2.1 MHz/G
low field transfer frequency slope.

the wire. This is also the temperature rating of the AR coating on the optics, so
higher bakeout temperatures are not possible on the main chamber. The coils are
near Helmholtz configuration and provide a very flat bias field. Each axial coil has 50
wraps of 18 gauge wire per side with an average radius of 5.63 inches and a separation
of 3.75 inches from the center of the chamber. Figure D.4 is an experimental measurement of the 12, 2) —> |1,1) microwave transfer frequency versus bias cage current.
This calibration is independent of any changes in the magnetic trap since the transfer
is performed with all other field sources turned off.
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Push coil
The push coil is similar in design to the bias cage as shown in fig. D.3. It provides
a magnetic field gradient along the axial dimension to spatially overlap the magnetic
and optical potentials. The push coil is also confined by a Teflon® U-channel and is
positioned around the flange of the large re-entrant window on the laser side of the
chamber. The push coil has 63 wraps of 18 gauge wire with an average radius of 4.38
inches at an axial distance 5 inches from the center of the chamber. This results in a
field gradient at the atoms of 0.14 G/(cmA).
Side cage
The side cage provides a constant magnetic field offset when ramping from the low
field to the high field as described in Chapter 3. This reduces the probability of a spin
flip occurring during the field ramp. The cage is wrapped around a rectangular frame
with a width of 15 inches and height of 18 inches at a distance of 10.5 inches from the
center of the chamber. Each side has 60 wraps of 18 gauge wire. With 2 A of current,
the cage provides a ~ 1 . 5 G field parallel to the optical table and perpendicular to the
axial dimension of the chamber.

171

References
1. M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A. Cornell. "Observation of Bose-Einstein Condensation in a Dilute Atomic Vapor."
Science 269, 198 (1995).
2. C. C. Bradley, C. A. Sackett, J. J. Tollett, and R. G. Hulet. "Evidence of BoseEinstein Condensation in an Atomic Gas with Attractive Interactions." Phys.
Rev. Lett. 75, 1687 (1995).
3. K. B. Davis, M.-O. Mewes, M. R. Andrews, N. J. can Druten, D. S. Durfee,
D. M. Kurn, and W. Ketterle. "Bose-Einstein condensation in a gas of sodium
atoms." Phys. Rev. Lett. 75, 3969 (1995).
4. C. C. Bradley, C. A. Sackett, and R. G. Hulet. "Bose-Einstein Condensation
of Lithium: Observation of Limited Condensate Number." Phys. Rev. Lett. 78,
985 (1997).
5. P. A. Ruprecht, M. J. Holland, K. Burnett, and Mark Edwards.

"Time-

dependent solution of the nonlinear Schroinger equation for Bose-condensed
trapped neutral atoms." Phys. Rev. A 51, 4704 (1995).
6. K. E. Strecker, G. B. Partridge, A. G. Truscott, and R. G. Hulet. "Formation
and Propagation of Matter Wave Soliton Trains." Nature 417, 150 (2002).
7. L. Khaykovich, F. Schreck, G. Ferrari, T. Bourdel, J. Cubizolles, L. D. Carr,
Y. Castin, and C. Salomon. "Formation of a Matter-Wave Bright Soliton."
Science 296, 1290 (2002).
8. M.-O. Mewes, M. R. Andrews, N. J. van Druten, D. M. Kurn, D.S. Durfee, and
W. Ketterle. "Bose-Einstein condensation in a tightly confining dc magnetic
trap." Phys. Rev. Lett. 77, 416 (1996).

172
9. J. M. Gerton, D. V. Strekalov, I. Prodan, and R. G. Hulet. "Direct observation of growth and collapse of a Bose-Einstein condensate with attractive
interactions." Nature 408, 692 (2000).
10. S. Gasiorowicz. Quantum Physics. John Wiley & Sons, New York, 2nd edition
(1996).
11. J. L. Bohn and P. S. Julienne. "Semianalytic Theory of Laser-Assisted Resonant
Cold Collisions." Phys. Rev. A 60, 414 (1999).
12. Frederich H. Mies edited by Douglas Henderson.

