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This thesis is primarily a comprehensive discussion of the development

of two experimental studies: the quantum transport and effects of heating

of ultracold atoms. It specifically provides details of the manipulation and

control of ultracold atoms in magnetic waveguides, optical lattices, and opti-

cal billiards. The design, construction, and implementation of experimental

apparati are also outlined and additional experimental tests are summarized,

including the realization of a macroscopic transport (> 20 cm) system for ul-

tracold atoms and transmission of ultracold atoms through a random optical

potential.

The first experiment is a study of the quantum transport for atoms

confined in a periodic potential. These results include a comparison made of

thermal and BEC initial conditions. Here, observation of ballistic transport
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is made for all values of well depth and initial conditions, and the expansion

rates for thermal atoms are shown to be in excellent agreement with a single-

particle model. For weak wells (V0/ER ≤ 6), the expansion of the BEC is

also in excellent agreement with single-particle theory, using an effective tem-

perature model based on single (non-interacting) particle theory. For deep

wells (V0/ER ≥ 6), a crossover is observed to a new regime for the BEC case,

indicating the importance of interactions on quantum transport.

The second experiment is a study of the effect of different heating rates

on a dilute Bose gas confined in a quasi-1D finite, leaky box. An optical

kicked-rotor is used to transfer energy to the atoms while two repulsive optical

beams are used to confine the atoms. The average energy of the atoms is

localized after a large number of kicks and the system reaches a nonequilibrium

steady state. A numerical simulation of the experimental data suggests that

the localization is due to energetic atoms leaking over the barrier. Our data

also indicates a correlation between collisions and the destruction of the Bose-

Einstein condensate fraction and an exponential decay in phase space density.
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Chapter 1

Introduction and Overview

1.1 A Scientists’ Preface: The Content of this Thesis

This thesis provides a small glimpse into the world of atomic physics.

It provides some measure of understanding of what it means to undertake a

single experimental effort and produce a number of scientifically important

results. The reader will also discover form this thesis that there is a nontrivial

connection between what has been done before and what will be done in the

future. In this manner, this thesis is not a unique story, but one of many

that asserts that there will forever be, in experimental physics, a marriage

between what is intuitively predictable and the insight provided by wisdom

and hindsight.

1.2 Classical to Quantum Control: A Connection be-
tween Light and Matter

When surveyed from a non-physicists perspective, this thesis can be

interpreted as an outline for a number of specific scientific experiments and

concepts that are driven by a microscopic understanding of the nature of the

interaction of light and matter. The work presented here is a very tiny part

of the story that has become one of the greatest stories ever conceived by
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the human race: the basic stable constituents of matter are atoms and the

most ubiquitous interaction in our world is the interaction of electromagnetic

radiation with matter.

For nearly a century physicists, chemists, and mathematicians have

organized their efforts into understanding a theory of the microscopic world

and have established quantum mechanics as one of the seminal works of the

modern age. Quantum electrodynamics and other less exotic semi-classical

approximations have further enabled scientists to interpret a broad range of the

intricate and subtle interactions between quanta of radiation and the electronic

states of bound atomic or molecular systems.

From a technological standpoint, an improved understanding of the

interactions between light and matter has also been a driving force behind

condensed matter and atom optics systems. Both the purity of fabrication and

improved resolution techniques have had pronounced effects on allowing these

systems to be more accurately and reproducibly modeled by ideal quantum

mechanical systems. Likewise, in the last half century, traditionally classically

defined physical entities like current, resistance, flow, number, and even phase

have been measured to a level which has only a quantum mechanical prediction

or interpretation.

In the laboratory, demonstrations of Hamiltonian systems are now be-

coming the cornerstone of quantum control experiments. With improved sta-

bility and higher resolution, the direction of these experiments will soon explore

the familiar regimes of engineering systems, but now with quantum control.

2



1.3 The Future of Quantum Control Systems

Although this thesis describes a specific part of a much larger field that

examines quantum, many body systems, it alludes to the rich experimental

phenomena that will become technologically accessible in the next couple of

decades. It is clear that the future of quantum mechanics as a tool to solve

technical problems will be increasing important in both solid state and atomic

systems. What is not clear, as of yet, is if there are unforeseen limitations

either in manufacturing processes or measurement procedures that may pro-

hibit a rigorous understanding of how, for example, coherence breaks down

or how interacting particles affect single particle dynamics. The problems al-

ready being broached by groups pursuing work on quantum information and

computing, for example, should generate some of the first clues to these kinds

of limitations. Other groups, like our own group, should also be able to cre-

ate quantum control systems that can make profound contributions to our

understanding of the origin of decoherence, quantum phase transitions, and

the critical phenomena related to the emergence of classical mechanics and

thermodynamics.
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Chapter 2

Introduction to Atom Optics and Operational

Concepts

2.1 The Interaction of Light and Atoms

In nature, interactions involving electromagnetic (EM) fields provide

scientists with nearly all information about the universe. The most recognized

and technologically exploited interactions are those of low energy EM fields

with matter, in particular, the absorption, scattering, reflection, refraction, or

diffraction from solids or atoms. These so-called first order EM interactions

typically occur at relatively low energies (. 10 eV) and are, consequently, all

but guaranteed to occur when radiation is incident upon matter. For higher

energy photons, the EM interactions typically have small cross-sections or in

the case of sufficiently large gravitational fields, a measurable gravitational

redshift or deflection of the light path will result. Some of the simplest higher

order interactions include: photon ↔ electron (known as Thomson (classi-

cal) or Compton (quantum mechanical) scattering), photon ↔ photon (pair

production-annihilation), photon ↔ gravitational field (general relativistic ef-

fect). In general, higher order interactions have provided science with some

of the most extraordinary insights into the fundamental laws that describe

nature. Nevertheless, for most experiments performed on earth, these interac-
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tions are usually negligible.

Despite the fact that virtually all observations of the known universe

are made utilizing the direct observation of EM radiation,1 earth bound obser-

vations of EM radiation are somewhat limited as only a few relatively narrow

windows of transmission of EM radiation are permitted through the atmo-

sphere. The remainder of the radiation is either absorbed, scattered, or has a

low probability of cross-sectional interaction. From an anthropological point

of view, EM interactions with matter, particularly those associated with the

visible and near visible spectrum, are central to the formation and preservation

of life.

It is not surprising that the interaction of visible or near visible light

with atoms and molecules is arguably one of the most studied interactions in

science, particularly in the twentieth century. Historically, studies of EM in-

teractions of these types have followed closely the advances made in the fields

of optics, theoretical electromagnetism, spectroscopy, chemistry, and, most

recently, the cooling and trapping of atoms using EM radiation. Table 2.1

shows an abridged historical record of some of the major developments that

have contributed to our present day understanding of atom-light interactions.

With the possible exception of interferometric techniques invented by Michel-

son, the table illustrates that theoretical developments, predominantly in the

1Besides EM radiation, rare observable astronomical events include meteorites, cosmic
rays, and neutrinos. It remains to be seen whether EM fields interact with dark energy or
dark matter or that such interactions can be deduced from earth based observations alone.
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Year Scientist Discovery or Invention
- 460 Democritus “atom”
1617 Kepler Deflection of a comet’s tail by sunlight

ca. 1700 Huygens,Newton Principles of optics
1873 Maxwell Electromagnetism
1875 Crookes (Thermal) Radiometer
1880s Michelson,Lorentz Interferometry, Classical radiation theory
1900 Planck Quanta of light
1905 Einstein Photoelectric effect; Size of atoms
1910 Lebedev Deflection of atoms by light
1913 Bohr Model of the atom

1916/7 Einstein
Quantum transition probability coefficients,

Momentum of light quanta

1924-8
Schrödinger,Dirac

Heisenberg,Pauli
Quantum mechanics

1926 Lewis,Frank “photon”; quantum theory of the atom
1930 Raman Photon-phonon coupling, spectroscopy
1933 Frisch Deflection of atoms by a lamp
1947 Lamb QED corrections to atomic spectra

1947-9
Schwinger,Tomonaga

Feynman,Dyson
Quantumelectrodynamics

1954 Schawlow,Townes Maser, Laser
1958-60 Mainman,Gould,Javan Lasers

1968 Letokhov Laser cooling concept
1970 Ashkin Laser trapping and manipulation
1971 Herzberg Atomic and molecular spectroscopy
1975 Hänsch,Schawlow Laser cooling proposed (neutral atoms)
1975 Wineland,Dehmelt Laser cooling proposed (ion)
1978 Dehmelt Ion cooling

1984-5 Andreev,Balykin,Letokhov 1D and 2D Laser cooling
1985/7 Chu,Dalibard 3D Optical molasses, MOT
1988 Salomon,Dalibard,Aspect Optical lattice
1989 Chu,Kasevich Atomic fountain
1990 Phillips,Cohen-Tannoudji Sub-doppler cooling
1993 Kimball Cavity quantumelectrodynamics
1995 Wieman,Cornell,Ketterle Bose-Einstein Condensation
2000 Hänsch,Hall Optical frequency comb

Table 2.1: Important Events Relating to Atom-Light Interactions.
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twentieth century, have preceded, and in some cases, anticipated experimental

realizations of precision measurements and quantum control systems. Stable,

ultra-precise, and readily available laser light sources have also made the sys-

tematic development and analysis of quantum systems commonplace by the

late twentieth century.

What follows in this chapter is a simple description of only a part of

the history outlined in Table. 2.1, but it describes one of the central parts

concerning the interaction of light and atoms. In particular, this chapter is

a summary of how the trapping and cooling of a sodium atom are enabled

by the precisely controlled interaction of resonant radiation with the internal

energy levels of the atom predicted by quantum mechanics.

2.1.1 Resonant Light

If any one statement could be used to summarize the whole of physics

it must be this one: Everything in the universe vibrates. Of course, for most

persons not familiar with the principles of physics, the statement needs clari-

fication by way of examples, explanations, and discussions in order to endorse

its validity. For a physicists, the statement is not really problematic to explain,

but does require a bit of imagination and phenomenological resourcefulness.

For example, the normal modes of oscillation of a table top, a swing, or even

the tides of the oceans are fairly straightforward to understand. The round

trip time involved in defining the dulcet tones of a flute or a guitar string are

also wholly accessible to most people’s intuitions. But an interpretation of the
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richness of the phenomena associated with the interaction of light and atoms

as just a vibrational effect may not be interpreted by most people with full

comprehension.

It is advisable then to permit the use of a corollary to the previous

statement which can be written as: Resonance is an innate property of nature,

as such, everything in nature has some resonance. If ‘something’ occupies

space it can resonate at some frequency which, by definition, is determined

by a characteristic length scale that defines the size of the object. In the

case of atoms, we can analogously solicit the use of energy scales, which are

not necessarily as much a property of the size as they are of the internal

structure of the atom, i.e., electrons interacting with the nucleus and the fact

that electrons and protons both have spin and that electrons posses angular

momentum, etc.. It is not surprising then that experiments involved in the

precise control of atoms are directed largely by the resonant features of the

atom. When deciphered correctly, the details of these resonances provide

insights into how to manipulate the internal states or degrees of freedom for

an atom.

It is fortuitous that nature provides a host of candidate ‘atoms’ that

are amenable to a simplified, two-level picture of radiative transitions. These

atoms are the so-called alkali or hydrogen-like atoms: Li, Na, K, Rb, Cs,

and Fr. Along with hydrogen, they are the most widely studied group of

atoms in atomic physics. Each neutral alkali atom posses only one valence

electron beyond the last closed shell in each respective period class, namely the
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2S1/2 electron. This electronic configuration allows the atom to undergo both

spontaneous absorption and emission of photons in such a way as to exploit

the dissipative forces involved in trapping and cooling atoms. Additionally

all of the alkali atoms have sufficiently low vapor pressures and are therefore

compatible with ultrahigh vacuum, and, in some cases, are well suited for

producing sufficiently high flux effusive atomic beams.

For the experiments described in this thesis we have chosen, primarily

for historical reasons, the sodium atom. It is stable against nuclear decay, with

only one natural isotope: 23Na. It has a ground state electronic configuration

of 1s2︸︷︷︸ 2s22p6︸ ︷︷ ︸ 32S1/2 and it can be trapped and cooled using a visible light

resonant transtition 32S1/2(F = 2) ↔ 32P3/2(F
′ = 3) at 589 nm. Details

of this transition as well as the other near resonant transitions are shown

in Fig. 2.1. The figure depicts the fine structure (spin-orbit and relativistic

effects), the hyperfine structure (electron-proton spin coupling) of the atomic

energy levels, as well we the weak magnetic field Zeeman effect on the hyperfine

sub-levels, mF. The figure also shows all of the experimental near resonant

laser lines used in this experiment as well as the relative strengths of the

cooling and trapping beams.

When resonant or near resonant light, i.e., light which is within ap-

proximately ± 5 GHz of resonance, is incident, for example, upon a sodium

atom, the absorption scattering rate is provided by

Γs =
γ

2

s0

1 + s0 + (2∆L/γ)2
(2.1)
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Figure 2.1: Sodium D2 Level Diagram. Experimental laser lines are shown
with black lines (•−•). Hyperfine levels are for no magnetic field. Magnetic
sub-levels are for weak magnetic fields. Relative strengths are for circularly
(σ) polarized light. Diagram is not drawn to scale.[1]
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where s0 ≡ I/IS is the saturation parameter, ∆L ≡ ωL − ω0 is the detuning

of the laser light from resonance and γ = 2π · 9.76 MHz is the decay rate

of the excited state, which also defines the natural line width (FWHM).2 I

is the intensity of the incident laser power and IS = π~cΓs/λ
3
L is known as

the saturation intensity which for sodium is 6.26 mW/cm2. The scattering

rate formula, Γs, assumes a two level atom model with a classical interaction

between atom and light. It is also derived using a rotating wave approximation,

which prescribes the following condition: |ωL − ω0| � ωL + ω0.

In a resonant scattering event, two phenomena occur: absorption and

spontaneous emission. When an atom absorbs a photon the internal state

of the atom becomes excited and the atom receives one photon recoil of mo-

mentum, ~k. After some time, τ = 2π/γ, the atom undergoes a spontaneous

emission event which also produces another photon recoil. The spontaneous

emission, however is directed in a random direction. On average, the force due

to several spontaneous emissions becomes

Fsp = ~ k Γs ∝
(
I

∆2
L

)
. (2.2)

This force is a crucial ingredient for cooling atoms in the dissipative processes

involved in optical molasses and magneto-optical trapping as will be discussed

in Section 2.2. Unfortunately, the spontaneous scattering force can provide un-

wanted heating and loss of coherence in the case of carefully prepared ultracold

atomic samples.

2A more rigorous description of the details of absorption and spontaneous emission is
provided by quantumelectrodynamics.
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2.1.2 Far-Off Resonant Light

EM radiation which is not near any resonance of the atom’s energy

levels can also cause a measurable effect on both the internal level structure of

the atom and the electromotive forces acting on the atom. This effect is the

so-called light shift or AC Stark shift and is primarily the result of the dipole

interaction of the atom with light. It is a conservative effect but it does not

negate the effect spontaneous emission.

In the case of far-off resonant light, a semi-classical calculation provides

a scattering rate of

Γdip =
γ3

8IS

(
ωL

ω0

)3(
1

ω0 − ωL

+
1

ω0 + ωL

)2

I (2.3)

and a corresponding optical dipole potential of

Udip =
~γ2

8IS

(
1

ω0 − ωL

+
1

ω0 + ωL

)
I, (2.4)

where I, in both equations, is the intensity of the laser light and here, unlike

the case of resonant light, the rotating wave approximation is not used. It is

particularly important to note that the optical dipole force can be approxi-

mated as

Fdip ∝
(
∇I
∆L

)
, (2.5)

which follows from Eqn. 2.4. By comparing Eqns. 2.2 and 2.5, it is easy to see

that for large laser detuning the contribution from the optical dipole force can

be many times greater than the effect of the force due to spontaneous emission.

This distinct feature allows for the construction of conservative optical traps.
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It is instructive to note, however, that AC Stark shifts can exist for all

levels of an atom. When a sodium atom, for example, is in the 32P1/2 excited

state there are about half a dozen near visible light transitions which can af-

fect the light shift for the excited state. These resonances are shown in both

Figs. 2.2(a) and (b), and they reveal that, in general, the light shift for both

the ground and the excited state are not equal. The light shift calculations

for the excited states, as shown in Figs. 2.2(b), are plotted using the theoret-

ically calculated transition matrix elements, which can be deduced from the

mathematical properties of the Wigner 6-j symbols. For sodium, a coinciden-

tal equality occurs at ∼ 1035 nm, where the value of the light shift for both

ground and excited states are equal. This wavelength is traditionally referred

to as a magic wavelength or Stark-free wavelength and will undoubtedly play

an increasingly important role in precision measurement as well as studies of

quantum control.

2.2 Optical Molasses and the Magneto-Optical Trap

Utilizing the first order atom-light interaction that generates the spon-

taneous force discussed above, a near-ideal form of trapping and cooling can

be implemented for cold atoms that have a fairly simple resonant cycling

transition. That is, in the case of sodium, if a resonant beam or so-called

MOT beam is tuned near the 32S1/2(F = 2) ↔ 32P3/2(F
′ = 3) transition

a sodium atom will eventually fall into the 32S1/2(F = 1) ground state. In

order for the atom to continue the cycling transition an additional so-called
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Figure 2.2: Sodium Grotrian Diagram and Light Shifts. (a) Grotrian
diagram for near resonance D2 line spectra. Diagram is not drawn to
scale. (b) AC Stark Energy Shift Diagram. Resonances are shown for
α : 32P1/2,3/2 → 62S1/2 (515 nm), β : 32P1/2,3/2 → 42D3/2,5/2 (568 nm),
γ : 32S1/2 → 32P1/2,3/2 (589 nm), δ : 32P1/2,3/2 → 52S1/2 (615 nm),
ε : 32P1/2,3/2 → 32D3/2,5/2 (819 nm), and φ : 32P1/2,3/2 → 42S1/2 (1139 nm).
AC Stark shifts are calculated for a linearly polarized 1 W beam focused to
10 µm. Note that at ∼ 1035 nm both ground (32S1/2) and excited (32P1/2,3/2)
states share the same attractive light shift. This wavelength is a so-called
‘magic wavelength’. Plot is courtesy of Kirsten Viering.
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repump beam is needed. This beam, as shown in Fig. 2.1, is tuned to the

32S1/2(F = 1) → 32P3/2(F
′ = 2) transition.

When configured properly, three orthogonal counter propagating MOT

and repump beams will produce a region of space that is defined by the in-

tersection of the beams where the atoms can be cooled to velocities of just a

few recoils, or about ∼ 20 m/s in the case of sodium. This configuration is

commonly referred to as optical molasses and can be modeled appropriately

by the low velocity solution to a damped oscillator

F (v) = −β v =
4~ks0(2∆L/γ)

[1 + s0 + (2∆L/γ)2]2
k v . (2.6)

The molasses is enabled by the velocity sensitive Doppler effect, which gen-

erates an effective detuning in the atoms’ frame of reference. When an atom

approaches a red-detuned beam the beam is brought closer to resonance by a

factor of kv. On the other hand, when an atom is moving with a red-detuned

beam, the beam is further detuned by the same factor, kv. The process of

scattering light from all beams will have the effect of slowing atoms in the in-

tersection region. Unfortunately, without a well defined trap center, the atoms

eventually perform a random walk out of the molasses region where final tem-

peratures, for sodium atoms, are rarely measured to be less than ∼ 8 velocity

recoils or 24 cm/s and lifetimes are usually less than 1 s.

In order to confine the atoms with a well defined trap center, an anti-

helmholtz magnetic field arrangement can be added to the molasses beam

configuration, as shown in Fig. 2.3(b). This type of geometric trap is called a
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Figure 2.3: Magneto-optical Trap. (a) 1D-MOT Two-level atom. Diagram
is not drawn to scale. Here δlaser = ∆L and δ± = ∆L ± geµBGmz

′/~. (b)
Graphical depiction of a 6-beam MOT with anti-Helmholtz coils is shown.
Polarization gradient fields (σ+- σ−) are shown here for the MOT beams. [2]

magneto optical-trap (MOT) and is the centerpiece of most ultracold atom ex-

periments. The trap produces a space dependent magnetic Zeeman shift in the

energy levels which modifies the effective detuning that each atom experiences

to

∆± = ∆L ∓ kv ± (geMe − ggMg)µBB/~ (2.7)

where kv is the Doppler effect, Me and Mg are the Zeeman sub levels, ge and

gg are the respective Landé g-factors for excited and ground states, µB is the

Bohr magneton, and B is the strength of the magnetic field.

Although the dynamics of atoms within a MOT can not be precisely

determined, the space dependent forces acting on each atom can be modeled
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as those of a strongly damped harmonic oscillator with the following solution

F (v, z) =
4~ks0(2∆L/γ)

[1 + s0 + (2∆L/γ)2]2
(kv + (geµBGm/~)z) , (2.8)

where Gm = ∂Bz/∂z is the magnetic field gradient, which, for a typical sodium

atom MOT, is ∼ 15 G/cm.

If there is sufficient flux of atoms into the MOT region, a MOT can

typically be loaded very efficiently and quickly with over 109 atoms for most

alkali species. For our experimental parameters, more than 3 × 109 sodium

atoms can be loaded in less than 5 seconds with a velocity spread of about

10− 12 velocity recoils or ∼ 30 cm/s. In order to achieve lower temperatures,

the coils can be quickly ramped up to create a compressed MOT and then

quickly turned off after which a short (≈ 2ms) period of polarization gradient

cooling (PGC) can be implemented. During this stage the intensity of the

MOT beams are lowered and the atoms are allowed to be cooled in optical

molasses. For our experiment, velocity spreads of 7 − 10 velocity recoils can

be achieved. Details of PGC can be found in many references, including [2].

2.3 Magnetic Trapping and Evaporation

The limit to cool atoms in a MOT-like environment is largely restricted

to temperatures near or above the ‘recoil’ of momentum that an atom obtains

during a spontaneous emission event. Notwithstanding more elaborate optical

cooling techniques like velocity selective coherent population trapping, optical

lattice cooling or Raman sideband cooling, the achievement of sub-Doppler
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cooling is most easily reached through evaporative cooling in a pure magnetic

trap. The atom loss, however, that comes with cooling through evaporative

techniques is nearly a factor of 10 for every gain of 100 in phase space density

(PSD). Unfortunately, a MOT typically has a PSD on the order of 10−6 and

must therefore surrender during evaporation a factor of nearly 103 atoms in

order to achieve Bose-Einstein condensation. Fortunately, all atoms that can

be captured in a MOT are also amenable to being transfered and evaporatively

cooled in a magnetic trap.

In general, an atom must have a magnetic dipole moment in order to be

trapped magnetically. More specifically, the magnetic dipole energy levels for

any alkali atom are the result of interactions between the relative spins of the

one valence electron and the nucleus of the atom. For sodium, like rubidium,

which also has a nuclear spin of I = 3/2, there are 8 Zeeman sublevels in the

ground state (Jg = 1
2
) and 16 sublevels in the excited state (Je = 3

2
) as depicted

in Fig. 2.1 [2]. In a magnetic field, an atom will experience a potential which

varies as

U = −µ ·B (2.9)

where the magnetic moment

µ =
µB

~
(gSS + gLL + gII) (2.10)

is a linear combination of contributions from electron, orbital and nuclear

spins. Here, S, L, and I, are the total electron spin, total electron orbital spin,

and total nuclear spin and gS gL, and gI are the electron spin, electron orbital,
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Figure 2.4: Magnetic Field Energy Levels. (a) Energy as a function of magnetic
field strength. (b) Energy as a function of position in a harmonic magnetic
trap potential. The green (dotted) line indicates the location of an atomic
resonance with a rf transition. [3, 4]

and nuclear g-factors, respectively. We can also write this energy in a more

compendious form utilizing the hyperfine numbers

U = −mFgFµBBz (2.11)

where mF is the Zeeman sublevel quantum number, and gF is the Landé factor.

And, finally, taking the spatial derivative of this equation provides the force

an atom experiences in the presence of a magnetic field gradient

(3D) F = −mFgFµB∇|B| (1D) Fz = −mFgFµB
∂Bz

∂z
. (2.12)

In connection to evaporation in a magnetic trap, a simple harmonic

oscillator calculation can provide a relationship between the energy of the

trap to the RF field, as shown here

~ωRF = −mFgFµBBz (2.13)
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where ωRF is the radio frequency used to eject atoms from the trap. Ejection

occurs, when, for example, relatively high energy atoms resonantly absorb

an RF photon and decay into a non-trappable ground state hyperfine level.

