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Abstract

Realizing and probing driven quantum systems with ultracold gases
by

Shankari Vani Rajagopal

Ultracold quantum gases offer a versatile platform to study a wide range of open questions
in condensed matter physics and beyond. In particular, their controllability, isolation
from noisy thermal environments, and evolution on experimentally-accessible timescales
make them a natural choice to probe the effects of driving on time evolution and energy.
This thesis details the construction of two cold-atom apparatuses, a lithium machine and
a strontium machine, for quantum emulation experiments studying driven systems. Ini-
tial numerical simulations along two experimental lines are briefly discussed, and results
from the first two experiments on the strontium machine are then presented. In the first,
a strontium Bose-Einstein condensate in an optical trap is strongly driven to emulate ul-
trafast photoionization processes; in a series of proof-of-principle experiments measuring
the momenta and energy of particles ejected from the trap, we demonstrate the viability
of this technique to study open questions in strong-field physics. The second experiment
realizes a tunable quasicrystal, the energy structure for which is described by the multi-
fractal Hofstadter butterfly. Quasiperiodic structures host not only phonons, but also a
higher-dimension analogue called phasons. In the experiment, we demonstrate phasonic
spectroscopy for the first time by directly driving one of these modes; we characterize the
coupling to the resulting excitations, and directly map a slice of the Hofstadter energy

spectrum.

xi
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Chapter 1

Introduction

We choose to cool atoms. We choose to cool atoms in this lab and do the
other science, not because it is easy, but because it is hard, because that goal
will serve to organize and measure their energies...

-John F. Kennedy, probably

Atoms were first predicted to condense into a degenerate state at cold temperatures
in the mid 1920s. The technological progress, spectroscopic measurements, and advance-
ment of cooling techniques that followed in the next 7 decades facilitated the experimental
observation of that effect: the creation of a Bose-Einstein condensate [1, 2] and then a
degenerate Fermi gas [3]. In the following years, a great deal of effort went into studying
and understanding the properties of these states of matter on a fundamental level.

The focus of cold atom experiments then saw movement away from studies of the
degenerate gases, and towards using them as tools to study more complicated systems in
condensed matter physics. To me, that this shift occurred is hardly surprising. A funda-
mental part of a physics education involves learning to look at a difficult system, ignore
many of the more complicated aspects of it, and then write down a toy model to better
understand the problem. Invariably, we find throughout this education that these toy

models are invaluable; they do not capture all of the physics, but they often capture the
1
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important physics, and we can grasp much of the fundamental behavior of the system by
studying them. Cold atoms are great experimental toy models for many-body condensed
matter systems: they offer extremely precise control over the fundamental elements of
more complicated structures (numbers, densities, spins, and interaction strengths of par-
ticles, and dimensionality and tunability of potentials) while conveniently offering respite
from the rather gruesome effects of defects, disorder, and coupling to the environment.
Additionally, once they are built, cold atom experiments are remarkably versatile, allow-
ing a wide range of experiments to be set up and broken down around them over many
years. Using cold atoms in this manner has been dubbed “quantum simulation;” its uses
have recently evolved to include noisy intermediate-scale quantum (NISQ) information

science, which explores many-body quantum physics without extreme limits on fidelity.

1.1 Quantum Simulation with Neutral Atoms

Quantum simulation has seen much success in several fields of condensed matter. The
observation of the superfluid-Mott-insulator transition [4] allowed the study of a quantum
phase transition predicted in solids, and the relative ease and low energy densities of cold
atoms systems made it relatively straightforward to study Bloch oscillations in an optical
lattice [5]. The ability to realize both random and quasiperiodic disorder in optical lattices
made it possible to study Anderson localization in a very controllable way [6]. Recently,
with the advent of quantum gas microscopy, several groups have been studying magnetic
ground states by looking at spin correlations [7, 8, 9, 10, 11]. The advent of degenerate
Fermi gases made it possible to observe the BEC-BCS crossover, which paved the way to
the study of strongly-correlated Fermi gases and exotic superconducting behavior [12].

Quantum simulation has even expanded into the study of quantum chemistry [13].
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1.1.1 Driven systems

One of the most exciting developments of the past few years has been a rising interest
in driven systems- what happens to a physical system when it is periodically driven in
various regimes. These phenomena are often described by Floquet formalism, and there
are a number of general questions that naturally arise: does driving a system give rise
to dynamical phases that are otherwise unstable? What does it mean for these driven
systems to thermalize, since broken time-translation symmetry leads to lack of energy
conservation?

In our lab, we have constructed two cold atom machines over the past several years,
a lithium machine and a strontium machine. The lithium machine has been recently
focused on using Floquet engineering to study and modify the band structure of optical
lattices, and to explore prethermalization: a metastable phenomenon induced by driving
prior to thermalization. The strontium experiment, which has been my primary scientific
tool during the latter part of my graduate career, has focused on two different exper-
imental lines, both of which try to use driving to answer questions which are difficult
for condensed matter physicists to address. The first involves open questions in ultra-
fast (strong-field) physics, where extremely fast timescales (O(1071® — 10715 5)) makes
it technically challenging to answer questions regarding, for example, the timing of tun-
neling ionization and the momenta of ionized electrons. The second involves excitations
and spectral features of quasicrystals, which are incompletely understood and difficult to
study in a solid-state context. It is fitting that the toolbox of cold atoms can be used to
spectroscopically probe exotic quantum systems, since the spectroscopic developments of

the mid-20th century laid the foundation for the development of that toolbox.

1.2 Dissertation overview

This thesis is divided into 9 chapters and 13 appendices under the following framework:
3
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1.2.1 Chapters

Chapter 2 contains a general overview of some theoretical ideas relevant to atomic
cooling and lattice experiments. It is meant to be a quick reference and in no way contains
complete descriptions of any topic. Chapter 3 details specific atomic properties for both
lithium and strontium, including level diagrams, scattering properties, and an overview
of cooling sequences. Chapter 4 is split into two main sections. The first details design
and construction of the lithium machine, and the second goes into each cooling stage
of lithium from the oven to BEC, including experimental parameters. Chapter 5 is
split into two main sections. The first details design and construction of the strontium
machine, and the second goes into each cooling stage of strontium from the oven to
BEC, including experimental parameters. Chapter 6 presents some early numerical
simulations of the experimental lines we eventually follow. Chapter 7 details the results
of our first strontium-based experiment emulating ultrafast physics, as well as some future
directions for that project. Chapter 8 is essentially a preprint of a forthcoming paper on
phasonic spectroscopy of a tunable quantum quasicrystal. It also includes discussion of
future directions at the end. Chapter 9 discusses other future research goals for which

we have been laying groundwork on the strontium machine.

1.2.2 Appendices

Many of the appendices will only be useful to members of the Weld Lab. Appendix A
contains notes on UHV cleanliness and assembly of CF flanges. Appendix B is a
compilation of best practices for water bakes, which we have learned and assembled over
8 of them. Appendix C discusses our lab infrastructure: temperature control, water
and electric plumbing, magnet winding, and other things of that ilk. Appendix D
includes calculations for the atomic polarizability of strontium and magic wavelength

calculations. Appendix E contains some notes on lattice instability issues we had,

4
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and how we mitigated them. Appendix F briefly discusses a couple of techniques
to set up an imaging system and align lattices. It also includes images from each of
our diagnostic cameras, with labels indicating their direction/rotation. Appendix G
contains technical drawings for both machine main chambers and all surrounding custom
optical breadboards. Appendix H shows the AR curves for viewports that are on
attached to the machines. Appendix I includes technical drawings for several custom
parts I designed for the machines. Appendix J is the result of a day-long discussion with
a scientist at Pacific Laser Equipment, detailing how to operate their waveplate rotators.
Appendix K discusses what happened when our chiller failed in November 2018, and
what we did to diagnose and fix it. Appendix L is a visual guide to the machine,
intended for an incoming student to help them find their way around. Appendix M
includes much of the information I have gathered from working with the strontium SHG
461 nm laser over the past seven years, including when to switch out desiccant, how to

realign and reoptimize the cavity, and what to do when it’s generally making you sad.

1.3 Permissions and Attributions

1. Much of the theory included in this dissertation was adapted from Atomic Physics
by Christopher Foot [14], Bose-Einstein Condensation in Dilute Gases by C.J.
Pethick and H. Smith [15], Advances in Atomic Physics by Cohen-Tannoudji and
Guery-Odelin [16], and course notes from 8.421 at MIT [17].

2. Many of the experimental parameters for the lithium machine came from Zachary

Geiger’s and Kevin Singh’s theses [18, 19].

3. The theses of Florian Schreck |20| and Simon Stellmer [21] were reference guides

when we were building the machines, and remained so as I wrote this.

4. The content of Chapter 6 is the result of a collaboration with Cora J. Fujiwara,
5
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Ruwan Senaratne, Kevin Singh, Zachary A. Geiger, and David M. Weld, and has
previously appeared in Annalen der Physik. It is reproduced here with the permis-

sion of http://wileyrights.gms.sg/wiley content.php.

5. The content of Chapter 7 is the result of a collaboration with Ruwan Senaratne,
Toshihiko Shimasaki, Peter E. Dotti, Cora J. Fujiwara, Kevin Singh, Zachary A.
Geiger, and David M. Weld, and has previously appeared in Nature Communica-
tions. It is reproduced here with the permission of SpringerNature:

http://nature.com/reprints/permission-requests.html.

6. The content of Chapter 8 is the result of a collaboration with Toshihiko Shimasaki,
Peter E. Dotti, Ruwan Senaratne, Mantas Raciunas, André Eckardt, and David M.
Weld.

7. The content of Appendix D is the result of a collaboration with Alexandre Cooper-

Roy and Ruwan Senaratne.



Chapter 2

Some General and Relevant Theory

This chapter is certainly not meant to replace any number of excellent textbooks; rather,
it includes a (very) bare minimum set of ideas I found important to getting started in
AMO research. It is meant as a quick reference for the scientific and experimental content
of Chapters 3, 4, and 5, chapters in which I try to keep equations to a minimum. It follows
content from Atomic Physics by Christopher Foot [14], Bose-Einstein Condensation by
Pethick and Smith [15], and notes from my undergraduate AMO course [17], into all of

which I highly recommend diving.

2.1 Atoms

In order to cool and manipulate internal and external atomic degrees of freedom, one must
first know some things about atoms. These things include, but are not limited to, internal
states and level structure, Zeeman shifts, scattering, and properties at degeneracy. This
section is intended as a brief and general overview of these topics; any discussion specific

to lithium or strontium may be found in Chapter 3.
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2.1.1 Internal states and level structure

In order to calculate wavefunctions, we need to solve the Schrodinger equation:

2
( gy vm)w = By (2.1)
In undergraduate quantum mechanics, we learn to solve this equation for the hydro-
gen atom and perhaps the helium atom because the potential V' (r) takes rather simple
forms. However, it becomes impossible to analytically solve the Schrodinger equation
for more complicated atoms due to nuclear screening and more complicated electron-
electron interactions. Instead, since we typically work with alkali or alkaline earth atoms
in AMO experiments, we use the hydrogenic or helium-like wavefunctions as ansatzes to
numerically solve for the eigenenergies of more complicated atoms.

Recall that the hydrogenic wavefunctions, tensor-producted with the electronic spin,

take the form

b = Ry (1)Yim, (0, 9)|5 ms) (2.2)

defined by quantum numbers n (the principal/motional state), 1 (the orbital angular
momentum), S (the spin angular momentum), and m,; and m; (the projections of 1 and s
along the z-axis). We can consider the approximation that the nucleus and the electronic
spin do not interact; this is called the central field approximation, and we can use it to
calculate the non-spin part of ¥, Rz, ;Y ,,, without use of any perturbation theory. Under
this central-field splitting, states are then identified only by quantum numbers n and 1.
NB: we typically use L? = h2(I + 1) and S* = h%s(s + 1) in notation instead.