THEORETICAL

CHEM-

ISTRY Theory of Scattering: Papers in Honor of Henry Eyring, volume 6B.
Academic Press, New York (1981).
13. P. S. Julienne and F. Mies. "Role of angular momentum for atomic scattering
in intense laser fields." Phys. Rev. A 25 3399 (1982).
14. U. Schloder, C. Silber, T. Deuschle, and C. Zimmermann. "Saturation in heteronuclear photoassociation of 6Li7Li." Phys. Rev. A 66, 61403 (2002).
15. I. D. Prodan, M. Pichler, M. Junker, J. L. Bohn, and R. G. Hulet. "Intensity
Dependence of Photoassociation in a Quantum Degenerate Atomic Gas." Phys.
Rev. Lett. 91, 0804021 (2003).
16. S. D. Kraft, M. Mudrich, M. U. Staudt, J. Lange, O. Dulieu, R. Wester, and
M. Weidemuller. "Saturation of Cs2 photoassociation in an optical dipole trap."
Phys. Rev. A 71, 013417 (2005).
17. P. Mickelson. Saturation Effects in Photoassociation Spectroscopy of86Sr. Masters, Rice University (2006).
18. C. Drag, B. L.Tolra, O. Dulieu, D. Comparatand M. Vatasescu, S. Boussen,
S. Guibal, A. Crubellier, and P. Pillet. "Experimental versus theoretical rates for

173
photoassociation and for formation of ultracold molecules." IEEE J. Quantum
Electron. 36, 1378 (2000).
19. C. Haimberger, J. Kleinert, Dulieu 0, and N. P. Bigelow. "Processes in the
formation of ultracold NaCs." Jour. Phys. B 39, S957 (2006).
20. Ma Jie, Wang Li-Rong, Ji Wei-Bang, Xiao Lian-Tuan, and Jia Suo-Tang. "Saturation of Photoassociation in Cs Magneto-optical Trap." Chinese Phys. Lett.
24, 1904 (2007).
21. J. Javanainen and M. Mackie. "Rate Limit for Photoassociation of a BoseEinstein Condensate." Phys. Rev. Lett. 88, 090403 (2002).
22. Pascal Naidon, Eite Tiesinga, and P. S. Julienne. "Two-body transiensts in
coupled atomic-molecular BECs." physics. atom-ph/0707.2963vl

(2007).

23. Matt Mackie. Private communication.
24. C. McKenzie, J. Hecker Denschlag, H. Haffner, A. Browaeys, Luis E. E.
de Araujo, F. K. Fatemi, K. M. Jones, J. E. Simsarian, D. Cho, A. Simoni,
E. Tiesinga, P. S. Julienne, K. Helmerson, P. D. Lett, S. L. Rolston, and W. D.
Phillips. "Photoassociation of Sodium in a Bose-Einstein Condensate." Phys.
Rev. Lett. 88, 120403 (2002).
25. Mark Junker. Photoassociation in a Quantum Degenerate Gas of 7Li. M.S.,
Rice University (2004).
26. Christopher J. Welford. Systems for the Radiative Trapping of Lithium and the
Tuning of its Interactions via Magnetic Field Control. M.S., Rice University
(2007).
27. H. J. Metcalf and P. van der Straten. Laser Cooling and Trapping. SpringerVerlag, New York (1999).

174
28. W. I. McAlexander, E. R. I. Abraham, N. W. M. Ritchie, C. J. Williams,
H. T. C. Stoof, and R. G. Hulet.

