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Abstract

A rotating optical lattice for ultracold atoms

Ben Fletcher, St. John’s College, Oxford University
DPhil Thesis, Trinity Term 2008

The central part of this thesis describes the key components, implementation,
initial testing and calibration of a two-dimensional, rotating lattice for experiments
involving Bose-Einstein condensates of 87Rb. Additionally, this thesis provides a
brief overview of the theory and achievement of Bose-Einstein condensation in our
particular set of apparatus and a brief review of the physics underlying optical
lattice potentials.

In the work described in this thesis a two-dimensional acousto-optical deflector
(AOD) and a series of optics is used to generate a set of 4 beams marking the
vertices of a square in the plane perpendicular to the direction of propagation of
the beams. The beams are directed through a high numerical aperture lens: the
four beams intersect and form a lattice potential in the focal plane of the lens.

This thesis further describes the development of a direct digital synthesis (DDS)
based system for generating and ramping radio-frequency (RF) signals which at-
tains noise suppression of greater than 50 dB. The software which allows the fre-
quency and amplitude of a signal generated by the DDS system to be updated
at rates up to 1.5 MHz is also described. These low-noise, rapidly-updated RF
signals are used as the input to the AOD and are a crucial component of achieving
a rotating lattice.

For some of the data discussed in this thesis, it was necessary to image through the
aperture of the pyramid MOT to assist with alignment and image atoms held in
the optical lattice. Atoms in optical lattices with periodicities ranging from 10 to
30 microns are imaged and this data is used to calibrate the lattice period against
the input RF frequency.

Finally we have demonstrated a rapid expansion in the radial size of the conden-
sate when exposed to a rotating lattice which depends on the frequency of the
lattice rotation. We hope that this will provide the foundation for work on direct
simulation of condensed matter systems using cold atoms.
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Chapter 1

Introduction

In recent years there has been a wide range of exciting work around the field of

Bose-Einstein condensates in optical lattices and optical potentials, including the

work of Greiner et al. (2002) achieving the Mott insulator regime, the first steps

taken towards a quantum register for neutral atoms by Schrader et al. (2004) and

the demonstration of rapid manipulation of the single-atom qubits by Yavuz et al.

(2006).

In this chapter I will describe the general area we seek to explore with our

experiment, and explain why it interests us. I will then provide a more specific

introduction to the original concept for the experiment and to the revised concept

whose implementation is described in the following chapters.

1.1 Motivation

Much of the work referred to above has been related to the goal of implementing

quantum information processing (QIP) in cold neutral atoms. In this section I

will briefly describe the significance and current state of the art in the two major
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1.1. Motivation 2

sub-areas of QIP for which cold atoms are particularly well suited and then outline

the current experimental limits.

1.1.1 Quantum Computation

Quantum computation - replacing binary, deterministic bits with superposable

qubits and probabilistic measurements - offers potential breakthroughs in the fields

of cryptography, simulation of quantum systems and handling large databases.

(Shor, 1994; Grover, 1996) Proposed methods of implementing quantum compu-

tation have included cold atoms, trapped ions, solid state devices and even cluster

states of multiple quantum particles. Thus far, nuclear magnetic resonance has re-

alised the largest number of qubits but faces considerable difficulties in any attempt

to reach large numbers of qubits (Vandersypen et al., 2001). Ion traps have made

rapid progress (Moehring et al., 2007): although scaling to large numbers of ions

in the same trap is problematic because of the long-range nature of the Coulomb

force, schemes have been developed for handling multiple qubits in which ions only

encounter one another in pairs.

Cold atoms seem an ideal implementation to produce computers with large

numbers of qubits: experimentalists routinely obtain 109 cold atoms from laser

cooling and trapping techniques and by using evaporative cooling to create a Bose-

Einstein condensate (BEC) more than 106 phase coherent atoms can be obtained.

Greiner et al. (2002) demonstrated a controlled transition from a BEC into a Mott

insulator state in an optical lattice; when the number of lattice sites is commensu-

rate to the number of atoms in the condensate this produces lattice sites occupied

by single atoms, which is an excellent starting point for generating a large number

of qubits.

