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In this thesis, I present studies of the creation of ultracold heteronuclear
molecules from a dilute gas mixture of 8Rb and “°K. Using a Fano-Feshbach
resonance, atom pairs are associated into molecules via time-dependent magnetic
fields. Slow magnetic-field sweeps are used to make large samples of highly vi-
brationally excited KRb molecules, while rapid magnetic-field pulses are used to
create quantum superpositions of atom and molecule states. Rabi- and Ramsey-
type experiments demonstrate coherent oscillations between atoms and molecules.
This new type of quantum superposition involves particles of different statistics
(i.e. bosons and fermions) and demonstrates atom-molecule coherence without a
Bose-Einstein condensate (BEC). These atom-molecule oscillations may provide a
unique way to probe the many-body behavior of a strongly interacting Bose-Fermi

mixture.
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Chapter :

Introduction

All of the light and matter in the universe can be divided into two categories:
bosons and fermions. They are distinguished from one another by their quantum
mechanical spins. Bosons have integer values of spin, while fermions have half-
integer values of spin. Examples of bosons in nature are photons and phonons,
while electrons, protons, and neutrons are fermions. While the distinction between
these two categories is not necessarily obvious in our daily lives, whether particles
have whole- or half-integer spin determines their quantum mechanical behavior.
At sufficiently low temperatures, a group of identical bosons will form a Bose-
Einstein condensate (BEC), in which all of the particles occupy the ground state.
This macroscopic occupation of a single quantum state is prohibited in groups of
identical fermions. Instead, each particle must occupy its own state, leading to a
“Fermi sea” with singly filled energy states up to the Fermi level. This leads to
a vast difference in energy between groups of fermions and bosons at T = 0 (see
Fig. 1.1).

In this thesis, I present experiments with an ultracold mixture of bosons
(®Rb) and fermions (‘°K) at an interspecies Fano-Feshbach resonance. I will em-
phasize experiments that utilized the resonance to create heteronuclear molecules
and ultimately a coherent superposition of atoms and molecules. At the time

this work began, experiments with ultracold atomic gases at Fano-Feshbach reso-
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Figure 1.1: Bosons and fermions at zero temperature. Identical bosons form a
BEC in which all of the particles occupy the ground state. Fermions form a Fermi
sea, in which one fermion occupies each energy state up to the Fermi energy, Er.

nances abounded and were making great headway into understanding the nature
of interactions in BECs in bosonic samples [1, 2, 3, 4, 5| and exploring pairing
in the BCS-BEC crossover in fermionic systems [6, 7|. Many of these single-
species experiments involved the association of molecules with a Fano-Feshbach
resonance [8]. There were, however, relatively few experiments exploring inter-
actions between atoms with different nuclei at ultracold temperatures [9, 10, 11],
and none had yet created heteronuclear molecules via Feshbach association. These
heteronuclear experiments allow for the study of interactions between atoms with
differing quantum statistics, that is, bosons and fermions and, therefore, open up

a host of phenomena to study.

1.1 Fun things to do with Bose-Fermi mixtures

The Bose-Fermi mixture is more than just the sum of its parts. Alone, our
spin-polarized Fermi gas is non-interacting at ultralow temperatures, while the
bosons are weakly repulsive (ag, = 98.98 ag) |12, 13|, which leads to a stable

BEC in sufficiently cold clouds. When mixed together, the interplay between the



inter- and intraspecies interactions can lead to a wide variety of phenomena. If
the interspecies interaction is strong and attractive, this attraction can overcome
the boson-boson repulsion and cause the system to collapse [14, 9, 15| as in the
“bosenova” observed in condensates with attractive interactions [16, 17]. A strong,
repulsive interspecies interaction will cause phase-separation [18, 19| in which the
two species are forced to occupy physically separate regions of the trap. In between
these two extremes, however, there are predicted to be some subtle and some exotic
effects of the interspecies interaction.

The effective interactions between the bosons can be altered by the pres-
ence of fermions. Repulsive Bose-Fermi interactions are expected to enhance an
already repulsive boson-boson interaction, resulting in a lower critical tempera-
ture for Bose-Einstein condensation, while attractive interactions should reduce
the boson-boson repulsion and shift the transition to higher temperatures [20].
In highly elongated traps, changing the effective boson-boson interactions by
abruptly changing interspecies interactions is expected to create two-component
solitons in degenerate mixtures [21, 22, 23|. Just as the presence of fermions
can alter the boson-boson interactions, the presence of the bosons can affect the
fermion-fermion interactions. With strong enough interspecies interactions (of
either sign), phonons in a BEC can induce an effective fermion-fermion attrac-
tion, which may lead to Cooper pairing in a Fermi gas that would otherwise be
non-interacting |24, 25| or enhance the attraction of a two-component Fermi gas,
resulting in an increase in the critical temperature for pairing [26, 27|.

Clearly, trapped Bose-Fermi mixtures are rich physical systems to study,
but the addition of a periodic trapping potential, such as an optical lattice opens
up a host of additional avenues of study. The system of a Bose-Fermi mixture on a
lattice is predicted to exhibit a multitude of novel phases including superfluid and

insulating phases in addition to density waves and Fermi liquids [28] and in low-
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dimensionality, a supersolid phase [29, 30]. Boson-mediated Cooper pairing is also
expected to occur in the lattice, offering a controllable system directly analogous to
superconductivity in solid-state systems, which may shed additional light on high-
Tc superconductors 31, 32|. The addition of disorder to a lattice is expected to
lead to Anderson-like localization of the bosons [33] and quantum spin glasses [34].
Bose-Fermi mixtures in optical lattices offer a playground for experimentalists that
has only begun to be explored with observations of localization of bosons due to
small impurities of fermions [35] and shifts of the Mott Insulator transition due
to Bose-Fermi interactions [36].

The final exciting avenue for Bose-Fermi mixtures I will mention is the sub-
ject of this thesis—the study of heteronuclear molecules. We have used an atomic
Bose-Fermi mixture to create highly vibrationally excited molecules and study
quantum superpositions of atoms and molecules [37]. These superpositions may
offer a probe of the many-body behavior of a strongly interacting Bose-Fermi mix-
ture. Additionally, heteronuclear molecules can have a significant electric dipole
moment when in the ro-vibrational ground state. Therefore, over the past several
years, there has been much interest in transferring Feshbach molecules to their
ground state to create a dense, ultracold sample of polar molecules. Such a sam-
ple was recently created by Ni et al. 38|, which may be used as qubits in novel
quantum computation schemes [39], as probes of quantum phase transitions [40],

or in quantum simulations of condensed matter systems [41].

1.2 The state of affairs

In the summer of 2004, we had recently discovered four Fano-Feshbach res-
onances between 5Rb and 1°K [11]. We had a “knob” with which to tune the
interspecies interactions and were poised to begin experiments investigating some

of the phenomena discussed in §1.1 with one major technical stumbling block: low



potassium number. From day to day, we could not guarantee that we would have
any potassium at the end of our evaporation, and even our best conditions left us
with only 30,000 potassium atoms. This was, of course, problematic for an exper-
iment studying interactions between species. This issue was exacerbated by the
fact that we had few diagnostics with which to optimize the potassium number.
We had fluorescence imaging of the atoms in the MOT and absorption imaging in
the magnetic trap. The latter requires optically dense samples, which were only
achievable in the Fermi gas near the end of evaporation. Thus, if the potassium
number dropped too low or the temperature became too high, the atom gas would
become too dilute and its optical depth would simply be below the noise floor of
our detection during the entirety of the magnetic-trap evaporation. There are
numerous steps between collection of the atoms in the MOT and evaporation to
microKelvin temperatures, some of which could be optimized with fluorescence
in the MOT chamber, but some steps required absorption imaging. Without a
signal to optimize, we were (in)effectively shooting arrows in the dark.

The first order of business, then, was to rebuild the experiment with an eye
to capturing and keeping more potassium atoms without allowing the rubidium
number to suffer. Much of my thesis work has gone to building a new vacuum
system and improving the many experimental steps required to create an ultracold
(or even quantum degenerate) mixture of ’Rb and 4°K. The result is a machine
that over the past year has reliably generated nearly quantum degenerate mix-
tures with more than half a million potassium atoms and comparable numbers of
rubidium atoms and allowing for the first studies of coherent oscillations between
atoms and molecules in a Bose-Fermi mixture. My hope is that the machine
will continue to operate stably for years to come, enabling the study of some of
the other phenomena mentioned in §1.1 and possibly some yet-to-be-theorized

applications of Bose-Fermi mixtures.



1.3 Atom-molecule coherence

Upon achieving the initial goal of increasing the number of atoms at the
end of the experiment, we set out to study the interspecies interactions in our
Bose-Fermi mixture. Our first step was to make KRb molecules from the ultracold
mixture. Due to their internal atomic structure, the interactions between 8’Rb and
40K atoms are resonantly enhanced at particular values of an externally applied
magnetic field, known as Fano-Feshbach resonances [11, 42, 19]. In the vicinity of
these resonances, the sign and strength of the interactions between two colliding
atoms can be experimentally controlled by tuning the strength of an external
magnetic field. Colliding atoms can be made to attract or repel one another or
even bind together into molecules. Through precise control of an external magnetic
field, we are able to transfer a mixture of ultracold atoms into weakly-bound
molecules. These so-called “Feshbach molecules” are highly vibrationally excited
and have sizes that are comparable to the interparticle spacing in the atomic
gas. Unlike the bosonic molecules formed in single species experiments (boson +
boson = boson and fermion + fermion = boson), our molecules are fermions since
they are formed from the union of one bosonic and one fermionic atom. Because
they are made up of two different atomic species, these molecules are expected
to have an appreciable electric dipole moment when in their vibrational ground
state. Recently, much work has been focused on transferring Feshbach molecules
into the ro-vibrational ground state to generate an ultracold, dense sample of
dipolar molecules [38, 43]. In our experiment we instead chose to study the near-
threshold Feshbach molecules where we could exploit the similarities between the
molecules and unpaired atoms to create coherent superpositions between atoms

and molecules [44, 45, 37].



1.3.1 Quantum superpositions

In the mid-20th century, molecular beam experiments by Rabi and Ramsey
demonstrated some of the earliest examples of quantum control [46, 47, 48, 49].
They showed that an oscillating magnetic field can resonantly couple two atomic
states with different magnetic quantum numbers. Transitions between the two
states can be induced by appropriately tuning the frequency, amplitude, and dura-
tion of the oscillating field. Additionally, applying a judiciously chosen oscillating
magnetic field can result in a coherent superposition of the two quantum states,
where each particle simultaneously occupies both states. This method of coupling
two quantum states with oscillating fields was originally developed for the mea-
surement of nuclear magnetic moments but has found a multitude of applications
including neutron beam experiments [50], Josephson junctions in superconducting
devices [51], and atomic clocks [52], to name a few. In fact, the coupling of two
internal states of an atom with radio frequency (rf) or microwave photons is a
tool routinely used in atomic physics experiments.

In 2002, Donley et al. demonstrated the first quantum superposition be-
tween atoms and molecules [44]. In this experiment, a BEC of ®Rb atoms was
coherently coupled to diatomic molecules, creating pairs of atoms that were both
two separated atoms and molecules at the same time. The result was oscillations
in the atom population at a frequency that corresponded to the binding energy
of the molecules. Instead of coupling the atom and molecule states with an os-
cillating magnetic field, the superposition was created by pulsing the magnetic
field to a value near a Fano-Feshbach resonance. More recently, Syassen et al.
used a Fano-Feshbach resonance to create a quantum superposition of atoms and
molecules from pairs of bosonic atoms prepared in the ground state of a tightly

confining optical lattice potential [45]. Long-lived Rabi oscillations between the



atoms and molecules were observed. In more direct analogy with the experiments
of Rabi and Ramsey, atoms and molecules have also been coherently coupled via
two-color photoassociation in BECs [53, 54]. Each of these experiments began
with identical bosons occupying a single quantum state. This circumstance leads
to the question: Can an atom-molecule superposition be demonstrated with an
incoherent ensemble of atoms such as non-condensed bosonic atoms, fermionic

atoms [55, 56, 57|, or a mixture of different atomic species [58, 597

1.3.2 Atom-molecule superpositions in a Bose-Fermi mixture

In the case of a Bose-Fermi mixture, the participants of an atom-molecule
superposition represent three different populations with different energy distri-
butions and quantum statistics: bosonic atoms, fermionic atoms, and fermionic
molecules. Even at zero temperature the atom pairs would not occupy a single
energy state due to the energy distribution of the fermionic atoms (see Fig. 1.1).
The same is true of the molecules. This distribution of energies leads to a distri-
bution of oscillation frequencies among the atom pairs in the cloud. Despite this,
we have observed collective oscillations between atoms and molecules in our Bose-
Fermi mixture, as will be discussed in detail in Chapter 5. These experiments
represent the first observations of coherent superpositions of atoms and fermionic

molecules.

1.4 Overview of this thesis

This thesis details the steps that were necessary to create and understand
Feshbach molecules and superpositions of atoms and molecules in a Bose-Fermi
mixture of ' Rb and “°K. While the basic techniques for trapping and cooling this
mixture can be found in the thesis of my predecessor, Jon Goldwin [60], much of

the apparatus has been upgraded and optimized. In Chapter 2, I will highlight the



main changes that enabled significant improvement in the efficiency of creating
our nearly quantum degenerate mixture. This chapter is intended for the benefit
of future students and post-docs working on this apparatus or someone building
a similar machine.

In Chapter 3, I will discuss the Fano-Feshbach resonance, the critical tool
that has enabled all of the experiments detailed in this thesis. Fano-Feshbach
resonances provide the knob with which we can control the interactions between
colliding atoms and allow us to coax unpaired atoms into forming molecules.
They also provide the coupling between atoms and molecules that allowed for
the creation of atom-molecule superpositions. In this chapter, I will introduce a
simple model of Fano-Feshbach resonances and how they can be used to create
molecules in general and discuss some details specific to our system.

In Chapter 4, I will outline a semiclassical Monte Carlo calculation for the
association of molecules using a Fano-Feshbach resonance. This model is an ex-
tension of that used to successfully predict molecule conversion fractions in both
bosonic and fermionic single-species experiments [61, 62| and bosonic heteronu-
clear experiments [63]. I will show that the model can also successfully account
for the conversion fraction in Bose-Fermi mixtures [64] and discuss some of the
parameters for optimizing the molecule fraction.

The main experimental results of this thesis are presented in Chapter 5,
where T will discuss the observation of coherent atom-molecule oscillations in both
Rabi- and Ramsey-type experiments. I will highlight the differences between
oscillations in our system and those observed in bosonic systems and introduce
potential applications of these and similar superpositions.

Chapter 6 details some predictions about the coherence times and envelopes
of the atom-molecule oscillations that have yet to be tested experimentally. These

predictions arise from using the Monte Carlo calculation to predict not simply
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the number of molecules, but also the relative kinetic energy between the atoms
that form the molecules. The results show some counter-intuitive dependences on
temperature and degeneracy.

Finally, in Chapter 7, I will conclude with a summary of the work presented.
[ will also provide some thoughts on the goals for the experiment for the near future

and possible long-term directions to follow.



Chapter -

Experimental improvements

The apparatus used for the experiments discussed in this thesis has been
described in detail in Jon Goldwin’s thesis [60]. Since 2005, we have made many
improvements to the system that have allowed for efficient production of ultracold
and degenerate mixtures of °K and 8"Rb. In this chapter, I will not describe every
change that was made to the apparatus. Instead, I will begin with an overview
of the experimental steps that take a room-temperature gas of free atoms to
a (nearly) degenerate Bose-Fermi mixture with tunable interactions in under a
minute and a half. T will then discuss in detail the changes to the experiment that
brought about the most significant improvements and a few additional capabilities
that have enabled the studies of Fano-Feshbach resonances and atom-molecule

oscillations discussed in Chapters 3 and 5.

2.1 Experimental sequence

We begin our experiments by simultaneously collecting Rb and K atoms
from a room-temperature vapor via a two-species magneto-optical trap (MOT).
By overlapping the beams required for trapping Rb atoms with those for K atoms,
we are able to confine the two species in roughly the same position in space. We
typically trap 4 x 108 atoms in the Rb MOT and 4 x 107 atoms in the K MOT.

Each species is then prepared in a single spin state (|f = 2, my = 2) for Rb, and
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19/2,—9/2) for K) and transferred into a quadrupole magnetic trap as discussed
in detail in §2.3.2 below. Here, f is the total atomic spin, and m/ is the projection
of the spin along the magnetic field. The vapor pressure in the MOT cell limits
the lifetime of a trapped atom to a few seconds. To achieve longer lifetimes, we
transfer the atoms to another cell, termed the “science cell”, which is connected to
the MOT cell via a long (60 cm), narrow (1 cm diameter) tube. This tube allows
for differential pumping between the two cells, and the lifetime of the trapped
mixture can be several hundred seconds in the science cell. To transfer the atoms
to the science cell, we physically move the coils that generate the quadrupole trap
(a.k.a. the cart coils), which are mounted on a linear translation stage.

Once in the science cell, the atoms are transferred to a Ioffe-Pritchard (IP)
type magnetic trap as detailed in §2.3.3. Here, the mixture is cooled via sympa-
thetic cooling. That is, the Rb gas is cooled by forced rf evaporation, and the K
gas is cooled by thermalizing collisions with the Rb atoms. Typically, we stop the
evaporation when we reach a temperature of 2uK, leaving us with 1 x 10° atoms
in each species.

We use Fano-Feshbach resonances between K and Rb atoms in their lowest
energy states to control the interspecies interactions (see Chapter 3). In these
spin states, the atoms are not magnetically trappable. Therefore, we transfer the
mixture to a far-off-resonance optical dipole trap (FORT) generated by a single
focused laser beam with a 1/e? radius 18 pum and a wavelength of 1090 nm. The
atoms are then transferred to the |9/2, —9/2) atomic Zeeman state of K and the
|1,1) state of Rb via rf and microwave adiabatic rapid passage, respectively.

To achieve a quantum degenerate mixture (or nearly so), the mixture must
be further cooled. We simultaneously evaporatively cool the two species by de-
creasing the power in the optical-trap beam. This lowers the trap depth and

causes high energy atoms in both species to be ejected from the trap. At the
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end of the evaporation, the trap is adiabatically recompressed. At the end of this
sequence, we can have a nearly pure BEC with 65,000 atoms with a degenerate
Fermi gas of 180,000 atoms at 0.2 T, where TF is the Fermi temperature of the
K gas. However, for most of the experiments presented in this thesis, we stop the
evaporation before the onset of Bose condensation to avoid the associated high
densities.

During the optical trap evaporation, a nearly uniform magnetic field is ap-
plied and increased to a field near one of the Fano-Feshbach resonances (usually
542 G). The interspecies interactions can then be manipulated by varying the
magnetic field around the resonance. The final properties of the atoms (number,
temperature, spin state, etc.) at the end of this sequence are then measured with

species-selective absorption imaging, which is discussed in §2.7.

2.2 New vacuum system

Prior to 2005, our experiments suffered from having too few K atoms at the
end of the experimental sequence. From day to day, we could not guarantee that
we would be left with any K atoms at the end of the IP trap evaporation, and
our best conditions left us with only 30,000 K atoms loaded into the optical trap.
This problem of low atom numbers at the end of the experiment was compounded
by the fact that we had few diagnostics with which to optimize the K number.
We were able to detect the K atoms in the MOT with fluorescence imaging,
but once the atoms are transferred into the science cell, we rely on absorption
imaging to detect them. This requires optically dense ensembles of atoms, and
if the K number was too low or the temperature too high, the atoms would be
indistinguishable from background noise in the images.

A seemingly simple solution to these problems was to increase the number

of K atoms in the MOT. However, we observed little to no improvement in our
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starting conditions when we tried to increase the output of our K dispensers. These
dispensers, which we refer to by the unfortunate misnomer “getters”, are made in-
house at JILA and are based on the design of the alkali metal dispensers from
SAES Getters, Inc. [65]. The K getters contain commercially available enriched
KCl (5% “°K, which is large compared with the 0.012% natural abundance of the
10K isotope) and calcium, a reducing agent. When current is passed through the
getter, ohmic heating enables a chemical reaction that releases the K atoms from
the alkali salt. Controlling the current, therefore, controls the pressure in the
MOT cell, and, consequently, the number of atoms trapped by the MOT.

In the summer of 2005, we decided that we had to replace the K getters,
which, of course, meant breaking vacuum. In addition to improving the K atom
number and its controllability, this afforded us the opportunity to make a few
improvements to the vacuum system as well. We added a gate valve in middle of
the transfer tube. This enables us to break vacuum on either the MOT-cell side
or the science-cell side while leaving the other under vacuum (a capability that
was immediately useful!). We also swapped all the bolts along the transfer tube
for higher quality 316 stainless steel bolts. The previous vacuum system had been
fastened together with 304 stainless steel bolts, which are nominally nonmagnetic
but were generating magnetic fields of up to 10 G. These were likely the cause
of a magnetic “speed bump” over which the cart had to pass slowly to prevent
severe atom loss [60]. Also, the titanium sublimation pump was moved closer to
the science cell to enable more rapid pumping. Schematic drawings of the vacuum
system in its current incarnation are shown in Figs. 2.1 and 2.2.

Initially, we were concerned that the Rb getters in the old system had con-
taminated the K getters. A new MOT cell was made with a K getter arm and two
Rb ampoules instead of Rb getters. To achieve the ultralow pressures required for

our experiments, we baked the entire chamber at temperatures between 200 and



Figure 2.1: CAD drawing of the new vacuum system.
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350°C for 9 days. All the metal parts were wrapped with tape heaters, and an
oven made from fire bricks was built around each glass cell to minimize thermal
gradients. When we cooled down the system and opened the oven surrounding the
MOT cell, we found that the Rb had reacted with the borosilicate glass, turning
both ampoules red and causing one to rupture as shown in Fig. 2.3. During the
bake, the oven temperature near the ampoules was 275°C. This corresponds to
a Rb vapor pressure of 0.7 Torr [66], which is more than 3 orders of magnitude
too small to break the glass. Presumably, the chemical reaction that turned the
ampotules red also stressed the glass.

We promptly closed the new gate valve, which sealed off the science cell, and
replaced the MOT cell with another, this time reverting to the original design of
two getter arms and no ampoules. The MOT side of the vacuum chamber was
then baked at 250°C for 7 days. Upon cooling the system and finding no cracks

in the glass cells, we began to test our new system.

