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Abstract

This thesis explores the effects of domain wall width on a two-domain ultracold non-
degenerate trapped gas of Rubidium-87. A gas of Rubidium-87 atoms is evaporatively cooled
to just above quantum degeneracy. Atoms are then prepared in a configuration of two lon-
gitudinal spin domains separated by a coherent helical domain wall, and spin diffusion is
observed. We demonstrate the slowing of spin wave oscillations as domain wall width is
increased, as a result of increased coherent spin interactions. In the presence of a linear
potential gradient, spin domains are stabilized and reach a maximum lifetime near the
equilibrium domain wall width. Equilibrium domain wall widths are determined through
analysis of the domain wall width relaxation rate and results show reasonably good agree-

ment with hydrodynamic approximations of the quantum Boltzmann equation.
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Chapter 1

Introduction

Since the idea of a fundamental limit on temperature, known as absolute zero, was intro-
duced, scientists have been working to reach colder temperatures to explore novel physics.
In the late 1900s huge advancements in low-temperature physics stemmed from metrology,
specifically with the goal of advancing the accuracy of atomic clocks [1]. In atomic clocks,
cold atoms are incredibly valuable as their low velocities allow for more precise measure-
ments. These studies led experimentalists to the development of laser cooling and trapping
techniques in the 1970s. Steven Chu, Claude Cohen-Tannoudji, and William D. Phillips
were awarded the 1997 physics Nobel prize for these discoveries [2, 3].

Building off of this work, in 1995, Carl Wieman and Eric Cornell were able to cool a
dilute gas of Rubidium-87 down to 170 nK, creating the first ever gaseous Bose-Einstein
condensate (BEC) [4]. This was followed only months later by Wolfgang Ketterle making the
first Sodium BEC [5]. All three were awarded the 2001 Nobel prize for this groundbreaking
achievement. Bose-Einstein condensation is a remarkable phase transition taking place at
ultracold temperatures in an ensemble of bosons. As atoms cool, their thermal de Broglie
wavelength, which characterizes the spatial extent of their wavefunction, gets larger. When
this value becomes larger than distances between atoms in an ensemble, the wavefunctions
begin to overlap, and quantum statistics are required to describe the system. For an ensemble
of bosons, atoms obey Bose-Einstein statistics, which predicts all atoms in the ensemble
will occupy the same quantum ground state when their temperature is below some critical
temperature. This phenomena was originally theorized by Bose and Einstein in 1924 [6, 7].

The new techniques for trapping and cooling atoms to create BECs, as well as the BECs
themselves, sparked a field of research into ultracold atoms and even offer applications into
other fields such as condensed matter physics [8, 9] and quantum information [10, 11]. Low
temperatures provide an ideal environment for studying quantum mechanical effects, and
the high tunability of ultracold atomic systems allows for of a wide range of parameters to
be easily explored. A particularly interesting area of study in the field of ultracold atoms is
out-of-equilibrium spinor gases. Specifically, this thesis will focus on the diffusion of an out-

of-equilibrium Rb-87 spinor gas, with temperatures just above the critical temperature. In



the regime we are exploring, the atomic gas sample is non-degenerate, but exhibits quantum
mechanical behaviours.

Previous experimental studies of non-degenerate ultracold spin gases have shown col-
lective behaviour of spins during diffusion, for example spin waves, where an atomic cloud
exhibits a spatio-temporal oscillation of spin [12, 13]. Spin waves are a result of the identical
spin rotation effect, which arises due to quantum indistinguishability during binary collisions
[14, 15]. The spin rotation effect helps to preserve local spin orientation and can significantly
slow spin diffusion. The McGuirk group has done significant research into understanding
and controlling spin-wave dynamics. They have investigated the effects of coherence between
longitudinal spin domains on spin diffusion of a two-domain ultracold gas of Rubidium-87
above degeneracy [16]. They have also demonstrated the ability to alter spin diffusion in
these systems through the use of a spin-dependent potential to speed, slow, or completely
stop spin wave oscillations [17]. This thesis builds on this previous work to explore the role
of domain wall width on spin-wave dynamics. Results from this work may be useful in many
quantum technologies that require precise control and transport of atomic spins, such as
spintronics devices [18].

This thesis is organized as follows. Chapter 2 reviews the energy level structure of
Rubidium-87 and Zeeman splitting of its hyperfine states. Next, the two-level quantum
system, including the Bloch sphere representation is reviewed. An overview of spin-dynamics
theory is given, including a description of the identical spin rotation effect that modifies
spin dynamics in ultracold atomic systems just above degeneracy. Finally, the quantum
Boltzmann equation is presented. This equation describes the expected spin-dynamics of an
atomic gas, including the effects of the identical spin rotation effect and applied differential
potentials.

Chapter 3 describes the experimental system used to prepare and measure an ultracold
gas of Rb-87 atoms. We discuss a method of preparing the sample gas, including trapping
and evaporatively cooling atoms. Techniques for preparing spin states in arbitrary configu-
rations, as well as imaging and longitudinal spin measurement procedures, are presented.

The methods of controlling differential potentials are discussed in Chapter 4. First, a
description of Ramsey interferometry as a technique for measuring transition frequencies
is given. We present methods of creating various differential potentials and methods of
correcting inhomogeneties within a potential.

Chapter 5 explores the effects of domain wall width on longitudinal spin diffusion. Ex-
perimental and simulated results are analyzed to describe the dynamics of two-domain spin
gases over a wide range of domain wall widths. Dynamics are discussed in both uniform
differential potential and in a positive linear potential gradient. In Section 5.2.1 It is shown
that in a uniform potential, spin-wave oscillations and damping rates are decreased in atomic
clouds with larger domain walls. The results are explained in terms of the identical spin

rotation effect. Section 5.2.2 shows the results of varying domain wall width on spin-wave



dynamics in the presence of a spin-dependent potential. In a positive linear differential po-
tential the spin waves show significantly different behaviour than in a uniform differential
potential, as domains are stabilized against longitudinal spin-waves. We observe a maxi-
mum spin lifetime at an equilibrium domain wall width, where transients are minimized.
To further understand spin diffusion in a spin-dependent potential, Section 5.3 studies the
relaxation of domain wall widths. The relationship between equilibrium domain wall widths
and differential potential gradient size is examined. Results are compared to analytic ap-
proximations of the quantum Boltzmann equation in the hydrodynamic limit.

Results are summarized in Chapter 6. Suggestions for future spin diffusion experiments

are given.



Chapter 2

Spin Dynamics Theory

The following Chapter aims to provide a brief summary of the theory behind spin dynamics
in an ultracold Rubidium-87 atomic gas. First, the fine and hyperfine structure of Rb-87
is described. Next, the two-level quantum system is reviewed. The identical spin rotation
effect, which drives spin dynamics, is then discussed. Finally, the mathematical descrip-
tion governing spin dynamics of a nonequilibrium quantum gas, the quantum Boltzmann

equation, is presented.

2.1 Rubidium-87

2.1.1 Energy Level Structure

Rubidium-87 is a long-lived isotope of Rubidium. It contains 37 electrons, with only one in its
outermost shell, giving a 55 electron configuration. Spin-orbit interactions and relativistic
energy corrections give rise to a fine structure doublet, splitting the first excited state, 5P,
into two states, 5P and 5P5 /5. The quantum number classifying the fine structure is the

total angular momentum, j, given by

—

J=L+8, (2.1)

where L is the electron orbital angular momentum and S is the electron spin. The transition
551/2 = 5Py /3 is known as the D line, while the 55/, — 5P3/ transition is the Dy line.
Work done in this thesis focuses only on the 55 /5 and 5P, states.

Energy levels are further split into hyperfine states arising from the coupling of the nu-
clear magnetic moment to the electron’s angular momentum. The total angular momentum
of a hyperfine state is

F=J+T1, (2.2)

where I is the total nuclear angular momentum, which is 3/2 for Rb-87. Figure 2.1 shows
the fine and hyperfine structure of Rb-87.
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Figure 2.1: Fine and hyperfine structure of of Rb-87 55 and 5P states. Energy splittings
are not to scale

2.1.2 Zeeman Effect

In the presence of a magnetic field each hyperfine state is further split into 2F + 1 Zeeman
sub-levels, categorized by quantum number mgp = —F, —F+1, ..., F—1, F. The Hamiltonian

describing the atomic magnetic moment coupling to a magnetic field, B , is [19]
Hmag = (MBng+ MNng) : é, (23)

where pup and ppn are the Bohr and nuclear magnetons, and gy and gy are the Landé and
nuclear g-factors.
In the low to intermediate field regime where pupB is of similar order to the hyperfine

splitting (AEgr) the Zeeman energy splitting is given by the Breit-Rabi formula [20, 21],

AE

—AEHF AEHF 4mpa:
Sl L B+ 1 2 2.4
202l + 1) 1BIME 2 toryr T (24)



where
upB

AEn;

= (91 +97) (2.5)

The Breit-Rabi formula is only valid for states with J = 1/2. Figure 2.2 shows the splitting
of Rb-87 55 /5 levels in the presence of a magnetic field.

In weak magnetic fields the states |F' = 1,mp = —1) and |F' = 2, mp = 1) are trappable.
These states have almost identical magnetic moments, leading to approximately the same
first-order Zeeman shift. Further, at a certain magnetic field they have identical second-
order Zeeman shift. This renders their transition frequency insensitive to fluctuations in
magnetic field. These states comprise a pseudo-spin-1/2 doublet, which will be discussed

further in Section 2.2.

15 L] L L] L] L L L)

Freguency Shift (GHz)

_15 6 i L I 6 6 i
¢ 01 02 03 04 05 06 07 08

Magnetic Field (T)

Figure 2.2: Zeeman shift of the 55, ), state of Rb-87. Labelled kets are of the form |F, mp).

2.2 Two-level Quantum Systems
2.2.1 Rabi Oscillations

Any two-level quantum system can be analogously described as spin-1/2 doublet. The
pseudo-spin-1/2 system studied in this thesis is comprised of the |F =1,mp = —1) and
|F' = 2,mp = 1) hyperfine ground-states of Rb-87, which we will further refer to as |1) and
|2) respectively. The lower energy state, |1), is taken as the ground state, while the higher
energy |2) is the excited state in the spin-1/2 description. When placed in an electromagnetic

field this system can be described by the Hamiltonian
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where wy is the frequency splitting between the two states, w is the frequency of the electro-
magnetic field, and Qg is the Rabi frequency which describes the coupling strength between
the atom and field. In this Hamiltonian the rotating wave approximation, which ignores fast
oscillating terms, has been applied.