These apparent advantages have led to the development of an extensive body of

theoretical work on the topic, for example Jaksch (2004). In contrast, experimental
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implementation is still in an early stage of development: Yavuz et al. (2006) have

demonstrated the ability to perform π/2 rotations of the qubit state in approxi-

mately 180 ns with no observed cross-talk to the adjacent qubit site while Schrader

et al. (2004) have demonstrated loading of single atoms into a number of sites in

a one-dimensional optical lattice, as well as the ability to perform single-qubit

operations and to arbitrarily re-arrange the qubits.

1.1.2 Accordion Lattices

For quantum computation it is necessary but not sufficient (DiVincenzo, 1995)

to be able to deterministically prepare single-qubit states and then to be able to

address them individually. These two requirements are in competition for cold

atoms because the Mott insulator transition which provides the easiest way of

reliably obtaining single atom occupation of lattice sites also requires that atoms

initially be able to tunnel between lattice sites. Thus the Mott insulator state is

usually obtained (Greiner et al., 2002) in an optical lattice with a period of λ
2
, or

approximately 400 nm. At such a small lattice spacing, the lattice sites cannot be

individually addressed by optical means.

Several attempts have been made to bridge this gap: one approach is simply to

change the periodicity of the lattice or of the loading. In this vein, Peil et al. (2003)

demonstrated the loading of every third site of a lattice with 500 nm periodicity

by using a second lattice with a period of 1.5 microns as the first stage of loading,

while Scheunemann et al. (2000) have demonstrated an optical lattice using a

retroreflected CO2 laser: the lattice periodicity of 5.3 microns enabled addressing

of single lattice sites.

A second approach is to use some form of adjustable optical potential that is

not a lattice: such a potential could be formed by individual focussed beams with

adjustable position or by using a spatial light modulator to generate a flexible
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dipole potential. In this fashion we envision using a narrowly-spaced array of

focussed beams to pass through the Mott insulator transition and then expand

the array to allow addressability. Dumke et al. (2002) demonstrated a trapping

potential formed by light focussed through a micro-fabricated array of lenses: by

illuminating the lens array with multiple beams at different angles this can generate

multiple arrays of dipole traps with separation dependent on the angle. In Oxford,

Boyer et al. (2006) demonstrated dynamic splitting of a Bose-Einstein condensate

using a spatial light modulator.

Another approach is to use an optical lattice with a lattice spacing which can be

adjusted during the experiment, typically called an accordion lattice. Similarly to

adjustable non-lattice potentials this could be used with a small lattice spacing to

load the lattice sites and then moved to a larger lattice spacing for addressability.

Huckans (2006) carried out a variety of experiments with a BEC using a one-

dimensional accordion lattice based on a galvanometer-driven mirror and a beam-

splitter to generate two beams with dynamically controllable angle between the

beams. Li et al. (2008) have imaged a lattice potential in one dimension based on

a similar concept to the scheme described in chapter 6.

1.1.3 Simulating Condensed Matter Systems

In section 1.1.1 we discussed some of the applications of optical lattice systems

to quantum computing, which can be seen as an extension of classical digital

computing. There is also considerable theoretical interest in extending analogue

computing to quantum systems via direct quantum simulation: in other words,

studying a simple model quantum system to derive insight into the behavior of a

more complicated system with similar elements. Feynman (1982) pointed out that

a simulation of a non-trivial quantum system must consider interactions between all

the particles: this leads to an exponential increase in the computational resources
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and time required for simulation as particle number increases linearly. Thus quan-

tum systems of practical interest are impractically complicated to simulate using

a classical digital computer and so one needs to use a quantum simulation instead.

If one can obtain an optical lattice with single-atom occupation at each lattice

site (often referred to as an atomic crystal) it becomes an ideal system to simulate

condensed matter systems: the Mott insulator transition provides a method for

achieving such a crystal in an optical lattice potential. Beyond this, optical lattices

have other significant advantages for simulating many-body quantum systems: the

shape of the potential can be adjusted almost arbitrarily by clever arrangement of

optical beams, while the intensity and the phase of the potential can be adjusted

using acousto- or electro-optical techniques. This gives the experimentalist many

potential ways to change the Hamiltonian being simulated; some of these possible

applications are discussed in Bloch (2005).