2.2.1 Large, controllable K MOTs

Since the main goal of the new vacuum system was to achieve higher numbers
of atoms in the K MOT, we chose to first operate without running the Rb getters.
This way, we could ensure that the K getters worked properly and that we could
control the number of atoms in the MOT without having to consider the effects
of another species. By controlling the current through the K getter, we were able
to achieve K MOTs with 1.5 x 10® atoms with exponential fill times of 3.5 s. This
is an order of magnitude improvement over the 107-atom K MOTs we had worked
with in the past. Satisfied that our new K getters worked and that we could trap

large numbers of K atoms, we were then ready to introduce Rb into the system.
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Figure 2.3: Failed MOT cell with Rb ampoules. A photograph of the MOT cell
with a K getter arm and two Rb ampoules taken after baking out the vacuum
system is shown in (a). The cell was baked at 275°C. (b) shows a zoomed-in view
of the ampoules. The Rb has reacted with the glass, causing it to turn red. Prior
to the bake, the glass was clear, and a puddle of silver Rb was visible. During the
bake, one ampoule ruptured, and some Rb escaped and reacted with the oxygen
in the air (white blob on upper ampoule).
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2.2.2 Model of a two-species MOT

In addition to trapping large numbers of atoms in each species, we would
like to independently control the population in each MOT. To do so, we must
understand the behavior of the K MOT in the presence of Rb and vice versa.
Here, I present a simple model of the two-species MOT to illustrate how the
number of atoms in each species depends on the total pressure in the MOT cell.
The model considers only elastic collisions between atoms, and, therefore, ignores
the light-assisted inelastic collisions that have been observed to reduce the number
of atoms in the K MOT [67].

Let us first consider each MOT individually. The number of atoms N in a
single-species MOT can be described by [68]

d
Ni(t) = L—TNi(8), (2.1)
dt

where L is the loading rate, I' is the loss rate of atoms from the MOT, and the
subscript i« ={Rb, K} represents the species of atoms in the MOT. The loading

rate is proportional to the pressure of trappable atoms P; in the cell

Here, «; is a proportionality constant that depends on the geometry, laser intensi-
ties, and detunings of the MOT and the species being trapped. Atom can be lost
from the MOT when an untrapped atom collides with a trapped atom. Therefore,

the atom loss rate depends on the total pressure |69]
L=4-(Pi+ Ry), (2.3)

where B, is the pressure of “background” atoms, i.e. all species that are not being
trapped. [; is a proportionality constant, and we have assumed that an atom is

just as likely to be lost if it collides with another atom of its own species as with
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any other species. In equilibrium, the number of atoms in a MOT is

L o, a1
M= = Prhy  Bis P
6¢ (z+ bg) Bll‘l‘T

(2.4)

Now, let us consider the case of ideal getters in a perfect vacuum for Rb
and K, in turn. We will assume that an ideal, but unenriched Rb getter emits
3 ®Rb atoms for every 8’Rb atom, and an ideal, 5% enriched K getter emits 19
¥K (or “K) atoms for every *’K atom. For the Rb MOT, B,, = 3Pgy, and for
the K MOT, B,y = 19P«. Here, Pgp, and Pk are the pressures of ¥Rb and K,

respectively. The equilibrium number of Rb atoms in a MOT when this ideal

getter is fired into a perfect vacuum is

ORb 1 1 QRb
Ngp, = = - . 2.5
Bro 1+ 2882 4 Bgy, (25)
Rb
Likewise, firing an ideal K getter into a perfect vacuum results in
1 1
K oK (2.6)

BT EE T W
For this case, in which the background pressure is proportional to the trappable
atom pressure, we find the somewhat surprising result that the equilibrium atom
number in the MOT is independent of pressure. To compare the number of atoms
in the two MO'Ts, we make some assumptions about the proportionality constants
«; and (;. First, we assume the probability that a collision with a background
atom ejects a trapped atom from the MOT is the same for the two species, i.e.
Orp = Pk = (. Next, we will assume that the loading of the Rb MOT is 3 times
more efficient than the K MOT ! | so agy, = 3ax = 3. The number in each MOT,
then, is

3a 1 «

Ngp = —— and Ngx = ——.
Rb 4ﬁan K 20 3

! This assumption is based on the empirical observation that K MOTs trap fewer atoms than
Rb MOTs with similar intensities, detunings, and geometries.

(2.7)
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In this idealized case, we find the total number of Rb atoms is fifteen times larger

than the number of K atoms, due to the relative fraction of trappable atoms.
Now, let us consider a more realistic case: ideal getters fired into an im-

perfect vacuum with an initial pressure P,,.. For now, we will still consider each

species individually. We find the equilibrium number of atoms in each MOT is

3 PRb 0% 3
Now = 22 S 2.8
i B Pry + 3Prp + Prac 54—1-% (2:8)
P 1
Ne = 2 K a (2.9)

B P+ 19Pg + Pe 20+ Do
The number of atoms in each MOT multiplied by 3/« is plotted as a function of
the trappable atom pressure in Fig. 2.4. Not surprisingly, we see that the number
in the K MOT is lower than in the Rb MOT. We also see that the number in both
species reach 90% of the maximum number at the same total pressure. Due to
the output of the getters, the partial pressure at this saturation point is 5 times
lower for K than Rb.

Now, let us consider the two-species MOT, in which the number in each
species depends on the outputs of both getters. Now, Pgry, and Px are partial
pressures. The background pressure for the ’Rb MOT is made up of everything
that is not 3"Rb, P,y = Pssrp + Paok + Psok + Poac = 3Prp + 20Px + Peye, and
the background pressure for the “*K MOT is P,y = Pssrp + Psrrb + Paok + Peac =

4Pry, + 19Pk 4+ Pyac. Now, the number in each species is

3a Pry, 3o 1
Neo = — == 2.10
i B Prp + 3Prp + 20Pk + Pac ﬁ4+% ( )
15 1
Ne = 5 > - (2.11)

BPK+19PK+4PRb+PvaC - BZO—'—_‘lPRt;;IF{PvaC’

as shown in Figs. 2.5 and 2.6. Running either of the getters will increase the num-
ber of atoms in the corresponding MOT but will decrease the number of atoms in

the other MOT. This is because running the Rb getter increases the background
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Figure 2.4: Pressure dependence of single-species MOT numbers. The number
of 8"Rb atoms in the MOT multiplied by 3/a as a function of the 8’Rb partial
pressure Pgy, scaled by the initial pressure P, is shown in (a). A similar plot for
a %K MOT is shown in (b). The dashed lines represent 90% of the maximum
number of atoms in the MO'Ts, which differ by a factor of 15 between the two
species. Both species reach 90% of the maximum when the total pressure is 10
times the initial pressure, but the partial pressure of trappable atoms differs due
to the output of the “ideal” getters as described in the text.

pressure for the K MOT and vice versa. Even in this idealized illustration, con-
trolling the number of atoms in each MO requires striking a balance between
the partial pressures of Rb and K.

In the experiment, this situation is further complicated. Josh Zirbel and
coworkers demonstrated that the K getters have a small (200 ppm) Rb contam-
ination [70]. This has a negligible effect on daily operation, but we have found
that over time, both getters become contaminated, presumably due to atom ad-
sorption. Running either getter releases both Rb and K. Figure 2.7 shows the
number of atoms in each species as a function of pressure when running a 5-A
current through only the K getter. The number of K atoms follows the expected
dependence, but we would expect a decrease in the number of Rb atoms as in the
top plot in Fig. 2.5. Instead, both increase, indicating that both K and Rb are

being released. This may indicate that the current running through the K getter
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Figure 2.5: Dependence of the Rb MOT number on the partial pressures of Rb
and K. The contour plot shows the number of atoms in the Rb MOT Ny, scaled
by 3/a calculated with Eq. 2.10 as a function of the partial pressures of 8"Rb and
40K, Prp and Pk in units of Pye. The left-hand plot shows Ngy, as a function of
the Rb pressure for fixed K pressures, corresponding to the vertical lines on the

contour plot. The top plot shows Ny, as a function of the K pressure for fixed
Rb pressures, corresponding to the horizontal lines on the contour plot.
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Figure 2.6: Dependence of the K MOT number on the partial pressures of Rb
and K. The contour plot shows the number of atoms in the K MOT Nk scaled by
[/« calculated with Eq. 2.11 as a function of the partial pressures of 8’Rb and
40K, Ppy, and Pk, in units of P.,.. The left-hand plot shows Nk as a function of
the Rb pressure for fixed K pressures, corresponding to the vertical lines on the
contour plot. The top plot shows Nk as a function of the K pressure for fixed Rb
pressures, corresponding to the horizontal lines on the contour plot.
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Figure 2.7: Measured MOT numbers running only the K getter. The numbers of
atoms in the Rb (a) and K (b) MOT are plotted as a function of the exponential
fill rate I', which is proportional to the total pressure. The pressure is varied by
running a current of 5 A through the K getter for varying durations. Contrary
to the expectation of the model presented in the text, the number in both MOTs
increase with increasing pressure, indicating that both species are released by
the K getter. The lines are the result of a simultaneous fit to the data to N =

NmaX¢ , which is equivalent to Eq. 2.4 with Nyax = o/F and Ty = BB,.

The fit yields a background fill time of 1/T',, = (9£2) s and a maximum number
of Npax = (5.240.3) x 10% atoms in the Rb MOT and (5.9 4 1.1) x 10" atoms in
the K MOT.

does not heat the getters enough to induce the chemical reactions that should
preferentially release K, but instead only heats the assembly enough to release
adsorbed atoms. Higher currents (> 6.2 A) are necessary to release enough K to
visibly coat the glass getter arm.

In the experiment, we typically operate with 4 x 10® atoms in the Rb MOT
and 4 x 107 atoms in the K MOT with exponential fill times of 1/I" = 2.5 s. We
achieve these conditions by pulsing on the Rb getter at 4.5 A for 90 s each morning.
To maintain a steady pressure throughout the day, we run 3.75 A through the K

getter with the Rb getter off. The K getter is turned off at night to extend its life.
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2.3 Keeping all those atoms

Having achieved our goal of increased K atoms in the MOT, we wanted to
ensure that the improved initial conditions would translate to larger numbers at
the end of the experiment. This meant minimizing losses in the experiment, with
particular emphasis on the transfer of the atoms between the various traps. In
this section, I describe three important improvements that allowed us to maintain

the larger K numbers throughout the experiment.

2.3.1 Fiber coupling the MOT light

To trap atoms in the MOTs, we use two frequencies of laser light for each
species. The “trap light” is red detuned of the f = 9/2 — f’ = 11/2 transition
in “°K and the f = 2 — f’ = 3 transition in "Rb, while the “repump light” is
red detuned of the f = 7/2 — f' =9/2 and f =1 — f' = 2 transitions (see
Fig. 2.8). To improve the quality of our MOT beams, we have fiber coupled the
K and Rb trapping beams as well as the Rb repumping beam as shown in Fig.
2.9. Previously, we had used a single tapered amplifier to amplify all of the beams
and found that the K and Rb light emerged with different divergences, making
it impossible to efficiently fiber couple both colors. The amplifier for the K light
is now unnecessary, because enough power for trapping the K atoms is generated
by a 120-mW injection-locked laser [70]. The Rb and K beams are coupled into a
single fiber, and we are able to achieve 70% and 50% efficiency for the K and Rb
light, respectively. This scheme delivers 140 mW of Rb light ( 5% repump), 45
mW of K trap light, and 17 mW of K repump light to the 3-beam retro-reflected
MOT.

Because the fiber-coupled MOT beams have Gaussian profiles, ease of align-

ment and its reproducibility have improved. More importantly, though, the
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Figure 2.8: Hyperfine structure of the relevant ground and excited states of K
and 3"Rb with the splittings calculated from Ref. [71].
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Figure 2.9: Fiber coupling the MOT light. The red lines represent the Rb trap and
repump beams. The Rb beams emerge from a tapered amplifier and are combined
with the K trap beam (solid blue line), which is generated by an injection-locked
laser (IjLL). All three beams are coupled into the same fiber, and the output is
directed toward the MOT after combining with the K repump beam (dashed blue
line) which is generated by an external cavity diode laser (ECDL).

structure-free beams allow for lower temperatures and purer spin compositions
in the quadrupole trap. Ideally, we would like to load cold, spatially small, and
spin-polarized clouds into the quadrupole trap. The Rb MOT, however, is large
in spatial extent due to strong radiation trapping [72]. A spatially large cloud will
gain excess potential energy when transferred to the quadrupole trap, which will
result in a higher temperature gas in the trap. To reduce the size of the Rb cloud,
we apply a compressed MOT stage, or CMOT, in which we reduce the intensity
of the repumping beam for 50 ms |73, 60]. Before the MOT beams were fiber
coupled, we found that the positions of the MOT, CMOT, and quadrupole trap
differed, presumably due to structure in the MOT beams. In transferring from
one stage to the next, the atoms acquired additional kinetic energy due to the
shifting trap centers, negating some of the benefits of the CMOT. Now, we find
the traps are well overlapped, eliminating heating due to excess motion.

In addition to an improved CMOT stage, the Gaussian MOT beams have
enabled the incorporation of a polarization gradient cooling stage, or optical mo-

lasses, for the Rb atoms |[74]. For the molasses, the MOT magnetic-field gradient



29

is abruptly switched off, the Rb trap light frequency is shifted 40 MHz red of the
cycling transition, and the MOT shim fields are changed. The shim fields are
tuned by watching the expansion of the Rb MO in real time using a small CCD
camera hooked up to a TV monitor. The fields are set so the MOT expands slowly
and uniformly over several seconds. In the experiment, however, the duration of
the molasses stage is only 2 ms. Figure 2.10 shows a measurement of the relative
temperature of the Rb atoms with and without the molasses stage. The atoms
are loaded into a variable strength quadrupole trap, held in the trap for 400 ms,
and recaptured into the MOT. The fraction recaptured is determined by compar-
ing the measured MOT fluorescence before and immediately after the hold in the
quadrupole trap. An atom with zero velocity will be trapped when the trapping
force of the quadrupole field overcomes the force of gravity. Atoms with larger
velocities (higher temperatures) will require greater trapping forces.

We can compare the fraction of atoms held by the quadrupole trap as a
function of the trap strength to a simple model that calculates the fraction of
atoms with energies less than the trap depth for a cloud with a given temperature.

We assume the trap depth U for a given atom is given by

W W
U =ppy —mg, (2.12)

where 1 is the magnetic moment of the atom, m is the mass of the atom, [ is the
magnetic-field gradient, g is the acceleration due to gravity, and W is the width
of the cross-sectional width of the MOT cell. We also assume that the momentum

distribution of atoms in the MOT is given by

N )
_ —p*/(2mkyT)
"= (rmk, )2 B (2.13)

where N is the number of atoms in the MOT, T is the temperature, and k; is

the Boltzmann constant. For an atom to be trapped by the quadrupole trap, we
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require

2
U (2.14)
2m 2

which arises from the Virial Theorem for a linear trap (potential energy = 2 x
kinetic energy). We can compare the measured MOT recapture fraction to the
calculated fraction of atoms that satisty Eq. 2.14 to estimate the temperature
and spin purity (see §2.3.2) of the cloud loaded into the quadrupole trap. Using
the model, we estimate a temperature of 300 puK without the molasses and a
temperature of 200 K after the molasses stage. Applying the model to data taken
before the MOT beams were fiber coupled indicates temperatures as high as 600
K. Therefore, by fiber coupling our MOT light, we were able to make a factor of
3 improvement in the temperature of the atoms loaded into the quadrupole trap.

After the CMOT and molasses stages, the atoms are cold (< 200 pK) but in
a somewhat random distribution of spin states. Before loading the atoms into the
quadrupole trap, we add a stage of optical pumping to spin-polarize each species
as discussed below. Note that an optical pumping pulse has been applied the data

shown in Fig. 2.10.

2.3.2 Spin state purification

Ideally, we would like to load the quadrupole trap with a pure sample of Rb
atoms in the |2,2) state and K atoms in the |9/2,9/2) state. Any other mixture of
spin states will be able to undergo spin-flip transitions that can heat the mixture
and expel atoms from the trap. Because we load 10 times more Rb than K atoms
into the quadrupole trap, we have strict requirements on the spin purity of the Rb
atoms. A 10% spin impurity in Rb could obliterate the entire K population. To
prepare as pure a sample as possible, after the molasses stage, optical pumping

light is applied to both species for <1 ms. A combination of repumping light and
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Figure 2.10: Effect of optical molasses on the temperature of the Rb MOT. Plot-
ted is the fraction of Rb recaptured into the MOT after a 400 ms hold in the
quadrupole trap as a function of the trap gradient. The atom clouds represented
by the red points are loaded into the quadrupole trap after the CMOT stage. The
blue points show atom clouds that have been further cooled by a 2 ms optical
molasses, resulting in a steeper onset of trapping. The dashed lines are the result
of a simple model for the fraction of atoms that can be trapped in the quadrupole
trap. The blue line is the expected fraction for a 200 pK cloud with 80% of the
atoms in the |2, 2) state, while the red line is for a 300 pK cloud with 50% of the
atoms in the |2,2) state. The solid lines are the dashed lines shifted by 2.5 G/cm
to match the data. This shift may be due to an additional field, such as a MOT
shim that is kept on during the transfer. All the curves have been scaled by 75%
to account for the lifetime in the quadrupole trap.



32

Zeeman pumping light (o polarized light on the f = 2 — f' = 2 Rb transition
and f = 9/2 — [’ = 9/2 K transition) transfers the atoms into the stretched
states. Since the different spin states have different magnetic moments, they
require different quadrupole trap strengths to be trapped. Therefore, the method
of measuring the fraction of atoms recaptured from varying strength traps can be
used to measure the efficiency of the optical pumping in addition to monitoring
the temperature of the cloud. Figure 2.11 compares the fraction of Rb atoms
recaptured into the MOT with and without optical pumping as a function of trap
strength. The Rb |2,2) atoms have a magnetic moment of 4 = pp and can be
trapped at 16 G/cm, while Rb |2, 1)and |1, —1) atoms have a magnetic moment
W= %,uB and require gradients greater than 32 G/cm. Here, up is the Bohr
magneton. Without optical pumping, all the Rb spin states are populated, and
we see two clear steps as atoms with the different magnetic moments become
trapped. We estimate that after optical pumping, more than 90% of the captured
Rb atoms are in the |2,2) state. The efficiency of the optical pumping is likely
limited by the optical depth of the gas. Note that the data in Fig. 2.10 indicate
that the optical pumping efficiency increases after the molasses stage, which is
likely due to the decrease in optical depth of the expanded gas.

The Rb recapture data shown in Fig. 2.11 suggest an additional mechanism
for further purifying the spin mixture, which was first implemented by Scott Papp
[75]. By loading the atoms into a quadrupole trap with a gradient < 32 G/cm,
only atoms in the |2,2) state can be trapped. In the experiment, we load the
atoms into a trap with a gradient of 29 G/cm in the vertical direction, wait 400
ms to ensure that unwanted spin states fall out of the trap, then increase the trap
strength to 98 G/cm for the transport along the vacuum system. While the initial
trap filters out all but one spin state of Rb, 7 spin states of K can be trapped.

Thus, we must rely solely on optical pumping to purify the K atoms. However,
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Figure 2.11: Rb spin states loaded into the quadrupole trap. The fraction of Rb
atoms recaptured into the MOT after a 400-ms hold in the quadrupole trap as
a function of the trap gradient is plotted for atoms clouds with (red points) and
without (blue points) optical pumping. The curves are the results of a model for
the atom fraction loaded into the quadrupole trap for a temperature of 100 uK
and scaled by 77% to account for the lifetime in the quadrupole trap. Without
optical pumping, the majority of the atoms are not in the desired |2,2) state.
With optical pumping, 90% of the atoms are in the |2,2) state. Therefore, there
is only a small increase in the recaptured fraction above 32 G/cm, the gradient
at which |2,1) and |1, —1) atoms begin to be trapped.
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a small impurity in the K spin mixture will result in correspondingly small atom
losses.

Because it is sensitive to temperature, spin state, and number, this technique
of measuring the fraction of atoms recaptured from the quadrupole trap has proved
to be a crucial tool for optimizing the initial stages of the experiment. For example,
we are able set the duration of the optical pumping pulse so that each species is
well polarized but the temperature is not increased. We are also able to ensure
that the molasses reduces the temperature of the Rb gas without sacrificing atoms
in either species. As a result, we are able to load into the quadrupole trap a spin-
polarized gas comprised of > 70% of the atoms in the Rb MOT and > 60% of the

atoms in the K MOT at a temperature of 100 pK.

2.3.3 Quadrupole trap to IP trap transfer

One point in the experiment where we are particularly susceptible to atom
loss is in the transfer from the quadrupole trap to the IP trap. As shown in Fig.
2.12, the shapes of equilibrium clouds in the two traps are severely mismatched.
In the quadrupole trap, the cloud is shaped like an mé&m, while in the IP trap,
it is cigar-shaped. Because the cloud is initially too large in the radial direction
and too small in the axial direction, if we abruptly turn off the quadrupole trap
and turn on the IP trap, breathe modes are induced along three dimensions.
While we cannot tighten the IP trap along the axial direction, we can weaken the
confinement in the radial direction to make a round(ish) trap. By increasing the
final trap strength of the quadrupole trap, we are able to match the radial cloud
sizes in the traps, eliminating radial breathing. However, we are still left with a
sizable mismatch along the axial dimension of the traps. When a cloud is loaded
into the IP trap, the axial size begins to breathe about the equilibrium size in

the IP trap (axial rms size, o, = 1.3 mm). If the atoms are too energetic, they
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Figure 2.12: Schematic of the cloud shapes in the quadrupole and loffe-Pritchard
traps. The traps are both cylindrically symmetric about the same axis, but differ
by a factor of 10 in aspect ratio (0,/0,).

will splatter onto the science cell walls, which are only 5 mm away from the trap
center (< 40,). Figure 2.13 shows the measured fraction of Rb atoms transferred
into the IP trap as a function of temperature. To calculate the expected fraction
transferred to the IP trap, we use a model similar to that described in §2.3.1. We
calculate the fraction of atoms whose energy is less than the trap depth of the IP
load trap set by the science cell walls. The data show reasonable agreement with
this simple model of the transfer and demonstrate nearly 100% transfer with our
coldest clouds. Once the atoms are transferred, we increase the radial confinement
to the full trap strength with a 5:1 aspect ratio. Figure 2.14 shows the current

through the quadrupole and TP traps for the optimized transfer.