For sodium, forced expulsion from the trap occurs when two RF transitions

are made, as shown in Fig. 2.4(b). It is this space and energy dependent

relationship that allows for atoms to be ‘boiled’ away and eventually accrue a

higher density and concurrently lower temperatures.
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Chapter 3

Experimental Setup

In many ways an experimental apparatus is like a living, breathing or-

ganism, whose genesis, survival, and eventual expiration are dependent largely

on the design, management, and construction policies implemented by consec-

utive generations of physicists. Likewise, no part of an experiment evolves

without influence from multiple external sources, whether they be inherited

ideas from competitive groups or transplanted equipment from older, forgot-

ten experiments. Furthermore, no two apparati are alike, enabling investiga-

tions that are both singular and of vital importance to the physics community.

Those experiments that facilitate novel and robust scientific methods survive.

Those experiments that can not provide competitive insights to natural phe-

nomena are inevitably overshadowed, modified, or unreservedly dismantled.

The experiment described below is prototypical of a system that has

evolved through the efforts of overlapping burgeoning scientific careers of nu-

merous individuals. In many cases, the most profound ideas that provide

subtle, though innovative improvements to an experiment are left unrecorded

or forgotten. Nevertheless, much has been documented with regard to the

progress and continued success of this experiment. In particular, most of the
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resonant laser systems were built long before the present day vacuum chamber

was built. The details of this system can be found in Refs. [5–8]. After the

first generation of sodium experiments, a second more complex experiment was

built in order to achieve Bose-Einstein condensation. Much of the initial effort

was shared with the author and has been recorded in near unabridged form

in the thesis of Braulio Gutiérrez [9]. This chapter serves only to compliment

the aforementioned detailed accounts of all previous members.

3.1 Laser Systems

3.1.1 Resonant Laser Systems

The resonant laser systems come from a dye laser (Coherent 899-21),

which is optically pumped by an Ar-ion multline 7 W laser (Coherent Sabre).

All resonant beams are locked to a signal which is based on an FM spectroscopy

saturation absorption scheme. For this experiment, there are only three major

groups of laser light: cooling and trapping, Zeeman-slower and absorption

imaging beams. An illustration of the entire optical set-up is provided in

Fig. 3.1.

• Cooling and Trapping Beams (MOT and Repump Beams). As shown

in Ch. 2 Fig. 2.1, the MOT beam is red-detuned from the 32S1/2(F =

2) −→ 32P3/2(F
′ = 3) by 20 MHz. The repump beam is tuned directly

to the 32S1/2(F = 1) → 32P3/2(F
′ = 2) transition. Both of these beams

are combined and split into six independent cooling and trapping beams
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Figure 3.1: Resonant Laser System. (a) Trapping and Cooling Beams (MOT
and Repump). (b) 2D-Molasses and Zeeman Slower Beams. (c) Absorption
Imaging Beams. All beams are piped (≈ 1 m) across optical tables. None of
the ‘beam shaping’ optics are shown and the diagram is not to scale. Electronic
connections are depicted using (•−•).
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as shown in Ch. 2 Fig. 2.3(b). Fig. 3.4(b) shows a picture of the atoms

fluorescing in the MOT region.

• 2D-Optical Molasses and Zeeman Slower Beams. The 2D-optical molasses

beams are used to ‘freeze’ and effectively collimate the sodium atoms

soon after they exit the oven chamber. These beams typically provide a

factor of two in flux into the MOT region. Fig. 3.4(a) shows a picture

of the atoms fluorescing in the molasses region. There are two Zee-

man slower beams, one of which is red-detuned 600 MHz and the other

618 MHz from the 32S1/2(F = 2) −→ 32P3/2(F
′ = 3) transition. Both

of these beams are combined nearly co-linearly and are directed through

the MOT region and focused into the effusive oven hole as shown in

Fig. 3.3. The beam size closely matches that of the atom beam profile.

• Absorption Imaging Beams. In theory, the absorption beam should be

tuned precisely to the 32S1/2(F = 2) −→ 32P3/2(F
′ = 3). In practice, for

unaccountable reasons, the most reproducible and reliable tuning turns

out to be a blue-detuned beam of 8 MHz. For reference, the absorption

beam is shown entering the science chamber in Fig. 3.5 and the optical

set-up is shown in Fig. 3.8.

3.1.2 Far-Off Resonant Systems

For the experiments described in Chs. 4 and 5 only two far-off resonant

beams were used: a 1064 nm red-detuned optical tweezer and a 532 nm blue-

detuned optical lattice. The 1064 nm beam is generated from a 10 W Nd:Yag
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fiber laser (IPG Photonics, # YLD-10). The intensity is controlled by an AOM

producing a usable power of 6 W at the location of the atoms. Because this

laser is compact it could be placed very close to the experiment and readily

moved if needed.

The 532 nm beam is generated by a 10 W Verdi laser (Coherent). For

historical reasons the Verdi was originally used by the rubidium experiment

and was therefore located approximately 8 m from the location of the science

chamber. In order to minimize pointing instability and accurately reproduce

a ‘quality’ spatially filtered beam profile, numerous long telescopes and beam

pipes are used to transport the optical lattice (cf. Ch. 4) and interaction beams

(cf. Ch. 5) across three optical tables to the location of the atoms. At most,

only 4.5 W of this beam can be used at the location of the atoms. In addition,

because these beams had to be spatially filtered, unlike the 1064 nm beam,

high powered wire dye-casts are used (75 µm and 100 µm) instead of standard

pinholes.

3.2 Experimental Apparatus

The centerpiece of this experiment is the sodium atom. The prescrip-

tion to make a sodium BEC requires three major components: an oven with

differential pumping capacity, a Zeeman slower, and a science chamber with

MOT and repump beams generated from a dye laser. For reference, the entire

chamber is shown with most of the important optical inputs in Fig. 3.2.
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Figure 3.2: Total Chamber Schematic. The main vacuum components and
optical inputs are indicated. The total length of the chamber is 2.4 m. The
distance from the glass cell to the lower viewport used for the optical elevator
is 87 cm. The supporting aluminum structure for the oven chamber and the
Zeeman slower is not shown. Only the science chamber is coordinated above
the science table, protected by a HEPA filter system (also not shown).
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3.2.1 Oven Chamber

The oven chamber and sodium atom source saw many revisions during

the authors tenure as a graduate student. Prodigious effort was given to

the design and implementation of a re-circulating sodium oven, or so called

(Harvard design [10]) “candlestick” oven. Efforts to produce sufficient flux

with a fixed reliability were never met and the oven design was abandoned

after a lengthy experimental trial period. A simple, modular effusive oven

capsule design was adopted and it proved to be an efficient, low maintenance,

trustworthy alternative to the “candlestick” oven. Today, each oven capsule

can be loaded with 15 g of sodium, has a lifetime of over 500 data collecting

hours (about 4 to 6 months), and can be switched out in minutes with only a

three-four day bakeout.

The oven chamber is pumped out continuously with a turbo molecular

pump (BOC Edwards, 240 l/s pumping speed). During oven operation the

pump can limit pressures to about ∼ 10−8 when the oven is at ∼ 225 C. Ap-

proximately every three years the turbo pump needs refurbishing since sodium

eventually attacks the blades and the bearings wear out. In the case of black

outs (of which there were far too many during the authors tenure) the turbo

pump and rotary pump could be run on a single UPS system for more than

an hour even with a hot oven.

Also contained within the oven chamber region is a set of atomic beam

collimators and differential pumping tubes, as shown in Fig. 3.3. The colli-

mators restrict the flow of sodium that would otherwise have been lost in the
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Figure 3.3: Oven Chamber. Sodium is indicated by shaded region.

Zeeman slower vacuum tube. The differentially pumping tube has a conduc-

tance of only 0.16 L/s. It also matches the collimation of the atomic beam

through a series of reamed concentric holes in a 7 in. tube welded to a dou-

ble sided vacuum flange. This specialized tube creates a 103 Torr pressure

difference between the oven and science chambers.

3.2.2 2D Optical Molasses and Zeeman Slower

The 2D optical molasses comes right after the oven chamber and, as

mentioned in Sec. 3.1.1, it provides an enhancement of nearly a factor of two

in MOT loading rate. Fig. 3.4(a) shows a picture of the atoms fluorescing in

the 2D-optical molasses region. Following the 2D optical molasses region, is an
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Figure 3.4: 2D Molasses and MOT Pictures. (a) A picture of the atoms
fluorescing in the 2D optical molasses region. (b) A picture of the atoms
fluorescing in the MOT region. Here, there are approximately 3× 109 sodium
atoms in the MOT.

all-metal gate valve (VAT # 48132-CE01) which separates the oven chamber

from the science chamber so that vacuum can be broken in either chamber

without affecting the other.

The Zeeman slower connects the oven and science chambers. Compre-

hensive discussions of the optics, electronics, coil design, and magnetic field

measurement and analysis can be found in the theses of A. Widera, who de-

signed and constructed most of the coils and electronics, and B. Gutiérrez

who reported on many of the slower’s design features (Refs. [11] and [9]). It

is worth mentioning, however that, functionally, the slower (with 2D optical

molasses) can provide a slow atom flux capable of loading more than 2× 109

atoms in less than 2 seconds with a sufficiently hot oven.

29



3.2.3 Magneto-Optical Trap and Magnetic Trap

At the center of the science chamber, a six-beam bright MOT is used

to collect a large fraction of the atoms from the Zeeman slower. Our optical

set-up, unfortunately, was not designed to utilize a so-called ‘dark-spot’ loaded

MOT [12], which would have allowed for more stable and reproducible MOTs.

Nevertheless, we still manage to achieve condensation using our bright MOT

loaded magnetic trap system. As shown in Fig. 3.4(a), we are able to load up

to 3×109 atoms in the MOT. Consequently, we are able to load nearly a third

of those into the magnetic trap, since only a third of the ground state atoms

are magnetically trappable (cf. Ch. 2 Sec. 2.3).

A cloverleaf magnetic trap (MIT designed [13]) was designed and con-

structed to fit directly onto the science chamber. The trap consists of 18

fiberglass insulated refrigerator-tubing (water-cooled) coils and dissipates over

15 kW when the atoms are being evaporated. Since many details of the mag-

netic trap were discussed previously in Ref. [9], the author has devoted an

entire appendix (Appendix A) to many of the unpublished features of the

magnetic trap. Nevertheless, it should be noted that BECs with over 4× 106

atoms are now created regularly using the magnetic trap after a 22 second RF

ramp as shown in the experimental sequence timeline (cf. Fig.3.7).
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Figure 3.5: Science Chamber. Main vacuum features and optical inputs are
labeled.

3.2.4 Science Chamber: A Short History about the Center of the
Experiment

After the atoms have been slowed by the Zeeman slower, they entered

into the science chamber and a fraction of those are captured in the MOT

region which is defined by the overlap of six 1 in. beams at the center of the

science chamber as mentioned in the previous section. The science chamber

shown in Fig. 3.5, is actually the second generation chamber built for this

experiment, but the first to obtain a sodium Bose-Einstien condensate. Both

the present day chamber and its predecessor were designed to house surfaces,

as shown in Fig. 3.5.

Initially, a load-lock ultrahigh vacuum science chamber was designed
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and constructed. It was fitted with samples of atomically flat gold and graphite:

their proposed use was for quantum reflection using ultracold atoms. The load

lock system allowed for the quick exchange and/or appropriate preparation of

the surfaces. This chamber was designed as a double MOT system using a

(JILA designed [14]) baseball coil magnetic trap which provided more conve-

nient optical access than other magnetic traps. The lower MOT was loaded

by the Zeeman slower (up to 109 atoms in 1 s) and the upper MOT was

loaded by an ‘optical ratchet’ (cf. Appendix. B, Sec. B.1). The ‘ratchet’ was

a far-off-resonant (≈ 5 GHz) repulsive standing wave optical lattice that was

chirped to provide an acceleration of 104 m/s2 and a launch velocity of 40

m/s. The second MOT was created in a glass cell 300 mm above the lower

MOT. Loading rates into the upper MOT never exceeded 4 × 108 atoms in

10 s and consequently collision rates were too low for condensation to occur.

This chamber was subsequently dismantled.

A second ultrahigh vacuum science chamber was designed, constructed

and fully assembled. Apart from its capacity to necessarily accommodate

MOT beams, absorption imaging, and slowing beam, the present day science

chamber was also fitted with samples of atomically flat gold and graphite, as

shown in Fig. 3.5. Electrical feedthroughs were also added so that a coil could

communicate an RF evaporation sweep for condensing the sodium atoms.

It should be noted that once condensation was achieved, efforts to

achieve quantum reflection were pursued using a macroscopic optical eleva-

tor (see Appendix B, Sec. B.2 for more details on the optical elevator). The
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optical elevator was constructed out of a hybrid optical trap: a repulsive (532

nm) standing wave lattice and a red detuned tweezer (1064 nm). Together

these beams were simultaneously used to move the atoms 100 mm above to-

ward the samples with nearly 100% efficiency. For technical reasons, the atoms

were never able to be placed within 100 µm of the samples. This detail re-

stricted the perpendicular launch velocities to 3 cm/s or greater, making any

quantum reflection very difficult to see. Lastly, the condensate atoms also un-

derwent Bloch oscillations in the presence of gravity and were therefore heated

to about 1 µK with a phase space density of 0.02, which meant that the atoms

would have to be re-trapped and re-condensed near the surfaces if they were

to be used as a quantum reflection probe.

The systematic difficulties of macroscopic transport reinvigorated in-

terest in the magnetic trap and its unique geometry. With the cloverleaf

trap a quasi-1D magnetic waveguide could be constructed with final trapping

frequencies of 820 mHz and 318 Hz, in the transverse and radial directions re-

spectively. This magnetic waveguide (cf. Appendix A) enabled two novel and

surprising results both of which are discussed in Chs. 4 and 5, respectively.

3.3 Computer Control System, Experimental Sequence,
and Imaging

The computer control system was inhereted from our laboratory neigh-

bors, “the rubidium experiment”. In particular, much of the programming was

provisionally worked out by F. Schreck and much of the electronic interface
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Figure 3.6: Computer Control Systems. The so-called Control computer inter-
prets programming commands and directs multiple interface boards, including
a specialized DAC system. The so-called Vision computer, interprets the imag-
ing data sent to it from the CCD camera.

that was used to control most of the experimental equipment was designed

by T. Meyrath and F. Schreck. Nevertheless valuable contributions, by way

of modifications and improvements, were made by all members of our group.

What follows, however, is only a cursory summary of what the control sys-

tem provides for our experiment. For more details it is recommended that the

reader see Ref. [15] and the references therein and, likewise, Ref. [9] for specific

details of our computer control systems.

3.3.1 Computer Control System

Given the late twentieth century advances in integrated computer-

equipment systems, there will probably be no occasion in the future in which
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a serious scientific experimental effort will be made without the direct inter-

section of experimenter and computer. Our sodium Bose-Einstein condensate

experiment has been and will continue to be no exception. Without the careful

orchestration of precisely timed digital output commands, programable wave-

forms, and reproducible analog outputs, an experiment like ours would have

no chance to successfully complete the sequence of events necessary to create

a Bose-Einstein condensate.

Operationally, the workload for controlling the experiment is divided

between two computer systems: Control and Vision. The so-called Control

computer system interprets the programming commands and administers in-

struction via interface boards to the respective instruments. The so-caled

Vision computer system receives data from a 16-bit Apogee (# AP7P) peltier-

air cooled CCD. The main interface systems are an 8 channel 16-bit analog

output board (# NI-6533), a 32 channel digital output board (# PCI-DIO-

32HS), a (# NI-6533) 32-bit digital output board, and GPIB interface card.

All boards are from National Instruments (NI). A diagram of the basic system

is shown in Fig. 3.6.

In early 2004, utilizing T.Meyrath’s and F.Schreck’s expertise, we con-

verted the output from the NI-6553 into a DAC system which could support

up to 256 analog output board ( ±10 V) or 4096 digital outputs at a fraction

of cost of the NI boards. All digital and analog outputs have similar noise

characteristics to the NI boards, can output up to 250 mA, and can be up-

dated every 2.5 µs or 500 kHz. In practice, we have only used as many as 25
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analog outputs and about 35 digital outputs, far less than the full capacity

allowed by the bus system.

In mid 2005, DDSs (Direct Digital Synthesizers) were added to the bus

system utilizing an external low noise, stable 300 MHz reference. These devices

have a bandwidth of 150 MHz and are fully programmable using the Control

software. We utilized these particular boards to create arbitrary light poten-

tials via an AOD (cf. Ch. 5) although they can be used for many more tasks.

Each DDS is computationally equivalent to a single analog output, therefore

many boards could be used to simultaneously drive a variety of complicated

optical potentials for future experiments.

3.3.2 Experimental Sequence

Prior to executing an experimental sequence, daily alignment proce-

dures have to be ritualistically undertaken. In the case of this experiment,

optimization and alignment of the dye laser and all resonant beams usually

take no less than one hour and frequently more if there are problems with laser

power or frequency locking. Alignment of the Zeeman slower and the MOT

typically take between two to four hours every day. There are two main rea-

son for this: first, the drift in the pointing stability of the MOT and repump

beams and, second, small drifts in the laser frequency lock. Nevertheless, the

entire routine is managable and can even be rewarding when the entire system

is aligned and stable during late night hours.

When all lasers are properly aligned, the oven is warmed up, and the
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Figure 3.7: BEC Experimental Sequence Timeline. Atom number, density,
temperature, and phase space density are approximate. Note that periods
between important time divisions are not equal.
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science and oven chambers are opened up to each other via the VAT valve,

the ‘main’ experimental sequences can begin. A timeline, like the one in

Fig. 3.7, best describes the procedures that follow in order to achieve conden-

sation. These procedures can, in fact, be generalized as the necessary basic

steps to acheive condensation for any MOT loaded magnetic trap-evaporation

sequence.

3.3.3 Absorption Imaging

When a sodium BEC is created it can be imaged onto a camera in one

of two ways: fluorescent imaging or absorption imaging. The former imaging

technique relies on capturing a finite solid angle of fluorescence from atoms

which are illuminated by the MOT beams and at least one repump beam. The

main disadvantage of this technique is that the spatial features of the BEC

can quickly be lost due to the spontaneous force applied from the resonant

beams. The main advantage of this technique is that it can very accurately

count a small number of atoms. The latter technique relies on the absorption

properites of the sodium atoms. The main advantage of this technique is that

it provides fairly accurate spatial and density information about the atomic

cloud. The main disadvantage of this technique is that the signal to noise is

significantly reduced when a small number (. 104) is attempted to be imaged.

For all of the experimental data, we have relied solely on absorption

images to interpret the spatial, momentum, and energy distributions of the

atoms. This method employs the use of a so-called ‘raw absorption’ beam
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Figure 3.8: Optical Set-up for Absorption Imaging. Both absorption beam
and atom imaging are shown in this diagram. The overall magnification of
this particular setup is ∼ 2.3 providing a 0.032 mm/pixel calibration for the
CCD camera.

which is cast upon the atoms for a brief exposure time, typically 100 µs. The

beam entering the chamber is 25 mm in diameter and provides a near uniform

intensity distribution over the whole cloud, whose spatial extent at the time

of imaging is usually less than 500 µm in any direction. A depiction of the

imaging system is shown in Fig. 3.8.

Since the intensity profile is uniform we can use a simple integrated

form of absorption for the whole beam assuming a constant initial intensity

distribution, I0. The basic formula can be written as

I(x, y) = I0(x, y) exp[−σ
∫
n(r) dz] (3.1)

where σ = σ0(γ/2)2/[∆2
L + (γ/2)2] is the near resonance absorption cross sec-

tion. Since the exposure time is short and atoms are usually very cold, Doppler
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broadening can be neglected. Unfortunately, we cannot obtain the intensity

distribution directly from this result. We can, instead, infer the atomic density

from the ‘optical density’ which can be derived from the following result

D =
I(x, y)

I0(x, y)
= σ

∫
n(r) dz (3.2)

where I(x, y) is the ‘raw absorption beam’ taken with the atoms and I0(x, y)

is the ‘probe beam’ taken without atoms. The output from both of these

images is best illustrated on the Vision panel as shown on Fig. 3.9. On this

panel, both the raw absorption image and the probe beam are shown as well

as the final, calculated optical density which can be profiled using the built-in

fitting routines on the Vision program (written by F. Schreck). In addition

to compiling and interpreting the images, Vision, in conjunction with Control,

can implement any number of sophisticated groupings of data collection so

that time of flight temperatures, BEC fraction, or expansion rates can all be

determined in a systematic and reliable fashion.
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Figure 3.9: Vision Panel for Absorption imaging. (a) Raw data and Gaussian
fits to the optical density data. Blue (inner) lines mark positions for integrat-
ing the number of atoms. Red (outter) lines mark the location to subtract
out noise. (b) The raw absorption image shows the CCD image of a 100 µs
exposure. The location of the atoms appears as a shadow. (c) A probe beam
CCD image is taken 7 seconds after the absorption image. Image (b) is then
subtracted from (c) to obtain a raw absorption image. (d) Optical density
profile is the numerically calculated value which best approximates the spatial
and density distribution of the atoms. (e) In this column the recently taken
pictures can be viewed along side the current image. All images are 350× 350
pixels with 32 µm/pixel
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Chapter 4

Quantum Transport in a Quasi-1D Magnetic

Waveguide

The following chapter is a comprehensive review of the work we did

involving the quantum transport of ultracold atoms in a quasi-1D magnetic

waveguide. It is meant to embellish what could not succinctly be provided in

reference [16].

4.1 Introduction

The study of dynamics of ultracold atoms in optical latices has been

the focus of fairly intense work for over a decade, particularly in the laboratory

of Mark Raizen. The work discussed in this chapter functions to expand upon

the legacy of novel and influential quantum transport studies that have been

performed in this laboratory: Madison (1998) [7], Fischer (1997-2001) [8],

and Gutiérrez (2005) [9]. It differs from previous quantum transport studies

performed in this lab in three ways. Firstly, this is the first time the dynamics

of interacting, Bose-Einstein condensate atoms in an optical lattice have been

observed. Secondly, this is the first quantum transport experiment situated

in a horizontal quasi-1D magnetic waveguide, where the dynamics of atoms
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can be measured for more than 600 ms. And lastly, this is the first inertial

quantum transport experiment, i.e., without any external force, where the

dynamics observed are those based solely on the interaction of atoms with an

optical lattice.

4.2 Optical Lattices and Band Structure

When atoms are placed in to an optical lattice a great number of com-

plex, though subtle, condensed matter phenomena become directly applicable

in describing the dynamics of the system. The length scales of optical lattices,

O(λLight/2), are responsible for manufacturing and in some cases enhancing

the preservation of quantum, interference-like phenomena. And the naturally

low scattering rates associated with far-detuned laser beams make optical lat-

tices ideal for performing experiments in a decoherence free environment. In

condensed matter systems, virtually all of the physics is contained within a de-

scription of the interaction of electrons with nuclei in a solid. In optical lattices,

the notion that light and atoms can perform the same dutiful ballet between

‘now atom’ (once electron) and ‘now optical lattice‘ (once atomic nuclie) is

not immediately obvious. In order for the two ostensibly disparate systems to

be physically compatible, a marriage of just the right type is required.

In short, quantum tunneling and reflection are the prerequisite phenom-

ena that must be attainable in order to achieve a scalable quantum transport

in addition to electrons in solids. The reason optical lattices work so well to

induce quantum dynamics is because of three primary ingredients: an intrinsic
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Figure 4.1: Quantum Tunneling Comparison. deBroglie wavelengths are
shown for Rb, Na, and an e− as a function of their respective recoil tempera-
tures (for the e−, TR = 300 K). A 500 µs tunneling time is shown for sodium
BEC (T ∼ 0.1 ER) and MOT (T ∼ 10 ER) temperature atoms tunneling be-
tween wells with a barrier height (V0) given by the energy scale, a separation
equal to the length scale, and a fixed trapping frequency of 2π · 50 kHz.

length scale (typically 200-600 nm), a potential energy scale (typically 0.01-

40 ER), and an appropriately cool initial temperature of the atoms (typically

0.1-10 ER), where ER = ~2kL/2m is a recoil energy of the lattice and kL is the

lattice constant. If any of these ingredients are not matched delicately for an

intended experimental result, then the ability to exploit the wavelike nature

of the atoms can be lost. In Fig. 4.1, a depiction of the relevant deBroglie

length scales is provided for comparison with the length scale of a typical op-

tical lattice and the relevant energy scales of the atoms and the barriers they

encounter. Also shown for comparison are the barrier height and separation

scales for a fixed tunneling rate and fixed temperature BEC and MOT atoms

provided for by the WKB approximation: τtunnel ∝ π2

ωtrap
exp[

√
(V − E)m/~2d],
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where V is the height of the barrier, E is the mean energy per particle, and d

is the thickness of the barrier [17].