"Precise Atomic Radiative Lifetime Via

Photoassociative Spectroscopy of Ultracold Lithium." Phys. Rev. A 51, R871
(1995).
29. E. R. I. Abraham, N. W. M. Ritchie, W. I. McAlexander, and R. G. Hulet. "Photoassociative Spectroscopy of Long-range States of Ultracold 6 Li 2 and 7 Li 2 ." J.
Chem. Phys. 103, 7773 (1995).
30. E. R. I. Abraham, W. I. McAlexander, H. T. C. Stoof, and R. G. Hulet. "Hyperfine Structure in Photoassociative Spectra of 6Li2 and 7Li2." Phys. Rev. A
53, 3092 (1996).
31. Eric R. I. Abraham, W. Ian McAlexander, Charles A. Sackett, and Randall G. Hulet. "Spectroscopic Determination of the 5-Wave Scattering Length
of Lithium." Phys. Rev. Lett. 74, 1315 (1995).
32. D. E. Pritchard. "Cooling Neutral Atoms in a Magnetic Trap for Precision
Spectroscopy." Phys. Rev. Lett. 5 1 , 1336 (1983).
33. M.-O. Mewes. Bose-Einstein Condensation of Sodium Atoms.

Ph.D., Mas-

sachusetts Institute of Technology (1997).
34. K. E. Strecker. Tunable Interactions in Quantum Degenerate Lithium. Ph.D.,
Rice University (2004).
35. W. I. McAlexander.

Low Energy Collisional Interactions in Magnetically

Trapped Lithium. Ph.D., Rice University (2000).
36. R. I. Kamar. Measurement of the Interactions in a Paired Zero Temperature
6

Li Gas Throughout the BEC-BCS Crossover. M.S., Rice University (2006).

175

37. Guthrie B. Partridge.

Pairing of Fermionic 6Li through the BEC-BCS

Crossover. Ph.D., Rice University (2007).
38. D. F. Dries. Fabrication of a High Resolution Relay Lens for Use in Imaging
Ultra-Cold Quantum Gases. M.S., Rice University (2005).
39. T. Bergeman, G. Erez, and H. Metcalf. "Magnetostatic Trapping Fields for
Neutral Atoms." Phys. Rev. A 35, 1535 (1987).
40. O. J. Luiten, M. W. Reynolds, and J. T. M. Walraven. "Kinetic theory of the
evaporative cooling of a trapped gas." Phys. Rev. A 53, 381 (1996).
41. W. Ketterle and N. J. van Druten. Evaporative Cooling of Trapped Atoms,
volume 37. Academic Press, San Diego (1996).
42. K. B. Davis, M.-O. Mewes, M. A. Joffe, M. R. Andrews, and W. Ketterle.
"Evaporative cooling of sodium atoms." Phys. Rev. Lett. 74, 5202 (1995).
43. C. A. Sackett, C. C. Bradley, and R. G. Hulet. "Optimization of Evaporative
Cooling." Phys. Rev. A 55, 3797 (1997).
44. E. I. Butikov. "Parametric excitation of a linear oscillator." Eur. J. Phys. 25,
535 (2004).
45. D. Wineland, P. Ekstrom, and H. Dehmelt. "Monoelectron Oscillator." Phys.
Rev Lett. 3 1 , 1279 (1973).
46. N. Yu, H. Dehmelt, and W. Nagourney. "Noise-free parametric energy multiplication for frequency measurements of an anharmonic mono-ion oscillator."
J. Appl. Phys. 73, 8650 (1993).
47. S. Friebel, C. D'Andrea, J. Walz, M. Weitz, and T. W. Hansch. "C02-laser
optical lattice with cold rubidium atoms." Phys. Rev. A 57, R20 (1998).

