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Abstract

In this thesis we explore ultracold atomic collisions in the vicinity of a magnetic Feshbach
resonance located at 9.1 G, between 87Rb atoms in the |F = 2,mF = −1〉 and the |F =
1,mF = 1〉 hyperfine states. We experimentally investigate the energy dependence of the
enhancement of inelastic interaction in the neighborhood of this Feshbach resonance by
analyzing the temperature dependence of a loss spectroscopy feature. An asymmetric
widening of the resonance feature with respect to temperature is observed.We develop
a simple model which captures these asymmetric line shapes through thermal averaging
over the collision energy dependence of the Feshbach resonance. The energy dependence
of the Feshbach interactions is further explored by colliding ultracold atomic samples at
a fixed energy significantly above threshold using an optical trapping system; the elastic
scattering enhancement analyzed by colliding the samples in free space, while for the
inelastic measurements the collisions were carried out in trap. No conclusive resonant
behavior could obtained for the elastic component of the 9.1 G resonance, however the
inelastic scattering enhancement exhibited an anticipated shift.
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Chapter 1

Introduction

The experimental realization of the Bose-Einstein condensate (BEC) in 1995 [1, 2] opened
up a door to a quantum dominated regime, which allowed the exploration of many funda-
mental phenomena. The control in BEC experiments is frequently achieved by utilizing
so called Feshbach resonances, with which both the strength, as well as the character,
of inter-atomic interactions can be tuned. These resonances were initially formulated in
1958 by Herman Feshbach [3] in the context of nuclear physics. In the early 1960s Ugo
Fano introduced the concept [4] to the atomic physics community. The earliest observa-
tion of a Feshbach resonance in ultracold gases was in 1998, [5, 6]. Since then they have
become a cornerstone of many fundamental experiments in ultracold physics. Feshbach
resonances have not just offered the opportunity of creating bright matter solitons [7], or
studying the controlled collapse of a BEC [8], but also provided an alternative pathway
to the traditional cooling methods for producing and researching ultracold molecules [9].
Furthermore, they allowed the investigation of the BEC and Barden-Cooper-Schrieffer
(BCS) crossover for strongly interacting Fermi gases [10, 11].

Magnetic Feshbach resonances arise when the energy of a colliding atom pair becomes
degenerate with a bound state, hence altering the scattering length of the participants.
The magnetic field dependence of the relative energy of the bound and incoming state
makes the exploitation of a Feshbach resonance with respect to an applied bias field a
favorable approach. In this thesis we aim to instead investigate the scattering properties
about a resonance in regards to the kinetic energy of the particles.

The occurrence of magnetic Feshbach resonances varies significantly between the dif-
ferent atomic species. The abundance of Feshbach resonances in 133Cs, 85Rb and 39K
make them a very important aspect of condensing these species. 87Rb atoms, on the
other hand, only accommodate a sparse number of Feshbach resonances, of which none
are very wide. The widest resonance in 87Rb is located at approximately 1007 G, and has
an elastic width of 130 mG [12]. Since the experiment at Otago has the ability to produce
both 87Rb condensates, and 40K Fermi gases, we fortunately have access multiple wide
inter-species resonances at relatively low fields [13]. In this work, however, we focus on
a very narrow 87Rb resonance located at an accessible field of 9.1 G. This resonance has
a very strong inelastic characteristics, allowing us to explore energy dependence of both
the elastic and inelastic scattering properties in its vicinity.

1



CHAPTER 1. INTRODUCTION 2

The layout of this thesis is as follows:
We begin in Chapter 2 by discussing the basic theory behind Feshbach resonances and
giving an overview of the scattering processes, which are modified in the neighborhood
of a Feshbach resonance. This chapter mainly focuses on two-body processes and only
gives a non-quantitative discussion of three-body interactions. The chapter is concluded
with a brief summary of a theoretical proposal, which motivated this work.
Chapter 3, gives a synopsis of the BEC apparatus at Otago, concentrating on the aspects
of the experiment which were particularly relevant to this work.
In Chapter 4 we describe the methods used preform loss spectroscopy of the 9.1 G Fesh-
bach resonance, and continue by characterizing the resonance. We further investigating
the effect of the thermal energy of the atoms on the lineshape of the measured loss spec-
troscopy.
Chapter 5 resumes the analysis of the energy dependence of both the elastic, and inelas-
tic, scattering about the resonance by utilizing a steerable optical tweezer system and
colliding atomic clouds about the resonance.
Finally, in Chapter 6 we conclude this thesis by reflecting upon the presented work, and
outlining several directions which we aim to take in the future.



Chapter 2

Background

The properties of an ultracold gas are predominantly dictated by the interactions of
the constituting atoms. Here we provide a brief introduction to the scattering of atoms
within an ultracold cloud, focusing on the interactions that arise due to the presence of a
Feshbach resonance. Quantitatively this chapter concentrates on two-body interactions,
giving only a qualitative description of three-body processes towards the end. In closing,
the chapter briefly summarizes a paper which motivated this work, and also indicates
the direction that we aim to take in the future.

2.1 Elastic collisions at low energies

Usually the atomic density of an ultracold gas is less than 1014 cm−3, which is orders
of magnitude lower than the density of air. Due to the sparseness of the atoms in an
ultracold gas, it is reasonable to assume that the majority of interactions, in the absence
of a resonance, are two-body interactions. This is precisely what we will do in the
following derivation, which follows a standard approach that can be found in a number
of texts on scattering theory [14, 15, 16, 17].

We begin by looking at two distinguishable particles with equal mass, with kinetic
energy E = h̄2k2/(2µ), interacting through the potential V (r), where V (r) → 0 as
r → ∞. Here k, and µ, are equal to the magnitude of the wavevector, and reduced
mass, of the particles respectively. In order to simplify this problem to a single particle
problem, we look at the motion of the center of mass frame of the two particles, which
is described by the following Schrödinger equation(

p2

2µ
+ V (r)

)
ψk(r) = Eψk(r), (2.1)

where p is the relative momentum of the particles. We now search for a solution to
Equation (2.1) which can be written as a superposition of a plane incoming wave, with
wavevector k, and the corresponding spherical scattered wave with wavevector k′ (see
Figure 2.1). In other words a solution of the following form:

ψ(r) ∼ eik·r + f(k, φ, θ)
eikr

r
, (2.2)

3
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Figure 2.1: Incoming plane wave with
wavevector, k, scattering off target result-
ing in a spherical wave with wavevector
k′.

where the scattering amplitude, f(k, φ, θ), in general depends both on the azimuthal
angle φ, around the incoming axis, and θ, the angle between the incident plane wave
and the direction of detection. The scattering amplitude is of great significance, since
it determines an experimentally measurable quantity; the integral, or total, scattering
cross-section,

σ(k) =

∫
|f(k, φ, θ)|2dΩ. (2.3)

Partial wave expansion

In general, finding an exact solution for Equation (2.1) is a difficult task. However, in the
special case of a spherically symmetric potential, the scattering amplitude becomes in-
dependent of the azimuthal angle, φ. Equation (2.1) then simplifies to a one dimensional
problem; the radial wave equation(

− h̄
2

2µ

∂2

∂r2
+ Veff(r)

)
ul(r) = Eul(r). (2.4)

Here Veff(r) = V (r) + h̄2l(l + 1)/(2µ2), which is the superposition of the interatomic
potential and a centrifugal term. If l = 0 (s-wave) the centrifugal term disappears. For
ultracold gases the centrifugal barrier is greater than the collision energy of the atoms,
and hence l > 0 collisions are suppressed. As a result of the spherical symmetry of
the potential, the flux is conserved for each partial wave. Since the angular momentum
is also conserved for each partial partial wave, the solution of Equation (2.4) can be
expressed in terms of an incident and an outgoing wave which differ in a relative phase
shift, δl. Formulating the scattering cross-section in terms of this phase shift results in1

σ(k) =
4π

k2

∞∑
l=0

(2l + 1) sin2(δl(k)). (2.5)

1Note that for identical bosons (fermions) only the even (odd) partial waves contribute to will con-
tribute to the scattering cross-section. Furthermore, due to the exchange symmetries of identical parti-
cles the factor of 4π would be replaced by a factor of 8π.
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For ultracold atoms, where the interactions are dominated by s-wave (l = 0) collisions2,
the total cross-section simplifies down to

σ0(k) =
4π

k2
sin2(δ0(k)). (2.6)

In the limit of k → 0, Equation (2.6) becomes

σ0 = 4πa2, (2.7)

where the s-wave scattering length, a, is defined as

a = − lim
k→0

tan δ0

k
. (2.8)

For a small non-zero collision energy Equation (2.8) can be expanded as [19],

a(k) = a(0) +
1

2
k2r0a(0)2 +O(k4), (2.9)

where r0 is equal to the effective range of a given potential. This results in the following
exact solution for the elastic scattering cross-section [20, 21],

σ0(k) =
4πa2

1 + k2a2
. (2.10)

The scattering length, a, is the parameter that completely characterizes the interaction
in an ultracold gas. For a < 0 the elastic interactions are attractive, while for a > 0 the
elastic interactions are repulsive. This makes a a very desirable parameter to manipulate.
Feshbach resonances provide this opportunity.

2.2 Magnetic Feshbach resonances: A two-channel

description

In the previous section we discussed the collision of two atoms along a single potential.
The states, which the atoms occupy throughout this process, are commonly referred
to as interaction channels. Open channels are the channels in which the atoms enter
and leave the collision center. Closed channels are, as the name suggests, energetically
closed states above the dissociation threshold of the free atoms. The closed channels
can support metastable bound states,3 where the interacting atoms can be temporarily
trapped during the collision, resulting in a modification of the scattering length. This
scenario, known as a Feshbach resonance, is schematically illustrated in Figure 2.2a. The
bound state often corresponds to a different Zeeman sub state, than the open channel,
and hence also has a different magnetic moment. Feshbach resonances can therefore
be achieved by tuning the relative potential energy between the two channels via an

2For identical fermions, l = 0 collisions would be suppressed because of the Pauli exclusion principle
[18].

3These states are truly bound in the absence of channel coupling.
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(a) (b)

Figure 2.2: a) An illustration of the two channel model about a Feshbach resonance, where
the incoming atoms have a relative kinetic energy of E = h̄2k2/(2µ), and the bound state has
an energy of Ec. The dashed black line indicates the threshold of the open channel. Coupling
between the two states, i.e., a Feshbach resonance, arises when E ≈ Ec. The resonance can
therefore be achieved by either tuning the bound state energy or the energy the participating
particles. Note that since the atoms can only enter and leave the collision via the one open
channel, all of the interactions represented by this depiction are purely elastic. b) Due to the
different magnetic moments of the open and closed channels the relative potential energy can
be tuned by an applied bias field. A Feshbach resonance arises when the potential energy of
the two channels intersect. In reality an avoided crossing arises from this intersection, which
enables the coherent production of Feshbach molecules, mentioned later in the text.

applied external magnetic field (see Figure 2.2b). Alternatively, coupling between the
two channels can also be attained by varying the relative kinetic energy of the two
interacting atoms.

Assuming that there is only a single open channel and a single closed channel in the
system (as shown in Figure 2.2a) the resonance can be entirely described by the energy
dependent phase shift, δ(E), which follows the Wigner-Breit form [19, 22],

δ(E) = δbg + tan−1

[
ΓE(E)

2(Eres − E)

]
. (2.11)

Here δbg is the background phase associated with the open channel. ΓE(E), and Eres,
are the partial width, and the position, of the resonance in energy space respectively.
The width, Γ, is effectively a measure of the coupling strength between the open and
the closed channel. The energy dependence of Γ only becomes significant close to the
dissociation threshold. Eres, can be related to the magnetic field resonance position, B0,
via Eres = µres(B − B0), where µres is the difference in magnetic moment between the
bound and the continuum states. We can therefore also write Equation (2.11) in terms
of magnetic field

δ(B) = δbg + tan−1

[
ΓB

2(B −B0)

]
, (2.12)

where ΓB = ΓE/µres. About a Feshbach resonance the scattering length can be described
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by the following formula [23, 24],

a(B) = abg

(
1− ∆B

(B0 −B)

)
, (2.13)

where, abg is equal to the background scattering length,4 and ∆5, the energy independent
width, is defined as

∆ ≡ − Γ

2abgk
. (2.14)

Across the width of the resonance the phase shift changes by π, which results in the diver-
gence of the scattering length. Since the scattering length characterizes the interaction
strength of ultracold atoms, Feshbach resonances are a powerful tool for manipulating
the behavior of these gases.

An interesting feature of Feshbach resonances, which was briefly mentioned in the
introduction, are the Feshbach dimers. These are weakly bound molecular states close
to the resonance position, that can be formed coherently at positive scattering lengths.
The spatial separation of the bound atoms is significantly greater than the Van der
Waals length of the corresponding free atoms. Moreover, the binding energy of Feshbach
molecules can be tuned by adjusting the scattering length:

E =
h̄2

2µ(a− abg)2
. (2.15)

Since Feshbach dimers can be formed and transfered into deeply bound states coherently,
they provide a controlled way of studying molecules [25]. Contrary to this, the deeply
bound molecules described in Section 2.4 form spontaneously via three-body recombina-
tion do not offer this high level of control.

In this thesis we will focus scattering features which arise from the sudden change
of the scattering length. The scattering cross-section is proportional to the square of
the scattering length (via Equation (2.10)) and therefore will peak about the resonance,
resulting in an enhancement of the elastically scattered particles. This enhancement
has been recently observed by Genkina et al. [26]. Notably, there also exists an energy
at which the scattering cross-section decreases to zero due to the cancellation of the
background and the resonance cross-section. This point is known as the so called lossless
point [27].

2.3 Multiple open channels:inelastic scattering

We will now expand on the previous section by adding multiple open channels to the
system to which the bound state can couple, and hence into which the colliding atoms
can decay after the interaction. It is effectively saying that we are introducing inelastic
scattering. An example of such a process is depicted in Figure 2.3. In this case the
scattering length can no longer be described by Equation (2.13), but instead takes the

4Since δbg = −kabg, as E → 0, the background scattering length has the weak energy dependence
at low collision energies: abg(k) = tan(abgk)/k.

5∆ is the experimentally measured elastic width.
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Figure 2.3: An illustration of the two open
channels coupled to a closed channel. The
atoms enter in one of the open channels and
can either leave in the same channel (elas-
tic scattering) or a different channel (inelas-
tic scattering). In reality there will be more
than two open channels.

following complex form [28, 29],

a(B) = abg

(
1− e2iφR

∆el

(B −B0) + iΓinel/2

)
, (2.16)

where φR is a phase constant, and Γinel is the total partial inelastic width, i.e., the
sum of all partial widths of the inelastic channels, which the bound state is coupled to.
As mentioned earlier the partial width reflects the coupling strength between an open
channel and the bound state. Since the inelastic open channels are independent of the
energy of the entrance channel, Γinel also exhibits no energy dependence.