The first steps in experimental implementation of these ideas have already

been taken. Notably Albiez et al. (2005) demonstrated a Josephson junction be-

tween adjacent Bose-Einstein condensates in a double-well potential including a

transition between an oscillating regime and self-trapping dependent on the initial

population difference between the wells. Another interesting area has been the

application of random or pseudo-random potentials to Bose-Einstein condensates:

Billy et al. (2008) and Roati et al. (2008) independently demonstrated Anderson

localization, which arises when a disordered potential weaker than the chemical

potential nevertheless limits the expansion of the wavefunction.

A final area of interest which has motivated our experiment is the idea of sim-

ulating the effect of magnetic fields in condensed matter system by using rotation

in an optical lattice. Explored theoretically by Palmer et al. (2008) and others,

the analogy between rotation and a magnetic field perpendicular to the plane of

the lattice arises because the forces exerted by the two situations have the same
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form κK×v, where κ is a constant, v is a vector in the plane of the optical lattice

and K is a vector perpendicular to the plane of the optical lattice.

1.2 Experimental Concept

Our experiment was designed to implement a more flexible optical lattice-like po-

tential: while this general idea has remained constant, our specific experimental

implementation is now quite different from the concept we had when I began my

D.Phil. In this section I will briefly discuss the original concept, as familiarity

with it will explain some of the choices made in the design and construction of the

system. I will also discuss some of the experimental problems we encountered in

pursuit of the original concept before moving on to describe the concept behind

the work reported here.

1.2.1 Original Concept

When our experiment was designed (by Martin Shotter, Andrian Harsono and Ger-

ald Hechenblaikner) the concept was to implement a flexible lattice-like potential

from individual focussed Gaussian beams. A schematic of how this would have

worked (including trapping beam cross-section) is shown as figure 1.1.

We installed an objective lens with a numerical aperture of 0.27 so that the

individual beams have diffraction limited waist sizes: thus one can imagine with

the Gaussian beams separated by a distance of the order of their waist size an ap-

proximately Gaussian potential would be obtained. Such a potential is illustrated

in figure 1.2.

We intended to use the flexibility of this potential (with individual rows or

columns of microtraps able to be moved independently) to explore such issues as

sub-shot noise interferometry, Josephson tunneling and BECs in random poten-
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Figure 1.1: The original concept which inspired our experimental design. a) is an illus-
tration of the path of the dipole trapping beam through the acousto-optical deflectors
in the x and y axes: in practice the two modulators are as close together as possi-
ble. b) illustrates the beam cross-section in the plane perpendicular to the direction of

propagation of the dipole beam as it would appear at the position of the atoms.
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Figure 1.2: These graphs illustrate various aspects of the trap formed by several adjacent
Gaussian beams; here there are a 4x4 array of beams with a 1.6 micron waist separated
by 2.4 microns and 100 nW of power per beam. Note that the axial profile in lower-
right graph is correctly anti-trapping, as the profile is taken at x = y = 0 (a potential
maximum). The recoil energy referred to in the labels is the ‘lattice’ recoil energy - e.g.
the recoil energy for a lattice with spacing 2.4 microns. The color-bar on the top-left

graph is also in units of lattice recoil energies.
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tials.

We did implement this scheme and observed atoms held in multiple dipole

traps (Harsono, 2006), but a few experimental issues made it more difficult than

we had expected. The major issue was to do with coherence: the simulation

illustrated in figure 1.2 assumes completely incoherent beams so that the intensities

of the Gaussian beams may be added. In the experimental arrangement one laser

beam provides the basis for all of the focussed spots, so there will always be some

interference between beams: this interference will occur at a beat frequency equal

to the difference between the frequencies of the two beams, thus the intensity

of the beams may only be added when this beat frequency is much larger than

the trapping frequencies. As the frequency difference between the beams also

determines their separation in the focal plane, bringing the traps closer together

reduces the frequency difference and thus brings the beat frequency towards the

trapping frequency: this will clearly provide one bound on the minimum spacing

between intensity maxima, though we were not able to determine if this would be

the limiting factor.