We can then consider the effects of spin-orbit coupling, which arises from the fact
that charged particles with angular momentum have a magnetic dipole moment. The
proportionality constant between the angular momentum o« (o« = L, S, ...) and the
resulting dipole moment is typically referred to as the Lande g-factor, g,. The spin-orbit

coupling Hamiltonian H,, o< L-S. In the process of calculating the resulting energy shifts,
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it is useful to define quantum number J = L+S, the total angular momentum, which may
take various values depending on the magnitudes and relative orientations of L and S.
The energy splittings between different J-values are called fine-structure splittings. Each
J state has (2J+1) possible projections m, which are degenerate without a magnetic
field. L, S, J, and m; are good quantum numbers in the LS-coupling scheme, and states
may be written in Russell-Saunders notation: n**!L;.

It is worth briefly noting that there are some cases where the spin-orbit interaction
cannot be treated as a perturbation on the central-field energy; such is the case with
many heavier atoms like dysprosium. The energy levels of such atoms must be described
using different coupling schemes, such as jj-coupling.

We can go one step further and consider interactions between J and the nuclear an-
gular momentum, I, for which the Hamiltonian Hyrg = AI - J where A is the hyperfine
constant. In the process of calculating the hyperfine energy shifts, it is useful to define
another new quantum number, F = I + J; the various values of I’ represent splitting of
the fine structure manifold into hyperfine structure; each F' splits further into (2F+1)
projections mp which are degenerate at zero field. Good quantum numbers in the hyper-
fine coupling scheme include I, J, F', and mpr. We typically only consider one species at
a time, so I is constant. We refer to the J quantum number (the fine-structure manifold)
using Russell-Saunders notation, and simply write states in the basis |F, mp).

There are a number of other level shifts in atoms: relativistic corrections to the
electronic kinetic energy, the Lamb shift (due to interactions with the vacuum energy),
the Darwin term (due to an effective potential from the uncertainty in electron position),
the quantum defect (due to effective shielding of the nuclear potential from inner-shell
electrons), and isotope shifts (due to changes in the nuclear mass and resulting changes
of the finite nuclear size). These shifts are discussed in detail in a number of sources far
better than this one.

The descriptions of the forest of internal electronic states is very useful to understand

9
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atomic energy splittings from a qualitative perspective. However, since calculations of all
of these splittings are based on wavefunctions which become more and more approximate
as the atomic number increases, we expect the calculated energies to deviate from the
actual energies. For lithium, strontium, and any other atom one might wish to cool, we

depend on empirical measurement to ascertain the full energy spectrum.

2.1.2 Zeeman shifts

Many of the splittings above resulted from interactions between the atom and its inter-
nal magnetic fields. The Zeeman effect, in contrast, describes energy splittings due to
interactions between the atom and an external magnetic field B. Fine structure Zeeman
splitting arises from interactions between J and B; in the low-field regime, where the

Zeeman splitting is smaller than the fine splitting, the energy shift for a state m is given

by
Ezprs = grmsupDB, (2.3)

where pp is the Bohr magneton and g; is the Lande g-factor associated with the J

manifold:

_§+S(S+1)—L(L+1)
=75 2J(J + 1)

(2.4)

We can similarly consider hyperfine structure Zeeman splitting, arising from interactions
between F' and B; in the low-field regime, where the Zeeman splitting is smaller than

the hyperfine splitting, the energy shift for a state mpg is given by

Ezpurs = grmpupB, (2.5)

10
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where pp is the Bohr magneton and gp is the Lande g-factor associated with the F

manifold:

F(F+1)—-II+1)+J(J+1) FF+1)+I(I+1)—-J(J+1)
2F(F + 1) o1 2F(F + 1) '

gr = gj (2.6)

If the coupling between the external field and fine states (hyperfine states) becomes
large enough to disrupt coupling between L and S (I and J), the splittings become
very different. Due to that decoupling, |J,m;) (|F,mp)) are no longer good quantum
numbers, and we instead need to use |mp,mg) (|mr,my)). This is called the Paschen-
Back effect. We will find that this regime becomes relevant for lithium in the presence
of magnetic fields which cause Zeeman shifts larger than the hyperfine energy splitting

of 800 MHz.

2.1.3 Scattering
Background scattering lengths

Evaporative cooling is driven by elastic collisions between atoms, the rate of which is set
by the atomic scattering cross section. Atomic scattering between two colliding particles
reduces to a single particle with reduced mass scattering off of the molecular potential of
the two atoms. We treat this particle as a scattered wave with incoming and outgoing
components:

ezkr

_ _ikz
Y=+ f0)—

(2.7)

where f(0) is the scattering amplitude and k is the magnitude of the scattering wave
vector.

At long range (r — o0), the only effect of the potential on the wave is an overall
phase shift §; relative to a wave scattered off of a point. We can treat the complicated

molecular potential, then, as a hard sphere with radius a which induces the same phase

11
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shift as that potential. If the potential is treated isotropically in the radial dimension,
we can expand the wavefunction of the scattered particle in terms of axially-symmetric
states:

Y= Z ArPi(cos O)ug (r) (2.8)

=0

where [ is the partial-wave angular momentum and ug/(r) is some radially-symmetric
wavefunction which includes the phase shift. We can plug this ansatz into the radial

Schrodinger equation

d? 2d 5 ll+1) 2m
4 i A L e A — 9.
(d?”2 + - dr + k 7”2 h2 V(?")) ukl(r) 0 ( 9)

and solve for f(#) to find the scattering cross section.

If I > 0, we see that there is an additional centrifugal potential barrier in the
Schrodinger equation. This implies that for low-energy collisions, the scattering wave-
function will reflect off of this barrier without any phaseshift. Thus, at the low energies
found in cold atom experiments, the only significant cross-section contributions come
from s-wave ([=0) scattering.

The effective hard-sphere radius a which gives rise to phaseshift J, is defined as the

scattering length

. 6o(K)
a= —]161_% o (2.10)

and the scattering cross section for indistinguishable particles is calculated to be o =

8ma?.

A full and excellent treatment of the scattering problem may be found in [15],
among other great resources; Ruwan Senaratne also includes a nice treatment of it in his
thesis [22].

A positive scattering length denotes repulsive interactions while negative a denotes

attractive interactions; note that the scattering rate, dependent only on cross section

o, is the same for attractive and repulsive interactions as long as the magnitude of a is

12
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Excited molecular
potential well

¢ — function potential —— Molecular

— Molecular potential potential well

==~ Incident energy

==~ Incident energy

Figure 2.1: a: Non-resonant scattering. The incident waves are depicted after scattering
off of a d-function at r=0, compared to scattering off a molecular potential. At large r,
the only difference is a phase shift. b: Resonant scattering due to a Feshbach resonance.
In the drawing, the incident energy of the scattering wave is resonant with a bound state
of a higher-lying molecular potential, which can be tuned via a B-field.

the same. Background scattering interactions between particles give rise to an overall
effective potential in an atomic cloud. This potential, termed the “mean-field” potential,
is dependent on the atomic density n and scattering length a at low energies, and gives

rise to an expansion of the cloud size in the case of repulsive interactions:

8h2
Uyp = 229 — o (2.11)
m

The mean-field interaction can lead to instability of the cloud size or formation of a

soliton for attractive interactions |23].

Feshbach resonances

This discussion so far has been relevant to the calculation of background scattering rates,
and I noted in the previous section that the molecular potential of the two colliding
particles can often be simplified to a hard-sphere potential. There are cases where this

is not true; one of the most useful exceptions occurs when an excited-state molecular

13
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potential has a bound state close to the energy of the colliding atoms. The atoms virtually
enter the bound state to form an excited molecule before decaying back to free atoms;
during this process, the accumulated phaseshift can be very large. The relative energy
of that bound state can be tuned through zero by using a magnetic field.

The functional form of a Feshbach resonance is given by

A
B) = 1-— . 2.12
B = (1- 525 ) (2.12)
This means that as a function of B, we can tune a from —oo to +oo. The functional

form is approximate, and describes the scattering length very well near the resonance

but less well away from it. For an example of this, please see Fig. 3.3.

2.1.4 Bosonic degeneracy

This subsection contains a brief overview of properties of bosonic quantum gases. It does
not touch on degenerate Fermi gases; however, most good AMO texts, as well as the

Schreck thesis [20], have excellent discussions about both bosons and fermions.

Non-interacting Bose gases

Bosons can all occupy the same energy state, unlike fermions. This fact may be used
to derive the Bose-Einstein distribution, the mean occupation number of a state with
energy e:

1
Joe(e) = G —7

(2.13)
i here is the chemical potential, which is determined by the total number of particles N
and the temperature T. We can also determine the density of states for an anisotropic

3-d harmonic oscillator with frequencies (w, wy, w.), which is a good approximation for

a crossed optical dipole trap:

1
V= §m(w§x2 + wiy? + w?z?). (2.14)
14
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The density of states with energy less than ¢ is given by

52

g(€) (2.15)

T WPwwpws
We can use this to calculate the transition temperature to a Bose-Einstein condensate
(BEC), which is the highest temperature at which we should be able to observe macro-
scopic occupation of the ground state. The transition temperature is the temperature at
which all of the particles can be accomodated in excited states. Since we want to be able

to add a particle without additional energy cost, we set p =0 and use

&0 1
N = /0 deg(e) e —1 (2.16)
to find
A(wgpwyw, ) /EN/3
kTo = ROE (2.17)

where ( is the Riemann zeta function. The critical transition temperature for Bose-

condensation of “Li in our 3D anisotropic harmonic trap, assuming 2 x 10° atoms, is
around 700 nK; the critical transition temperature for Bose-condensation of ®4Sr in our
3D anisotropic harmonic trap, assuming 8 x 10% atoms, is around 150 nK.

Eq. 2.17 can be usefully recast to write the fraction of total atoms in the ground band:

% =1- (%)3 (2.18)

It is useful to introduce the de Broglie wavelength ApB* = (2nh/mkgT)??, which can
be thought of as a metric of density in momentum space. This can be combined with

the density in real space to give the phase space density n,
p=npg, (2.19)

which is of order unity at the BEC phase transition.
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Interacting Bose gases

It is possible, in some atoms with very low or tunable scattering lengths, to have a
BEC which is non-interacting. However, it is much more common for the atoms in
a BEC to interact, giving rise to superfluidity. It is simplest to treat the interacton
between particles, to Oth order, using a mean-field approach (see Eq. 2.11). That equation
describes mean-field interactions in momentum space (as a constant), but may be recast
in real space as a contact interaction: Uy pd (7 — 7’7) for particles at 7 and 7. This term
can be added to the Hamiltonian with the density recast in terms of the wavefunction
(n(7) = |¢(7)[*), and used to write the time-dependent Schrodinger equation. With the
proper choice of global phase of the wavefunction, this simplifies to the time-dependent

Gross-Pitaevskii equation (GPE):

() = (— 7 G2 V() + gW)P)w(f) (2.20)

2m
where p is the chemical potential. This equation can be simplified yet further if we make
the approximation that the mean field energy is much greater than the kinetic energy;
this is known as the Thomas-Fermi approximation, and is valid for sufficiently large, cold

clouds. The solution to the GPE is then simply

L Veat (T)
n(r) = Yy (2.21)

which shows that the boundary of the cloud is simply set by u = V... Since our traps
can often be approximated by harmonic potentials, this sets a Thomas-Fermi radius:
R} g = 2p1/mw?. We can solve for yu using the constraint that the integral of the density
over all space is equal to the total number of atoms, finally giving a Thomas-Fermi radius

in direction i:

(2.22)
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where a is the scattering length and @ and @ are the geometric means of a; = (h/mw;)'/?
and w; along each trap direction. This spatial extent is useful to calculate how interaction

rates are affected by various densities and trap geometries.