4.2.1 Important Theoretical Results: A Primer for Optical Lattice
Research

We can write the single particle time independent Schrödinger equation

for a 1D periodic potential as[
~2

2m

∂2

∂z2
+ V0 cos2(kLz)

]
ψ(z) = Ez ψ(z) (4.1)

where we can also let V0 cos2(kLz) = U0(1−cos(kLz)).
1 Throughout this thesis

V0 will be defined as the “well depth” (as measured in the experiment) and

U0 ≡ V0/2 will be defined as the “potential amplitude”. Now we can rewrite

Eqn. 4.1 as

~2

2m
ψ

′′
(z) + [Ez − U0 − U0 cos(2kLz)] ψ(z) = 0 (4.2)

and equate it to the Mathieu differential equation

y
′′
(ζ) + [a− 2q cos(2ζ)] y(ζ) = 0. (4.3)

By comparing Eqn. 4.2 and Eqn. 4.3 we can generate the following substitu-

tions

a =
E − U0

ER

(4.4)

q =
U0

2ER

, (4.5)

1Many of the calculational details of the theoretical background for band structure of
optical lattices were outlined by T.C. Li and can be found in [18].
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where ER = ~2k2
L/2m is the recoil energy of the lattice and kL is the lattice

constant.

From this formalism we can numerically solve Eqn. 4.3 using the built in

Mathieu functions on Mathematica, namely, MathieuCharacteristicA[c, q]. Uti-

lizing this routine we can solve for the band structure formulas and equations

of motions

E(k) =

(
ak +

U0

ER

)
· ER (4.6)

v(k) =
1

~
dEz

dk
=
ER

~
dak

dk
(4.7)

d(~k)
dt

= 0 (i.e., no external forces), (4.8)

where v(k) is the velocity of an atom in the periodic potential, k is quasimo-

mentum, Ez is the energy per atom in the presence of the periodic potential,

and ak = MathieuCharacteristicA[ k
kL
, q], which ultimately defines the character-

istic energy of the atom.

We can recover all dynamical information about an atom in the lattice

from the semiclassical equations of motion and band structure formulas. In

the absence of external forces we can generate a reduced-zone scheme for the

energy for a particle as a function of quasimomentum, as shown in Fig. 4.2.

We can also produce solutions for the group velocity and effective mass, as

shown in Fig. 4.3. Likewise, we can calculate the velocity of an atom in the

optical lattice by knowing its initial velocity in free space, and its transformed

velocity, provided by Eqn. 4.7. This transformation assumes that the atom is

loaded adiabatically into the lattice, and hence Eqn. 4.8 is assumed valid [19].
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Figure 4.2: Band Structure for Various Optical Lattices. The energy as a
function of k is calculated and plotted in the first Brillouin (reduced) zone.
The first (lowest) and second bands are shown for each well depth. For an
optical lattice, cos(2kLz), the width of the first Brillouin zone is equal to 2kL.
Note that calculations are based on a ER = 30.6 kHz recoil energy from a
λ = 532 nm light generated optical lattice.

Figure 4.3: Group Velocity and Effective Mass of Atoms for Various Optical

Lattice Depths. Here, v(k) =
1

~
dEz

dk
and meff = ~2

[
d2Ez

dk2

]−1

are plotted for

the first band for V0 = 1, 4, 8, 12 ER. Note that the group velocity reveals that
at the center and at the edge of the Brillouin zone the wave packet does not
move. Also note that the meff can be larger (even ∞) than the free mass, but
also smaller and negative [20].
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Figure 4.4: Velocity of Atoms Loaded into Lattice. The velocity transforma-
tion assumes adiabatic loading into the lattice. Initial velocity spreads are
indicated for our experimental results (cf. Sec. 4.6). Plot is courtesy of T.C.
Li.

Since we do not load a single atom, but rather a distribution of atoms

we assume the following. Prior to loading the atoms into the lattice, we assume

the thermal atoms initially satisfy a Maxwell-Boltzmann distribution, as shown

here

f(z, v, t = 0) dv dz = N
~ωz

2πkBT
e−mω2

zz2/(2kBT )e−(~k)2/(2mkBT ) dk dz, (4.9)

where ωz = 75 Hz is the trapping frequency of the optical tweezer used to

confine the atoms prior to expansion in the lattice, T is the temperature of

the atoms, which can be deduced from the free expansion in the waveguide,

i.e., equating 1
2
kBT = 1

2
mv2

z . Here we are also assuming that v = ~k
m

, since

the optical tweezer trapping frequency is negligible compared to the lattice

trapping frequency (usually on the order of 100 kHz). We also assume, like
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the single atom case, that their distribution in k space remains unchanged

while loading the atoms adiabatically into the optical lattice.

The time evolution of the atomic distribution can now be determined

by calculating f(z, k, t) = f(z − vkt, k, t = 0), where vk is the velocity of the

atoms in the optical lattice with wavevector k, as depicted in the velocity

transformation plot in Fig. 4.4. Therefore, in the absence of any external

forces, the evolution of the atomic density distribution in the periodic potential

can be written as

f(z, t) = N
~ωz

2πkBT

∫ ∞

−∞
e−mω2

z (z−vkt)2/(2kBT )e−(~k)2/(2mkBT ) dk. (4.10)

From f(z, t), we can determine the expansion rates and density profiles at

any given time for atoms expanding in an optical lattice. As we shall see in

Sec. 4.6, the predictions made by Eqn. 4.10 are in excellent agreement with

the experimental results for both thermal and BEC atoms for V0 . 12 · ER.

4.3 Background and Recent Developments in Quantum
Transport

The last decade has seen a broad and growing interest in performing

experiments with ultracold atoms in optical lattices or combined lower dimen-

sional optical lattice systems [21–25]. The impetus for such experiments has,

of course, been to explore the well known and well studied theoretical frame-

work of solid state phenomena. With the advent of commonplace production

of Bose-Einstein condensates, there has also been a rapid increase in interest in
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Figure 4.5: Comparison of Waveguides for Ultracold Atoms. Not included in
this plot are works on the Mott Insulator-superfluid transition [26] or Tonks
Gas [27, 28]: both types of experiments explore regimes of quantum phase
transitions that are only coincidentally related to the aforementioned works
shown above [21–25]. Plot is courtesy of Tongcang Li.

studying the role of interactions on quantum transport. Concurrently, there

has been special attention given to improving optical and magnetic experi-

mental techniques to approach or even realize lower-dimensionality in optical

lattice systems, particularly 1D or quasi-1D.

As shown in Fig. 4.5, our experiment is placed squarely in the middle of

the intermediate quasi-1D regime for many of the major works exploring quan-

tum transport of ultra-cold atoms in low-dimensional optical lattices. Unlike

the preceding works, it is the only type of experiment of its kind to explore
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the dynamic evolution of interacting and non-interacting atoms in an inertial

optical lattice.

4.4 The Quasi-1D Magnetic Waveguide

The magnetic waveguide is central to the physics not only of the quan-

tum transport study, but also to the experimental studies reported in Chs. 5

and 6. Many of the details, however, of the creation and diagnostics of the

magnetic waveguide are left for discussion in Appendix A, Sec. A.4. Only the

functional aspects of the waveguide’s creation and utility will be outlined in

this section.

We start with a Ioffe-Pritchard type cloverleaf magnetic trap [13], as

described in Ch. 3, Sec. 3.2.3 and Appendix A, Sec. A.4. It has original trap-

ping frequencies of ωρ = 2π × 324 Hz and ωz = 2π × 20 Hz in the radial

and axial directions, respectively. After 20 s of rf evaporation a pure BEC of

∼ 5 × 106 atoms is created. By manipulating the respective currents in the

existing coils of the magnetic trap we are able to transform the anisotropic,

harmonic magnetic trap into a cylindrically symmetric magnetic waveguide,

as shown in Fig. 4.6. The final trapping frequencies of the magnetic waveguide

are ωρ = 2π×317 Hz and ωz = 2π×820 mHz in the radial and axial directions,

respectively.

In order to keep atoms from freely expanding into the weakened axial

directions, a Nd:YAG 1064 nm optical tweezer, with a spot size (1/e2) of

180 µm and power of 6.35 W at the location of the atoms. The tweezer is
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Figure 4.6: Magnetic Waveguide Creation. The magnetic potential Umag is
shown as a function of the transformed cloverleaf magnetic trap field strengths.
Field plots are courtesy of Hrishikesh Kelkar.

ramped on adiabatically in 100 ms and can collect 100% of the atoms. While

being held by the optical tweezer, the original anisotropic magnetic trap is

transformed in three stages into a quasi-1D magnetic waveguide. First, the

curvature field (axial direction) is turned off in 20 ms so that we create a flat

waveguide. Next, a gradient field in the axial direction is adjusted in 50 ms to

compensate for any tilt along the axial direction.2 Finally, atoms are allowed to

equilibrate during 500 ms before the start of expansion in the waveguide. This

entire procedure has no measurable heating effect and can efficiently transfer

more than 2 × 106 of nearly pure BEC atoms. Lifetimes in this hybrid trap

have been measured to be over 10 s.

It should be noted from the outset that great time and effort was put

into making the waveguide isotropically flat with little or no measurable tilt,

2By observing the center of mass motion, we found that the acceleration along the axial
direction of the waveguide was less than 250 µm/s2 over 750 µm of the waveguide.
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Figure 4.7: Quasi-1D Magnetic Waveguide Free Expansion. A BEC is released
from a YAG optical tweezer and allowed to freely expand in the waveguide.
Note that expansion rates remain linear out to distances of ±1 mm.

i.e., no unwanted curvature or gradient fields. To this extent, both the tilt

and flatness of the magnetic waveguide were studied extensively. Atoms were

released from the optical tweezer and both their center-of-mass motion as well

as their spatial extent were measured. This procedure was repeated for differ-

ent initial positions along the waveguide, covering a total distance of 750 µm

(± 375 µm from the center of the trap). We compared expansion rates for

each initial position and found them to be indistinguishable. By displacing

the cloud in the axial direction, we tracked one quarter of an oscillation from

which we estimated the frequency to be ωz = 2π × 820 mHz. We also verified

that the density profiles remained fixed in the radial direction throughout an

entire expansion. (Later we shall discover that for different optical lattice well

depths, V0, the spatial extent in the radial direction does change accordingly.
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However, for each of these cases, respectively, the extent remains fixed.) Ulti-

mately, all measurements were limited by the resolution of our imaging system

(5 µm) and the finite current control of the linear gradient and curvature coils.

When BEC atoms are allowed to expand in the waveguide they do so

at roughtly the same rate of expansion in the ẑ-direction in time of flight

for the same expansion times. The main reason for this, we believe, is that

the mean field energy acquired in the radial direction does not couple to the

axial direction. When thermal atoms are allowed to expand in the waveguide

they do so at the same rate that is measured in time of flight. In Fig. 4.7,

BEC atoms are shown expanding freely in the waveguide after being released

form the YAG optical tweezer. Expansion rates were measured for various

expansions times and the rates were found to remain constant (linear) out to

distances of ±1 mm.

4.5 Quantum Transport Experimental Sequence

For this experiment, atoms are loaded into the optical lattice while

being held by the optical tweezer, as shown in Fig. 4.8. We ramp on a periodic

potential in 60 ms along the axis of the waveguide. This length of time was

chosen to be sufficiently long as to minimize heating. The periodic potential,

which has a form Vz = V0 cos2(kLz), is created by a repulsive standing wave of

far off-resonant light (λ = 532 nm) whose waist at the location of the atoms

is 120 µm. Well depths as high as s ≡ V0/ER = 18 can be attained. Here s is

defined as the dimensionless ‘well depth’ [20], ER =
~2kL

2m
is the recoil energy
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Figure 4.8: Periodic Potential Creation in a Quasi-1D Magnetic Waveguide.
Atoms are held in the YAG tweezer during the creation of the magnetic waveg-
uide. The optical lattice is ramped on in 60 ms and then the YAG tweezer
is suddenly (< 10 µs) turned off and expansion into the waveguide lattice is
allowed to occur.

of the lattice, and kL = 2π/λ.

For our experimental parameters, the spontaneous scattering rate can

be neglected as atoms expand in the optical lattice. Also, the Rayleigh length

(8.5 cm) of the optical lattice beams is substantially larger than the extent of

expansion (∼ 500 µm) and therefore does not cause significant variation in the

well depths. The release from the optical tweezer into the periodic potential

is done rapidly (< 10 µs). We verify, from time of flight measurements, that

this release retains nearly 0.9(1) of the condensate fraction. We also rule out

significant heating caused by the optical lattice as determined by holding the

atoms in the hybrid trap in the presence of the optical lattice with a maximum

well depth of s = 18. Condensate fractions as high as 0.8(1) are measured for
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Figure 4.9: Waveguide Lattice Optics. An inferferometer is used to monitor
fringe contrast and visually compare the mode quality of the outgoing beam
to the incoming beam. Gravity is into the page.

holding times of 500 ms.

For reference the optical set up that is used to create the lattice is

provided in Fig. 4.9. It should be noted that some technical feats had to

be accomplished prior to developing a successful, robust, and reproducible

waveguide lattice. First, building on our technical skills we acquired from the

optical transport system discussed in Appendix B, Sec. B.2, we relied on an

interferometric diagnostic tool to create the highest quality mode relationship

between the incoming and outgoing beams and also monitor the stability of

the waveguide lattice. Second, in order to have direct, undisturbed horizontal

access to the atoms, a computer controlled slide (cf. Appendix B) was used

to temporarily move one of the MOT-repump mirrors from the path of the

waveguide lattice for every experimental run.
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Figure 4.10: Time evolution for the rms width for thermal and BEC atoms.
The rms size σ is shown for two cases of periodic potential heights, s = 1.6, 4.9.
For this plot the thermal atoms are T = 0.16 TR. Dotted lines (BEC) and
solid lines (thermal) are fits to the data. BEC atoms (• 1.6, H 4.9) and thermal
atoms (� 1.6, N 4.9).

4.6 Results

The experimental results of this study are especially straightforward

and can be summarized as follows: atoms are allowed to expand into an op-

tical lattice while being confined in a quasi-1D magnetic waveguide; these

expansions are repeated for both thermal and BEC atoms for a variety of

well depths (s ∈ 0 − 18). After a variable expansion time in the waveguide,

all trapping fields are turned off and the atomic distribution is detected by

absorption imaging after 3 ms of free expansion, from which we measure the

axial rms width, which we shall denote simply as σ for this section of the the-

sis. Fig. 4.10 shows a sample of the long time expansions of thermal and BEC

atoms for optical potential depths s = 1.6, 4.9. It clearly depicts that thermal

57



atoms with T = 0.16 TR (here, TR ≡ 2ER/kB) have a faster expansion rate

than BEC atoms for a given lattice well depth.

It should be noted, however, that the expansion of thermal atoms is not,

in general, faster than BEC atoms. In fact, if sufficiently cold, thermal atoms

are used then their respective expansion will be slower than BEC atoms. BEC

atoms have, in principle, a finite limitation on their expansion rates which

is provided by their density, and hence their mean field, since the average

energy per particle in a BEC sample is ∝ N2/5. We, unfortunately, were

never able to test this hypothesis because we could not, for technical reasons,

create thermal, non-interacting atoms that were colder than BEC atoms in

our magnetic waveguide.

All of our expansion results are summarized in Fig. 4.11(a). It shows

the dependence of expansion rate (dσ/dt) on the lattice depth. The atom

number used for the BEC data is N = 1.7(4) × 106 (solid squares) and for

thermal atom data is N = 0.9(2)×106 (solid circles). s = 0 corresponds to free

expansion in the waveguide. In the absence of the periodic potential, thermal

atoms have a linear expansion rate of 13.8(9) mm/s and BEC atoms have a

linear expansion rate of 8.1(1.7) mm/s. The expansion rate for thermal atoms

in the waveguide is consistent with their time of flight measured temperature,

which is T = 0.16 TR. It is also verified that expansion rates in the waveguide

are proportional to the square root of the initial temperature.

For finite well depths (s > 0) single-particle band structure theory is

used to describe the ballistic expansion of thermal atoms after interaction
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Figure 4.11: (a) Expansion rates for various periodic potential heights are
shown for both thermal atoms (�) and BEC atoms (•). Error bars for dσ/dt
represent one standard deviation. Error bars for the optical well depths are
not shown, though there is a systematic uncertainty of ± 10 % that affects
BEC and thermal atoms in the same way. The solid line (thermal) and dashed
line (BEC) are theoretical predictions for our experimental parameters based
on single-particle band structure theory (see text). The plot for BEC atoms
is based on the concept of effective temperature as described in the text. (b)
Shows plot (a) in detail for high well depths.
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with the lattice. This theory is based on a standard 1-D periodic lattice model

discussed in Sec. 4.2.1 and has no adjustable parameters. Additionally, this

theory is not based on the Gross-Pitaevksii equation and no effect of interaction

has been included.

By calculating Eqn. 4.10, the time evolution density distribution, we

can predict both density profiles and expansion rates (dσ/dt). As depicted

in Fig. 4.11(a), this model is in good agreement with the data collected for

expansion rates for thermal atoms.

In the case of interacting atoms, we expect the result to deviate from

the predictions of this simple model provided for by Eqn 4.10. For relatively

low well depths (s . 6), surprisingly, we find that the expansion rates versus

well depth for a BEC fit very well using the theory for noninteracting atoms.

For high well depths, however, we observe that the theory clearly deviates

from the experimental results.

For low well depths, the rate of expansion exceeds the estimated velocity

of sound (∼ 3 mm/s) for our typical initial peak densities of BEC atoms

(∼ 8×1013 /cm3).3 During such fast expansions, the BEC as a whole, no longer

behaves as a single entity, but as a collection of individual atoms. Interactions,

we observe, seem to play very little role for such expansions. As suggested in

Ref. [30], we can thus ascribe an effective temperature to the expanding atoms

3For ground state BEC atoms, the velocity of sound is cs =
√

npeakg/2m where npeak is
the peak density and g = (4π~2as)/m. In the presence of a 1D optical lattice cs decreases
as a function of higher well depths, s. Expansions into the optical lattice ultimately cause
a decrease in density and therefore a further decrease in sound velocity.[29]
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which is obtained by fitting the data point s = 0 for the BEC atom data (in

this case T = 0.06TR).

For higher well depths the interaction-driven dynamics of the BEC

atoms is more complex than what single-particle theory can predict. From

Fig. 4.11(b) we observe that there is a trend for BEC atoms to expand much

less than the rate predicted by single-particle band structure model. In the case

of the expansion rate measured for s = 17.9, the rate was found to be nearly

half of the expected value with errors less than ± 10 % in the uncertainty of

expansion.

The rms value of the density distribution is not sufficient in compar-

ing the complete dynamics of the interacting and noninteracting case. We

therefore compare the raw lineshapes of thermal and BEC atoms in Fig. 4.12.

We use the same single-particle band structure theory to predict profiles for

thermal atoms and for BEC atoms using the concept of effective temperature

and we then compare the lineshapes with experimental data. According to

Eqn. 4.7, the development of sharp edges in the density profiles is a conse-

quence of the maximum allowed velocity in the lowest band of the optical

lattice, as shown in Fig. 4.3. For sufficiently cold atoms (T . 0.1 ER/kB)

density profile edges do not emerge for any well depth. In contrast, for hot-

ter atoms, density profiles like those seen in Fig. 4.12(a) are typical. At high

well depths the maximum allowed velocity becomes smaller than for low well

depths, therefore atoms must be allowed to expand for longer times in order

for the appearance of density profile edges to be observable.
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Figure 4.12: Quasi-1D Magnetic Waveguide Expansion into a Periodic Po-
tential: Thermal and BEC atoms. (a) The evolution of density profiles is
shown for thermal atoms (N = 0.54(5)× 106 atoms, T = 0.18 TR) expanding
in an optical lattice with s = 2.25. (b) The evolution of density profiles is
shown for BEC atoms (N = 1.8(3)× 106 atoms, with an effective temperature
T = 0.06 TR) expanding in an optical lattice with s = 13.4. For both plots
the dotted lines are theoretical density profiles based on single-particle band
structure calculations (see text).
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The density profiles for thermal atoms are in excellent agreement with

theory, as shown in Fig. 4.12(a). In the case of BEC atoms, the density profiles

are not in good agreement with the theory predicted profiles for high well

depths. As shown in Fig. 4.12(b) we have observed the long time evolution of

the density profile for BEC atoms. In 116 ms the atoms have expanded from

an initial rms waist of 90 µm to 120 µm. The waist of the profile is noticeably

larger than the predicted value using the theoretical model. This discrepancy

is due, in part, to the initial interaction strength of the BEC atoms. It is well

known that for large atom number a Thomas-Fermi distribution will acquire a

profile that differs in size from that of thermal atoms [31, 32]. For longer times,

however, we have observed that the atoms expand less than the model predicts.

We do not see transport stop for any well depth, i.e., the sharp edges continue

to grow with the maximum velocity allowed in the lowest band. Likewise,

we do not believe atoms stop or slow down due to variable axial trapping

frequency because we have noted that their expansion still grows linearly for

times greater than 800 ms.

These phenomena can be understood in a simple way. The interaction

between atoms can have two opposite effects on the expansion of BEC atoms.

On the one hand, the repulsive mean field tends to decrease the effective

well depth, which will increase the tunneling rate between nearest wells and

expedite the expansion. On the other hand, non-uniformity of the mean field

due to a density gradient can break the periodicity of the potential, which can

suppress the expansion. For low well depth (s ∼ 2 − 6) optical lattices, the
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density and collision rate for BEC atoms drops by nearly a factor of three when

atoms are allowed to expand for just 10 ms. Therefore when the well depths

are shallow and the density is low, both effects are small and produce a result

for the BEC atoms that can not be distinguished from the non-interacting

atom result. Consequently, kinetic energy dominates the mean field effects on

expansion for BEC atoms. For high well depth optical lattices, the effect of

non-uniformity dominates and causes the suppression of dynamics of the rate

of expansion for BEC atoms [24, 33].

4.6.1 Controlling the Atom Number: Looking for Nonlinear Self-
Trapping Effects

In early 2005, Oberthaler, et. al [24], reported the observation of non-

linear self-trapping of BEC atoms in a periodic potential. The atoms were

allowed to expand in a similar fashion to our work, but instead they observed

an nonlinear effect which was dependent on the density of atoms. More specif-

ically they observed steep edges in density profiles which were caused by fairly

sharp discontinuities in density, or so-called density gradients from one lattice

site to another.

Our earliest efforts studying quantum transport were focused on re-

producing this work. From the experimental data in Oberthaler’s paper, we

estimated that their density and density gradients were ∼ 0.13 and ∼ 33 times

our density and density gradients, respectively. For technical reasons we could

not achieve much higher gradients, but we could lower the density, which, of
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Figure 4.13: Controlling the Atom Number and Waveguide Expansion vs.
Number of Atoms. (a) Depiction of the CAN procedure as described in the
text. (b) Summary of waveguide expansions for different initial number of
atoms. All experimental parameters were chosen to be as close to Ref. [24] as
possible.

course, also lowered the density gradient.

Our first and only attempt at lowering the atom number in a controlled

manner came by way of using a variable barrier height optical billiard or later

called Controlling the Atom Number (CAN) procedure. Specific details of the

CAN creation and optical set-up can be found in Ch. 5. Nevertheless, the idea

is simple enough to explain here. As Fig. 4.13(a) depicts, we initially place

atoms in an optical billiard whose size matches the size of the YAG tweezer

at the location of the waveguide. Atoms are then compressed by moving one

of the walls of the billiard and the same wall height is subsequently lowered

until atoms leak out. If a pure BEC is used the chemical potential will dictate

the number of atoms remaining. The level of precision and reproducibility of

the number of atoms is, in theory, limited only by the stability of the trap and
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fidelity of a high condensate fraction.

After the energetic atoms leave the optical billiard the wall heights

are made equal and sufficiently higher than the chemical potential. Then a

short magnetic sweep (gradient in the ẑ-direction) is introduced to remove

the unwanted atoms and the billiard is resized to an appropriate size to be

adiabatically loaded and released into the waveguide lattice.

In practice, unfortunately, the entire procedure of CANing caused un-

acceptable heating so that the number state we expected was never acceptably

reproducible. Typically we achieved number states and errors on the order of

2(2)×105 or 19(3)×105. These values can be demonstrated with generic, sta-

tistical binning methods, like varying the rf evaporation end point or starting

with fewer atoms loaded into the magnetic trap.

For completeness a summary of our results is provided in Fig. 4.13(b).

These results, however, are in no way related to the phenomenon of nonlinear

self-trapping. On the contrary, we see no steep edges in the density profiles

for any number state and we always see linear expansion rates. We do see

that higher number of atoms usually corresponds to faster expansion rates as

seen in Fig. 4.13(b). We attribute this a higher mean field for larger number

of atoms.
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Chapter 5

Driven Atoms in a Finite Box

The following chapter is a comprehensive review of the study of different

heating rates of a driven, dilute Bose gas confined in a quasi-1D finite optical

billiard. It is meant to embellish what could not succinctly be provided in

reference [34]. We begin with a review of some of the main concepts of the

quantum kicked rotor.