2.4 Too much of a good thing?

All our efforts to improve the K number in the early stages of the experiment
led to a significant increase in the number of K atoms loaded into the IP trap.

Prior to the new vacuum system, we could not measure the number of atoms in
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Figure 2.13: Temperature dependence of the fraction of atoms transferred to the
IP trap. The measured fraction of Rb atoms transferred from the quadrupole trap
to the compressed IP trap is plotted as a function of the temperature in the 400 A
quadrupole trap (Q-trap). The solid line is the result of a model of the transfer.
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Figure 2.14: Quadrupole to IP trap transfer. Plotted are the currents for the
optimized transfer from the quadrupole trap to the IP trap. The quadrupole trap
current [ is increased to decrease the radial size of the cloud before the transfer.
The gradient of the quadrupole trap in the axial direction is equal to 1 x0.49G/(cm
A). The IP trap is rounded by “bleeding” current from the IP bias coils (see Fig.
2.17). The red curve shows the current passing through the bias coils, while the
blue curve shows the current passing through the IP radial and pinch coils. The
lower plots show calculated magnetic-field contours of the initial IP trap (left) and
the trap after compression (right) for = 0.
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the K cloud with absorption imaging until it was cooled below 10 uK. Now, we
are able to image the K cloud immediately after loading into the IP trap and at
any time during the subsequent evaporation. We estimate that this corresponds
to at least a factor of 5 increase in the optical depth of the K cloud loaded into
the trap, and if we assume the K cloud is in thermal equilibrium with Rb, that
translates to at least a factor of 5 more K atoms. Beyond the improvement in the
number, an important consequence is that we are now able to probe both species
at every stage of the experiment.

With such a plethora of K to play with, it seemed the world was our oyster.
Soon, however, we encountered a new problem that had previously been inconceiv-
able: too much K. Sympathetic cooling of the K atoms relies on the heat capacity
of the Rb gas being greater than that of the K gas |76, 77|. Away from quantum
degeneracy in both species, the heat capacity is given by C; = kgN;, where kg is
the Boltzmann constant and N; is the number of atoms in species i = {K, Rb}.
This implies that the number of Rb atoms must be greater than the number of K
atoms for efficient cooling. Figure 2.15 shows the number of atoms in each species
as a function of the temperature before and after the experimental improvements
detailed above. Here, we see clearly the increase in the K number. At 1 uK, the
K number is more than 10 times higher in the “After” plot than in the “Before”.
Before the improvements, the low K number allowed the Rb to reach quantum
degeneracy before the evaporation became inefficient. Now, the Rb evaporation
efficiency begins to sharply decrease around 3 uK, where the number of atoms
in the two species become equal. At 3 uK, both clouds are well above quantum
degeneracy with T'/Tr = 2 and T'/T¢ = 6. Here, Tr is the Fermi temperature for
the K atoms and T¢ is the critical temperature for Bose-Einstein condensation of
the Rb atoms.

Most of our experiments require the atom gases to be quantum degenerate
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Figure 2.15: Evaporation in the magnetic trap. The two plots show the number
of atoms N as a function of temperature T before and after the experimental
improvements detailed in §2.2 and 2.3. The open red circles in the “After” plot
show the number of Rb atoms when no K atoms are loaded into the trap (“Rb
only”), while the filled red circles represent the Rb number in the presence of K
(filled blue triangles). The filled circles with rings in the “Before” plot indicate that
the Rb gas is a BEC. The dashed line is a fit of the “Rb only” data in the “After”

b
plot to N = A (/%) and is plotted in the “Before” plot for ease of comparison.
The fit yields A = (2.1 £0.3) x 10% and b = 0.86(2).

or nearly so. To achieve a more degenerate mixture, after evaporating to a few
microKelvin in the magnetic trap, we transfer the atoms to a far-off-resonance
optical dipole trap. This trap is generated by a single focused laser beam with a
1/€? radius of 18 yum and a wavelength of 1090 nm. By decreasing the power of the
optical-trap beam, we simultaneously evaporate both species. This eliminates the
heat capacity limitations imposed by sympathetic cooling, and we only require
thermalizing interspecies collisions to keep the K cloud in thermal equilibrium.
Thus, in the optical trap we are able to achieve quantum degenerate mixtures.
Figure 2.16 shows time-of-flight absorption images of a nearly pure Rb BEC with
6.5 x 10* atoms and a K cloud of 1.8 x 10° atoms at T/Tr = 0.2 released from
the same trap. Here, we determine T'/Tr from a surface fit to a Thomas-Fermi

distribution [78].
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Figure 2.16: False-color absorption images of a degenerate Fermi gas and a Bose-
Einstein condensate. The left image shows a cloud of 1.8 x 10° K atoms at 0.2
Tr after 10 ms of expansion from the optical trap. The right image shows a Rb
BEC with 6.5 x 10* atoms after 20 ms of expansion. The calculated radial trap
frequencies are 290 and 180 Hz for K and Rb, respectively, and the calculated
axial frequencies are 3.1 and 1.6 Hz.
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All of the experimental improvements detailed above have allowed us to
achieve quantum-degenerate Bose-Fermi mixtures in the optical trap. However,
for the experiments discussed in the rest of this thesis, we evaporate to tempera-
tures slightly above T to avoid the high Rb atom densities that accompany the

BEC transition.

2.5 Magnetic-field curvature compensation

In this and the following sections, I will discuss several new capabilities that
were added to the experiment for the purpose of studying atoms and molecules
near KRb Fano-Feshbach resonances. These include improved control over the
homogeneity of the magnetic field, the ability to rapidly varying the strength of
the field, and the ability to detect the atoms and molecules near the resonances.

Accessing the KRb Fano-Feshbach resonances requires large magnetic fields
(> 450 G). We generate these fields with the cart coils with the direction of the
current through one of the coils reversed from the quadrupole trap configuration.
Because the coils are not in a proper Helmholtz configuration (where the radius of
the coils is equal to their separation), the field is not uniform, but has a minimum
in the axial direction. This is problematic for two reasons: (1) the Fano-Feshbach
resonances we use are between high-field-seeking atomic states of Rb and K, and if
the anti-trapping force of the magnetic field overwhelms the trapping force of the
optical trap, which can occur during evaporation, the atoms are ejected from the
trap. (2) Observing atom-molecule oscillations with long coherence times requires
the magnetic field to be uniform across the atom/molecule cloud (see Chapter 5).

To cancel the curvature of this bias field, we apply an additional field gener-
ated by the axial coils of the Toffe-Pritchard trap. The IP coils generate a field in
opposition to that from the cart coils. Since the curvature depends on the current

through the coils, an appropriately chosen current will cancel the magnetic-field
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curvature, as shown in Fig. 2.17. Figure 2.18 shows the measured magnetic field
along the axial direction of the cloud for 376 A through the cart coils and 4.76
A through the IP pinch and bias coils. The current through the IP coils was
empirically optimized to minimize the magnetic-field variation across the atom
cloud. The gradient implies that the IP and cart coils’ fields are not centered on
one another in one or more directions. Perfect cancellation requires the fields from
the two sets of coils to be perfectly centered on one another in three dimensions,
and we have found that the centers are offset by 1.1 mm in the vertical direction.

Efforts are currently under way to correct this and achieve more uniform magnetic

fields.

2.6 Fast magnetic-field pulse circuit and eddy current correction

Many of our experiments, particularly those discussed in Chapter 5, require
rapid variations in the magnetic field near the Fano-Feshbach resonances. The
cart coils that primarily generate the magnetic field have large inductances and
are controlled by a servo with a bandwidth of 500 Hz. To achieve fast magnetic
field ramps, we have installed a low inductance auxiliary coil pair controlled by
a high-bandwidth servo. Two 1-inch diameter, single-loop coils separated by 32
mm are mounted concentrically with the IP axial coils. These auxiliary coils are
connected to a capacitor charged to high voltage by a 160-V power supply as
shown in Fig. 2.19 [3|. The auxiliary coils can generate a field of up to 50 G for
5 ms, and the bandwidth of the servo allows for magnetic-field ramp durations as
short as 5 us. When added to the field generated by the cart coils, the auxiliary
coils can generate rapid magnetic-field sweeps in the vicinity of the Fano-Feshbach

resonances.’

2 Note that the auxiliary coils also add inhomogeneity to the total magnetic field which must
be compensated for with the IP axial coils as above, but this correction was neglected in the
past.
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Figure 2.17: Magnetic-field curvature cancellation. A schematic of the coils used
to generate a nearly uniform magnetic field is shown in (a). The cart coils, shown
in orange, generate a large field with a small curvature. The axial coils of the
Toffe-Pritchard (IP) trap, shown in blue, generate a field with the opposite curva-
ture. The magnetic field along the axis of the coils for the cart coils (calculated
for a current of 388 A) and the IP axial coils (4.56 A) are shown in (b) and (c),
respectively. The total field (assuming that the field centers are perfectly over-
lapped) is shown in (d). Notice the different scale. The current through the TP
coils was chosen to minimize the magnetic-field variation over £1 mm. With this
cancellation method, the magnetic-field variation can in principle be reduced to
0.2 mG. A typical rms cloud size along z at the end of evaporation in the optical
trap is 200 pm.
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Figure 2.18: Measured axial magnetic-field inhomogeneity. The magnetic field
along the axial direction of the cloud is measured using rf on the Rb |1,1) — |1,0)
Zeeman transition for currents of 376 A through the cart coils and 4.76 A through
the IP pinch and bias coils. The line is a linear fit to the data, yielding a gradient
of 0.17 £ 0.7 G/cm.
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Figure 2.19: Circuit used to generate fast magnetic-field ramps. A Hall effect
current sensor (Danfysik Ultrastab 866) monitors the current, and an insulated
gate bipolar transistor, or IGBT, (Powerex CM200HA-24H) controls the current
through the auxiliary coils.

Figure 2.20 shows a magnetic-field ramp generated by the auxiliary coils
determined from the measured current through the coils. The calculated ramp
rate is 5.5 G/us. However, the actual magnetic-field ramp rate is much slower
due to induced eddy currents. Figure 2.21 shows the total magnetic field after a
downward magnetic-field ramp spanning 7.4 G with a modest ramp speed of 7.6
G/ms. At the end of the ramp, the expected change in magnetic field is undershot
by nearly 20%, and the field takes more than 5 ms to decay to the correct value.
We believe this deviation is due to eddy currents induced in the copper forms
that house the IP coils. Such large eddy fields were unacceptable for nearly all of
the experiments discussed in this thesis, particularly the atom-molecule oscillation
experiments discussed in Chapter 5, which require precisely controlled fields with
ramp speeds nearly 20 times faster. While replacing the IP trap forms with others
made of non-conducting material may be an option for the future, we chose to

actively compensate for the eddy currents with the current through the auxiliary
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coils.

We model the eddy currents with a RL circuit that couples to the auxiliary
coil circuit through a mutual inductance as shown schematically in Fig. 2.22. The
magnetic flux through the eddy current circuit (right-hand circuit in Fig. 2.22) is
given by

Gy = 1 My — Ir Lo, (2.15)

where M, is the mutual inductance, [y is the current through the auxiliary coils,
and [ is the current through the eddy circuit. By applying Faraday’s Law and

Kirchhoff’s Law to the eddy current circuit, we find

APy dl, dl,
I =LRy— — =1 Lo— — My— = 0. 2.1
2Ry + & = LRy 7 2Ry + Lo i 21, 0 (2.16)

The magnetic fields produced by each circuit are proportional to their respective
currents (B; = C11; and By = Cyl5). Thus, we can recast Eq. 2.16 in terms of
the magnetic fields as

Ry dBs dB,

— By +

b _ 42 92.17
L a - Tar (2.17)

Co Mo

PR We can determine 1 and Lo/ Ry from measurements similar to

where n =
that shown in Fig. 2.21.
For a linear ramp of the auxiliary magnetic field, the solution to Eq. 2.17

for the induced field is given by
By(t) = (B2(0) = ) ™7+, (2.18)

where the exponential decay time is 7 = Ly /Ry and ¢ = —Tndd%. If By(0) is zero,
which can be ensured in the experiment, then ( is the amplitude of the undershoot
of the field. We find that 7 is 0.295 £ 0.011.

By solving Eq. 2.17 over an entire ramp sequence, we can engineer the
current in the auxiliary coils such that the auxiliary field and the eddy field sum

to the desired ramp as shown in Fig. 2.23. The measured magnetic field and
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Figure 2.20: Magnetic-field ramp determined from the current through the auxil-
iary coils. The current implies a magnetic-field ramp rate of 5.5 G/ us.
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Figure 2.21: Decaying magnetic field after a magnetic-field ramp. The total mag-
netic field at the atoms, measured with rf w-pulses on the Rb |1,1) — |1, 0) atomic
Zeeman transition, is plotted as a function of time after the end of a 7.6 G/ms
ramp with the auxiliary coils. The red line is a fit to a decaying exponential
B = A-e 7 + By, yielding an undershoot of A = (1.35 £ 0.03) G and a de-
cay time of 7 = (0.92 + 0.03) ms. The inset compares the fit to the expected
magnetic-field ramp, shown in blue.
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Figure 2.22: Schematic of the eddy current model. The left-hand circuit represents
the auxiliary coil circuit shown in detail in Fig. 2.19, which is coupled to the eddy
current circuit (right-hand circuit) by the mutual inductance Ms;. Shown is the
direction of the induced current I for decreasing auxiliary-coil current I; (4L < 0).

deviation from the desired 7.6 G/ms ramp with the eddy current compensation
are shown in Fig. 2.24. During the entirety of the ramp, the magnetic field is
within 80 mG of the expected field, and after the ramp ends, the field settles to
within 20 mG of the final value in only 50 us. When we perform ramps with speeds
of 140 G/ms, we measure additional eddy fields that decay with a timescale of 90
us as shown in Fig. 2.25. We model and correct for these smaller and faster eddy
fields in the same manner and find the coupling parameter n to be 0.090 4 0.005.
Figure 2.26 shows the calculated magnetic field for these fast ramps. With both
levels of eddy current correction in place we are able to engineer ramps that span
2.4 G with speeds of 140 G/ms to within 35 mG of the desired fields as shown in
Fig. 2.27.

2.7 High-field absorption imaging

While the fluorescence from atoms in the MOT is a useful diagnostic for cal-
culating the number and temperature of the atoms in the MOT cell as discussed
above (see §2.3.2), once the atoms leave the MOT cell, we rely on absorption

imaging to extract information about the clouds. Detailed discussions of ab-
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Figure 2.23: Magnetic-field ramps that compensate for eddy fields. The black
curve shows the calculated auxiliary magnetic field that cancels the induced eddy
field (blue line) to generate a trapezoidal ramp of the total field (red line).
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Figure 2.24: Magnetic-field ramps with eddy current compensation. The measured
total magnetic field (o) and the calculated magnetic-field ramp (red line) are shown
as a function of time in (a). The difference between the measured and calculated
field is shown in (b). The dashed vertical lines represent the hinge points of the
ramp.
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Figure 2.25: Decaying magnetic field after a fast magnetic-field ramp. The total
magnetic field at the atoms, measured with rf m-pulses on the Rb |1,1) — |1,0)
atomic Zeeman transition, is plotted as a function of time after the end of a 140
G/ms ramp with the auxiliary coils. The red line is a fit to a decaying exponential
B = A-(1—e'/")+ By, yielding an undershoot of A = (310420) mG and a decay
time of 7 = (90£10) us. The inset compares the fit to the expected magnetic-field
ramp, shown in blue.
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Figure 2.26: Magnetic-field ramps that compensate for eddy fields. The black
curve shows the calculated auxiliary magnetic field that cancels the sum of the
induced eddy fields (blue and green lines) to generate a trapezoidal ramp of the

total field (red line).
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Figure 2.27: Measured magnetic-field deviation after a fast ramp. Plotted is the
difference between the measured magnetic field and the total calculated field (red
line in Fig. 2.26) after the 140 G/ms upward ramp.
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sorption imaging can be found, for example, in Refs. [79] and [80]. In brief, a
collimated beam of resonant laser light is directed toward the atom cloud, and its
shadow is imaged onto a Roper Scientific back-illuminated CCD camera (Micro-
Max 1024B). The light integrates through one dimension of the cloud, rendering a
two-dimensional image from which we can extract the atom number, temperature,
and density.

For much of the experimental sequence, we are able to interrogate the atoms
with low-field imaging. In this technique, all trapping fields are turned off, and
the atoms are allowed to ballistically expand for 5 to 20 ms, depending on their
number and temperature. A circularly polarized laser beam is directed toward
the atoms along the axis of the vacuum system (in through the MOT cell, and
out through the science cell—see Fig. 2.2). For imaging Rb, the light is tuned to
the f =2 — f’ = 3 atomic cycling transition, and for K, the light is tuned to the
f=9/2 — f"=11/2 transition. A small (3 G) magnetic field is directed along
the axis of the probe beams to maintain quantization. By switching the direction
of this field, we are able to image either the negative or the positive m; atomic
Zeeman states. Using the camera’s kinetics mode, we are able to take images of
both the K cloud and the Rb cloud separated by only a few milliseconds, allowing
us to probe both species in a single experimental run.

Many of our experiments involve manipulating the magnetic field in the
vicinity of interspecies Fano-Feshbach resonances at fields above 500 G. An ac-
curate measure of the number and temperature of the atoms and any molecules
formed at the resonance requires the ability to image the clouds at these large
magnetic fields. Due to the Zeeman effect, the K [9/2,-9/2) — |11/2,—-11/2)
cycling transition at these fields is shifted from the zero-field transition by more
than 600 MHz, and the Rb |2,2) — |3,3) transition is shifted by more than 700

MHz. Figure 2.28 shows how the light for this high-field imaging is obtained from
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the Rb and K lasers. At low fields, the atomic Zeeman states are nearly degener-
ate, and are not distinguished by the probe light. However, at these large fields,
the transitions for imaging the two lowest-energy Zeeman states in K, |9/2, —9/2)
and |9/2, —7/2) are separated by > 65 MHz, and the transitions for imaging the
12,2) and |2, 1) states of Rb are separated by nearly 200 MHz. Thus, imaging at
high fields enables spin-selective imaging of both species. For experiments with
the Fano-Feshbach resonances, the Rb atoms are not in the f = 2 state, but in
the |1,1) state. To access the f =2 — f’ = 3 cycling transition, we transfer the
Rb atoms to the |2,2) state via microwave adiabatic rapid passage. For this, we
commissioned a coil from the JILA shop that is impedance-matched at 8.0 GHz
[63]. The coil is also impedance-matched at 6.8 GHz, the frequency needed to
prepare the Rb atoms in the |1,1) state at low fields.

While we are able image to both species at high fields, our current imaging
configuration is not optimal. As shown in Fig. 2.29, the probe beams are perpen-
dicular to the large bias magnetic field. The beams, therefore, cannot be made to
be o or o~ polarized with respect to the field. The best option for this geometry
is to linearly polarize the beams. This results in a factor of two decrease in the
observed optical depth, i.e. a factor of two decrease in our signal. The optimal
configuration would be a circularly polarized imaging beam along the magnetic
field, resulting in an automatic factor of two increase in signal from the polariza-
tion and an additional increase in the optical depth due to integrating through
the long direction of the atom cloud. Efforts are currently under way to install a

second imaging axis along the magnetic field (dashed lines in Fig. 2.29).

2.8 Isolating the track controller that spews noise all over the lab

One problem that plagued our new and improved experimental setup from

time to time was rf noise that was picked up by the IP trap. When measuring the
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Laser frequencies for trapping, pumping, probing Rb and K. The

K repump and Rb external cavity diode lasers (ECDLs) are each referenced to
atomic transitions using saturated absorption spectroscopy [81], while the K trap
ECDL is referenced to the K repump laser via an offset lock [75]. The green boxes
are acousto-optic modulators (AOMs) with the numbers 1 and 2 representing a
single- or double-passed AOM and the + and - indicating whether the light is
shifted blue or red. The loops represent optical fibers.
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pick-up with a spectrum analyzer, we observed noise peaks around 2 and 5 MHz.
These frequencies are particularly detrimental to atoms in the magnetic trap as
they are able to drive Zeeman transitions to untrapped states in low-energy atoms.
For comparison, the trap bottom corresponds to 2.1 MHz for Rb and 0.9 MHz for
K. The result of this rf noise was a severe reduction in the trap lifetime from 200 s
to 40 s, rendering the magnetic-trap evaporation, which takes 60-70 s, hopelessly
inefficient.

This rf noise would disappear occasionally, often coinciding with changes
to the IP trap current servos or with changes to the IP trap circuit itself.?
Inevitably, though, the noise would rear its ugly head after a few hours, days, or
weeks. Since we believed we were influencing the noise with changes to the IP
trap circuitry, we thought the rf must have been originating in the power supply,
the servos, or a ground loop in the system. After many months of this mysterious
rf coming and going, we were able to determine the source: the Aerotech Soloist,
the controller for the track for the quadrupole coils.

Shortly after the overhaul of the vacuum system, due to a malfunction in its
communications with the experiment control computer, we replaced the BA Intel-
lidrive that had previously controlled the track with Aerotech’s latest controller,
the Soloist. This new controller, while having the advantage of more user-friendly
controls, has the disadvantage that it broadcasts harmonics of 80 kHz up to 25
MHz as shown in Fig. 2.30. The noise was transmitted via the various inputs
and outputs of the Soloist to the control computer, the TTL controls for all the
equipment in the lab, the power lines, and, of course, the IP trap. To isolate the
controller, we built a mu-metal enclosure around the Soloist. However, the trans-
mission lines to and from the Soloist also required isolation. We improved the

shielding of the TTL inputs, and the coaxial cable that carries the trigger signal

3 Note that the data in the §2.4 were taken during one such “happy time”.
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for the cart has been moved from the cable tray above the optics table, where the
noise is easily transmitted to nearby cables, to below the table, where no other
cables pass. Additionally, we now use a fiber-optic USB cable to transmit signals
to and from the control computer, and the AC power passes through a noise sup-
pressor to prevent the Soloist from contaminating the AC for other equipment in
the lab. These steps to isolate the track controller have eliminated the rf pick-up
at the TP trap and the associated lifetime problems, allowing for the experiments

discussed in the rest of this thesis.
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Figure 2.29: Schematic of the high-field imaging configuration (top view). Cur-
rently, atom clouds (red oval) are imaged with probe beams perpendicular to the
magnetic field. The dashed lines represent a proposed new imaging axis along the
magnetic field.
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Figure 2.30: Noise broadcast by the Soloist cart controller. Shown are spectrum
analyzer traces of rf picked up by a 1-in diameter coil placed in close proximity to
the Soloist. Harmonics of 80 kHz are observed up to 25 MHz.