Equation (2.16) can be split into both its real and imaginary components. The real
part, which corresponds to the effective scattering length, can be expressed as [30],

Re[a(B)] = abg

[
1− γRe(B)

∆el

(B −B0)2 + (Γinel/2)2

]
, (2.17)

where,
γRel(B) = cos(2φR)(B −B0) + sin(2φR)Γinel/2.

Due to the inelastic component this equation is now a continuous function that peaks,
but does not diverge, at the resonance. The imaginary part of Equation (2.16) is equal
to

Im[a(B)] = −abgγIm(B)

[
∆el

(B −B0)2 + (Γinel)2

]
, (2.18)

where,
γIm(B) = sin(2φR)(B −B0)− cos(2φR)Γinel/2.

The inelastic two-body decay rate is proportional to Equation (2.18). In the vicinity of a
resonance, however, not only the two-body, but also the three-body inelastic scattering
is enhanced (see Section 2.4). For the resonance used in this work (the 9.1 G resonance
between 87Rb atoms in the |F = 2,mF = −1〉, and |F = 1,mF = 1〉 states) more research
is required to elucidate which of the two processes is the dominating loss procedure. In
this thesis, we only consider two-body losses when analyzing our data.

The exact elastic and inelastic scattering cross-sections for two-body interactions are
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Figure 2.4: The work presented in this thesis uses a resonance, between atoms in the |F =
2,mF = −1〉 and the |F = 1,mF = 1〉 spins states, located at approximately 9.1 G. For this
figure the theoretical resonance parameters for this resonance from Reference [31] were used:
B0 = 9.105 G, ∆el = 2 mG, Γinel = 4.7 mG. These plots further assume a relative collision
energy of the interacting particles of 5 µK. a) The real (-) and the imaginary (- -) part of
the scattering length, Equation (2.16), about the 9.1 G Feshbach resonance. b) The elastic
(blue), and inelastic (red), scattering cross-sections. Note that due to the finite interaction
energy of the particles the position, where both the scattering length and the scattering cross-
sections experience a perturbation, has shifted from the threshold resonance position, B0. The
amplitudes of the scattering cross-section features also dampen for higher energies.

given by [32],

σel(k) =
4π|a(E)|2

1 + k2|a(E)|2 + 2kIm[a(E)]
, (2.19)

and

σtot
inel(k) =

1

k

(
4πIm[a(E)]

1 + k2|a(E)|2 + 2kIm[a(E)]

)
, (2.20)

where a(E) is Equation (2.16) expressed in terms of the collision energy of the atoms

a(E) = abg(E)

(
1− ∆el

(Eres − E) + iΓinel/2

)
. (2.21)

From Equation (2.20) we can see that the inelastic scattering cross-section diverges as
k → 0. This is a consequence of the velocity dependence of the loss rate; the velocity is
proportional to k, and therefore the divergence of σinel ensures that loss rate, approaches
a constant value at zero collision energy. For a real background scattering length the
inelastic cross-section goes to to zero away from resonance. The background elastic
cross-section, on the other hand, simplifies down to Equation (2.10). Figure 2.4a shows
a plot of the real and imaginary part of the scattering length for the 9.1 G resonance,
which was used for the work presented in this thesis. The corresponding inelastic and
inelastic scattering cross-sections are shown in Figure 2.4b.

In the case of multichannel scattering it is useful to describe the strength of a Feshbach
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Figure 2.5: Significant features of Equations (2.19) and (2.20) for a range of different elastic and
inelastic widths. For these plots a collision energy of 2 µK, and a bias field range of 9.0− 9.2
G was used. The resonance utilized in this work is indicated by a red marker. a) Maximum
enhancement of the elastic scattering cross-section, σel(k), with respect to the background
cross-section. The enhancement of the elastic cross-section is largest if the coupling between
the entrance channel and the bound states is maximized, while the coupling between the bound
states and the inelastic channels is minimized. b) Reduction of the elastic cross-section, at the
lossless point for resonances. c) The maximum enhancement of the inelastic cross-section,
σinel(k), about the resonance. The inelastic cross-section is maximally enhanced if both the
coupling into the bound state, and the coupling into the inelastic channels, is strong. d) The
Full Width Half Maximum (FWHM) of the inelastic scattering cross-section feature across the
resonance.

resonance in terms of the elastic and inelastic contributions. This is done by defining
the so called resonant scattering length, ares, [19, 22]

ares ≡ 2abg
∆el

Γinel

. (2.22)

This parameter dictates the extent of the enhancement of both the real and imaginary
part of the scattering length about a resonance. Assuming that abg is an entirely real
value, which is the case for the resonance that we are working with, the imaginary part
of the scattering length will attain a maximum value equal to ares. At the same point,
the real part of the scattering amplitude swings about abg with a magnitude of ±ares/2.
If abg is complex an asymmetry is introduced in both the real and imaginary scattering
length features. In both cases the amplitudes of the peaks and troughs are proportional
to ares.

Resonances with ares ≤ |abg|, are often referred to as “closed channel dominated” (or
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narrow) resonances. These resonances only allow the scattering length to be tuned over
a relatively short range, however, they often still have a dominant inelastic component.
Narrow resonances are therefore characteristically associates with large atom loss rates.
Resonances with ares � |abg| are known as “entrance channel dominated” (or wide)
resonance. A wide resonance is well described by Equation (2.10), and (2.13), which
permits the scattering length to be tuned to a point where the inelastic interactions
are minimized. Figure 2.5 shows the behavior of the elastic and inelastic scattering
cross-sections features about a resonance, for a range of different widths. This figure
illustrates that the extent of the enhancement and depletion of the elastic, and inelastic,
cross-sections are determined by the ratio of the two widths.

2.4 Inelastic scattering processes

The Feshbach resonance at 9.1 G occurs between two 87Rb atoms in |F = 2,mF = −1〉
and |F = 1,mF = 1〉 states. This resonance has a resonant scattering length, ares,
of approximately 0.83abg [31]. For that reason, the inelastic scattering rate plays a
dominant role in the vicinity of this resonance. As discussed above, atoms involved
in an inelastic scattering process will leave the collision in a different internal state
to which they entered. The difference in energy between the initial and final state is
attained by the atom in the form of kinetic energy. This energy is of the order of the
Zeeman splitting, the hyperfine splitting or the molecular binding energy depending on
the inelastic process. Often the kinetic energy gained from an inelastic interaction is
greater than the trap depth, and hence results in a loss of the involved atoms from the
trap. The density depletion of a single species atomic sample over time, due to inelastic
collisions is given by the following expression [33],

ṅ = K1n+K2n
2 +K3n

3 + . . . , (2.23)

where n is equal to the density, and K1, K2, and K3 are the one-body, two-body, and
three-body loss coefficients respectively. Collisions of orders greater than three are gen-
erally infrequent enough in dilute gases, such that they can be ignored. One-body losses
occur between a trapped atom and a stray atom from the background gas in the vacuum
chamber. The purpose of the ultra high vacuum chamber is to limit these interactions
in the experiment. Single atom losses from the ensemble can also occur due to the ab-
sorption of a photon from the ensemble. However over the time scale over which the
experiments in this work were carried out, the effects of the one-body losses on the
sample are negligible. Accordingly, Equation (2.23) simplifies down to

ṅ = K2n
2 +K3n

3. (2.24)

Since our atomic sample has a Gaussian distribution in the trap, the decay rate will
be higher at the center of the cloud. As a consequence the thermal equilibrium is
disrupted, creating a flow of particles towards the center. This flow can be included in
Equation (2.24) by adding a ∇ · (nv) term, where v is the velocity distribution of the
atoms. When integrating the resulting expression over all of space, and applying Gauss’
theorem, the additional term disappears, leaving the following equation for the trap loss
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due to inelastic interactions [34],

Ṅ(t)

N
= K2〈n〉+K3〈n2〉. (2.25)

Here, 〈b〉 = 1
N

∫
nb dv, is equal to the density averaged value of b. In this section both

the two-, and three-body processes, which are enhanced in the vicinity of a resonance,
and contribute to an increase in trap loss will be discussed.

2.4.1 Two-Body collisions

The main two-body inelastic processes are dipolar relaxation and spin relaxation [35].
Spin relaxation arises from the transfer of angular momentum between electron and the
nuclear spin. Due to the conservation of angular momentum spin relaxation is suppressed
for atoms in a doubly spin-polarized sample, and therefore only comes into play when
we have a mixture of atoms in different states. The spin flip induced from the coupling
between the spin angular momentum and the orbital angular momentum is known as
dipolar relaxation. The selection rules for spin, and dipolar, relaxation are ∆mF = 0, and
∆mF + ∆m` = 0, respectively. These processes can be distinguished by their differing
decay rates; typically of the order of 10−12 cm3/s for spin relaxation, and 10−15 cm3/s
for dipolar relaxation [35]. The subsequent loss from the trap is described by the first
term in Equation (2.24), where the two-body loss coefficient K2, is dependent on the
imaginary part of the scattering length [22, 36],

K2 =
8h̄

mr

Im(a). (2.26)

At low temperatures, i.e., neglecting the thermal spread of the atoms, the two-body
atomic loss enhancement about a resonance is therefore expected to follow a Lorentzian
function. It should also be noted that the two-body loss rate is different for thermal
atoms and condensates. Due to the density fluctuations in a thermal gas the probability
of finding two atoms in the same space is enhanced by a factor of two. These fluctuations
are not present in a condensate and hence the loss rate is reduced by a factor of two
[35, 37].

2.4.2 Three-body molecular recombination

Close to a Feshbach resonance we get an increase in scattering length, which results in an
enhancement of molecule formation. The molecular formation is a three-body process,
since the two atoms forming the molecule leave the collision center in the same direction;
therefore a third atom is required in order to conserve momentum. The binding energy
released in this interaction is distributed among the resulting atom and the molecule
according to their masses. Calculating the three-body combination rates exactly is a
difficult task since there are a large number of possible exit channels. However simple
scaling arguments can be used in order to estimate it. The recombination rate, νrec, is
in units of s−1 and since there are three atoms involved in the interaction it must be
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proportional to the density cubed, n3. In fact it can be written as

νrec = K3n
3, K3 = C

h̄a4

m
, (2.27)

where C is a dimensionless constant, which, however, still has a dependence on the
scattering length. Due to the Pauli exclusion principle Equation (2.27) only applies to
bosons with large scattering lengths. In this case the loss coefficient is a factor of 3!
larger for thermal clouds than for a condensate [38].

Even though two- and three-body processes have quite distinct behaviors about a
resonance it is often difficult to experimentally determine how much each process con-
tributes to the resonance loss. This is in part also due to the fact that the dominating
inelastic interaction about a resonance is highly influenced by the density of the sample
via Equation (2.25). Except for this section the entire chapter has been exclusively deal-
ing with two-body interactions, and for the rest of the thesis we will continue to neglect
three-body interactions.

2.5 Controlling the group velocity of a BEC about

a Feshbach resonance

The experiments presented in this thesis are interesting in their own right. However, the
motivation for this work stems from a paper published by Mathew et. al [27], where he
proposes controlling the group velocity of a small BEC, which is propagated through a
large stationary BEC, at the lossless point described in Section 2.2. This proposition
schematically illustrated in Figure 2.6. In this section we go through the main ideas
presented in the paper, and also discuss the direction that we aim to take in the future.

The slowing of the small BEC is analogous to the slowing of light as it passes through
medium with a sharply varying refractive index, and therefore the propagating, and the
stationary BECs, are referred to as the “laser”, and “medium”, BEC respectively. For
this discussion we assume that the two interacting BECs are composed of the same
atomic species, and have a relative collision energy of E ≈ E0/2. The dynamics of the
laser, and medium, BECs are described by ΨL, and ΨM, respectively. The time evolution
of the medium BEC is simply given by the Gross-Pitaevskii equation, while the laser
BEC follows [27],

ih̄
∂

∂t
ΨL(x, t) =

[
− h̄2

2m∗(x)
∇2 + Vmf(x) + Vderiv(x)

]
ΨL(x, t). (2.28)

Here, m∗(x) = m[1 + 2α(x)]/[1 + α(x)] is equal to the position-dependent effective
mass, and α(x) = (4πh̄2/m)|ΨM(x)|2df(z)/dz, where f(z) is the scattering amplitude
about the Feshbach resonance, and df(z)/dz is evaluated at z = E0/2. The mean-
field potential is given by Vmf(x) = [V (x) − (8πh̄2/m)|ΨM(x)|2f(E0/2)]/[1 + 2α(x)],
and Vderiv(x) = E0α(x)/[1 + 2α(x)]. For Equation (2.28) to be valid, we require that
the diameter of the laser BEC, `L, is much smaller than the diameter of the medium
BEC, `M. Assuming that the laser BEC propagates through a homogeneous medium,
and V (x) = 0, the effective mass is uniform and the potential Vmf(x) vanishes. Thus,
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Figure 2.6: This schematic is adapted from [27]. a) The laser, and the medium condensate.
The width of the laser BEC, `L needs to be much less than the width of the medium BEC, `M.
b) The laser BEC colliding with the stationary medium BEC away from resonance. c) The
laser and medium BECs colliding at the lossless point. The group velocity of the laser BEC is
expected to slow down as it propagates through the medium BEC introducing a delay δ.

transferring Equation (2.28) into momentum space at the lossless point gives

vg(k0)|lossless =
h̄k0

m∗
= v0

[
1 + β/2

1 + β

]
, (2.29)

where β = Ubg/(h̄τ0) > 0 is a dimensionless quantity with the background interaction
energy Ubg = (8πh̄2/m)abgnM. If, however, the laser BEC is propagating through an
inhomogeneous medium, then Equation (2.28) describes the time evolution of a free
particle. The delay in the laser BEC, δ, can be derived by applying the Wentzel-Kramers-
Brillouin (WKB) approximation

δ/`M = 2

(
1−

arctanh[
√
β/(1 + β)]√

β(1 + β)

)
, (2.30)

where β = Ubg/(h̄Γ0), which is evaluated at the peak density nM. Equation (2.30) is
plotted against β in Figure 2.7. This figure shows that the group velocity of the laser
BEC should be simply controllable by changing the density of the medium BEC. In
order to maximize this effect we require that β is large, i.e., either the width of the
resonance is small, or the density of the medium BEC is large. For that reason, narrow
resonances6 are valuable candidates for this proposal. The above derivation neglects
any inelastic contributions, and so the resonance also needs to be entrance channel
dominated for this effect to be observed. The 87Rb resonance at 9.1 G, used in this
work, has a large inelastic component, which makes the lossless point difficult to resolve.
It is therefore not a suitable resonance for the experimental realization of this proposal.
A more appropriate resonance would be the 87Rb Feshbach resonance located at 1007
G, which has a dominant elastic scattering characteristics, while the elastic width itself

6In the sense that the elastic width is small.
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Figure 2.7: Relationship between the
density of the medium BEC and the
change in group velocity of the laser
BEC.

is still relatively small. However, since this resonance is not as easily accessible as the
one located at 9.1 G, it was not used in this thesis.