The time-dependent Schrodinger equation for this Hamiltonian can then be solved. For
an atom initially in the ground state, the probability of finding it in the excited state after

continuously interacting with an electomagnetic field for time ¢ is given by [22]

Or\2 -
Py(t) = [ =~ ) sin? R>. 2.7
(0= (gt ) sin* (%] 2.1
h= \/Q% + 62 is the effective Rabi frequency, and § = w —wy is the electromagnetic field’s
detuning from the |1) — |2) transition frequency. The probability of finding the atom in an
excited state is maximized for a m-pulse, where Qpt, = 7. As the detuning from resonance

increases, the probabilty amplitude decreases and the oscillation frequency increases.

2.2.2 Bloch Sphere Representation

It is often convenient to visualize two-level quantum systems in terms of the Bloch sphere
picture. The Bloch sphere is shown in Figure 2.3, where the position of the Bloch vector

within the sphere describes the quantum state. A general quantum state is given by

o) = Cos<z> 12) + ¢ sin(Z) 1y, (2.8)

where 6 is the polar angle (0 < 6 < 7) and ¢ is the azimuthal angle (0 < ¢ < 27). On the
Bloch sphere, the longitudinal spin is represented by the Bloch vector’s projection along the
%-axis, with the ground and excited states on opposite ends of the sphere. The transverse
spin is described in the & — §j plane. A Bloch vector along the & — ¢ plane represents an
equal superposition of states with some phase ¢. Note that the & — § — 2 coordinate system
here refers to spin space, rather than real space.

The evolution of a state due to interaction with an electromagnetic field can be thought
of as the state vector precessing around a torque vector, 0= (QR,0,9). In a reference frame
rotating at frequency w, the evolution is described by [23]

% =0 xU. (2.9)
Figure 2.4 shows the rotation of the Bloch vector in two different scenerios. When the

electromagnetic field is on resonance with the atomic transition (6 = 0), the torque vector



Figure 2.3: A Bloch sphere representation of a two-level quantum system. The north pole of
the sphere corresponds to the |2) state and the south pole corresponds to the |1) state.The
Bloch vector |¥) represents the quantum state and is described by the angles 6 and ¢.

lies along the Z-axis and the Bloch vector precesses between states |1) and |2). For a field
with some detuning from the atomic transition (§ # 0), the torque vector lies closer to one
of the poles, depending on the sign of the detuning, and the Bloch vector precesses more

quickly around it, staying closer to the pole.

Figure 2.4: Bloch vector rotation around the torque vector. a) For § = 0, the Bloch vector
rotates between states |1) and |2). b) For § # 0, the Bloch vectors rotates around the torque
vector closer to one of the poles.

2.3 Spin Dynamics

The previous Sections have described the theory of individual spins; however, to understand
spin dynamics we must now expand this discussion to the interactions of many spins within

an ultracold atomic gas.



2.3.1 Identical Spin Rotation Effect

The identical spin rotation effect (ISRE) is a quantum mechanical effect that leads to spin
exchange during atomic collisions. The ISRE has been shown to give rise to surprising
macroscopic collective behaviour in non-degenerate ultracold spin-polarized gases, leading
to spatio-temporal spin oscillations or "spin waves" [14]. A similar effect, known as the
Leggett-Rice effect, has been shown to drive spin waves in strongly interacting gases and
liquids [24].

In ultracold systems above degeneracy the ISRE arises when the thermal de Broglie

| 2mh2
AMB =/ ——— 2.10
dB kaT’ ( )

becomes larger than the relevant collision lengths of a system, leading to a spatial overlap of

wavelength,

atomic wavefunctions during interactions. For collisions between atoms with non-orthogonal
spin states, the overlapping wavefunctions cause indistinguishability between forward and
backward scattering, as depicted in Figure 2.5. The atomic wavefunctions are therefore
symmetrized with respect to atom exchange, thus entangling the atomic spin states and
leading to an effect that essentially rotates each atomic spin around their mean spin during
collisions. Figure 2.6 shows an example of a single ISRE collision event in which two atoms
with different spin rotate about their mean spin, leading to outgoing spins acquiring different

spin orientations.
AdB

= 7

(a) (b)

Figure 2.5: Depiction of a collision of two atoms. In a) forward and backward scattering
events are distinguishable. In b) the de Broglie wavelength is large and forward and back-
wards scattering events are indistinguishable. Figure from [25].
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Figure 2.6: Example of an ISRE collision. Two spins with different fully transverse spin
orientations collide. During the collision the spins rotate about their mean spin, shown in
purple. The outgoing spins have acquired some longitudinal spin component.

Atomic clouds of Rb-87 used in this work are of temperature, T' = 650nK, giving a
de Broglie wavelength of Agg = 230 nm. The relevant collision length here is the s-wave
scattering length a ~ 5.2 nm, which is much smaller than Aqg. The s-wave scattering lengths
of both spin states in Rb-87 are approximately the same. The strength of the ISRE, u is
given by the ratio of spin exchange scattering rate, wexen, to elastic scattering rate, 771,
that is, the ratio of coherent to randomizing collisions. The exchange scattering rate is
determined by wexch = %, where g = 47rh2a/ m is the mean-field coupling constant, and ng
is the peak atomic density of the atomic cloud. The radially averaged elastic collision time
can be approximated by 7 &~ (16a%ng\/7kgT/m)~!. The details of this approximation are
described in Reference [15]. u < 1 in the regime where the ISRE is not apparent. For the
spin ensembles studied in this thesis p = 8, indicating that the ISRE has a strong effect on

spin wave dynamics.

2.3.2 Quantum Boltzmann Equation

Spin diffusion of an atomic gas can be described by a quantum Boltzmann transport equa-
tion. References [14] and [15] give a full derivation. The atomic cloud used in our experiment
is quasi-1D due to a high ratio of radial to axial trap frequency. We are therefore able to av-
erage over the radial dynamics as they occur significantly faster than the axial dynamics. In
a quasi-1D atomic system atoms are able to move past one another in the axial direction by

first translating radially, rather than in a truly 1D configuration, where atoms would need
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to exchange positions. Using a radially averaged spin distribution in phase-space, mi(z, p,t),

the 1D quantum Boltzmann equation is given as [15]

Ori(z,p:t) | p Oni(zp,t) _ OUexs Orii(2, 1)
ot m 0z 0z dp

oni(z,p,t)

—Q(z,t) x7m(z,p, 1) = 9t o

. (2.11)

Here Ugyt is the harmonic trapping potential, which will be discussed in Section 3.4. The spin
torque vector is given by €(z,t) = FUaier(2)2 + gM (z,t)], where Ugg(2) is the differential
potential, which is the spatially varying energy difference between spin states, and M (z,t) is
the spatial spin distribution. M (z,t) can be determined by integrating the radially averaged

spin distribution over momentum space,

M(z,t) = 2171/772(2,]),?5) dp. (2.12)
m

The first term of Equation 2.11 represents the time evolution of the spin distribution, the
second term describes the drift, and the third describes the force due to the external trapping
potential. The final term on the left hand side is the spin-rotation term and includes the
effects of both the ISRE as well as the Larmor precession due to spin-dependent potentials.
This term describes the precession of spins around differential potentials and the local spin.
From this term it is evident that the spin-wave dynamics in the system, resulting from
spin-rotation effects, can be altered via a differential potential. This effect will be further
discussed in Chapter 5. Lastly, the term on the right hand side of Equation 2.11 is the
collision integral, which describes elastic scattering collisions. Simulations of the quantum

Boltzmann equation are discussed in Chapter 5 and compared to experimental results.
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Chapter 3

Experimental Procedure

The following Chapter outlines the experimental setup and methods used in this thesis
to study spin diffusion of an ultracold Rb-87 gas. The experimental system discussed in
Sections 3.2-3.5 and 3.7 is based off the work of H. J. Lewandowski, et al. [26], which was
designed to be a robust apparatus to create and measure ultracold bosonic gases. Sections
3.6 and 3.8 describe how spin states are prepared and detected to study longitudinal diffusion
of a two-domain spin profile. The procedure discussed in this Chapter is used in measuring
the effects of domain wall width on longitudinal spin diffusion, with results presented in
Chapter 5.

3.1 Overview

Rb-87 vapour is first loaded into a magneto-optical trap (MOT) located in a vacuum cell
and cooled to the Doppler limit. The atoms are then transported to an ultra-high vacuum
science cell. Within the science cell, atoms are trapped in a hybrid loffe-Pritchard magnetic
trap and cooled to the desired temperature via evaporative cooling. Although this system
can cool atoms past the critical temperature to create a BEC, the work done in this thesis
uses atomic gases above degeneracy at T = 1.67, and T' = 1.97,.. A two-domain spin state
profile is prepared, using a beam of spatially varying laser intensity created with a digital
micromirror device, and left to evolve in a differential potential. After some evolution time
the atomic cloud is measured by absorption imaging. Cloud parameters are extracted from

the resulting images to study spin state profiles and their evolution.

3.2 Magneto-Optical Trap

A Rubidium-87 vapour is loaded in the MOT vacuum cell using a Rubidium getter assembly.
The getter assembly consists of a current running through a dispenser made of a stable
Rubidium salt. The Rubidium vapour is cooled via Doppler cooling and then trapped within
a spatially varying magnetic field. Doppler cooling is a technique that uses a laser detuned

below an atomic transition to slow atoms. Any atom moving towards this beam will see
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the laser as being blue-shifted toward the atomic transition and is more likely to absorb a
photon. The absorption of a photon decreases the atom’s momentum. The atom will then
re-emit the photon into a random direction. This process is repeated many times. Due to
the isotropic nature of the emission events, the average momentum change due to photon
emission is zero; therefore, the atom’s net change of momentum is on average only due to
photon absorption and thus in the opposite direction as its motion, leading to cooling. This
effect can cool ensembles of atoms down to the Doppler temperature, Tp = %, which is
limited by spontaneous emission events leading to fluctuations in momentum.