5.1 The Kicked Rotor

The use of the kicked rotor with cold atoms has a very rich history,

particularly in our laboratory [35, 36]. In our driven atom system we uti-

lize a mechanism for heating that is, in principle, characterized by the same

formalism developed for the quantum kicked rotor. A thorough description

of such a system can be found in C.F. Bharucha’s Ph.D thesis, Experiments

in Dynamical Localization of Ultra-cold Sodium Atoms using Time-Dependent

Optical Potentials. And although volumes of literature exist on this subject it

is useful to state some of the important features and results of this system.

First, the paradigm of this subject is based on the following scaled
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classical delta-kicked rotor

H =
ρ2

2
+K cosφ

N∑
n=1

f(τ − n). (5.1)

Here, momentum is ρ = p/(2~kL/k̄), where p is the measured momentum and

k̄ is a dimensionless parameter equal to 8ωrT (sometimes referred to as the

‘scaled Planck’s constant’). T is the kick period, N is the total number of kicks,

and ωr = ~k2
L/2m. The displacement of each atom in the axial direction is

given by φ = 2kLz and τ = t/T measures time in units of the kick period. The

stochasticity parameter, K, determines the classical evolution of the system

and can be written in dimensionless form as K = 8V0Ttpωr/~, where tp is

the finite pulse duration of the kicked rotor. For the classical kicked rotor, K

characterizes the strength of interaction of the rotor. When K > 4 widespread

chaos appears in a classical system leading to unbounded motion in phase space

[37].

5.1.1 Dynamical Localization

In 1994, the first direct observation of dynamical localization (DL) of

cold atoms in an optical lattice was reported by Raizen [38]. In their ex-

periment, and like those that have followed it, a standing wave of light was

used to impart near-delta kick momenta to atoms in such a way as to achieve

widespread global chaos. In contrast to seeing the classically predicted un-

bounded energy growth, these experiments observed a quantum suppression

of the energy growth. What follows is a brief description of such a system.
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From the Taylor-Chirikov or “standard” map [39], it can be shown

that for the kicked-rotor system the expected growth in the square of the

momentum is
K2

2
N , and therefore the diffusion in momentum is given as

ρ2 = DN where D ≡ K2

2
. (5.2)

This relationship confirms that energy is expected to grow linearly with the

number of kicks. But it assumes the kicks are sufficiently fast. Since real

optical pulses are restricted to have a finite width in time there is a classical

momentum boundary for a particular pulse time which is given by

pcl =
πm

kLtp
. (5.3)

By making the finite pulsewidths smaller the classical moment boundary can

be pushed further away.

Quantum mechanics predicts the suppression of the classical diffusion

for this particular model and it is appropriately referred to as dynamical lo-

calization. A rigorous analysis reveals that such systems can be characterized

by Floquet states, which are the time-dependent solutions to the Schrödinger

equation corresponding to Eqn. 5.1. For short times, the non-classical nature

of the Floquet states remains unresolved [40], but for long times the momen-

tum distribution approaches that of the Floquet states that constituted the

initial conditions, which are discrete and exponentially localized [6].

Assuming the initial momentum spread is sufficiently narrow, as N

number of kicks are administered to the atoms the energy of the system will
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grow linearly until it reaches a ‘quantum break time’, N∗ = K2/4k̄2, and a

corresponding ‘quantum break energy’, E∗. The quantum break energy char-

acterizes a temporal ‘localization length’ in which the discrete energy spectrum

of the Floquet states is revealed. This phenomenon is known as dynamical lo-

calization and for initial Gaussian momentum distributions has a quantum

energy break time of

E∗ =
(N∗(2~kL))2

2m
=

(
K2

4k̄2

)2
(2~kL)2

2m
. (5.4)

. . .

There are two time dependent provisos for the validity of DL, both

are resonance conditions. A quantum resonance occurs when the scaled mo-

mentum becomes equal to integer multiples of 2π. Experimentally this con-

dition can be realized for certain pulse periods, which can be calculated from

k̄ = j · 2π, where j is an integer. If an appropriate resonant pulse period is

chosen, TRes, DL will not be observed, and energy will be allowed to grow

linearly with the number of kicks.

A quantum antiresonance can also destroy DL. It can occur when the

pulse period is chosen to be T = TRes/2. In this case, the motion caused by

the kicked rotor is only periodic for ρinit = 0, therefore alternating kicks have

the effects or adding and removing energy from the system for any N so long

as coherence is preserved.

It should also be noted that the phenomenon of DL has a ‘strong’ anal-

ogy to Anderson localization (cf. Ch. 4 of [41]). Anderson localization is a
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quantum mechanical effect that occurs when electrons are allowed to diffuse in

a disordered potential in real space. Analogous to DL, Anderson localization

relies on non-resonant particle-potential interaction. For long range-disorder,

the random phases of the respective eigenfunctions for each electron destruc-

tively interfere with each other, thereby forcing the electrons’ wavepackets

to exponentially localize in space. In an analogous manner, DL can be in-

terpreted as a long time-disorder effect that results from the interference of

random phases of the plane wave momentum states for the atoms. This effect

ultimately causes the atoms’ wavepackets to exponentially localize in momen-

tum.

5.1.2 Interpreting our Experimental Parameters Using the Kicked
Rotor as a Benchmark

In this experiment we report on the realization of a kicked rotor system

that differs from previous experiments in three important respects. First,

all time scales (tp and T ) for this experiment are much longer, over 100 times

longer in some cases, than previous measurements of DL. Longer times between

kicks are essential for allowing interactions between condensate atoms to play

a role, if any, in the evolution of their dynamics. Similarly, longer pulse times

generalize the effective deviation of this experiment from the result obtained

from an ideal δ-kicked rotor. Here, we are not enforcing a prerogative that

interactions do not play a role in DL in BEC experiments for short periods,

i.e., the effect of a kick on a BEC atom is possibly different than that of a

thermal atom. This type of effect does not require any time for collisions.
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Second, atoms are confined to a quasi-1D billiard while being subjected

to a series of light pulses—‘kicked rotors’. This feature enables examination of

momentum distributions for long period kick times without the loss of atoms

due to free expansion. Confinement in a billiard also provides for the possi-

bility of observing the effect of position dependent correlations that are either

moderated and/or controlled by quantum revivals in a billiard [42].

Third, the kicks are provided, not by a standing wave, but rather by a

single kicked rotor beam which is focused orthogonally (see Fig. 5.2(a)) onto

the atoms to create a potential with a much longer wavelength than a counter

propagating standing wave lattice. One direct consequence of this particular

long wavelength ’rotor’ is its low kick strength which is approximately 75 times

weaker than a typical counter propagating standing wave lattice.

In Fig. 5.1(a), a depiction of the real optical billiard and kicking poten-

tial is shown (details of its construction and utility are provided in Sec. 5.2).

The billiard has a finite height that allows atoms with ∼ 8 cm/s velocity to

leave the trap. This feature puts stringent limits on the extent to which atoms

can probe phase space, as shown in Fig. 5.1(b). And if, as we shall see, ex-

perimental parameters are chosen so that E∗ > Vb, where Vb is the billiard

potential height, then DL will be not be seen in such a system.

For our experimental parameters, K ranges from 114 to 1600 and k̄

ranges from 2.5 to 37 for T = 10 to 150 ms, respectively. The finite pulse

duration tp is fixed at 200 µs for all of our data. tp also places an important

classical limit on the momentum as shown in Eqn. 5.3. In our case, the clas-
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Figure 5.1: Phase-space plots for the kicked rotor for our Experimental Pa-
rameters. (a) 1D depiction of the billiard and kicked rotor potential. (b)
Phase-space plot for our kicked rotor. Typical initial velocity spread is shown
as well as the corresponding maximum allowed momentum due to the finite
height of the billiard. Plots are courtesy of Tongcang Li.

sical momentum limit pcl/m becomes fixed at 10 cm/s (26.6 µK), which is

significantly higher than the barrier height (Vb = 18(2) µK) and consequently

higher than any energy measured. From these parameters and from the phase

space portrait in Fig. 5.1(b) it is evident that global chaos can be achieved

but, as we shall see, without the possibility of observing DL.

5.2 Experimental Sequence and Details

In order for this experiment to be completed, a well characterized op-

tical set-up utilizing an acousto-optic deflector with the capacity for a high

number of resolvable spots had to be designed and calibrated in order to con-

struct an optical billiard and kicked rotor. A description of this system as well
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Figure 5.2: Interaction and Billiard Beams. Repulsive 532 nm optical beams
create both confinement (billiard walls) and kicked rotor beams. Each beam
has an asymmetric spot size (1/e2) at the location of the atoms of wz = 10.4 µm
by wρ = 160 µm in the axial and radial directions respectively. The beams
enter the chamber 60◦ below the horizon.

as the experimental sequence follows.

5.2.1 A Quasi-1D Magneto-Optical Billiard

Like the quantum transport study described in Ch. 4, this experimen-

tal study requires the creation of a quasi-1D magnetic waveguide. The details

of this waveguide are provided in both Ch. 4 Sec. 4.4 and in Appendix A,

Sec. A.4. Unlike the quantum transport experiment, this study relies on an

optical billiard to trap atoms in the axial direction while the anisotropic mag-

netic trap is transformed into a cylindrically symmetric quasi-1D waveguide.
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The finite potential barriers of the billiard are created by two far-off-

resonant (λ = 532 nm) optical billiard beams. The location and power of each

of the billiard beams are controlled in real time by an acousto-optic deflector

(AOD). Each of the beams forms a repulsive barrier in the axial direction and

together they form the end caps for the atoms in the waveguide. They are

separated by L = 123 µm along the waveguide axis and have an asymmetric

spot size (1/e2) at the location of the atoms of wz = 10.4 µm by wρ = 160 µm

in the axial and radial directions respectively. Each beam creates a potential

barrier height of Vb/(2π~) = 180(20) kHz (18(2) µK), which can hold atoms

with a velocity of up to 8.0 cm/s. In the case of our experimental parameters,

quantum mechanical tunneling through an optical billiard is, for all practical

purposes, immeasurable. The lifetime of BEC atoms in the billiard exceeds

7.5 s and the measured heating rate in the billiard is negligible compared to

the effect of the kicked rotor.

The optical setup for the billiard is shown in Fig. 5.3. A 3.6 W spatially

filtered optical beam travels ∼ 6 m to an optical table which is elevated 18 in.

above the science table. The table is 40 × 20 in. and houses all of the optics

for shaping, steering, deflecting, and shuttering the beam before it is directed

and focused onto the atoms.

5.2.2 An Optical Kicked Rotor

The optical billiard maintains its utility for confinement throughout

the transfer and into the experiment by continuing to provide trapping in the
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Figure 5.3: Optical Setup for the Interaction and Billiard Beams. After an
initial telescope with 5× magnification is used a vertical telescope (�) with
∼ 1/10×magnification and horizontal (↔) telescope 4×magnication are used.
The 40 × 1 mm beam fills the entire AOD to provide over 100 resolvable spots
at the focal place. All lenses are precision broadband coated acromats except
the two uncoated cylindrical lenses marked (�) and (↔). The last Ag mirror,
prior to the last lens is not shown. It is at this point that the beam is deflected
downward from the horizontal at 60◦ in order pass into the science chamber (cf.
Ch. 3, Fig. 3.5) and focus at the location of the atoms up to 100 asymmetric
spots with wz = 10.4 µm by wρ = 160 µm in the axial and radial directions of
the magnetic waveguide, respectively.
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Figure 5.4: Characterization of the Interaction and Billiard Beams. (a) Axial
intensity profile taken from a CCD image of the optical billiard and kicked
rotor beams. The intensity variation of the kicked rotor spots is measured to
be less than 5%. Here, the intensity of the billiard beams has been lowered
by a factor of 5 so that the intensity profiles are not saturated. (Inset) CCD
image for the profile. (b) A theoretical 1D depiction of the billiard and kicked
rotor potential with correct potential heights is shown for comparison.

axial direction. But now the billiard must contend with energy provided to the

atoms from the kicked rotor. Together, the billiard and kicked rotor beams are

created from the same AOD. Their 1D geometry (intensity profile) is imaged

and consequently characterized the same way, as shown in Fig. 5.4. Other

methods of profiling are used in characterizing the beam (cf. Appendix D)

but only those utilizing the atoms will be discussed here.

Two independent techniques were used to determine the axial spot size,

wz. The first technique was to measure the transmission probability through

a single barrier with a known amount of laser power. The second technique

was to measure the evolution of the aspect ratio of a BEC released from the

billiard when the beams are very close to each other. The two techniques give
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Figure 5.5: Temporal Characteristics of the Kicked Rotor. For the experimen-
tal data presented in this chapter only the kick period T is varied.

a consistent value for wz. Additionally, the Rayleigh length, zR = πw2
0/λ, for

the axial spot size is ∼ 600 µm which is much larger than 2σρ, the radial

extent of the atoms in the waveguide. In the radial direction, each beam is

4 times larger than the measured spatial extent of the atoms (σρ ≤ 20 µm),

thereby causing deviations in the potential uniformity by less than 12%.

In order to create the kicked rotor beams with the same spatial profiles

as the billiard beams but different deflection angles, an arbitrary waveform

generator is also used to control the same AOD. By applying the billiard and

kicked rotor signals simultaneously, the desired spatial pattern of light can be

drawn at the location of the atoms. As shown in Fig. 5.4(a), the kicked rotor

is made up of five equally spaced beams contained within the billiard beams.

The distance between adjacent beams is d = 20.5 µm.

The kicked rotor experimental sequence is as follows: BEC atoms are

held in the billiard while being kicked, N times, by the kicked rotor beams,
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Figure 5.6: Kick Strength of the Kicked Rotor. A geometric comparison is
provided for the position dependent kick strength for both a sinusoidal and
Gaussian periodic potential.

which are described above. Between consecutive kicks, the atoms undergo free

evolution inside the quasi-1D billiard, as shown in Fig. 5.5. We then measure

the momentum distribution of the atoms after 10 ms of free expansion. The

rms width of the distribution is used to calculate the energy along axial and

radial directions.

Since we do not use a traditional standing wave lattice, but instead

construct our kicked rotor from a set of Gaussian optical beams (see Fig. 5.6),

there is sufficient reason to believe that our system cannot be exclusively inter-

preted in terms of the prerequisite sinusoidal potential formalism that develops

the kicking strength parameters for the kicked rotor. We can, nevertheless,

roughly estimate the initial energy per kick to be ∼ 80 − 250 nK, which can

be approximated from the classical momentum diffusion rate 〈((ρ/k̄)2/2)〉 =

K2/4k̄2 [41], i.e., the regime of linear growth in energy.

79



5.3 Results

The dependence of energy and atom number on the number of kicks

is presented in Fig. 5.7. After a large number of kicks, typically N ≥ 35, the

energy of the system reaches a saturation value. The origin of this saturation

in energy is purely classical and can be explained by considering the loss of high

energy atoms over the barriers. The finite size of the barriers puts an inherent

cutoff on the maximum energy that the atoms can possess in thermodynamic

equilibrium. This results in the system reaching a nonequilibrium steady state

where the input of energy from each additional kick is exactly balanced with

the energy lost due to the subsequent removal of the hottest atoms over the

finite potential barrier.

Figs. 5.7(a) and (b) present contrasting examples of energy growth

along the axial and radial directions. For short time between kicks, the axial

and radial energies evolve very differentely in their final values. If sufficient

time passes between kicks (T > 15 ms), then collisions play a major role in

thermalizing the axial and radial components. The energy in the two directions

is then almost identical as shown in Fig. 5.7(b).

The data in Fig. 5.7(a) also shows that there is heating in the radial

direction associated with the kicked rotor. It is likely that the radial kick

strength is a consequence of a slight misalignment of the kicked rotor beams

with respect to the waveguide, leading to a quantifiable, minimum heating

rate. As mentioned before, the miminum potential uniformity in the radial

direction is about 10%, but the effect of misalignment is different from the
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Figure 5.7: Energy vs. Number of Kicks for T = (a) 10, (b) 100 ms. Ez (�) and
Eρ (•) are the energies measured in the axial and radial directions, respectively.
For this data the kick pulse width (tp = 200 µs), kicks strength (V0/2π~ =
35(3) kHz), and billiard height (Vb/2π~ = 180(20) kHz) are unchanged. For
the atom number data (N), there is a systematic uncertainty of ± 10% which is
not shown. The solid lines are a numerical simulation for thermal atoms driven
by a kicked rotor in a quasi-1D finite box given our experimental parameters.

Figure 5.8: Energy vs. Number of Kicks for T = 28 ms ((a) BEC and (b)
Thermal Atoms). Ez (�) and Eρ (•) are the energies measured in the axial
and radial directions, respectively. Experimental parameters are the same as
in Fig. 5.7.
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effect of collisional interactions. The effect of misalignment is independent of

the time period between kicks. Our data reveals that this coupling between

the radial and axial directions is dependent on the time period which is a

property of collisional interactions, not misalignment.

Fig. 5.8 shows the dependence of energy and atom number on the num-

ber of kicks for both BEC and thermal atoms for T = 28 ms. Apart from

the initial energy differences for BEC (Eave ≈ 200 nK) and thermal atoms

(Eave ≈ 750 nK) there are a few other remarkable differences between the two

cases that are illustrated in Fig. 5.8. First, the radial and axial energy compo-

nents for the BEC atoms are clearly thermalized, even for a very small number

of kicks (N ≈ 3). The energy differences between the radial and axial compo-

nents for thermal atoms are not as small for the thermal case as they are for

the BEC case. Second, the measured atom loss rate is greater for BEC atoms

(≈ 20% loss for 20 kicks) than for thermal atoms (≈ no loss for 20 kicks),

which is surprising since the thermal atoms are initially hotter than the BEC

atoms. These differences, however, become more quantifiable by examining

the data in Fig. 5.10.

In Fig. 5.9, energy measurements are made for both the axial and radial

directions after N = 40 kicks. For short kick periods, T < 15 ms, mixing

increases between the axial and radial directions but remains stably separate

up to N = 40 kicks. For T > 15 ms, the system becomes completely ergodic at

N = 40 kicks. It can also be seen that the atom loss rate is relatively constant

for N = 40 kicks for all kick periods. The fact that the atom number after 40
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Figure 5.9: Energy as a function of the Kick Period (T ) for N = 40 Kicks. Ez

(�) and Eρ (•) are the energies measured in the axial and radial directions,
respectively. The solid line is a numerical simulation for our experimental
parameters. The dotted line is a numerical simulation for the same parameters
but for no collisions between atoms.

kicks is nearly the same for all kick periods suggests that the atom loss rate is

mostly due to the same amount of energy being added from each kick.

In both Figs. 5.7 and 5.9, the result from a quantum numerical simula-

tion is added for comparison with our data. The numerical simulation utilizes

a discrete variable representation (DVR) in order to approximate the Hamil-

tonian of our system [43, 44]. The DVR method is useful when numerically

solving quantum transport type problems, particularly in 1D, that are not

necessarily periodic or, in the case of our billiard, contain only a finite number

of lattice sites with non-negligible boundary conditions.
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In the DVR, the Hamiltonian matrix can be written as,

Hij =
~2(−1)(i−j)

2m∆x2

{
π2/3 i = j

2
(i−j)2

i 6= j

}
+ δij V (xi) (5.5)

where i and j are the indices of the matrix, ∆x is the grid size, and V (xi) is the

real potential that is discretized by xi = i ∆x, with i = 0,±1,±2, . . .. For our

experiment ∆x is chosen to have 2000 evenly spaced points along the billiard

(see Fig. 5.1(a)), providing a corresponding position resolution of ∼ 60 nm.

The simulation assumes an initial sample of non-interacting thermal

atoms with a constant collision rate of 5 Hz. This assumption is consistent

with the calculated initial value for the collision rate between atoms, namely,

γ = nσc〈v〉 ∼ 5 Hz, where n = 6.5 × 1012 cm−3 is the mean density, σc =

8πa2
s = 1.9 × 10−12 cm2 is the collision cross section for sodium atoms, and

〈v〉 is the rms velocity of atoms, which is initially measured to be 10(1) mm/s.

Most importantly, the simulation uses the exact optically-constructed potential

used in the experiment as depicted in Fig. 5.4(a).

Employing our experimental parameters1, the simulation agrees very

well for large kick periods where there is complete thermalization between

axial and radial directions. When the model assumes there are no collisions

between atoms, as shown in Fig. 5.9, the energy in the axial direction, Ez,

after N = 40 kicks is independent of the kick period. This theoretical result

confirms that collisions are necessary for mixing the two degrees of freedom.

1Systematic uncertainties in atom number, optical spot sizes and beam intensity account
for up to ± 20% of the total uncertainty in our experimental parameters. The numerical
model used to fit these data falls within this uncertainty.
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Theoretically this implies that any energy imparted radially must come from

collisions and not directly from the kicks.2 Experimentally, we observe that

this is not entirely the case. As seen in Fig. 5.9, some fraction of atoms do

become heated in the radial direction as direct consequence of the kicked rotor.

If this were not the case then the first data point corresponding to T = 1 ms

would have a much lower initial energy, namely 200 nK, instead of 1.75 µK.

On the other hand, if we use the peak density of the BEC (npeak = µ/g (see

Appendix E, Table E.6)) to calculate the collision rate, we find that the γ can

exceed 50 Hz for a portion of the cloud.

To build a more coherent picture incorporating both the change in

energy and the loss of atom number, we plot the dependence of phase space

density (PSD) versus the number of kicks, as shown in Fig. 5.10(a). Here, a

three dimensional phase space density is calculated using $ = n0λzλ
2
ρ, where

λi = (2π~2/(mkBTi))
1/2 is the thermal de Broglie wavelength and n0 is the

density. Two significant features warrant discussion. First, there is a marked

difference between the initial PSD decay rates for BEC and thermal atoms.

This difference is due largely to the comparable energy scale of the initial

energy of the BEC, ∼ 250 nK, and the energy added by a single kick, roughly

310 nK. Consequently, only a few kicks are required to cause the BEC atoms to

be heated above their critical temperature, TC ∼ ~(ω2
ρωzN)1/3/kB [31], which

for our system is ∼ 500 nK . The atoms then follow the same PSD trajectory

2As mentioned before, misalignment can cause a small, finite heating in the radial direc-
tion, but this effect is independent of collisions and time between kicks.
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Figure 5.10: Phase Space Density for Driven Atoms in a Finite Box. (a) Solid
shape data represent BEC starting conditions. Open shape data represent
thermal (non-condensed) starting conditions. The solid line is a numerical
simulation for thermal atoms driven by a kicked rotor in a quasi-1D finite
box given our experimental parameters at T = 28 ms. For T = 20 − 40, 60
data points were taken for both thermal and BEC atoms for N = 3 kicks. (b)
Exponential line fits to the data reveal that BEC atoms have a PSD decay
rate that is over 6 times that of thermal atoms for the kicked rotor billiard.
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as thermal atoms. On the other hand, in the case of thermal atoms, the energy

from a single kick is only a fraction of the initial energy, ∼ 1 µK.

The second, more remarkable feature of the PSD plot applies to the

time dependent behavior of both BEC and thermal atoms. For both BEC and

thermal atom initial conditions, experimentally fitted exponential decay rates

in PSD are identical for large N , i.e., for times after a nonequilibrium steady

state has been achieved. In both cases, BEC and thermal atoms achieve a

nonequilibrium steady state that is independent of the kick period.

For small number of kicks, N ≤ 10, the measured exponential decay

rate in PSD for BEC atoms is nearly seven times as fast as for thermal atoms.

This exponential decay rate is coincident with a rapid decay in the condensate

fraction, as shown in Fig. 5.11. Data for the condensate fraction decay rate

indicates that there are two distinct time scales, one for short kick periods

T ≤ 30 ms and one for the long kick periods T ≥ 40 ms. For the short kick

periods, the number of collisions is approximately 44% that of a longer kick

periods. This implies that, for small N and small T , the condensate atoms

remain unaffected by the thermal atoms in between kicks.

5.4 Addendum: Nonequilibrium Steady State Theory
and the Onset of Decoherence

The connection of this system to other nonequilibrium systems was not

investigated, although it is certainly worth pointing out that the steady state

achieved in our system may have similarities to chemical reactions that can
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Figure 5.11: BEC Fraction as a Function of Number of Kicks. Experimental
data is sorted into short kick periods, T = 2− 28 ms (solid squares), and long
kick periods, T = 40− 150 ms (solid circles). The figures to the right are time
of flight (10 ms) axial profiles for N = 0, 3, 8, and 10 kicks for T = 28 ms.
Note that BEC fraction below 5% are not reliable.

be driven to a nonequilibrium steady state or other systems with finite loss

mechanisms. An enormous body of work has been constructed in the area of

reaction-rate theory physics that explores these concepts and if future, more

careful experimental techniques are employed in a cold atom experiment, like

the one addressed in this chapter, there may be some utility in recognizing the

compatibilities between this work and the work based on H.A. Kramers ideas

[45]. For further reading, see also the review article found in Ref. [46].