Chapter 3

The BEC Experiment

Multiple ingredients are required to analyze the scattering properties in the vicinity of
a Feshbach resonance. Firstly, we need to be able to produce an atomic sample cold
enough for the Feshbach interactions to have an observable effect. These atoms further
have to prepared in the correct spin states, and exposed to a specific magnetic field.
Since we are interested in the energy dependence of the enhanced scattering about the
resonance we also require a method of transporting and ultimately colliding our samples.
This chapter gives a brief overview of the BEC machine at Otago, focusing on the aspects
of the apparatus which are most relevant to this work. All of this equipment described
here was well established before of this work began. More in depth discussions on any
of these setups can be found in References [39, 40, 41, 42].

3.1 Creation and imaging of the ultracold samples

3.1.1 Experimental sequence and control

The BEC experiment at Otago uses a two vacuum cell system. The first, hosts a magneto-
optic trap in which the 87Rb vapor is cooled from room temperature down to approxi-
mately 100 µK via optical molasses. Figure 3.1 shows the optical transitions used for the
cooling and the repump beam of the 87Rb setup. The second, is an ultra high vacuum
science cell, where the atoms are trapped using an Ioffe-Pritchard (IP) magnetic trap.
The atoms are physically shuttled from the MOT to the science cell using a tightly con-
fining magnetic quadrupole trap, which is mounted on a motorized translational stage.
In the IP trap the atoms are further cooled using forced radio frequency (RF) evapora-
tion [35], resulting in approximately 3× 106 87Rb atoms in the |F = 2,mF = 2〉 ground
hyperfine state, at a temperature below 1 µK 1. At this stage the atoms are loaded into
a far off resonant optical trap (FORT) where the sample can be further manipulated. At
the end of the experimental sequence all of the traps are turned off and the atomic cloud
is allowed to expand in a ballistic fashion for a time, ttof, referred to as time-of-flight.
The cloud is imaged using a standard absorption imaging technique, which is described
in more detail below.

The bulk of the experiment is triggered via a Labview program called RebeKa. Af-
ter the atoms have been shuttled across to the science cell, RebeKa triggers an Field-

1For this apparatus the BEC transition typically occurs below 300 nK.

16
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Figure 3.1: The hyperfine struc-
ture of 87Rb, where the 5P1/2 hy-
perfine levels have been excluded
for simplicity. For this work we
manipulate atoms in the F =
1 and F = 2 ground hyperfine
states.

Programmable Gate Array (FPGA), which takes over the timing of the dipole trap, the
microwave sweeps, and the camera. The entire sequence requires approximately two and
a half minutes to complete.

3.1.2 Time-of-flight and imaging of the atoms

In this work we were dealing mostly with gases above the condensate transition, and
therefore the spacing between atoms in this gas is large in comparison to their de Broglie
wavelength, i.e., 1/n1/3 �

√
2πh̄/mkBT , where T is equal to the temperature of the gas,

and kB is the Boltzmann constant. This makes it reasonable to use Maxwell-Boltzmann
statistics to describe these gases. The optical trap can be approximated as a three
dimensional harmonic potential, U(r) = 1

2
m(ω2

xx
2 + ω2

yy
2 + ω2

zz
2), where ωi are the

angular oscillation frequencies of atoms in the potential. The density distribution of
a thermal gas trapped in a three-dimensional harmonic potential follows a Gaussian
distribution [43],

n(x, y, z) = n0exp

[
−1

2

(
x2

s2
x

+
y2

s2
y

+
z2

s2
z

)]
. (3.1)

Here si =
√
kBT/(mω2

i ) is the width of the distribution in the direction i, and peak
density, n0, is given by

n0 = Nωxωyωz

(
m

2πkBT

)(3/2)

, (3.2)

where N is the total number of atoms in the sample. Once the traps are turned off the
cloud expands in an isotropic manner. The velocity of the atoms has a Gaussian distri-
bution, and therefore the final spatial spread of the cloud will eventually also converge to
a Gaussian, independently of the original trap confinement. After the time-of-flight the
atomic sample is exposed to circularly (σ+) polarized light which resonantly drives the
|F = 2,mF = 2〉 → |F ′ = 3,m′F = 3〉 transition (see Figure 3.1). Consequently atoms
occupying F = 1 states will not be detected using this imaging technique. For a probe
beam intensity below the atomic saturation intensity, the light absorbed by the atoms
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is proportional to the density of the sample via the Lambert-Beer law

I(x, y) = I0(x, y)exp

(
−1/2σ0

∫
n(x, y, z)dz

)
, (3.3)

where I0(x, y) is the intensity of the incident beam, and σ0 is equal to the scattering
cross section of the atoms. The resulting shadow cast by the cloud is imaged using
a charge-coupled-device (CCD) Andor camera (model IXON Ultra 800), which is run
in kinetic mode.2 For one absorption image the camera actually takes three images; a
reference image, Iref(x, y), an image of the atoms, Iatoms(x, y), and a background image,
Ibg(x, y). Iatoms(x, y) has both the atoms and the probe are present, while for Iref(x, y),
both the probe and the atoms are absent, and Ibg(x, y) is simply an image of the probe
beam. The optical density, OD(x, y), is then obtained by using the following formula

OD(x, y) = ln

(
Iref(x, y)− Ibg(x, y)

Iatoms(x, y)− Ibg(x, y)

)
. (3.4)

The atom number can be extracted from the obtained absorption image by fitting the
optical density distribution with a Gaussian function, or simply by summing over pixels
in the camera. For small time-of-flights a Gaussian spatial distribution is still a reason-
able assumption, however the absorption image saturates at a peak optical density of
approximately 4, and therefore the atoms number will be underestimated if the cloud
is not allowed to expand sufficiently before being imaged. For time-of-flights, t, where,
t � 1/ωi is satisfied, the width of the thermal cloud, si(t), evolves in the following
manner

si(t) = si(0)
√

1 + (ωit)2, (3.5)

where si(0) is the width of the cloud in trap. The temperature can therefore be deter-
mined from two images with different time-of-flights, or from a single image if the precise
trapping frequencies are known.

3.1.3 Dual imaging

Even though the imaging probe substantially heats up the sample, the atoms still linger
around for multiple milliseconds. This can be exploited when both highly dense and
sparse regions are present in the same image. For small time-of-flights, a second imaging
pulse can be fired 1 ms after the first, giving a reasonable estimate of the atom number
for the dense regions of the image. In the experiments presented in Chapter 6 this is
technique was particularly useful. There we require short time-of-flights to obtain a
good signal-to-noise ratio of a scattered halo produced by two colliding clouds. However,
at these time-of-flights the unscattered factions were too dense to achieve an accurate
atom number count. Prior to the installation of this scheme two experimental runs were
needed to obtain a reasonable estimate of the scattered fraction. This introduced shot
to shot fluctuations. As mentioned above, the first imaging pulse heats up the sample,
and therefore this method can not be used for measuring the temperature of the cloud
in a single experimental run.

2The kinetic mode allows us to take multiple consecutive images.
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Figure 3.2: Simplified schematic of the apparatus. The “1064 nm Fiber Laser Unit” contains
the AOMs described in Section 3.2.2, which provide the control over the vertical and horizontal
beam powers. This figure was modified from reference [42].

3.2 The optical tweezers

Optical traps have the benefit of being able to trap atoms in magnetically untrappable
states, while opening up the possibility to use the magnetic bias field as a free variable.
Both of these factors make optical traps the ideal trapping system with which to achieve
magnetically tunable Feshbach resonances. Since we wish to investigate both magnetic
field as well as the collision energy dependence of a Feshbach resonance we require a
collision scheme which is capable of producing repeatable and precise collision energies.
The optical tweezer system at Otago can provide this stability [41, 44].

This section first examines the basics of an optical dipole trap following a similar
derivation to References [43, 45]. It then continues with a brief overview of the tweezer
system in our experiment. For a more detailed discussion on the experimental setup and
control see [42].

3.2.1 Dipole forces

A polarizable particle which is exposed to a light field will acquire an oscillating dipole,
from the interaction with the electric field component of the light. The dipole force,
which is the force experienced by the particle due to the interaction between this induced
dipole and the spatially inhomogeneous electric field, can be described by an interaction
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potential. In the case of an oscillator model atom, in a driving field with frequency, ω,
the interaction potential is given by the following expression3

Udip(r) =
3πc2

2ω3
0

(
Γ

∆

)
I(r), (3.6)

where ∆ = ω0 − ω is the detuning from the resonance, ω0, and Γ is equal to the natural
line width. From Equation (3.6) we can infer that driving frequencies greater than the
resonance (red detuned) results in an attractive potential. In a similar fashion, if the
driving field is less than the transition frequency (blue detuned) the potential is repulsive.

The crossed dipole trap used in our experiment consists of two red detuned Gaussian
beams, where one travels in the horizontal (z) direction and orthogonally intersect an-
other beam traveling in the vertical (y) direction. The intensity of each beam is given
by [46],

I(r, z) =
2P

πω(z)2
exp

(
− 2r2

w2(z)

)
, (3.7)

where P is the power of the trapping laser and the spot size radius, w(z), is given by

w(z) = w0

√
1 + (z/zR)2. (3.8)

Here, w0 is equal to waist of the beam at the focus, z = 0. The Rayleigh length,
zR = πw2

0/λ, is the distance from the focus at which the spot size radius has increased
to
√

2w0 and the intensity has dropped to I0/2. The dipole potential of each beam at
the center of the trap is given by

U0 =
3πc2

2ω3
0

Γ

∆

2P

πw2
. (3.9)

The two trapping beams used in our experiment have orthogonal linear polarizations,
but neither has the same power, nor the same width. Therefore, the total potential is
given by the following superposition

Utot ' UH0

(
1− 2x2

w2
H

− 2y2

w2
H

)
+ UV0

(
1− 2x2

w2
V

− 2z2

w2
V

)
,

= −(UH0 + UV0) +

(
2UH0

w2
H

+
2UV0

w2
V

)
x2 +

2UH0

w2
H

y2 +
2UV0

w2
V

z2,

where the trapping frequencies are equal to

ωx =

√(
4UH0

mw2
H

+
4UV0

mw2
V

)
, (3.10)

3For this expression to be valid the detuning of the driving field from resonance must large, but still
small compared to the atomic transition such that the rotating wave approximation can be applied.
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Figure 3.3: The atoms are trapped in
the two tweezer beams. The vertical
beams (labeled V) can be moved to ad-
just the position of the atoms via the
AODs, while the horizontal beam (la-
beled H) remains fixed and acts as a
waveguide.

ωy =

√(
4UH0

mw2
H

)
, (3.11)

ωz =

√(
4UV0

mw2
V

)
. (3.12)

Here the subscripts V, and H, correspond to the vertical, and horizontal, beams respec-
tively.

3.2.2 Tweezer setup

A single frequency mode 1064 nm fiber laser (IPG Photonics, YLR-50-1064-LP-SF),
with a linewidth of ∼ 100 kHz, is used as the source for our FORT. A series of half-
wave retarders and polarizing beam splitters divide the initial beam in two. One beam
constitutes the vertical (V-) beam, and the other the horizontal beam (H-) beam, of
the dipole trap. The beams are sent through an independent acousto-optic modulator
(AOM), which grants separate control over each beam power. The analog input to the
AOMs is provided via RebeKa, and a TTL input supplied by the FPGA board. After
the AOMs both the vertical, and horizontal, beams are transported through single mode
PM fibers to the main experimental table. The H-beam is then focused with an f = 250
nm lens, and thereafter passed straight through the science cell along the z-direction,
resulting in a beam waist of 60 µm at the trap center. The vertical beam is first passed
through a dual-axis acousto-optic deflector (AOD) (model DTSXY-250-1064), which
provides the control of both the x- and z-directions, and the power, of the beam via a
FlexDDS unit.4 The V-beam then proceeds through the science cell in the y-direction
intersecting the H-beam at the center of the trap. At the point of crossing the V-beam
has a width of 40 µm. For a schematic of this setup see Figure 3.2. In this Figure the
entire AOM setup described above is indicated by a gray box labeled “1064 nm Fiber
Laser Unit”.

Multiple clouds are achieved by toggling the input of the dual-axis AODs, and hence
the vertical beam, between different trapping frequencies. This gives rise to multiple
intersects with the horizontal waveguide, and therefore multiple potential minima. Figure
3.3 pictorially illustrates two clouds trapped in this manner. Up to 32 clouds can be

4A FlexDDS is a multi-channel phase coherent RF source manufactured by Wieserlabs.
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Figure 3.4: A typical profile or the vertical beam position along the z-axis with respect to the
center of the trap. Regions A, B, C, D, correspond to loading, splitting holding, and merging,
phases respectively. Arbitrary splitting, holding, merging, and colliding, stages can be added
to the sequence.

produced using this technique [41]. The benefits of toggling the vertical beam between
two frequencies, rather than having two separate beams, is that less power is lost through
this approach [42]. However toggling between the frequencies does give rise to sidebands
which are able to trap atoms along the waveguide. In order to minimize the loss of the
atoms from the traps the toggling frequencies require to be greater than the trapping
frequency of the vertical beam. Maximum control for this system is achieved by having
a low noise input into the AODs. As mentioned above, this is accomplished with a
FlexDDS unit, which receives its input from RebeKa via a function generator. The
FlexDDS unit is triggered by the FPGA.

When moving atomic clouds with the optical tweezers we aspire to conserve both
the atom number and the temperature of the sample. This is achieved by moving the
atomic samples in a so-called adiabatic manner, for which the oscillation period of the
trapped atoms is short in comparison to the duration of the transport. The energy
transferred to the atoms during the travel is strongly dependent on the velocity profile
of the trajectory. In this work we use a so called minimum jerk trajectory, where the
jerk is the time derivative of the acceleration of the motion. The smoothest motion is
achieved by minimizing the following expression

tf∫
t=ti

...
x (t)2dx. (3.13)

Here ti, and tf are the initial and final time of the trajectory. Figure 3.4 shows a typical
profile of the vertical beam path along the z-axis, which was used in Chapter 5. Region
A indicates the loading phase of the dipole trap, which is carried out over 50 ms, with
vertical beams separated by 40 µm. After the loading is complete, the beams can be
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Figure 3.5: Simplified schematic of the setup used to provide the microwave signals used for
the state preparation. Between the mixer and the antenna there are multiple circulators, and
amplifiers, as well as a high-pass filter, which are not shown in this figure for the sake of clarity.

split and merged arbitrarily. In Chapter 5 the clouds are split over 70 ms to a distance of
0.5 mm from the trap center. At this position the clouds were further cooled by lowering
the power of the horizontal beam, and subsequently transfered into the appropriate spin
states by applying resonant microwave signals. Once the samples were in the correct
states they were either merged, or collided, depending on the experiment.