The MOT traps and Doppler cools atoms using three sets of counter-propagating beams
with opposite circular polarization and a set of magnetic coils in an anti-Helmholtz configu-
ration. A diagram of the MOT set-up is shown in Figure 3.1. The coils produce a quadrupole
magnetic field, which has a potential that has a zero between the two coils. Due to the Zee-
man effect, levels are split into magnetic sublevels mg. The circular polarizations of the
beams are chosen such that, when in combination with the spatially varying Zeeman shift,
they will drive atoms toward the center of the trap [27]. A simplified one-dimensional exam-
ple of this is shown in Figure 3.2, where we see that if an atom is moving towards the right,
away from the trap center, its transition frequency will become closer to the negatively
shifted mp = —1 state. The 0~ beam, propagating opposite to the atom’s motion, can then
drive the Amp = —1 transition, increasing the atom’s photon scattering rate and pushing
it back towards the center of the trap. Atoms moving to the left of the trap experience a
similar effect with the o™ beam driving Amp = +1 transitions. In our MOT set-up, this
process is more complicated, taking place in three orthogonal spatial directions. Further, for
the cooling transition used, 55}/, |F' = 2) — 5P3/5 |F'" = 3), the ground state and excited
state have five and seven magnetic sublevels, respectively, rather than the one and three

magnetic sublevels depicted in Figure 3.2.
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Figure 3.1: Diagram of the MOT. Atoms are trapped at the center using a combination
of two current-carrying coils in an anti-Helmholtz configuration to produce a quadrupole
magnetic field and three sets of counter-propagating laser beams. Black arrows indicate the
direction of current through coils and blue arrows indicate the direction of laser propagation.
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Figure 3.2: Example of a simplified 1D MOT. In the MOT the magnetic field Zeeman shifts
the mp sublevels. If an atom (shown in red) is located on the right, away from the trap
center, the incoming ¢~ beam will be resonant with the Amp = —1 transition, creating a
scattering force towards the center of the trap.

The MOT uses a cooling laser that is red-detuned by about 20 MHz from the 55, ), |F' = 2) —

5P )9 |F' = 3) transition. Off-resonant transitions can also excite atoms into the 5P 9 [F' = 2)
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state that may then decay to the 55/, [F' = 1) state. To put these atoms back into the
cooling cycle, a repump laser locked to the 55/, |[F = 1) — 5P5/, |F' = 2) transition con-
tinuously excites these atoms until they decay into the 55 5 |F' = 2) state. The cooling and

repump laser transitions are shown in Figure 3.3.

=" =3
267 MHz
5P3/5 —
/ A < F, — 2
F'=1
F'=0
780.24 nm Cooling Repump
55 g ——X 6835 MHz
\ 4 F — 1

Figure 3.3: Energy level diagram of the hyperfine levels of 55, and 5P;/5 of Rb-87. The
cooling laser is detuned from the F' = 2 — F’ = 3 transition by ~20 MHz. The repumping
laser is resonant with the F' =1 — F’ = 2 transition.

3.3 Atom Transfer

After the MOT stage, atoms are transferred into a hybrid Ioffe-Pritchard (HIP) trap located
within the ultra-high vacuum science cell to prolong atom lifetime by decreasing the number
of collisions with background gases. For transfer, atoms are loaded into a tightly confined
quadrupole trap. The tight confinement requires a strong magnetic field gradient. The strong
magnetic field gradient increases the Zeeman shift, which causes atoms further from the
center of the cloud to gain potential energy, causing heating during transfer. This effect is
reduced by minimizing the spatial extent of the atomic cloud as much as possible by using
a compressed MOT (CMOT) before transfer [28]. In the CMOT stage the intensity of the
repump laser is reduced and the cooling laser is further detuned. By reducing the repump
intensity the atoms spend less time in the F' = 2 state, and therefore less time resonant

with the cooling laser. Detuning the cooling laser will reduce the photon scattering rate

15



near the trap center, leading to a decrease in radiation pressure from scattered photons and
a denser, smaller cloud of atoms.

Next, the repump beam is turned off to optically pump atoms into the F' = 1 state. After
pumping to the F' = 1 state, atoms may be in any of the mp = 1,0, —1 hyperfine states. The
magnetic field gradient is then adiabatically ramped up to trap atoms. Trappable states are
those whose energy increases with increasing magnetic field. In low magnetic fields (B < 0.1
T), mp = —1 is the only magnetically trappable state in F' = 1, as seen in Figure 2.2, so
atoms in mpr = 0, 1 exit the trap. Finally, the MOT coils are moved on a linear servo motor
track toward the ultra-high vacuum science cell, where the atoms are transferred to a hybrid
Toffe-Pritchard trap.

3.4 Hybrid Ioffe-Pritchard Trap

The hybrid Ioffe-Pritchard trap consists of four electromagnetic coils and two permanent
bar magnets oriented perpendicularly to the coils. The permanent magnets create a strong
quadrupole field to radially confine atoms, while the coils provide axial confinement. The
inner coils, referred to as the bias coils, produce a uniform magnetic bias field, By, while
the outer coils, called the pinch coils, create axial curvature in the magnetic field. Near the

center of the trap, the magnetic trapping potential can be approximated by [29]
m
Ueat = 5(&}37"2 + w?2?), (3.1)

where m is the mass of atoms, and w, and w, are the radial and axial trap frequencies,
respectively. The trap frequencies used in our experiment are w, = 27 - 250 Hz and w, =
27 - 6.72 Hz. As the strength of the axial-to-radial confinement is approximately 1:37, the
atomic cloud is highly elongated in the axial directly, creating a quasi-one-dimensional
geometry. Due to the high radial trap frequency, dynamics in the radial direction take place
much faster than in the axial direction. We therefore average over the dynamics in the radial

direction.

3.5 Evaporative Cooling

Once atoms are in the HIP trap, radio-frequency evaporative cooling is used to reduce the
atomic cloud temperature past the Doppler cooling limit by removing the atoms with the
most kinetic energy. Atoms with higher energy are generally located further from the trap
center in areas of higher magnetic field, leading to a larger Zeeman shift between magnetic
sublevels. By applying a radio-frequency field resonant with the |1, —1) to |1,0) transition
of atoms with the largest Zeeman shift, the highest energy atoms become untrapped. These
atoms then leave the trap, carrying away excess energy. The remaining atoms rethermalize

via elastic collisions to a lower temperature.
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permanent magnet N

Figure 3.4: Diagram of the HIP trap setup. Two permanent magnets are used to confine
atoms radially. Axial confinement is provided by coils. The bias coils create a uniform
magnetic field and the pinch coils set the axial curvature of the field. Arrows indicate the
direction of current through coils. North and south poles of the permanent magnet are
labelled. The front facing side of the top magnet is south, and the back side (hidden) is
north. The opposite is true for the lower magnet.

This process is repeated by exponentially sweeping the rf frequency from 60 MHz to
~2 MHz to continuously remove the highest energy atoms, until the cloud is adequately
cold. This process takes place over 10 stages. Each of the stages decreases the frequency to
halfway to the trap bottom frequency. The final frequency of the i-th stage is given by

Vi-1 =1

5 (3.2)

v, =

v is the trap bottom frequency, which gives the energy difference between the |1, —1) and
|1,0) states in the center of the trap. In this experiment 1 is approximately 1.9 MHz.
As the ensemble cools, the elastic collision rate changes and alters the time needed for
rethermalization, so the time constant of each stage can be adjusted to optimize evaporation
[27].

3.6 Spin Preparation and Evolution

Spin wave dynamics are highly dependent on the initial spatial distribution of spin states in
the atomic cloud. This section describes the coupling of spin states, methods of preparing
spin profiles using a digital micromirror device, and optimal preparation of a two-domain
spin structure.

This thesis specifically explores two-domain configurations of pseudo-spin states |1) =
|F=1,mp =—1) and [2) = |F =2, mp = 1), as described in Section 2.2.1. To conserve
angular momentum, the states are coupled via a two-photon pulse. The two-photon pulse
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consists of a microwave pulse of ~6830 MHz, which is detuned from an intermediate state,
|F =2, mp = 0), by approximately 700 kHz, and a radio-frequency pulse of ~3 MHz. This

transition is shown in Figure 3.5.

’TTI,FIQ

mprp =1
mp = 0
F=2 mp = —1 ?{ﬁ; 3 MHz
mp = —2
Vuw ~ 6.8 GHz
F=1 mp = —1

mp — 1
Figure 3.5: Energy level diagram of Rb-87 5S5;/5 manifold in magnetic field. The spin
states comprising the pseudo-spin 1/2 system are |1) = |F =1,mrp=—1) and |2) =
|F =2, mp = 1), shown in blue and red respectively. Purple arrows depict the two-photon
pulse connecting spin states, made up of a microwave and radio-frequency pulse.

Spin state profiles are created by applying a Stark-shift laser beam onto a digital mi-
cromirror device (DMD), which reflects an arbitrary pattern of the laser light onto the
atomic cloud to Stark shift atomic energy levels where illuminated. A cloud-wide two-
photon w-pulse will then transfer only the unilluminated atoms, those that are not Stark
shifted, to the |2) state, leaving the Stark-shifted atoms in state |1). Atoms that are partially
illuminated will be sent to a superposition state of |1) and |2).

The DMD is made of an 1024 X 768 array of independently controllable 13.6 pm mirrors.
To create an arbitrary pattern, individual mirrors can be turned on/off, which tilts the
mirror to +/ — 12° [30], as shown in Figure 3.6a). When imaged onto the atoms with
magnification of 1/12, the minimum feature size the DMD can create has a point spread
function FWHM of 25 um, corresponding to a 20 by 20 grid of mirrors on the DMD [25].
This resolution allows one to average over a group of 400 pixels to create an effective
intensity between that of all mirrors on or off by turning on only a portion of the mirrors.
The proportion of mirrors turned on or off in the group of 400 pixels, which determines the
intensity of light reflected from the DMD image, is quantitatively described by the "pixel
value". Pixel values range from 0, where all mirrors are off and no light is reflected from

the DMD, to 255, where all mirrors are on and the full incoming laser intensity is reflected
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from the DMD. A pixel value between 0 and 255 results in an intermediate intensity of
laser light reflected from the DMD. The method of averaging groups of mirrors to create
intermediate reflected intensities essentially creates what appears as a greyscale image from
a binary image.