There were two more minor issues that also caused us some difficulty in trying

to implement these arrays of microtraps. One was a question of alignment: we

did not have an absorption imaging beam propagating along the same axis as the

dipole trapping beams, so we had no good reference point from which to start

alignment of the dipole trapping beams. (We implemented such an additional

absorption beam later: this is discussed in section 3.9.) It was also difficult to

measure and control the power of the lattice trapping beam that we would have

during the original experiment: the potential graphed in figure 1.2 was for only

100 nW per beam.
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1.2.2 Revised Concept

The experimental issues discussed above led us to change our method for obtaining

a flexible lattice potential. The final scheme is discussed extensively in section 6.3:

to summarize the key idea, rather than generating a lattice like potential by using

several lattice beams we generated the optical lattice potentials by sending parallel

pairs of beams through the four-lens objective. The lattice spacing depends on the

angle at which the beams intersect, and thus can be adjusted by changing the

spacing between the beams at the four-lens objective.

Additionally, lack of coherence between the orthogonal pairs of beams is guar-

anteed by using orthogonal polarizations for the two sets of beams. A final key

advantage of this revised setup is that the optical lattices can be rotated by rotating

the parallel pair of beams around the optical axis of the 4-lens objective.



Chapter 2

Bose-Einstein Condensation:

Theoretical Overview

Since it was first achieved by Anderson et al. (1995), Bose-Einstein condensa-

tion in dilute atomic vapors has become a common tool for experiments in quan-

tum physics. Moving beyond simple bosonic condensates, new frontiers have been

opened up with the loading of a BEC into the Mott insulator state by Greiner et al.

(2002) and the achievement of quantum degeneracy of fermion gases by Regal et al.

(2004). In this section, I shall describe briefly the theory describing Bose-Einstein

condensation in a harmonic potential.

2.1 The Basics

The experimental achievements of the last ten years in relation to ultra-cold atomic

gases have been matched by a proliferation of theoretical work. Fortunately for

those of us more inclined to experiment than theory this growth has included

introductory texts as well as advanced research, including the excellent works by

11
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Pethick and Smith (2002) and Foot (2005).

Here, I shall concentrate primarily on the description of Bose-Einstein conden-

sation in a harmonic trap. This corresponds to the potential experienced by very

cold atoms (T < 1 µK) in our magnetic trap.

2.1.1 The Bose distribution for material particles

As is well known in statistical mechanics (see Glazer and Wark (2001)) for photons

in thermal equilibrium the number of photons Ni found in the state with energy

εi is given by the distribution f(ε), where:

Ni = f(εi) =
1

eβεi − 1
(2.1)

where β = (kBT )−1. Note that in the case of photons, the number of particles

is directly proportional to the energy of the system; as the temperature tends

towards zero, the number of photons in the system does likewise. This becomes

physically unacceptable when we turn our attention to material bosons like atoms

of Rubidium-87, so an additional constraint must be introduced to ensure that the

sum of Ni over all energy levels εi is equal to the number of particles in the system

N . If this is done, it leads to the full Bose distribution fB given below.

Ni = fB(εi) =
1

eβ(εi−µ) − 1
(2.2)

µ is called the chemical potential, and is a function of N and T determined by the

condition
∞∑
i=0

Ni =
∞∑
0

1

eβ(εi−µ) − 1
= N (2.3)



2.2. The Statistical Mechanics of BEC 13

2.1.2 Bose-Einstein Condensation

Let us consider µ in equation 2.2. For a system of fixed, finite particle number

we require that the occupation number Ni be finite and greater than or equal to

zero. What does this imply for µ? Let us consider first letting µ tend to zero;

this amounts to removing the restriction that particle number is fixed and thus

reproduces equation 2.1.

Now consider large values of µ: for this case, we obtain negative occupation

numbers which are clearly unphysical. In order to keep all occupation numbers

positive, we find the condition µ < ε0 where ε0 is the ground state energy.

As T approaches zero, µ will tend to ε0; thus the occupation number of a state

with energy εn cannot be greater than (eβ(εn−ε0))−1. If we sum the occupation

number for all states with n > 0 and find a total less than N , the excess must be

located in the ground state. When this excess becomes a significant fraction of N

we have a macroscopic number of atoms sharing the same wavefunction: this is

known as a Bose-Einstein condensate (BEC). This very large occupation of a single

quantum state makes BEC a phenomenon of great physical interest as it allows

experimental probing of quantum behavior on length scales of ten to a hundred

microns instead of the usual scales of angstroms.