176
48. Jinwei Wu, R. Newell, M. Hausmann, D. J. Vieira, , and Xinxin Zhao. "Loading dynamics of optical trap and parametric excitation resonances of trapped
atoms." J. Appl. Phys. 100, 54903 (2006).
49. N. Hoang, N. Zahzam, S. Guibal, and P. Pillet. "Collisions in a cesium hybrid
optical and magnetic trap." Eur. Phys. J. D 36, 95 (2005).
50. A. Griffin, Wen-Chin Wu, and S. Stringari. "Hydrodynamic Modes in a Trapped
Bose Gas above the Bose-Einstein Transition." Phys. Rev. Lett. 78, 1838 (1997).
51. Yu. Kagan, E. L. Surkov, and G. V. Shlyapnikov. "Evolution of a Bose gas in
anisotropic time-dependent traps." Phys. Rev. A 55, R18 (1997).
52. I. Newton. Optiks. Dover Publications (1952).
53. A. F. Leung and Jiyeon Ester Lee. "Newton's rings: A classroom demonstration
with a HeNe laser." Am. J. Phys. 59, 662 (1991).
54. T. A. Savard, K. M. O'Hara, and J. E. Thomas. "Laser-noise-induced heating
in far-off resonance optical traps." Phys. Rev. A 56, R1095 (1997).
55. G. Roati, W. Jastrzebski, A. Simoni, G. Modugno, and M. Inguscio. "Optical
trapping of cold fermionic potassium for collisional studies." Phys. Rev. A 63,
52709 (2001).
56. R. Jauregui, N. Poli, G. Roati, and G. Modugno. "Anharmonic parametric
excitation in optical lattices." Phys. Rev. A 64, 33403 (2001).
57. S. Burger, F. S. Cataliotti, C. Fort, F. Minardi, M. Inguscio, M. L. Chiofalo,
and M. P. Tosi. "Superfluid and Dissipative Dynamics of a Bose-Einstein Condensate in a Periodic Optical Potential." Phys. Rev. Lett. 86, 4447 (2001).

177
58. F. Ferlaino, P. Maddaloni, S. Burger, F. S. Cataliotti, C. Fort, M. Modugno, and
M. Inguscio. "Dynamics of a Bose-Einstein condensate at finite temperature in
an atom-optical coherence filter." Phys. Rev. A 66, 011604 (2002).
59. E. Tiesinga, B. J. Verhaar, and H. T. C. Stoof. "Threshold and resonance
phenomena in ultracold ground-state collisions." Phys. Rev. A 47, 4114 (1993).
60. R. A. Duine and H. T. C. Stoof. "Atom-molecule coherence in Bose gases."
Phys. Rep. 396, 115 (2004).
61. A. J. Moerdijk, B. J. Verhaar, and A. Axelsson.

"Resonances in ultracold

collisions of 6Li, 7Li, and 23Na." Phys. Rev. A 5 1 , 4852 (1995).
62. M. Jack, (2003). Coupled channel code modifications done by Michael Jack.
63. T. H. Bergeman, Patrick McNicholl, Jan Kycia, Harold Metcalf, and N. L.
Balazs. "Quantized motion of atoms in a quadrupole magnetostatic trap." J.
Opt. Soc. Am. B 6, 2249 (1989).
64. F. A. van Abeelen, D. J. Heinzen, and B. J. Verhaar. "Photoassociation as a
probe of Feshbach resonances in cold-atom scattering." Phys. Rev. A 57, 4102
(1998).
65. Ph. Courteille, R. S. Freeland, D. J. Heinzen, F. A. van Abeelen, and B. J.
Verhaar. "Observation of a Feshbach Resonance in Cold Atom Scattering."
Phys. Rev. Lett. 81, 69 (1998).
66. S. Inouye, M. R. Andrews, J. Stenger, H.-J. Miesner, D. M. Stamper-Kurn, and
W. Ketterle. "Observation of Feshbach resonances in a Bose-Einstein condensate." Nature 392, 151 (1998).