Collimated light from the Stark-shift laser is directed toward the DMD, where only
mirrors in the "on" state reflect light towards the atoms. An achromatic doublet lens located
one focal length away from the atoms collects the reflected light and focuses the light pattern
on the atoms. Figure 3.6b) shows the Stark-shift laser beam path from the DMD, where
only half of the DMD mirrors are turned on, to the atomic cloud. The Stark-shift laser shifts
energy levels via the AC Stark effect, dependent on the intensity of light reflected from the
DMD. This effect is discussed further in Section 4.3. A two-photon m-pulse is applied to the

entire atomic cloud, thus initializing the atomic cloud in an arbitrary spin-state geometry.

DMD
Digital Micromirror Device .
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Figure 3.6: a) Image of DMD. Close ups show array of mirrors in various states (on/off/float)
[31]. b) Schematic diagram of a laser beam reflected from a DMD and sent towards atomic
cloud. The pattern on the DMD has only half of the mirrors in the on state, therefore only
illuminating half of the cloud. Object sizes are not to scale.

The initial spin-state geometry used for all work done in this thesis is a two-domain
configuration consisting of two longitudinal spin domains of spin |1) and |2), separated
by a nearly fully polarized domain wall of width Ag. Near full polarization of ‘2\2 ’ ~ 1is
accomplished by a helical rotation of transverse spin between the longitudinal spin domains.
Figure 3.7 depicts the transverse rotation of spin between longitudinal spin domains. To
initialize the two-domain spin geometry the DMD is set up to contain an image varying from

black to white with a hyperbolic tangent profile, as shown in Figure 3.8a). The resulting
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two-domain atomic cloud is shown in Figure 3.8b). To create the coherent helical transverse
spin throughout the domain wall, half of the atomic cloud must be optimally detuned during
a two-photon m-pulse. Reference [25] describes how using an optimal detuning minimizes
phase wrapping of the transverse spin and maximizes the coherence in the domain wall. An
optimal laser intensity sets the AC Stark shift to produce the optimal detuning of § = v/3Qpr
for the two-photon microwave pulse. This preparation is used for all two-domain spin-state

preparations in this thesis.

state |2) transverse spin state |1)

ttttcoolaul

axial pOSlthIl

Figure 3.7: Initialization of spins within two-domain atomic cloud. State |2) atoms on the
right have fully longitudinal spin. Through the domain wall atoms are rotated through the
transverse plane forming a smoothly varying spin structure, ending in the longitudinal spin
|1) state on the right [25].

After initializing the two-domain spin system, the atomic cloud is left to evolve for
a given time period. During the evolution differential potentials may be applied to alter
dynamics. These differential potentials are also created using the DMD and are discussed
in Chapter 4. The atoms can then be measured using the imaging procedure described in

Section 3.7, to study the longitudinal spin diffusion over time.

3.7 Imaging

Measurements of the atomic cloud are made using absorption imaging. This Section outlines

the imaging procedure and processing.

3.7.1 Adiabatic Rapid Passage

Since there is no cycling transition from the |1, —1) state, atoms in the |1, —1) state must
first be transferred to the |2, —2) state to be imaged. Adiabatic rapid passage (ARP) is used
to coherently transfer atoms between states. ARP can be understood in the dressed state
picture, where |1, —1) and |2, —2) are bare states, and when coupled by a radiation field the
dressed states (|+) and |—)) are linear combinations of the bare states. Figure 3.9 shows
the dressed state picture as a function of microwave detuning.

If a far detuned coupling field is turned on, atoms initially in the |1, —1) state are placed

in the |—) dressed state. The frequency detuning of the coupling field is adiabatically swept,
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Figure 3.8: a) DMD pattern used to initialize two-domain spin-state profile. The image
varies from black to white as a hyperbolic tangent. The DMD image is at an angle of 45° to
the atoms as the DMD pixels rotate diagonally when in the on state. b) False colour image
of atomic cloud in two-domain geometry. Red indicates spin |2) and blue indicates spin |1).
[25]

such that atoms remain in the |—) dressed state. The probability of making a transition
between dressed states is given by [32]

2
2R

b (3.3)

P=e
where § is the time rate of change of the microwave detuning. If the frequency detuning is
swept slowly, compared to the square of the Rabi frequency (5 < Q%), atoms will remain
in the |—) dressed state. At some large, positive detuning, the coupling field is turned off

and atoms will be transferred to the |2, —2) bare state with high efficiency.
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Figure 3.9: Illustration of energy levels as a function of detuning of bare states |1, —1) and
|2, —2), and dressed states |[4+) and |—). If an atom, shown in red, is initially in the |1, —1)
state, it can be transferred to |2, —2) via adiabatic rapid passage through the |—) state.

3.7.2 Imaging Procedure

In the |2, —2) state, atoms are anti-trapped, which causes the cloud to expand. To avoid
saturation, the atomic cloud is expanded for 5 ms. To keep atoms in place a shim coil is used
to apply a magnetic field to counteract gravity. Next the magnetic bias field is ramped to
about 100 G to reduce the spatial variation of the magnetic field such that all atoms within
the cloud will be resonant with a probe laser. To maximize photon scattering during imaging,
the probe laser drives a cycling transition between |2, —2) and |3, —3) states. Images of the
atomic cloud are taken using an CCD.

Atoms initially in the |2) spin state are unaffected by the ARP and do not scatter probe
light, so they are not measured by absorption imaging. To measure the atom population in
the |2) state, they must first be transferred to the |1) state by a m-pulse. They are then able
to undergo ARP and the imaging procedure.
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Figure 3.10: Energy diagram of the Rb-87 55,5 and 5P/, levels. Imaging of the |1, —1)
state is achieved by sending atoms to the |2, —2) state via ARP, and then a cycling transition
is driven between the |2, —2) and |3, —3) states to maximally scatter photons.

3.7.3 Image Processing

As per Beer’s law, the optical density (OD) of illuminated atoms can be determined as a
function of Iy, the initial probe laser intensity, and I, the probe laser intensity after passing

through the cloud of atoms. Beer’s law is given by

I

oD = — 1n(10). (3.4)

Along with the image of the atomic cloud, two additional images are taken for the purpose
of normalization. The first is a "light" image, where the probe light is imaged without any
atoms to give a measure of the maximum intensity, Ljign. Second is a "dark" image, with the
probe beam off and no atoms, with intensity I4.k, to measure dark currents and background
scattered light. The OD can then be given by,

oD — 1n< Bight — Tdark ) (3.5)
Tatoms — Ldark

When using absorption imaging, there are two important systematic effects that must be

accounted for. First is the effect of a minimum measured background intensity. Additional

light may be captured by the CCD due to probe beam components that are off-resonant

with the atomic cloud or probe light that does not pass through the cloud. These sources

lead to some minimum intensity of probe light always reaching the CCD, resulting in a

saturation optical density (ODsyt). To account for the saturation OD, the modified OD is
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calculated as

1 — e_ODsat
ODuod = In| —5p———op |- (3.6)

Second, we must consider the effect of the probe laser intensity saturating the atomic
transition. If the probe intensity is significantly less than the saturation intensity, Igat,

this effect can be accounted for by using

_ I
OD;ctnal = ODpoq + (1 —€ ODmOd)T’ (37)
sat
where I = 1.67 mW /cm? [26]. In our experiment the probe intensity is set to around

0.0815,+ to minimize the effect of this correction.

3.7.4 Image Fitting

After images are processed, data is axially binned and then they may be fit to extract the
cloud’s temperature, number of atoms, and density. Non-degenerate atomic clouds are fit
with a 2D Gaussian, in the axial and radial directions, z and y. The 2D Gaussian is given
by,

L(z—2)" 1(y—yc)

fG:’ODPeak’eXp<‘2 P2 ) ) 9

where 2. and y. are the cloud centers, and z({, and y;, are the Gaussian widths of the atomic

cloud after expansion time ¢.

From here the cloud’s Gaussian width before expansion is determined by [26]

2w

\/w2 + (w? 4+ wd) sinhQ(wt)7

20

(3.9)

where wy and w are the axial trap frequencies before and during expansion. A similar
calculation is done for the radial direction .

The temperature, number of atoms, and density of the atomic cloud can then be calcu-
lated by

2.2
T = %BZO (3.10)
D
N = 2m200 Apoeak, (3.11)
and )
no = — N)‘“ap, (3.12)
(27‘1’)% %
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respectively, where Atrap = - is the aspect ratio. The absorption cross-section is
z

13)\2 1

AC = S o Ty

(3.13)

Here A is the wavelength, A is the detuning, and I" is the natural linewidth.

3.8 Longitudinal Spin Measurement

The longitudinal spin is reconstructed via two experimental runs. The first experimental run
measures the population of state |1), N1, while the second run measures the |2) population,
N3, by using an extra m-pulse to transfer atoms in |2) to |1) before imaging. Results from
both experimental runs are combined to determine the cloud parameters and longitudinal

spin profile at a eiven time.

Number (arb. unit)

-500 0 500

Axial Position (um)

Figure 3.11: Atom populations of Ny |1) (blue) and Ny |2) (red) are measured via absorption
imaging. The sum of the two populations (black) is fit with a Gaussian and represents the
total density distribution. The difference of the two populations (purple) is the longitudinal
spin and is fit with a hyperbolic tangent multiplied by a Gaussian and used to extract a
domain wall width and position.

In general, the total spin is the quadrature sum of the longitudinal spin, M, and the
transverse spin M | . Transverse spin can be measured using Ramsey spectroscopy. Details
of this type of measurement can be found in Reference [25]. Transverse spin measurements
are not included in this thesis and fully coherent transverse spin is assumed in calculations.
For fully coherent spins the total spin of the atomic cloud is given by N; + N2, which when
fit with a Gaussian allows for the determination of temperature and density as discussed in
Section 3.7.4.
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The longitudinal spin is defined as

NQ(Z) — Nl(z)

M) = R 7 M)

(3.14)
Here longitudinal spin is divided by the peak number so that —1 < M, < 1. Figure 3.11
shows an example of the measurements of total and longitudinal spin from populations Ny

and Ns. For a two-domain system the longitudinal spin is fit by the phenomenological model

M,(z) = Atanh<2_/\zc> exp<_(z_zc)2>, (3.15)

2
225

where A is the amplitude, A is the domain wall width, z. is the center position of the domain
wall, and zg is the Gaussian width determined from the (V] + N3) Gaussian fit. Figure 3.11
shows measurements of the |1) and |2) atom populations, as well as their sum and difference.
The sum, shown in black, is fit with a Gaussian, and the difference, shown in purple, is fit
with the model in Equation 3.15.