2.2 The Statistical Mechanics of BEC

The schematic argument outlined above gives a good first handle on the phe-

nomenon of Bose-Einstein condensation, but does not answer crucial questions

like where the transition to BEC appears and to what extent a real system will

depart from the ideal system of thought experiments. To answer these questions,

we must consider the statistical mechanics of the process.

As a first approximation, we assume that condensation occurs at low temper-
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ature. Just before condensation we can then assume that µ ≈ ε0 and so we can

rearrange equation 2.3:

∞∑
i=0

Ni =
∞∑
0

1

eβ(εi−µ) − 1

=
1

eβ(ε0−µ) − 1
+
∞∑
i=1

1

eβ(εi−µ) − 1

= N0 +
∫ ∞
ε0

g(ε)

eβ(ε−ε0) − 1
dε (2.4)

= N0 +
∫ ∞

0

g(ε)

eβ(ε) − 1
dε (2.5)

= N0 +Nex (2.6)

Here, we treat the ground state as a reservoir separate to the excited states and

assume that the gap between energy levels is smaller than the thermal energy.

Having done this, we can change the sum over individual states to an integral over

energies if we multiply the Bose distribution by the density of states at energy ε,

g(ε). This produces equation 2.4 if we consider a low-temperature regime such

that µ ≈ ε0. If we assume a large number of particles (in our experiment we

typically observe 105 atoms at condensation) we can neglect zero-point energy and

take ε0 = 0. This produces equation 2.5.

Note that this combination of assumptions also has µ = 0; this no longer leads

to violating atom number conservation because of the separate consideration of

the ground state. We have replaced µ with N0 as a guarantor of constant particle

numbers.

2.2.1 Density of States in a Harmonic Potential

Before we can evaluate the integral in equation 2.5 we need to know the density

of states for particles in an anisotropic harmonic potential. Such a potential has
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the form:

V (x, y, z) =
m

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) (2.7)

and quantized energy states:

ε(nx, ny, nz)

h̄
= (nx +

1

2
)ωx + (ny +

1

2
)ωy + (nz +

1

2
)ωz (2.8)

If we assume that internal degrees of freedom are suppressed (by spin polarization,

for example) and energy levels are sufficiently large that the zero-point energy may

be neglected in equation 2.8 then a single state will occupy a volume of h̄3ω̄3 in the

available volume of (positive) energy space, where ω̄ is the geometric mean of the

trapping frequencies ωx, ωy and ωz (ω̄ = 3
√
ωxωyωz). The total number of available

states is then given by the integral:

G(ε) =
1

h̄3ωxωyωz

∫ ε

0
dε1

∫ ε−ε1

0
dε2

∫ ε−ε1−ε2

0
dε3

=
ε3

6h̄3ω̄3
(2.9)

The density of states is then, by differentiation:

g(ε) =
dG(ε)

dε
=

ε2

2h̄3ω̄3
(2.10)

2.2.2 The transition to BEC

Armed with the density of states, we look again at equation 2.5 to find the critical

temperature Tc at which Bose-Einstein condensation occurs. Recalling the def-

inition of BEC as macroscopic occupation of the ground state, we can see that

just before this occurs the number of atoms in excited states Nex will be equal to

the total number of atoms N . We use this requirement to define Tc by using the
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expression for g(ε) from equation 2.10:

N = Nex(Tc)

=
∫ ∞

0

g(ε)

eβc(ε) − 1
dε

=
∫ ∞

0

1

eβc(ε) − 1

ε2

2h̄3ω̄3
dε (2.11)

where βc = (kBTc)
−1. By changing the variable of integration to x = ε

kbTc
we

obtain:

N =
(kBTc)

3

2h̄3ω̄3

∫ ∞
0

x2

ex − 1
dx (2.12)

=
(kBTc)

3

2h̄3ω̄3
Γ(3)ζ(3) (2.13)

where the second equation follows from the first by applying the definition of the

Riemann zeta function for real numbers greater than one (equation 2.14) and the

definition of the gamma function (equation 2.15).