Chapter s

Creating molecules with a Fano-Feshbach resonance

The critical tool that has enabled all of the experiments detailed in this
thesis is the interspecies Fano-Feshbach resonance. Magnetic-field tunable Fano-
Feshbach resonances provide the knob with which we can control the interac-
tions between colliding atoms and allow us to coax unpaired atoms into forming
molecules. [ will begin this chapter with a brief introduction to Fano-Feshbach
resonances and how they affect atomic scattering properties. I will then describe

how we are able to exploit the resonances to create and probe KRb molecules.

3.1 Fano-Feshbach resonances

A full calculation of atom interactions at a Fano-Feshbach resonance re-
quires detailed knowledge of interatomic potentials and the coupling between
many atomic energy states |82, 83, 84, 85]. For example, a Fano-Feshbach reso-
nance involving %K atoms in the |9/2, —9/2) state and 8"Rb atoms in the |1, 1)
state can couple the atoms to eleven other pair states. However, the atomic in-
teractions near resonance are typically dominated by the coupling between only
two states and can be described by a two-level Hamiltonian [86, 87]. Here, I will
use this simplified two-level picture to illustrate the features of Fano-Feshbach
resonances.

The potential energy of two colliding S-state alkali-metal atoms can be
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Figure 3.1: Schematic of a Fano-Feshbach resonance. (a) A Fano-Feshbach res-
onance results from coupling between the threshold of an open channel of the
interatomic potential and a bound state in a closed channel. At zero magnetic
field, the dissociation thresholds are split by the hyperfine energy AEug. (b) An
external magnetic field causes the energy of each state to vary according to the
Zeeman effect, which can lead to level crossings.

generically described by a potential that is repulsive at small internuclear dis-
tances, R, and has a van der Waals attraction that goes as 1/R® at large R, as
shown schematically in Fig. 3.1a. Hyperfine interactions cause the energy levels of
the possible collision channels (labeled by the quantum numbers f and my of the
pair) to split. An atom pair entering an elastic collision in a lower channel with
kinetic energy less than the hyperfine splitting AEyxp cannot exit the collision
in the upper channel due to energy conservation. Thus, a channel is said to be
“closed” if the energy of the colliding atoms is less than that channel’s dissocia-
tion threshold and “open” otherwise. In ultracold atom gas experiments, collision
energies are < 1 pK, while hyperfine energy splittings can be 10s to 100s of mK.
Therefore, the different channels are well-resolved by the colliding atoms.

It is possible for a bound state in a closed channel to be nearly degener-
ate with the dissociation threshold of an open channel, as drawn in Fig. 3.1a.
As illustrated in Fig. 3.1b, due to the Zeeman effect the energy difference be-

tween channels can be magnetic-field dependent. A Fano-Feshbach arises when
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the dissociation threshold of an open channel, which is coupled to a closed chan-
nel, becomes nearly degenerate with a bound state in that closed channel. The
interchannel coupling is provided by the Coulomb, or exchange, interaction, which
couples together different hyperfine states at short internuclear distances [85, 88|.
When two atoms collide, the strong electrostatic interactions can overcome the
hyperfine interaction, allowing spin flips to occur. This interchannel coupling cre-
ates a “dressed” molecule state, which is a linear superposition of the open and
closed channel states. The magnetic-field at which this dressed molecular state
goes through threshold is known as the Fano-Feshbach resonance position By and
is in general shifted from the field at which the bare states cross [86].

As we know from the theory of low energy scattering (see for example, Ref.
[89] and [90]), when a bound state is introduced into a scattering potential, the
s-wave scattering length diverges. The scattering length near a Fano-Feshbach
resonance is given by [88, 91]

a(B) = an, (1 - > _ABO) , (3.1)

where ay, is the background scattering length for atoms in the open channel, and
the magnetic-field width of the resonance A is defined as the difference between
By and the field at which a = 0. Figure 3.2 shows the magnetic-field dependence
of the calculated interspecies scattering length for the Fano-Feshbach resonance

used in the majority of the experiments in this thesis.

3.2 Locating the resonances with atom loss

It has been shown both theoretically [93, 94, 95, 96, 97| and experimentally
[91, 98, 99, 100, 101| that the increased scattering lengths for elastic collisions at
Fano-Feshbach resonances are accompanied by increased inelastic collision rates.

The predominant inelastic collisions in ultracold atom gas experiments are spin
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Figure 3.2: Magnetic-field dependence of the scattering length at a Fano-Feshbach
resonance. The interspecies scattering length is calculated for the Fano-Feshbach
resonance between °K atoms in the |9/2, —9/2) state and " Rb atoms in the |1, 1)
state at By = 546.76 G [11, 92, 19, 64, 37|. The calculation uses A= -3.6 G [64]
and apg = —185 ag [92], where ag is the Bohr radius.
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relaxation, in which one or both atoms “spin flip” into a lower energy state, and
three-body recombination, in which three atoms collide, allowing two to form a
molecule with the third carrying away the binding energy. Both of these mecha-
nisms can result in heating and loss of atoms from the trap. Thus, one signature of
a Fano-Feshbach resonance is magnetic-field dependent atom loss. We originally
identified four Fano-Feshbach resonances between ‘'K atoms in the [9/2,—9/2)
state and ®'Rb atoms in the |1,1) state by measuring the number of atoms in
the trap after a long (1 s) hold at a variable magnetic field [11]. These initial
experiments were performed with a relatively high temperature (14 pK) and a
number ratio of Ngy/Nk = 10.

Upon achieving the improved conditions discussed in §2.4, we set about
remeasuring the positions of the Fano-Feshbach resonances by observing losses.
We prepared the mixture in an optical trap with radial and axial frequencies of
340 and 4.4 Hz for Rb and 495 and 6.3 Hz for K. The number of atoms in each
species varied from day to day from 4 —7 x 10* K atoms and 6 — 9 x 10* Rb atoms
at a temperature of 320 nK, corresponding to 0.8 — 0.9 T and 2.0 — 2.3 T. Here,
Tr is the Fermi temperature for the K gas, and T is the critical temperature for
Bose-Einstein condensation for Rb. Figure 3.3 shows the locations of three Fano-
Feshbach resonances between “°K and 8"Rb in their lowest energy states. For each
resonance, the number of atoms remaining in each species after a variable hold
time at Bygq was measured. The hold time was chosen such that for all values of
Bioia no more than 80% of the initial number in each species was lost from the
trap. Additionally, it was confirmed for each resonance that loss was observed in
both species and that no losses were observed if only one species was present. In
Figs. 3.3b and c, the atom loss feature at the Fano-Feshbach resonance appears
asymmetric. We attribute this asymmetry to losses incurred when the magnetic

field is ramped across the resonances. A schematic of the time-dependent magnetic
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field is shown in Fig. 3.3a.

Figures 3.3d and 3.3e show number loss and corresponding heating at the
Fano-Feshbach resonance at 515 G. Both show a double-peaked structure, indi-
cating that this resonance is a p-wave resonance [102].! The existence of a p-wave
resonance in this mixture had been predicted in Ref. [102], but which of the four
originally observed Fano-Feshbach resonances was the p-wave resonance became
the subject of some confusion. Due to the high temperature of the initial observa-
tions [11], the doublet structure could not be resolved. Our calculations suggested
that the 495 G resonance was a p-wave resonance [11], while a subsequent calcu-
lation from the LENS group constrained by the observation of many additional
resonances in several spin states ascribed p-wave character to the 515 G resonance
[92]. This later identification was confirmed by S. Ospelkaus et al., with the ob-
servation of the doublet structure of the 515 G resonance through a measurement

similar to that shown in Fig. 3.3d, but in finer detail [19].

3.3 KRb Feshbach molecules

If experiments can be performed on timescales short compared with those
for the atom losses and heating at a Fano-Feshbach resonance, the divergence
of the s-wave scattering length (Fig. 3.2) and the introduction of a bound state
(Fig. 3.1) can be exploited. Some of the initial experimental work with Fano-
Feshbach resonances employed magnetic-field control of atomic interactions to
improve evaporation efficiency in ®Rb [99] and 133Cs [103] and to control the
size of and induce collapse in a BEC [104, 16]. In recent years, however, much
experimental work has been directed toward the production of large samples of

ultracold molecules via magnetic-field sweeps across Fano-Feshbach resonances

! For the data in Fig. 3.3, we were limited to steps of 40 mG by the resolution of the DAC
that controlled the magnetic field. This limitation was later eliminated by the introduction of
the “Fast B” circuit discussed in §2.6.
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Figure 3.3: Magnetic-field dependent atom loss at Fano-Feshbach resonances be-
tween ‘K atoms in the |9/2, —9/2) state and 5"Rb atoms in the |1,1) state. The
resonances are approached from below as shown in (a). For each resonance, Bggar
is at least 5 G below the peak of the loss. Plotted in (b)-(d) is the measured atom
number in one species after a variable hold time at a magnetic field Bjoq in the
vicinity of three Fano-Feshbach resonances between °K and 8"Rb atoms in their
lowest energy states. The hold times are 100 ms in (b), 40 ms in (c¢), and 400
ms in (d). Shown in (e) is the increase in temperature associated with the atom
loss at resonance. The lines are guides to the eye. In all the plots, the error bars
represent the statistical error of repeated data points.
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[105, 8]. This “magneto-association” technique has been shown to convert as much
as 90% of a sample of ultracold atoms into highly vibrationally excited Feshbach

molecules [61].

3.3.1 Magnetic-field sweeps

Since Fano-Feshbach resonances arise from the coupling of an atom pair
state to a bound state, it is possible to associate free atoms into molecules with
time-dependent magnetic fields. A variety of methods have been used to create
Feshbach molecules. These include applying rapid magnetic-field pulses [44] and
oscillating magnetic fields [62] near a resonance. The simplest technique for as-
sociating atoms into Feshbach molecules is to sweep the magnetic field through
the resonance |105|. As shown schematically in Fig. 3.4, atoms initially prepared
on the high-field side of the resonance can be converted to molecules by sweeping
the magnetic field downward in time. Molecules can be created if the ramp speed
is slow compared to the two-body physics of the Fano-Feshbach resonance. If the
ramp is too fast, however, the atoms will remain in the atom pair state after the
ramp. It is this method of using adiabatic magnetic-field sweeps that we employed
to begin creating KRb Feshbach molecules.

There are several Fano-Feshbach resonances between K |9/2,—9/2) atoms
and Rb |1,1) atoms (see Fig. 3.3, Ref. [92]). We choose to create KRb molecules
using the resonance near 547 G because it is the widest accessible resonance be-
tween these two states. To make molecules, we prepare a mixture of 8 x 10* Rb
atoms and 2.5 x 10° K atoms in an optical trap with radial trapping frequencies
of 560 Hz for Rb and 730 Hz for K and axial frequencies of 7.2 Hz for Rb and
10.4 Hz for K. The temperature of the mixture is 300 nK, which corresponds to
1.2 T and 0.3 Tr. For the 547 G resonance, the molecule state exists only on the

low-field side of the resonance. A magnetic-field sweep to create molecules must,
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Figure 3.4: Molecule association with magnetic-field sweeps. At the Fano-
Feshbach resonance, the energy of the 2-atom state and the molecule state are
degenerate. By preparing the atoms on the high-field side of the resonance, then
sweeping the field downward through resonance, atoms can be converted into
Feshbach molecules.
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therefore, begin above the resonance. We prepare the atoms on the high-field side
of the resonance by first slowly increasing the magnetic field to 542.1 G during the
optical trap evaporation, then rapidly sweeping the magnetic field up through the
resonance to 549.9 G at a speed of 140 G/ms. To create molecules, we then sweep
the magnetic field down through the resonance to 543.6 G as shown in Fig. 3.5a.
To see the effect of the magnetic-field sweep, we measure the number of remaining
Rb atoms using resonant absorption imaging. The gas is released from the trap
and imaged after 2 ms of expansion. The Rb probe light is not sensitive to the
molecules. Therefore, molecule creation results in a perceived loss of atoms. The
measured number of Rb atoms remaining after the sweep through resonance is
shown as a function of the ramp speed in Fig. 3.5b. For these data, the 1/e ramp
speed for molecule creation is Bl/e =(26+£7) G/ms.

The observed atom loss from magnetic-field sweeps through resonance is
consistent with molecule creation, but as we have seen in Fig. 3.3, Fano-Feshbach
resonances can also cause real atom losses. To verify that we are adiabatically
creating molecules, we can check that the apparent atom loss is reversible. We
sweep the magnetic field through resonance at a speed of 3.3 G/ms, then reverse
the sequence as shown in Fig. 3.5b. The sweep back up through resonance disso-
ciates the molecules, causing them to “reappear” as unbound atoms that we are
then able to image. Figure 3.5d compares the measured number of Rb atoms
after such a double-sweep experiment with the number left after a single sweep.
The number of atoms remaining after two sweeps is larger than after only one
sweep, indicating that some of the atoms were not lost but transferred to the
molecule state after the first sweep. The number of molecules recovered by the
upward sweep equals the difference between the two curves in Fig. 3.5d. For the
shortest hold time, we recover 3 x 10* molecules. By varying the time between

the two sweeps, we can measure the lifetime of the molecules. At the hold field
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Figure 3.5: Molecule creation via magnetic-field sweeps through a Fano-Feshbach
resonance. A schematic of the time dependent magnetic field for creating
molecules is shown in (a). The measured number of Rb atoms Ngp remain-
ing after the molecule creation ramp as a function of the inverse ramp speed
(1/B) is shown in (c). Before the resonance is crossed, the measured number of
Rb atoms is Ny = 8 x 10%. The line is a fit to Ngy, = Ae #B + y, yielding
A = (4.0 £0.6) x 10*and 8 = (26 + 7) G/ms. Note that the number of Rb
atoms remaining after the fastest sweeps indicates an initial loss of 2 x 10* Rb
atoms, which may be due to the first resonance crossing. (b) shows a schematic of
the magnetic-field sweeps used to measure the molecule lifetime in (d). (d) The
blue points show the measured number of Rb atoms after a slow sweep back up
through resonance as a function of the hold time at B = 546.27 G. To account
for any atom loss at the hold field, this number is compared with the number of
atoms remaining after the molecule creation sweep and hold (red points). Sub-
tracting the two curves, which are exponential fits to the data, yields the number
of molecules recovered by the second sweep Ny = (3.1 4+ 0.2) x 10* and the 1/e
lifetime 7 = (2.0 £ 0.4) ms.
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of B = 546.27 G, we observe a decay in the number of atoms (red points in Fig.
3.5d), and to accurately measure the molecule lifetime, we must subtract this
atom loss. For the molecules in Fig. 3.5d, the 1/e lifetime is (2.0 & 0.4) ms.
Comparing the initial number of Rb atoms, 8 x 10*, with the number mea-
sured after one and two sweeps, we observe losses that are not recovered by the
second sweep. We believe this is due to the enhanced 3-body and atom-molecule

collision rates associated with the resonance [106, 107].

3.3.2 Density dependence of molecule creation sweep rates

Theoretical calculations for the adiabatic association of molecules with magnetic-
field sweeps in single-species experiments have shown that the 1/e ramp speed
depends linearly on the atom gas density |86, 108|. Measurements of the adia-
batic ramp speed for varying densities in 8°Rb experiments are consistent with a
linear dependence [61]. We have measured the 1/e ramp speeds for a variety of
Rb and K densities as shown in Fig. 3.6. We vary the density by changing both
the relative number in the two species and the strength of the optical trap. We
define the two-species density as 2v/(nk) (nrp), where (n;) = w J i (r)d®r is the
average number density of species ¢. This generalization from the single-species
case arises from the fact that the number of possible pairs in a single species
is N(N —1)/2 ~ N?/2, while the number of possible pairs in the mixture is
Nk Ngp [109]. The measured 1/e ramp speeds are inconsistent with the expected
linear dependence on the two-species density, but instead show a quadratic de-
pendence on the density. This suggests that our generalization to two species is
incorrect. However, these measurements were performed observing only atom loss
(not directly imaging molecules—see §3.4 below). Our measurements of molecule
number are always smaller than the observed atom loss, indicating atom and/or

molecule loss during the sweep. Therefore, the measured sweep speeds may be
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a convolution of molecule creation and loss rates. Future efforts will be focused
on understanding (and minimizing) loss mechanisms, and studying the density

dependence of molecule creation rates.

3.3.3 Why we no longer use a 1075 nm broadband laser

Prior to the results shown in Fig. 3.5, our initial experiments creating
molecules were performed in an optical trap formed from a multi-longitudinal
mode 1075 nm fiber laser. We were able to observe loss with a single downward
sweep through the Feshbach resonance, while no loss was observed with a single
upward sweep. This was suggestive of molecule formation, but double sweep
experiments similar to that shown in Figs. 3.5¢ and d yielded small numbers
of atoms returning with lifetimes much shorter than 1 ms. Zirbel and coworkers
demonstrated that the short molecule lifetime was due to the optical trap light [70].
We believe the trap light excites the Feshbach molecules to the lowest vibrational
states of the 3(1) excited state potential, as shown in Fig. 3.7. We now use a
multi-longitudinal mode fiber laser at a wavelength of 1090 nm for the optical
trap. The energy of a photon from this laser is too small to excite bound-bound
transitions to the 3(1) state. While the 2(1) states are accessible, these are not
expected to be strong transitions [110]. With this laser forming the optical trap,
we have observed molecule lifetimes as long as 10 ms, which are likely limited by

collisions with unbound atoms [106].

3.4 Molecule imaging

The fact that we are able to recover missing atoms with additional magnetic-
field sweeps indicates that we are, in fact, creating molecules with the initial
downward sweep through the resonance. This method of comparing the number

of missing atoms after a molecule association sweep with the number recovered
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Figure 3.6: Measured density dependence of adiabatic magnetic-field sweep
speeds. The number of atoms remaining after magnetic-field sweeps through the
Fano-Feshbach resonance were measured as a function of the sweep speed as in
Fig. 3.5¢, for mixtures with varying densities. The 1/e sweep speed Bl/e is plotted

as a function of the two-species density nkrp = 24/ (nk) (ngrp). The line is a fit of
the data to Byj. = A-nip,, vielding A = (3.7+0.3) x 1072"cm® and b = 2.1+0.2.
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Figure 3.7: KRb molecular potentials. Laser light with a wavelength of 1075 nm
can excite transitions from the Feshbach molecule state to vibrational states in
the 3(1) or 2(1) excited molecular potentials. (This figure was produced using the
potential energies of the KRb molecule from Ref. [111].)
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with a dissociation sweep will underestimate the molecule number if there are any
additional atom or molecule losses as the Fano-Feshbach resonance is traversed
again. Additionally, if the fraction of atoms converted to molecules is small, an
accurate measurement of the molecule number is difficult due to typical shot-to-
shot atom number variations of 7%. To avoid these limitations, we image the
molecules directly.

We detect the molecules with spin-selective absorption imaging using light
tuned to the K 19/2, —9/2) — |11/2, —11/2) cycling transition [112, 64]. This light
is sensitive to molecules and unbound K atoms. To avoid imaging the unbound
atoms, we use a 30-us pulse of rf tuned to the K atomic Zeeman transition to
transfer the atoms to the previously unoccupied |9/2, —7/2) Zeeman state with
99% efficiency. We typically image the molecules at B = 546.04 G. Because their
binding energy of hx140 kHz is large compared to the spectral width of the rf
pulse, the molecules are unaffected by the pulse. A 50-us pulse of probe light is
then applied after 0 to 5 ms of expansion from the trap. Presumably, the first
photon incident upon a molecule causes it to dissociate, while subsequent photons
scatter off the newly unbound K atom.

We are able to image the molecules at magnetic fields within 1 G of the
Fano-Feshbach resonance. This range is large compared to that expected for
the case of homonuclear molecules at a similar resonance. This is because the
energy difference between the molecular ground and excited electronic potentials
varies more slowly with internuclear separation R for the case of heteronuclear
molecules than for the homonuclear case. For homonuclear molecules, the excited
electronic potential varies as 1/R3, while the ground potential varies as 1/RS. For
heteronuclear molecules, both potentials vary as 1/R°, allowing for a wider range
of binding energies over which the molecules can absorb imaging light tuned to

the atomic resonance.
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3.5 Locating the resonance with molecule sweeps

As we have seen in §3.2, we can locate a Fano-Feshbach resonance by observ-
ing atom losses, but a more precise determination of its position can be obtained
by observing the Feshbach molecules. To measure the position of the resonance,
we observe the dissociation of molecules in a low density mixture [6] with the
magnetic-field sequence shown in Fig. 3.8a. Molecules are created with a slow
magnetic-field sweep through the resonance. The optical trap is then abruptly
turned off to allow the atom/molecule mixture to ballistically expand and the
density to drop. The magnetic field is then increased to a value Byoqg near the
Fano-Feshbach resonance, then decreased to B = 546.04 G to image any remaining
molecules. If By,q is above the resonance, the molecules dissociate. Performing
this measurement on the expanded gas ensures that the atom density is sufficiently
low that no molecules are formed with the final ramp through resonance and that
many-body interactions are negligible. The observed number of molecules de-
creases sharply at By = (546.66 + 0.06) G as shown in Fig. 3.8b, and in good
agreement with Refs. |64] and [37]. This method offers a much more precise mea-
surement of the Fano-Feshbach resonance than the 3 G wide loss feature observed

in Fig. 3.3.
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Figure 3.8: Determination of the Fano-Feshbach resonance position via molecule
dissociation. A schematic of the magnetic-field sequence for creation and dissoci-
ation of molecules is shown in (a). The measured number of molecules N, as a
function of Bygq is shown in (b). A fit of the data to an error function yields the
Fano-Feshbach resonance position By = (546.66 4+ 0.06) G, where the uncertainty
is given by the 10%-90% width.




Chapter .