2.2 Atom-Photon Interactions

Many cooling processes are driven by atom-photon interactions, which allow us to con-

L' The photons relevant to

trol both internal and external atomic degrees of freedom.
our experimental work are typically monochromatic, but their frequencies range from
microwave/RF to optical. Light interacts with neutral atoms in one of two ways. The
first is radiative: atoms can absorb and spontaneously emit light if the photon energy is
near an optical transition. The first three subsections are dedicated to these dissipative
processes which can be used for cooling. The second is a conservative interaction arising
from atomic dipole moments induced by external fields; the resulting interactions be-
tween the dipoles and the fields themselves can create conservative trapping potentials.
The rest of the section will discuss these types of interactions.

The basics of radiation interacting with a two-level system—Fermi’s Golden Rule,
electric field perturbations, the rotating wave approximation, Einstein A and B coef-
ficients, Rabi oscillations, and the optical Bloch equations—are typically treated in a
course at some point during an undergraduate and/or graduate physics education; I
leave it to the reader to familiarize themselves with those ideas, as they are the bedrock
on which AMO physics stands (and they’re fun to learn about!). In this section, I instead

will provide a few definitions for experimentally-relevant parameters, and then discuss

cooling methods.

IUnderrated band name.
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2.2.1 Optical transitions

Every optical transition between two states has a well-defined natural linewidth which
is related to the lifetime of the excited state prior to decay to the ground state. This
lifetime, 7, is fundamentally set by spontaneous emission; the coupling of the state to
vacuum modes is dependent on the atomic transition frequency as well as the frequency
and polarization of the emitted photon. Since the lifetime of the excited state is finite,
there is uncertainty of the energy difference between the ground and excited states.
This results in natural radiative broadening of the transition frequency into a Lorentzian
lineshape. We call the width of this Lorentzian the linewidth, I'.

It is useful to define a saturation intensity, I. It is useful to think about this in
a schematic way; imagine a beam of monochromatic radiation impinging on a slab of
atoms in a direction z. This light will be attenuated as it permeates through the slab:

dl

— = —k(w)(w). 2.23
= (W) I(w) (2.23)
k is determined by absorption and emission at rates set by the optical cross section and
spontaneous emission. Iy, is the impinging intensity (at the atomic resonance frequency)

which causes x to attenuate by a factor of two; it is given by

mhe

ey (2.24)

Isat =

for resonant transition wavelength \.

We now know some quantitative properties of the transitions. By standing on the
shoulders of spectroscopic giants of decades past, we know the absolute frequency of
light needed to drive a given transition. From the linewidth, we know how precise that
frequency needs to be to drive the transition, and approximately how much optical power
will be necessary to do so efficiently. We can use these tools to buy or build appropriate

monochromatic light sources (lasers or RF sources), and begin to laser-cool our atoms.
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2.2.2 Radiative trapping and cooling

There are a number of radiative cooling techniques which have made it possible to achieve

atomic temperatures in the K regime. The most ubiquitous of these is Doppler cooling.

Doppler cooling

If an atom in the lab frame is traveling with some velocity v and interacts with radiation
at frequency wy, in the atomic frame of reference, the light will be Doppler-shifted to
w' = wy — kv where k is the radiation wavevector. We can use this fact to our advantage,
detuning the light by exactly § = —kv (red detuning) such that an atom traveling towards
the light will see a resonant frequency.

Radiation carries momentum. It follows from momentum conservation that absorp-
tion and emission events involve momentum exchange between the photon and the atom,
and this momentum exchange can exert a force on the atoms. The total force which can
be exerted depends on the momentum of the photons, hk where k is the wavevector, as

well as on the spontaneous scattering rate:

r I/10
Fsca, = hk— .
" 21+ 1/1,q +452/T2

(2.25)

The maximum force imparted to the atoms by spntaneous scattering events is F,q. =
hkD' /2, which defines a maximum radiative acceleration (or deceleration) based on New-
ton’s Second Law,

hkD
- 2.26
5 (2.26)

amax
When an atom spontaneously emits a photon, it does so isotropically in space. However,
because we have red-detuned the radiation, we have velocity-selected the atoms which
see the light as resonant such that they preferentially recoil against their direction of

motion. This effectively slows the atom by the recoil velocity, v,.. = hk/m, for every

scattering event. Because scattering rates scale as I', which is typically in the range of
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1 MHz for alkali atoms, this cooling can be quite effective.

The spontaneous emission of the photon occurs isotropically, implying that the emis-
sion process does not impart any mean velocity to the atom. However, the mean squared
velocity is nonzero, and scales with the number of scattering events. This leads to a
fundamental limit on Doppler cooling: Tp,,, = hl'/2kp.

Doppler cooling can be very effective in optical molasses configuration, shown in
Fig. 2.2a, with 3 standing waves of red-detuned light in all the three Cartesian dimensions.

The resulting force on the atoms can be written

dFsca
Fmolasses ~ _2#1{7} = —Qv. (227)

In this form, it becomes clear that the light is acting as a damping force on the atom.
Since the light is cooling the atoms, the velocity distribution gets shifted to lower
velocities. This raises an issue with this cooling technique: once the atoms are slowed,
the Doppler shift changes and the atoms are no longer resonant with the light. Two
approaches are often used to overcome this. The first is chirped cooling, which requires
fast sweeps of the frequency detuning and is only effective on atoms which arrive at
the slower at the appropriate time. The second (more common) method is to hold the
detuning constant and use a spatially-varying Zeeman shift to compensate the changing
Doppler shift. The velocity of the atoms which start at v,,., at z =0 and end at 0 m/s

under constant acceleration a is given by

0(2) = Vs (1 2z )1/2. (2.28)

)
/UTILU,CE

However, we do not typically need to slow atoms all the way to 0 m/s, but only to a

reasonable capture velocity for a magneto-optical trap (typically around 50 m/s):

0(2) = (Vs — ) (1 - L) R (2.29)

We typically assume that the acceleration a is @40/2 OF Gpas/3 to provide a safety
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0 Z

Figure 2.2: a: Red-detuned light in three standing waves along Cartesian dimensions
creates an optical molasses. b: A magneto-optical trap is created by using a linear field
gradient (from anti-Helmholtz coils) and optical molasses with red-detuned circularly-
polarized light.

factor for the slower length. The functional form of the magnetic field B(z) needed to

compensate this shift is
luB(giTm/J - ngJ)(B(Z) - Bbias) = k”U(Z) (230)

at which point solenoids can be designed to match this design field as closely as possible.

Magneto-optical traps (MOTs)

Doppler cooling is a very efficient cooling technique, but is not enough by itself to trap
atoms. A trap is simply a spatially-varying energy. This is excellent news, because we
can use the Zeeman effect to our advantage once more. We need to create a magnetic
field gradient, such that B is zero at the trap center and increases linearly outwards in
space. This is possible to achieve by using two coils in anti-Helmholtz configuration,
where the coil separation z is equal to the coil radius r. This creates a quadrupolar field,
with confinement twice as strong along the z-axis as along x or y. Along any direction,
the field, and therefore Zeeman energies, change linearly in space (Fig. 2.2b). Now we can

preferentially address Zeeman sublevels by using red-detuned circularly-polarized light:
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Figure 2.3: a: Raman transitions for a A scheme. b: Sisyphus-like cooling in the Raman-
dressed atom picture.

the light is only resonant with the atoms at a certain radius from the trap center which
are traveling with a certain velocity. Since the force exerted on the atoms is dependent
on both position and velocity, the MOT allows simultaneous trapping and cooling of the
atoms. Using 6 beams to create an optical molasses in the presence of the anti-Helmholtz
field allows us to form a 3d magneto-optical trap, the temperature of which is limited by

the Doppler limit.

Sub-Doppler cooling

There are various ways to get around the Doppler cooling limit, including Sisyphus
(polarization gradient) cooling. Here I will briefly discuss gray molasses, which works
extremely well for alkalis which do not have a well-resolved hyperfine structure. It was
first demonstrated for lithium in 2013 |24, 25].

Gray molasses utilizes Raman transitions, two-photon transitions involving simulta-
neous absorption and stimulated emission by an atom. A A scheme is shown in Fig. 2.3a;
there are two ground states and an excited state, with allowed optical transitions 1 — 3
and 2 — 3. Intense beams of opposite polarizations form polarization-gradient standing
waves in three dimensions. They are set at a blue detuning from the transition frequency
which is large compared to the transition linewidth; this light induces a coupling between

each ground state and the excited state. We can consider these states in a dressed-atom
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picture, accounting for photon coupling. The excited state 3 is unperturbed, but other
two states are now orthogonal superpositions of the ground states, once of which couples
to the light and one of which does not. We call the former the bright state B, and the
latter the dark state D. The bright state sees a pronounced spatially-dependent light
shift, while the dark state does not. The energy levels are shown in Fig. 2.3b. This
system now behaves very similarly to Sisyphus cooling. Since the bright and dark states
are not eigenstates of the kinetic energy operator, they are allowed to weakly couple to
each other; this effect is most pronounced at bright state energy minima. Two-photon
transitions from the bright state to the dark state are only allowed near bright state
energy maxima, due to the polarization gradient. The end result is that the atoms have

to climb potential hills, losing kinetic energy in the process.

2.2.3 Magnetic trapping and cooling

Creating a magnetic trap for low-field-seeking states involves making a magnetic field
gradient which increases in magnitude away from the trap center. Historically, this has
been done using a variety of traps: loffe-Pritchard traps, TOP traps, QUIC traps, etc,
each with pros and cons. We accomplish this using two coils in anti-Helmholtz config-
uration, which creates a linear gradient. The spatial distribution of atoms in this trap
can be approximated as a Gaussian, but actually deviates slightly; the Fujiwara thesis
details the functional form of the atomic distribution. Once the atoms are trapped, it is
common to perform forced evaporative cooling from the trap by inducing RF transitions
to antitrapped states. However, evaporative cooling depends on atomic thermalization,
and there are a number of loss processes with which the elastic scattering rate has to
compete.

Atomic momenta and scattering lengths can be used to calculate the scattering cross

section o; the momenta in a magnetic trap typically take the form of a distribution based
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‘ Collision type ‘ Dependence on density ng
Background collisions 1
Majorana spin-flips ng
Elastic collisions n3
Spin-exchange collisions ng
Dipolar relaxation ng
Three-body spin exchange ng

Table 2.1: Collisions in the magnetic trap

on temperature. The elastic scattering rate then follows from the atomic number density

N, temperature T, and magnetic field gradient G:

3
I, = - (gme“BG> o)y ) 2FeT (2.31)

e = 327 kgT m

This scattering rate needs to compete with inelastic processes: background losses, dipolar
relaxation, spin-exchange collisions, and 3-body losses. A comparison of the dependence
of each loss rate on density is given in Table 2.1. Background gas collisions are indepen-
dent of density, and we can work in extremely good vacuum to try to mitigate this. We
can minimize spin-exchange collisions by working in a stretched state, and since three-
body losses go as nJ, we can work at densities at which they are suppressed. Dipolar
relaxation is the dominant loss process, but we have found that our evaporation proceeds
smoothly at the densities we use.