3.3 Microwave setup

In the IP trap the atoms are prepared in the |F = 2,mF = 2〉 hyperfine state. Microwave
sweeps and pulses are employed to transfer the sample into different hyperfine manifolds.
The microwave signals used for these state preparations are composed of frequencies from
two different sources. The first frequency, fDDS, stems from a FlexDDS unit. The sweep
parameters for the fDDS frequency are uploaded onto the FlexDDS via a separate Labview
program. The second frequency, fSG, is a continuous signal fixed at 6.532 GHz, which is
produced by an Agilent E8572D analog signal generator. The fSG signal is first passed
through a switch, where the TTL input of the switch is provided by a pulse generator. In
order to synchronize the output time of the two frequencies the FPGA is used to trigger
both the FlexDDS board, and the pulse generator. A double balanced frequency mixer
is used to combine the fDDS, and the fSG frequencies. The resulting microwave signal is
passed through a high-pass filter, and a series of amplifiers, and circulators, before being
delivered to the atoms via an antenna which is located approximately 7 mm from the
sample. A simplified schematics of the setup described above is shown in Figure 3.5.

3.4 Preparation of the Feshbach states

In the optical cross beam trap we begin with an atomic sample in the |F = 2,mF = 2〉
hyperfine state. The Feshbach resonance at 9.1 G, however, is between atoms occupying
the |F = 2,mF = −1〉, and the |F = 1,mF = 1〉 states. The spin states of the atoms
are manipulated by applying microwave sweeps or pulses to the sample, using the setup
described above. Figure 3.6 illustrates the path through the hyperfine manifolds which
we use in this work to achieve the hyperfine states involved in the resonance. The highest
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Figure 3.6: This figure illustrates the
path taken through the 87Rb ground
state manifold during the state prepa-
ration. Either a gradient field, or a π/2
pulse, are used for |F = 2,mF = 2〉 →
|F = 1,mF = 1〉 transition to achieve a
50/50 mixture of the required Feshbach
states. The final states (|F = 1,mF =
1〉, and |F = 2,mF = −1〉) are indicated
in blue.

signal due to Feshbach interaction is acquired if the sample contains an even mixture
the both necessary states. This is achieved via two different methods. The first method,
which we will refer to as the “tweezer method”, employs the optical tweezers system
discussed in Section 3.2.2; the single cloud symmetrically split, and the two resulting
samples are separated by a distance of 1 mm. Subsequently a gradient field is applied,
using the so called gradient coils described in Section 3.5.2. This causes the hyperfine
levels of the atoms in each cloud to split by a different amounts, hence allowing us to
manipulate the clouds site selectively. The second method, the “π/2 method”, replaces
one of the microwave sweeps in the sequence shown in Figure 3.6 with a π/2 pulse.
This pulse leads to an equal mixture of the atoms in a superposition of the initial and
target states [47]. In this work we use the pulse for the |F = 2,mF = 2〉 → |F =
1,mF = 1〉 transition, however it could in the same way have replaced the sweep for the
|F = 1,mF = 1〉 → |F = 2,mF = 0〉 transition. Since atoms in the |F = 2,mF = −1〉
state are more vulnerable to two-body inelastic decay, than the |F = 1,mF = 1〉 state,
the sweep transferring atoms from |F = 1,mF = 0〉 → |F = 2,mF = −1〉 is applied after
|F = 2,mF = 2〉 → |F = 1,mF = 1〉 sweep.

The tweezer approach has the benefit over using a π/2 pulse, that microwave sweeps
can be used for the entire state preparation process, and hence it is less sensitive to
magnetic field shifts. Adding to that, this method makes it easier to investigate the
kinetic energy dependence of a Feshbach resonance by merging or colliding the clouds
after the completion of the state preparation. Ultimately it makes the experimental
realization of Mathew et al. proposal (see Section 2.5) feasible. When analyzing the
threshold behavior of the resonance, on the other hand, the π/2 pulse approach was
favored, since no merging process was necessary during which the atoms gain energy.

Impurities in the sample cause a loss in signal due to Feshbach interactions. As
a measure to reduce these effects a “clearing pulse” was employed during the state
preparation. At the point in the procedure where all of the atoms were located in the
F = 1 manifold, i.e, a mixture of atoms in the |F = 1,mF = 0〉, and |F = 1,mF = 1〉
state, the clouds were exposed to a beam resonant with the F = 2→ F = 3 transition.
This clearing pulse removed any unwanted atoms in the F = 2 manifold, while leaving
the atoms in the F = 1 states unaffected.
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Figure 3.7: Typical data set of a Rabi spectroscopy fitted with a sinc2 curve. This data was
taken with the z-coils running at 5.0 V, and the pulse length of the applied microwave was 30
µs.

3.5 The Magnetic field coils

A homogeneous bias field is required for lifting the degeneracy of the hyperfine states
during the state preparation, as well as for attaining a Feshbach resonance. We further
need a gradient field in order to be able to preform the site selective state preparation
process described in the previous section. For these tasks we utilize two separate coils,
the z-coils and the gradient coils. This section describes and characterizes of each these
coils.

3.5.1 The z-coils

The magnetic field required to address the Feshbach resonance was provided a pair of the
compensation coils; the z-coils. As the name suggests they create a magnetic field in the
z-direction. These coils consist of 20 windings each and are arranged in the Helmholtz
configuration, i.e., the radius of the coils is equal to the spacing between them. This
configuration gives a zero first and second derivative of the magnetic field at the center.

For all of the measurements in this thesis the current for the z-coils was provided by a
High Finesse (model BCS 10/15) power supply. This power supply has a current output
of up to 10 A, with a stability of < 35 ppm/K. An arbitrary waveform generator (Agilent
33120A) was used to produce the current profile which was supplied as a digital input to
the power supply. For the calibration of the z-coils we performed a Rabi spectroscopy of
the |F = 2,mF = 2〉 → |F = 1,mF = 1〉 transition using microwave pulses, for a range of
different external magnetic fields. Figure 3.7 shows a typical dataset obtained of a Rabi
spectroscopy with a constant bias field. These measurements were carried out with a
single cloud located at the center of the trap. The measured transition frequencies were
converted into magnetic fields using the Rabi-Breit formula (see Appendix A). Figure
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Figure 3.8: The calibration of the z-coils. The error bars in this plot and a multiple of 100 of
the actual error bars and only take the fitting errors into account and no experimental errors.
One should note that the offset in this calibration, which is due to stray fields.

3.8 is a plot of the resulting calibration, which gave the following relationship

B[G] = (1.815± 0.022)× V[G/V] + (0.194± 0.108)[G]. (3.14)

The stated errors in this calibration are solely due to fitting uncertainties. Fluctuations
of 0.592 mG (1.24 kHz) were measured were measured in the bias field, by monitoring
the |F = 2,mF = 2〉 → |F = 1,mF = 1〉 transition frequency over a period of three days.

For both the state preparation, and the Feshbach resonance, magnetic fields of ap-
proximately 9 G were used. The required fields were achieved via a simple magnetic field
ramp. Depending on the rate of the ramp, the bias field can take a considerable length of
time to settle to the correct value. The bias field values throughout the duration of the
damping process are, however, very repeatable, nonetheless specific to the ramp. Since
different ramps were used for the data presented in the next two chapters the magnetic
field was recalibrated for each situation. It is also noteworthy that the magnetic field
produced by the z-coils has gradient of 7.5 mG/mm. This gradient was measured by
taking a Rabi spectroscopy to two clouds located 200 µm on either side of the center of
the trap.

3.5.2 The gradient coil

Section 3.4 describes the procedure, where two separated clouds are site selectively pre-
pared in different hyperfine states. For this, we required a gradient field which is strong
enough to provide a sufficient distinction between the Zeeman splittings of the two clouds.
The gradient produced by the z-coils was not large enough for this state preparation pro-
cess to be carried out at a reasonable separation. For that reason a different coil, the so
called “gradient coil”, was utilized for this task. The gradient coil is a square coil with
rounded edges, and a height of 100 mm. It is mounted on one side of the science cell,
and located approximately 60 mm from the sample. The produced field does not need to
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Figure 3.9: The calibration of the gradient coils at the center of the trap. This calibration was
carried out with the dispersive probing technique.

be known very precisely, nor does it require a high degree of a stability, since microwave
sweeps used for the state preparation are of the order of megahertz. We therefore find
it sufficient to use an Agilent E4356A power supply as the current source. The out-
put current of the power supply is controlled with a MOSFET switch (model TL3870
SP0807), which retrieves its gate voltage via a signal from RebeKa. The gradient coil
was calibrated with respect to both the |F = 2,mF = 2〉 → |F = 1,mF = 1〉, and
the |F = 1,mF = 1〉 → |F = 2,mF = 1〉, transition using a non destructive imaging
technique known as dispersive probing.5 Figure 3.9 shows a plot of the data obtained
from the mean of the two transitions, for a cloud located at the center of the trap. The
following calibration was extracted from the figure

B[G] = (1.094± 0.028)× I[G/A]− (0.059± 0.218)[G]. (3.15)

As in the case of the z-coil calibration the errors in Equation (3.15) are obtained from
the fit in Figure 3.9. A gradient of 0.167 G/mm was measured for a cloud located at a
distance of 2 mm from the trap center. For the above calibration both the voltage and
current setpoints were changed via the power supply, and not in RebeKa. The voltage
set point of the power supply was modified for each current increment such that the ratio
V/I = 0.2 Ω remained constant. This ensured that the circuit did not become voltage
limited.

5See Reference [40] for further information.



Chapter 4

Characterization of the 9.1 G
resonance

For the investigation of the energy dependence of Feshbach interactions, a clear picture
of the threshold resonance interactions needs to be first established. This chapter is dedi-
cated to both the procedure and analysis of Feshbach loss measurements, which arise due
to the enhancement of inelastic scattering about a resonance. We begin with a discussion
of the characteristics of the 9.1 G Feshbach resonance used in this work, and then move
onto describing the experimental method used to obtain measurements of the inelastic
interactions near this resonance. We subsequently analyze the temperature dependence
of the near threshold resonance, and fit the obtained data with an appropriate model.

4.1 The marvelous resonance at 9.1 G

In this work we are exclusively dealing with the Feshbach resonance located approxi-
mately at 9.1 G between 87Rb atoms in the |F = 2,mF = −1〉, and the |F = 1,mF = 1〉,
hyperfine states. This resonance has a resonant scattering length, ares, of 0.83abg,1 and
therefore the inelastic scattering cross-section is expected undergo a large increase about
the resonance position. The enhancement of the elastic scattering cross-section on the
other hand will be present, but heavily dampened. Plots of the elastic and inelastic scat-
tering cross-sections, which were obtained via Equations (2.19), and (2.20) respectively,
are shown in Figure 4.1 for a range of magnetic fields and collision energies. The theo-
retical values predicted by Kaufman et al. [31] were used to produce these plots. The
figure suggests that both cross-sections decay rapidly for increasing collision energies.
This is a stark contrast to the situation where the inelastic scattering is absent, in which
case the amplitude of the enhancement of the elastic cross-section would be independent
of the collision energy of the interacting particles. Figure 4.1 also shows the divergence
of the inelastic scattering cross-section in the zero energy limit, which was mentioned in
Chapter 2.

For the resonance at 9.1 G there is a clear disagreement between the values reported
in literature of both the elastic, and inelastic widths, as well as, the resonance position.
Table 4.1 summarizes the parameters published for this resonance by five independent

1See Equation (2.22)

28
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Figure 4.1: The amplitude of the elastic (left) and inelastic (right) scattering cross-sections
for different magnetic fields and collision energies. For this plot the thermal broadening of
the resonance was neglected. Note the different colour scales on the two plots; the inelastic
scattering cross-section is significantly more enhanced about the threshold than the elastic
cross-section.

references. For narrow resonances, it is inadvisable to directly compare experimental
data to theoretical predictions without taking the specific experimental circumstances
into account [48]. The elastic values reported by Widera et al. are a drastic example of
this. These experiments are carried out in an optical lattice with trapping frequencies
in the order of 2π × 30 − 40 kHz. This tight confinement of the atoms induces a shift
in the resonance position for each lattice site. Adding to that, their optical lattice
potential has a spatial inhomogeneity of the form of a parabolic offset, and therefore the
individual resonance shifts are detected as an overall widening of the resonance [49]. The
remaining references in Table 4.1 were carried out in optical dipole traps, which have
weaker trapping frequencies, and hence any shift in the resonance position due to the
confinement of the atoms is negligible. The lineshape of the Feshbach loss spectrum is,
however, strongly dependent on the density, and temperature, of the sample, as well as,
the time that the sample is held in the bias field close to resonance. These parameters are
clearly specific to each experiment. That said, all of the measurements given in Table 4.1
seem to agree on is that the elastic component of this resonance is small in comparison
to the inelastic component. Table 4.1 also includes the resonance values obtained for
this work which are described in both Sections 4.4 and 5.2.

4.2 Off resonant two-body inelastic decay

The advantage of using 87Rb is that the background elastic collision rate is orders of mag-
nitude greater than the inelastic rate [54]. Nonetheless, any impurities in our sample due
to improper state preparation, or inelastic background scattering events, will decrease
the expected signal due to Feshbach interactions. This section is therefore dedicated to
investigate any impurities which may arise due to background interactions.

As mentioned above, the Feshbach resonance used in this work is between atoms in
the |F = 2,mF = −1〉, and the |F = 1,mF = 1〉, hyperfine states. The |F = 1,mF = 1〉
state is the absolute ground state for 87Rb atoms, causing inelastic collisions between
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Table 4.1: This table summarizes the different values reported for the elastic, and inelastic,
width of this resonance. All of these references, except for Gross, obtain the inelastic widths
from loss spectroscopy measurements. For the elastic width Tojo et al., and Gross, monitored
the expansion of the cloud near the resonance, while Widera et al., used an interferometric
method.

B0 [G] ∆el [mG] Γinel [mG] Ref.