Likewise, if future work can be performed in a true 1D system then

experimental realizations of driven systems will have no ambiguities that are

associated with collisions that cause mixing into the radial degree of freedom.

Such systems can explore, more precisely, critical phenomena associated with
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the onset of decoherence or the precision excitation spectrum of a condensate.

These types of experiments can reveal many details of the thermodynamics of

condensates that have no yet been accomplished in great detail.
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Chapter 6

Reflection from a Random Potential

The first experiment performed in the magnetic waveguide was a test

for quantum reflection from a random optical potential. This experiment,

however, was abandoned because it was recognized that the experimental ev-

idence for any quantum effects could never be distinguished from classical

effects. Nevertheless, it is worth mentioning the results of this experimental

effort particularly since there have been three independent demonstrations sub-

sequently reported of analogous behavior by three separate, reputable groups

led, respectively, by: Aspect [47], Inguscio [48], Ertmer [49]. In all three of

these experiments ultracold atoms (initially BEC) were allowed to negotiate

a variety of random or speckle type optical lattices. Atoms were found to

localize when barriers of sufficient height prevented further expansion. Like

the results presented in this chapter, all three of these succeeding experiments

verified that no quantum effects could be measured.

6.1 Transport Suppression from Classical and Quantum
Reflection

When room temperature macroscopic objects interact with their en-

vironment the interaction is, for most practical purposes, well described by
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Figure 6.1: Tunneling through a finite barrier. A graphical depiction and
tunnelling time estimate are shown for a double well optical system.

classical and statistical mechanics. When sufficiently cold atoms interact with

an optical potential, a classical prediction of their behavior is nearly always

inadequate and typically incorrect. On the other hand, systems that can be

modeled entirely by quantum mechanics can still generate dynamics where the

outcome is wholly consistent with a classical prediction. Such is the case when

a potential barrier is either too large, V0 � E(ERec), or too wide, d � λdB,

where E is the energy of the atom, ERec = ~2k2/2m is the resonant recoil

energy unit, and λdB is the thermal deBroglie wavelength of the atom.

To illustrate how dramatic this effect can be, Fig. 6.1 depicts a reason-

able estimate for a non-classical tunneling time based on typical experimental

parameters used in creating two wells separated by a finite barrier. There are

primarily two methods for enhancing the tunneling rate: either lower the bar-

rier with respect to the average energy of the particles or decrease the width

of the barrier. A summary of how tunneling rates vary with respect to length

and energy scales is provided in Ch. 4, Fig. 4.1.
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There is, fortunately, an enhancement to tunneling that can also be

provided by the addition of a ‘fast’ lattice, i.e., a typical counter propagating

optical lattice with lattice spacing corresponding to λLight/2. The effect of this

super-imposed corrugation onto a ‘slow’ barrier or lattice is twofold.1 First,

depending on the ratio of the slow variations in potential height with respect

to the fast optical lattice, atoms can gain facilitated motion due to the resonant

effect of the Bloch states, inherent in a fast optical lattice. Second, the fast

lattice provides much smaller distances for atoms to tunnel between barriers,

i.e., for sufficiently weak fast lattice well depths, the effect of corrugation can

effectively weaken the barrier provided by the slow lattice.

Fig. 6.2 shows a variety of so-called superlattices that can be created

from a corrugation of an arbitrary slow lattice with a fast lattice. There are two

parameters that characterize this composite potential. The first is the ratio of

the amplitudes of the fast and slow lattices, defined here as χ ≡ Afast/Aslow.

The second is the ratio of the lattice spacings for the slow and fast lattices,

defined here as η ≡ λslow/λfast. Together these parameters fully determine the

site to site potential differences that atoms experience while interacting with

this superlattice.

In an attempt to utilize the benefits of a random superlattice potential,

we first estimated, based on our experimental parameters, the reflection and

1By fast lattice, the author defines a lattice that allows tunneling probabilities on the
order of unity for reasonable (V0 . 10 ER) well depths between lattice sites. By slow lattice,
the author defines a lattice that prohibits tunneling between lattice sites for the duration of
an experiment (τexp ∼ 1 s).
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Figure 6.2: Diagnosis of a Random Superlattice. (a) Parameters χ ≡
Afast/Aslow and η ≡ λslow/λfast define the superlattice variations in ampli-
tude and spacing, respectively. For our parameters, η ≈ 38, whereas χ can be
varied, for example, as shown for χ = 1, 10, 20. (b) Parameter ∆var ∝ 2Aslow/η
reveals that for our experimental parameters the slow lattice breaks transla-
tional symmetry by about 5% from site to site of the fast lattice for χ = 3.

corresponding transmission probability (T = 1 − R) for transport through

such lattices. The calculations of quantum reflection were based largely on

the method of generalized impedence outlined in Refs. [50, 51]. The reflection

probability calculations were made for our experimental parameters by B.

Gutiérrez-Medina [52]. I present one of the main results, in Fig. 6.3, that

illustrates, optimistically, an experimentally realizable system for Anderson-

like quantum reflection from a random superlattice.

By Anderson-like quantum reflection we define a system that allows

transmission (atomic flux) through a random superlattice potential but with

a characteristic localization length, i.e., a length scale defined by a number

of slow lattice sites where the transmission falls off exponentially (1/e). This

particular phenomena is in contrast to a uniform or periodic superlattice po-
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Figure 6.3: Numerical Simulation for Quantum Reflection from a Random
Superlattice Potential. (a) Reflection probability curves for fast plus slow ran-
dom potentials. The number of slow lattice sites is changed. The well depths
are, respectively, Vfast = 0.1 ER, Vslow = 0.5 ER, for a value of χ = 5. (b)
Transmission probabilities for a uniform atomic distribution with Einit = 1 ER,
and ∆Einit = 2 ER are shown. Results for uniform and random potentials are
shown as (•) and (�), respectively. The red solid line is an exponential fit to
the random potential data.. Figures are courtesy of B. Gutiérrez-Medina.

tential, where the predicted transmission, i.e., current, remains constant. For

a random lattice, with 50% randomness (see Sec. 6.2 for a definition of ran-

domness), we calculated the reflection probability for atoms with an initial

velocity and velocity spread corresponding to Einit = 1 ER (vinit ∼ 3 cm/s)

and ∆Einit = 2 ER (vinit ∼ ± 3 cm/s), respectively. Here and throughout

this chapter ER ≡ ~2k2
L/2m where kL = 2π/λfast is the lattice constant of the

532 nm counterpropagating fast (waveguide) lattice (see Ch. 4 for details of

its design and construction).

Classically, it is predicted that when atoms with incident energy less

than Vsum = Vfast + Vslow enter a random superlattice they will be trivially
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reflected, as seen from Fig. 6.3(a). Furthermore, reflections for the condition

Einit ≥ Vsum should not be permitted. However, quantum reflection can occur

due to the constructive interference of small reflections from each fast lattice

site to yield a high reflection coefficient even for the case when Vfast < 1 ER.

For a periodic superlattice, the effect of quantum reflection is independent of

the number of lattice sites, as seen in Fig. 6.3(b). For a random superlattice,

the reflection probability decreases exponentially as a function of the number

of lattice sites. By fitting this curve a localization length can be obtained. In

the case of our experimental parameters, lloc ∼ 400± 100 µm or lloc ∼ 50± 20

slow lattice sites—values that are, in principle, within experimental reach.

This calculation, however, encourages a naive assumption about the

nature of quantum reflection and its role in defining ‘Anderson-like’ localiza-

tion. In truth, the effect of reflection for atoms whose initial incident energy is

in or near the second band can have exactly the same effect as being near the

bottom of the lowest band. This can easily be confirmed by noting the char-

acteristic group velocities in k-space (see Fig. 4.3 in Ch. 4). Since the group

velocity reaches a second minimum of zero at the band edge for any well depth,

for a Maxwell-Boltzmann distribution of atoms at or near this boundary there

will always be a finite group of atom whose dynamics will be identical to those

whose energy is near the bottom of the lowest band. The fact, then, that

transmission decreases with greater number of random lattice points is now

associated with the same, somewhat, trivial phenomena of classical reflection

due to the incident energy being smaller than Vsum. Furthermore, the more
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random sites the atoms encounter the more likely their respective energies

(quasimomenta) will be commensurate with a reflection resonance near the

band edge.

6.2 Experimental Setup for Reflection from a Random
Potential

The parameter space for reflection from a random superlattice poten-

tial is exceedingly large. Without instruction from calculations like the one

described in Sec. 6.1, an experimental verification of quantum reflection could

be pursued without fruition. We, therefore, tried to establish three compar-

ative tests that could substantiate an observation of quantum reflection or

a distinguishable localization length in space. These tests included reflection

from a random superlattice potential as a function of the slow lattice potential,

as a function of randomness of the slow lattice potential, and as a function

of the number of slow lattice sites. Two initial incident energies were chosen

for each test: ‘free’ release of the condensate atoms into the fast lattice and a

‘constant velocity’ release of the condensate atoms also in the fast lattice, but

due to a short magnetic pulse. In each case the atoms center of mass motion

was approximately 8 mm/s and 15− 35 mm/s, respectively, with comparable

velocity spreads of ∼ 10 mm/s. A depiction of the experimental sequences for

both types of launching is provided in Figs. 6.4 (a) and (b).

For most of the data provided in this chapter, the fast lattice well depth

was chosen to be V = 1 ER or ~ · 2π 30.6 kHz. Only the slow random lattice
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Figure 6.4: Experimental Sequence for Transmission through a Random Su-
perlattice Potential. (a) Atoms are initially trapped in the Nd-YAG (1064 nm)
optical tweezer and are adiabatically loaded into the fast (waveguide (WG))
lattice. The optical tweezer is then suddently (< 10 µs) turned off and atoms
expand with a velocity spread of ∼ 8 mm/s into the waveguide lattice until
they meet the slow random lattice where both transmission and reflection of
the atoms are measured. (b) Atoms are also released from the optical tweezer
(not shown) but now provided an initial velocity in the direction of the slow
random lattice via a short magnetic field gradient (∼ 10 G/cm for ∼ 8 ms).
The atoms’ center of mass now has typical velocities on the order of ∼ 3 cm/s
and velocity spread of ∼ 1 cm/s. The slow random lattice is then ramped on in
10 ms around half of the atoms. Like (a), both transmission and reflection of
the atoms are inferred from the final density distribution along the waveguide.
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Figure 6.5: Random Lattice Profile. A portion of an optically generated slow
random lattice profile is shown. For this lattice the randomness is 28%. The
profile was created using a scanning pinhole profiling technique explained in
Appendix D Sec. D.1.3 and is an accurate representation of what is believed
to exist at the location of the atoms in the magnetic waveguide.

was varied: in number of sites, well depth, and randomness. Unlike the fast

lattice which was generated by a counterpropagating waveguide lattice, the

slow lattice was created by the same optical beam that created the billiard

and kicked rotor discussed in Ch. 5. This beam could contain up to 100 re-

solvable spots, and each spot could be controlled in both amplitude and real

time position with the use of a direct digital synthesis controlled acousto-optic

deflector (cf. Ch. 5). Typical slow lattices usually contained 60 or fewer sites

with an even spacing of 10 µm between lattice sites.

In order for any of the experimental results to be trusted a reliable

method for generating, calibrating, and defining the randomness of the slow

lattice potential had to be developed. Each slow random lattice was character-
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Spots
Random
Profile

End
Freq. (MHz)

Maximum
Power (mW)

Average
Power (mW)

Randomness
(σ/Average)

10 Periodic 28.66 5.1 4.8 1 %
30 Periodic 33.98 7.1 6.4 2 %
75 Periodic 46.00 5.1 4.4 2 %
10 1 28.66 6.9 5.4 13 %
30 1 33.98 7.0 5.4 9 %
75 1 46.00 6.2 4.5 12 %
10 7 28.66 7.6 5.2 21 %
30 7 33.98 10.3 5 28 %
75 7 46.00 7.6 4.1 28 %

Table 6.1: Randomness of the Waveguide Optical Potentials. A constant slow
lattice spacing of 10 µm is used for all potentials. The AOD angular deflection
is calibrated for 37.5 µm/MHz or 0.266 MHz/lattice site. Randomness or
periodicity is generated by transfer functions which modulate accordingly, the
relative site to site powers in each deflected beam. Randomness is defined as
the ratio of the rms standard deviation over the average. The laser power
denoted above is for each lattice site, where 16.8 mW ≡ 1 ER.

ized by two independent techniques for beam profiling: direct CCD imaging

and a scanning pinhole profiling system. Both techniques are described in de-

tail in Appendix D, however, only the scanning pinhole profiling system was

used to quantify the randomness of the system, as shown in Fig. 6.5.

The results of these characterizations are summarized for a select num-

ber of slow lattices in Table 6.1. For each slow lattice, the profiles, like the one

shown in Fig. 6.5, are used to define the level of randomness. Here, randomness

is defined as the ratio of the rms standard deviation over the average. Note

that for a specific fixed power for all of the lattice sites, the average remains

the same (∼ ±10%), however as randomness increases the maximum power
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increases to a value that is approximately twice the percentage of randomness

above the average power. This implies that the higher the randomness the

more likely atoms will see a ‘classically’ restrictive barrier.

6.3 Results

All of the results shown here reveal a classical observation of low in-

cident energy atoms reflecting from barriers of larger potential energy. The

effect of quantum reflection may be present, but it is unfortunately lost in

the signal of the classically reflected atoms. We do observe disorder-induced

trapping, but only because larger degrees of disorder or randomness have the

predilection for higher maximum barriers and thus atoms become trivially

localized.

In the first experimental test, the atoms were allowed to expand in

the fast lattice until they reached a 30 site slow random lattice, as shown in

Fig. 6.4(a). The fast lattice was left constant at Vfast = 1 ER. Nearly pure

condensates, with typical initial condensate fractions of 0.8(1) and 1.8(3)×106

atoms were used. Both the transmission and reflection profiles were measured

for long times, typically up to 60 ms. A set of profiles showing the evolution of

the transmission is shown in Fig. 6.6 for T = 0.1, 33, 43, and 63 ms. Likewise,

Fig. 6.7 shows the transmission of atoms for average barrier heights of V̄slow =

0.5 ER. In this case, as the height of the slow random lattice, with fixed

randomness, was increased the transmission decreased, as predicted classically.

In the second experimental test, the atoms were accelerated in the fast
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Figure 6.6: Density Profiles of Reflected Atoms. Atoms expand in the presence
of the fast (waveguide) lattice and enter a 30 site slow random lattice, indicated
by the shaded region. Expansion times are T = 0.1, 33, 43, and 63 ms.

Figure 6.7: Reflection from Various Strength Slow Random Lattices. The
transmitted fraction (T/(T +R)) through a variety of slow random lattices is
measured as a function of expansion time. Average barrier heights for the slow
lattice include V̄slow = 0.1, 0.2, 0.4, and 1.1 ER. This data reveals that after
∼ 60 ms, the transmitted fraction tends to saturate. It also confirms that as
the height of the slow random lattice, with fixed randomness, is increased the
transmission decreases, as predicted classically.
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Figure 6.8: Density Profiles of Reflected Atoms with a Magnetic Push. For
T = 1 ms, the atoms are moving with center of mass velocity vcm = 1.5 cm/s
and a 30 site slow random lattice is suddenly turned on. For T = 30 and
40 ms the atoms are shown stopping from high peaks within the slow random
lattice. In the last profile, expansion for T = 30 ms is shown without the slow
random lattice.

Figure 6.9: Transmission through a Random Lattice as a Function of Ran-
domness and Number of Slow Lattice Sites. (a) Transmission versus degree of
randomness is shown for two cases: Vfast = 0 and 1 ER. In both cases, trans-
mission decreases with high degree of randomness. (*) Degree of randomness
1 corresponds to ∼ 10% randomness and 7 corresponds to ∼ 28% randomness,
as shown in Table 6.1 (b) Transmission is shown for uniform and random slow
lattices cases. The measured velocity of the center of mass of the atoms is
20 mm/s with a velocity spread of 16 mm/s. In this case the fast lattice is
Vfast = 0.055 ER.
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lattice due to a short duration magnetic pulse. The slow random or uniform

(periodic) lattice was then turned on suddenly around the atoms as they moved

with constant velocity in the presence of the fast lattice (cf. Fig. 6.4(b)). Like

before, nearly pure condensates, with typical initial condensate fractions of

0.8(1) and 1.8(3)×106 atoms were used. Two cases were studied: transmission

as a function of randomness and a comparison of transmissions for uniform

and random slow lattices. Fig. 6.9(a) reveals that as the height of the slow

random lattice was increased the transmission decreased. Fig. 6.9(b) shows

that random and uniform slow lattices, independent of the number of sites,

affected the atoms in the same manner. This particular result confirms that,

even if quantum reflection was present, it remained immeasurable.
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Appendix A

The Cloverleaf Magnetic Trap

An unabridged examination of the magnetic trap theory, design, con-

struction, and assembly are provided in Chapters 4 and 5 of Braulio Gutiérrez’s

Ph.D. thesis, Quantum Transport and Control of Atomic Motion with Light.

Nevertheless, it is both convenient and necessary for purposes of this work to

succinctly describe some of the pertinent main theoretical results as well as

review some of the design features pertaining to the cloverleaf Ioffe-Pritchard

type magnetic trap. In addition, the formation and characterization of a quasi-

1D magnetic waveguide is discussed.

A.1 The Ioffe-Pritchard Magnetic Trap

A Ioffe-Pritchard magnetic trap creates strong radial (ρ̂) confinement,

adequeate curvature in the axial (ẑ) direction, and a bias field at the trap cen-

ter. In an ideal Ioffe-Prittard trap, an exact quadrupole field can be created

in the radial direction by four infinitely long wires. The ẑ direction confine-

ment is created by two Helmholtz-like coils that are placed sufficiently far from

each other to create a pinch-off field. There are many types of Ioffe-Pritchard

type magnetic traps [53] and the general theoretical formalism, in the har-
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monic approximation, applies to them all. What follows are the highlights

of the theoretical framework for magnetically trapped atoms put forward by

D. Pritchard [54]. It is also assumed that the reader has, at least, a cur-

sory understanding of magnetic trapping of neutral atoms. For reference, a

comprehensive analysis of magnetic fields produced by coils can be found in

Appendix A of Todd Meyrath’s Ph.D. thesis, Experiments with Bose-Einstein

Condensation in an Optical Box.

In the harmonic approximation, the magnitude of the magnetic field

|B| can be expanded to second order around r = 0 to give

|B| ' B0 +
1

2
B

′′

z z
2 +

(
B

′2
ρ

2B0

− B
′′
z

4

)
(x2 + y2). (A.1)

Empirically, the trap parameters were found using a Hall probe sensor prior

to installing the magnetic trap. For our trap, the measured parameters are

B
′

ρ/IG ' 0.6 G/cm/A (A.2)

B
′′

z /IABCT ' 1.2 G/cm2/A (A.3)

where IG is an amp of current in the gradient (cloverleaf) coils and IABCT is an

amp of current in the anti-bias, curvature, and trombone coils (these coils will

be defined in the next section). With these parameters, all constraints and

solutions for the magnetic trap can be worked out, including, most importantly,

the trapping frequencies:

ωρ =

√
µB′′

ρ

m
and ωz =

√
µB′′

z

m
(A.4)
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where µ is the dipole moment of the atom defined in Ch. 2.

From Eqn. A.1, an approximate length can be estimated for when the

harmonic approximation breaks down which occurs at

ξ �

√
2B0

B′′
z

or ξ � 3

√
B2

0

(B
′′
0B

′
ρ)
. (A.5)

Using the parameters in Eqns. A.2 and A.3, and an assumed bias of B0 ∼ 3 G,

we find that the first condition gives ξ � 2.2 mm and the second condition

gives ξ � 650 µm. Making use of the energy relationship, mω2ξ2 ∝ kBT , we

can estimate that this condition is satisfied by atoms with a temperature lower

than 15 µK or about 5 · ER.

Finally, it can not be assumed that a non zero bias (B0 6= 0) at the trap

minimum will necessarily protect an atom against a Majorana transition or

spin flip. A spin flip loss can occur when a sufficiently hot atom sees a trapping

field that varies too quickly and consequently depolarizes to a different mF

state. The condition for this not to occur requires that the magnetic dipole of

the atom be able to follow the changing field. We can establish a limit to this

condition in the following form(
~
µ

)
v · ∇|B| � |B|2. (A.6)

For our experimental parameters, ∇|B| ∼ 300 G/cm and velocities corre-

sponding to ∼ 25 cm/s (∼ 3 ER), the magnitude of the magnetic field must

be larger than 100 mG. In order to achieve a Bose-Einstein condensate, we

typically use a bias field of 2.3 G. Note that an arbitrarily large bias field could
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also satisfy the condition set in Eqn. A.6, however, a large bias field causes a

lower trapping frequency in the axial direction.

A.2 Cloverleaf Trap Assembly, Design and Construc-
tion

Our cloverleaf magnetic trap1 consists of 8 coil pairs: 4 pairs of oval

gradient (cloveleaf) coils (2 : 1 aspect ratio), an anti-bias coil pair, a curva-

ture coil pair, a trombone coil pair, and bias coil pair. All of the coils are

constructed from 0.125 × 0.125 in. hollow copper fiberglass insulated square

tubing with average wall thickness of 0.032 in.. The insulation increases their

size to about 0.138× 0.138 in. (measuring side to side). The wire-tubing has

a uniform measured resistivity of 2.75 mΩ/m.

Each coil was wound on a prefabricated mold and usually on a lathe.

Winding required two people: one person to guide the tubing while the other

provided tension and an occasional application of hammering using teflon or

delrin wedges. The insulation rarely failed so long as metal instruments were

not used and sharp edges were avoided while winding. Each coil was then pre-

heated with a high power heat gun and epoxied with 5 minute Quik-Stik epoxy.

The ends of the coils were then cut to an appropriate length and swaged (for

water connection). Just prior to the ends, copper brackets with a 1/8 in. slot

1The description of ‘our’ cloverleaf magnetic trap is meant to compliment the detailed
account provided by B. Gutiérrez in his thesis. In Ch. 4 of his thesis the reader will find
many relevant details, including electronics information, trapping frequency data, as well as
valuable manufacture listings.

108



Figure A.1: Magnetic Trap Assembly. (a) Photo of the complete magnetic
trap assembly. Soldered Cu connectors allow electrical connections to be made
within 200 mm for most coils. Swage-loc water cooling connetions (not shown)
are typically made within 50 mm of the electrical connections. All coils in the
assembly are individually and collectively epoxied and Lexan is used to fasten
the coils to the chamber. (b) Graphical depiction of the magnetic trap in situ.
(The trombone coils are not shown here, they were constructed at a later date
and mounted separately.)

were soldered to a sanded portion of the tubes. The bracket allowed for elec-

trical connections to 3/0 welding cable (Graybar 2003/02) with 600-24 AWG.

All of the coils were then assembled separately into their respective halves

(‘east’ and ‘west’) and mounted using Epoxy Glue from GC Electronics onto

a phenolic board with fitted brass threaded rods. Each monolithic structure

was then attached to machined Lexan circles which were then fasten to the sci-

ence chamber via 1/4-20 standoff nuts (cf. Ch. 3, Fig. 3.5). A testing-phase,

pre-assembled view of the trap with both halves is shown in Fig. A.1.

A graphical depiction of a component view of our magnetic trap is

109



Coil N
x̂

(in.)
ŷ

(in.)
ẑ

(in.)
ID

(in.)
OD
(in.)

T
(in.)

Flow †

(ml/min)
R §

(mΩ)

AB 18 0 0 0.77 4.25 5.87 0.41 425 40
Curv 48 0 0 1.51 1.34 2.96 1.08 375 52
Trom 24 0 0 3.93 8.00 9.08 0.41 400 90
G1 12 1.4 1.4 0.77 0.25/1.0 1.3/2.1 0.41 900 10
G2 12 1.4 -1.4 0.77 0.25/1.0 1.3/2.1 0.41 900 10
G3 12 -1.4 1.4 0.77 0.25/1.0 1.3/2.1 0.41 900 10
G4 12 -1.4 -1.4 0.77 0.25/1.0 1.3/2.1 0.41 900 10
Q1 28 0 0 1.44 3.1 4.18 0.95 425 ‡ 40
Q2 14 0 0 1.44 4.25 4.79 0.95 425 ‡ 40

Table A.1: Magnetic Trap Coil Information. Coordinate distances (x̂,ŷ,ẑ)
indicate the distance from the atoms to the center of each respective coil.
(§) Resistance is measured for each pair of coils. (†) Flow is measured for
each coil. (‡) Flow is measured in Q1 and Q2 in parallel. Coil identities:
Antibias (AB), Curvature (C), Trombone (T), Gradient or Cloverleaf (G#),
MOT (Anti-Helmholtz) (Q1), Bias (Q2).

provided in Fig. A.2. In this view the direction of the fields for each coil is

shown. Besides the gradient coils, only the MOT coil is in an anti-Helmholtz

configuration. All other coils are in a Helmholtz like configuration.