The other large loss rate comes from Majorana spin flips. One of the negatives of
using a quadrupolar field is that the magnitude of the field goes to zero at the trap center.
Since there is no well-defined quantization axis, atoms are free to make non-adiabatic
transitions to magnetically-untrapped states. We can mitigate these loss processes by

shining a blue-detuned “plug” beam to repel atoms from the center of the trap via the

AC Stark shift, which will be discussed in Section 2.2.4.
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2.2.4 Optical trapping and cooling

This discussion will refer to the excellent treatment in [26] regarding dipole forces in
optical traps.

Any monochromatic light field carries with it an oscillating electric field with magni-
tude E at some frequency w. We can model the atom as an oscillator; the external field
will induce a atomic dipole moment which oscillates at w with a strength proportional

to E:
d=akF. (2.32)

The proportionality constant, «, is called the complex polarizability of the atom, and in
general depends on w. The real part of alpha is proportional to the potential energy of
the atom in the light field, while the imaginary part is proportional to the spontaneous
scattering rate of the atoms in the light field. The interaction between d and E results in
a potential proportional to their dot product; this can be rewritten in terms of the light
intensity I

1

Ugip =
P 2ec

Re(a)l. (2.33)
The spontaneous scattering rate may be written as
Ise = —Im(a)l. (2.34)

The polarizability can be calculated by modeling the atom as a two-level quantum system
interacting with a classical field, and is dependent on a damping I" due to spontaneous

decay from the excited state:
wp

= &TG—MWWQW' (2.35)

Using a damped oscillator ansatz for a and making the rotating wave approximation,
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we find approximate analytic forms for the dipole potential and scattering rate:

3rc? T
Ugip = ——— — 2.36
dip 2wi A ( )
and
3rc? (T
Iye=———+— ) I 2.37
2w} <A) ( )

We have defined A = w — wy as the detuning of the light frequency from the atomic
resonance. We see that if A is large, the scattering rate falls off more quickly than the
dipole potential, which is favorable for trapping. We also see that if the laser is blue-
detuned (A > 0), the sign of the potential is positive (repulsive), while a red-detuned
beam (A < 0) results in an attractive potential.

The simplest optical potentials take the form of a TEM, Gaussian mode with a power

P and a minimum waist wy. The intensity profile of this beam is given by the function

2P —92(r2 Juw?(2
I(r,z) = 7Tw2(z)€ 2r%/w(2)) (2.38)

where w(2) = wo(1 + (2/2r)%)'/?) and zp is the Rayleigh range. This yields a potential
that looks like

1+ (2/2r) 1+ (2/2r)?

However, at the center of the potential and at nearby low energies, we can expand this up

Ulr, 2) = — 00 emp(_Q(T/wo)Q). (2.39)

to 2nd order to approximate the gaussians in each direction as parabolas with maximum
depth Uy, and solve for trap frequencies w, = (4Uy/mw?2)"/? and w, = (2Uy/m=z%)'/2. For
multiple intersecting 1D optical dipole traps, the 1D trap frequencies along each direction

may be added in quadrature to get the total trap frequency.
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Figure 2.4: Optical lattices formed from interference of light in 1d (a), 2d (b), and 3d

().

2.2.5 Optical lattices

Two counter-propagating optical dipole traps at the same frequency interfere to form a
standing wave of light (this can be easily done using a retroreflecting mirror). In one
dimension, the resulting potential looks like a series of stacked pancakes. Lattices may
be extended to 2 or 3 dimensions, with resulting potentials of tubes or a 3d lattice. These
potentials can be (kind of) visualized in Fig. 2.4. The potential formed from a 1d lattice
is

U(r,z) = —Uy e 27°/%8) sin?(kz), (2.40)

where U is usually expressed in terms of the recoil energy Er = h%k*/2m (ignoring
axial harmonic confinement, which is typically weak). The eigenstates of this potential
are called Bloch states; they are the product of a plane wave and a function which has

the same periodicity of the lattice:

gpg")(z) — ¢laz/h u(g")(z) (2.41)

2

where ¢ is the quasimomentum” and n is a band index. Using these wavefunctions

to solve the Schrodinger equation, we calculate energy eigenstates which are shown in

2 Just as momentum is conserved in cases of continuous spatial translation symmetry, quasimomentum
is conserved in cases of discrete spatial translation symmetry imposed by the lattice.
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Figure 2.5: Figenenergies for optical lattices exhibit band structure. The first 5 bands are
shown for increasing lattice depths. The lattice well can be approximated as a harmonic
oscillator potential; the dashed lines indicate eigenenergies of that approximate potential.

Fig. 2.5 for a full Brillouin zone (set by the reciprocal lattice vectors).

It is worth noting that Bloch states are completely delocalized in lattices. They can
be used to construct another set of basis states, Wannier states, which are superpositions
of Bloch states that are maximally localized to individual lattice sites. Wannier states
are the basis in which many important lattice parameters, such as tunneling rates and
local particle interactions, are calculated. There is an excellent MATLAB codebase for

calculating Wannier states and lattice parameters, which has been invaluable to us |27].

Periodic lattice modulation

Periodic lattice modulation (amplitude or phase) creates perturbations (with even or odd
parity, respectively) near the lattice minima which can allow couplings between different
bands. As long as the quasimomentum is conserved, atoms (which often start in the
ground band as they are adiabatically-loaded BECs) are allowed to transition to excited
bands. Transitions to bands with the same (different) parity as the initial band are much
stronger for modulations with even (odd) parity, as long as quasimomentum spread of
the BEC does not deviate too far from k& = 0. This process may be thought of as a two-

photon Raman process, in which the modulation puts sidebands on the lattice frequency
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and atoms are allowed to absorb a photon from one sideband and emit into the other.
The ability to modulate lattices can be highly useful. For example, by modulating the
lattice at a range of frequencies and looking at populations of higher bands, one may
calibrate the lattice depth.

One of the cleanest ways to extract band populations from data is to use a band-
mapping procedure [28]. This process involves ramping down the lattice slowly with
respect to the bandgap; this allows energy and quasimomentum in the lattice to map
onto free-space momentum. Once the particles are free to expand in time-of-flight, the

different momenta will map onto real space.

Kapitza-Dirac diffraction

We typically calibrate our lattice depth using Kapitza-Dirac diffraction, which is the
diffraction of our coherent atomic state (a BEC) off of a “grating” made of a standing
wave of light. During this process, a standing wave of light is pulsed for a short amount
of time, during which momentum is transferred to atoms in a way which is quantitatively
dependent on the lattice depth. The atoms expand in time-of-flight, and we extract the
populations of each momentum state to calibrate the lattice depth.

Kapitza-Dirac diffraction can be most easily understood in the plane wave basis:
Y(t) =D ()™ (n=0,£1,£2,..) (2.42)

We can write the Hamiltonian (with a potential U(z) = Uy cos?(kz) pulsed for time 7)

in this basis and introduce dimensionless parameters

QERT
a=— (2.43)
U()T
= —; 2.44
5= (2.44)

note that « is just pulse time in units of the 2-photon recoil time. We can write the
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time-dependent Schrodinger equation as

i _ O B 0 200) + 1), (2.45)

If 7 is much shorter than the harmonic oscillation period T}, = h/+/2UyER (this is called
the Raman-Nath regime), we can neglect the first term of the Schrodinger equation, which

makes it much easier to solve; the resulting solution gives
Na(t) = (=i)"e” 27, (8t /27) (2.46)

where J,, are Bessel functions of the first kind. The population of the nth diffracted

order is then proportional to J>

n?

and fitting this analytical form to our data allows
us to extract § and thus U,. It is worth mentioning that for very light atoms, it is
experimentally difficult to operate in the Raman-Nath regime; for a lithium atom with
a pulsed 10Ek lattice, the pulse needs to be less than 1.5us. In this case, Kapitza-Dirac
diffraction can still be used, but the full time-dependent Schrodinger equation must be

solved to obtain solutions for n,(t).

Bichromatic lattices

One of the nice things about cold atom experiments is that it is almost as easy to generate
a nontrivial lattice geometry as it is to create a trivial one. One of the potentials we
consider in our experiments is the bichromatic lattice, which is very simply two lattices,
each of a different color, superposed with each other. If the period ratio is rational, the
unit cell of the lattice is finite. If the lattice vector corresponding to the new unit cell
gets smaller, so does the Brillouin zone; the band structure gets more complicated due to
new foldings in quasimomentum-space and the resulting avoided crossings. If the period

ratio is irrational, two interesting things occur:

1. Since the potential never repeats, it displays quasiperiodic structure, which can be

treated as a type of (not truly random) disorder. This means that we can study

30



Some General and Relevant Theory Chapter 2

physics related to Anderson localization.

2. The unit cell gets infinitely large, and it is impossible to define a band in the

traditional condensed-matter sense.

In the tight-binding limit, the Hamiltonian for a bichromatic lattice may be written

as

N N
H=J Z cicj+1 + h.c. + A Z cos(2rai + p)cle; (2.47)

=1 =1

where J is the tunneling matrix element, A is the disorder strength, « is the period
ratio, and ¢ is the phase between the two lattices. Plotting the energy eigenstructure of
this lattice as a function of o famously maps out the Hofstadter butterfly, and with open
boundary conditions, edge states may be observed in the calculation, traversing between
bands.

For an irrational «, this Hamiltonian exhibits an Aubry-André transition from delo-
calization to localization at A/J = 2. In our experiment, we happen to use a 1064 nm
lattice as our primary lattice, and a 915 nm secondary lattice as a perturbation. Fig. 2.6
shows contour lines for A/J for the ground band at various lattice depths.

One of the results of an infinite Brillouin zone is that the Hamiltonian can no longer be
diagonalized in momentum space. We can calculate the resulting band structure in real
space, however. The calculations presented here use a 200 site lattice sampling around
1000 points per site, and the potential is modeled as a superposition of a 1064 nm lattice,
a 915 nm lattice, and a weak harmonic confinement. Fig. 2.7a shows the calculated
energies for the first 600 eigenstates (eigenstate number is plotted on the x-axis) for
an 8Fp 1064 nm lattice with varying 915 nm lattice depth. We see the effects of the
perturbing lattice, as minigaps start to open in the 1064 nm band structure.

Fig. 2.7 shows the inverse participation ratio (IPR), a measure of localization, for

each eigenstate at different 915 nm lattice depths; higher IPR indicates a greater degree
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Figure 2.6: Contours show lines of constant A/.J for varying 1064 nm and 915 nm lattice
depths. By fitting

of localization. At 8, the ground band should localize for a very low 915 nm depth,
which we see in the data. Interestingly, at intermediate secondary lattice depths, we see
discrete steps in the second band ITPR which correspond to the locations of the minigaps.
This indicates the presence of a single-particle mobility edge (SPME), where a subset
of states in a band are delocalized up to some critical energy, and then localized [29].
Experimental evidence has been found for SPMEs in bichromatic lattices, though they
have never been spectroscopically detected [30].

Finally, the ability to realize quasiperiodic structures in an optical lattice system im-
mediately allows access not only to phonon-like (dipolar) excitations via commensurate
phase-modulation of both lattices, but also to phason-like excitations via phase modula-

tion of just one lattice. More will be said on this subject in Chapter 8.
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Chapter 3

Atomic Properties of Lithium and

Strontium

Having covered some basic general theory in Chapter 2, I will now dive into particular
properties and parameters of the elements we currently use in our lab, lithium and

strontium.