Semiclassical Monte Carlo simulations of molecule conversion

In the previous chapter, I showed that we can associate ultracold atoms
into molecules with adiabatic magnetic-field sweeps through a Fano-Feshbach res-
onance. This technique had become widely used in single-species experiments
by 2003, but how the final molecule fraction depends on experimental conditions
was not studied in detail experimentally until 2005. Hodby et al. proposed that
molecule conversion via an adiabatic sweep should depend on the phase space den-
sity of the atomic gas [61]. An adiabatic sweep smoothly alters the atom pairs’
wavefunctions, but does not change the number of radial nodes in the two-atom
wavefunction. Thus, Hodby et al. argued, for a pair of atoms to be converted into
a molecule, they must have originally been sufficiently close in phase space for
the pair wavefunction to be converted into that of a bound molecule. They de-
veloped a semiclassical Monte Carlo simulation to test this hypothesis and found
that the experimentally measured molecule conversion efficiency in the cases of
identical bosons and a two-component Fermi gas are described equally well by
this model. The simulation was later extended and shown to successfully predict
molecule conversion in a two-species Bose gas [63]. In this chapter, I will discuss
the extension of the simulation to include Bose-Fermi mixtures for the purpose of

designing experiments that maximize the fraction of molecules created.
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4.1 Monte Carlo simulation

The Monte Carlo simulation was developed to describe the fraction of atoms
converted to molecules in the limit of slow magnetic-field sweeps. It does not
address the dynamics of molecule formation, nor does it describe the timescales
of the adiabatic sweeps. The simulation operates on three simple assumptions:
(1) Any atom can form a molecule with any other atom in the single-species case,
or any non-identical atom in the case of two-component samples, if the two are
sufficiently close in phase space, (2) Once a molecule is formed, the two atoms
remain paired, and (3) The system is static—there are no losses, no collisions,
and no motion over the timescale of the conversion. This implies that three-
body recombination is so slow that it can be ignored, and the only mechanism
for molecule formation is magnetoassociation. The simulation first generates an
ensemble of particles whose randomly assigned positions and momenta follow the
correct distributions for trapped bosons and /or fermions. The simulation program
searches for a partner for each atom in turn, forming a molecule if the pair of atoms

satisfies the phase space criterion
| AT Ave ] < %h, (4.1)

where Ar,, is the spatial separation of the two atoms, Awv, is their relative
velocity, p is reduced mass, h is Planck’s constant, and v is an experimentally
determined constant.

The conversion fraction predicted by the simulation was compared to exper-
iments with an uncondensed Bose gas of 8Rb atoms and a two-component Fermi
gas of K atoms taken over a wide range of phase space densities of the gas [61].

Figure 4.1, reproduced from Ref. |61], shows the measured molecule fraction and

! Equation 4.1 differs from Eq. 3 in Ref. [61] by a factor of 2 because I have made the
substitution m — 2pu.
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prediction from the Monte Carlo simulation. The molecule conversion efficiency
increases with increasing phase space density (decreasing T/Tr in Fig. 4.1 b) as
expected, and the experimental data agree very well with the simulations. The
results are best fit values of v = 0.44£0.03 for the boson data and v = 0.384+-0.04
for the fermion data, indicating that molecule association is governed by the same

physics in both cases.

4.2 Two-component systems

The 8Rb and *°K experiments showed that molecule formation via adia-
batic sweeps depends on the phase space density of the atom gas, and in both
cases, the conversion fraction approaches 100% as the quantum degeneracy of the
atom gas increases. There are, however, factors in addition to the phase space
density that can affect the conversion efficiency in two-component systems. The
10K experiments were performed with a nearly 50/50 mixture of two spin states
that experienced the same trapping potential, leading to identical spatial and
momentum distributions for the two spin components. If the two components
have different spatial profiles, quantum degeneracies, or numbers of particles, the
overall efficiency of molecule conversion will change. In the “°K experiment, it
was observed that by changing the ratio of the two spin states, the fractional
conversion of the spin state having fewer atoms could be increased [113].

The Monte Carlo simulation has been extended to include heteronuclear
mixtures of bosons and compared to experiments in which Feshbach molecules
were associated from an ultracold mixture of ®Rb and 8"Rb [63]. Using the value
of v determined from the single-species boson experiment [61], the simulation
correctly predicted the molecule conversion efficiency. While previous experiments
had shown monotonic increases in molecule conversion with phase space density

(see Fig. 4.1), in this experiment, the measured molecule fraction follows a peaked
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Figure 4.1: Temperature dependence of the molecule conversion in single-species
experiments. The measured fraction of ®*Rb atoms converted into molecules as a
function of phase space density for an uncondensed sample is shown in (a), and
the fraction of “°K atoms converted into molecules as a function of the degener-
acy of the two-component Fermi gas is shown in (b). The solid circles (o) are
experimental data, while the lines are the best fits to Eq. 4.1 for the Monte Carlo
simulation. (Figure reproduced from Ref. [61].)
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curve as function of quantum degeneracy as shown in Fig. 4.2. The temperature of
87Rb is varied across the BEC transition, but the 8°Rb gas remains uncondensed
due to a smaller number of atoms. The fraction of ®Rb atoms converted into
molecules increases as the 8’Rb gas cools, approaching T¢, the critical temperature
for Bose-Einstein condensation, but then decreases as the 8"Rb condensate fraction
increases. Above T¢, the spatial profiles and momentum distributions of the two
clouds are similar, and as in the single-species case, higher phase space density
results in a larger conversion fraction. Below T¢, a significant fraction of the
8"Rb atoms are in the condensate. The uncondensed 8°Rb cloud has a spatial
extent and momentum distribution that are much larger than the BEC’s. This
reduced overlap causes reduced molecule conversion despite the increased quantum

degeneracy.
4.3 OK-3"Rb Bose-Fermi mixture in particular

In a Bose-Fermi mixture, we expect the molecule conversion to behave sim-
ilarly to the 3Rb-8"Rb mixture experiment discussed above. If the temperature
of the mixture is brought below T for the bosons, there will be a reduction in
the spatial overlap of the boson and fermion clouds, causing a reduction in the
molecule conversion efficiency. We have adapted the Monte Carlo simulation to
accommodate a mixture of bosons and fermions and have compared the predicted
molecule fraction to data from another “°K-8"Rb experiment at JILA [64].

In this experiment, the molecules are not created by magnetic-field sweeps,
but by rf association [112]. For this process, the atoms do not begin in the
Fano-Feshbach resonant state. %"Rb atoms in the |1,1) state and ‘K atoms
in the |9/2,—7/2) states are prepared on the low-field side (molecule side) of
the Fano-Feshbach resonance at By = 546.76 G; this resonance affects collisions

between Rb |1,1) atoms and K [9/2,—9/2) atoms Rf photons tuned to the K
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Figure 4.2: Temperature dependence of the molecule conversion in a bosonic
mixture of Rb and 8"Rb. The measured fraction of 8°Rb atoms converted to
molecules as a function of the 8"Rb degeneracy is shown. Throughout the exper-
iment, the Rb gas remains uncondensed. The solid circles (e) are experimental
data, and the lines represent the the molecule fraction predicted by the Monte
Carlo simulation using v = 0.44 & 0.03. (Figure reproduced from Ref. [63].)
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Figure 4.3: A simplified energy level diagram for rf association. Atoms start in
the |1,1) +]9/2, —7/2) state and are transferred into the molecular state via an rf
photon detuned from the K |9/2, -7/2) — |9/2,-9/2) Zeeman transition by an
amount equal to the molecule binding energy Fj.

19/2,—7/2) — [9/2,—9/2) atomic Zeeman transition can create atom pairs whose
interactions are controlled by the nearby resonance. An rf photon blue detuned
from the 9/2,—-7/2) — |9/2,—9/2) transition by the molecule binding energy
can create a Feshbach molecule. A schematic of the energy levels involved in the
association is shown in Fig. 4.3.

To create molecules, a mixture of 3 x 10> Rb atoms and 1 x 10° K atoms
are assembled in a trap with radial trapping frequencies of 211 and 136 Hz and
axial trapping frequencies of 4 and 2 Hz, for K and Rb, respectively, at a tem-
perature of T/Tc = 0.8 and a magnetic field of B = 546.17 G. A transverse rf
field is applied with a frequency that is swept from 80.132 to 80.142 MHz in 2 ms.
These frequencies correspond to the energy splitting between the |9/2, —7/2) and
19/2,—9/2) plus 90 to 100 kHz, spanning the 95 kHz molecule binding energy. The
sweep creates Feshbach molecules via rf adiabatic rapid passage, and as discussed
in §3.4, the number of molecules created can be measured with direct imaging.

The fraction of K atoms converted to molecules as a function of temperature

is shown in Fig. 4.4. The temperature is varied by holding the mixture in the trap
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for a variable time after the evaporation ends. Instabilities in the optical trap
strength and position cause heating, resulting in an increase in temperature while
the number of atoms remains constant. As expected, above T, the molecule
fraction increases as the temperature decreases due to the increased phase space
density, but decreases below T as the spatial overlap decreases. The solid line in
Fig. 4.4 shows the molecule fraction predicted by the Monte Carlo simulation using
~v = 0.44, and the dashed lines represent the uncertainty in the conversion due to
uncertainties in the measured numbers, temperature, and trapping frequency. The
predictions from the model are scaled by 0.70 to account for observed molecule
losses due to collisions with unbound atoms on the timescale of the rf sweep.

While the Monte Carlo simulation was originally developed to describe
molecule association by adiabatic magnetic-field sweeps through resonance, we
expect that it will also describe Feshbach molecules created via rf association. The
model was shown to correctly predict the fraction of atoms converted to molecules
through a similar technique in ®Rb by Thompson et al. [62]. In that experiment,
atoms were prepared in the Fano-Feshbach resonant state, and molecules were
associated by modulating the magnetic field at a frequency equal to the molecule
binding energy. Here, we see that the simulation does correctly predict the fraction
of atoms converted to molecules via rf association and for the case of a Bose-Fermi
mixture.

Since we are able to accurately predict the molecule conversion efficiency
with the Monte Carlo simulation, we can use it to design experiments to optimize
the molecule fraction. The data in Fig. 4.4 were taken with a 3:1 Rb to K number
ratio in a weak optical trap with significant gravitational sag between the two
atomic gases. Now, we ask: how do these and other experimental parameters

impact the molecule fraction?
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Figure 4.4: Temperature dependence of the molecule conversion in a Bose-Fermi
mixture of 8"Rb and °K. The fraction of K atoms converted to molecules is plotted
as a function of T'/T¢ for the Rb atoms. The solid circles (o) are experimental
data, while the lines are the result of the Monte Carlo simulation for Ngry,/Nk = 3,
taking into account the effects of gravitational sag and uncertainties in the trap
frequencies and atom numbers. This figure differs from Fig. 3 in Ref. [64] in that
the data above T are shifted to higher temperature due to correcting an error in
the calculated trapping frequencies. Also, the simulated conversion fraction has
been scaled to correct for the atom-number dependence in the simulation, which
results in lower conversion fraction below T and larger conversion fraction above
Te for larger atom number. The simulation was originally run for 16 000 atoms,
while the experiment was performed with 400000 atoms.




85

4.3.1 Number ratio

Let us consider the effect of the number ratio on molecule conversion. For the
purpose of elucidation, we consider a mixture of equal numbers of two Boltzmann
gases (atoms that are sufficiently hot that we need not consider whether the
particles are bosons or fermions), which we label A and B. Let us assume that
molecule conversion is less than one hundred percent. Now, if we double the
number of particles in B while keeping the temperature fixed, we have doubled
the number of possible partners for a given atom in species A. This is likely
to increase the number of pairs that satisfy the phase space criterion Eq. 4.1,
resulting in a larger fraction of species A converted into molecules.

As we have seen above, to associate a significant fraction of atoms into
molecules, the atom gas must be nearly quantum degenerate. Therefore, we must
take into account whether the atoms are bosons or fermions, and whether one
species Bose condenses. Figures 4.5 and4.6 show the results of the Monte Carlo
simulation for a trapped mixture of fermionic *°K and bosonic 8’Rb. As expected,
the fraction of atoms of one species converted to molecules depends on the number
of atoms in the other species. For all cases, the molecule fraction is maximized
when 7" = T as we have seen in Figs. 4.2 and 4.4. With an excess of fermions at
Te for the bosons (see Figs. 4.5 a and b), the simulation predicts 80% of the Rb
population to be converted into molecules with a number ratio of Nx/Ng;, = 3,
while a number ratio of Nx/Ng, = 4 yields 90% conversion efficiency. For an
excess of bosons, however, the molecule conversion fraction for the K atoms does
not exceed 70% even with number ratios as high as Ny, /Nk = 25.

To understand this difference we must consider the phase space density of
each species individually. If the number of bosons at T¢ is fixed and the number

of fermions increases, the number of possible partners for the bosons increases,
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Figure 4.5: Effect of number ratio on molecule conversion for fixed 7. Plotted
are the results of the Monte Carlo simulation for molecule conversion for various
temperatures and number ratios of K and Rb confined in an isotropic trap. (a)
and (b) show the fraction of Rb atoms converted into molecules as a function of
the ratio of K to Rb atoms with the Rb number fixed. Here, T is constant, but
T /T decreases with increasing Nk. For clarity, (a) shows the conversion fraction

for T < T¢, while T > T¢ is shown in (b).

(¢) and (d) show the fractional

conversion of K atoms into molecules while varying the Rb number. Here, 7> and
T/Tr increase with increasing Ngy,. Each closed circle (o) represents a single run
of the Monte Carlo simulation, and the lines, which are double-exponential fits,
are intended only as a guide to the eye.
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Figure 4.6: Effect of number ratio on molecule conversion for fixed T%. Plotted
are the results of the Monte Carlo simulation for molecule conversion for various
temperatures and number ratios of K and Rb confined in an isotropic trap. The
fraction of Rb atoms converted into molecules as a function of the ratio of K to
Rb atoms with the Rb number fixed is shown in (a) and (b). Here, T is constant,
and T/T¢ increases with increasing Nk. The fraction of K atoms converted into
molecules as a function of the ratio of Rb to K atoms with the K number fixed
is shown in (c) and (d). Here, T"is constant, and T'/T decreases with increasing
Ngyp,. The filled symbols represent points where 7'/T¢ > 1, and the open symbols
represent points where T//T < 1. The lines are guides to the eye.



88

increasing the likelihood of making molecules (see Figs. 4.5a and b). Since the
temperature is fixed and the number of fermions increases, the phase space density
of the fermions increases. This increased phase space density results in an increase
in the molecule fraction as in the simple example above. If, instead, we have a fixed
number of fermions at Tx with varying boson number (see Figs. 4.5¢ and d), the
situation becomes slightly more complicated. As the number of bosons increases,
the number of possible partners for the fermions increases, but T increases as
well. Since the number of fermions is fixed, the phase space density of the fermions
decreases due to the increased temperature. It is this competition between the
increased number of possible partners and the decrease in the phase space density
of the fermions that leads to lower conversion fraction for an excess of bosons
than an excess of fermions. Alternatively, we could fix the number of fermions
and the temperature and vary the number of bosons as in Figs. 4.6¢ and d. In this
case, the phase space density of the fermions remains constant. As the number of
bosons increases, the number of possible pairs increases as does the phase space
density of the bosons, leading to an increase in molecule conversion. If we began
at T as in the previous example, any increase in number will cause the bosons
to condense leading to a reduction in spatial overlap. Here, it is the competition
between the increased number of partners and the reduced spatial overlap that
leads to lower conversion fraction for an excess of bosons.

From the simulations, we find that by operating near T for the bosons with
a modest excess of K atoms, we can expect the majority of the Rb atoms to be
converted into molecules. We have compared this prediction with the number of
atoms that disappear from detection in adiabatic sweep experiments. The mixture
is prepared in an optical trap with radial trapping frequencies of 560 Hz for Rb
and 730 Hz for K and axial frequencies of 7.2 Hz for Rb and 10.4 Hz for K. With

Ngrp = 7 x 10* and a number ratio of Nx/Ng, = 3.6 £ 0.5, the temperature of the
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mixture, 350 nK, corresponds to 1.4 T for the bosons and 0.4 T for the fermions.
Figure 4.7 shows experimental data for the number of Rb atoms remaining after
a magnetic-field sweep through resonance as a function of the inverse ramp speed.
If we assume all the missing atoms have been converted to molecules, the observed
molecule fraction for adiabatic sweeps agrees well with the simulation. Here, we
find that (66 £ 6)% of the Rb atoms are converted to molecules. Note, however,
that fewer than 20% of the K atoms are converted to molecules. From this point
forward, T will use the term “molecule fraction” to mean the fraction of the lower-
number species that is converted to molecules since the maximum possible number

of molecules is set by the lower-number species.

4.3.2 Gravitational sag

The calculations in §4.3.1 assumed that the two species are spatially centered
on the same point. In the experiment, the Rb and K atoms experience a different
gravitational sag, causing the cloud centers to be separated in the vertical direction
by an amount Ay = g (é — é) Here, g is the acceleration due to gravity and
wk and wgy, are the angular trapping frequencies in the vertical direction for K and
Rb, respectively. Figure 4.8 shows the predicted molecule fraction as a function
of the separation of the cloud centers. The molecule conversion begins to drop
steeply when the cloud separation becomes comparable to the rms widths of the
clouds. For the data in Fig. 4.4, the gravitational sag was nearly twice the rms
widths of the clouds, resulting in a 30% reduction in the peak molecule conversion
efficiency when compared with the case with no gravitational sag. However, the
experiments in Fig. 4.7 and all of the experiments discussed in Chapters 3 and
5 were performed with clouds whose differential gravitational sag was less than
half the rms cloud size, where the effects of sag on the molecule conversion can be

safely neglected.
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Figure 4.7: Adiabatic molecule conversion with an excess of fermions. Initially, a
mixture is prepared with Nx/Ngy, = 3.6 £ 0.5 at T//T¢ = 1.4 (green points). The
red points show the number of Rb atoms remaining after a magnetic-field sweep
through resonance. The black solid line shows the Monte Carlo prediction for the
number of atoms remaining after adiabatic molecule conversion, while the dashed
lines represent the uncertainty in the molecule number due to the uncertainty in
the initial atom numbers. The observed loss corresponds to (66 + 6)% of the Rb
atoms.
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Figure 4.8: Effect of gravitational sag on molecule conversion. The upper plot
shows the simulated molecule fraction as a function of the cloud separation for
Nk /Ngp = 1 (red circles) and Nk /Ngy, = 3 (black circles) at T = T for atoms
confined in an isotropic trap. The lower plots show the simulated vertical profiles
of the integrated number density for Rb (red circles) and K (blue triangles) with
cloud separations of 3 and 7 pum. The rms sizes of the clouds are 3 and 4 um for
the Rb and K clouds, respectively.
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4.3.3 Mbolecule conversion in expansion

Some of the experiments that will be discussed in Chapter 5 required atomic
gases with low densities. While there are many ways to reduce the density of a
sample, one method we employed was to release the atoms from the trap, allowing
the clouds to ballistically expand before creating molecules. When a cloud is
released from the trap, the atoms fly apart with the momentum they had in the
trap, rapidly increasing the spacing between particles (and, thus, reducing the
density). This also has the effect of locally cooling the cloud. That is, as the
cloud expands, it separates itself into velocity classes—the atoms that remain
near the center of the cloud have small velocities, while the atoms that are on the
outskirts of the cloud have the largest velocities. If we were to divide the cloud
into shells, each shell would contain a smaller distribution of velocities than the
initial cloud, effectively cooling the sample.

What impact does expansion have on the molecule fraction? The criterion
for molecule creation requires Ar.gAuv.q be small. The distribution of Ar.q of
all possible pairs increases as the cloud expands, while the distribution of Av,q
remains the same. We might naively expect that the molecule fraction should
simply be inversely proportional to the mean interparticle spacing. However, it
is the product Ar,qAuv, that determines if a molecule is made. In expansion, an
atom’s position and momentum are correlated, so it becomes increasingly likely for
two neighboring atoms (atoms with small Ar,y) to have similar velocities (small
Auvyg). For the cases we have investigated with the Monte Carlo simulation, the
molecule fraction decreases as the cloud expands, but the local cooling in the gas
causes it to decrease more slowly when compared with a simple dilation of the
cloud. Figure 4.9 shows the expected molecule fraction as a function of expansion

time for two Bose gases with equal masses and identical position and momentum
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distributions. The solid circles show the molecule fraction for a cloud of atoms
whose positions follow the form

DPio
i(t) =250 + — - 1, 4.2
z(t) :co+m (4.2)

where z;0 and p;y are the atom’s position and momentum in the trap, with the
subscript ¢ = x,y, z representing the cardinal directions. m is the mass, and ¢ is
the expansion time. To identify the effect of local cooling in expansion, the Monte
Carlo simulation was also performed for a simple dilation of the cloud (open circles

in Fig. 4.9)

a:l(t) = Zi04/ 1+ wftz, (43)

where w; are the angular trapping frequencies. The density of the atom cloud
retains the proper dependence on expansion, but the momentum remains uncor-
related with position. Clearly, local cooling in expansion maintains a larger frac-
tion of pairs with small relative velocity despite the increase in the interparticle
spacing.

If, instead of identical atoms, we have two components with different masses
and magnetic moments, we must additionally take into account the reduction in
spatial overlap from the gases expanding at different rates. This is the case in
our mixture of K and Rb. For expansion times long compared to the trapping
period, the ratio of the sizes will become % ~ %, where ook rp represents
the in-trap rms size of the atom cloud. The K trapping frequencies in the optical
trap are typically 40 — 50% greater than the Rb trapping frequencies due mainly
to the smaller mass but also due to additional trapping forces provided by the

inhomogeneous magnetic field. For a mixture with similar sizes in the trap, the

K cloud will rapidly become larger than the Rb cloud as they expand. Figure
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Figure 4.9: Molecule conversion in expansion for two identical Bose gases at T' =
Te. The solid circles (o) show the fraction of molecules converted in the Monte
Carlo simulation as a function of expansion time from a trap with a radial trapping
frequency of 690 Hz and an axial trapping frequency of 9.0 Hz. The atom clouds
expand according to the atoms’ momenta in the trap, causing the position and
momentum of each atom to be correlated. For comparison, the open circles (o)
show the molecule fraction for a dilation of the atom cloud, where the position
of each atom is scaled by a constant factor, irrespective of its momentum. The
density for a given expansion time is the same as that of the solid circles, but the
momentum and position of a given particle are uncorrelated. At the dashed line,
the radial size has increased tenfold.
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Figure 4.10: Simulation of molecule conversion in expansion for equal numbers of
Rb and K at T'= T. The K atoms experience trapping frequencies that are 1.4
times greater than the Rb trapping frequencies. The two atom clouds, whose sizes
are initially similar, expand at different rates, causing a reduction in the spatial
overlap at longer expansion times.
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4.10 shows the expected molecule fraction for a gas with equal numbers of 4°K
and 8"Rb at T' = T¢. In comparison with Fig. 4.9, the expected molecule fraction
decreases more rapidly with expansion time due to the mismatch of the spatial
extent of the two species. After 2 ms of expansion from the trap, the density of
the clouds has decreased by two orders of magnitude, while the molecule fraction
has only decreased by a factor of 2.3. Therefore, we can access a wide range of
densities with comparatively small effects on the molecule conversion by releasing
the atoms from the trap before making molecules.