In Table A.1, the measured values for all of the coils is provided, includ-

ing their respective coordinates, resistance, and flow ratings. In general, all

design features of this trap are based on the coil design developed in the sec-

ond and third generation sodium BEC experiments at MIT [55]. The design,

as shown in Fig. A.2, has the useful advantage of having a planar geometry,

thereby creating full optical access in the axial plane surrounding the atoms.

Unlike other magnetic traps, like the so-called quic-trap or the baseball trap

[53], this particular design also has the fortuitous advantage of being able
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Figure A.2: Component Coils of the Magnetic Trap. Arrows indicate the
direction of the magnetic field for each coil. Only the two front pairs of gradient
(cloverleaf) coils’ field directions are shown. Each gradient oval (2:1 aspect
ratio) pair make an asymmetric anti-Helmholtz like coil configuration. All
other coils, besides the MOT coils, are in a Helmholtz like configuration. The
quadrupole coil is actually two coils: MOT (Q1) is the inner coil (7 axial × 4
radial turns); Bias (Q2) is the outter coil (7 axial × 2 radial turns). When the
coils are pushed together, the gradient coils and the anti-bias coils are in the
same axial plane, as are the curvature and the quadrupole coils. Note that ẑ
indicates the axial direction and x̂-ŷ indicate the radial directions.
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to create a tightly confined magnetic waveguide, as we shall see in the next

section.

A.3 Calculated Cloverleaf Trap Fields

A numerical approach to design and testing of a magnetic trap is both

essential and necessary when problem solving or fine adjustments are required.

Even when a template, such as the MIT design is provided, each new trap that

is built requires precise knowledge of the types of fields that are expected for

a MOT, the transfer and compressed magnetic traps, as well as the creation

of novel geometries such as a quasi-1D magnetic waveguide. In the case of the

cloverleaf trap, where there are 16 coils. If, for example, either of the curvature

coils were displaced by as small as 250 µm in a coil-center to atom distance

from the intended (or designed) value this deviation can lead to a correction

of as much as 10 G to a predicted bias field value.

Since in situ measurements are impossible to undertake with a Hall

probe, atoms can be used as a diagnostic for characterizing a magnetic trap in

much the same way that they are used when corroborating optical measure-

ments made of trapping beams outside the chamber. The experimental pro-

cedures for extracting magnetic field information come in two forms: trapping

frequency measurments and locating the trap minimum with radio frequency

(RF) evaporation frequency. By measuring the trapping frequencies in a mag-

netic trap the gradients in the axial and radial directions can be recovered

from Eqn. A.4. For our trap, this procedure is discussed in Braulio Gutiérrez’s
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thesis.

As mentioned in Ch. 2, the RF evaporation can, to first order, be con-

nected to the bias field near the bottom of the trap in the following way:

~ωRF = mFgFµBB0, where mF = −1, gF = 1/2, and µB/(2π~) = 1.4 MHz/G.

The bias can be measured on any given day by finding the highest evapora-

tion frequency that will empty the magnetic trap of atoms. This measurement

does not come without uncertainty, however. Initial atom number, temper-

ature drifts, and fluctuations in the (current) field can limit the certainty of

the value of B0 to no less than 0.1 G. Scientifically speaking, the actual value

of the bias field is not important and typically experiments are not chosen to

rely on its value being fixed or known with any great precision.

In the following figures, two-dimensional gradient plots and planar mag-

netic contour plots are rendered numerically using Mathematica. The calcula-

tions are based on the exact solution for a circular current loop.2 Only one

approximation is used near singular points at each coil radius. It also assumes

the gradient coils are circular with a mean radius of the minor and major axes.

The calculation is capable of simulating the fields produced anywhere in space

using every coil in the entire trap, but solutions typically converge using only

a few (2− 3) turns per coil.

In Figs. A.4(a-b), the quadrupole configuration for our magnetic trap

is shown. In this depiction, only Q1 (cf. Table A.1) is used as the MOT

2The reader is encouraged to review Appendix A, Sec. A.1.1 of Todd Meyrath’s Ph.D.
thesis [15] for background.

113



Figure A.3: Calculated MOT Field Lines. (a-b) MOT (anti-Helmholtz) config-
uration (IAH = 19 A). (c-d) Combined gradient-AH configuration (IAH = 8 A,
IG = 20 A). (a,c) |B|-field plots for x̂, ŷ, ẑ directions. (b,d) |B|-field con-
tour plots in the x̂-ŷ, ŷ-ẑ, ẑ-x̂ planes. Without a dark-spot MOT, which can
strongly influence the geometric center of the MOT, the traditional AH con-
figuration is precariously difficult to mode-match with the cloverleaf magnetic
trap. A combined gadient-AH configuration not only properly defines a com-
mon geometric center for the MOT and magnetic trap it also facilitates in the
largest theoretically possible transfer of atoms to the magnetic trap with the
least amount of heating.
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coil. Typical currents used in this configuration are between 13 − 20 A with

achieved gradients on the order of 18 G/cm. This prototypical MOT trap was

abandoned since a dark-spot MOT was not used to help create a degenerate

geometric mode of the MOT and magnetic trap. Instead a hybrid gradient-

AH MOT, as shown in Figs. A.4(c-d), was chosen to facilitate transferring

atoms to the magnetic trap. In this configuration, the atoms are geometrically

mode-matched to the magnetic trap, thus allowing the transfer of nearly the

maximum number of atoms, typically 25% of the MOT atoms, with the least

amount of heating.3

In Figs. A.4(a-b) and (c-d), the transfer and compressed magnetic trap

stages are shown. The trapping frequencies for the transfer magnetic trap are

ωρ = 2π · 34 Hz and ωz = 2π · 20 Hz, in the radial and axial directions, re-

spectively. In the compressed trap, the measured trapping frequencies become

ωρ = 2π ·335 Hz and ωz = 2π ·20 Hz, in the radial and axial directions, respec-

tively. These values are in excellent agreement with the numerically calculated

values. The timing sequence for these two processes to occur is provided in

Ch. 3, Fig. 3.7.

A.4 Details of the Quasi-1D Magentic Waveguide

The so-called quasi-1D magnetic waveguide is central to the physics

reported in Chapters 4, 5 and 6 of this thesis. Diagnostics and numerical

3Recall that the theoretical maximum transfer rate is 33%.
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Figure A.4: Calculated Magnetic Trap Field Lines. (a-b) Magnetic trap trans-
fer configuration (IG = 320 A, IABC = 104 A, IT = 10 A, IAH = 0 A). (c-
d) Compressed magnetic trap configuration (IG = 485 A, IABCT = 103 A,
IBias = 3.6 A, IAH = 0 A). During the transfer, ωρ = 2π · 34 Hz and
ωz = 2π · 20 Hz with a bias of B0 = 80 G. During compression, the mea-
sured trapping frequencies are ωρ = 2π · 335 Hz and ωz = 2π · 20 Hz with
a bias of B0 ' 2.3 G, corresponding to an evaporation RF of approximately
1.6 MHz. These measured values are in excellent agreement with the numerical
calculations.
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investigations, therefore, of the waveguide are necessary when designing and

characterizing its tilt (B
′
z), curvature (B

′′
z ), and overall flatness and homogene-

ity.

The creation of the waveguide, in theory should have been straightfor-

ward: simply turn off the ABCT coils while providing a small bias field to

prevent Majorana transitions. Figs. A.5(a-b) show the numerically calculated

plots of an ideal magnetic waveguide. Unfortunately a great deal of effort in

field characterization was needed in order to make any gradient or curvature

fields in the axial direction vanish or at least become negligibly small over

regions ∝ ±1 mm from the trap center. The first attempt to create a waveg-

uide revealed that both curvature and gradient fields were still present in the

waveguide when there should have been none, as shown in the (ŷ-ẑ) and (ẑ-x̂)

planar contour plots Fig. A.5(c). Not knowing which coil(s) was responsible

made our analysis fairly difficult, since there are five independent current pa-

rameters for the magnetic trap (not including new coils that could have been

added).

Likewise, the tools for verifying the flatness of the waveguide had to

be invented and calibrated. Additionally, these same verification tools had to

be realistically implementable for diagnosis of the flatness of the waveguide

each day. Using an optical tweezer with adjustable axial position, the atoms

were released from the optical tweezer and both their center-of-mass motion

as well as their spatial extent were measured. This procedure was repeated

for different initial positions along the waveguide, covering a total distance of
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Figure A.5: Calculated Magnetic Waveguide Field Lines. (a-b) Calculated
magnetic waveguide configuration. Currents used in calculation: IG = 485 A,
IABCT = IAH = IBias = 0 A). (c) Uncorrected magnetic waveguide configura-
tion. Currents used in practice: (IG = 485 A, IABCT = 8 A, IAH = 3.8 A,
IBias = 25 A). The inverse of the compensation field created by the real cur-
rents is shown (offset) in the ẑ plot of (a) and in the ẑ plot of (c) with a
nonzero bias field. Final trap frequencies of the corrected waveguide and bias
field are ωρ = 2π · 317 Hz and ωz = 2π · 0.8 Hz with a bias of B0 ∼ 5 G.
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750 µm (±375 µm from the center of the trap). We compared expansion rates

for each initial position and found them to be indistinguishable. By displacing

the cloud in the axial direction, we tracked one quarter of an oscillation from

which we estimated the frequency to be ωz = 2π · 820 mHz.

We also verified that the density profiles remained fixed in the radial

direction throughout an entire expansion, suggesting that the radial confine-

ment was isotropic over the distances studied. Ultimately, all measurements

were limited by the resolution of our imaging system (5 µm) and the finite

current control of the linear gradient and curvature coils.

. . .

As an end note to our waveguide prognosis, we discovered an interesting phe-

nomena while measuring the radial trapping frequency as a function of the

current in the bias coil (Q2) of the magnetic trap, as shown in Fig. A.6. We

noted that atoms could pass through B0 = 0 to the untrapped magnetic poten-

tial for atoms in the mF = −1 state. This behavior indicated to us that the

atoms had adiabatically followed the changing field and now became retrapped,

recovering the previous identity they had as mF = −1 atoms.

Although we did not study these trap transformations extensively, we

found that the atoms were sensitive to the manner in which the transformation

of the fields took place. Three distinct observations were made while studying

the adiabiticy of the transformation. First, if the bias field, B0, was lowered

through zero to its final non-zero value in 300 ms then nearly all of the atoms

could be recaptured. Second, if the transformation occured in 20 ms, then
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Figure A.6: Magnetic Trapping Potential Flip. Each data point represents a
measured radial trapping frequency at a particular IBias. Atoms do not survive
in the magnetic trap when the IBias ' 15 − 23 A and hold times are longer
than ∼ 20 ms. Note that the magnetic trap fields are transformed slowly over
300 ms in order to reach IBias < 25 A. Atom number differs by less than a
factor of three for every data point. From this data we determined the most
stable, highest ωρ could be created with IBias = 25 A.

nearly all of the atoms were lost, i.e., they could not follow the changing field.

Unfortunately, besides 20 ms and 300 ms no other transformation times were

studied. And lastly, if the the bias field was lowered in 300 ms to a bias field

near or at zero and left there for 20 ms all of the atoms escaped the trap.

The time for escape may have been smaller and also dependent on the rate of

transformation, but only one hold time was tested.

Although this result was surprising, we ultimatley used this technique

only to help us determine the strongest radial trapping confinement for the

magnetic waveguide.
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Appendix B

Methods of Transfering Ultracold Atoms and

Optical Elevators

The directed macroscopic transfer of ultracold atoms is of great interest

to many groups involved in atom optics, atom-surface interactions, atom in-

terferometry, and the precise control and manipulation of atoms for technical

and scientific applications. There are a number of technical reasons why the

macroscopic transport of ultracold atoms is both convenient and sometimes

necessary.

The coarsest type of transfer involves a primary MOT being used to

load a second, ultra-high vacuum MOT. Such systems usually use a radia-

tive push or an accelerating optical lattice ratchet method with transfer rates

approaching 108 atoms/s at Doppler temperatures, 10–100 ER. This type of

transfer can enable the design of a differential pressure of more than three

orders of magnitude between the two MOT locations, thereby providing the

sufficient conditions for condensate creation. Other systems, like a Zeeman

slower loaded MOT system, that have achieved a BEC frequently require an

extensive vacuum chamber that is inundated with magnetic coils necessary for

producing large volume traps with high magnetic field gradients. Such systems
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Directed
Transport

Tmax

(ER)
Opt Dist

(cm)
Opt Res

(µm)
Mag Dist

(cm)
Mag Res

(µm)
Number

(106)

Coherent
Achieved

∅ † 36 [56] ∼ 20 1.2 [57, 58] 5 [58] 2 [58]

Coherent
Limit

∅ † UHV ?

capacity
λ/2

micro- ‡

fabrication
0.002 [58] 10

Incoherent
Achieved

∼ 40 ∼ 50 ∼ 20 33 [59] ∼ 20 200

Incoherent
Limit

∼ 100 § UHV ?

capacity
> λ/2

UHV ?

capacity
> 0.002 108

Table B.1: Directed Macroscopic Transfer of Atoms. Comparison is made
for both optical and magnetic macroscopic transport of BEC (degenerate)
and thermal (Maxwell-Boltzmann) atomic samples. Distance and resolution
of achieved and possible systems are quoted. Maximum temperatures and
number of atoms transportable are also provided with references. (†) BEC
atoms. (§) A technical limitation based on the well depth. (?) A technical
limitation based on the size of the chamber. (‡) A technical limitation based
on the size of a microfabricated magnetic trap and waveguide.

desperately lack satisfactory optical access and are relegated to a handful of

opportunistic studies. In these systems, it is therefore, attractive to transfer

atoms, without heating, and in many cases, without decoherence. To date,

large macroscopic transfers have only been achieved optically, like the MIT

group [56] and the work presented here.

Scientifically, the reasons for transfer are all but foretold. Studies in-

volving the ultra-precise optical and magnetic control and manipulation of

ultracold atoms are quintessentially the future of atom optics. Having the

technical ability to place atoms coherently in desired locations and on demand

is the primary interest for those groups pursuing atom-surface interactions,
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atom interferometry, precision measurement, quanum phase transitions, quan-

tum information and computation.

Table B.1 summarizes the current efforts as well as possible future lim-

itations of both optical and magnetic macroscopic transport systems. The

systems are separated into two types: (i) Coherent : those that can retain

coherence in a degenerate Bose or Fermi gas, and (ii) Incoherent : those that

can reliably transfer thermal (Maxwell-Boltzmann) atoms without heating or

loss of atom number.

B.1 Optical Ratchet

Our first experimental realization of a macroscopic transfer system was

that of an optical ratchet system which deserves mentioning since it was some-

what complicated and shares virtually no resemblance to any method of trans-

fer ever employed—by anyone. A depiction of the setup and its performance

is provided in Fig. B.1.

The optical ratchet consisted of two nearly counter propagating blue

detuned optical lattice beams which were chirped in order to produce an ac-

celerating group of atoms from a lower MOT to be transferred to an upper

MOT system 35 cm away. The beams originated from a home built dye laser

[8] that was detuned by about 4 GHz to the blue of resonance. It created a

well depth of about 1 mK and a scattering rate of 650 Hz. Fortunately, the

ratchet pulses were very short, 40 µs, leading to approximately 2.6% of the

atoms experiencing a spontaneous emission during each ratchet.
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Figure B.1: Optical Ratchet. (a) Two MOT system separated by 35 cm. (b)
A chirped vertical standing wave. (c) Thermal spread of transferred atoms.

In order to deplete a near-quenched MOT, the lattice was chirped four

times with each chirp separated by 1 ms. Each chirp produced an acceleration

of about 2.5× 104 m/s2, which corresponded to a launch velocity of 13 m/s—

well below the capture velocity of a sodium MOT, ≈ 30 m/s. The optical

chirps were created by double passing the upper arm of the lattice in an AOM

and shifting the beam’s total frequency by 40 MHz. For technical reasons, the

beams had to be sent through the chamber at a very small, though negligible

angle—1.4◦ with respect to the vertical plane.

The final optimized system was realized by repeating the ratchet se-

quence (4-chirp pulses) every second for ten seconds. The net result was a

15 % transfer efficiency with a maximum of 4.5 × 108 Doppler temperature

atoms loaded into the second MOT. The main limitation of this system was
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the atomic spread of the atoms which, during a transit time of 25 ms, turned

out to be approximately σ = 5 cm. Most atoms, therefore, were lost to the

chamber walls and glass cell.

B.2 Hybrid Optical Elevator

An authoritative account of the hybrid optical elevator can be found in

Chapter 6 of Braulio Gutiérrez’s PhD. thesis, Quantum Transport and Control

of Atomic Motion with Light [9]. Therefore only a succinct, complementary

outline with some of the more important empirical details will be provided

below.

The hybrid optical elevator consists of two optical beams: (i) a 532 nm,

blue detuned, repulsive vertical standing wave (Coherent: 10W VerdiTM), and

(ii) a 1064 nm, red detuned, attractive optical tweezer (IPG Photonics, YLD-

10TM fiber laser). The blue detuned beam provides vertical locomotion in

the form of an optical lattice while the red detuned beam provides radial

confinement when the atoms are being transferred.

In the following two pages there are three figures and one table that

summarize the significant features of the hybrid optical elevator. In Fig. B.2, a

schematic of the optical setup is shown and interferomter monitoring system.

For simplicity the vacuum chamber is omitted. Also not shown are the laser

source (located 8.5 m away), laser control system (an 80 MHz AOM), and the

spatial filter which is unconditionally necessary when constructing an optical

lattice.
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Figure B.2: Hybrid Optical Elevator. A diagram of the optical setup is shown.
Several micrometer-alignment mirrors along the incoming path of the blue
detuned beam are not shown. The elevator interferometer is used to facilitate
alignment procedures, monitor both the fringe visibility and the dynamics of
the optical lattice. In the real setup the red detuned motorized slide was tested
but not used. Note that the red detuned focusing lens must travel twice the
distance of the corner cube slide.

Figure B.3: Photograph of the Corner Cube and Computer Controlled Servo-
Motor Driven Slide. Note that the entire slide assembly, corner cube, and
retroreflecting mirror are placed on Sorbothane (a viscoelastic damping mate-
rial).
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Hybrid
Optical
Elevator

Source
(W)
(nm)

Used
Power
(W)

Beam
Waist
(µm)

Lattice
Spacing
(nm)

Well
Depth
(ER)

ωρ

(Hz)
ωz

(kHz)
Γscat

(Hz)

Vertical
Optical
Lattice

10
532

1.2
(0.84)†

500 266 1.7
2π·
8.6 ‡

2π·
72.4

—

Optical
Tweezer

10
1064

6.35 250§ — -2.2
2π·
39

NA 0.014

Table B.2: Hybrid Optical Elevator Beam Parameters. (†) The return beam
loses at least 30% of the original power due to six silver mirrors and a double
passed uncoated window. (§) The beam waist, w0, is 230 µm and lies in the
middle of the 10.5 cm transfer. (‡) This trapping frequency is not directly
applicable, though it can be used to quantify the curvature of the lattice in
the radial (ρ) direction.

Figure B.4: Hybrid Optical Elevator Timeline. Thermal atoms are adiabati-
cally released from a compressed magnetic trap and then loaded first into the
red detuned optical tweezer and then finally the blue detuned optical elevator.
After the magnetic trap is suddenly turned off the atoms are held only by the
optical gradient force—which provides about 500 × Fgravity. It is also at this
time that the atoms fully begin to undergo Bloch oscillations which causes
irreversible heating due to the onset of dephasing in k-space of the initially
broad momentum distribution.
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In Fig. B.3, a photograph shows part of the slide assembly, corner cube,

and retroreflecting mirror all placed on a multi-layered Sorbothane (a viscoelas-

tic damping material) platform. In Table B.2 the optical beam parameters are

shown for both the blue and red detuned beams. And finally, in Fig. B.4 the

timing sequence is shown for loading atoms into the hybrid optical elevator.

It should be emphasized that the elevator lattice interferometer is an

invaluable tool for monitoring the stability, reliability and reproducibility of

the standing wave. As part of the diagnosis of the transfer, a general purpose

8-bit DAC (digital to analog) frequency to voltage convertor circuit was built

to measure and convert the fringe contrast for dynamical response of, in par-

ticular, the mechanical motion of the slide. A schematic of the circuit is shown

in Fig. B.5. Alternatively, and comparatively, the use of a precision brushless

motor (Galil, BLM-N23-50-1000TM) enables real time Hall-sensor monitoring

capabilities for position, velocity and acceleration. These signals are shown in

Fig. B.6.

In practice, the hybrid optical elevator transfers nearly 2 × 106 atoms

in 800 ms. The transfer efficiency is 60% for nearly condensed atoms, with an

average geometric mean of the initial and final velocity spread of the atomic

distribution of σ̄v = 12.8 mm/s and σ̄v = 18 mm/s, respectively. This corre-

sponds to a heating rate of about 100 nK/s. For this reason and the necessity

for meticulous alignment procedures, the hybrid optical elevator is not an at-

tractive method for coherent transport of ultracold atoms.
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Figure B.5: Frequency to Voltage Converter. The fringe contrast from the
elevator interferometer is used as an input signal. The signal is amplified, the
offset is removed, and converted to a TTL compatible (5V) signal. The TTL
converted input is then compared with a reset signal which determines how
many pulses it takes to fill the register of the 8-bit DAC (digital to analog
converter). For a constant velocity of 160 mm/s, over 6 × 105 fringes/s are
detected. Using a 2.4 kHz reset signal, the frequency to voltage circuit can
produce a signal proportional to the velocity profile shown in Fig. B.6.

Figure B.6: Optical Elevator Ramps. Signals shown here are produced by
a Hall sensor servo driver system (Galil, DMC-1416TM) used to control the
motorized slide.
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B.3 Bloch Oscillations

The fact that atoms in a vertical standing wave, even when stationary,

are always accelerated due to gravity has very significant consequences. As we

have seen from the hybrid optical elevator, the influence of gravity leads to a

well known coherent transport phenomena known as Bloch oscillations. It is

these oscillations that irreversibly limit the minimum allowed temperature for

transferred atoms.

When an atom in a periodic potential experiences a constant, weak

external potential a sequence of adiabatic rapid passages between quasimo-

mentum states will result [7, 60]. If allowed to persist, the effect of dissipation-

less oscillations with regular period and amplitude will be observed. When a

thermal distribution of atoms with a finite momentum width, δp, is placed in

the same tilted potential, the outcome is an eventual broadening of the initial

state into a completely dephased ensemble.

It is easiest to interpret the physical results of Bloch oscillations in the

lab frame. Starting with an effective 1D Hamiltonian for a tilted periodic

optical lattice with potential amplitude U0 = V0/2 (where V0 is the optical

“well depth”),

H =
p2

2m
+ U0 cos2(kLz) +mgz (B.1)

we can derive the basic, applicable solutions and equations of state for Bloch

oscillations of atoms in the fundamental band of the periodic potential. These

results are summarized in Table B.3. Likewise, these results are confirmed by
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Bloch
Oscillation
Concepts

Equations
Numerical
Value or
Reference

Eqn.
#

Ref.

Mean
Velocity

vn(k) =
1

~
∂En(k)

∂k
cf. Ch. 4 (1) [9]

Turning
Point

vn(k) =
1

~
∂En(k)

∂k

∣∣∣∣
k=k0

= 0 cf. Ch. 4 (2) [9]

Critical
Interband

Acceleration
acrit '

(V0/~)2

2ER/~
vR 6.7× 103 m/s (3) [8]

Bloch
Period

τB =
2~kL

ma
=

2vr

g

(
λ0

λL

)
6.65 ms (4) [60]

Bloch
Amplitude

aB =
∆n

2mg
13.3 µm (5) [60]

Maximum
Velocity

vmax ' 2π
aB

τB
12.5 mm/s (6) —

Table B.3: Bloch Oscillation Equations. For this table and throughout
this thesis, the following definitions apply: k = particle quasimomentum,
n = band index, En(k) = (~k)2/2m = particle energy, U0 = “potential
amplitude”, V0 = 2U0 = “well depth”, and ∆n is the width of the nth energy
band in which the atom moves. Numerical values are calculated based on our
experimental parameters, V0 = 1.7 ER, ∆1 ' 0.6 ER, and λL = 532 nm. All
values are calculated for the lowest band (n = 1). Graphical solutions exist
for the mean velocity and semi-classical turning points for various well depths
in Ch. 4.
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Figure B.7: Bloch Oscillation in a Vertical Standing Wave. A decompressed
BEC is loaded into the vertical standing wave (as depicted on the right) for
a variable amount of time and suddenly released. Pictures are shown after
10 ms in time of flight, and numbers on top correspond to the time in the
lattice, in milliseconds. The measured Bloch period of the oscillation is 6.65
ms. The field of view for each frame is 1.92× 1.92 mm. (Profiles and caption
are courtesy of Braulio Gutiérrez.)

the direct observation of Bloch oscillations in a stationary lattice as shown in

Fig. B.7.