178
67. P. 0 . Fedichev, M. W. Reynolds, and G. V. Shlyapnikov. "Three-Body Recombination of Ultracold Atoms to a Weakly Bound s Level." Phys. Rev. Lett. 77,
2921 (1996).
68. E. A. Burt, R. W. Ghrist, C. J. Myatt, M. J. Holland, E. A. Cornell, and C. E.
Wieman. "Coherence, Correlations, and Collisions: What One Learns about
Bose-Einstein Condensates from Their Decay." Phys. Rev. Lett. 79, 337 (1997).
69. Franco Dalfovo, Stefano Giorgini, Lev P. Pitaevskii, and Sandro Stringari.
"Theory of Bose-Einstein condensation in trapped gases." Rev. Mod. Phys. 71,
463 (1999).
70. W. I. McAlexander, E. R. I. Abraham, and R. G. Hulet. "Radiative Lifetime
of the 2P State of Lithium." Phys. Rev. A 54, R5 (1996).
71. G. B. Partridge, K. E. Strecker, R. I. Kamar, M. W. Jack, and R. G. Hulet.
"Molecular Probe of Pairing in the BEC-BCS Crossover." Phys. Rev. Lett. 95,
20404 (2005).
72. Kevin M. Jones, Eite Tiesinga, Paul D. Lett, , and Paul S. Julienne. "Ultracold
photoassociation spectroscopy: Long-range molecules and atomic scattering."
Rev. Mod. Phys. 78, 483 (2006).
73. R. Napolitano, J. Weiner, C. J. Williams, and P. S. Julienne. "Line shapes of
high resolution photoassociation spectra of optically cooled atoms." Phys. Rev.
Lett. 73, 1352 (1994).
74. M. Kostrun, M. Mackie, R. Cote, and J. Javanainen. "Theory of Coherent
Photoassociation of a Bose-Einstein Condensate." Phys. Rev. A 62, 063616
(2000).

179
75. C. A. Sackett, H. T. C. Stoof, and R. G. Hulet. "Growth and Collapse of a Bose
Condensate with Attractive Interactions." Phys. Rev. Lett. 80, 2031 (1998).
76. E. R. I. Abraham, W. I. McAlexander, J. M. Gerton, R. G. Hulet, R. Cote, and
A. Dalgarno. "Singlet s-wave scattering lengths of 6Li and 7Li." Phys. Rev. A
53, R3713 (1996).
77. Elizabeth A. Donley, Neil R. Claussen, Sarah T. Thompson, and Carl E. Wieman. "Atommolecule coherence in a BoseEinstein condensate." Nature 417,
529 (2002).
78. J. M. Gerton. Molecular Spectroscopy of a Bose-Einstein Condensate with Attractive Interactions. Ph.D., Rice University (2001).
79. J. R. Gardner, R. A. Cline, J. D. Miller, D. J. Heinzen, H. M. J. M. Boesten, and
B. J. Verhaar. "Collisions of Doubly Spin-Polarized, Ultracold

85

Rb Atoms."

Phys. Rev. Lett. 74, 3764 (1995).
80. C. J. Williams, E. Tiesinga, P. S. Julienne, H. Wang, W. C. Stwalley, and P. L.
Gould. "Determination of the scattering lengths of 39K from lu photoassociation line shapes." Phys. Rev. A 60, 4427 (1999).
81. C. Degenhardt, T. Binnewies, G. Wilpers, U. Sterr, F. Riehle, C. Lisdat, and
E. Tiemann.

"Photoassociation spectroscopy of cold calcium atoms." Phys.

Rev. A 67, 43408 (2003).
82. Y. Takasu, K. Komori, K. Honda, M. Kumakura, T. Yabuzaki, and Y. Takahashi.

"Photoassociation Spectroscopy of Laser-Cooled Ytterbium Atoms."

Phys. Rev. Lett. 93, 123202 (2004).
83. P. G. Mickelson, Y. N. Martinez, A. D. Saenz, S. B. Nagel, Y. C. Chen, T. C.