The experimental sequence is repeated, and the longitudinal spin is calculated for a
variety of spin evolution times to investigate the longitudinal spin dynamics. Results are
plotted in a false colour spatio-temporal plot. At long time scales, much of the |2) popu-
lation may be lost due to dipolar relaxation. To account for the loss of spin, a normalized

longitudinal spin can be used,

MZJ,V(Z) _ NZ(’Z) . Nl(z)

= 3.16
N2,t0t Nl,tot ( )

where N ot is the sum of spin populations across all axial bins at a given time. This
normalization assumes there is a 50:50 distribution of N; and Ns. Figure 3.12 shows a
comparison of normalized and unnormalized spin evolution profiles. The use of normalized
spin does not have a significant effect on the parameters of interest describing the spin

dynamics, for instance damping and oscillation frequencies.
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Figure 3.12: (a) Normalized and (b) unnormalized false colour spatio-temporal plot of a
two-domain spin evolution. The normalized plot gives a better visual representation of spin
dynamics at long times as it accounts for loss of |2) atoms.
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Chapter 4

Differential Potential Measurement
and Control

Atoms in states |1) and |2) experience a differential potential based on variations in the
energy splitting between them. The differential potential acts as an effective magnetic field,
modifying spin dynamics in our experimental system; Thus it is necessary to have the
tools to accurately measure and control potentials. This Section first outlines the method
of Ramsey interferometry that is used to measure frequency differences between the two
spin states. Next, the cancellation spot is discussed, which results in a uniform differential
potential across the atomic cloud. Lastly, the AC Stark effect is reviewed and a procedure

for correcting inhomogeneities in externally applied differential potentials is outlined.

4.1 Ramsey Interferometry

Ramsey interferometry is a well known method used to determine the transition frequency
between two states [33]. The Ramsey method used in our experiment starts with a 7 /2-
pulse, resonant with the two-photon transition, to initialize spins in an equal superposition
of |1) and |2). The spin then evolves for some evolution time, 7', allowing the phase of the
superposition state to evolve in proportion to the energy difference between the states. The
detuning, ¢, is the frequency splitting between the two states relative to the fixed frequency
oscillators. Lastly, another 7/2-pulse recombines the states for read-out. The initialization
and read-out pulses can be of other lengths, but are chosen to be 7/2-pulses to maximize
the signal-to-noise ratio. Figure 4.1 shows this pulse sequence.

The probability of finding an atom in the excited state after this Ramsey sequence is
[26]

P(T) = % + %cos(dT) (4.1)

under the conditions of small detuning (§ < 2g) and short pulse lengths (¢, < T'). The
|1) population is measured at a given 7. This process is repeated for various evolution

times, and oscillations of atom population between the states can be mapped out as a
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function of evolution time, resulting in Ramsey fringes of frequency §. Ramsey frequencies
are fit separately for each axial bin across the entire atomic cloud to determine the spatial
frequency profile of the differential potential. An example of this process is shown in Figure
4.2. Figure 4.2b), shows the resulting differential potential across the atomic cloud, with
error bars indicating the uncertainty in the sinusoidal frequency fits for each axial position.
At the edges of the atomic cloud, where density of atoms is much lower, there is a low

signal-to-noise ratio in measurements, resulting in reduced quality of fits and large error

bars.
w2 /2
: Evolution time (T
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time
Figure 4.1: Diagram of the Ramsey pulse sequence.
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Figure 4.2: Example of using Ramsey interferometry to measure a differential potential. In
a) each black dots represents the state |1) population at a point in time. Each plot shows
the frequency measured at a different axial position of the atomic cloud. Frequencies are
measured for all axial bins and then plotted in b) to measure the overall spatial frequency
profile. The frequency measured is the difference between the detuned oscillator and the
transition frequency between states.
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4.2 Cancellation Spot

The total differential potential between spin states is a result of the Zeeman shift, mean-
field shift, and any additional applied potentials. The additional potentials will be discussed
further in Section 4.3. In the absence of an additional applied potential, a cancellation spot
can be found, which results in a uniform differential potential.

In an intermediate magnetic field, the Breit-Rabi formula describes the Zeeman shift
(Equation 2.4) and predicts a minimum transition frequency between the two states at a
bias field of B = 3.23 G, which is referred to as the "magic spot." We work slightly below
the magic spot, at the cancellation spot (By ~ 2.9), where the mean field shift and Zeeman
shift approximately cancel, such that no differential potential is experienced between the
spin states unless applied using laser-generated potentials. In our experiment, the Zeeman
shift has a parabolic spatial profile due to the dependence of the Breit-Rabi formula on the
magnetic trapping field, which is parabolic in the axial direction in the regions we operate.

The mean-field shift arises from atom-atom interactions and is given by [34]

4rh?

AEMF(Z) = [2(122712(2) — 2(11177,1(2:) + 2a12 (nl(z) — ng(z))} (4.2)

where m is the atomic mass, a;; is the s-wave scattering length between states ¢ and j, and
n; is the density of atoms in state ¢. The mean-field shift scales with density and thus has
a Gaussian spatial profile.

For a given density, the bias field of the HIP trap can be adjusted such that the Zeeman
shift and mean-field shift approximately cancel. A schematic of the cancellation spot is
shown in Figure 4.3. As the Zeeman shift has a parabolic spatial profile in the HIP trapping
potential and the mean-field shift has a Gaussian profile, the total differential potential is
never completely flat, but care is taken to ensure that it is as flat as possible at the center
of the cloud. The differential potential is measured using Ramsey spectroscopy to confirm
we are working at the cancellation spot. A measurement of the cancellation spot can be

seen in Figure 4.4.

4.3 AC Stark Effect

Spin-state preparation and the application of external differential potentials both make use
of the AC Stark effect. The Stark-shift laser produces an oscillating electric field that shifts
energy levels via the AC Stark effect. The interaction potential between the electric field,

E , and the induced atomic dipole moment, p) is

1 .,

Usip(2) = —5 (7 B). (4.3)
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Figure 4.3: Schematic representation of the cancellation of the differential potential of the
parabolic Zeeman shift, shown in blue, and the Gaussian mean-field shift, shown in red.

For laser detuning, w, near the Dy transition, the dipolar potential is given by [35],

7c’T (2 + Pgrm
Uip() = o ( T F)I(z). (4.4)

Here wy is the transition frequency between 55, 5 |[F') and 5P5 /5 level, I is the spontaneous
decay rate from the excited state, and I(z) is the spatial intensity distribution of the laser.
‘P is the polarization of the laser, which is zero for linear polarized light and 41 for circularly
polarized light.

Spin states |1) and |2) experience different dipolar potentials. The differential potential
is then defined as Ugig = Uéfg — (gilg. The spatial profile of the laser intensity after reflection
from the DMD shifts atomic energy levels to create arbitrary differential potential profiles
across the cloud. The effects of various differential potentials on spin evolution is discussed
in Chapter 5. Figure 4.4 shows the spatial profile of a flat differential potential, found at
the cancellation spot, compared to a positive linear gradient differential potential created

using the Stark-shift laser.
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Figure 4.4: A flat differential potential at the cancellation spot (black) compared to a positive
linear differential potential gradient of G = 75 Hz/mm (red). Differential potentials were
measured using Ramsey spectroscopy (Section 4.1).

4.4 Stark-Shift Laser Correction

As discussed in Section 4.3, the Stark-shift laser shifts atomic energy levels due to the
AC Stark effect. The Stark-shift laser is used to initialize spin states and create arbitrary
differential potentials. In our experimental set-up, when the Stark-shift laser was applied
to the atomic cloud, via the path shown in Figure 3.6b), it produced an unexpected non-
uniformity in the spatial transition frequency profile. Figure 4.5a) shows an example of
the frequency profile of the Stark shift laser reflected fully from the DMD, measured via
Ramsey spectroscopy. For a laser beam with no distortion along the optical path, we expect
a flat frequency across the atomic cloud. Our measurements show a clear non-uniform
frequency across the atomic cloud. A non-uniform intensity hinders us from creating the
desired linear differential potentials and initializing optimal spin-state profiles in a simple
way. Fortunately, the versatility of the DMD offers a convenient solution to this problem.
A corrected pattern is created to counter-act the non-uniformity, such that areas of higher
beam intensity can be lowered by decreasing the light reflected from the DMD, by changing
the pixel value of groups of mirrors.

A corrected pattern is created by first measuring the Ramsey frequencies resulting from
full intensity reflection from the DMD, with all pixel values set to 255. The intensity of the
Stark-shift laser is chosen such that the measured Ramsey frequencies for all axial positions
lie above the optimal detuning, 6 = v/3Qr. The high laser intensity allows for the reduction
of frequency to reach the optimal detuning. We choose the optimal detuning as a target
frequency so that when the Stark-shift laser is used for spin-state preparation it results in

maximum coherence in the domain wall, as discussed in Section 3.6.
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Next, Ramsey frequencies are measured for two slightly lower effective pixel value set-
tings, resulting in one Ramsey frequency profile close to optimal detuning and one below
optimal detuning. Figure 4.5b) shows the resulting frequencies from the three Ramsey mea-
surements compared to the optimal detuning frequency. For each axial position the frequen-
cies are linearly interpolated to find the pixel values corresponding to the optimal frequency.
A DMD pattern can be constructed with the resulting effective pixel values to create a uni-
form frequency profile at § = v/3Qg. Figure 4.5¢) shows the frequency profile measured by
setting the DMD to the corrected pattern.

Occasionally the corrected frequency profile still shows some non-uniformities, as the
interpolated pixel values corresponding to frequencies may be slightly incorrect due to noise
and uncertainty in measurements. In this case the profile can be iteratively improved by
changing the pixel values of the DMD pattern for calibration measurements in smaller step
sizes, and thus adding more points to the interpolation, leading to more accurate results.
Once a corrected pattern is made, the resulting pattern can be multiplied onto a hyperbolic
tangent DMD pattern used for spin initialization [Figure 3.8a)] or a linear gradient pattern

to create the desired differential potentials.
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Figure 4.5: Ramsey frequency measurement of Stark-shift laser on atoms after a) full in-
tensity reflection from DMD, b) reflection from DMD at various pixel values, c¢) reflection
from DMD using corrected pattern. The black line in all plots shows the optimal detuning
frequency for profile creation of § = v/3Qp.
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Chapter 5

Longitudinal Spin Diffusion
Dynamics

This Chapter investigates the effects of domain wall width on the longitudinal spin diffusion
of a two-domain ultracold gas of Rb-87 above degeneracy. First, Section 5.1 discusses previ-
ous studies on spin diffusion in a non-degenerate bosonic gas. In Section 5.2 we analyze the
spin diffusion dynamics at various domain wall widths, both in a flat differential potential
and a positive linear differential potential gradient. In Section 5.3, a method of determining
a stabilizing linear potential gradient corresponding to an equilibrium domain wall width is

discussed. Results are compared to theoretical predictions in the hydrodynamic limit.