Theoretical 9.105 2.0 4.8 Kaufman et al. [31]

Experimental 9.121(9) 15.4 20.5 Widera et al. [50]

9.092 1.5(1) 4.6(7) Gross [51]

9.102(2) 3 21.5(85) Tojo et al. [52]

9.0875(35) − 18(5) Erhard et al. [53]

9.110(19) 0.77(11) 7(2) This work

atoms in this state to be suppressed. For that reason, it is sensible to assume that
the background two-body loss coefficient for these interactions is equal to zero, i.e.,
K2(|1, 1〉 + |1, 1〉) = 0. Atoms occupying the |F = 1,mF = 1〉 state can, however, still
undergo inelastic interactions with atoms in the |F = 2,mF = −1〉 state. Furthermore
inelastic collision between atoms in the |F = 2,mF = −1〉 state are also possible. The
two-body background loss coefficients for these two processes are K2(|1, 1〉 + |2,−1〉) =
0.5 × 10−13 cm3/s, and K2(|2,−1〉 + |2,−1〉) = 1.04 × 10−13 cm3/s, respectively [52].
These two two-body inelastic interaction can either be in the form of spin relaxation,
or dipolar relaxation, processes. For these collisions mF, and mF + m`, need to be
conserved respectively (see Section 2.4.1). Therefore, atoms involved in inelastic two-
body collisions can either change the Zeeman state that they occupy, or decay into a
lower energy hyperfine manifold. In our case the later of the two processes is obviously
only possible for atoms in the F = 2 states. An example process of this would be
|F = 2,mF = −1〉 + |F = 2,mF = −1〉 → |F = 1,mF〉 + |F = 1 or 2,m′F〉 or |F =
1,mF = 1〉+ |F = 2,mF = −1〉 → |F = 1,mF〉+ |F = 1,m′F〉 [52]. The excess energy of
these inelastic interactions is gained by the interacting atoms as kinetic energy, which is
of the magnitude of either, the second order Zeeman shift, typically of the order of tens
of hertz2, or hyperfine splitting, circa 6.83×h GHz. Since our optical traps have a depth
of approximately 250 × h Hz, a change in hyperfine state would result in an ejection
of the involved particles from the trap. Atoms scattering back into the same hyperfine
state, on the other hand, would both introduce impurities into the sample and cause a
rise in temperature.

At the bias fields that we are using for both the state transfer, and the Feshbach
resonance, the spin relaxation process is an unfavorable process [55]. However, impurities
may still arise when using the tweezer approach for the state preparation (see Section
3.4), since half of the sample resides in the |F = 2,mF = −1〉 state for a significant time
span before the Feshbach interactions begin. In this method a single cloud is split in
two, and the atoms in the right hand cloud are transferred into the |F = 2,mF = −1〉
state approximately 30 ms before coming into contact with the |F = 1,mF = 1〉 atoms

2In units of Planck’s constant, h.
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Figure 4.2: The vertical density distribution of atomic clouds in different spin states, where
the circles are the data points, and the solid lines are the corresponding Gaussian fits. The
dashed lines indicate the expected vertical position of atoms in different hyperfine states. Top:
Atoms in the |F = 2,mF = −1〉 in the presence of a Stern-Gerlach field (green). The sample
was transferred into the |F = 2,mF = −1〉 state in similar fashion to tweezer state preparation
method (see text for more details). Bottom: Sample in the |F = 2,mF = −1〉 state with
no Stern-Gerlach field (blue). Atoms in the |F = 2,mF = 2〉 state, in the presence of the
Stern-Gerlach field (red).

in the left hand cloud. Over this time period, the sample is held in a moving trap, and
exposed to a change in magnetic field.

To ensure that no significant impurities are present during the Feshbach interactions,
the tweezer state preparation procedure was mimicked, and the resulting sample was
exposed to a Stern-Gerlach field. The imitated tweezer state preparation was carried
out in the following manner. Instead of splitting the initial cloud in two, the whole cloud
was moved 0.5 mm to the right of the center of the trap and was held at this location for
the entire state preparation. The state preparation included both the clearing pulse and
|F = 2,mF = 2〉 → |F = 1,mF = 1〉 sweep intended for the currently absent cloud on
the left hand side. Once transferred to the |F = 2,mF = −1〉 state, the atoms were held
in trap for the equivalent time taken for the merging process, and also exposed to the
same magnetic field changes as in the standard sequence. During the time-of-flight the
sample was exposed to a Stern-Gerlach field. This field was provided by the quadrupole
coils, which produced a gradient field along the vertical (y) direction. The projection of
the magnetic moment of the atoms along the axis of the field is given by

µ = −gFmFµB, (4.1)

where, gF is the Landé g-factor, µB is the Bohr magneton. The Landé factor for atoms



CHAPTER 4. CHARACTERIZATION OF THE 9.1 G RESONANCE 32

in the F = 2 and F = 1 hyperfine manifolds is equal to 1/2 and −1/2 respectively. The
force experienced by the atoms in the Stern-Gerlach field is then equal to

F = ∇(µ ·B) = ±1

2
mFµB(B̂0 · ∇)B, (4.2)

where B̂0 is the applied magnetic field. The position of the atoms in an mF = 0 state
will therefore not be influenced by the bias-field. Atoms residing in states with mF > 0,
and mF < 0, on the other hand, will be shifted up, and down, respectively.

The top plot in Figure 4.2 shows the density distribution obtained along the y-
direction of a sample in the |F = 2,mF = −1〉 state, which was exposed to the Stern-
Gerlach field. For these measurements a time-of-flight of 7 ms was used. To ensure that
the magnetic field was working correctly, samples in other hyperfine states were also ex-
posed to the Stern-Gerlach field (see lower plot in Figure 4.2). Within the resolution of
this data, no atoms in other hyperfine states could be detected, which confirms that in-
elastic background interactions do not introduce major impurities into the sample during
the merging procedure. Furthermore, this data verifies that no atoms were accidentally
transferred into unwanted states during the state preparation.

4.3 Feshbach loss spectroscopy

Atoms involved in a two- or three-body interaction gain the excess energy as kinetic en-
ergy. Therefore the increase of the inelastic collision rate near a resonance results in trap
loss. Mapping out this loss across a resonance is known as Feshbach loss spectroscopy. It
is a popular method of both finding the resonance position, as well as characterizing the
inelastic properties of the resonance. In practice Feshbach loss spectroscopy is carried
out by ramping the bias field to a desired value near the resonance and holding the
sample in this field for a certain time span. Figure 4.3 shows typical loss spectroscopy
data about the resonance at 9.1 G. For this dataset the cloud was held in the indicated
magnetic field for 20 ms.

Commonly the magnetic field ramp is carried out after the atoms have been trans-
ferred into the correct states, and therefore the ramp speed dictates the uncertainty in the
duration of the interaction time. For narrow resonances this can pose as a major issue. If
the magnetic field is ramped too quickly the final value may be overshoot, while perform-
ing the ramp at a slower rate would result in the bias field lingering at magnetic fields not
equal to the desired value. Since the inelastic rates are very sensitive to external field,
especially close to the resonance position, both of these cases introduce an asymmetry
into the loss feature. We overcome this issue by preparing the atoms in an equal mixture
of |F = 1,mF = 0〉, and |F = 1,mF = 1〉 states, before ramping the field to a value close
to the resonance. The last microwave sweep, |F = 1,mF = 0〉 → |F = 2,mF = −1〉,
is applied in this final bias field. The resonance feature obtained with this procedure
is independent of the magnetic field ramp. The uncertainty in the interaction time is
now determined by the final microwave sweep. For consistency the sweep range must be
adjusted appropriately as the value of the final bias field value is changed.

Our optical tweezer system also provides us with an additional method of accomplish-
ing a loss spectroscopy measurement of a Feshbach resonance. The clouds are prepared
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Figure 4.3: The blue curve is the normalized atom number in the trap. The red curve is the
corresponding normalized horizontal width of the cloud. For this data the sample was held in
the indicated magnetic field for 20 ms, and also a time-of-flight of 20 ms was used. Both of
the Lorentzian fits simply plotted to guide the eye. The data points are averages of three data
sets.

in the correct states using the tweezer approach described in Chapter 3, and are sub-
sequently merged. During the merging the bias field is ramped from the field used
for the state preparation to a desired value close to the resonance, and therefore the
loss spectroscopy is completely independent of both the magnetic field ramp and the
state preparation. Figure 4.4 shows a standard profile of the vertical beam along the
z-direction, and the magnetic field ramps used in a Feshbach spectroscopy, that employs
the tweezers. The greatest drawback of this approach is that the merging of the clouds,
induces an uncertainty in the time, which the atoms interact in the Feshbach field, and
more importantly, during the merging the atoms process finite kinetic energy which ef-
fects the resonance position and the measured width. Consequently this approach is not
used when characterizing the threshold resonance.

Along with an increase of atom loss from the trap across the resonance, we also
measure an increase of the size of the remaining cloud (see Figure 4.3). This behavior
can firstly be attributed to the enhancement of the elastic interactions in the vicinity of
a resonance. Since the energy is conserved in an elastic collisions, the enhancement of
these interactions is reflected only in a more rapid expansion of the size of the cloud, but
not in an overall rise in temperature. Monitoring the expansion of a cloud in free space
near a Feshbach resonance is in fact a popular method for experimentally determining
the elastic width of the resonance [53, 56]. The increase in the temperature of the
sample is caused by atoms undergoing both two- and three-body inelastic processes,
where the participants do not gain enough of kinetic energy from the interactions to
overcome the trapping potential. The inelastic interactions are functions of the density
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Figure 4.4: A standard profile of the vertical beams along the z-axis during the tweezer state
preparation (solid blue line). The magnetic field ramp of the z-coils (dashed red line).

of the sample, and therefore the rate of the inelastic collisions is higher at the center
of the cloud. Since the average kinetic energy of the atoms on the wings of the cloud
is greater than in the center, the removal the central atoms will increase the overall
temperature of the ensemble. Furthermore, a collision in the center of the cloud also
results in an increase in the probability of a multi-scattering events. That is where
a resulting atom or molecule from an inelastic interaction further collides with a by-
standing atom, as it escapes the trap, and exchanges previously gained kinetic energy.
The molecular lifetime is proportional to the magnitude of the scattering length, and
thus becomes greater closer to resonance [57]. It is therefore not obvious which inelastic
interaction contributes most to the expansion of the sample, or if this effect dominates
evenly across the whole resonance. The experimental conditions, which these effects are
dictated by; the density, and the temperature of the sample, are not independent of
each other. Further investigation is required to determine the type of inelastic collisions
which is most predominant across the 9.1 G resonance. This determination is beyond
the scope of this thesis.

4.4 Time evolution about a Feshbach resonance

The location at which the scattering length reaches its maxima is dependent on both
the kinetic energy of the interacting particles, and the external magnetic field. Ex-
perimentally this means that the measure loss spectroscopy of a resonance will have
a temperature dependence. This is precisely what we observe. Figure 4.5 shows the
measured atom decay from the trap about the 9.1 G resonance for clouds at different
temperatures. For these datasets a mixture of atoms in the different spin states was
obtained with the π/2 pulse method described in Section 3.4. The last step in the state
preparation, |F = 1,mF = 0〉 → |F = 2,mF = −1〉 was performed in the magnetic field
displayed in the figure. The sample was held in this field for 0.1 ms before the atoms
in |F = 1,mF = 1〉 state were transferred back to the |F = 2,mF = 2〉 state. The
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two sweeps required 2 ms, and 1 ms, respectively to complete, restricting the duration
of the Feshbach interactions to lower and upper bound bounds of 0.1 ms, and 3.1 ms
respectively. In Figure 4.5 the data is fitted with Lorentzian curves to guide the eye.
Even though the Lorentzian curves seem to be a reasonable fit, clearly the asymmetry,
as well as the shift of the resonance position of the measured data clearly have a tem-
perature dependence which is not incorporated in the Lorentzian fits. In this section we
will describe the model used to fit the loss spectroscopy measurements shown in Figure
4.5. Similar models have been developed by other groups for slightly different situations.
For instance, Weber et al. studies the asymmetric lineshape resulting from a molecu-
lar radio-frequency association of an interspecies K-Rb Feshbach resonance versus the
temperature of the sample [13]. Asymmetric lineshape of a Feshbach loss curve, which
have a temperature dependence, have also been observed and studied for d- and p-wave
resonances [58, 59].

The model here only considers the density depletion due to two-body interactions.3

For a more complete description of the system three-body interactions, as well as atom-
molecule, and molecule-molecule collision, would have to be taken into consideration.
In this work we only consider two-body interactions. We will begin by looking at the
number of two-body collisions in a sample which are given by the following expression
(see Section 2.4)

Ṅ

N
= K2〈n〉, (4.3)

where, 〈b〉 = 1
N

∫
nb dv is equal to the average value of b. Since in our experiment we

are dealing with a single atomic species, which approximates a Gaussian distribution in
trap, the volume integral of the Equation (4.3) results in

Ṅ(t) =
n0

23/2N0

K2N(t)2. (4.4)

where, n0, and N0, are the initial peak density, and the initial number of atoms, of
the trapped cloud, respectively. Equation (4.4) can now be integrated over all of time.
Assuming that every inelastic collision results in an ejection of the involved particles
from the trap without any further interactions is other atoms or molecules, the time
evolution of the number of trapped atoms follows

N(tint) =
N0

2−3/2K2n0tint + 1
, (4.5)

where, tint is the interaction time. In the above discussion we have been assuming a fixed
relative kinetic energy of the interacting atoms. However, due to their finite temperature
the velocity distribution of the atoms in the experiment can be approximated by the
following Maxwell-Boltzmann distribution

g(v) = 4π

(
m

2πkBT

)3/2

v2exp

(
− mv2

2kBT

)
, (4.6)

3As mentioned previously the different temperatures are achieved by lowering the power of the
horizontal waveguide, and allowing the hotter atoms to escape the trap. The differential light shift,
i.e., the difference in the AC Stark shift experienced by the F = 2 and the F = 1 hyperfine manifold,
induced at temperatures of 2 µK results in a resonance shift less than 1 mG, and is therefore neglected.
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Figure 4.5: The normalized loss curve for atomic clouds at different temperatures. The top
plot is an average of three data sets, and the others are single runs. The final state preparation
sweep was applied in the magnetic field indicated in the figure. Note that the errors on the
temperature values may not be completely accurate since the uncertainty depends on if you
are above or below equilibrium, which was not taken into account for these estimates. The
light blue curves are Lorentzian fits, which are there to guide the eye.
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where the mean speed of the distribution is equal to v̄ =
√

8kBT/(mπ). This thermal
spread is incorporated in the two-body loss coefficients, K2, by following the derivation
described in Reference [59]. We begin by considering an ensemble consisting of atoms
types a and b. The rate of two-body collisions per unit trap volume is given by the
standard rate equation [14],

R = n̄an̄bσ(vr)vr, (4.7)

where n̄i is equal to the mean density of the atoms in the a, and b, state respectively,
and vr is the relative velocity of the two interacting atoms. The temperature dependence
of the collisions is included via the normalized atom distribution, f(xa,xb,pa,pb)), of a
trap volume element dV . The thermally averaged expression for Equation (4.7) is now
given by

〈nanbσ(vr)vr〉 =

∫
na(xa)n(xb)σ(vr)vrf(xa,xb,pa,pb)d

3xad
3xbd

3pad
3pb, (4.8)

where xi, and pi, are the position and momenta of particles in state i. Assuming that
the atomic ensemble is at, or close to equilibrium, we get the following the canonical
distribution for the system

f = Cexp

(
− H

kBT

)
. (4.9)

Here H is the Hamiltonian of the system, and C is the normalization constant. The
Hamiltonian of two particles in an isotropic harmonic trap is equal to

H =
1

2ma

p2
a +

1

2mb

p2
b +

1

2
maω

2x2
a +

1

2
mbω

2x2
b , (4.10)

where mi is the mass of particles i, and ω is equal to the trap frequency. Now the
Hamiltonian for the center of mass of the two particle in this system follows

H =
1

2M
p2

cm +
1

2µ
p2

r +
1

2
Mω2X2

cm +
1

2
µω2xr, (4.11)

where Xcm = maxa +mbxb/(ma +mb), and xr = xa−xb are equal to the center of mass,
and relative positions respectively. M = ma +mb is the total mass of the particles, and
µ is the reduced mass. Substituting this Hamiltonian into Equation (4.8), via Equation
(4.9), yields

〈nanbσ(vr)vr〉 =

∫
na(xa)nb(xb)exp[−V (Xcm, xr)/kBT ]d3Xcmd3xr∫

exp[−V (Xcm + xr)/kBT ]d3Xcmd3xr
×

∫
σ(vr)vrexp[−Z(pr)/kBT ]d3pr∫

exp[−Z(pr)/kBT ]d3pr
.