180
Killian, P. Pellegrini, and R. Cote. "Spectroscopic Determination of the s-Wave
Scattering Lengths of 86Sr and 88Sr." Phys. Rev. Lett. 95, 223002 (2005).
84. J. D. Miller, R. A. Cline, and D. J. Heinzen. "Photoassociation spectrum of
ultracold Rb atoms." Phys. Rev. Lett. 71, 2204 (1993).
85. R. Cote, A. Dalgarno, Y. Sun, and R. G. Hulet. "Photoabsorption by Ultracold
Atoms and the Scattering Length." Phys. Rev. Lett. 74, 3581 (1995).
86. B. Laburthe Tolra, N. Hoang, B. T'Jampens, N. Vanhaecke, C. Drag, A. Crubellier, D. Comparat, and P. Pillet. "Controlling the formation of cold molecules
via a Feshbach resonance." Europhys. Lett. 64(2) 171 (2003).
87. Vladan Vuletic, Cheng Chin, Andrew J. Kerman, and Steven Chu. "Suppression
of Atomic Radiative Collisions by Tuning the Ground State Scattering Length."
Phys. Rev. Lett 83, 943 (1999).
88. R. Wester, S. D. Kraft, M. Mudrich, M. U. Staudt, J. Lange, N. Vanhaecke,
O. Dulieu, and M. Weidermiller.

"Photoassociation inside an optical dipole

trap: absolute rate coefficients and Franck-Condon factors." App. Phys. B 79,
993 (2004).
89. H. R. Thorsheim, J. Weiner, and P. S. Julienne. "Laser-Induced Photoassociation of Ultracold Sodium Atoms." Phys. Rev. Lett. 58, 2420 (1987).
90. C.J. Pethick and H. Smith. Bose Einstein Condensation in Dilute Gases. Cambridge University Press, UK, 1st edition (2002).
91. Roy J. Glauber. "The Quantum Theory of Optical Coherence." Phys. Rev. 130,
2529 (1963).
92. O. K. Rice. "Predissociation and the Crossing of Molecular Potential Energy
Curves." J. Chem. Phys. 1, 375 (1933).

181
93. U. Fano. "Effects of Configuration Interaction on Intensities and Phase Shifts."
Phys. Rev. 124, 1866 (1961).
94. P. 0 . Fedichev, Yu. Kagan, G. V. Shlyapnikov, and J. T. M. Walraven. "Influence of Nearly Resonant Light on the Scattering Length in Low-Temperature
Atomic Gases." Phys. Rev. Lett. 77, 2913 (1996).
95. J. Javanainen and M. Mackie. "Probability of photoassociation from a quasicontinuum approach." Phys. Rev. A 58, 789 (1998).
96. M. Portier, S. Moal, J. Kim, M. Leduc, C. Cohen-Tannoudji, and 0 . Dulieu.
"Analysis of light-induced frequency shifts in the photoassociation of ultracold
metastable helium atoms." J. Phys. B 39, S881 (2006).
97. K. M. Jones, S. Maleki, L. P. Ratliff, and P. D. Lett. "Two-colour photoassociation spectroscopy of ultracold sodium." J. Phys. B 30, 289 (1997).
98. J. M. Gerton, B. J. Frew, and R. G. Hulet. "Photoassociative Frequency Shift
in a Quantum Degenerate Gas." Phys. Rev. A 64, 0534101 (2001).
99. Matt Mackie. "Anomalous Frequency Shift in the Photoassociation Spectrum
of a Bose-Einstein Condensate." Phys. Rev. Lett. 9 1 , 173004 (2003).
100. S. Kallush, R. Kosloff, and F. Masnou-Seeuws.

"Grid methods for cold

molecules: Determination of photoassociation line shapes and rate constants."
Phys. Rev. A 75, 43404 (2007).
101. R. Kosloff. "Quantum Molecular Dynamics on Grids." In Robert E. Wyatt and
John Z. H. Zhang, Editors, Dynamics of Molecules and Chemical Reactions,
pages 185-230. Marcel Dekker, New York (1996).