3.1 Lithium

Lithium metal is a light silver, and has the texture of bubble gum tape. It is the lightest
of the metals. It is an alkali and, like many of the alkalis, reacts violently with water.
Lithium is commonly used in AMO experiments due to its relatively simple electronic
structure, and stable isotopes exist in both bosonic and fermionic flavors; because the
mass is so low, it can also tunnel through potential barriers very quickly. It shares
many properties with other alkalis, including the existence of D1 and D2 cooling lines;
however, a number of annoyances make it more difficult to work with experimentally.
In this subsection, I will give an overview of the atomic properties of lithium; for more

information, the Gehm thesis is very useful [31|. This discussion will gloss over many
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‘ Property ‘ Value ‘ Ref. ‘
Atomic Number 3
Atomic Mass 7.016004 amu |32]
1.1650347712x 10726 kg
Total Spin (Electronic) S=1/2
Total Spin (Nuclear) I=3/2

Table 3.1: Lithium atomic properties

properties specific to °Li, the fermionic isotope, since we have thus far focused our efforts

on L.

3.1.1 General atomic properties

There are two stable isotopes of lithium, °Li (fermionic, with 3 neutrons and natural abun-
dance of 7.59%) and "Li (bosonic, with 4 neutrons and natural abundance of 92.41%).
Some basic properties of Li are listed in Table 3.1.

Both the D1 and D2 transitions lie at approximately 670.9 nm (separated by only

~10 GHz), which is very convenient for the following two reasons:

e Only one master laser is needed to cool on both lines, given enough AOMs and

EOMs, and

e 670.9 nm is a relatively convenient wavelength at which to get direct diodes. It is

also a bright visible red, which makes alignment easy.

We can calculate many basic properties of this optical transition simply by knowing

the precise frequency [33] and lifetime [34, 35]. These are given for "Li in Table 3.2.

3.1.2 Level structure

We designate the state of the valence electron, at least in an L — S coupling scheme,

using Russell-Saunders notation: n>>**L;, where N is the principal (motional) quantum
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‘ Symbol ‘ D1 line D2 line

Frequency f 446.8002 THz 446.8102 THz

Wavelength (vacuum) A 670.9766 nm 670.9615 nm
Lifetime T 27.102 ns 27.102 ns

Natural Linewidth r 2w x 5.8724 MHz | 2nx 5.8724 MHz

Recoil velocity Vyee 0.08477 m/s 0.08477 m/s
Recoil temperature Tree 3.033 uK 3.033 uK

Saturation intensity Lo 2.54 mW /cm?
Doppler temperature limit | Tpopp 140.98 puK 140.98 puK
Doppler velocity limit UDopp 0.4009 m/s 0.4009 m/s

Table 3.2: "Li D line optical properties

number, S is total electronic spin, L is total orbital angular momentum, and J is total
angular momentum.

The electronic structure of lithium may be considered at three levels of complexity, at
least for experimental purposes (we will not consider quantum defects in this discussion).
The first is under the central field approximation, which considers no coupling between
the nucleus and the valence electron. In this approximation, the ground state of lithium
is 225, and the excited state 22P.

We can then account for spin-orbit coupling, which gives rise to fine structure. Since
the ground state has no orbital angular momentum, there is only one possible value of J,
so we label the state 225, 5. Alignment or anti-alignment of the spin and orbital angular
momenta in the excited state, 22P, causes splitting into 22P1/2 and 22P3/2: transitions
from the ground state to the former are labeled D1, and to the latter, D2. The splitting
between these lines is 10.053 GHz. The isotopic shift between the °Li and “Li D2 lines
is also around 10 GHz, resulting in a “double-feature” on our spectroscopy signal which
hampers us from using it as a lock.

The fine structure lines are further split due to interactions between the electron and
the nucleus. “Li has a nuclear spin I = 3/2; we can label the hyperfine states using a
new total angular momentum F' = J 4 I. The ground state 2251/2 splits into F' = 1
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Figure 3.1: Schematic Grotrian diagram for “Li D-line transitions, showing central field,
fine, and hyperfine splittings. Frequencies from [35]

and F' = 2 manifolds, split by 803.5 MHz. The D1 excited state 22P; , also splits into
F =1 and F = 2 manifolds, split by 92 MHz. The D2 excited state 22Py, splits into 4
different hyperfine manifolds, F' = 0, 1,2, 3, which crucially are unresolved with respect
to the 5.9 MHz transition linewidth. All of these splittings are shown in Fig. 3.1. Each
of the hyperfine manifolds splits further into (2F'+1) mp states.

Our main cooling transition, the “cycler,” is F = 2 — F’ = 3 on the D2 line,
which should be a closed cycling transition due to selection rules. However, because the

22P; ), hyperfine manifolds are unresolved, there is a nonnegligible probability of driving
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‘ g-factor ‘ State ‘ Value ‘ Ref. ‘
gr -0.000447654 | [36]
g7 2251/2 2.002301 [36]
22P1/2 0.6668 [36]
22P3/2 1.335 [36]
gr 2281 | F = 205011
F= 0.5002
g 2Py | F=1] -0.1672
=2 0.1664
gr, 22P3/2 F=0 0
F=1 0.6673
=2 0.6673
F=3 0.6673

Table 3.3: Lithium fine and hyperfine g-factors

F =2 — F' =2, which can then decay to F' = 1 in the ground state and become dark.
To address this problem, we use a repumper which is 803.5 MHz detuned from the cycler
to drive F =1 — F' = 2.

3.1.3 Magnetic field interactions

At low magnetic fields (where the Zeeman shift can be considered a perturbation on
the hyperfine splitting), F' is still a good quantum number, and the energy levels shifts

linearly with B
AFE = gFmFuBB (31)

due to the anomalous Zeeman effect. The Lande g-factors gr are calculated based on
Eq. 2.6, where the g-factors g; and g; have been taken experimentally from [36]. All of
these may be found in Table 3.3. From Eq. 3.1, it is easy to see that the energy of a given
state will increase with field strength if gr X mp > 1. We call states that satisfy this
condition “low-field seeking”, and they are magnetically-trappable in an inhomogenous

field; conversely, states for which gr xmp < 1 are “high-field seeking” and are antitrapped
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since it is impossible to generate a local field maximum.

The Zeeman effect lifts the degeneracy of the hyperfine manifolds into (2F+1) mpg
states. These states, labeled |F',mp), have different magnetic moments and scattering
properties, and during various moments in the cooling process, it becomes favorable to
place all of the lithium atoms in a particular mpg state by optical pumping in a small bias
field.

At high magnetic fields, the Zeeman shift becomes large compared to the hyperfine
splitting, and |F', mg) become poor quantum numbers; this is called the Paschen-Back
regime. Instead, we must work in the |m;, m ) basis, since at very large fields, the nuclear
and electronic spins become independent. Numerically diagonalizing the Hamiltonian in
this basis gives the Zeeman shifts plotted in Fig. 3.2. At intermediate fields, “good”
quantum numbers are difficult to define, but since the ordering of the states does not
change, we typically still refer to them as |F,mp) states. We can use these calculations
to figure out the laser frequencies needed to image at various high fields; they typically
land us within a few tens of MHz of the correct frequency.

We can see that some states (in particular, |[FF = 1,mp = —1)) are trapped at low
fields and antitrapped at high fields. It is important to account for this sign change when

considering, for example, states to use for RF evaporation.

3.1.4 Scattering properties

Since the majority of cooling after gray molasses is evaporative, it is important for us to
know something about the collisional properties of certain states. Typical atomic densi-
ties for gases in these experiments range from 10® cm ™2 to 10 cm™3, which means we
can largely consider our collisions to be two-body (with one notable exception). We also
only take the lowest order of the partial-wave expansion and assume s-wave scattering;

this is a good approximation in most cases, since there is typically not enough thermal
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Figure 3.2: Zeeman shifts at low and high fields for 2255, 22P; /5, and 2%Pss.

energy to overcome centrifugal barriers.

During RF evaporation, we use the |2,2) state: it is magnetically trappable, and
since it is a stretched state, the rate of (bad) spin-exchange collisions is decreased. The
background triplet scattering rate of the |2,2) state was empirically ascertained to be
a=-27.4 ag [37]. This attractive scattering length is untenable for typical ODT densities,
but fine for the densities in the magnetic trap as long as the elastic scattering rate
I, = 8ma? is larger than various inelastic scattering rates. Please see Section 2.2.3.

Before optical evaporation, we use an RF pulse to transfer atoms to the |1,1) state.
The background scattering length of this state is a=5.1 ag [40] which is too small for
optical evaporation to proceed. However, the |1, 1) state has a wide Feshbach resonance
at Bp=736.8 G, width A = 192.3, and background scattering a,,—-24.5 [41] (see Sec-
tion 2.1.3), which makes it possible to tune the interactions. This Feshbach resonance,
along with many other scattering properties of various lithium states, was characterized

in detail in the Hulet group [42]; their data, along with the analytical form of the field,
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Figure 3.3: Lithium-7 |1,1) Feshbach resonance. Data points from [38], analytic form
from [39]. Inset shows zero crossing locations and slopes in detail.

is shown in Fig. 3.3. The scattering length goes to zero at 543.6 G, and the slope of the

scattering length at that point is roughly 0.075 ao/G.

3.2 Cooling stages

Here, at the nexus of the lithium and strontium sections, please enjoy Fig. 3.4, which
shows the various cooling stages for the lithium and strontium experiments. While there
are some common elements, the different atomic properties of the elements require dif-

ferent cooling strategies.
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Figure 3.4: Various cooling stages for both lithium and strontium, showing where cooling
techniques diverge and converge. For more on each cooling step, please see Sections 4.2
and 5.2.

3.3 Strontium

Strontium metal is a light silver color with a slightly yellow tint. It is an alkaline earth
metal and, like many of the alkaline earths, reacts violently with water. Strontium was
first brought to degeneracy in 2009 and has become very popular in recent years due to its
clock transition and accessible magic wavelengths. It has very narrow intercombination
transitions, which provide a natural spectroscopic knife with which to measure energies
in experiments. The fermionic isotope, 87Sr, also has a large nuclear spin I = 9/2, which

makes it an excellent candidate to eventually study SU(N) magnetism.

3.3.1 General atomic properties

There are over 20 unstable isotopes of strontium, but 4 stable ones: bosonic 34Sr, #Sr,

and %8Sr, and fermionic 87Sr. These isotopes and their respective natural abundances
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‘ Isotope ‘ Abundance ‘ Type

841Gy 0.56% Boson
86Sr 9.86% Boson
87Sy 7.00% Fermion
88Qr 82.58% Boson

Table 3.4: Strontium isotopes and abundances. Values taken from [43]

may be found in Table 3.4.

Strontium is an alkaline earth metal, which means its internal states are best described
by helium-like wavefunctions: singlet states (S=0) and triplet states (S=1). Singlet to
triplet transitions are forbidden by selection rules, but due to spin-orbit coupling, there
is some small amount of orbital mixing which gives rise to narrow intercombination lines
(one of which is the celebrated clock transition).

The ground state of strontium is 'Sy in the n = 5 shell. The two main cooling
transitions address the 'P; state and the 2P, state. Properties of these transitions are
found in Table 3.5 [44]. Unfortunately, the 461 nm transition is not fully closed; there
is a decay channel through the ' D, state to the long-lived 3P, metastable reservoir, the
lifetime of which is on the order of seconds. We have to repump the atoms into a higher
state which allows decay back into the P, state. From there, the atoms can decay back
to the ground state.

It is worth briefly discussing our choice of repump wavelength. We considered many
different repump schemes for this machine, iterating through [5s6s%S;) (640 nm/707 nm),
|555d% Dy) (497 nm), and finally landing on |556d°Dy) (403.35 nm). Diodes at this wave-
length are relatively easy to come by, being close to the 405 nm Blu-ray color. However,
because of the higher n quantum number of the associated state, the branching ratios
were unknown until 2013, when a reservoir spectroscopy paper! [45] showed differences

in |5s5d>Dy) and |5s6d> Dy) repumping efficiency to be in the single percent range.