5.1 Background

The McGuirk group has been working towards determining the effects that altering various
experimental parameters have on spin-wave dynamics, and understanding the role quantum
interactions, such as the ISRE, play in these dynamics. Previous studies have explored
methods of controlling spin diffusion in a two-domain non-degenerate gas by altering the
amount of coherence in the domain-wall, and by applying differential potential gradients to
the atomic cloud.

In the paper "Longitudinal spin diffusion in a nondegenerate trapped Rb-87 gas" [16],
the authors examined the role that coherence of a helical transverse spin domain wall has
on longitudinal spin diffusion. They showed that when the domain wall is initialized with
a highly coherent transverse spin, longitudinal spin diffusion lifetimes are extended up to
ten times compared to classical diffusion lifetimes. Within a coherent domain wall the
helical transverse spin allows for ISRE collisions to rotate an atoms spin to follow the local
transverse spin as it moves across the cloud, hence for many collisions through the domain
wall an atom’s spin is adiabatically rotated from |[1) to |2) or vice versa. Low coherence
will effectively randomize the transverse spin phases; hence ISRE collisions do not allow for

spins to be adiabatically rotated across the cloud. Longitudinal spin-waves for the case of
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lower coherence shows shorter lifetimes and increased oscillation frequencies, reaching the
classical diffusion case when coherence is zero.

Another study using highly coherent domain walls demonstrated that spin diffusion
dynamics are further altered by the application of differential potential gradients as they
change the relative precession rates and therefore orientation of transverse spins between
the longitudinal spin domains. The addition of a linear differential potential gradient has
been shown to speed or slow spin wave oscillations, depending on the sign of the gradient
with respect to the diffusive spin current [17]. This is a result of two mechanisms generat-
ing spin currents. The first is a diffusive spin current generated by the transverse helical
spin domain wall, which drives the system towards equilibrium. The second is an ISRE-
generated spin current due to the Larmor precession of spins, which is further modified by
differential potential gradients. In a positive linear potential gradient, as shown in Figure
4.4, the ISRE-generated spin current counteracts the diffusive spin current, resulting in a
decreased net spin current, leading to long-lived stable spin domains. Conversely, a negative
linear potential gradient will increase oscillation frequencies and speed up diffusion, as the
ISRE-generated spin current adds to the diffusive spin current. The effects of these various
differential potentials on longitudinal spin diffusion can be seen in Figure 5.1.

The transverse spin was also shown to exhibit a transverse spin-wave that is decoupled
from the longitudinal spin and is confined to be within the domain wall. This spin-wave
behaviour shows a stark contrast to that of a transverse spin wave in a uniform differential
potential, where coupling of the transverse and longitudinal spin-waves is observed. This
paper then describes a method of determining the magnitude of differential potential gra-
dients required to stabilize a domain wall for atomic clouds of various temperatures and

densities by analyzing the domain wall relaxation rate.
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Figure 5.1: False colour plots of two-domain longitudinal spin diffusion dynamics in a)
a negative linear differential potential gradient, b) uniform differential potential at the
cancellation spot, c) a positive linear differential potential gradient.
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These studies have given us a better understanding of how the ISRE modifies spin
dynamics, and expanded our knowledge on how to control spin-waves. The following work
builds off of these previous studies to understand another parameter effecting spin-diffusion:
the domain wall width. The following sections use highly coherent domain walls to determine
the effects of domain wall width on longitudinal spin diffusion, both in a uniform differential
potential and in a positive linear gradient differential potential. Section 5.3 uses a method
similar to that of Reference [25] to explore the relationship between equilibrium domain

wall widths and stabilizing differential potential gradients.

5.2 Effects of Domain Wall Width on Longitudinal Spin Dy-
namics

As domain wall width determines the number of ISRE interactions an atom experiences
while moving through a domain wall, it is expected to play a large role in the resulting spin-
wave dynamics observed in an atomic cloud. However, as ISRE collisions are complicated
events, it is sometimes difficult to exactly anticipate how the spin-wave dynamics will be
affected. To understand the effects of domain wall width, longitudinal spin evolution data
is collected for various domain wall widths.

Experimental data discussed in this Chapter was collected following the procedures
outlined in Chapter 3. Atoms are first cooled within a MOT, and then evaporatively cooled
further in a HIP trap. A fully polarized two-domain longitudinal spin system is prepared
with an initial domain wall width, A\g. The domain wall has a coherent helical transverse
spin throughout, as shown in Figure 3.7. The structure is initialized in an atomic cloud
with n = 1.4 x 10" cm™3 and T = 650 nK = 1.97,, and allowed to evolve for up to 600
ms, either in the uniform differential potential at the cancellation spot (Section 4.2) or in
a linear potential gradient. To quantify the dynamics of the two-domain system, the dipole

moment at each point in time is calculated as
1 n
(zM,) = - Z ziM, (2, ) (5.1)
i=1

where n is the number of axial bins. For a two-domain spin system where symmetry about
the trap center is preserved, the dipole moment should give an accurate representation of
the longitudinal spin dynamics.

For comparison, numerical simulations of the quantum Boltzmann equation (Equation
2.11) were performed using a Crank-Nicolson alternating-direction finite difference tech-
nique, similar to the process outlined in [15, 25]. Toy models of the initial transverse and
longitudinal spin distributions, as well as experimental parameters such as the cloud tem-

perature, density, and trap frequencies are used to initialize the simulations.
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5.2.1 Spin Dynamics in a Uniform Differential Potential

We first aim to study the effects of domain wall width in a two-domain system in the
absence of an external applied differential potential. After spin-state preparation the spins
evolve in a uniform differential potential at the cancellation spot. False colour plots of the
spin diffusion dynamics for two different domain wall widths are shown in Figure 5.2. In
all cases spins exhibit collective behaviour resulting in damped spin wave oscillations. For
domain wall width Ao = 69 pm, the spin profile oscillates and shows a complete flip of spin
distribution after approximately 300 ms, such that the left side of the cloud is in |1) and
the right is in |2), opposite to the spin distribution at ¢ = 0. For Ay = 132 pm, the spin
distribution shows slower oscillation as it does not completely flip within the measured 600
ms. Classically we would expect the spin distribution to flip at half a trap period, which is

approximately 75 ms in our experiment.
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Figure 5.2: False colour plots of spin diffusion dynamics in a uniform differential potential
for a two-domain preparation with domain wall width a) A\g = 69 pm and b) A\g = 132 pm.
The domains prepared with a Ag = 132 pum exhibit much slower oscillations and an extended
lifetime in comparison to the domains prepared with A\g = 69 pum. Note that false colour
plots do not give an accurate visualization of domain wall widths. Instead, longitudinal fits
at a given time (as in Figure 3.11) can be used to visualize domain wall widths.

For each dataset with different initial domain wall widths, the dipole moment is cal-
culated via Equation 5.1 for each measurement in time. The results are fit to a damped
sinusoid of the form Aexp(—TI't)sin(27ft + ¢). Examples of the damped sinusoidal fits to
the time evolution of the dipole moment are shown in Figure 5.3. Questions remain as to
whether the dipole moment phase, ¢, should be a fixed parameter. One might expect the

phase of all dipole moments to be the same, as spin currents are initialized in the same way
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and at the same time, but dipole moments, as shown in Figure 5.3, appear to have different
phases. Therefore ¢ was allowed to vary in this analysis.

For comparison to experimental results, simulations of the Quantum Boltzmann equa-
tion were preformed using the same initial temperature and density that the experimental
system was prepared in. The toy models used for the initial magnetizations are given by
M, = sech?(z/)\o), My, = tanh(z/)\) sech(z/\), and M, = tanh(z/)g). The dipole moment
was calculated from the simulation results and fit with the damped sinusoid phenomeno-
logical model. The resulting data and fits are shown in 5.3b).

It is evident from the dipole moment plots that the lifetime in the case of larger domain
wall width is much longer and the oscillations are slower in comparison to the small domain
wall width case. Figure 5.4 summarizes the results, showing how damping rate, I', and
oscillation frequency, f, change with domain wall width. Error bars on the experimental
results are from fit uncertainties. The shaded regions show the results of the numerical
simulations of the quantum Boltzmann equation. The area of the shaded regions encapsulate
the measured shot-to-shot statistical fluctuations of temperature and density, both of which

are around %, where NV is the number of data points used to fit each experimental dipole

moment, which is roughly 36 points. The shaded area also includes the density calibration
uncertainty due to systematic errors in measuring atomic density. Using measurements of
condensate fraction, Reference [25] found our system could underestimate density by up to
10%.

Experimental and simulated results give reasonably good agreement. Certain parame-
ters defining the initial spin preparation, such as transverse spin coherence, are not fully
known and difficult to model so estimations of these parameters were used in simulations.
The discrepancy between initial preparations may lead to slight disagreements between

experimental and simulated data.
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Figure 5.3: a) Experimental and b) simulated time evolution of dipole moments of two-
domain system with domain wall widths A\g = 69 pm (blue) and Ao = 132 pm (red). Dipole
moments are fit to damped sinusoids.
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Figure 5.4: The a) damping rate and b) oscillation frequency of the dipole moments of
experimental and simulated data. Error bars of experimental data are fit uncertainties.
The width of the simulation bands encapsulates statistical fluctuations and uncertainty in
density calibrations.

Within large domain walls the spatial spin gradient across the domain wall is lower,
such that an atom’s spin is only slightly rotated during each ISRE collision, so an atom
passing through the domain wall will follow and preserve the local spin; therefore the spin
profile will remain roughly constant in time. Conversely, in a small domain wall the spatial
spin gradient is higher, so during each ISRE collision the spins rotate further away from the

mean spin. Since spins are changing faster, they are not adiabatically rotated through the
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domain wall. This results in larger changes to the spin profile over time, leading to a higher
damping rate and faster oscillations in smaller domain wall configurations.