(4.12)

The Hamiltonian can be separated into three terms: H = Z(PCM)+Z(pr)+V (XCM, xr).
Since neither the density, the cross-section, nor the relative velocity, has a direct depen-
dence on the center of mass momenta in Equation (4.11) it drops out. Thus Equation
(4.12) can be written as a sum of two expressions, where one is independent of the rel-
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Figure 4.6: a) The theoretical atom loss obtained from the model described in the text for
different temperatures. The static external magnetic field, B, is plotted with respect to the
resonance position, B0. b) A plot of the FWHM of the loss feature for a range of temperatures,
which were experimentally investigated. c) Magnetic field shift of the maximum atom loss with
respect to the Feshbach position, B0, for different temperatures of the cloud. For all of these
plots the density of the atomic sample is assumed to be the same for each temperature.

ative momenta, and the other is independent of the spatial coordinates. The first term
can be interpreted as a multiple of the total number of atoms and the weighted density,
while the second term is equal to the thermally averaged two-body loss coefficient, 〈K2〉,

〈K2〉 =

∫
σ(vr)vrexp[−Z(pr)/kBT ]d3pr∫

exp[−Z(pr)/kBT ]d3pr
. (4.13)

Instead of integrating the denominator of Equation (4.13) over momenta it can be inte-
grated over energy which simplifies the entire expression down to

〈K2〉 = 2

√
2

µπ
(kBT )−3/2

∞∫
0

σ(E)Ee−E/kBTdE. (4.14)

Equation (4.14) can be further divided by 〈vr〉, which results in the thermally averaged
cross-section

〈σ〉 =
〈K2〉
〈vr〉

=
1

(kT )2

∞∫
0

σ(E)Ee−E/kTdE. (4.15)

Since we are considering the depletion of atoms from the trap we use inelastic cross-
section, given by Equation (2.20)

σtot
inel(k) =

1

k

(
4πIm[a(E)]

1 + k2|a(E)|2 + 2kIm[a(E)]

)
, (4.16)

for the scattering cross-section, σ(E), in Equation (4.14). This model suggests that
the magnetic field position of maximum loss, as well as the Full Width Half Maximum
(FWHM) of the loss feature, is influenced by the temperature of the cloud. Figure 4.6
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shows the behavior of both of these quantities with respect to temperature, assuming
that the trapping confinement of the cloud is constant for different temperatures. Exper-
imentally this is not the case, since the temperature of a sample is varied by adjusting the
power of the horizontal trapping beam, which not only impacts the number of trapped
atoms but also their confinement. For that reason, Figure 4.6 is only a rough estimate
of the behavior that we experimentally expect to detect. Even so, Figure 4.6 does reflect
the trend of the lineshape that we observe in the data shown in Figure 4.5.

Figure 4.7 shows the data from Figure 4.5 fitted with Equation (4.5), where K2 is
equal to the thermally averaged two-body loss coefficient given by Equation (4.14). The
data was fitted by applying the least square fit method, i.e., by minimizing the following
expression

E =
∑
i

[Nmeas,i −Ntheor,i]
2. (4.17)

The fits plotted in Figure 4.7 were produced by first fitting the dataset for each tem-
perature separately using the N0, tint, ∆el, Γinel and B0 as free parameters, where the
interaction time, tint, is bounded by the last two microwave sweeps. From these fits
the following mean values were obtained: B0 = 9.091 G ± 0.14 mG, ∆el = 0.77 ± 0.11
mG, Γinel = 7.27 ± 2.29 mG, tint = 0.17 ± 0.03 ms. The fitted curves in Figure 4.7
were produced using the mean values of the resonance parameters above, and leaving
the initial atom number as a free parameter. The uncertainties in the resonance values
were obtained from the standard deviations of the initial separate fits.

The above model seems to describe the lineshape of the decay fairly well, in the
sense that it captures the asymmetry of the features. However, for the 300 nK sample a
significantly larger maximum trap loss was predicted than was experimentally measured.
This infers that an underlying process which is contributing to a different loss rate
low temperatures is not being considered by Equation (4.14). This difference could be
attributed to multiple factors which have been left out in this analysis. Firstly, in the
this model we have neglected any condensate fraction in our sample, which would result
in a lower decay rate. For the 300 nK data this could be in part why our model predicts
a higher loss than was measured. Furthermore we have also assumed that each atom
undergoing an inelastic collision is immediately ejected from the trap. However the atoms
involved in an inelastic collision could loose their gained energy by further scattering with
a by standing atom as they try to leave the trap. This would result in an increase in the
temperature of the sample, but not necessarily in a loss of the atoms. Lastly we have
presumed that the atomic sample is trapped in a single harmonic potential, which is not
the case in our experiment. The “single” harmonic well actually consists of a toggling
double well which is separated by 80 µm. For clouds with a high enough temperature,
this setup is well approximated by single harmonic potential, however for colder samples
this is no longer a reasonable assumption.

Nonetheless, we can conclude that this model fits the measured trap loss well at high
temperatures. The resonance parameters which were obtained from the fits in Figure
4.6 do not all agree with the values measured by other groups, shown in Table 4.1. We
obtain smaller values for both the elastic, as well as inelastic, width. Our value for the
inelastic width is within error of the width measured by Gross (reference [51]), while
the other groups measure a value of at least twice that value. Reference [51] does not
obtain the inelastic width from a loss spectroscopy measurement. Therefore, a possible
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explanation for this discrepancy may be that we have considered both the temperature,
as well as the hold time, of our sample when our fitting model. Our measured elastic
width is not within error of any other measured elastic widths, however it is of the same
order of magnitude.
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Figure 4.7: Data from Figure 4.5 fitted with the thermal atom loss model described in the text.



Chapter 5

Colliding atoms near a Feshbach
resonance

Feshbach resonances manifest experimentally in two different ways, the elastic, and the
inelastic, scattering characteristics. The kinetic energy gain of the atoms during an
inelastic collision, and their consequent departure from the trap, provides a relatively
straightforward method to study the inelastic enhancements about a Feshbach resonance.
However, the determination of elastic properties near resonance requires a more subtle
approach. As mentioned earlier a very popular method is by monitoring the expansion of
the cloud in different magnetic fields near the resonance [60]. However less conventional
methods such as Ramsey interferometer setup have also been used. In this technique a
coherent superposition of two internal atomic states is allowed to evolve in a bias field
close to a Feshbach resonance [50, 61]. The interactions near the resonance induce a
measurable phase factor, which is dependent on the elastic scattering length. In a dif-
ferent approach, reference [62] creates an atom-molecule coherent superposition state by
applying magnetic field pulses close to the resonance. The resonance parameters are then
extracted from the resulting oscillations, by fitting the data to coupled channel calcula-
tions. In this work we exploit the tweezer system to investigate the energy dependence
of both the elastic and the inelastic scattering properties about the 9.1 G resonance.

Similarly to the scattering characteristics near a Feshbach resonance, this chapter is
divided into two parts. First we describe the procedure used to collide atomic samples
in free space, and further continue by developing a model to which we can compare our
measured scattered and unscattered fractions for a range of collision energies. In the
second part of we collide atomic clouds in trap and analyze the energy dependence of
the obtained loss spectroscopy. Throughout this chapter we state the collision energies
in units of Boltzmann’s constant, kB, that is in Kelvin.

5.1 Scattering with tweezers about a Feshbach res-

onance

The manipulation of the sample begins by splitting a single atomic cloud in two [41],
and separating the resulting clouds by 1 mm. Subsequently each cloud is transferred
into the appropriate Feshbach state using the site selective state preparation method

42
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Figure 5.1: a) A typical absorption image after a collision. The two regions of highest intensity
are the unscattered clouds. b) An Abel inversion of the absorption image in image a). The
atoms in the red angular bins are summed up to give the number of scattered atoms.

described in Section 3.4. After the state preparation is complete the two clouds are
accelerated towards each other, and allowed to collide in free space. The vertical beams
are terminated once the clouds are separated by 80 µm. The horizontal beam, on the
other hand, is left on to act as a waveguide until the clouds are separated by 40 µm.
This maximizes the density of the clouds at the time of collision, and therefore improves
the measured signal-to-noise ratio. From the interaction the elastically scattered atoms
form a halo about the collision center, while inelastic collisions are indicated by a loss
in total atom number. Since we are colliding in a low energy regime the scattering halo
reflects the symmetric s-wave (` = 0) scattering. Figure 5.1a shows a typical absorption
image obtained from such a collision. The clouds on either side of the collision halo are
the atoms which did not participate in the collision, and hence passed straight through
each other.

The density of atoms in the scattering halo resulting from the interaction is relatively
low, and therefore small time-of-flights were required to obtain a count of the number of
atoms in the halo accurately. However the unscattered fraction saturates the absorption
image at such small time-of-flights, giving an underestimation of the number of unscat-
tered atoms. The dual imaging system, described in Chapter 3, circumvents this issue
by imaging the atomic sample twice, and hence giving an accurate estimate for both the
number of scattered atoms, and the number of unscattered atoms from a single exper-
imental run. Furthermore this imaging technique also provides an experimental value
for the collision energy. The scattered fraction is obtained by first Abel inverting1 the
initial image from the dual imaging technique. The resulting scattered distribution is
then divided into radial bin (see Figure 5.1b), which are summed up to give the number
of scattered atoms. The second absorption image is used to fit the unscattered clouds
with Gaussian functions to provide an estimate of the number of atoms that did not
take part in the collision. The scattered and unscattered fractions are simply acquired
by dividing the corresponding number of atoms by the sum of the obtained scattered

1See Appendix B.
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and unscattered atom number.
As we aim to analyze the effects of a Feshbach resonance on interaction of two atomic

clouds, the collision is carried out in the presence of a static external magnetic field. The
magnetic field is ramped to the desired value well before the atoms come into contact.
The measured signal is also further increased by transferring the atoms residing in the
|F = 1,mF = 1〉 state back to the |F = 2,mF = 2〉 state after the collision is complete.
The bias field is turned of 1.25 ms before the imaging pulse is fired.

The above process was carried for a range of collision energies. To ensure that
the clouds were imaged after the completion of the collision, the imaging pulse was
timed such that the unscattered fractions were separated by the same distance for each
collision energy. This was achieved by adjusting the time-of-flight accordingly. Figure
5.2 shows the measured scattered, and unscattered, fractions for three different bias
fields: 9.242 G, 9.158 G, and 8.908 G. The collision energies plotted in this figure were
experimentally determined, and the mean fluctuations of approximately 1.5 %. The
temperature of the samples was about 300 nK before the collision. Each data point
in Figure 5.2 is the average of four experimental runs, where the error bars are the
statistical errors of the repeats. The data for each collision energy was acquired in a
random order. Adding to that, the magnetic field was calibrated at the point of the
collision to confirm that the applied values were precisely known. Since the threshold
resonance is located at approximate 9.091 G (see Chapter 4) the 8.908 G field is far
below the resonance and hence the corresponding measured scattered fraction should
reflect the background scattered fraction. For the 9.242 G and 9.158 G magnetic fields we
expect an enhancement in the scattering properties, which has shifted to higher collision
energies. The scattering cross-section is the source of the resonant behavior, however,
the number of scattered atoms are heavily influenced by other experimental parameters
such as density, and interaction time, of the sample. Nonetheless, considering Equation
(2.19), we estimate the enhancement of the elastic scattering to shift to 20.26 µK, and
9.07 µK, for 9.242 G and 9.158 G respectively. Curiously for the obtained data in Figure
5.2 the overall fluctuations for the 8.908 G data set is significantly greater than for
the rest of the measurements. 8.908 G is below the threshold resonance position, and
therefore the magnetic field had to be ramped through to resonance in oder to reach
this magnetic field. This was done while the clouds where still separated and hence any
impurities in the clouds which were in the correct Feshbach states could result in loss
from the resonance in the individual clouds. However, this loss should be consistent for
each collision energy, and also be reflected in the statistical error of the data, and not
the overall fluctuation.