From the Monte Carlo simulations, we now have guidelines for maximizing
the molecule fraction: (a) the temperature of the mixture must be near to T¢,
(b) there should be more fermions than bosons, (c) the trap should be sufficiently
tight in the vertical direction such that the differential gravitation sag is smaller
than the rms size of the cloud, and (d) if we are willing to accept a hit in molecule
conversion, we can allow the mixture to expand from the trap to access lower

densities.



Chapter s

Coherent atom-molecule oscillations

Armed with the knowledge of how to make large samples of molecules, we
were then ready to look for coherent atom-molecule oscillations. After all, more
molecules should translate to larger amplitude oscillations. In this chapter, I
present our studies of atom-molecule coherence. Starting with an ultracold mix-
ture of 8Rb and *°K atoms, we create superpositions of atom pairs and molecules.
The superpositions are generated by pulsing an applied magnetic field near an
interspecies Fano-Feshbach resonance to coherently couple atom and molecule
states. Rabi- and Ramsey-type experiments show oscillations in the molecule
population that persist as long as 150 us and have up to 50% contrast. The fre-
quencies of these oscillations are magnetic-field dependent and are consistent with
the predicted molecule binding energy. This new type of quantum superposition
involves particles of different statistics (i.e. bosons and fermions). In the same
spirit of experiments that showed that the coherence properties of a BEC are not
necessary to observe spatial matter-wave interference [114], we show that coherent

atom-molecule superpositions can be created without a BEC.

5.1 Rabi and Ramsey oscillations in the atom + photon system

The pioneering experiments of Rabi and Ramsey demonstrated some of the

earliest examples of quantum control [47, 48, 49]. These experiments showed that
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by resonantly coupling two quantum states with an external field, a superposition
can be created and coherently manipulated. Probably the clearest example this
type of quantum coherence is the system of a two-level atom in a near-resonant
radiation field. This system is treated rigorously in many textbooks (see, for
example, Ref. [89] and [115]), so I will only highlight some of the key points here.
One particularly intuitive description of the atom + photon system is the so-
called “dressed atom picture” in which the eigenstates of the atom are modified,

or dressed, by a quantized radiation field. We consider the Hamiltonian
HZHa"‘Hrad—i'Hinta (51)

where H, is the bare atom Hamiltonian, H,.q is the radiation energy, and Hj,
is the atom-field interaction that couples the atomic levels. A schematic of the
energy level diagram of the the first two terms is shown in Fig. 5.1. The energy
levels of the bare atom are shifted by n x hw, where n is the number of photons
in the radiation field. If the photon energy hw is close to the energy difference
between the ground and first excited state hwy, the interaction matrix H;, mixes
the two states, creating the eigenstates |1) and |2), which are hybrids of the bare
states |e,n) and |g,n + 1) as shown in Fig. 5.2.

The interaction matrix can be written in the {|g,n + 1), |e,n)} basis as

Sl

Hint — h y (52)

0

PO >

where the on-resonant Rabi frequency €2 is a measure of the coupling between
the two states, which depends on the intensity of the field, and 6 = w — wyq is
the detuning of the radiation frequency from the transition frequency.! By

diagonalizing H;,;, we find the dressed states

! Here, time dependence has been eliminated by invoking the rotating wave approximation.
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n n+1
Radiation Field Quantum Number

Figure 5.1: Energy level diagram for an atom in a radiation field. The energy
levels of the bare atom are shifted by the energy in the radiation field, n x hw.
When the photon energy approaches the level splitting fuvg, the states |e,n) and
|g,n + 1) become nearly degenerate. (Figure adapted from Ref. [116].)

Figure 5.2: Eigenstates of the dressed atom. Plotted are the energies of the
dressed states |1) and |2) as a function of the detuning of the radiation field from
the atomic resonance (solid lines). The dashed lines represent the energies of
the bare states |e,0) and |g,1). On resonance, the energy difference between the
coupled states is hf).
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1) = sinf|g,n+ 1) + cosfle,n) (5.3)

2) = cosf|g,n+ 1) —sinf|e,n), (5.4)

where tan 20 = —%, and the eigenenergies are £ = g ((5 + m) As shown
in Fig. 5.2, the dressed states |1) and |2) form the branches of a hyperbola whose
asymptotes are the bare states |e,n) and |g,n + 1), and their energy difference
is AE = hQeg, where Qg = V2 4+ 62. The dressed atom picture results in an
avoided crossing. If an atom begins in the ground state in a radiation field that
is sufficiently detuned from resonance, it can be transferred to the excited state
by adiabatically sweeping the radiation frequency through resonance. Precisely
on resonance, the atom is in an equal superposition of ground and excited states.

The probability of a transition from the ground state after a time ¢ with the field

at a fixed detuning is

Q ot
P(t) = 4 - sin2( Qﬂ” ) . (5.5)

The probability of finding the atom in the excited state oscillates in time, and the
frequency corresponds to the energy difference between the dressed states. With
an ensemble of atoms, the population in the excited state is N x P(t), where N is
the number of atoms. On resonance, the population oscillates with 100% contrast.
Away from resonance, the amplitude of these Rabi oscillations decreases, and the
frequency increases.

The observation of Rabi oscillations can be a very precise method for mea-
suring the energy difference between coupled energy states. However, precise
frequency measurements require long interrogation times. For experiments, this
means that the intensity and frequency of the radiation as well as any external

fields must be constant in time. Ramsey’s method of separated oscillatory fields
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reduces these stability requirements by reducing the time the driving field interacts
with the atoms.

Ramsey’s method uses two short interaction pulses separated in time (or
space) by a time of free evolution that can be long compared to the interaction
time as shown schematically in Fig. 5.3a. If the time ¢; is chosen such that
the atoms experience a /2 pulse (that is, they undergo one quarter of a Rabi
oscillation), the atoms will be in an equal superposition of ground and excited
states after the pulse. During the time %5, the states evolve freely, acquiring a
relative phase due to the energy difference between the two states. The second
/2 pulse interferometrically “reads out” the phase, with the final population in
each state depending sinusoidally on the phase difference acquired during ¢5. This
sequence is analogous to a Mach-Zehnder interferometer (see Fig. 5.3c). The first
pulse acts as a beamsplitter, and the relative phase acquired during ¢, is analogous
to the path length difference of the two arms of the interferometer. The second
pulse can be thought of as the second beamsplitter, which recombines the two
paths, with the intensity at the detector depending on the interference of the two
beams. If the pulses in a Ramsey experiment are not 7/2 pulses, the resulting
oscillations will have less than 100% contrast, as in the case of an interferometer
with beamsplitters that are not 50/50.

As we have seen above and in Chapter 3, the systems of an atom in a
radiation field and two atoms colliding near a Fano-Feshbach resonance can both
be described by an avoided crossing between two coupled energy states. In the
former system, two internal states of an atom are coupled by a near-resonant
oscillating field. In the latter system, the state of two free atoms is coupled
to that of a bound molecule by a magnetic field. As in the atom -+ photon
system, atoms near a Fano-Feshbach resonance can undergo Rabi and Ramsey

oscillations. The population can oscillate between unbound atom pairs and bound



101

©
©
[
.©
(a) £
c
(@)]
©
s — < -
t1 tevo/ve t1
% ttop tiop
LE__<_—_’____________:T’_BO
5 \ B
(b) % Btop evolve
©
= - >
tevolve
(c)

(e

Figure 5.3: Ramsey’s method of separated oscillatory fields and analogous sys-
tems. (a) Ramsey’s method. Two oscillatory fields are applied for a short time
t1, separated by a free evolution time teyone. (b) Schematic of the magnetic-field
pulse sequence to observe Ramsey-like oscillations between atoms and molecules
near a Fano-Feshbach resonance (By). (¢) A Mach-Zehnder optical interferometer.
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molecules. Figure 5.3b shows a schematic of a magnetic-field sequence used in our
experiment to induce Ramsey oscillations between atoms and molecules. Here, the
two oscillating fields are replaced by two pulses toward resonance. As discussed
in Refs. [117] and [8], the first pulse creates a coherent superposition of atoms
and molecules by providing overlap between the interparticle spacing (which is

typically 10000 ag in experiments) and the mean dimer size

(r) =3, (5.6)

where a is the s-wave scattering length, which diverges at the resonance. The
superposition evolves during the time t..ve according to the energy difference
between the atom and molecule states at Beyove. The second pulse overlaps the
states again, such that the final population in each state depends on the relative

phase between the atom and molecule states at the end of t.yolve-

5.2 Criteria for observing oscillations

I have argued above that the system of two atoms near a Fano-Feshbach res-
onance is analogous to that of a two-level atom in a radiation field. Theoretically,
Rabi- and Ramsey-type atom-molecule oscillations can be observed, but what are
the criteria for experimental observation? Previous experiments that observed
atom-molecule oscillations began with identical bosons prepared in a single en-
ergy state in either a BEC or a tightly confining optical lattice [44, 45, 54]. We
pose the questions: Can an atom-molecule superposition be demonstrated with
an incoherent ensemble of atoms, such as non-condensed bosonic atoms, fermionic
atoms |55, 56, 57|, or a mixture of different atomic species |58, 59|7 As demon-
strated below, the answer to this question is yes, but there are several criteria
that must be met to observe atom-molecule oscillations.

For any Rabi or Ramsey experiment, we require a detection technique that
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distinguishes between the two coupled states. As discussed in Chapter 3, we can
selectively image either unbound atoms or molecules. We also need the coherence
time of the oscillation to be long compared with its period. If the coherence time
is too short (or the period too long), the oscillations will be overdamped, and no
oscillations will be observed. It is this criterion that can make a BEC or optical
lattice advantageous, though not necessary. A pair of atoms will oscillate with a
frequency defined by the energy difference between the atom pair and molecule
states. If every atom pair has the same energy, and all the molecules also share
a single energy state, then all of the pairs will oscillate with the same frequency.
Then the coherence time is likely to be limited by collisions, molecule loss, or
spatial inhomogeneities in the magnetic field. In our Bose-Fermi mixture, the
atom pairs are described by a distribution of energies. This leads to a distribution
of oscillating frequencies, which will cause the macroscopic population oscillation
to dephase in time. Narrower energy distributions should lead to longer coherence
times, implying that mixtures with low absolute temperatures will have the longest
coherence times.

Additionally, we require magnetic-field ramps that are sufficiently fast to
induce oscillations. If magnetic-field ramps such as those drawn in Fig. 5.3b
are too slow, an atom pair state will adiabatically follow an eigenstate toward
and away from resonance, and no oscillations will be observed. Diabatic ramps
are necessary to project the atom pair state into multiple states for the final
population to oscillate. The magnetic-field ramp rate required for diabaticity
depends on the density of the sample [86, 118, 61|. As discussed in §2.6, our
magnetic-field ramp durations cannot be shorter than 5 us, and a typical ramp
to induce atom-molecule oscillations spans 0.5 G, resulting in a typical maximum
ramp speed of 100 G/ms. With these ramp speeds, we have found that we only

observe oscillations in mixtures with peak densities < 3 x 101 cm™ (see §5.3.3
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and 5.4.2).

5.3 Ramsey oscillations

In this section, I discuss the experimental observation of Ramsey-type os-
cillations in our Bose-Fermi mixture. We began with a Ramsey experiment (as
opposed to the conceptually simpler Rabi experiment) because in the ®Rb exper-
iment that first demonstrated atom-molecule oscillations, Rabi-like oscillations
were only observed “over a very limited range” of magnetic fields [44].

The details of the experimental apparatus are described in Chapter 2. Here,
I describe the experimental conditions for our observations of Ramsey oscillations
in the trapped mixture, which henceforth will be referred to as the “typical in-
trap conditions.” We prepare an ultracold Bose-Fermi mixture of 8Rb atoms in
the |1,1) state and “°K atoms in the |9/2, —9/2) state. The atoms are confined
in a far-off-resonance optical dipole trap formed by a single laser beam with a
wavelength of 1090 nm focused to a 1/e? radius of 18 um. The gas mixture is
evaporatively cooled by decreasing the power of the optical-trap beam. Following
the evaporation, the optical trap power is adiabatically increased so that the final
measured trap frequencies are 350 Hz for Rb and 490 Hz for K in the radial
direction and 5.2 Hz for Rb and 8.1 Hz for K in the axial direction. In this trap,
we have 8 x 10* Rb atoms and 2 x 10° K atoms at a temperature of 200 nk,
which corresponds to 1.2 T and 0.3 T, where T is the critical temperature for
Bose-Einstein condensation of the Rb gas and Tr is the Fermi temperature of
the K gas. These conditions correspond to the criteria for large molecule fraction
discussed in the previous chapter. The peak densities of the Rb and K clouds
are n%, = 1.1 x 10 ecm™ and nY, = 1.3 x 10'® ¢cm™3, respectively. During the
evaporation, we turn on an applied magnetic field of 542 G, preparing the mixture

near to the interspecies Fano-Feshbach resonance at By = 546.76G.
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5.3.1 Empirical optimization

We began looking for oscillations with a magnetic-field sequence similar to
that used in the 8Rb double-pulse experiment [44] with the parameters scaled
to account for the different density, background scattering length, and resonance
width in our mixture. The sequence is shown schematically in Fig. 5.3b. At the
end of the sequence, we image the molecule cloud with the technique discussed in
§3.4. After significantly reducing the density of atoms in the trap (for a discussion
see §5.3.3 below), we were able to observe oscillations in the molecule number
with amplitudes of nearly 5000 molecules. To maximize the molecule oscillation
amplitude, we then set about empirically optimizing each of the magnetic-field
ramp parameters.

Figure 5.4 shows some of the optimizations of the magnetic-field sequence.
In these experiments, the amplitude of the oscillation in the molecule population
was measured with Beyove = 546.1 G, and each parameter (Bgtart, Biops ttop, and
all the ramp speeds) was varied in turn. Note that a multidimensional optimiza-
tion in parameter space was not performed.?  Although, in retrospect, such a
search, particularly between .., and B, would have ensured a global maximum
in the oscillation amplitude. From the optimizations, we can make several ob-
servations. The dependence on By, (Fig. 5.4b) indicates that for a hold time of
15 ps, the largest amplitude oscillation is not at the Feshbach resonance, but at
546.6 G. If we assume that the maximum occurs when the pulse corresponds to a
7/2 pulse, this would imply a Rabi frequency of 27 x17 kHz at 546.6 G, but, as we
shall see below, we were unable to observe Rabi flopping under these conditions.

The decay of the amplitude as the pulse approaches the resonance may, instead,

? By this, I mean fixing the value of one parameter, say tp, and varying the value of another,
say Biop, then choosing another ¢y,pand varying Biop, and so on, until an optimum is found in
the 2D space.
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Figure 5.4: Empirical optimization of Ramsey oscillations. A schematic of the
magnetic-field pulse sequence is shown in (a) with the optimization parameters
labeled. In (b)-(d), the oscillation amplitude was measured over two to four
periods of the oscillation at Beyowe. Plotted in (b) is the amplitude as a function
of the pulse height with ti,, = 15 ps. (c) shows the dependence on ti,,, the
hold time at Bi,, = 546.58 G. The amplitude as a function of the starting field
for the first pulse is shown in (d). As a representative plot for the ramp speed
optimization, the amplitude as a function of the inverse ramp speed for the third

ramp is shown in (e). The vertical lines in (b) and (c) indicate the position of the
Fano-Feshbach resonance and its uncertainty.
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be due to increased collisions causing decoherence on the timescale of the pulse.

The interspecies collision rate is given by
I'krb = (nKRb)0(V). (5.7)

Here, (nkrp)= f nk (r)ngy(r d r, where ng and ngp, are the number density
of K and Rb, respectively, and N_ is the number of atoms in the species with
fewer atoms. (v) = \/m is the mean relative velocity between K and
Rb atoms at a temperature 7', where p is the K and Rb reduced mass and k; is
the Boltzmann constant, and o = 47wa? is the interspecies collision cross section
with the scattering length a given by Eq. 3.1. Above 546.6 G, I'kgr), exceeds 30
kHz, and we expect that any particle colliding with an atom pair would destroy
the atom-molecule superposition. Similarly, the time dependence in Fig. 5.4c may
indicate a Rabi frequency or increased decoherence due to spending too much time
near the resonance.

In Fig. 5.4d, the amplitude of the oscillation is shown as a function of the
magnetic field at which the first pulse starts. We find that the pulse must start
below 546 G for maximum amplitude. This corresponds to a detuning of 0.8 G,
which is smaller than the peak-to-zero width of the Fano-Feshbach resonance,
A = 3.6 G [64]. Though, the decrease in amplitude near the resonance is most
likely due to slower ramp speeds. Recall from §2.6 that we are limited to ramp
speeds of Bia, = W. Below 546 G, the ramp speeds are 140 G/ms (Tus/G),
but at 546.6 G, the maximum ramp speed is 30 G/ms (30 us/G). In Fig. 5.4e,
we see that slower ramps (larger inverse ramp speeds) induce smaller oscillations.
For the 0.7 G ramp in Fig. 5.4e, the maximum ramp speed is 140 G /ms, which is
5x faster than the 1/e ramp speed required for adiabatic molecule conversion at
these densities (see Fig. 4.7). When these ramp speeds become comparable, the

oscillation amplitude drops to about half the maximum value.
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The optimized pulse sequence begins after a slow (3 G/ms) ramp to 545.80
G and consists of two trapezoidal pulses with 15 us holds at By, = 546.58 G,
separated by a variable hold time tcyo1ve at Beyolve- The outer ramps have speeds of
140 G/ms, while the inner ramps have speeds of Buax. This optimized sequence
results in oscillations with peak-to-peak amplitudes of 10* molecules, which is
10% of Nrp. At Bigp, the calculated molecule size is 1800 ag; this is compara-
ble to the typical distance between nearest-neighbor Rb and K atoms, which is
approximately (nggp) /% = 10500 aq.

Figure 5.5 shows the measured molecule population N, after the optimized
double pulse for two different values of Beyove. The right-hand axes show the num-
ber of molecules normalized by the number of molecules created by an adiabatic
sweep through resonance Np,... The number of molecules oscillates as a function
of tevolve, as expected for an atom-molecule superposition. Note, however, that

the peak-to-peak amplitudes of the oscillations are only 30% of Nyax.

5.3.2 Frequency dependence on B

The data in Fig. 5.5a and 5.5b show markedly different oscillation frequen-
cies. We have measured the oscillation frequency for various values of Beyolve
and find that the frequency corresponds to the predicted binding energy of the
molecules. Figure 5.6 shows the measured oscillation frequency v, as a func-
tion of magnetic field. The solid curve is a fit to the universal prediction for the
molecule binding energy near the resonance [119],

h2

- QMKR}J(CL — @)2 '

Ey (5.8)

Here, pxrp is the °K and 8Rb reduced mass, @ = 68.8 ag is the van der Waals
length of the long range potential, and a = apg[l — A/(B — By)| is the s-wave

scattering length with ap, = —185 ag [92]. From the fit, we extract the resonance
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Figure 5.5: Ramsey-type atom-molecule oscillations. The molecule number Ny,
is shown as a function of the hold time at Beyoe = 546.08 G in (a) and 546.33
G in (b), which correspond to detunings from the Fano-Feshbach resonance of
AB = 0.68 G and 0.43 @G, respectively. The right-hand axes show the measured
molecule number normalized by the maximum number of molecules associated
by an adiabatic sweep through resonance, Ny... The lines are fits to Ny =
Ae—t?/(20%) SN (27 Vosct — @) +1o, yielding an oscillation frequency vy = (136.5+1.3)
kHz and rms damping time o = (32 £5) us for the data in (a) and vy = (36 £2)
kHz and o = (22 £ 4) ps for the data in (b).
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position By = (546.76 £ 0.06) G and width A = (—3.6 £ 0.1) G, in agreement

with Ref. [64]. The width is larger than the theoretical width quoted in Ref. [92].

5.3.3 Amplitude dependence on density

Prior to the observations of the atom-molecule oscillations discussed above,
we attempted to induce Ramsey oscillations in mixtures with peak densities of
5 x 1013em™3, resulting in no observable oscillations. In the °Rb experiment, it
was observed that when the density of the BEC was increased by an order of
magnitude, the fractional amplitude of the oscillations significantly decreased [3].
We reasoned that we might be operating with prohibitively large densities, so
we reduced the density of our trapped mixture to the conditions described above
and were immediately rewarded with oscillations. Figure 5.7 shows the observed
oscillation amplitude as a function of the peak K density. For these data, the
mixture is initially prepared in the typical in-trap conditions. To vary the density,
the power in the optical trap is then increased, resulting in the larger trapping
frequencies. The number in each species and ratio of Rb and K densities remain
relatively constant while the density varies. Note that the temperature of the gases
increases with increasing density, but the measured T'/T¢ and T'/Tr of the sample
remain constant. Since molecule conversion via magnetic-field sweeps depends
on the phase space density of the sample and not on the absolute temperature
[61], we might expect that the amplitude of oscillations induced by magnetic-
field pulses should also be independent of temperature. Therefore, we ascribe the
decrease in oscillation amplitude to the increase in density.®> There are a number
of possible explanations for the amplitude of the oscillations to decrease as the

density increases. The criterion for adiabaticity depends on density [61, 86], so

3 We did not measure Ny,.y as a function of density, but as in the single-species case [61], we
expect Npax to be density-independent.