Our system operates between collisionless and hydrodynamic regimes, so analytic ap-
proximations of the quantum Boltmann equation in either of these limits do not accurately
describe the dynamics. However, we can examine these limits, as well as the classical diffu-
sion case, to give a sense of the bounds on the behaviour. In the case of classical diffusion,
there would be no spin exchange collisions and thus we would expect spin oscillations to
be at the trap frequency of 6.72 Hz. For the clouds studied here, we expect damping to
= 84 Hz. This gives an upper bound on

be limited by the elastic collision rate, I' = e_lalstic
both quantities. As the domain wall width approaches zero, we lose all ISRE interactions as
there is no initial transverse spin present, thus we expect to increase towards the classical
limits.

A damped oscillator can further be quantified by the Q-factor, Q = @, which describes
how over or under-damped the oscillator is. Analytic predictions of oscillation and damping
rates of a damped spin-wave oscillating about a steady-state solution in the hydrodynamic
limit were made by Robert J. Ragan [36], which can be used to determine an expression for
the Q-factor. The derivation of the expressions for damping and oscillation frequencies were
based on analysis of the quantum Boltzmann equation with a positive linear differential
potential acting on the spins. Using these analytic predictions, the @Q-factor is found to
be independent of any linear potential gradient, and is given by @ = v/6uM. In the limit
of a steady-state solution of zero, these results should be applicable to the damped spin-
wave oscillation observed in a flat differential potential. For ¢ = 8 and a fully polarized
system with magnetization of M = ‘M (z, t)‘ = 1, this expression predicts @ ~ 20. However
magnetization decreases as time goes on due to decoherence and damping; Therefore we
expect (Q = 20 to be an upper bound on the Q-factor.

The Q-factor of experimental and numerical simulation results is shown in Figure 5.5.
For all domain wall widths studied we find @ > 1/2, indicating slightly underdamped
spin-wave oscillations. The analytic approximation of Q)-factor is not explicitly dependent
on domain wall width. The experimental results in Figure 5.5 also do not show a clear
dependency on domain wall width, as most points are spread around ) = 2, with deviating
points having large error bars. However, we do see an increasing trend in the simulation
results. This is likely due to a faster loss of magnetization in configurations with a small

domain wall width, leading to more quickly damped spin dynamics.
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Figure 5.5: Q-factor of dipole moment fits calculated from the damping rates and oscillation
frequencies shown in Figure 5.4

In summary, we observe that in a uniform differential potential, the spatial configura-
tion of spins undergoes an underdamped spin-wave oscillation in time. Both the oscillation
frequency and damping rate of longitudinal spin-waves decrease as the domain wall width
increases. These effects can be attributed to smaller changes in the local spin orientation per
ISRE collision in the domain wall for larger domain wall widths, therefore not significantly

changing the spin profile over time.

5.2.2 Spin Dynamics in a Positive Linear Potential Gradient

Section 5.2.1 demonstrates that the strength of ISRE-generated spin currents are highly
dependent on domain wall width. This raises the question: how will changing the initial do-
main wall width alter the spin diffusion dynamics in the presence of a differential potential?
This question will be explored in this section.

To experimentally examine the spin dynamics behaviour, two-domain configurations of
spin-states with various domain wall widths are prepared in the usual manner. Spins are
allowed to evolve while a differential potential gradient of Ug;¢ = Gz is applied to the atomic
cloud using the Stark shift laser reflected from the DMD. A gradient of G = 46 Hz/mm is
used as the potential gradient size. Much larger gradients would show very fast decoherence,
and much smaller gradients may not completely decay within the measured 600ms.

False colour plots of spin diffusion dynamics for various domain wall widths are shown
in Figure 5.6a). Here we can see that for all domain wall widths, the domains stay evenly
distributed and centred more closely around the zero axial position for around 200 to 300
ms, rather than exhibiting the large amplitude very slow oscillations observed in a flat

differential potential. The corresponding dipole moments are shown in Figure 5.6b). The
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red dots show the experimentally measured dipole moments, while the blue dots are from
numerically simulated data using similar initial conditions. Experimental dipole moment
results lie reasonably closely to simulation results but appear to show slightly different
transient oscillations. Discrepancies between results may be due to slight differences in
intial conditions of the simulated data than in experiment conditions. Simulations use a toy
model of initial magnetization that assumes a fully coherent transverse spin domain wall
with amplitude of sech (z/)) and phase of tanh(z/)\). These estimations were informed by
older measurements of the initial transverse spin, but are likely outdated with newer DMD
techniques that were previously described. The current experimental transverse spin may
have a slightly lower amplitude or different phase profile, but was not measured. Future
updated measurements of the initial transverse spin may be taken to ensure a close match

between simulated and experimental initial conditions.
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Figure 5.6: a) False colour plots and b) dipole moments of spin diffusion dynamics in a
positive linear differential potential gradient of G = 46 Hz/mm for a two-domain preparation
with domain wall width A\g = 71 pm, 107 pm, and 156 pm. In b) blue dots indicate simulated
results. Red dots indicate experimental results. The corresponding lines are fits to a model
of transient oscillations about a steady-state.
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A phenomenological model used to describe this behaviour is given by
Aexp(—Tt)sin(27 fit + ¢)+Bexp(—I't), which describes a transient decaying oscillation
about a steady-state solution. In the model, A and B are amplitudes, I' is the steady-state
damping rate, I'y, f;, and ¢ are the transient damping rate, frequency, and phase respectively.
Dipole moments of simulated and experimental data are fit to the phenomenological model,
and the resulting fits are shown in Figure 5.6b) by the blue and red lines, respectively. Both
fit amplitudes are constrained to be negative and the phase is fixed to 7 to minimize the
number of variables required to be fit.

Fits indicate the approximation of an exponential steady-state decay does not accurately
describe the behaviour. Further, the small transient oscillations make for difficulty in fitting,
specifically in experimental results, where noise is present, resulting in poor agreement
between simulation and experimental results. Due to the shortcomings of this model, the
exact values extracted may not be completely accurate or reliable; however it is still useful
to give a general idea of parameter behaviour at various domain wall widths.

The extracted parameters f;, I't, and I', for both simulation and experimental data are
shown in Figure 5.7. Again, the shaded area of the simulation results represents the sta-
tistical fluctuations in temperature and density and systematic density uncertainty, while
the error bars on experimental results are due to fit uncertainties. The transient oscilla-
tion frequencies extracted from the simulation and experimental data show very different
behaviour, rendering our results inconclusive. Future work may be done to improve the phe-
nomenological dipole moment fitting model to be able to draw conclusions on oscillation
frequencies. However, trends can be seen in the transient and steady-state damping rates.
Simulation results suggest that for some intermediate domain wall width (Ag ~ 100 pm),
the transient damping rate reaches a maximum, though we are unable to conclude that the
transient damping rate is maximized in experimental results, as error bars are large. Near
this intermediate domain wall width, the steady-state damping rate appears to reach a min-
imum, indicating a maximum lifetime of the steady-state solution. However, differences in
the steady-state damping rate between domain walls is fairly small since it is mainly driven
by potential inhomogeneities. The potential inhomogeneities are approximately the same
for all widths since the same differential potential gradient size is used and only slightly
modified due to spin magnetization lost by transient decay. The changes in lifetime can also
be seen in Figure 5.6, as the steady-state solution of the the domain wall initialized to 107
pm persists about 50 ms longer than both the smaller and larger domain wall systems.

This appears to give credence to hypotheses from R. Ragan [36], where an analysis of the
quantum Boltzmann equation in the hydrodynamic regime with G > 0 was used to predict
that there should exist some equilibrium domain wall width, Aeq, such that when the domain
wall width is initialized at the equilibrium width, the transients will be minimized and the
lifetime of the two-domain spin system will be maximized. At the equilibrium domain wall

width, we expect the spin rotation due to the ISRE to be exactly counter-balanced by the
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Larmor precession of spins driven by potential gradients, leading to stable spin domains
with minimal transients. We indeed see clear behaviour of extended lifetimes and quickly
damped transients at an intermediate domain wall width, however the exact value of A¢q for
this particular system is unknown. Hydrodynamic predictions expect A ~ 125 pm, but since
we are operating significantly away from the hydrodynamic regime this prediction may be
unsatisfactory. Section 5.3 discusses a method of experimentally determining Acg.

Further, hydrodynamic analysis approximates the steady-state damping rate, frequency

of transient, and transient damping rate at Aeq as [36],

o 1/3
'~ (Ww§z07'2> , (5.2)
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respectively. For our experiment this predicts I' ~ 0.9 Hz, f; ~ 5.7 Hz, and I'; =~ 1.9 Hz. This
approximation gives a reasonable estimation for the transient frequency, but significantly
underestimates the damping rates. Outside of the hydrodynamic regime we expect damping
rates to increase because atoms travel further between collisions, making it harder for them
to maintain a local equilibrium. We can quantify the regime of the system by the Knudsen
number, Kn = ¢/)\g, where ¢ is the mean free path. The hydrodynamic regime has Kn < 1,
while the collisionless regime has Kn > 1. The Knudsen number is dependent on density,
and thus varies with position throughout the atomic cloud. Calculations in this thesis use
a radially averaged density to determine the Knudsen number. In our system for inital
domain wall widths ranging from 50 pm to 200 pm, Knudsen numbers lie between 1.9 and
0.5, indicating we are working in the crossover region.