Figure 5.2 does not show any clear enhancement in the scattered or unscattered
fraction. In fact, Equation (2.19) predicts that the background scattering decreases
with increasing energy, which is clearly not evident in any of our measured scattered
fractions. Therefore other experimental factor need to be taken into account determine
the expected lineshape of the scattered fraction for a particular magnetic field. This is
what will be done in the following section.
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Figure 5.2: Top: The measured scattered fractions for different collision energies. Bottom:
The measured unscattered fractions. The applied magnetic fields for both data sets are: 9.242
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CHAPTER 5. COLLIDING ATOMS NEAR A FESHBACH RESONANCE 46

5.1.1 A simplified model

In this section we will discuss the expected number of scattered atoms from a collision
between two atomic ensembles in free space. The model used to fit the data in Chapter
4 considered the single two body interactions within an ensemble of atoms. However,
instead of a single cloud containing a mixture of atoms in the Feshbach states, we now
have two clouds moving through each other. We must therefore look at the system as
a whole. The densities of two clouds colliding along the z-axis the are described by the
following coupled nonlinear partial differential equations [63],

∂n1(x, y, z, t)

∂t
= v1

∂n1(x, y, z, t)

∂z
− |v|σ(v)n1(x, y, z, t)n2(x, y, z, t),

∂n2(x, y, z, t)

∂t
= v2

∂n2(x, y, z, t)

∂z
− |v|σ(v)n1(x, y, z, t)n2(x, y, z, t),

(5.1)

where the subscripts correspond to each atomic cloud, and v = v1 − v2 is the relative
velocity of the clouds. Following the derivation of Reference [64] we begin by splitting
the densities of the clouds, ni(x, y, z, t), into two components: the time dependent atom
number, N(t), and normalized density profile, n̄(x, y, z+vt), where the time dependence
is introduced by the velocity of the tweezers. We can thus write n(x, y, z, t) as

n(x, y, z, t) = N(t)n̄(x, y, z + vt). (5.2)

Now we substituting Equation (5.2) back into Equation (5.1), which results in the fol-
lowing expression

dNi(t)

dt
n̄i(x, y, z + vit) = −|v|σ(v)N1(t)N2(t)n̄1(x, y, z + v1t)n̄2(x, y, z + v2t). (5.3)

To further obtain the time dependence of the number of atoms in each cloud we integrate
Equation (5.3) over all of space, which yields

dN1(t)

dt
=

dN2(t)

dt
= −|v|σ(v)N1(t)N2(t)O(t), (5.4)

where, O(t), is equal to the time dependent spatial overlap of the clouds

O(t) =

∫ ∫ ∫
n̄1(x, y, z + v1t)n̄2(x, y, z + v2t)dxdydz. (5.5)

Assuming that both of the clouds maintain a Gaussian density distribution throughout
the collision process, the time dependence of the spatial overlap can be entirely incorpo-
rated into the z- overlap, i.e, O(t) = OxyOz(t). The time-independent overlap can thus
be written as

Oxy =

∫ ∫
G2(x, y; sx,1sy,1)G2(x, y; sx,2sy,2)dxdy,

=
1

2π
√
s2
x,1 + s2

x,2

√
s2
y,1 + s2

y,2

,
(5.6)
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where G2(x, y, z; sx, sy) = (2πsxsy)
−1exp[−(x2/(2s2

x) + y2/(2s2
y))] was used. The time

dependent factor is given by

Oz(t) =

∫
G1(z + v1t; sz,1)G1(z + v2t; sz,2)dz,

=
1

√
2π
√
s2
z,1s

2
z,2

exp

[
− (v1 − v2)2t2

2(s2
z,1 + s2

z,2)

]
.

(5.7)

Here G1(z; sz) = (2π)−1/2(sz)
−1exp[−x2/(2s2

z)]. We now define Sj ≡
√
s2
j,1 + s2

j,2, which

gives the following spatial overlap

O(t) =
1

(2π)3/2SxSySz
exp

[
−v

2t2

2S2
z

]
. (5.8)

Substituting this expression back into Equation (5.3), simplifies the coupled differential
equations down to

dN1(t)

dt
=

dN2(t)

dt
= −|v|σ(v)N1(t)N2(t)

(2π)2/3SxSySz
exp

[
−v

2t2

2S2
z

]
. (5.9)

Equation (5.9) can be solved analytically, yielding the following scattered fraction, f ,
[65]

f =
αN0

2 + αN0

, (5.10)

where the initial number of atoms in each cloud is assumed to be equal. N0 corresponds
to the total initial number of atoms in the system, and

α =
σ(v)

2πωxωy
. (5.11)

In the experiment the two ultracold clouds collide in free space, and hence expand in
a ballistic fashion before, and during, the collision. Figure 5.3 shows a plot of Equation
(5.10) for which the expansion of the clouds was taken into account from the trap turn off
until the clouds reach collision center. Equation (2.19) was used for the elastic scattering
cross-section, σel(E), in Equation (5.11)

σel(k) =
4π|a(E)|2

1 + k2|a(E)|2 + 2kIm[a(E)]
, (5.12)

where, from Chapter 2, a(E) is equal to

a(E) = abg(E)

(
1− ∆el

(Eres − E) + iΓinel/2

)
, (5.13)

and Eres = µres(B −B0). The bias fields used for the plots in Figure 5.3 were set to the
same values as were applied in the data shown in Figure 5.2. Contrary to the decreasing
interaction time, and decreasing background scattering cross-section, the scattered frac-
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Figure 5.3: Scattering faction obtained simply from the coupled differential equations. The
green, red, and blue curves correspond to a bias field of 9.242 G, 9.158 G, 8.908 G respectively,
being present during the collision. The threshold resonance position is assumed to be located
at 9.091 G as determined in Section 4.4.

tion now shows an increasing trend with increasing collision energy, which matches what
we experimentally observe (see Figure 5.2). This is a consequence of clouds with higher
collision energies reaching the collision center quicker, and thus having greater densities
during the interaction.

According to this model the resonance should be very clear feature superimposed
onto the background scattered fraction. The resonant feature reflects the lineshape of the
elastic scattering cross-section showing both a depletion, as well as an enhancement of the
number of scattered atoms, however, Equation (5.10) does not consider several important
factors which have a dominant effect on the resulting scattered fraction. Firstly, Equation
(5.10) assumes that the collision energy is a single value, while in fact the atomic clouds
have a finite temperature giving rise to a distribution of collision energies with a spread
of ∆E =

√
EkinkBT , where Ekin is equal to the kinetic energy of the interacting atoms.

This spread of collision energies washes out the resonance feature. Furthermore, the
plot in Figure 5.3 also neglects the expansion of the colliding clouds beyond the collision
center, and it also does not take multi-scattering of particles into account. The later of
these two effects turns out to have a profound impact on the expected scattering fraction.
This will be briefly discussed in the next section.

5.1.2 The DSMC method

The collision of two ultracold atomic clouds in free space can be numerically modeled
using the Direct Simulation Monte Carlo (DSMC) method. In order to obtain a pre-
diction of the outcome of the collisions about the 9.1 G Feshbach resonance, we use
a simulated code of this method which was written by R. Thomas. The simulation is
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Figure 5.4: The DSMC simulation of the same experimental conditions as the above plot. The
green, red, and blue curves correspond to a bias field of 9.242 G, 9.158 G, 8.908 G respectively,
being present during the collision. The threshold resonance position is assumed to be located
at 9.091 G as determined in Section 4.4. The dashed vertical black lines indicate the region of
collision energies over which the scattering and unscattered fractions were measured.

based on the Bird method, which models the flow of fluids [66]. A large number of
atoms are represented by a single particle. Furthermore, the molecular motion, and the
intermolecular collisions, are uncoupled for a brief time ∆tm. Assuming that this time
interval is much smaller than the mean collision time this model still describes the gas
flow accurately. The collisions are determined using probabilistic models. The DSMC
simulation, written by R. Thomas, takes the expansion for the atomic clouds after the
trap turn off until the imaging, as well as the collision energy spread due to the finite
temperature of the sample, into account. Moreover, it produces an absorption image
of the simulated scattering process and determines the scattered fraction in the same
manner as is done for the experimental data. This produces a scattered fraction, which
can be directly compared with the experimentally obtained data. Figure 5.4 shows a plot
the scattered fraction produced by the DSMC code for the bias field values which were
used for the measurements shown in Figure 5.2. The difference in the magnitude of the
scattered fraction obtained with the DSMC method, and the simple scattered fraction
described in the previous section, is because the plot in Figure 5.3 does not take into
account the scattered atoms which are discarded that the unscattered fraction during the
analysis of the experimental absorption images. The scattering fractions predicted with
the DSMC method shows a much more subtle difference between the on and off resonant
fields than the scattered fraction estimate in Figure 5.3. Nonetheless as in Figure 5.3 one
can still see the overall lineshape of the resonance curves when comparing the on and off
resonance values. For the 9.158 G field, the predicted scattered fraction starts off lower
than the background, but then rises more rapidly and results in a slight enhancement
between approximately 10− 23 µK. The simulation for the 9.242 G field shows a similar
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Figure 5.5: The “ultracold hipster” expan-
sion which results from turning the vertical
beams off 20 ms before the horizontal waveg-
uide. The clouds are at an initial tempera-
ture of approximately 580 nK.

trend which is, however, shifted up in energy and further dampened. The dampening
causes the enhancement for the 9.242 G scattered fraction to be indistinguishable from
the background, yet a clear suppression of the scattered fraction can still be seen over
the range of 10 − 23 µK. The DSMC simulations predict an increase in the amplitude
of the lineshape for colder clouds. However in the experiment lower temperatures are
reached decreasing the beam power of the horizontal beam and evaporating off the hotter
atoms. The atoms lost during this process compensate for the signal gained from the
lower temperatures.

The DSMC simulation, with the corresponding experimental parameters, gives a
slightly higher scattered fraction than was measured in Figure 5.2. The scattered frac-
tions obtained for the 9.242 G, and 9.158 G, bias fields suggest the presence of a reso-
nance, the fluctuations in the 8.908 G data are however too great in order to conclusively
confirm this. Further investigation is required to verify that observed behavior was due
to the magnetic field dependence of the elastic scattered rate.

As mentioned above the unscattered fraction were obtained in a different manner
to the scattered fraction. Nonetheless we can still see the same trend for the 9.242
G and 9.158 G fields as for corresponding the scattered fractions. The unscattered
fraction, however, do not show any enhancement of inelastic losses due to the presence
of the Feshbach resonance. This indicates that the interaction time, or the density of
the clouds, is not large enough in order for the induced Feshbach interactions to be
detectable. The overall fluctuation of the measured scattered, and unscattered, fraction
is larger than the expected enhancement and depletion, which might be the reason why
we did not detect anything.

5.2 Loss spectroscopy for low energy collisions

The inelastic scattering cross-section is significantly reduced at higher collision energies.
As the loss from the trap is not only related to the scattering cross-section, but is also a
function of the density of the ensemble and the interaction time, an inelastic Feshbach
loss feature of atoms with induced kinetic energies is most feasibly observed for cold
samples, at low collision energies. In this section we aim to collide the clouds at a
collision energy less than 5 µK, in order to measure the resulting loss spectroscopy.



CHAPTER 5. COLLIDING ATOMS NEAR A FESHBACH RESONANCE 51

5.2.1 Be aware of the ultracold hipster

The density of the clouds at the point of collision can be maximized by leaving the hor-
izontal waveguide on until the atoms are on the verge of interaction. This also ensure
that the clouds are traveling along the same axis, and thus that they collide with a max-
imum overlap. However, turning the vertical beams off before the horizontal waveguide
for low temperature clouds results in the emergence of strange features (see Figure 5.5).
We have named these features “hipsters” in the light of their resemblance to the facial
hair characteristic to middle class male youth, who reside in gentrifying neighborhoods.
Further investigation is required to determine the precise mechanisms involved in the
emergence of these unusual features. When dealing with higher energy collisions, or
clouds at higher temperatures the hipster does not need to be considered. However,
the inelastic collision cross-section enhancement is significantly more pronounced at low
collision energies making the hipster a major hindrance in this work. Carrying out col-
lisions in free space with collision energies less than 5 µK, where both the horizontal
and vertical beams are required to be turned off at the same time, i.e., 40 µm from the
trap center, would result in the clouds expanding at least over 60 times their in-trap
size. This estimate assumes a power of 560 mW in the horizontal beam, which typically
results in a sample at a temperature of approximately 300 nK. If the trapping power is
increased the expansion rate in free space will also increase. At these densities the atom
loss in the unscattered fraction due to inelastic interactions is expected to be too small
to be able to be measured above the background noise. The hipster therefore prevented
us from investigating collisions below 5 µK in free space.

5.2.2 “Collisions” in trap

Instead of turning off the trapping beams, and allowing the clouds to collide in free space,
all of the beams can be left on during the entire collision process, i.e., the vertical beams
are merged past each other. This approach has the benefit of providing a high density
collision and further prevents the emergence of the hipster. However, leaving the tweezer
beams on during the collision also adds complexity to the analysis of the acquired data.

As in Section 5.1, the entire state preparation for these measurements were carried
out with the clouds separated by 1 mm. Once the clouds were successfully transfered
into the correct Feshbach states they are moved to a separation of 0.2 mm, where they
were held for 1 ms before being accelerated past each other. Figure 5.6 shows the path,
with respect to the center of the trap, along the z-axis which was used for vertical tweezer
beams. The first merging stage was included in the sequence for the simple reason that
carrying out the entire process at a collision energy lower than 5 µK would be very
lengthy, and also result in unnecessary loss, and heating, of the sample. The external
magnetic field was ramped to a value near the Feshbach resonance during the merging
procedure, and allowed to stabilize before the clouds came into contact. To make certain
that the magnetic field was precisely known, it was calibrated at the point in time
corresponding to the maximum overlap the merging tweezer beams. Immediately before
the clouds began to interact, the optical power of the horizontal beam was ramped from
560 mW to 1270 mW, leading to a tighter trapping confinement, and hence a higher
density of the clouds during the “collision” process. Once the vertical tweezer beams
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Figure 5.6: The beam path of the vertical beam for the in trap measurements. The merging
process was carried out in two steps to reduce the experimental time, and thus the atom loss,
and heating, of the clouds.

were separated completely after the interaction, the atoms in the |F = 1,mF = 1〉 state
were transferred back to the |F = 2,mF = 2〉 state. The resulting distribution was
imaged in the absence of the bias field. Due to both multi-scattering, and the vertical
beams pushing the two atomic clouds through each other, the imaged sample contained
a mixture of atoms in both hyperfine states. For that reason, the final microwave sweep
not only increased the measured signal, but also minimizes the signal from the near
threshold resonance interactions, which arose from this mixture.

The above procedure was carried out using kinetic energies of both 3 µK, and 4
µK, at the point of maximum overlap. For these energies we expect the magnetic field
position of resonance to increase by 22 mG and 29 mG respectively. The acceleration
of the trapping beams throughout the in-trap collision mentioned above introduces an
error of approximately 0.3 µK into the collision energy. For the 4 µK data no atom
loss could be due to the Feshbach resonance could be detected. We suspect that the
kinetic energy distribution due to the acceleration of the tweezers, as well as the spread
in collision energy due to the temperature of the clouds, ∆E =

√
EkinkBT , dampens the

loss feature beyond detection. The 3 µK data, fitted with the model described below,
is shown in the lower plot of Figure 5.7. The mean number fluctuations, at the time
of these measurements, was approximately 9.0 %. The plotted dataset is an average of
seven experimental runs.