111

W

-

o
I

\%

RN

o

o
T

545.8 5460 546.2 5464 546.6
evolve

Figure 5.6: Magnetic-field dependence of the measured oscillation frequency for
the molecule number in Ramsey-type double-pulse experiments. The circles (o)
correspond to double-pulse experiments performed with the atoms confined in the
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of expansion from the trap. The solid line is a fit to the universal prediction
for the molecule binding energy given by Eq. 5.8 yielding the resonance position
By = (546.76 + 0.06) G and width A = (-3.6 £0.1) G.
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as the density increases, the “fast” ramp speeds become less and less diabatic
and are less able to create the atom-molecule superposition necessary to observe
oscillations. For these data, the magnetic-field ramp speeds are 100 G /ms, which
is 3.8 times faster than the 1/e ramp speed (8 = (26 £ 7) G/ms) for adiabatic
molecule creation at a K density of 1 x 10™ cm™3 (see Fig. 3.5¢). At a density of
3x 10" em™3, we expect the adiabatic ramp speed to be 3 x 26 G/ms = 78 G /ms,
which is comparable to the ramp speed of the pulses. As we have seen in Fig.
5.4e, when these speeds become comparable the oscillation amplitude drops by a
factor of two. Also, increased density causes an increase in the collision rate, which
could increase the rate of decoherence of the superposition. Another possible cause
for the reduced amplitude with increased density is an increase in the spread of
relative velocities of the atom pairs due to the increased temperature (see §5.5.1).
If this were a significant effect, we would expect the decreased amplitude to be
accompanied by shorter coherence times, but we observe similar coherence times.
Whatever the cause, it seemed clear that further lowering the atom densities was

likely to increase the oscillation amplitude.

5.34 Ramsey oscillations in expansion

In general, it can be difficult to significantly alter the density of atoms in the
trap. The factor of 5 reduction in density we had already achieved was introducing
instabilities in the daily running conditions. To further reduce the density in the
trap seemed a tall order. One simple method of reducing the density of the atomic
gas is to allow the cloud to ballistically expand from the trap. With small changes
to the expansion time, the density can change by orders of magnitude.

For experiments performed in expansion, we were no longer concerned with
reducing the density in the trap and were able to load all of our atoms into the

optical trap. At the end of evaporation, we have 1 x 10° Rb atoms and 6 x 10° K
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atoms at 1200 nK in an optical trap with radial trapping frequencies of 690 and
970 Hz for Rb and K, respectively. The temperature corresponds to T/Tc = 1.6
for Rb and T/Tr = 0.7 for K. After 1 ms of expansion, the peak densities are
n%, =3 x 102 cm™ and n{ = 7 x 10! em™3. For these conditions, which will be
referred to as the “typical expansion conditions”, we find Ny is (9.2 40.6) x 104,
which is 15% of Nk, and the 1/e ramp speed for adiabaticity is (9.1 +1.0) G/ms.

The double pulse sequence was again empirically optimized for these new
conditions. Again we found that the optimum amplitude was achieved with our
fastest ramp speeds, but the optimum time spent near the resonance increased.
Figure 5.8 shows the oscillation amplitude as a function of i,,. At By, = 546.58
G, we observe an optimum in the hold time at 50 us. This implies a Rabi frequency
of 2 x5 kHz, in agreement with the expected frequency from the binding energy
curve in Fig. 5.6. The triangles in Fig. 5.6 correspond to experiments performed
after 1 ms of expansion using a hold time of 50 us at the top of the optimized
pulses. The goal of performing experiments after allowing the gas to expand was
to increase the oscillation amplitude, but the observed amplitude did not increase.
This is likely due to a competition between larger oscillations due to lower densities
and smaller molecule fractions due to decreasing phase space density as the cloud
expands (see §4.3.3). As discussed below, the low densities achieved by releasing

the atoms from the trap did, however, enable the observation of Rabi oscillations.

5.4 Rabi oscillations

5.4.1 Ramsey oscillations without Rabi oscillations?

Since we can observe clear Ramsey oscillations, and Ramsey oscillations are
induced by two pulses that are ideally each one quarter of a Rabi oscillation,

shouldn’t we be able to observe Rabi oscillations? Under this supposition, we
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Figure 5.8: Empirical optimization of pulse time for a cloud after 1 ms of expansion
from the trap. The line is a parabolic fit to identify the optimum #.
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began to look for Rabi oscillations with single pulses toward the Fano-Feshbach
resonance. However, as shown in Fig. 5.9, single-pulse experiments under the same
conditions (typical in-trap conditions) as successful double-pulse experiments do
not yield oscillations in the molecule population. Instead, we observe a monotonic
increase in the molecule number that exponentially approaches a value less than
Nmax. If we take this to be a critically damped oscillation, we can take the
calculated frequency as an upper limit on the oscillation frequency at Bi.,. For
the green data, whose Bi.p, is similar to that used in the double pulse experiments,
we estimate a Rabi frequency of < 27 x (5.140.7) kHz. This is in better agreement
with the 27x3.5 kHz we would expect from the binding energy curve in Fig. 5.6
than with the 2rx17 kHz implied by the empirical pulse optimization (see Fig.
5.4). These data indicate that decoherence mechanisms on the timescale of 10’s
of microseconds prevent the observation of Rabi oscillations. How, then are we
able to observe Ramsey oscillations?

We can think of the 15-us pulses in the Ramsey-type experiments as being
sub-7/2 pulses. Just as in the atom-photon system, if the pulse duration is shorter
than a 7/2 pulse, the resulting superposition will not be a 50/50 mixture of two
states. Instead, the superposition will favor the initial state, which in our case is
the unbound atom pair state. When two of these sub-7/2 pulses are applied in
a Ramsey-type experiment, the population in each state will still oscillate. The
two pulses will not be able to transfer the entire population out of the initial
state, though, resulting in oscillations with smaller amplitudes than in the ideal
case. This may explain why our Ramsey oscillations do not span the total possible

molecule number.
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Figure 5.9: Time dependence of the molecule number in a single-pulse experiment.
(a) A schematic of the magnetic pulse sequence. The ramp speed, Bpg is 140
G/ms. (b) The measured molecule number is shown as a function of the hold time
tiop for several different values of By,,. No oscillations in the molecule number are
visible. The lines are fits to Npo = Ae "7 +1o. The green data correspond to the
height of the two pulses in a typical double-pulse sequence in which Ramsey-type
oscillations are observed.
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5.4.2 Rabi oscillations in expansion

While we are unable to observe Rabi oscillations in the trapped mixture, we
are able to observe oscillations in single-pulse experiments at the lower densities
enabled by expansion of the gas. A schematic of a single pulse is shown Fig. 5.9a.
After 1 ms of expansion from the trap, the magnetic field is ramped from 545.80
G to Biop, held for a time t.,, and ramped back down, with both ramps having
speeds of 140 G/ms. The molecule population after a single pulse to By,,= 546.51
G as a function of the hold time ¢, is shown in Fig. 5.10. Defining the contrast
as the ti,, = 0 amplitude |A| divided by the final level of the damped oscillation
Yo, we measure a contrast of 0.5 + 0.2.

Since we can observe Rabi oscillations at some densities but not others, the
visibility of Rabi oscillations must depend sensitively on the density of the gas.
Figure 5.11 shows the molecule population as a function of hold time for gases
with several different densities. The gases are prepared identically in the trap,
and the different densities are achieved by varying the expansion time from the
trap. If the density is too high, we recover the behavior of Fig. 5.9, but for the
lower densities, we observe oscillation contrasts comparable to that in Fig. 5.10.
Once the peak densities drop to < 102 cm™3, we observe little change in the
oscillation visibility when the density is further reduced. Presumably, at these
densities, the magnetic-field ramps are sufficiently diabatic to have little impact
on the oscillation amplitude. We estimate that the magnetic-field ramp speeds
are >100 times faster than the 1/e ramp speed for adiabaticity. Also, the collision

rates are becoming negligible (I'xrp < 3kHz).



119

2.0x10% — % —————————0.3
1.5x10"4 %
10.2
¢
. Z
5 1.0x10°; S S
< =z
10.1
0.5x10" } ° :

0 100 200 300 400 500
Figure 5.10: Rabi-type atom-molecule oscillations. The measured molecule num-
ber is shown as a function of the hold time ,, for a single pulse where By,

was 546.51 G. The line is a fit to Ny = Ae /%) cos(27mveset) + 4o, yielding a
frequency vos. = (9.3 £0.5) kHz and rms damping time o = (80 &+ 20) us.



120

6x10' —mmMmm

e 0.25 ms tof
ns= 3, New™ 10
e 0.5 ms tof
ns= 1.1, Ne,= 4
e 1.0 ms tof
n=03,n,=10
e 1.5 ms tof
ns= 0.13, Ne= 0.5

mol

(densities in units
of 10"%cm’)

0 T T T T T T T
0 100 200 300 400

tiop (1S)

Figure 5.11: Rabi-type atom-molecule oscillations with varying density clouds.
The measured molecule number is plotted as a function of the hold time at
Biop = 546.56G for single magnetic-field pulses applied after varying expan-
sion times from the trap, or times-of-flight (tof). The lines, which are fits to
Npol = Ae7 /T SIn(27 Vst — @) + B - (1 — et/ + 1, are included only as a guide
to the eye.
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5.4.3 Amplitude dependence on B

The peak-to-peak amplitude of the oscillations in the molecule population
depends on the value of Bi,, as shown in Fig. 5.12a. As B, is increased, we
observe fewer oscillations before they damp out, and for the data above By, =
546.6 G, only one period of the oscillation is observed. Therefore, we define
the peak-to-peak amplitude as the difference in molecule number between the
first maximum and the subsequent minimum. We find that the amplitude of the
oscillations is peaked near the Fano-Feshbach resonance where we observe a peak-
to-peak amplitude that is 23% of Nya.e. We observe Rabi-type oscillations for
values of Biop as far as 290 mG from the resonance. At Bi,, = 546.47 G, the
oscillation amplitude drops to 6% of Ny... Here, the calculated molecule size is
1100 ag, which is 5% of the typical distance between nearest-neighbor K and Rb

atoms of 23700 ay.

5.4.4 Frequency dependence on B

The frequency of the Rabi-type oscillations also depends on By, as shown
in Fig. 5.12b. Below the resonance, the measured frequency agrees with the
prediction for the molecule binding energy, while above the resonance, where we
only observe one period of the oscillation, the frequency saturates. This saturation
may be expected in a many-level system [120, 118]. Figure 5.13 shows a schematic
of the energy levels of two atoms confined in a harmonic trap. Above resonance,
the molecule state adiabatically evolves into the ground state of the trap, and
the energy difference between the trap states approaches a constant value. If, for
example, a diabatic magnetic-field ramp to a value of By, above the resonance
creates a superposition of pairs in the ground state and the first excited state,

we would expect the observed oscillation frequency to approach the trap level



122

(kHZz)

A%
OosC

- *.*%,é -
546.4 546.6 546.8 547.0
B, (G)

top

Figure 5.12: Magnetic-field dependence of the (a) peak-to-peak amplitude and (b)
frequency of the single-pulse oscillations. The solid line in (a) is a Gaussian fit
to the data, while the solid line in (b) is the molecule binding energy curve from
Fig. 5.6. The vertical lines represent the fitted Fano-Feshbach resonance position
and uncertainty from Fig. 5.6.
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splitting divided by h. This two-atom picture can be applied to a many-body
system through a rescaling of the two-atom oscillator frequency to match the
density of the ensemble [120, 118]. The effective oscillator frequency is given by

[120]
h

 2uKRp

/
w

7 ((nk) (nro))'?, (5.9)

where (n;) = 5 [n7(r)d®r is the average number density of species i.* We note
that the observed saturation frequency of (1.7+0.8) kHz agrees with the expected
many-body level spacing of 2w’/h = 1.2 kHz.

The results of the single-pulse experiments can be used to infer the best
pulses for double-pulse experiments. Maximum contrast should be achieved by
using pulses where the hold time at Bi,, gives one quarter cycle of the single-
pulse oscillation, which is analogous to a 7/2 pulse in Ramsey’s experiments [49].
In fact, we find that the empirically optimized pulse sequence for the expanded

clouds corresponds to this condition.

5.5 Oscillation decoherence/dephasing

For both the single-pulse and double-pulse experiments, we observe damping
of the atom-molecule oscillations within a few hundred microseconds (see Fig. 5.5,
5.10, and 5.11). There are many mechanisms for this loss of visibility of the fringes.
Some are intrinsic to the atomic gas, while others are technical. The coherence

times we observe appear to be limited by a combination of these mechanisms.

5.5.1 Non-technical mechanisms

Molecule lifetime

4 In Eq. 5.9, we have generalized to two species by replacing (n)?/2 with (nk)(ngp). This
substitution follows from the fact that the number of possible pairs in a single species is N(N —
1)/2 ~ N?/2, while the number of possible pairs in the mixture is Nx Ngrp [109].
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Figure 5.13: Schematic of the energy eigenvalues of a trapped atom pair in the
vicinity of a Fano-Feshbach resonance. The solid lines represent the dressed trap
states, while the dashed line shows the bare ground state of the trap.
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There are many reasons why an oscillation in an ensemble of atoms might
damp. Possibly the simplest cause of damping is loss of molecules—if the number
of molecules decays with time, the amplitude of the oscillation will decay as well.
The lifetime of Feshbach molecules depends on the density of the sample, the
internal states and quantum statistics of the constituent atoms, and the proximity
to the resonance [121, 122, 123, 124, 125, 126, 106|. For our mixture, we expect
molecule lifetimes longer than a millisecond over the range of densities and fields
probed [106] and have measured lifetimes as long as 10 ms. If the molecule lifetime
were the cause of the damping, as in the experiments of Syassen et al. [45], the
time-averaged number of molecules would decay. Instead, we observe damping in
which the mean molecule number is constant. This type of damping is not due to
a loss of molecules but is likely due to dephasing.

Energy distributions

Because we begin with an incoherent ensemble of atoms, the oscillations
are expected to damp due to the differing relative kinetic energies of the atom
pairs. Let us consider a simple illustration of this damping mechanism. Let us
assume we have an ensemble of 10 atoms, each of which can pair with one and
only one other atom, and each pair has a different relative kinetic energy. The
probability of finding a given atom pair in the molecule state P, after either
the single- or double-pulse sequence oscillates with a frequency determined by the
energy difference between the atom and molecule states. A distribution of energies
implies a distribution of frequencies. If we were able to monitor the oscillation
frequency of each pair, we might observe oscillations such as those shown in Fig.
5.14. All the pairs begin oscillating in phase, but get out of sync, or dephase, due
to their differing frequencies. Now, let us, instead, measure the total population

in the molecule state as a function of time. The probability of finding the entire
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Figure 5.14: Tllustration of dephasing. (a) The probability of finding an atom
pair in the molecule state, Py, is shown as a function of time for five ideal pairs
with 100% contrast and infinite coherence times but different frequencies. (b) The
probability of finding all of the pairs in the molecule state, P.psemble, 1S plotted as
a function of time.

population in the molecule state is given by

1
N, pairs

Pensemble = Ppair, (510)

where Npais = 5 is the number of atom pairs. The total probability, Pnsemble;
damps even if the coherence of the individual pairs persists, as shown in Fig.
5.14b.°

In the experiment, we measure the number of molecules as a function of time
and are only sensitive to the total number in the molecule state. In the absence of
other decoherence or dephasing mechanisms, the envelope of the oscillation in the
total population is determined by the distribution of frequencies of the oscillating
pairs. These oscillations in the molecule population may provide a probe of the
initial relative kinetic energy distributions of the atom pairs.

Using the Monte Carlo simulations discussed in Chapter 4, we can calculate

expected coherence times based on either of two assumptions about the distribu-

5 In the illustration, because there are only 5 atom pairs, the total probability would experi-
ence revivals of the oscillation. In the experiment, there is a near-continuum of relative kinetic
energies, so we expect no such revivals.
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tion of the relative kinetic energies of the oscillating pairs: (1) the distribution is
the same as that of the pairs converted to molecules via adiabatic sweeps or (2) the
distribution is the same as that of nearest-neighbor pairs. For trapped mixtures,
the second assumption implies that the distribution reflects the temperature of
the gas, and for expanded clouds, it reflects the local temperature distribution.
Figure 5.15 shows expected oscillations for the typical in-trap conditions. Both
the estimate based on the energy of the molecules and that of nearest neighbors
predict coherence times longer than those observed experimentally (compare to
Fig. 5.5b), but the nearest-neighbor calculation predicts a coherence time only a
factor of 2 longer. Figure 5.16 shows similar calculations for the typical expan-
sion conditions. Once again, we find that the coherence time estimated from the
energy distribution of the molecules is much longer than our observations, while
the nearest-neighbor energy distribution yields a result much closer to the exper-
imental results (compare to Fig. 5.10). This may indicate that the requirements
for creating pairs in a superposition are different or more stringent than for asso-
ciating molecules with an adiabatic magnetic-field sweep. We might suspect that
for the diabatic pulse to pair atoms, the interparticle separation must be similar
to that of the molecule. This would introduce a real-space criterion in addition to
(or instead of) the phase-space criterion, Eq. 4.1. However, there are additional
decoherence mechanisms that are likely limiting the coherence times of both the
Rabi- and Ramsey-type oscillations we have observed in the experiment. Dephas-
ing due to the relative kinetic energy of the pairs is independent of magnetic field.
As we shall see below ( §5.5.2), the coherence times measured in the experiment
do depend on magnetic-field, indicating that we are not yet probing the relative
kinetic energy distribution of the pairs.
Atom dynamics

Another factor that can affect the coherence of atom-molecule oscillations is
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Figure 5.15: Calculated oscillations for typical in-trap conditions with coherence
times limited by the energy distribution of the pairs. The calculation in (a) uses
the relative kinetic energy distribution of molecules formed by adiabatic magnetic-
field sweeps, while the calculation in (b) uses that of nearest-neighbor atom pairs.
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Figure 5.16: Calculated oscillations for typical expansion conditions with coher-
ence times limited by the energy distribution of the pairs. The calculation in
(a) uses the relative kinetic energy distribution of molecules formed by adiabatic
magnetic-field sweeps, while the calculation in (b) uses that of nearest-neighbor
atom pairs.
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the motion of the atoms in the trap. Collisions between molecules and unbound
atoms or other molecules are likely to break up the molecules, which in general,
limit the molecule lifetime. However, the collision rate (Eq. 5.7) is negligible on
the timescale of the observed oscillations. For the in-trap Ramsey oscillations
(Figs. 5.5 and 5.6), the calculated collision rate is < 5 kHz. There may, however,
be more subtle interactions that cause decoherence.

We expect the likelihood of coupling between two atoms to depend on their
distance from one another. Because the atoms are not stationary in the trap, but
are moving around, we might imagine partner-swapping events. Let us consider a
K atom initially coupled to a Rb atom (Rb #1), with an uncoupled Rb atom (Rb
#2) nearby. At some later time, it may be the case that Rb #2 is in closer prox-
imity to the K atom than Rb #1, which may result in the K atom coupling instead
to Rb #1. The resulting superposition would likely have a different phase, con-
tributing to the dephasing of the observed atom-molecule oscillations. For such
partner swapping to affect on the coherence time of the observed oscillations,
however, the timescale of the motion of the atoms must be short compared to the
interrogation time. As an estimate of this timescale, we use the Monte Carlo sim-
ulation discussed in Chapter 4 to calculate the time it takes for nearest-neighbor
atoms to separate by an additional distance d, which is the typical interparticle
spacing (see Appendix B for a discussion of the interparticle spacing). Fig. 5.17
shows the results of these calculations for both the trapped and expanded gas
experiments. For the typical in-trap conditions, the separation of nearly half of
the pairs increases by d in only 20 us, while for the typical expansion conditions,
it takes 40 ps. In both cases, the timescale for motion is comparable to the ob-
served coherence times (see Figs. 5.5 and 5.10). The motion of the particles may
be contributing to the decoherence of our observed oscillations. This may also

explain why the contrast of the observed Ramsey oscillations is less than 1 both
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in trap and in expansion, where the pulses toward resonance are 15 us and 50 us

long, respectively.
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Figure 5.17: Atom motion in the trap and in expansion. Plotted is the calculated
fraction of nearest neighbors that have separated by an additional distance equal
to the typical interparticle spacing for the typical in-trap conditions (a) and the
typical expansion conditions (b).

5.5.2 Technical mechanisms

Magnetic field inhomogeneity

We believe the main technical decoherence mechanism in our experiment is
spatial inhomogeneity in the applied magnetic field. A spatial variation in mag-
netic field would cause the molecule binding energy to vary across the cloud. Given
the quadratic dependence of the molecule binding energy on magnetic field near
resonance (Eq. 5.8), this results in more rapid dephasing for larger magnetic-field
detuning from the Fano-Feshbach resonance. Figure 5.18 shows the measured co-
herence time of Ramsey oscillations as a function of magnetic field. The measured
coherence times of oscillations with Beyove < 546.1 G are consistent with a 60 mG
magnetic-field variation along the axial direction. If this magnetic-field inhomo-

geneity were the only mechanism for decoherence we would expect the coherence
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time at Beyowe = 546.3 G to be 70 us. Instead, we measure 18 ps, indicating
that another decoherence mechanism dominates closer to the Fano-Feshbach res-
onance. The magnetic-field dependence for Begyove > 546.1 G suggests that this
additional mechanism may be collisional, though the observed coherence times
are a factor of 14 shorter than the collision times 1/I" we calculate with Eq. 5.7.

By improving the magnetic-field curvature cancellation discussed in §2.5, we
should be able to improve the homogeneity of the magnetic field. This will allow
for the investigation of the intrinsic dephasing due to the relative kinetic energies

of the atom pairs.
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Figure 5.18: Magnetic-field dependence of the coherence times of Ramsey oscil-
lations. The rms damping time is plotted as a function of Beye for Ramsey
oscillations induced in trapped clouds under typical in-trap conditions. The solid
line shows the calculated damping time for a linear magnetic-field gradient of 0.5
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Chapter s

As yet unsubstantiated Monte Carlo predictions

The Monte Carlo simulations discussed in Chapter 4 have proven to be a
powerful tool in predicting the number of molecules that can be created via adia-
batic magnetic-field sweeps through Fano-Feshbach resonances [61, 63, oscillating
magnetic fields near a resonance [62], and 1f association [64]. However, our di-
rect measurements of the number of molecules created by adiabatic magnetic-field
sweeps in the Bose-Fermi mixture always yield conversion fractions that are lower
than we predict with the Monte Carlo simulations. We believe this to be due to
enhanced losses incurred while crossing the resonance, and efforts are currently
underway to understand and minimize these losses. If we can eliminate such losses,
we may be able to use these simulations to predict more than just the number of
molecules. Because the formation of molecules in the calculation depends on the
relative momentum of the constituent atoms, we can also make predictions about
the distributions of the relative kinetic energies of the paired atoms. To date,
the ability of the Monte Carlo simulations to accurately predict the molecules’
momenta (and, consequently energy) has not been experimentally tested. The
atom-molecule oscillations we observe (see Chapter 5) may be able to probe the
energies of the pairs and offer a method to test this aspect of the simulations.