Our experimental studies of Bloch oscillations in a stationary vertical

lattice are in excellent agreement with the theoretical results. In Fig. B.7,

the atoms are seen undergoing a single cycle of a Bloch oscillation with near

perfect fidelity. The observed and calculated Bloch period is 6.65 ms. The

cycles persist, coherently for nearly 100 ms. After that time, energy dephasing

due to the initial finite momentum width begins to measureably smear out

the coherent oscillation into one large cloud in time of flight images. This

dephasing occurs regardless of whether a pure BEC or 0.4 ER thermal atoms

are placed into the hybrid optical elevator. In the case of BEC atoms that are

not decompressed when loaded into the lattice, there is a significant amount of

mean field energy that is quickly converted to kinetic energy and, consequently,
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Temp
MT

(Comp.)
MT

(Decomp.)
10 ms 99.1 ms 999 ms 1000 ms 4000 ms

σv(ρ)

(mm/s)
16.8 †‡ 10 ‡ 12 12.8 15 15 16

σv(z)

(mm/s)
21 †‡ 8 ‡ 2~kL

§ 12.8 16 § 22 § 15.2 §

Table B.4: Temperature of Atoms in a Vertical Standing Wave. Atoms are
loaded into the vertical standing wave at νRF = 2.0 MHz, i.e., just above
condensation. Temperature is recorded after holding times equal to integer
and non-integer values of the Bloch tunneling period. (†) These rms widths
are nonzero because of meanfield effects. (‡) Atoms not yet loaded into the
lattice. (§) For 2~kL, the expanded atoms fell (in time of flight) into two
distinct clouds, each with σv(z) = 12 mm/s, as shown in Fig. B.7 for 10.0 ms.
By 1000 ms the atoms became sufficiently dephased, that σv(z) is no longer a
reliable measurement.

leads to a broadening of the momentum distribution. For this reason, BEC

atoms are not loaded into the elevator. Instead, decompressed thermal atoms

with an rms velocity of σ̄v = 9 mm/s and negligible mean field are loaded into

the lattice—albeit, at a severe cost of a factor of nearly 10 less in density.

A small study of the temporal coherence of the oscillations was per-

formed. In this study, temperature measurements were made in both the

radial (ρ) and transverse (z) directions after integer and non-integer values

of the Bloch period, as shown in Table B.4. We found that the remnants

of coherent oscillations could be measured for times longer than 1 s or more

than 150 Bloch periods. After this time, mixing of the radial and transverse

temperatures continued until the sample was nearly homogenized after 4 s.

These tests confirmed that it is impossible to use this method to transfer
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Figure B.8: Macroscopically Transported Atoms. (a) Atoms initially loaded
into the optical elevator from a decompressed magnetic trap. (b) Atoms trans-
fered 10.5 cm. The rms widths of the atoms are provided as well as the velocity
spread of the atoms in the radial (ρ̂) and transverse (ẑ) diretions. By com-
parison, condensed atoms in the compressed magnetic trap can have widths of
σρ = 42 µm by σz = 19 µm with nearly a factor of 10 higher density.

condensed atoms in the hybrid optical elevator. Furthermore, we found that

it was technically impossible to remove the atoms from the lattice without ad-

ditional heating since the atoms were in a constant dynamical, dephased state

of oscillation. Our final result, nonetheless, for transferring atoms 10.5 cm is

shown in Fig. B.8. It should be noted that the system, in principle, is capable

of transporting atoms over 25 cm, which would be the extend of our vacuum

chamber.

B.4 Short Coherence Length Optical Elevator

An alternative to the hybrid, long coherence length vertical standing

wave lattice, is a short coherence length optical elevator. As an epilogue to

our transport studies and their respective demises, we recently constructed

and attempted to test a system that would be less susceptible to Bloch oscilla-
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Figure B.9: Coherence Length Measurement. A Michelson interferometer is
used to measure the fringe visibility of a Nd:YAG fiber laser as a function of
the modified length of one of the interferometer arms.

tions, while still enable the vertical transport of BEC atoms. This attempt is

motivated by the idea of a short coherence length optical lattice. The inherent

translational asymmetries in the ẑ-direction, due to the relative difference in

strength of each lattice site, would presumably break or at least weaken the

long range coherent effects associated with an infinite 1D lattice.

In this setup, a 1064 nm Nd:YAG fiber laser (IPG Photonics, YLD-

10TM) with a specified linewidth of ∆λ ' 1 nm is used. In theory, this

should create a coherence length of LC = λ2/π∆λ = 360 µm. Nevertheless,

we measure a coherence length of 7.7 mm as shown in Fig. B.9. It is not

surprising that the value is much greater (> 20 ×) than anticipated since the

company that supplies that laser is expected to quote a maximum linewidth,
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not a minimum one. Unfortunately, the longer than expected coherence length

creates the unwanted capacity for retaining translational symmetry in the

transverse direction.

Eventually the system was constructed, in a manner as depicted by

Fig. B.10. In addition to having a short coherence length, the laser was also

unpolarized, therefore a thin film interference filters was used near Brewster’s

angle to produce a maximally polarized beam. It was never tested that the

random phase of the two polarization modes from the fiber laser would have

been able to be used for the real setup. Nevertheless, using the interferometer

set up shown in Fig. B.9(b), we did observe that an unpolarized beam could

produce larger fringe contrast than a polarized beam. And as expected, the

fringe contrast was very sensitive to motion in the fiber—but it is well known

that optical fibers that do not main polarization will alter polarization from

both mechanical stress or temperature variations.

The short coherence length elevator was prematurely abandoned for a

technical reason: lack of laser power. After the appropriate polarization and

long arms of the interferometer needed to accommodate a corer cube, the final

power sent to the atoms in each beam corresponded to a well depth of less than

V0 = 0.33 ER. This well depth was not sufficient to either capture or direct

the atoms from the magnetic trap, even with precisely aligned co-propagating

resonant beams to facilitate alignment. It is still unknown, then, if this setup

could coherently trasport BEC atoms over macroscopic distances.
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Figure B.10: Short Coherence Length Optical Elevator. In this setup, a longi-
tudinally broad laser source is used to create a short cohernece length, vertical
optical elevator that can help suppress Bloch oscillations. In order to guaran-
tee that the interference region exists at the atoms, a removable interferom-
eter (not shown) was built just beyond the vacuum chamber where distances
of each arm of the interferometer could then be balanced. Like the hybrid
optical elevator, locomotion for the atoms is provided for by the mechanical
displacement of a corner cube, which in this case must travel a distance equal
to the distance the atoms travel in order to preserve equal arm lengths of the
interferometer.
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Appendix C

Holography and an Optical Quasicrystal

C.1 Arbitrary Optical Potentials for Ultracold Atoms
Using Holography

The precise manipulation and control of ultracold neutral atoms will

become one of the most dominant fields of study in atomic physics in the

forthcoming decades. In addition to the preexisting emphasis on quantum

information and computation there shall also be an emergence of fundamental,

textbook studies for lower dimensional dynamics with ultracold neutral atoms.

Experimental studies shall include systems that explore nearly every aspect of

quantum statistics, phase transitions, and decoherence to many body effects

and the onset of thermodynamic equilibrium and classical dynamics.

Experimental progress in this field will continue to be inextricably

linked to the advancements of the production and control of ultra-stable, co-

herent laser sources as well as the practical availability of electro-optic or

electro-mechanical devices capable of phase or amplitude spatial light mod-

ulation. Anticipating these advances we have developed a simple method to

design and produce arbitrary, near diffraction limited 2-dimensional optical

potentials. The methods we have used are outlined here and are presented

as a benchmark with which to guide future and improved techniques in the
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construction of arbitrary optical geometries for 1- and 2-dimensional systems.

C.2 Fourier Theory and Generating Algorithm for Holo-
graphic Masks

C.2.1 A Brief Overview of Fourier Optics and Holography

Fourier analysis of optical systems is a higher order tool for most of

the optics carried out in our lab. In truth, we rarely need to enlist its direct

application when developing and assembling optical systems—such analysis

and calculation, in many ways, would simply be redundant to those solutions

supplied by geometrical optics. Furthermore, any Fourier analysis is usually

implicit in the operation of deflectors, modulators, and imaging systems. It

is therefore, a departure from our lab’s normal method of interpreting optical

systems to use Fourier analysis, but it is necessary when discussing holography.

In theory, holographic systems can provide the most sophisticated and

controllable optical environments for atoms to interact with than any other

reconstructive imaging technique. Optically, the natural foundation for holog-

raphy is diffraction theory, and in particular, Fraunhofer diffraction theory.

Mathematically, holography is simply a generalization of the solutions of wave-

front reconstruciton provided by diffraction theory. In what follows is a de-

scription of the tools, both mathematical and optical, that are necessary to

undertake the design and manufacture of an arbitrary holographic image.

For most holographic optical systems, it is sufficient to begin with the
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Figure C.1: A schematic of the Fourier process for a holographic mask. Here,
I in(ξ, η) and I f(x, y) are labels for the intensity at the input and focal planes
respectively. Note that both planes lie in the respective foci of the Fourier
lens.

Fraunhofer approximation for the solution to the instantaneous intensity,

I f(x, y) = |Ef(x, y)|2 (C.1)

where Ef(x, y) = |Af(x, y)| exp[−iφ(x, y)] is a complex scalar field at a point

(x, y). Optically, this is merely the intensity as measured at the focal plane of

the imaging setup. All information from the wavefront is available as intensity,

which depends both on amplitude and phase, A(x, y) and φ(x, y), respectively.

Fourier optics permits the linear mapping that connects the object or input

field Ein(ξ, η) to the transmitted or focal field Ef(x, y), as shown in Fig. C.1. It

is because of this mapping that a simple model for either a phase or amplitude

grating hologram can be utilized in a fairly straightforward manner.

Consider the following complex scalar field equations:

Ein(ξ, η) = Ain(ξ, η) · ei φin(ξ,η) (C.2)

Ef(x, y) = Af(x, y) · ei φf(x,y) . (C.3)
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These fields are connected to one other through a 2-dimensional Fourier trans-

form:

Ef(x, y) = F
{
Ein(ξ, η)

}
(C.4)

Ef(x, y) =
eikzei k

2z
(x2+y2)

iλz

∞∫
−∞

∫
Ein(ξ, η) exp

[
−i2π
λz

(xξ + yη)

]
dξdη (C.5)

where Ein(ξ, η) can be determined, in a symmetric fashion, as F−1
{
Ef(x, y)

}
,

which is the inverse Fourier transform of Ef(x, y) [61, 62]. Optically, these

fields are connected through a simple Fouier element—in this case, a Fourier

lens, as shown in Fig. C.1. Computation of such field transformations is trivial

and therefore the task of calculating the Fourier transform of any desired

pattern can be done with arbitrarily small resolution—given sufficient time and

computer power. However, the discrete nature of real holograms makes ultra-

fine computation usually unnecessary, but as we shall see below, it requires

the employment of iterative numerical techniques that reduce errors generated

by the binary encoding.

C.2.2 Adaptive-Additive (AA) Algorithm

Several practical choices must first be made when deciding how to de-

velop the correct algorithm and holographic technique to generate a desired

optical image. First, one must consider the properties of the desired image:

resolution, geometry, optical power, and signal to noise. Second, one must con-

sider the generation of this image using: a binary amplitude reflection mask,

a binary phase mask, a discrete greyscale phase mask, or spatial light modula-
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tor (SLM). And lastly, consideration should be given as to whether a desired

image be dynamic with individually addressable pixels, as in the case of some

SLMs. For simplicity of demonstration, cost, and availability, we chose to de-

velop an imaging system based on a simple reflecting binary mask hologram.

In Sec. C.5, we shall discuss the benefits and disadvantages to alternatives.

The computational approach we adopted is an adaptive-additive (AA)

algorithm which is described in detail in “Computer-generated holographic

optical tweezer arrays” by E. Dufresne, et. al. [63] and was modified for lab

use by Artur Widera in the form of a MatlabTM program called Phase [61]. A

block diagram of the implemented algorithm is provided below in Fig. C.2(a)

and a brief description of its general attributes and performance is provided

here.

The algorithm begins with a finite size grid of M × M pixels, where

M is usually greater than 1000. The desired image, i.e., the solution for the

intensity in the focal plane, I f(x, y), is stored for comparison. A gaussian

shaped amplitude distribution is then assumed for Ain
1 (ξ, η) and a random

phase distribution is assumed for φin
1 (ξ, η). A standard Matlab two-dimensional

fast Fourier transform (2D-FFT) is used and the initial result becomes Ef
1(x, y),

from which the initial intensity distribution, I f
1(x, y), can be calculated. An

error is then defined as the deviation from the desired intensity pattern, which

is given as

εi =
1

M2

M2∑
i=1

[
I f(x, y)− I f

1(x, y)
]2
. (C.6)
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Figure C.2: Adaptive-Additive (AA) Algorithm. (a) A block diagram is shown
for an AA algorithm for generation of a binary phase mask. In the input plane,
the phase, φin

n , is discretized. In the focal plane, error comparison, mixing,
and normalized intensity smoothing are made for the focal plane intensity,

Âf
n. (b) The top figure is the desired image, I f(x, y). The middle figure is a

representation of the converged, discritized and binarized Fourier transform of
the desired image, I f

conv(ξ, η). The bottom figure is the resultant image in the
Fourier plane from the binary mask. (The algorithm diagram is courtesy of
Artur Widera.)
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For every “odd” branch of the algorithm, the amplitude of the desired pattern

is mixed (mixing parameter a, is typically set to 0.5) with the computed am-

plitude. This decreases the errors and leads, monotonically in iterations, to

an improved result.

Artur Widera augmented this algorithm by inserting, for every “even”

branch of the algorithm, a renormalization of the intensity. Here, the ampli-

tudes in the focal plane are inverted and normalized so that the total laser

intensity is constant. This procedure tends to smooth the background and

offset the restriction of binarization of the phase and the requirement of an

input gaussian amplitude distribution.

Unfortunately, one effect of the binarization of the phase is that the

resultant image contains two desired images in the focal plane. However, this

effect is not entirely unfavorable. By appropriate placement of the desired

image, the phase mask can produce two wholly separable images in the focal

plane, each with equal laser power and resolution. The effect of binarization

is depicted graphically in Fig. C.2(b).

Fortunately, though not shown here, the AA algorithm can also be

modified for the production of a binary amplitude mask by discretizing the

amplitude rather than the phase. This particular feature is useful when con-

sidering that most holographic generation techniques usually involve a medium

which is reflecting rather than phase-shifting. A distinct advantage of reflect-

ing holograms is that they are not wavelength sensitive.
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C.3 Why An Optical Quasicrystal?

Strategies for building a 2-dimensional optical potential for interaction

with ultracold atoms fall into one of two major categories: passive quantum

transport and active quantum control. In the first category, atoms can be

adiabatically loaded into an arbitrary optical potential and allowed to diffuse

through the remainder of the potential. The result is frozen in optical molasses

and then imaged in the plane of transport. In the second category, atoms

can be manipulated dynamically using an SLM with coordinated interaction

allowing for precise storage and manipulation of local atomic wavefunctions.

In both cases, atoms can be confined in a horizontal plane with sheets of

light thereby restricting motion, diffusion, and measurable interactions to a

2-dimensional plane.

Diffusion of ultracold atoms in an optical quasicrystal falls precisely

into the first category. There are, nevertheless, two main ingredients that

make investigation of this type of transport significant. First, the diffusion

of ultracold atoms within an optical quasicrystal can allow experimenters to

probe the effect of translational and rotational symmetries on quantum trans-

port and this result can be compared with electronic transport measurements

in solids. Moreover, these results can be compared directly to 2-dimensional

transport in ordered and random optically generated crystals. Second, many

body interactions and mean field effects can be measured in systems where the

average potential spacing is smaller or comparable to the deBroglie wavelength

of the atoms traversing the potential. Finally, a comparison could be made
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Figure C.3: One- and Two-dimensional Quasicrystals. A 1D quasicrystal is
generated from the projection of a 2D Fibonacci chain. A 2D quasicrystal is
generated from Penrose tiles. The long diagonal of the “fat” rhombus has the
length τGM = (1+

√
5)/2, i.e., the Golden Mean, and the short diagonal of the

“skinny” rhombus has the length of 1/τGM [64].

between the interacting and noninteracting case for transport.

The fact that quasicrystals exist at all is interesting from many per-

spectives: mathematically, geometrically as well as physically, scientifically and

even historically. Unfortunately, the history and recent events which chroni-

cle the genesis and precise physical characteristics of quasicrystals are far too

comprehensive to discuss here. Several short reviews, textbooks, and mono-

graphs exist which outline the history and development of quasicrystals: a

few references are supplied in the bibliography [64–67]. The intention here is

only to provide pertinent background information as well the basic tools for

constructing a simple two-dimensional quasicrystal to be used as an optical

potential for ultracold atoms.

The mathematical discovery and interpretation of quasiperiodic geo-
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Figure C.4: Penrose Tiles and Construction of a Two-dimensional Quasicrys-
tal. On the left is a section of the a two-dimensional quasicrystal. In the
middle, the vertices have been marked. On the right is a constructed qua-
sicrystal of 1066 vertices, without the tiles. This particular quasicrystal is the
‘desired image’ input for the AA algorithm described in Sec. C.2.2.

metric structures (or tilings) preceeded the existence of ‘real’ quasicrystals

by over a decade [68–71]. Proposed in 1974, Roger Penrose identified a sim-

ple tiling scheme using two rhomboid tiles or unit cells (“fat” and “skinny”)

that are used to prescribe a five-fold symmetry on a two-dimensional plane.

The different tiles decorate the plane by a method of aligning arrows on their

respective faces, as shown in Fig. C.3. This particular geometry can be gen-

eralized in three dimensions in the form of an icosahedral geometry [67]. In

one dimension, a five-fold symmetric quasiperiodic structure can be generated

from the projection of a two-dimensional Fibonacci chain onto one-dimension,

as shown in Fig. C.3.

Using the simplest two-dimensional Penrose-type quasicrystal as a tem-

plate, a tile-free, vertex-only quasicrystal is employed as the ‘desired image’
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Figure C.5: Quasicrystal Holographic Binary Amplitude Mask.

input for the AA algorithm. The method of extracting this crystal is shown

in Fig. C.4. It is this form of quasicrystal which can most easily be repro-

duced optically and yet still accurately represent the appropriate rotational

and translational properties of a two-dimensional quasi-periodic potential.

C.4 Optics Setup and Images

The optical setup for creating an optical quasicrystal was actually

demonstrated in our lab using a chrome plated binary amplitude holographic

mask, as shown in Fig. C.5. The mask was developed using a modified version

of the AA algorithm discussed in Sec. C.2.2. In this case, a discretized ampli-

tude step was performed in the input plane portion of the calculation rather

than a phase discretization. The mask was produced in England by Compu-

graphics, Photomask Solutions [72] under contract of Nadav Katz, a student

of Nir Davidson from the Weizmann Institute of Science. Nadav visited our
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lab for one summer and helped coordinate our lab’s efforts in understand-

ing the nature of quantum transport of a many body system by providing a

two-dimensional simulation of the Gross-Pitaevskii equation in an arbitrary

potential. He provided us with two copies of the mask. Each mask costs

about $400.00 USD (but is probably cheaper now) and each subsequent copy

is $20.00 USD. The holographic feature (pixel) size of the mask is 10 µm. The

actual hologram is a square and measures lholo = 1.5 cm on a side, i.e., there

are about 2.2 megapixels.

The pixel size of the mask was chosen based on the optimal resolution

in the focal plane, δf = λ/2. A calculation provides a corresponding value in

the input plane of δin = 2 · f/M, where δin is the size of one pixel in the input

plane, f is the Fourier lens focal length, and M is the number of pixels in a

row or column in the input plane (and accordingly, in the focal plane) [63].

For our mask, δin = 10 µm, and M = 1500, therefore, the ratio of the average

spacing between spots, dave, and the size of the spots, ω0, becomes fixed at

3.6. For a specific optical system, lowering δin while keeping the hologram size

fixed, i.e., l2holo = constant, keeps the ratio of dave/ω0 constant. Interestingly,

this implies that both dave and ω0 increase when δin is decreased. For a set

mask size of about lholo ∼ 1.5 cm, it is, therefore, convenient to use a pixel

size of approximately 10 µm in order to achieve a desirable filling factor for

the optical potential.

In practice, we used a diagnostic optical setup like the one shown in

Fig. C.6. In order to image the focal plane at the location of the atoms into the

149



Figure C.6: Quasicrystal Optic Setup. A realistic experimental setup is shown
for quantum transport of ultracold atoms in a two-dimensional optical qua-
sicrystal. Only one of the orders of the holographic mask is imaged onto the
atoms. In this optical setup, the last two lenses determine the overall magnfi-
cation and spot size of the quasicrystal at the location of the atoms. In order
to create a two-dimensional trap, the atoms are initially prepared in a tightly
confining optical tweezer, ωρ0 ∼ 20 µm, and sandwiched in a TEM01 mode of
two repulsive ‘sheets’ of light separated by . 3 µm with waists of ωz ∼ 2 µm
and ωρ ∼ 1 mm. Absorption imaging techniques can also be utilized with this
system. For diagnostics, a mirror may be positioned at the location of the
atoms and a beam splitter replaced at the location of the dichroic so that a
measurable amount of light enters the camera to be imaged. [Note that the
distance between the amplitude mask and Fourier lens is not drawn to scale.]
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Figure C.7: CCD Image of an Optical Quasicrystal. Both amplitude noise and
amplitude fluctuations were measured to be less than 10%. Only a portion of
the quasicrystal is shown. The overexporsure in the upper right hand corner
is caused by a slow camera shutter.

camera, a mirror was placed on a micrometer at the location of the atoms and

its position was adjusted until a focused image appeared on the CCD camera.

In this setup, a magnification of two was created between the location of the

focal (Fourier) plane and the location of the atoms and an overall magnification

of five was created at the location of the CCD camera. We measured that this

setup created average separations between spots on the order of 27 µm and

average spot sizes of 7 µm, with 10% flucuations in maximum intensity and

noise. The quasicrystal, at the location of the atoms, had a diameter, lholo, of

880 µm with a ratio of 3.85 for dave/ω0, which was about 7% larger than the
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predicted value.

The overall laser power of the quasicrystal at the locaiton of the atoms

was also measured as a function of the total power used. For a 1 W, spatially

filtered, input beam (ωinput ≈ 18 mm) prior to the binary reflecting amplitude

mask, we measured nearly 150 mW at the location of the atoms or 140 µW

per spot for a 1066 spot quasicrystal. In principle, the maximum diffraction

efficiency allowed by Fraunhofer theory for a thin sinusoidal phase grating

into the ± 1 orders is 33.8% [62]. For an amplitude grating, the theoretical

maximum is almost 18%. For our setup we very nearly achieved this with 15%

in one of the respective first orders. For these parameters the well depth for

each point of the quasicrystal is 6 kHz (0.24 ER), which can realistically be

increased by a factor of four using a dedicated 4 W AOM controlled, spatially

filtered input beam.

C.5 Prospective Experiments for the future

Future studies involving low-dimensional arbitrary optical potentials

hold enormous promise for investigating fundamental quantum mechanical

many body problems, coherence effects, and phase transitions [33, 73]. These

systems can be designed in such a way that they can be directly compared to

theoretical models. And by incorporating novel methods of detection these sys-

tems can be studied with unprecedented detail and precision. Non-destructive,

phase contrast absorption imaging can be employed to directly examine the

dynamics of such systems. Utilizing ac Stark shift-canceling “magic” wave-
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length(s) for optical confinement while imaging [74] detection of single atoms

can be made with a spatial resolution that can approach a single optical lattice

site, λ/2.

The techniques for building these experiments will certainly include

some of the most powerful techniques of optical manipulation that are tech-

nologically and economically available. As sophisticated technologies are im-

proved, like those of spatial light modulators, fiber-optic imaging, or even LED

optical tweezers, experiments will also evolve to incorporate them.
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Appendix D

Beam Profiling Methods

Techniques for measuring beam profiles are of extraordinary practical

significance in physical, chemical, and biological sciences that utilize coherent

laser light to manipulate or probe microscopic or atomic samples. Ironically,

very little teaching time is spent on beam profiling in most theoretically driven

optics courses and virtually no direct scientific output is usually related to ei-

ther the characterization of power or spatial mode of a laser beam. Neverthe-

less, the distribution of radiant energy across the wavefront of an optical beam

is of vital importance when interpreting, for example, the practical manner in

which atoms interact with a precisely manufactured ac-Stark field.