In order to see the exact effect that the induced kinetic energy, of the colliding atom
clouds, has on the lineshape of the resonance loss curve, a loss spectrum of the threshold
resonance was also attained. For these measurements the same timings, and magnetic
field ramps, were used as for the 3 µK in-trap collision data, to ensure that the two
datasets could be directly compared. Unlike in Chapter 4, we used the tweezer approach
for the state preparation. To avoid that the energy gained from the merging of the
clouds would have an effect the line shape of the trap loss, the last sweep in the state
preparation (|F = 1,mF = 0〉 → |F = 2,mF = −1〉) was carried out 11.8 ms after
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Figure 5.7: Top: Atomic loss spectrum about the 9.1 G resonance obtained for a stationary
cloud. This data was fitted with a loss model, which includes the thermal spread of the sample
as described in Chapter 4. Bottom: The data obtained for the in-trap “collisions” (see text).
At maximum overlap the vertical tweezer beams have a collision energy of 3 µK. This dataset is
fitted with a thermally averaged two-body loss curve that incorporated a sum of the threshold
and the shifted resonance. The data points in both plots are averages of seven experimental
runs.

the merging had been completed. The atoms were held in the Feshbach field for 0.8
ms before the |F = 1,mF = 1〉 atoms were swept back into |F = 2,mF = 2〉 state.
Each of the two final microwave sweeps had a duration of 1 ms, giving the following
bounds for the interaction time: 0.8− 2.8 ms. In the same way as for the 3 µK data, the
horizontal beam power was ramped from 560 mW to 1270 mW just before the Feshbach
interactions began. The data resulting from these threshold resonance measurements is
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shown in the top plot of Figure 5.7. The mean temperature for an off-resonant value
was measured to be 713± 7 nK. As for the 3 µK dataset, each data point is an average
of seven experimental runs.

The threshold data was fitted with the thermally averaged loss model described in
Chapter 4. For this fit N0, B0, T, and tint were left as free parameters. Here, in contrast
to Chapter 4, the temperature is also used as a free parameter, since restricting it to
the above experimentally obtained value, resulted in a much higher predicted loss than
was in reality observed. Furthermore, for this fit, both the elastic and the inelastic
widths were set to the values obtained in Chapter 4. The reason for this was that this
dataset lacked data points on the left side of this resonance which would result in a bias
widening of the resonance widths, if they were left as free parameters. From the resulting
fit B0 = 9.128 ± 0.005 G, T = 1.71 ± 0.93 µK and tint = 0.8 ± 0.6 ms were obtained.
The uncertainties in these values were acquired from the fitting errors, and do not take
experimental fluctuations into account. The above resonance position clearly does not
agree with the value measured in Chapter 4. However, these measurements were carried
out several months apart during which background conditions could have changed.

For the 3 µK in-trap collision the experimental situation is quite different to a sta-
tionary mixture of spin states, which are being exposed to Feshbach field. Therefore, for
fitting of the 3 µK data we split the Feshbach interactions into two separate scattering
processes: firstly, the resonance interactions, where the participating atoms have gained
energy from the tweezers, and secondly, the threshold interactions, which occur since
the sample resulting from the in-trap collision contains a mixture of atoms from both
hyperfine states. Equation (5.10) was used to describe the interactions in the first case,
where contrary to Section 5.1 the thermally averaged 〈σinel〉 (Equation (2.20)) was used
for the scattering cross-section in Equation (5.11). The total number of scattered atoms
from the induced energy collisions, Nscatt, are given by Equation (5.10) multiplied by the
total number of atoms in the sample, N0,

Nscatt =
αN2

0

2 + αN0

, (5.14)

where, as before,

α =
σ(v)

2πωxωy
. (5.15)

The acceleration of the vertical trapping beams during the entire merging procedure,
results in a time dependence for both the velocity, and the scattering cross-section, in
Equation (5.9). It should be noted that even if the tweezers were traveling at a constant
velocity throughout the entire process the mean velocity of the atoms during the collision
would still have a time dependence. For the purpose of this thesis we neglect both the
time dependence of the acceleration of the tweezers, and the interaction process. Instead
the velocity of the clouds at the point of maximum overlap is assumed to dominate the
Feshbach loss. Supposing that each inelastically scattered atom is lost from the trap,
the number of atoms trapped after the completion of the merging process is equal to
Nfin = N0 −Nscatt.

The loss due to the threshold resonance interactions is incorporated into our model
by assuming that these interaction begin once the merging procedure has finished. From
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Equation (4.5) this results in the following expression for the evolution of the remaining
number of trapped atoms

N(t) =
Nfin

nfinK2tint/
√

8 + 1
, (5.16)

where nfin is the peak density of the cloud after the merging is complete. In reality there
will be a period of time were both the threshold, and the shifted, resonance interactions
are occurring, thus both Nfin, and nfin, should ideally have a time dependence.

The lower plot in Figure 5.7 shows the model described above fitted to the 3 µK
in-trap collision data, where N0, T , and the interaction time of the threshold resonance,
tint, were chosen as free parameters. B0, ∆el, and Γinel were set to the values obtained
for the near threshold data. The resulting fit gave a temperature of 3.92 ± 0.98 µK,
and an interaction time of 1.12 ± 0.99 ms. The mean temperature obtained by fitting
off-resonant absorption images with a Gaussian curve was 1.059±0.013 µK. Similarly to
the threshold data, when the temperature is restricted to this value, the model predicts
a much greater trap loss than was experimentally observed. This clearly illustrates that
this model does not tell the entire story.

Nonetheless, Figure 5.7 demonstrates a clear observation of the energy shift induced
in the enhancement of inelastic collisions about a Feshbach resonance. For this data
temperature of the interacting clouds, and the induced collision energy, are of the same
order of magnitude and therefore would have a similar contribution onto the resulting
loss spectrum. Future measurements could potentially obtain a clearer distinction be-
tween the threshold, and the shifted, resonance by decreasing the temperature of the
sample. Provided that no condensate fraction was present in the sample, this would not
only decrease the spread of collision energies, but also increase the density, and hence
the scattering rate. Merging the tweezer beams past each other at a constant velocity
would make used model more accurate. However, for the above model we have also
assuming that the two interacting atomic clouds are maintaining their Gaussian distri-
butions during the entire merging process, which is clearly not the case. The analysis
of this data would therefore be significantly simplified if a loss spectrum of a collision
in free space could be obtained. Hence for future investigations the hipster phenomena
would have to be further explored, and potentially eliminated from the scattering prob-
lem. In the future, other resonances, such as the one located at 9.045 G, could also be
exploited. The 9.045 G resonance occurs between atom in the |F = 2,mF = 0〉, and
the |F = 1,mF = 1〉, spin states, and has a theoretically predicted elastic, and inelastic
widths, of 1.3 mG, and 3.0 mG, respectively [31]. This resonance will therefore have a
slightly narrower inelastic feature with a larger amplitude, making it a better candidate
to utilize for the exploration of the energy dependence of inelastic Feshbach scattering.



Chapter 6

Summary and Outlook

In this work we have studied the elastic and two-body inelastic interactions about the
87Rb Feshbach resonance at 9.1 G, particularly focusing on the energy dependence of
the enhancement of these interactions. The elastic and inelastic enhancements about
the resonance were analyzed using two different methods. For the elastic interactions
the clouds were collided in free space using an optical tweezer system. Measurements
suggested an elastic resonance feature, however, future work is required to definitively
confirm this behavior. The resonance used in this work has dominant inelastic charac-
teristics which dampened the expected enhancement making it experimentally difficult
to resolve.
The energy dependence of the inelastic collisions, on the other hand, was investigated
through Feshbach loss spectroscopy measurements about the resonance, which obtained
via two different approaches. Firstly we looked at the temperature dependence of the
loss feature resulting. We further collided two clouds in-trap at a collision energy of
3 ± 0.3 µK. The in-trap collisions induced a shift in the maximum inelastic loss about
the resonance. These features were fitted with simplified models, which described the
overall physics well.

In conclusion, the resonant scattering length of the 9.1 G Feshbach resonance, which
was used for this work, is too small in order to measure an obvious enhancement in
the elastic scattering rate, or detect a well defined shift in the inelastic loss curve due
to induced energy. In the future we aim to carry out more careful loss spectroscopy
measurements of a resonance between atoms in the |F = 1,mF = 1〉 and |F = 2,mF = 0〉
hyperfine state, which is located at 9.045 G, and has a sightly more favorable resonant
scattering length than the currently used resonance. For the demonstration of the group
velocity control of a small “laser” BEC propagating through a larger “medium” BEC at
the lossless point, as proposed by Mathews et. al [27], we require an entrance channel
dominated resonance with a small elastic width. In the near future we aim to exploit the
87Rb resonance located at 1007 G for this purpose. This resonance has a small inelastic
width, yet an elastic contribution which is still of the right order of magnitude for this
experiment.
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Appendix A

The Zeeman and hyperfine
interactions

The hyperfine structure of an atom arises due to the coupling between the orbital angular
momentum L and the spin component S of the electron in the outer shell. Each of these
hyperfine levels further contain 2F + 1 magnetic sublevels, which are degenerate in the
absence of a magnetic field. The degeneracy of these sublevels is lifted in the presence of
an external magnetic field. The regime, where the energy shift of the magnetic sublevels
is small in comparison to the splitting of the hyperfine levels, is known as the Zeeman
regime. The energy shifts in this regime can be described by the following formula [67],

∆E|F,mF 〉 = µBgFmFBz, (A.1)

where gF is the hyperfine Landé g-factor, and µB is the Bohr magneton. For higher bias
fields non-linear effects begin to dominate and the energy splitting follow the Paschen-
Back formula

E|J,mJ ,I,mI〉 =AhfsmJmI +Bhfs

3(mJmI)
2 + 3

2
mJmI − I(I + 1)(J(J + 1)

2J(2J − 1)I(2I − 1)

+ µB(gJmJ + gImI)Bz,

(A.2)

where Ahfs is the magnetic dipole constant, and Bhfs is the electric quadrupole constant.
For intermediate regime the energy shift is more difficult to calculate with the exception
of the ground-state manifold of the D transition which is described by the Breit-Rabi
formula

E|J=1/2,mJ ,I,mI〉 = − ∆Ehfs

2(2I + 1)
+ gIµBmB ±

∆Ehfs

2

(
1 +

4mx

2I + 1
+ x2

)1/2

, (A.3)

where ∆Ehfs = Ahfs(I + 1/2) is the hyperfine splitting, m = mI ± mJ + mI ± 1/2
and x = (gJ − gI)µBB/∆Ehfs. In this work we are dealing with magnetic fields in the
Rabi-Breit regime, and hence Equation (A.3) used for the calibration of the applied bias
fields.
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Appendix B

Abel inversion

When taking an absorption image of a atomic cloud one essentially takes an image of
the shadow of the sample. This can be interpreted as the projection of the cloud onto a
plane, giving a 2-dimensional (2D) projection, P (x, z), of the 3-dimensional (3D) image,
I(x, y, z). In other words the column density of the sample

P (x, z) =

∞∫
−∞

n(x, y, z)dy, (B.1)

where we have taken the imaging plane to be the (x, z) plane. Assuming that the imaged
cloud has rotational symmetry, I(r, z) and using the substitution r2 = x2 + y2, we can
rewrite Equation (B.1) as

P (x, z) = 2

∞∫
0

H(r − |x|) rI(x, z)√
r2 − x2

dr, (B.2)

where H is the Heaviside function. Equation (B.2) is in fact the Abel transform, A
of I(r, z). In theory I(r, z) can therefore be retrieved by taking an Abel inverse of the
column density,

I(r, z) =
1

π

∞∫
r

dP (x, z)

dx

dx√
x2 − r2

, (B.3)

However, the singularity of this function makes finding I(r, z) a difficult endeavor. A
common method of obtaining a solution to this problem is by exploiting the cyclic rela-
tionship: FA = H, where F , and H are the Fourier and Hankel transforms respectively,
hence by first taking the Hankel and then the Fourier transform of P (x, z). This this
work the so called BASis EXpansion (BASEX) method was used instead. The code was
implemented by R. Thomas and was based on reference [68]. In the following section we
will briefly summarize the main ideas from reference [68].
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B.1 BASEX method

In reality P (x, z) is not a simple function as was suggested in Equation (B.2), but rather
a matrix which has dimensions Nx ×Nz (in our case 512× 512). Equation (B.2) can be
written in matrix form as follows

Pij = 2

∫
h(x− xi, z − zj)dxdz

∞∫
|x|

rI(r, z)√
r2 − x2

dr. (B.4)

We now suppose that we have a set of two dimensional functions in the image space,
{fk(r, z)}, where k = 0, . . . , K − 1, and the corresponding projections, Gkij, are given
by

Gkij = 2

∫
h(x− xi, z − zj)dxdz

∞∫
|x|

rfk(r, z)√
r2 − x2

dr. (B.5)

Assuming that both of these sets are well behaved we can use the following expansions

I(r, z) =
K−1∑
k=0

Ckfk(r, z), (B.6)

Pij =
K−1∑
k=0

CkGkij. (B.7)

Writing the above equations in matrix form gives

P = CG, (B.8)

where C = (C0, . . . ,CK−1) is the coefficients vector, and G = (G0, . . . ,GK−1)T the
transformation matrix. The total number of basis functions, K, does in general not have
to be equal to the to the total number of pixels, Nx ×Nz. In the case where K is either
greater or less than Nx × Nz, the inverse G−1 does not exist. However, the resulting
least-squares problem can be solved via a Tikhonov regularization, giving

C = PGT (GGT + q2I)−1. (B.9)

Here I is the identity matrix and q is a regularization parameter. Exploiting the separa-
bility of Equations (B.6) and (B.7) we can write them as

I(r, z) =
Kx−1∑
k=0

Kz−1∑
m=0

Ckmρk(r)ζm(z), (B.10)

Pij =
Kx−1∑
k=0

Kz−1∑
m=0

CkmXkiZmj. (B.11)



APPENDIX B. ABEL INVERSION 61

Writing Equation (B.10) and (B.11) in matrix form gives

P = XTCZ, (B.12)

where

Xki = 2

∫
hx(x− xi)dx

∞∫
|x|

rρk(r)√
r2 − x2

dr,

Zmj =

∫
hz(z − zj)ζm(z)dz.

(B.13)

A solution to Equation (B.12) is
C = APB, (B.14)

where A = (XXT + q2
1I)−1X and B = ZT (ZZT + q2

2I)−1. Matrices A, and B, are
independent of the data matrix P, and therefore only need to be computed once. The
only requirements on the basis ρk(r) that it is analytically integrable.

Besides the efficiency of the BASEX method, it has the advantage of concentrating
the produced noise along the center z-axis, the region which is excluded when analyzing
the images in this work.
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