We can also compare the Q-factor with the hydrodynamic prediction of Q = v6uM ~
20. Figure 5.8 shows the Q-factor of simulated and experimental results. Error bars on the
experimental results are very large due to the poor fitting of transient damping frequency
in our dipole moment model. Specifically looking at the simulation results, we see that
the values of the Q-factor are similar to what was seen in the case of a flat differential
potential, lying within a range of about two to four. Again, results are much lower than
the hydrodynamic prediction of @ ~ 20. The magnetization in the domain wall, M = 1,
used in the calculation is an overestimate, and may be as low as M ~ 0.7, giving @ ~ 14.
The magnetization may be lowered due to decoherence over the evolution time or phase
inhomogeneities in initial preparations. According to simulation results, the Q-factor reaches

a minimum near Ag = 100 pum, the point where transients are minimized.
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Figure 5.7: The a) transient oscillation frequency, b) transient damping rate, and c¢) steady-
state damping rate of the dipole moments of experimental and simulated data. Error bars
of experimental data are fit uncertainties. The width of the simulation bands encapsulate
statistical fluctuations and uncertainty in density calibrations.
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Figure 5.8: Q-factor of dipole moment fits calculated from the transient damping rates and
oscillation frequencies shown in Figure 5.7

Overall, it was observed that in the presence of a positive linear differential potential,
spin-wave dynamics show a damped transient oscillation about a steady-state decay. The
spin waves were modelled as an exponentially damped sinusoidal transient around a de-
caying exponential steady-state solution to extract parameter values. This model does not
fully capture the dynamics, but gives a reasonable estimation of parameter behaviours.
Using this model we find that the transient damping rate reaches a maximum, while the
steady-state damping rate reaches a minimum near some intermediate domain wall width.
This result agrees with hypotheses that predict minimal short-lived transients near the equi-
librium domain wall width, which lead to increased steady-state lifetimes as less magneti-
zation is removed by the transients. The extracted experimental spin-wave parameters were
determined through measurement in between the hydrodynamic and collisionless regimes
and give poor agreement with analytic hydrodynamic predictions. Methods of determining
equilibrium domain wall widths, and thus finding the spin preparation that will maximize

spin-state lifetimes, is discussed in Section 5.3.

5.3 Determination of Equilibrium Domain Wall Widths

Section 5.2.2 discussed the effect a positive linear magnetic field gradient can have on
stabilizing spin domains against spin wave oscillations and increasing lifetime. Based on
analysis of the quantum Boltzmann equation in the hydrodynamic limit, Reference [17]
predicts that for a stabilized two-domain trapped bosonic gas the relationship between

equilibrium domain wall width and gradient size is given by

w, 1 /2 3
G="2 T 5.5
20 uM(l.l)\eq/zo) waT (5:5)
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This equation was derived under the assumptions of slow diffusion (Ag < zp), a collision
rate that is large enough to ensure the spin current is in local equilibrium (w,7 < 1), and
strong contributions from the ISRE (uM > 1). As discussed in Section 5.2.2, initializing
the spin structure with A\g = A¢q for the particular gradient size used is expected to maxi-
mize the lifetime of the domains. The following research aims to determine the equilibrium
domain wall width for a given gradient, based on the experimentally determined domain
wall relaxation rate of various initial domain wall widths. This method follows work done
in Reference [25].

Data is taken using a cloud of atoms with n = 2.6 X 10'3 cm ™3 and T = 650 nK. Atomic
density is higher than previous sections for better comparison with hydrodynamic analytic
approximations. The Knudsen number for domain wall widths, 50 pm < Ay < 200 um,
at this density range from 1.0 to 0.25, indicating that we are still working in a crossover
regime between hydrodynamic and collisionless, but closer to the the hydrodynamic regime
than in previous sections. Spin profiles are measured for up to 100 ms. Measurements at
each time step are repeated to get an average of three measurements to minimize errors
due to temperature and density fluctuations. The domain wall size at each point in time is
extracted using a fit to the model described in Equation 3.15.

For each gradient size used, the change in domain wall width relative to its initial
width is mapped over time. Figure 5.9 shows the evolution in domain wall size over time
for G = 16 Hz/mm. For a domain wall with A9 = A¢q there should be no changes in
domain wall widths over short timescales. If A\g > A¢q the domain wall will shrink towards
the equilibrium value. Conversely if A\g < A¢q the domain wall will expand towards the
equilibrium value. The relaxation towards equilibrium width is approximately linear on short
timescales, before significant damping occurs, which removes magnetization and changes
the equilibrium width. For each initial domain wall width, the relaxation rate is extracted
from the linear change in domain wall width over the short timescale where magnetization
is roughly constant. Note that the domain wall width relaxing towards the equilibrium
domain wall width is different than the relaxation of the steady-state solution towards an
equilibrium spin mixture discussed in Section 5.2.2.

Applied potential gradients cause decoherence of transverse spin, also leading to loss of
magnetization. As loss of magnetization occurs much faster for large gradients, relaxation
rates of domain walls must be fit for smaller timescales. The fit timescale for each gradient
size is chosen as the time in which the domain wall width appears to change linearly. Figure
5.10 shows the relaxation rate for various initial domain wall widths at different potential
gradient strengths. Relaxation rates are limited by the rate of atomic collisions taking place
near the edges of the domain wall; therefore as the initial domain wall width approaches the
Gaussian width (187 pm) of the atomic cloud, fewer of these relaxation-driving collisions

take place due to the lower density. Therefore for each gradient the trend between relaxation
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Figure 5.9: Domain wall relaxation in linear differential potential gradient of G = 16 Hz/mm.
Relaxation is fit linearly over short timescales.

rates versus domain wall width is fit exponentially. The point where relaxation rate is equal
to zero determines Aeq.

The equilibrium domain wall widths are plotted alongside their corresponding stabilizing
gradient in Figure 5.11. Error bars of the equilibrium domain wall width show uncertainty
in the best fit of the exponential function. The blue region of Figure 5.11 shows the theo-
retical hydrodynamic predictions based on Equation 5.5. Here the shaded band represents
a 5% uncertainty from the magnification of the imaging camera used to determine A. We
see somewhat good agreement between theoretical and experimental results for large do-
main wall widths, where Knudsen number is lower, indicating the system lies closer to the
hydrodynamic regime. However, significant deviation is seen for small domain wall widths,
which contradicts the assumption of A\g < z¢ used in derivation of Equation 5.5.

To show the effect of transients on the steady-state domains longer spin evolution time
was studied for G = 16 Hz/mm at A\g = Aeq = 109 pm and is depicted in Figure 5.12a). In
this configuration stable spin domains are observed to 600 ms. In contrast, the dynamics
shown in Figure 5.12b), with domain wall initialized at a value away from the equilibrium
width (Mg = 69 pm), show longer transient lifetime and a slightly shorter lifetime of the
spin domains, as predicted. Figure 5.12c) compares the dipole moments of a) and b).

In conclusion, this Section demonstrates a method of finding the equilibrium domain
wall width for a given gradient magnitude. Initializing our spin-state profile at the equilib-

rium domain wall width stabilizes the domain wall on short timescales and elongates the
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overall spin lifetimes. For small positive differential potential gradients, the experimentally

determined equilibrium domain wall width agrees with hydrodynamic predictions.
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Figure 5.12: False colour plots of the spin diffusion of domains in G = 16 Hz/mm prepared
with a) Ag = Aeq = 109 pm and b) Ao = 69 pm < Aeq. ¢) The dipole moments of a) and
b). When prepared at the equilibrium domain wall width, domains show slightly longer
lifetimes.
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Chapter 6

Conclusion

In this thesis, we have examined the effects of domain wall width on the diffusion of a
two-domain pseudo-spin configuration of a non-degenerate gas of Rb-87.

We began by discussing the relevant theoretical background of spin diffusion in Rb-87.
Chapter 2 presented the fine and hyperfine energy level structure of Rb-87 and presented the
states comprising the pseudo-spin doublet studied in this work. During spin collisions, the
ISRE rotates spins about their mean spin. The spin diffusion in our experiment, including
the effects of the ISRE, is described by the quantum Boltzmann equation.

In Chapter 3, the experimental procedure was outlined. First, methods of trapping and
cooling were discussed. Next, we showed how spin states are prepared in arbitrary geometric
configurations. Finally, procedures for image processing and extracting longitudinal spin
measurements were described.

Differential potentials can have major effects on spin diffusion, so the control and mea-
surement of them is very important. This was discussed in Chapter 4. Ramsey interfer-
ometry allows us to measure the differential potentials acting on the atomic cloud. A flat
differential potential can be found at the cancellation spot, where the Zeeman shift and the
mean-field shift approximately cancel. More complex differential potentials can be created
using a Stark shift laser reflected from a DMD.

The results of our simulated and experimental studies were presented in Chapter 5. All
work presented here looks at the effects of domain wall width on the spin diffusion of a
non-degenerate bosonic atomic gas prepared in a two-domain configuration with a coher-
ent domain wall. First, the spin diffusion dynamics in a uniform differential potential was
investigated at domain wall widths from 50 pum to 200 pm. When prepared with larger
domain wall widths, the resulting spin waves were shown to have slower oscillations and
decay rates, due to the lowered transverse spin gradient across the domain wall leading to
adiabatic following of local spin through ISRE collisions. Next, we examined spin diffusion
dynamics in the presence of a linear differential potential gradient. In a linear differential
potential gradient, the spin domains show a decaying steady state solution with transient

oscillations about the steady state. Analysis of the dynamics at various domain wall widths

54



show that at some intermediate domain wall width the decay rate of the transients reaches
a maximum, while at a similar width the decay rate of the domains reach a minimum. This
is inline with predictions. Results in uniform and linear potential gradients both deviated
significantly from analytic approximations for the hydrodynamic limit. Lastly, equilibrium
domain wall widths for various positive linear differential potential magnitudes were deter-
mined by analysis of domain wall relaxation rates on short timescales. The results show
reasonable agreement with analytic predictions when domain wall widths are large. The
results presented in this thesis expand our knowledge of the role ISRE plays in spin-wave
dynamics and provide a better understanding of how one can optimally control spin diffusion
by adjusting initial domain wall widths. This work is applicable to quantum technologies
that require precise control and transport of spins.

In future experiments, the effects of domain wall width could be further explored at
higher atomic density, for better comparison to hydrodynamic approximations. Analysis
of the spin dynamics in linear differential potential gradients could be improved by de-
termination of a better physically motivated model to fit dipole moments, or by studying
smaller gradients (G ~ 10 Hz/mm), as the smaller transients produced would allow for
better fits to the existing model. Also, our ability to extend spin domain lifetimes could
be investigated further. For example, since magnetization decreases over time, one could
apply stabilizing linear differential potential gradients that vary with time, according to
the time-evolving magnetization, to continually stabilize domains and increase lifetimes.
Further, experiments to understand the spin dynamics of different geometries can be con-
sidered. Studies of a 3-domain system are currently ongoing. These studies could also be
expanded to higher n-domain configurations. There are a vast range of other unique spin
geometries that have yet to be explored that may continue to advance our knowledge of

quantum dynamics in atomic systems.
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