IThis is my favorite paper ever published.
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Symbol 1Sy =t P, 1Sy =3 P,
Frequency f 650.6855 THz 434.8291 THz
Wavelength (vacuum) A 460.7331 nm 689.4489 nm
Lifetime T 5.219 ns 21.4 ps
Natural Linewidth r 27 x 30.4953 MHz | 27w x 7.437 kHz
Recoil velocity Vyec 0.01023 m/s 0.00684 m/s
Recoil temperature Tree 0.5334 uK 0.2382 uK
Saturation intensity Lot 40.75 mW /cm? 3.03 uW/cm?
Doppler temperature limit | Tpopp 732.1 pK 0.178 uK

Table 3.5: Strontium cooling transition properties

3.3.2 Level structure

The electronic structure of strontium can be found in Fig. 3.5. The clock transition,
1Sy —3 Py, is shown along with the linewidth for the fermionic isotope only.

Nuclear spin I = 0 for all of the bosonic isotopes, so they do not have any hyperfine
structure. The fermionic isotope, 37Sr, has nuclear spin I = 9/2; however, because J = 0
for the ground state, there is still no line splitting. Hyperfine splitting only becomes
relevant for the excited states, and vary from around 20 MHz in the 'P, manifold to
around 1.5 GHz in the 3P, manifold. The full hyperfine structure can be found in Fig. 2.3
of the Stellmer thesis [21].

The other energy shift we have thus far neglected is the isotope shift due to the
different nuclear masses. For three relevant transitions, these may be found in Table 3.6,
referenced to the Sr transition (notation A®¥Sr(isotope)). These are easy to observe by
taking fluorescence measurements of a MOT while scanning the laser through all of the
isotopic resonance frequencies (Fig. 3.6). Also shown in the same table are the Lande

g-factors g; for each excited state.
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Figure 3.5: Schematic Grotrian diagram for strontium transitions. Hyperfine splitting is
not shown.

3.3.3 Scattering properties

Strontium does not have any broad magnetic Feshbach resonances, and has only a few
narrow optical Feshbach resonances [46]. We are typically limited to using background
scattering rates of the atoms. However, the inter-isotope and intra-isotope scattering
lengths vary so widely that by choosing the right species, or mixtures thereof, we can

work in different interaction regimes. The scattering rates are given in Table 3.7.
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Figure 3.6: Monitoring fluorescence of the blue MOT while scanning the laser shows
signals form all four stable isotopes of strontium, which are roughly proportional to their
natural abundance.

‘ Transition | gs | A®Sr(¥'Sr) | A®Sr(*Sr) [ A¥Sr(*"Sr) |
1Sy =1 Py 1 -270.8 -124.8 -46.5
1Sy =% Py 3/2 -351.49 -163.81 -62.15
P, — 5s6d°D, [45] | 7/6 81 19 20

Table 3.6: Strontium isotope shifts and g;-factors

3.3.4 SU(N) symmetry

It was mentioned in Section 3.3.2 that the ground state of ®”Sr does not have any hyperfine
structure because J = 0. This, in fact, is an extremely interesting scenario, because the
nuclear spin is entirely decoupled from the electronic spin even at zero magnetic field; this
means that spin-changing collisions are impossible. Atoms in each of the 10 nuclear spins

interact extremely similarly with atoms in the 9 other spin states (Pauli exclusion forbids
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‘ H 88Sr ‘ 87Sr ‘ 86Gy ‘ 814Gy ‘
84Sy || 1800 | -56 32 124
86Gy 98 164 | 830
87Qr 55 97
88Qr -1

Table 3.7: Strontium isotope scattering lengths

interactions with atoms with the same my). The symmetry of these interactions is called
SU(N) symmetry. Spin models with SU(2) symmetry, such as the Heisenberg model,
have ground states which are relatively simple to find in the absence of external fields.
It becomes harder to find ground states for systems with SU(3) and SU(4) symmetry;
having the ability to study an SU(10) system using strontium as a quantum simulator is

extremely powerful.
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Chapter 4

Lithium Experimental Design and

Setup

This chapter encompasses many experimental details relevant to our lithium machine at
UC Santa Barbara, and is divided into 2 sections. Section 4.1 describes the construction
of the lithium apparatus, including design details for mechanical and electrical subsystems
as well as optical infrastructure and hardware. Section 4.2 discusses the implementation

of the cooling sequence for lithium, including experimentally relevant optical parameters.

4.1 Lithium Machine Design

The machine described in this section was constructed to study dilute gases of lithium,
largely following the design of the BEC) machine in the group of Wolfgang Ketterle at
MIT; a Solidworks representation may be found in Fig. 4.1. It is one of the few lithium
machines which still employ RF evaporation out of a plugged magnetic trap. The basic

features of this design are:

e Ability to generate magnetic fields at 800 G to access a Feshbach resonance, and

field gradients up to 450 G/cm for magnetic trapping.
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Figure 4.1: Overview of the lithium machine design.

Good optical access for MOTs, sub-Doppler cooling, optical dipole traps, and op-

tical lattices.

Ability to switch between isotopes “Li and °Li.

Space for RF antennae for RF evaporation and state transfer

Ultra-high vacuum to achieve BEC lifetimes longer than 10 s.

As 1 ceased full-time work on the lithium machine in late 2014, section 4.1.5 is meant as
a brief overview which will gloss over many of the experimental challenges and difficulties
of implementation; I strongly encourage reading the lithium theses of Zach Geiger [18],

Kevin Singh [19], and Cora Fujiwara [47] for more complete descriptions.
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Figure 4.2: (a) shows a top-down view of the lithium oven manifold, such that the
positions of the angle valve (1) and ion gauges (2) may be noted. (b) shows a side view
of the same with a clearer view of the (3) the nozzle flange, (4) 45 1/s ion pumps, (5) the
coldplate feedthrough, (6) the transverse cooling section, (7) the atomic beam stopper
feedthrough, and (8) the gate valves separating the oven manifold from the Zeeman
slower. Please see Fig. 4.5 for locations of differential pumping tubes.

4.1.1 Oven

The lithium oven manifold was designed to maximize flux of gaseous lithium into our
main chamber, and built from both 316 and 304 stainless steel alloys incorporating off-
the-shelf and custom parts. The manifold is shown in Fig. 4.2. It consists of an atomic
lithium source, a cold plate to cut off widely-diverging parts of the atomic beam, a first
stage of differential pumping, a transverse cooling stage, an atomic beam shutter, and
a second differential pumping stage. It also includes two gate valves which separate the
oven from the UHV part of the machine and allow it to be baked separately; these gate
valves are not all-metal valves, but use Kalrez elastomer which outgasses much less than
Viton. The lithium oven was baked in late 2013 and, following a setback described later
in this section, baked again in late 2018, according to procedures outlined in Appendix B.

In this section, you will find information about lithium vapor pressure and flux, our
atomic beam nozzle, differential pumping, and the atomic beam shutter; discussion of
transverse cooling may be found in section 4.2.1. Many of the part numbers for items

found in the oven may be found in Table 4.1.
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Table 4.1: Lithium oven part numbers

Function Company/Part Purchased From Notes
Number
Gamma 45S-DI- Fine after 08/2018
fon Pumps (2) 2H-SC-N-N Gamma vacuum breach
Gamma SPC-1- -
i‘r)élﬂi‘;”(lzp)con' US110-232 Digitel | Gamma i‘“ﬁ;‘; gauges not
SPC &
Gamma SCP-SC3-
Ion Pump Ca- SC 3m SAFE- Gamma
bles(2) CONN STAN-
DARD
Agilent/Varian Thoria-Iridium fil-
Ion Gauges UHV-24P B-A Ideal Vac aments replaced
i i 10/2018
lon Gauge Con- Agilent XGS-600 Agilent
troller
Agilent R32453010
lon Gauge Cables for XGS-600 Con- | Agilent
(2)
troller
Tempco MI-PLUS 1.57 x 27 J-type
Cup Band Heater MPP02902 Tempco TC
Flange Band Tempco MI-PLUS 2.757 x 17 J-type
Heater MPP02903 Lempeo TC
Nozzle Band Tempco MI-PLUS Term 2.75”7 x 1.57; K-
Heater MPP02904 empeo type TC
Oven Heater Con- TPC-3000 Tempco Watch the TC
troller types.
Lesker Cold plate and
Feedthroughs EFT0313373 Lesker beam shutter
Beam shutter Uxcell
solenoid A1405100ux1279 Amazon/eBay Max current 10A
Angle Valve MDC AV-150M-11, MDC Hand—tlghtgned; no
Kalrez Manual torque sealing
MDC GV-1500M- Closed when un-
Gate Valves (2) P-1, Kalrez Pneu- | MDC
matic powered
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Vapor pressure and flux

The lithium reservoir is a 2.75” CF half-nipple, the cup of which was machined out of a
solid piece of stainless steel, currently loaded with around 18-20 g of solid lithium (non-
enriched). We required the flux out of the oven to produce around 1 x 10 atoms/s in
the main chamber, as a baseline to achieve our target MOT loading rates. In order to
figure out at which temperature we needed to operate the oven to reach this flux, we
considered the vapor pressure of lithium. Lithium has a relatively low boiling point of
around 454 K; we will only quantitatively consider higher temperatures here. We can use
the Antoine equation (a derivation of the Clausius-Clapeyron equation) to estimate the
vapor pressure (in bar) as a function of temperature (in K): logigPeap = A — B/(T'+ C),
using parameters A = 4.98831, B = 7918.984, and C' = —9.52 [48]. However, it is nice to
use empirical results when available; Py, is given here in Torr, while 7" is in Kelvin [31]:

8345.574
logyo Prap = —10.34540 — == — 0.000088407 — 0.68106log;, 7. (4.1)

The results are plotted in Fig. 4.3 in units of Torr. We operate the reservoir at 450°C
and gradually increase the heat up to the oven exit at 550°C. Assuming a temperature
of 500°C for the lithium gives a vapor pressure of 5.8 x 10~ Torr. Let us assume for
a moment that our oven exit is a 1 cm aperture. We can then use the Hertz-Knudsen
equation

OéNA
&= —2  (Pyp — Prac 4.2
ST e ) (4.2)

to solve for the maximum flux (sticking coefficient a@ =1) of the gas ® through the

aperture as a function of the difference between the vapor pressure P,,,, background
pressure P,,. =~ 0, molar mass M, and temperature 7', giving an approximate flux of 1.4
x 10 atoms/s.

However, there are two issues with this number. The first is that when we operate at
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Figure 4.3: Li vapor pressure as a function of temperature. Dot indicates our operating
point.

such high temperatures, the average velocity from the Maxwell-Boltzmann distribution
will be much higher than any reasonable MOT capture velocity, necessitating a Zeeman
slower. For the sake of argument, let’s say we build an extremely efficient Zeeman slower
which cools 50% of our atoms, providing a flux of 7 x 10'® atoms/s. That number now
represents the entire flux out of a 1 cm diameter aperture, over 27 steradians; herein lies
the second problem. The number that matters to us is the flux in the center of the main
chamber around 2 m away, which results in an effective flux of around 3 x 10°. Simply
increasing the temperature further would result in a shorter oven lifetime, an outcome

we wished to avoid.

o4



Lithium Experimental Design and Setup Chapter 4

Figure 4.4: (a):A Solidworks schematic of the heated components of the lithium oven:
the reservoir cup, flange, elbow, and nozzle. (b): Inset shows microcapillary detail in
nozzle design. (c): Image of microcapillary alignment in a constructed nozzle.