It first helps to define what is most useful and commonplace in Gaussian

beam optics jargon. To begin, a laser beam, operating in the fundamental

mode, will have a TEM00 Gaussian transverse spatial irradiance or intensity

profile. In general, higher order spatial laser modes are restricted or suppressed

by the cavity or resonator elements, like spherical Fabry-Perot output coupler

mirrors [75]. The cylindrically symmetric intensity distribution of a TEM01

beam is usually defined as

I(r) = I0 e
−2r2/w2

=
2 P

πw2
e−2r2/w2

(D.1)
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Figure D.1: Gaussian Beam Characteristics. The beam waist of a Gaussian
beam is defined as the radius in the beam profile where the intensity has
fallen to a factor of 1/e2 or 13.5% of the peak value. A table is provided with
frequently used Gaussian beam properties. For reference, a second table is
provided with the first three values of the normal (or Gaussian) probability
distribution function, f = 1√

2πσ2
· exp[−x2/2σ2]. It is not uncommon that, for

example, the beam waist, 2 · w, and 2 · σ are mistakenly taken to mean the
same thing.

where P is the total power measured in the beam and w is the beam waist at

r. The so-called beam waist or radius is defined as the location in the beam

profile when the intensity has fallen to 1/e2 of the peak value, as shown in

Fig. D.1. The beam waist, w, is also equal to 2 · σ, where σ is the standard

deviation of the normal Gaussian distribution. By comparison, the full width

of the beam at half of the maximum intensity is called the full width at half

maximum (FWHM).

Higher order Gaussian modes, like the standard Hermit-Gaussian are

also of tremendous practical benefit when customizing optical potentials [76].

However characterizing the intensity of such beams can be slightly more com-
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plicated usually requiring a comparison of the intensity pattern to Hermit-

Gaussian basis functions [75] or the individual measurement of each intensity

maxima as an rms width. In any case, beam profiling techniques may still be

applied to higher order spatial modes of a laser beam, with the caveat that

special care is needed when analyzing and interpreting such modes.

D.1 Methods for Extracting a Beam Profile

Using practical, inexpensive laboratory equipment, there are effectively

three majors types of extracting a beam profile: knife edge (D.1.1), direct CCD

image (D.1.2), and scanning pinhole or slit (D.1.3). All three of these methods

can be complimentary and be used to calibrate one another. In some cases, one

method can identify a flaw or weakness in another depending on the complexity

of what is being characterized. But first a few words on alternatives, resolution,

and magnification.

D.1.0.1 Alternatives

There are many, near fully automated, but very expensive alternatives

to the methods of profiling discussed here. Typically beam profiling packaged

systems are based on an imaging system, like a CCD camera. One such product

is the Beam StarTM CCD Beam Profiler by Ophir [77]. However, since these

systems use CCD cameras they have fairly large pixel sizes (& 10 µm), which

usually require the need for magnification, and the need for attentuation since

the pixels can saturate quickly. There are higher power profilers, like a multiple
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scanning knife edge beam profiler available at several optics companies. These

analyzers effectively automate the knife edge beam profiling procedure we

use in the lab. Nevertheless, what one usually pays for is the software that

analyzes the mode, not the camera or detector. And today there are many

inexpensive, if not entirely free, programming packages for OriginTM or C++

or stand alone programs, like MaximDL [78], that can facilitate in the modeling

of beam profiling.

D.1.0.2 Resolution

The most vital characteristic of all profiling systems is one of resolu-

tion. As a general guideline, each beam profiling technique should follow ISO

(International Organization for Standardization) Standard 11146 [79], which

recommends that the maximum division of measurement be no more than

1/20 of the beam waist. In the case of a knife edge measurement, the step size

should be chosen to give at least 20 data points for a single beam. In the case

of a scanning pinhole measurement, the maximum slit width or pinhole size

should remain below w0/20. Similarly, in the case of a CCD camera profiling

system, any beam should cover approximately 20×20 pixels. For comparison,

when the slit width becomes w0/3, the errors approach 8.5%. For all scientific

purposes, measurement divisions larger than this should not be used.
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D.1.0.3 Magnification

One of the least attractive requiements for measuring a beam’s profile

is magnification and the necessary steps that must be taken in order to ob-

tain a reliable method of calibration and reproducibility. When spot sizes fall

below ∼ 20 µm, a standard knife edge measurement, even with 1 µm resolu-

tion, becomes susceptible to error. Likewise, a 20 µm spot size would occupy,

in principle, only four pixels of a CCD camera, leading to an unambiguously

inaccurate result. Unfortunatley every optical element placed between the

location of the desired beam profile and the magnified image can add uncer-

tainty to both the spot size and the effect of aberrations and astigmatism.

Methods should be corroborated in these cases allowing for careful analysis of

the calibration and the overall reliability of the methods.

D.1.1 Knife Edge Beam Profile

The most common, trustworthy, and successful method of analyzing the

profile of a laser beam is the knife edge method. It is fairly straightforward

to implement, using a precision x̂-ẑ–micrometer (1–10 µm step size), a stan-

dard laboratory razor blade, a collector lens, and a power meter or calibrated

photodetector. The setup is shown in Fig. D.2(a).

Setting up the system can be cumbersome, however, since both a power

meter and a micrometer are required to be placed at the desired focal plane.

Consequently, a temporary pick-off mirror is usually required as well as the

replication of the final lens and correct distances to the location of the atoms.
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Figure D.2: Knife Edge Beam Profile. (a) Diagram of the knife edge optical
setup. (b) A least squares fit to 23 raw data points is shown. An extracted
beam profile is shown here drawn to scale, with a beam waist of 26 µm.

Sometimes as many as 100 beam profiles can be needed in order to achieve the

correct size and mode quality, as in the case of optical lattice beams. These

types of measurements are necessarily time consuming, particularly when data

collection is not automated or facilitated by another lab member.

There are a few noteworthy inadequacies of this system. First, asym-

metric beams present a challenge and sometimes an uncertainty, since the

profile of the small axis can be compromised by a diagonal convolution of the

razor blade with the beam causing a positively weighted error in the waist mea-

surement. Second, as mentioned above, the resolution of this system is limited

to 1 µm, thereby causing an uncertainty for beam waists . 20 µm. Lastly,

there is a damage threshold of about 100 kW/cm2 (e.g., 1.5 W for w0 = 40 µm)

for a stainless steel razor edge. This particular feature can be particularly re-

grettable since the mode of laser usually changes with high power as the result
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of the source or thermal effects in active electro-optic devices which are not

present at low optical powers.

Numerical fitting of the profile begins with the recognition that the

x-list (raw) data can be represented, analytically, in the following form

C

√
π

2
w

(
1− erf

[
d− x√

2w

])
(D.2)

where C is an arbitrary amplitude of the beam, w is the beam waist, and

d is an arbitrary displacement from the origin. Here, we use the definition

of the Error function, namely erf(ζ) =
∫ z

0
e−z2

dz, which is the integral of

a Gaussian distribution. A least squares routine uses the x-list to fit the

following parameterss: C → C̃, w → w̃, and d→ d̃, where w̃ is the extracted

beam waist, as depicted in Fig. D.2(b).

D.1.2 CCD Image Beam Profile

The most powerful feature of a CCD camera beam profiling setup is its

ability to immediately and completely characterize the properties of a beam

profile. CCD cameras are also very inexpensive and can be readily integrated

to any computer system with appropriate diagnosing software. Unfortunately,

CCD cameras tend to have a fixed pixel size of about 10 µm and they are

easily saturated. Both of these features usually cause the need to magnify and

attenuate input beams.

A lab manufactured CCD beam profiling system nearly always requires

some form of magnification. Removable compound microscope objectives are
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Figure D.3: CCD Profile Optics. (a) A diagram for the optical setup of the
CCD camera beam profiling system is shown. The inset is a CCD image of
five near equal intensity beams whose short axis (x̂) profile is provided in
Fig. D.4. (b) An illustration of the calibration for the CCD camera beam
profiling system. The profile is created in the program MaximDL.

Figure D.4: Gaussian Beam Fits from a CCD Image. Fitting is done by a
combination of programs: MaximDL and Origin. Note that the beam waist
shown is FWHM. The 1/e2 beam waist is approximately 10 µm.
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the most convenient and compact choice. In our case, we use 10× and 25×

Melles-GriotTM acromatic compound objectives (PN: 04 0AP004/006) [80].

They typically have a working distance of about 1–6 mm and an optimized

object-to-image distance of 195 mm, as shown in Fig. D.3(a). The whole

setup can be placed on a very thin piece of 1
4
-20-tapped optical bread board

plate, approximately 2.5 cm × 25 cm.

Calibrating the magnification of the CCD camera profiling system re-

quires imaging a reticule onto the CCD camera, like the one shown in Fig. D.3(b).

For this procedure it is convenient to place a ẑ-translation stage on the bread

board track, just in front of the microscope objective. Likewise, a x̂-translation

is very useful to have for the CCD camera when attempting to align objects

on the screen for analysis. A driver for the CCD camera can then be used to

acquire a picture, like bmp, jpg, etc., and then use a profile analysis program

like MaximDL that can convert the desired profile into a csv data file. The

level of integration for each profile is left as a variable for the user. In some

instances, the reliability of the data dictates the cross-sectional fit, while in

other cases, the decision to analyze a specific portion of the profile will be

based on apriori knowledge of which part of the beam atoms will most likely

interact. An example of such a cross-sectional fit is illustrated in Fig. D.3(b).

D.1.3 Scanning Pinhole Beam Profile

A scanning pinhole, slit, or knife edge beam profiler has the distinct

advantage of being fully automated and reproducible. It utilizes a motorized
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Figure D.5: Scanning Pinhole Beam Profile. An automated scanning pinhole
or precision slit is mounted on a computer controlled stepper motor slide with
10 µm step sizes. The pinhole can vary in size from 10 µm — 150 µm. A
cylindrical compensation lens can be used for particularly asymmetric beams.
Optics are not drawn to scale.

slide to displace an aperture in an orthogonal plane to the beam, at a resolution

of about 10 µm per step. The system can very quickly be calibrated by

correlating the known position of the aperture to the amount of light that is

detected. The control system includes an analog input with known time step of

the photodetector signal, a computer controlled, programmable stepper motor

driver, and a fitting program.

The main limitation of the scanning pinhole beam profiler, like the

CCD camera beam profiling system, is its resolution. This usually requires

163



the assembly of a telescopic magnification system, as shown in Fig. D.5, and

both a power and resolution calibration of the system. The main advantage

of using a scanning aperture beam profiling system is for diagnosing the the

relative power and position of multiple beam without the ambiguity of the

saturation. Inexpensive, commercial CCD cameras are inconveniently pack-

aged with compression algorithms that can simultaneously attenuate multiple

beams in a very nonlinear and completely untrustworthy fashion.

D.2 Beam Diagnostics: Calibration, Reliability, and Caus-
tic Determination

When precision measurement of a laser beam profile is needed then mul-

tiple methods of beam profiling should be used collectively. The reliability of

each method can be enhanced based on an assessment of the errors associated

with each type of measurement. Corroborating methods can be particularly

useful when creating a transfer function for acousto-optic devices. A transfer

function is used to modulate the RF power to an acousto-optic device in order

to ensure a flat response. Transfer functions are of vital importance when

designing optical traps that consist of multiple beams.

In Ch. 6, for example, we studied the reflection of ultracold atoms from

a random lattice. In that experiment it was necessary to adjust the degree of

randomness of a multiple beam optical potential. By utilizing two indepen-

dent beam profiling techniques we were able to provide a reliable estimate of

the degree of randomness to within ± 5%. An illustration of a random po-
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Figure D.6: CCD Profile and Pinhole Comparison. A transfer function is used
to homogenize the intensity for an acousto-optic deflector (AOD) generated
multiple beam pattern. (a) CCD Profile. The inset shows the CCD image and
the portion of the integrated beam profile. (b) Scanning Pinhole Profile. This
profile is the same as profile (a), except that it is recorded in reverse order as
indicated by the α, Ω symbols.

tential profile is provided in Fig. 6.5. For comparison, two profiles are shown

in Figs. D.6(a) and (b), which illustrate the similarities and differences of the

methods. The main difference between the two profiling methods, particu-

larly in the case of asymmetric beams, is the respective integrated areas of the

two profiling methods. Fixing the same amount and portion of beam(s) to be

profiled for the two methods takes a significant effort, therefore, one should

realize there are technically restrictive limitations with this collective method

as well.

Finally, consider a few remarks and last look at the beam profile and its

relation to an applicable definition of beam quality. A meaningful definition

of beam quality is really just a measure of a beam’s utility for a particular
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application, like a specific type of optical trap with a well known intensity and

beam waist [81]. As experimental investigations of ultracold atoms become

increasingly more sophisticated with complicated transverse and even dynamic

intensity patterns, it is important to consider higher order corrections to the

family of solutions for Gaussian beam equations, like beam waist and beam

divergence.

Already, we have employed in our lab, with reasonable success, all

beam profiling methods discussed above to measure a beam’s Rayleigh length

and, consequently, the so-called caustic, in order to indirectly calculate or

approximately locate the beam waist at the focus, w0. Using a more precise

definition of beam curvature, we find that

w̆(z) = w0

√
1 +

[
λ(z − z0)

πw0

·M2

]2

(D.3)

is modified slightly from the traditionally used w(z), with the addition of the

beam propagation or quality factor, M2. For a diffraction limited theoretical

Gaussian beam, M2 = 1 [75]. The exact definition of M2 is provided in many

references, including A.E. Siegman’s Lasers, but is not immediately important

to state here. The consequence of M2 6= 1 is important. For one thing,

some important details, like the waist size and divergence of a beam, become

modified using the beam propagation factor. Namely,

w̆0 =
λf

πwin

·M2 and θ̆ =
λ

πw0

·M2 , (D.4)

where w̆0 is the ‘real’ beam waist and θ̆ is the ‘real’ beam divergence.
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Figure D.7: A Caustic Profile Fit. The beam waists (x̂-direction) of a Nd:YAG,
λ = 1064 nm, are measured at various points along its path in the ẑ-direction.
From Eqn. D.3, a numerical fit is made for the beam waist at the focus, the
Rayleigh length, and the beam propagation factor.

In practice, a numerical fitting routine, like that of the knife edge mea-

surement (cf. Sec. D.1.1), can be used for the caustic determination of w̆(z).

Using data, like that shown in Fig. D.7, we can use a least squares routing to

fit the following parameters: w0 → w̃0, M
2 → M̃2, and z0 → z̃0. From w̃0, z̃R

can be obtained.

When non-Gaussian beams are used, calculation and measurement of

the beam propagation factor are crucial. For a Hermite-Gaussian TEM01

mode, as shown in Fig. D.8, the propagation factor is not unity. For each

lobe of the beam, M2 = 1.15 and for the total beam, M2 = 3 [82]. These

factors cannot be ignored when profiling the beam, particularly when utilizing

a numerical fit from a beam caustic measurement.
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Figure D.8: Hermite-Gaussian TEM01 Mode. (a) A two-dimensional profile
of a Hermite-Gaussian TEM01 mode. (b) A contour plot of the same profile
as (a). (c) Two experimental results of a TEM01 mode: (i) far-field intensity
distributions of an incident TEM01 beam derived from a pulsed Nd:YAG laser
[82], and (ii) a profile of an asymmetric TEM01 mode beam, with CCD image,
profile data, and solid line fit. [15, 76].
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Appendix E

Sodium Numbers and Useful Formulas

Table E.1: Fundamental Constants. [83, 84].

Speed of Light c 2.997 924 58× 108m/s (exact)
Permeability of Vacuum µ0 4π × 10−7 N/A2 (exact)

Permittivity of Vacuum ε0
(µ0c

2)−1 (exact)
8.854 187 817 . . .× 10−12F/m

Planck’s Constant
(

h

2π

)
~ 1.054 571 68(18)× 10−34 J·s

6.582 119 15(56)−16 eV
Elementary Charge e 1.602 176 53(14)× 10−19

Bohr Magneton µB
927.400 949(80)× 10−26 J/T
h · 1.399 624 58(12) MHz/G

Atomic Mass Unit u 1.660 538 86(28)× 10−27 kg
Electron Mass me 9.109 3826(16)× 10−31 kg
Bohr Radius a0 0.529 177 2108(18)× 10−10 m

Boltzmann’s Constant kB 1.380 6505(24)× 10−23 J/K

Table E.2: 23Na Physical Properties. [4, 83].

Atomic Number Z 11
Total Nucleons Z + N 23

Relative Natural Abundance η(23Na) 100%
Nuclear Lifetime τn (stable)

Mass m 3.817 540 23(30)× 10−26 kg
Melting Point TM 97.80◦C

Vapor Pressure at 25◦C Pv 2.2× 10−11 torr
Nuclear Spin I 3/2

Scattering Length for Singlet
max. stretched hyperfine state

ams 55.4± 1.2a0
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Table E.3: 23Na D2 (32S1/2 −→ 32P3/2) Transition Optical Properties. [83].

D2 (32S1/2 −→ 32P3/2)

Frequency ω0 2π · 508.848 716 2(13) THz
Wavelength (Vacuum) λ 589.158 326 4(15) nm

Wavelength (Air) λair 589.000 35 nm
Wave Number (Vacuum) kL/2π 16 973.366 160(43) cm−1

Lifetime τ 16.249(19) ns
Natural Line Width (FWHM) Γ 2π · 9.795(11) MHz

Recoil velocity vr 2.9461 cm/s
Recoil energy ωr 2π · 25.002 kHz

Recoil Temperature Tr 2.3998 µK
Doppler Temperature TD 235 µK

Frequency shift for standing wave
moving with vsw = vr

∆ωsw 2π · 100.01kHz

D1 (32S1/2 −→ 32P1/2)

Frequency ω0D1 2π · 508.332 465 7(13) THz
Wavelength (Vacuum) λD1 589.756 661 7(15) nm

Wavelength (Air) λairD1 589.598 53 nm
Natural Line Width (FWHM) ΓD1 2π · 9.765(13) MHz

Table E.4: Sodium Dipole Matrix Elements and Saturation Intensities. [83].

Effective Far-Detuned Moment and
Saturation Intensity

(D2 line, π-polarization light)
Isat(det,eff,D2) 9.39 mW/cm2

Dipole Moment and Saturation Intensity
|F = 2,mF = ±2〉 → |F′ = 3,m′

F = ±3〉
cycling transition (σ± - polarized light)

Isat(MOT) 6.26 mW/cm2

Effective Far-Detuned Moment and
Saturation Intensity

(D1 line, π-polarization light)
Isat(det,eff,D1) 18.7 mW/cm2
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Table E.5: Atom Trapping and Cooling Equations. [2]

Laser Cooling and Trapping

On-Resonance
Saturation Parameter

s0 = 2|Ω|2/γ2 = I/Is , Is =
2π2~c
3λ3τ

Spontaneous Scattering Rate Γs =
γ

2

(
s0

1 + s0 + 4(∆L/γ)2

)
Heating Rate Hs = Γs · (ER/kB) = Γs · 2.4 µK

Laser Detuning ∆L = 2πc

(
1

λlaser

− 1

λatomic

)
Spontaneous Emission Force Fsp = ~kΓs/2 ∝

(
I

∆2
L

)
Optical Dipole Force Fdip =

~Ω

2∆L

∂Ω

∂z
∝
(
∇I
∆L

)
Optical Dipole Trap Depth U0 =

~γ2s0

24

[
1

∆L

−
(

2πc

λlaser

+
2πc

λatomic

)−1
]

Trapping Frequencies
Radial(ρ) & Axial(z)

ωρ =

√
4|U0|
mw2

0

& ωz =

√
2|U0|
mw2

0

Optical Lattice Equations

Wave Vector (θ) ks = (2/λ) · 2π sin (θ/2)

Standing Wave Potential V (ρ, z) = V0 exp[−(2ρ2/w2
0)] , V0 = 4 · U0

Trapping Frequencies
Radial(ρ) & Axial(z)

ωρ =

√
4|U0|
mw2

0

& ωz =

√
2|U0|k2

s

m

Thermodynamics of Laser Cooling

MB Distribution (Beam) f(v̄) =
v3

z

2v̄2
exp

[
− v2

z

2v̄2

]
, v̄ ≡

√
kBT

m

TCapture ≈
~γ2

k2kB

TDoppler ≈
~γ
2kB

TRecoil ≈
~2k2

mkB
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Table E.6: BEC Equations. [31]

Thermal deBroglie
Wavelength

λdB =
2π~√

2πmkBT

Phase Space Density $ = λ3
dB n0

Condensate Fraction (3D)
(Non-interacting atoms)

N0 = N

[
1−

(
T

TC

)3
]

Collision Rate γ = n0 · (8πa2
s) · 〈v〉

Gross-Pitaevskii Equation

i~ ∂
∂t

Φ(r, t) =
(
−~2∇2

2m
+ Vext(r) + g|Φ(r, t)|2

)
Φ(r, t)

Thomas-Fermi Approximation n(z) =
1

g
(µ− V (r))

Chemical Potential µ =
ω̄MT

4π

(
15N0as√
~/mω̄MT

)2/5

Coupling Constant g = (4π~2as)/m

Average Density n0 = N/(σxσyσz(2π)3/2)

Peak Density npeak = µ/g

Thomas-Fermi Radius(z) Rf =
√

4π~µ/mω2
z

Healing Length ξ = 1/
√

4πn0as

Speed of Sound cs =
√
npeakg/2m

Critical Temperature (3D)
(Non-interacting atoms)

TC =
~ωxωyωz(ζ(3)n)1/3

kB

1D Number Limit N1D =
√

32~/(255ma2
s)
√
ωρ/ωz
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Table E.7: Optics Equations. [41, 75, 85]

Imaging Optics

f/# f/# = f/dlens

Numerical Aperture NA = 1/(2f/#)

Angle θ = (180/π) arcsin(NA)

Solid Angle (at d0) dΩ =
π

4

(
f

(f/#)d0

)

CCD Fluorescence (Natom) Natoms =
8π[1 + 4(∆L/γ)

2 + 6s0]

γ 6s0 texp ηeff dΩ
Ncounts

CCD Absorption (Doptical) Doptical = − ln
I(x, y)

I0(x, y)
= σ

∫
n(r)dz

Gaussian Beam Optics (M2 = 1)

Intensity of a Gaussian Beam I =
2P

πw2
e−2r2/w2

Rayleigh Length (w(zR) =
√

2w0) zR =
πw2

0

λ
where w0 = 2 · σ

Waist at Point z ⇒ (R(z) → z) w(z) = w0

√
1 +

λz

πw2
0

⇒ λz

πw0

Beam Divergence θ =
λ

πw0

Focal Shifts and Focal Aberrations due to glass plate of thickness d

Focal Shift δf = d

(
1− cos θ

n
√

1− (sin θ/n)2

)

Focal Shift (θ << 1) δf(∞) = f − d

(
1− 1

n

)

Size of Aberrations ε =
d

n

(
tan θ − sin θ√

1− (sin θ/n)2

)
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Table E.8: Vacuum Concepts and Equations. [86]

P (Torr) Dens (cm−3) MFP (m) Surf Coll (cm−2s−1) Monolayer (s)

ATM 760 3 · 1019 7 · 10−6 3 · 1023 3 · 10−9

UHV 10−11 4 · 105 5 · 108 4 · 109 3 · 105

Molecular Flow Conductance
for a Tube (L,D)

C = 12
D3

L
liters/sec

Vacuum Conductance (Series)
1

Cseries

=
1

C1

+
1

C1

+ · · ·

Vacuum Conductance (Parallel) Cparallel = C1 + C2 + · · ·

Mean Free Path λMFP ∼
(√

2 · (8πa2
s) · ρ

)−1

Table E.9: Laser and Electro-optics Equations. [75, 87]

Diffraction Limited
Spot Size

d0 =
M24λf

πDinput

Beam Parameter M2 = w0 · (πwin/λ f)

Free Spectral Range FSR = c/2 n Lcavity = λ2/2 detalon

Coherence Length Lcoh = c τcoh =
c

π∆ν
=

λ2

π∆λ

Finesse F =
FSR

FWHM
, Fetalon =

π
√
R

(1−R)

Acousto-Optic Bragg
Deflection Angle

θB =
λ

2Λsound

=
λ νRF

2 csound

Incremental
Angular Deviation

∆ θ =
λ∆νRF

csound

Rise Time (dbeam ≡ w0) Trise = 0.64 dbeam/csound

Resolvable Spots Nres =
λ ∆νRF

λ/dbeam

=

(
dbeam

csound

)
∆νRF
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