In the absence of technical or collisional decoherence mechanisms, the co-

herence time of atom-molecule oscillations should be determined by the relative
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kinetic energy distribution of the pairs. By using the Monte Carlo simulation
to predict these energies, we can, therefore, make predictions about the coher-
ence time and the shape of the observed oscillations. In this chapter, I discuss
how these quantities depend on the temperature and quantum degeneracy of the

initial atom gas.

6.1 Assumptions

In applying the results of the Monte Carlo simulations to atom-molecule
oscillations, we are making several assumptions. The first assumption is that the
frequency at which an atom pair oscillates is determined by the energy difference
between the atom pair and molecule state as vose = (Ep + Erel)/h. Here, Ej is
the molecule binding energy and the relative kinetic energy is Eq = p2,/(2p),
where p is the reduced mass and p, is the magnitude of the relative momentum
of the atom pair. We are also assuming that the dephasing of the atom pairs
is the dominant mechanism for decoherence. That is, the oscillation in the total

population is given by

Noon () = % ( /O " cos(2mvanct) f(vone) dvone + 1) , (6.1)

where f(vose) is the probability distribution of oscillation frequencies of the atom
pairs. Therefore, by calculating the probability distribution of relative kinetic
energies, we can determine the expected shape of the oscillation and vice versa.
We also make the assumption that the distribution of F,q for pairs coupled
by diabatic magnetic-field pulses is identical to either the distribution of F,q
either for pairs associated by adiabatic magnetic-field sweeps (pairs satisfying the
phase-space criterion, Eq. 4.1) or for nearest-neighbor pairs. Neither of these is
likely to be strictly true in the experiment, but as we shall see below, we may

be able to use the temperature dependence of the oscillation coherence times to
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determine which, if either, of these distributions best reflects the pairs coupled by

the magnetic-field pulses.

6.2 Dependence of coherence times on temperature

In this section, we consider the effect of temperature on the coherence times
of the oscillations. As we have seen in Chapter 4, the number of molecules formed
via adiabatic magnetic-field sweeps through a Fano-Feshbach resonance is ex-
pected to depend only on the quantum degeneracy of the mixture, and not on the
absolute temperature. However, for the same quantum degeneracy, a mixture at a
higher temperature will have a wider distribution of E,. This could result in more
rapid dephasing of atom-molecule oscillations. Figure 6.1a shows calculated atom-
molecule oscillations for mixtures at a variety of temperatures. In each of these
simulations, the number of atoms are Ng = 15,000 and Ny, = 5,000, and the
temperature T' of the mixture is equal to T and 0.27Tr. As we might expect,
the calculated coherence time, shown in Fig. 6.1b, is inversely proportional to
the temperature of the mixture. Therefore, to observe long-lived atom-molecule
oscillations in the experiment, we want to work with clouds with low absolute
temperatures.

The above calculations assumed the energy distribution of the oscillating
pairs to be the same as the energy distribution of molecules associated by adia-
batic sweeps. If, instead, we assume that the oscillating pairs are described by the
energy distribution of nearest-neighbors, we find a different shape for the oscilla-
tions and shorter coherence times. The 1/e coherence time for T' = T = 36nK is
220 us for the nearest-neighbor calculation, in contrast to 3300 us for the molecule
calculation (see Appendix A for a discussion). However, we still find that for clouds
with the same quantum degeneracy, the expected coherence time is inversely pro-

portional to the temperature.
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Figure 6.1: Expected temperature dependence of the coherence time of atom-
molecule oscillations. (a) Calculated atom-molecule oscillations for atom clouds
with Ng = 15,000 and Ngy, = 5,000 at a temperature 7' = T. For each curve, we
run the Monte Carlo simulation for molecule creation to obtain the distribution
of relative kinetic energies of the molecules, and the number of molecules as a
function of time is calculated with Eq. 6.1 with a molecule binding energy Fj =
h x 10kHz. While these oscillations do not fit to exponentially decaying envelopes,
as an estimate of the coherence time for each, we calculate the time at which
the amplitude drops by 1/e. The calculated 1/e coherence times, 7, are plotted
as a function of temperature in (b). The line is a fit to 7 = A/T, yielding
A = (1.197 £ 0.008) ms-nK.
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6.3 Dependence of coherence times on quantum degeneracy

In comparing the calculated energy distributions of nearest-neighbors and
of molecules, we see that the phase-space criterion for molecule formation (Eq.
4.1) preferentially selects out pairs with low relative kinetic energy. This leads
to longer coherence times if the diabatically coupled pairs must also satisfy this
criterion. Simply comparing the observed coherence times in the experiment (in
the absence of other decoherence mechanisms) to these predictions should give a
good indication of whether either of these energy distributions is reflected in the
oscillating pairs. An additional method to determine if the diabatic magnetic-
field pulses preferentially select low-energy pairs is to study the dependence of the
coherence time of the quantum degeneracy of the mixture.

Figure 6.2a shows the calculated atom-molecule oscillations for clouds at
varying T'/T¢, with T¢ fixed at 36 nK. Here, the envelope of the oscillation is de-
termined by the distribution of energies of adiabatically-associated molecules. As
the temperature of the cloud drops below T, we see that the oscillation envelope
changes, and the coherence time decreases with decreasing temperature (see Fig.
6.2b), and above T, we observe little dependence on the temperature. This is
in direct contradiction to the naive picture that a colder cloud ought to have a
narrower distribution of energies. However, we can understand this by considering
how atoms are paired in the Monte Carlo simulation. To form a molecule, atoms
are required to have a small product of Ar,qAp.a. Above T, the position and
momentum distributions of the Bose and Fermi clouds are similar to one another.
While the momentum distribution may be wide for both, it is possible to have
many pairs with a large center-of-mass momentum but small relative momentum.
In this case, the distribution of F,, will have a large contribution at low ener-

gies, which will result in long coherence times. In the case of a zero temperature
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mixture, all the Rb atoms are in a BEC. The relative momentum between a Rb
atom and any K atom, then, is equal to the momentum of the K atom. Therefore,
the distribution of relative energies is simply the energy distribution of a 7" = 0
Fermi gas. Due to the Pauli exclusion principle, there can be no pile-up at low
energies. This wider distribution of relative energies results in shorter coherence
times, despite the lower temperature.

If, instead, we assume that the pairs coupled by the diabatic pulses have
an energy distribution similar to that of nearest-neighbors, we find that the co-
herence times of the atom-molecule oscillations follow the intuitive notion that
colder clouds result in longer-lived oscillations. Figure 6.3 shows the results of
calculations using the Monte Carlo simulation to identify nearest-neighbor pairs
and calculate their relative kinetic energies. Here, we have no preferential selec-
tion of low-energy pairs since the distribution of E.. of nearest neighbors is the
same as the distribution of E, over the whole cloud. As the mixture gets colder,
the distribution of E., becomes narrower, and the coherence time increases.

Discerning the functional form of the envelope of an oscillation to deter-
mine the energy distribution of the oscillating pairs can be difficult in real exper-
iments where shot-to-shot noise may limit the visibility of the fringes. However,
by observing whether the coherence time increases or decreases as a function of
the quantum degeneracy of the mixture, we should be able to determine if the
atom pairs coupled by the diabatic magnetic-field pulses are subject to the same
phase-space criterion as molecules associated via magnetic-field sweeps, oscillating
magnetic fields, and rf association.

By studying the coherence times of oscillations that are not limited by col-
lisions or magnetic-field inhomogeneities, we should be able to probe the distribu-
tions of the relative kinetic energies of the pairs coupled by the pulses and perhaps

gain insight into the coupling mechanism.



140

Nmax ' ' ' ' '
” ——T=5T,
——T=0.75T,
——T=05T,
——T=025T,
[
ZE
“ | J
“ (a)
O " 1 " 1 "
0 500 1000 1500
time (us)

1;% 5000 — . o °

“g’ 4000 e ¢ ]

o °

§ 3000+ ° .

) @

o 2000+ e 1

< i

o)

$ 1000 ¢+ b .

; 0 -“. ] ] ] ] ( ] ) -

0 1 2 3 4 5
T/TC

Figure 6.2: Expected dependence of the atom-molecule oscillation coherence time
on quantum degeneracy. (a) Calculated atom-molecule oscillations for atom clouds
with Ng = 15,000 and Ngy, = 5,000 and T = 36 nK. For each curve, we run the
Monte Carlo simulation for molecule creation to obtain the distribution of relative
kinetic energies of the molecules, and the number of molecules as a function of
time is calculated with Eq. 6.1 with a molecule binding energy Ej, = h x 10kHz.
The calculated 1/e coherence times are plotted as a function of temperature in

(b).
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Figure 6.3: Expected dependence of the nearest-neighbor atom-molecule oscilla-
tion coherence time on quantum degeneracy. (a) Calculated atom-molecule oscil-
lations for atom clouds with Ng = 15,000 and Ngy, = 5,000 and T = 36 nK. For
each curve, we run the Monte Carlo simulation to identify nearest neighbors and
obtain their relative kinetic energies. The number of molecules as a function of
time is calculated with Eq. 6.1 with a molecule binding energy Ej, = h x 10kHz.
The calculated 1/e coherence times are plotted as a function of temperature in

(b).
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Conclusions and Outlook

In this thesis, I have described the renovation of our Bose-Fermi mixture
apparatus and the experiments creating ultracold fermionic molecules that fol-
lowed. These experiments culminated in the creation of a quantum superposition
of atoms and molecules, which involves three chemically distinct species with dif-
ferent quantum statistics: bosonic Rb atoms, fermionic K atoms, and fermionic
KRb molecules. In this superposition, two atoms are both a pair of free atoms
and a bound molecule at the same time! The superposition was not demonstrated
in two or only a few atoms but in tens of thousands of atoms simultaneously. Ad-
ditionally, these atoms were not prepared in a single energy state, but occupied a
distribution of states. Despite this, coherent oscillations in the macroscopic atom
population have been observed. These oscillations may prove to be a direct probe
of the temperature and quantum degeneracy of the molecules.

Currently, efforts are under way to eliminate magnetic-field inhomogeneities,
which are likely the dominant mechanism for the dephasing of the atom-molecule
oscillations we have observed. In the absence of such technical causes for dephas-
ing, the coherence times of the oscillations should be limited by the distribution
of relative kinetic energies of the pairs participating in the superposition. This
will allow for the testing of my predictions for the oscillations’ dependences on

temperature and degeneracy.
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Similar oscillations have been predicted for quantum degenerate two-component
Fermi systems [55, 56, 57]. As in our experiments, the initial atomic gas would
not be prepared in a single energy state but would instead be described by a
Fermi-Dirac energy distribution. A particularly interesting application would be
to study coherent oscillations between the superfluid BCS state and a molecular
BEC in the BCS-BEC crossover [55, 56].

For the longer term, I expect this experiment to move away from molecules
and begin to study some of the more exotic phenomena predicted in Bose-Fermi
mixtures. With so many options, it’s difficult to predict which path will be chosen,
but I think the observation of Boson-mediated Cooper pairing (with or without a

lattice) would be a great achievement.
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Appendix a

Fitting dephased oscillations

In Chapter 5, I posited that the damping of the observed atom-molecule
oscillations is likely caused by a distribution of oscillation frequencies of the atom
pairs. This distribution of frequencies may be due to the relative kinetic energies of
the atom pairs, but for much of the data, it is most likely due to the inhomogeneity
of the magnetic field. We fit the data to sines with Gaussian envelopes and
extracted oscillation frequencies. In this appendix, I address the question of how
the measured frequency is influenced by the shape of the distribution of oscillation
frequency.

We will begin with the case of an oscillation with a coherence time defined
purely by the inhomogeneity of the magnetic field. For the purpose of illustration,
we will consider an atom cloud well above quantum degeneracy such that the
positions of the atoms are described by a Gaussian distribution. We also assume
that in the absence of the magnetic-field inhomogeneity, each pair would oscillate
with a frequency 1y, equal to the molecule binding energy divided by h (i.e. all
the atom pairs occupy a single energy state). In the experiment, we find the
magnetic field varies linearly along the axial direction of the cloud with a gradient
of 0.5G/cm. As shown in Fig. A.la, this implies a Gaussian distribution of
magnetic fields across the cloud. Figure A.1b shows the resulting distribution of

oscillation frequencies. Here, we have assumed 1y =100 kHz corresponds to the
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molecule binding energy at the center of the cloud. The distribution of frequencies

1

is also well-approximated by a Gaussian.” The oscillation in the total population

is the sum of the oscillations of all the pairs

N airs Ji . —(v—
Npal(t) = pT A/sm(27ﬂ/t)e w=r0)*/(0%) g, 4 1
0
N airs — .
Nuot (1) = pT (e P2 sin(2mvt) + 1) : (A.1)

In this case of a Gaussian frequency distribution around 1y, the total population
oscillation will have a frequency of 1y and be bounded by a Gaussian envelope.
Now, let us consider atom pairs in a uniform magnetic field, but with a
distribution of relative kinetic energies. Once again, we assume a classical gas. If
the energy distribution of the pairs mimics that of nearest neighbors, the relative

kinetic energy E will follow the Boltzmann energy distribution (see Fig. A.2)
P(E) = AVEe B/keT), (A.2)

where A is a normalization constant and k; is the Boltzmann constant. If we
assume each atom pair will oscillate with a frequency v = vy+vg, where vy = E/h,

then the oscillation in the total population will be given by

Nmax 2 i . e /T
Nmal(t) = 7_3/2\/%/8111 (27 (vy + vE)t) Vvge VB dvg + 1
0

2

Ny [ sin (27vpt + 2 arctan(27t
Npat(f) = me <5m(7”’° 2 20° an(m))ﬂ), (A.3)

2 (1 -+ (27Tt7')2)3/4
where 7 = k,T'/h. Figure A.3a shows the oscillation of a 200 nK cloud with
vo =100 kHz. In this case, the frequency of the oscillation in the total population

varies with time. We can rewrite the argument of the sine to make this explicit

3 3 arctan (27t
2mut + S arctan(2mtr) = 2t (Uo | Barctan(2r T)))

47t

! For larger variations in magnetic field or very near the resonance, the quadratic dependence
of the binding energy on magnetic field causes this distribution to become asymmetric.
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Figure A.1: Frequency distribution due to an inhomogeneous magnetic field. Us-
ing the Monte Carlo simulation discussed in chapter 4, we generate Gaussian
clouds with an rms size of 150 pm in the axial direction. We then calculate the
magnetic field and corresponding molecule binding energy (using Eq. 5.8) for each
pair’s average position assuming a 0.5 G/cm gradient along the axial direction.
The calculated distribution of magnetic fields (a) and oscillation frequencies (b)
are shown for a cloud is centered on B =546.135 G, where the molecule binding
energy is hyy = h x 100 kHz. The red curves show Gaussian fits with rms widths
op = 7.2mG and o, = 2.9 kHz.
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3arctan(27tT)

) =
U( ) Yo + 47t

(A.4)

Figure A.3b shows the time dependence of the frequency. Since all of the pairs
have frequencies > 1, the initial frequency of the oscillation in the total popula-
tion is also higher than 1. The pairs at the high energy tail of the Boltzmann
distribution (pairs with high oscillation frequencies) are the first to dephase, and
the frequency decreases, approaching the zero-energy pair frequency, vy. If we
were to fit this oscillation to a sine with a Gaussian envelope, we would underesti-
mate the coherence time and measure a frequency blue-shifted from the molecule
binding energy by up to %7’ = %%

Now, we consider a distribution of relative kinetic energies of the oscillat-
ing pairs that reflects the energy distribution of molecules created via adiabatic
magnetic-field sweeps. In this case, we must obtain the energy distribution from
the Monte Carlo simulation (see Chapter 4). Figure A.4 shows the distribution
of relative kinetic energies of the atom pairs that become molecules for a mixture
with Nx = 2.5NRy, at 200 nK, which corresponds to 1.2 T and 0.3 TF.

Figure A.5a shows the calculated oscillation with vy = 10 kHz. The distri-
bution of relative kinetic energies leads to a variation of the oscillation frequency
in time. To extract the frequency as a function of time, we fit the oscillation in
Fig. A.5a with a sliding window 100 us wide. Figure A.5b shows the difference
between the fitted frequency and vy. As in the case of the Boltzmann energy
distribution above, the measured frequency approaches the zero-energy frequency
as the high-energy pairs dephase. The apparent dip around 700 us is likely an
artifact of the fitting. Initially, the frequency exceeds vy by 0.4 kHz, which is equal
to 0.1%. This is much smaller than the shift for the Boltzmann distribution, in-
dicating that the adiabatic molecule formation process modeled with the Monte

Carlo simulation preferentially forms pairs with small relative kinetic energy.
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Figure A.2: Calculated distribution of relative kinetic energies, F, of nearest-
neighbor pairs in a 200 nK Boltzmann gas.
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Figure A.3: Calculated atom-molecule oscillation for a 200 nK gas with a Boltz-
mann energy distribution at B = 546.135G. The number of molecules as a function
of time, calculated with Eq. A.3 is shown in (a). The frequency v, calculated with
Eq. A.4is plotted in (b). The frequency of a pair with zero relative kinetic energy
is vy = 100 kHz.
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Figure A.4: Calculated distribution of the relative kinetic energies E of atom
pairs associated into molecules in the Monte Carlo simulation. The points are
the results of a simulation of a mixture with Nx = 2.5 Ny, at 200 nK, which
corresponds to 1.27T.
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Figure A.5: Calculated atom-molecule oscillation for pairs with the distribution
shown in Fig. A.4. The calculated number of molecules as a function of time is
shown in (a). Fits to the oscillation were performed, and the frequency vg in a
sliding window 100 us wide was extracted. The difference between vg; and the
zero energy oscillation frequency vy is shown in (b). Initially, the vg, exceeds vy
by 0.4 kHz, which is 0.1k,T'/h.
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We know that in the experiment, we have magnetic-field inhomogeneities
and a distribution of energies. If the magnetic field limits the coherence time to,
say, 30us, then the measured frequency will be the zero-energy frequency (molecule

binding energy divided by h) shifted by the frequency of the energy-distributed

3 kyT

55— and ~ 0.1]"”TT for the above examples.

oscillation during the first 30 us, i.e. ~
Therefore, the measured frequencies in Fig. 5.6 may be shifted from the molecule

binding energy by up to %]%TT = 6 kHz.



Appendix s

Nearest-neighbor distance and density-weighted density for Gaussian

clouds with different sizes, numbers, and aspect ratios.

Often working with a two-species experiment requires extending theory done
for single-species experiments. Sometimes this can be as simple as replacing an
atomic mass with twice the reduced mass, but at times it is necessary to know
the average density or nearest-neighbor distance. In this appendix, 1T address
the questions of how to define these quantities in the two-species case. For this
discussion, both clouds are assumed to have Gaussian profiles, but may contain
different numbers of atoms and have different rms widths and aspect ratios.

We begin with the question of how to define the typical nearest-neighbor
distance, which is relevant in comparison to the size of the molecules near a Fano-
Feshbach resonance (see chapter 5). At first glance, this seems a simple task—
generate Gaussian clouds, pick an atom, find its nearest neighbor (of the opposite
species), calculate the separation between the two atoms, and repeat until all the
atoms have been counted. In the case of two clouds with different numbers of
atoms, we encounter a hitch: on average, the distance to the nearest atom in the
opposite species depends on which species we are considering. This is illustrated
in Fig. B.1. Here, we have a larger number of red atoms than blue atoms. If we
calculate the average distance from a red atom to the nearest blue atom (option

1), we will find a much larger distance than if we calculate the average distance
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Figure B.1: Illustration of the calculation of the typical nearest-neighbor distance
for a mixture with different numbers of atoms. In Option 1, we calculate the
distance from a given red atom to the nearest blue atom. In Option 2, we calculate
the distance from a given blue atom to the nearest red atom.
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from a blue atom to the nearest red atom (option 2). So, which do we choose?
In considering molecule creation, we might expect that an atom is likely to bind
to its nearest neighbor. We would want to compare the distances between the
Rb and K atom of each nearest-neighbor pair to the interatomic distance in a
molecule (Eq. 5.6). In option 1, a single blue atom can be the nearest neighbor to
many red atoms, but if it were to form a molecule, the blue atom would only pair
with one red atom. In option 2, the gas is separated into nearest-neighbor pairs
and lone red atoms, as would occur if every possible atom were to be associated
into a molecule. In the following discussion, we will always calculate the nearest-
neighbor distance d,,, from the cloud with fewer atoms, a.k.a. option 2.

If we properly define the nearest-neighbor distance and the two-species den-

sity nkgrp, we expect the relationship
o = C' (nicrp,) ? (B.1)

where C'is a proportionality constant. Figure B.2 shows a typical distribution of
nearest-neighbor distances in a Gaussian cloud.
In a single-species experiment, there are typically two relevant measures

of density, the peak density ny and the average, or density-weighted, density
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Figure B.2: Calculated distribution of nearest-neighbor distances d,, for a simu-
lated Gaussian cloud.
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= ~ [ n®(r)d®r. Here, n(r) is the number density of atoms. We generalize this
to the two-species case as (nya) = fnl r)d’r, where we have normalized
by N, the number of atoms in the species with fewer atoms.

For a Gaussian cloud, the density is given by

n(r) = nge 27 g (s 2>, (B.2)

where o, is the rms size in the radial direction, A = 0, /0, is the ratio of the axial
and radial sizes, and ng = NA/(2702)%2. For two Gaussian clouds with different

sizes, numbers, and aspect ratios (but the same center), the density-weighted

132 1 1 1/2
= — Nod A\ B.3
(ma) (%) “2(0%+a%) (A%aawcf%) (B3

where we have assumed that N, > N;. Figure B.3 shows the most probable

density is

nearest-neighbor distance in simulated clouds as a function of the two-species

density (ni2) calculated with Eq. B.3. We find the expected relation, Eq. B.1,

with the proportionality constant C' ~ % Note that all of the simulations were

performed for the case where the cloud with fewer atoms is the spatially smaller

cloud and has a lower density (N; < Ny, 01 < 09 in both the axial and radial

directions, and n; < ny for all space).
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Figure B.3: Density dependence of the calculated nearest-neighbor distance. The
most probable nearest-neighbor distance d,,, is plotted as a function of the two-
species density-weighted density (nis) (Eq. B.3) for simulated Gaussian clouds.
The black points indicate simulations where the number and sizes of the two clouds
are the same. In the simulations represented by the red points, the numbers, sizes,
and/or aspect ratios of the two clouds differ from one another. The line is a fit to
dpn = C (n12) ™Y with C' = 0.51 £ 0.03 and b = 3.008 + 0.019.