Nozzle

Instead of simply using an aperture at the oven exit, we instead used a custom nozzle
designed by Ruwan Senaratne which used an array of microcapillary tubes to collimate
the beam. Details may be found either in his thesis [22] or in the resulting publication

in Review of Scientific Instruments [49], but here are some salient features in brief:

e 304 stainless steel microcapillaries with a large length:diameter aspect ratio of 50

allows atoms with large angular divergence to be “recycled” back into the oven.

e Hexagonal packing into a triangular wire-EDM-cut aperture enforces co-parallelism

of the microcapillaries.
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e Nozzle provides a measured flux of around 1.4 x 10'* atoms/s in a collimated beam

with half-angle divergence of 1.2 degrees.

e Lifetime of a 25 g source should be extended to several decades.

The nozzle is kept at 550°C, sufficiently hotter than the reservoir to ensure that the
microcapillaries do not clog. The CF connections for the atomic oven cup, elbow, and
nozzle all use nickel gaskets, rather than the traditional copper ones, because lithium
quickly corrodes copper gaskets. These nickel gaskets are made from the alloy 201 from
Vacs SEV, which is the only company from which we order for a number of reasons: a)
the gaskets are slightly thicker than comparable parts from MDC and Lesker, b) 201 is
rated to above 600°C, while the more common alloy 200 is only rated to around 350°C.
Because 304 stainless steel is not hard enough to cut into nickel gaskets, these few steel
parts alone were machined from 316 stainless steel. A schematic showing the nozzle
relative to the oven reservoir, as well as an image of the microcapillary packing, may be
found in Fig. 4.4.

Setback: At some point during the summer of 2018, someone accidentally changed

the thermocouple type setting on the nozzle from J-type to K-type. This resulted

in the nozzle being the coldest part of the oven for over a month. We believe that

as the lithium was heated and cooled, it clogged and unclogged the microcapillaries

and several grams ended up pooled in the chamber on the cold side of the nozzle;

we are unsure of the exact mechanism by which this happened. Enough lithium
built up that it reached a copper gasket and ate away at it, and when we debugged
the problem and turned up the nozzle temperature, the corroded gasket gave way
and broke vacuum. That gasket has been changed to nickel, to guard against such

human error in the future. Watch your TC types.
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Differential pumping

Once the atomic beam exits the nozzle, it travels through two stages of differential
pumping, which are simply two regions of low conductance between the 3 main oven
sections, which are labeled in Fig. 4.5. This two-stage pumping design was based on an
early MIT design [50], and is necessary to support pressure differences between our main
chamber, where we try to maintain pressures on the order of 10~ Torr, and our atomic
beam source production, where pressures can reach into the 10~7 Torr regime.

In order to look at this more quantitatively, we consider a region of gas R; at high
pressure P; which is connected via conductance C} to a region Rs. R, is at some low
pressure P, and is being pumped on at speed Sy; both regimes may be considered in
the molecular flow regime, where the mean free path of particles is much larger than
any characteristic dimension of the chamber. The dominant gas load in R, is P,C, and
so the total pressure P, is simply P,C/S;. We do, however, need to be careful about
our definition of pumping speed; an ion pump may have a pumping speed Sj,,, but if it
is connected to the main part of the chamber in series with vacuum part (an elbow or
nipple, for example) with conductance Ciy,, the effective pumping speed is given by S

= Sin + Cign

1on on-*

We can then use the Knudsen formula in the molecular flow regime to
calculate the pressure ratios between R; and R,.

In our machine, we have regions R; (which includes a 45 1/s ion pump), Ry, (which
also includes a 45 1/s pump), and Rz (the main chamber, which includes a 75 1/s ion pump
and a titanium sublimation pump); all regions are marked in Fig 4.5. We can consider
the conductance Cs3 to be the conductance of the differential pumping tube in series with
the Zeeman slower tube, which is long and narrow. Both pumps are connected to the
chamber via 2.75” CF elbows. The differential pumping tubes themselves are narrow 6”
long, 0.25” OD, 0.18” ID tubes which are welded to disks in 2.75” CF standard nipples

to keep them aligned with the atomic beam path. The Zeeman slower is around 0.5 m

o7



Lithium Experimental Design and Setup Chapter 4

w

- — = — = — — —

CIT LN
il

R3

Figure 4.5: Regions of the Li oven manifold under different pressures. Figure shows a
section view of the manifold, cut along a plane intersecting the atomic beam; differential
pumping tubes may be seen between each section.

long, with OD 0.75” and ID 0.68”. We calculate P,/P, = 100 and P,/P; = 800-1000,
depending on estimations of the pumping speed of the titanium sublimation pump and

effective conductance of the main chamber.

Atomic beam shutter

The atomic beam shutter is used to mechanically open and close the atomic beam path
to the main chamber; it is typically open while the MOT is loading, and closed otherwise.
It is constructed from a copper feedthrough and custom stopper, and mounted on a small
hydroform bellows. The stopper is actuated by a pull-type solenoid (see Table 4.1) which
uses a large spike of current to actuate the shutter and a smaller holding current to keep

it open, avoiding any problems with overheating.
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Figure 4.6: Maxwell-Boltzmann distributions for Li

4.1.2 Zeeman slower

At the exit of the oven manifold, we have an atomic beam at a temperature of around
500°C, and we would eventually like these atoms traveling below a reasonable MOT
capture velocity v, of around 50 m/s. Under the assumption that the atoms behave like
classical particles, we can simply use a Maxwell-Boltzmann distribution to estimate the
fraction of the atomic flux which will be slower than v.. We recall that the Maxwell-

Boltzmann distribution is

3 2
Po= -2 _ U g 4.3
Fs(v)dv (27rk;BT) eXp( 29T ) (4.3)

and we typically assume that the angular distribution is spherically symmetric, allowing

us to treat d3v as v3dvsin dfdg, which we can integrate over solid angle to retrieve the

Maxwell-Boltzmann speed distribution:

m
fMB,speed (U) — ( 27TI€BT)

e

2
4mv? exp <_2717<:1:T) : (4.4)
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However, since we are using a nozzle to generate our flux, we cannot assume angular
isotropy; the velocity distribution will actually be skewed towards a higher velocity,
since there will be a higher flux of faster atoms. Thus, we instead need to write d®v
as v,v?dv sin 0d0d¢, where v, = vcosf is the velocity along the direction of the atomic
beam.

We can then normalize and rewrite our new speed distribution, which is no longer

Maxwellian, to describe an effusive beam:

2 2
. m 3 _ muv
fbeam,speed(v) = (\/5]{3T> v exXp ( 2]{BT> . (45)

Both of these probability distributions are plotted in Fig. 4.6. Using m = 7m, and

T = 500°C, we integrate both distributions up to v, to find probabilities Pyp speed(v <
v:)=3.8 X 107°, and Pheamspeed(v < v:)=9.4 x 1077. From these calculations, we con-
cluded that we needed a Zeeman slower to slow a larger fraction of our atomic beam to
below v..

Our design target capture velocity for the Zeeman slower was 1000 m/s, allowing
us to capture around 10% of the atomic flux from the oven (shown as shaded region
in Fig. 4.6). Higher targets would have allowed us to capture more atoms, but were
infeasible due to the large magnetic fields and detunings required. We elected to go with
an electromagnetic design rather than a permanent magnet design, due to the ability to
turn off the field and the relative ease of winding a tapered solenoid.

In the following sections, I discuss details of the field design, solenoid winding and
electronics, and water-cooling considerations. The optical details of the Zeeman slower

and post-slower transverse cooling may be found in section 4.2.1.

Zeeman field design

Zeeman slowers are typically designed in one of three ways: increasing-field, decreasing-

field, or spin-flip. Increasing-field slowers start at low field and end at an extremely high
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field, which can cause fringing-field problems at the MOT position; they also require
large laser detunings, corresponding to the entire Doppler shift of the fastest atoms.
Decreasing field slowers are nice in that they typically end at low fields and require
relatively smaller detunings; however, these fields can result in continued slowing of the
atoms after the intended end of the slower, resulting in a broadened atomic velocity
distribution. Low-detuning slower light also could potentially disrupt MOT loading.

Rather than either of these designs, we chose to build a spin-flip slower. The slower
typically starts at some high-magnitude field, pass through zero-field, and end at a
moderately high-magnitude field of opposite sign, effectively giving us the best of both
decreasing- and increasing-field slowers. Spin-flip slowers are not without their problems;
since the field passes through zero, there will no longer be a quantization axis defining
atomic spin, leading to possible flips to the non-cycling F© = 1 manifold. This means
we need to address atomic transitions in the slower with our repumping frequency in
addition to the cycling frequency. Additionally, because the sign of the magnetic field
flips, the polarization of slower light effectively flips from o to o~ ; because of this, it is
advisable to allow the atoms a reasonable amount of time at zero-field to allow them to
repolarize.

We can calculate that the Doppler shift of 671 nm light seen by atoms at 1000 m/s
is 1.49 GHz, and by atoms at 50 m/s is 74.5 MHz. The Zeeman shift of lithium on
the cycling |F' = 2,mp = 2) to |F' = 3, m/, = 3) transition is 1.4 MHz/G, yielding a
required overall AB =1.011 x 103 G. However, we can choose an overall detuning of our
slower light to shift the maximum and minimum fields such that they are more easily
experimentally accessible. We chose a detuning of 400 MHz red of the transition, which
allow the maximum field to be 779 G and the minimum to be -232 G.

As discussed in Section 2.2.2, there is a maximum deceleration of the atoms which is
constrained by the finite scattering rate of the atomic transition. This imposes a lower

limit on the length of the slower. We assume that the maximum acceleration in the
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Figure 4.7: Lithium Zeeman slower: designed and measured fields

laboratory is half of the ideal maximum acceleration, due to experimental imperfections,
and recover that our slower length should be around 0.62 m. We can then calculate the
ideal profile for our slower, plotted as a dashed line in Fig. 4.7, assuming a slower light
detuning 400 MHz red of the atomic resonance.

We used the same wire described in Appendix C.5 to wind the solenoids for the
slower: alloy 101 OD 0.1875” wire with a wall thickness of 0.032”, insulated with Daglass
insulation. Some test coils were wound using thermally-conducting electrically-insulating
Duralco NM25 epoxy; the resulting effective thickness of each wound layer of wire was
0.2”. Using this effective size, Zach Geiger used MATLAB to simulate various tapered
solenoid designs to produce the required field profile, allowing the atoms extra time at
zero-field to fully repolarize. The resultant expected field profile may be found in his

thesis; the wire profile is shown in Fig.4.7.
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Figure 4.8: Lithium Zeeman slower simulations for an unshimmed slower (left), showing
atoms with different velocity classes “escaping” the slower at positions corresponding to
field imperfections between coils, vs. a shimmed slower (right).