182
102. Eyal Fattal, Roi Baer, and Ronnie Kosloff. "Phase space approach for optimizing grid representations: The mapped Fourier method." Phys. Rev. E 53, 1217
(1996).
103. V. Kokoouline, O. Dulieu, R. Kosloff, and F. Masnou-Seeuws. "Mapped Fourier
methods for long-range molecules: Application to perturbations in the Rb2(0+)
photoassociation spectrum." J. Chem. Phys. 110, 9865 (1999).
104. Thomas Gasenzer. "Photoassociation dynamics in a Bose-Einstein condensate."
Phys. Rev. A 70, 43618 (2004).
105. Pascal Naidon and F. Masnou-Seeuws. "Photoassociation and optical Feshbach
resonances in an atomic Bose-Einstein condensate: Treatment of correlation
effects." Phys. Rev. A 73, 043611 (2006).
106. Pascal Naidon, Eite Tiesinga, and P. S. Julienne. "Coherent, adiabatic and
dissociation regimes in coupled atomic-molecular Bose-Einstein condensates."
arXiv:0711.0397vl [cond-mat.other] (2007).
107. Pascal Naidon. Private communication.
108. Thorsten Kohler, Eite Tiesinga, and Paul S. Julienne. "Spontaneous Dissociation of Long-Range Feshbach Molecules." Phys. Rev. Lett. 94, 20402 (2005).
109. X.-X. Guan and Z. W. Wang. "The hyperfine structure of the ls 2 ns 2 S and
ls 2 np 2 P states (n=2, 3, 4, and 5) for the lithium isoelectronic sequence." Eur.
Phys. J. D 2, 21 (1998).
110. Alan Carrington. Microwave spectroscopy of free radicals. Academic Press,
London (1974).
111. C. H. Townes and A. L. Schawlow. Microwave Spectroscopy. Dover Publications,
Inc., New York (1975).

183
112. Li Li, Quingshi Zhu, and Robert W. Field. "Hyperfine structure of the Na2
13A5 state." J. Mol. Sped. 134, 50 (1989).
113. S. J. J. M. F. Kokkelmans, H. M. J. Vissers, and B. J. Verhaar. "Formation of
a Bose condensate of stable molecules via a Feshbach resonance." Phys. Rev. A
63, 31601 (2001).
114. R. Cote and A. Dalgarno. "Mechanism for the Production of 6Li2 and 7Li2
Ultracold Molecules." J. Mol. Spectrosc. 195, 236 (1998).
115. R. H. Wynar, R. S. Freeland, D. J. Han, C. Ryu, and D. J. Heinzen. "Molecules
in a Bose-Einstein Condensate." Science 287, 1016 (2000).
116. J. E. Lye, L. Fallani, M. Modugno, D. S. Wiersma, C. Fort, and M. Inguscio.
"Bose-Einstein Condensate in a Random Potential." Phys. Rev. Lett. 95, 70401
(2005).
117. D. Clement, A. F. Varon, M. Hugbart, J. A. Retter, P. Bouyer, L. SanchezPalencia, D. M. Gangardt, G. V. Shlyapnikov, and A. Aspect. "Suppression of
Transport of an Interacting Elongated Bose-Einstein Condensate in a Random
Potential." Phys. Rev. Lett. 95, 170409 (2005).
118. T. Schulte, S. Drenkelforth, J. Kruse, W. Ertmer, J. Arlt, K. Sacha, J. Zakrzewski, and M. Lewenstein. "Routes Towards Anderson-like Localization of
Bose-Einstein Condensates in Disordered Optical Lattices." Phys. Rev. Lett.
95, 170411 (2005).
119. Yong P. Chen, J. Hitchcock, D. Dries, M. Junker, C. Welford, and R. G. Hulet.
"Phase Coherence and Superfluid-Insulator Transition in a Disordered BoseEinstein Condensate." submitted to Phys. Rev. Lett. (2007).

184
120. P. W. Anderson. "Absence of Diffusion in Certain Random Lattices." Phys.
Rev. 109, 1492 (1968).
121. Florian Schreck. "A laboratory control system for cold atom experiments: Hardware and software." . http://george.ph.utexas.edu/ schreck/schreck/, (June 26,
2007).