Slower Coil Power Supply Design Current Actual Current’
A Sorenson DLMS8-75 65 A 31.7T A
B Sorenson DLMS&-75 45 A 56.3 A
C Acopian 0-8 V 40 A 27 A 29.5 A
D Acopian 0-8 V 64 A 72 A 44.0 A

Table 4.2: Lithium slower currents

Solenoid winding and electronics

The slower was wound in 4 sections, labeled A, B, C, and D; the wire profile in Fig. 4.7
is shaded to show the demarcations. The field was designed to run currents shown in Ta-
ble 4.2; the field profile of the wound solenoids was measured and is plotted as a solid line
in Fig. 4.7. However, eventually the currents were all optimized empirically to maximize
our MOT loading rate. The field produced by just the slower coils is unfortunately not
perfect, particularly where the different sections abut each other; there are some bumps
in the field profile which deviate from the ideal value by around 25 G (35 MHz). At these
points, the field no longer compensates the Doppler shift as the atoms are slowed, and
the slower “leaks” atoms. Zach Geiger did some simulations to study the velocity classes
we would lose if we did not shim out the bumps in our field; Fig. 4.8 shows the velocity
classes captured for an unshimmed slower (A) compared to a shimmed slower (B). Based
on this, we added small many-turn 22 AWG Kapton-insulated motor-wire shims between

each larger slower section and varied the currents using benchtop power supplies. The
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only shim that improved MOT load rate, and the only one which remains connected now,
is the shim between slower sections A and B (where the measured profile dip is largest).
During machine operation, the slower supplies are switched on and off using solid-state
relays from Crydom and high-power diodes from Powerex (part numbers may be found
in the Geiger thesis [18]). The power supplies are connected to the coils via custom-made
lugs which press onto the stripped square wire leads with set screws, and mate to 10AWG
wire also via set-screws. When everything is connected, we get a sizeable flux of atoms
into the main chamber at speeds at or lower than MOT capture velocity.
Setback: In the summer of 2014, an alarming smell caught our attention.” One of
the slower set-screw connections to the wire had come loose; the resultant higher
impedance of the connection had led to higher power dissipation and then oxidiza-
tion of the wire conductor, and the cycle had repeated until a wire was burned and
smoking. We keep a close eye on and retighten all of those slower connections, and
for any higher currents (e.g. for MOT coils) are careful to use crimp connectors.

Use crimp connections early and often.

®Many impending disasters in our lab have been prevented thanks to keen senses of smell,
which have also aided us in the acquisition of free food over the years.

Water-cooling considerations

The water flow rate needed in the turbulent flow regime to dissipate heat from square
wire with a given side-length, copper cross-sectional area, hydraulic diameter, length,
and pressure differential can be found in various books [51]; this flow rate, along with
the power dissipated in the wire and the specific heat capacity of water, can be used
to calculate the expected temperature rise. These calculations for our slower sections
indicate that only slower section B requires water-cooling (see Geiger and Senaratne

theses [18, 22| for more detail on these calculations).
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Figure 4.9: (a) shows a isometric view of the lithium oven manifold, such that the
positions of the post-slower transverse cooling section (1) and titanium sublimation pump
(2) may be noted. (b) depicts a top view of the same with a clearer view of the (3) ion
gauges, (4) angle valve, (5) RGA, and (6) ion pump. It also shows the relative angles of
the viewports around the chamber.

4.1.3 Main chamber

Once our atomic beam is slowed, it is captured in a MOT at the center of the main cham-
ber. I will leave details concerning MOT parameters and optimization to section 4.2.2;
this section will discuss main chamber design and considerations, MOT magnet construc-

tion and mounting, shim coils, and breadboard design.

Main chamber design

The main chamber is the heart of the experiment, where lithium is cooled from a MOT to
degeneracy. Technical drawings for the MOT main chamber may be found in Appendix G.
The lithium main chamber, shown in Solidworks schematic in Fig. 4.9, was based on
the design of the BEC5 main chamber at MIT, custom-machined at the UCSB Physics
Machine Shop, and electropolished by local company Electro-Matic. It is made entirely
from 316 stainless steel, the magnetic permeability of which is much lower than that

of 304 alloy. Generally speaking, it consists of a round stainless steel chamber with
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several viewports around the top, bottom, and sides, connected to an L-shaped “chimney”
through a wide rectangular tube. At the bottom of the chimney there are ports for two
ion gauges, an angle valve, a residual gas analyzer (RGA), and a 75 1/s ion pump, and
at the top of the chimney there is a port for a titanium sublimation pump. In the
middle of the chimney, at the back of the main chamber, there is a 2.75” CF flange which
allows propagation of light down the length of the slower. There are also several tabs
welded onto various chamber locations so that it can mated to supports to an optical
table; we bought supports such that the center of the machine viewports sit 12.6” above
the optical table. This was intended to minimize vibrational instability, and indeed we
haven’t noticed any great issues from mechanical resonances; however, it does make it
extremely difficult to access the bottom viewport of the machine.

Recall from the beginning of Chapter 4 that we need to realize magnetic fields at
800 G to access a Feshbach resonance, and field gradients up to 450 G/cm for magnetic
trapping. Practically speaking, the importance of these items, both to cooling atoms
and running experiments, means that we need to prioritize magnetic access over optical
access. We accommodate this by designing re-entrant (“bucket”) windows for the top and
bottom of the chamber; the drawings for these may also be found in Appendix G. These
316SS bucket windows mate to 10”7 CF flanges, with additional tapped holes machined
around the top surface to hold the MOT magnets in place. The buckets have an outside
diameter of 6.50” and extend 3.82” into the chamber, and a 3.00” viewport sits in the
center of the bucket; we can then design our MOT coils to fit inside the bucket very
close to the atoms, allowing us to make large fields and gradients. The bucket windows
also each have a small 1.33” CF flange welded to the outside to attach RF feedthroughs,
as well as 4 small tabs with tapped M4 holes welded to the inside, to allow RF loops
intended for state transfer. The viewports themselves are fused silica polished to A/8
flatness, and coated for 323 nm, 532 nm, 671 nm, and 1064 nm; the AR curve may be

found in Fig. H, also in Appendix H.
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In order to maximize optical access as much as possible, rather than arranging a
potpourri of small 2.75” and 1.33” viewports at various angles around the sides of the
chamber, we decided to place 6 large CF viewports, (2) 4.50” and (4) 6.00”, around the
chamber. The 4.50” viewports are placed orthogonally to both the atomic beam /slower
direction and the direction of gravity; the 6.00” viewports are placed on the same plane
normal to gravity, but rather than cutting an angle 45° from both the 4.50” axis and the
slower axis, these viewports sit at 52.5° from the 4.50” axis, and 37.5° from the slower
axis. This angle was chosen because at the time, in addition to meeting an orthogonality
condition for 1”-diameter MOT beams, there was some interest in conducting experiments
with triangular and hexagonal lattices, which would have required beams at 120° relative
to each other. The angled viewports split the difference, allowing 45° MOT beams as
well as 2 mm-waist lattice beams at 60°. These angles may be seen in Fig. 4.9B.

All of the 6.00” viewports as well as the west-facing 4.50” viewport were chosen to be
zero-length fused silica viewports from Kurt J. Lesker Company, but custom-made with
316SS flanges and coated for 323 nm, 532 nm, 671 nm, and 1064 nm (see Appendix H for
the Lesker-designed AR curve).? The last 4.50” viewport was designed as an imaging axis,
with a narrow re-entrant window designed for an objective with a fairly short working
distance. The objective we ended up purchasing was an Optical Specialties 10X Plan
APO OKHNL10 NIR with working distance 35 mm. However, this short focal length
resulted in a problem, which was that the minimum bucket length required to place
the objective 35 mm from the atoms resulted in cutting off MOT beams placed at 45°;
we would either need to compromise on the MOT beam size or the angle. Based on
calculations which indicated that MOTs should still function fine even if their beams
largely deviate from orthogonality [52], we decided on the latter. This ended up being

a poor decision, as we later found that adding a fourth MOT “helper” beam along the

2When the viewports actually arrived, Lesker had forgotten the 323 nm coating; rather than wait
another few-month lead time for new ones, we forged ahead with what we had. This experience led to
1/4 of the infamous Lesker signs.
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4.50” axis significantly boosted the load rate.

The 2.75” CF viewport along the slower axis, called the slower window, is made from
316SS and fused silica and coated for 671 nm only. It is enclosed, to the extent possible,
in blue spring steel and thermal insulation, and kept at 140°C to mitigate buildup from
the impinging atomic beam. There is also a Thorlabs 405 nm LED which we found helps
desorb lithium (via laser-induced acoustic desorption, or LIAD) from the window surface;
we have found that turning the diode on leads to a measurable pressure spike in the main
chamber, and have successfully used it to clean viewports on our 671 nm spectroscopy
cell. We have found this preferable to designs incorporating in-vacuum mirrors for the
slower beam.

The chimney on the main chamber was designed to optimize conductance to the main
ion pump, a 75 1/s Varian Starcell pump from Agilent. Because we were (maybe overly)
concerned with lines-of-sight and numbers of atomic “bounces” between the atomic cloud
and the ion pump, the pump was ordered with custom optical baffles. Details of the ion
pump as well as other parts in the lithium main chamber may be found in Table 4.3.

Main chamber assembly proceeded smoothly, with one notable exception: the bucket
windows needed to be installed on the chamber while simultaneously winding RF loops
(33 mm x 111 mm), which we intended to use for spin-flip transitions in experiments.
In order to do this, custom (UHV-safe) copper connectors were designed to connect the
wire to the RF feedthroughs on the bucket windows. The wire needed to be routed such
that it never shorted to the chamber, and the connections to the inside of the bucket
windows were made with ceramic screws, nuts, washers, and beads. Figure 4.10 shows
all three re-entrant windows through one of the 6.00” ports, as well as the two RF loops
wound in place.

The lithium main chamber was baked in late 2013 (see Appendix B for details) and

pressure of 1.0 x 107! were achieved. However, there was an issue with the side view-
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Table 4.3: Lithium main chamber part numbers

Function Company/Part Purchased From Notes
Number
Varian VacionPlus
Ion Pump 75 Starcell Pump Agilent Optical Baffles
9191440m006
Ton P C Varian Minivac
tonﬂ HHp on Fischer HVConnec- | Agilent
roner tor 9290191
HV Bakeable Ca-
Ion Pump Cable ble 13" w/interlock | Agilent
9290705
Agilent/Varian
Ion Gauges UHV-24P B-A Ideal Vac
lon Gauge Con- Agilent XGS-600 Agilent
troller
Agilent R32453010
I(;? Gauge Cables for XGS-600 Con- | Agilent
troller
. . Varian Filament . Attached via 2.75”
Ti5ub Cartridge | pgp 9160050 Asilent to 6" reducer
TiSub Cable Agilent 9240730, Agilent Also gsed for Sr
3.6m machine
. Agilent 9290032 . Also used for Sr
TiSub Controller with RS232 Agilent machine
Residual Gas Ana- ExTorr XT100M ExTorr Typically left dis-
lyzer connected
MDC 314003, All- Torque-sealed ac-
Angle Valve Metal MDC cording to chit
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Figure 4.10: Lithium main chamber bucket windows (top, bottom, and side) and now-
defunct in-chamber RF loops.

port coatings®, and we decided to rebake in the summer of 2014 after replacing the
affected windows. Unfortunately, after the bakes, the atmosphere-facing side of the RF
feedthroughs had become so brittle that they immediately broke when we attempted to
attach them to external electronics. Thus, the RF loops languish sadly in the lithium

chamber, and all RF is applied from outside the vacuum.

MOT magnet design and construction

The magnets described in this section will be referred to as “MOT coils”, but it is impor-
tant to keep in mind that they serve multiple functions: they create the field gradients

necessary to both trap a MOT and magnetically trap the atoms, but they also create

3This led to another 1/4 of the infamous Lesker signs
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Figure 4.11: Lithium MOT coil directions of current flow (anti-Helmholtz configuration).
Coils Configuration  Field Produced Peak Field (500A)
Inner (1-4) Helmholtz 1.72 G/A 860G
Outer (5-8) Helmholtz 1.75 G/A 875G
Inner (1-4) | Anti-Helmholtz 0.516 G/cm/A 258 G/cm
Outer (5-8) | Anti-Helmholtz  0.33 G/cm/A 165 G/cm

Table 4.4: Lithium MOT fields

the Feshbach fields necessary to tune scattering length during optical evaporation and
experimental sequences. Since they are required to create both flat uniform fields and
linear field gradients, we use two coils placed on either side of the atoms with