ζ(n) = Γ(n)−1
∫ ∞

0

un−1

eu − 1
du (2.14)

Γ(p) =
∫ ∞

0
xp−1e−x dx (2.15)

= (p− 1)! where p is an integer

In our experiment the trapping potential has frequencies ωx = 5.4×2π s−1 and

ωy = ωz = 167 × 2π s−1. As Γ(3) = 2, this gives the transition temperature for

500,000 atoms:

kBTc =
h̄ω̄ 3
√
N

3

√
ζ(3)

≈ 0.94h̄ω̄
3
√
N

Tc ≈ 170 nK
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Attaining such low temperatures in dilute gases is a considerable experimental

challenge - some of the techniques used are discussed in section 3. This figure

is still an approximation: we neglected zero-point energy, for example. These

effects are derived in detail in Pethick and Smith (2002), but for the relatively

large condensates observed in our experiment these effects only alter the transition

temperature by a few percent.

2.3 Quantum Mechanics of BEC

The statistical mechanical approach is very successful for predicting transition

temperatures and the existence of Bose-Einstein condensation, but to understand

the behavior of a condensate once formed we need to approach it quantum me-

chanically. In this section I will outline the major tool in this endeavor, the Gross-

Pitaevskii equation that models BEC behavior in large-scale potentials.

A more detailed discussion of the quantum description of a Bose-Einstein con-

densate is given in chapter six of Pethick and Smith (2002).

2.3.1 The Gross-Pitaevskii Equation

To establish the conceptual framework, we consider first an ideal gas of non-

interacting particles with integer spin (bosons). In this case, the quantum me-

chanical description is so simple as to be trivial: each atom occupies some state

φn which is an eigenstate of the single particle Hamiltonian:

Hsp =
p2

2m
+ Vext (2.16)

where Vext represents the trapping potential. The state of the atoms can be simply

described by listing the number of atoms in each eigenstate n; at zero temperature,
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for example, a non-interacting gas will have condensed entirely into the ground

state |N, 0, 0...0〉.

Alkali gas atoms are notably non-ideal in their mutual interactions. In the

general case these interactions are mathematically complicated, but in our case

two important simplifications are possible. First, as the number density of atoms

is low, we can neglect all but two-body collisions. (Three body recombination also

occurs at non-negligible rates, but its effect is primarily to limit the lifetime of a

magnetically trapped cloud.) Further, as we are dealing only with atoms at very

low energy we can restrict our attention to what is known as ‘s-wave scattering’:

collisions in which the relative angular momentum between the colliding particles

is less than h̄. It can be shown (see section 5.2 of Pethick and Smith (2002) for

a derivation) that s-wave scattering can be modelled as scattering from a hard

sphere of radius as, giving the pseudo-potential:

Vs(x1 − x2) =
4πash̄

2

m
δ(x1 − x2) = Uscδ(x1 − x2) (2.17)

where xi represents the position of particle i and as is a parameter known as the

scattering length which may be imagined as the radius of the model hard sphere.

This approximation holds provided the separation between atoms is much greater

than the scattering length. For Rubidium, s-wave scattering lengths are on the

order of one hundred times the Bohr radius a0, or approximately 5.3 nm. (See Table

III in Weiner et al. (1999).) Thus the limiting density for the pseudo-potential to

be applied is on the order of 1025 atoms m−3, many orders of magnitude greater

than the typical density of our cloud (≈ 1020 atoms m−3). Thus we can see that

the pseudo-potential approximation is excellent for our purposes.

Using this approximation, we obtain the single-quantized Hamiltonian for ul-
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tracold interacting alkali gases:

Hint =
N∑
i=1

{( p2

2m
+ Vext) +

∑
j<i

Vs(xi − xj)} (2.18)

Here the sum over j < i serves to ensure that the interaction between particles i

and j is only counted once overall. We take the Hartree approximation, assuming

that all the atoms are in the same state φ. Then the energy of the system can be

found by substituting 2.17 into 2.18. For convenience, we replace φ with ψ =
√
Nφ,

so |ψ(x)|2 gives the number density of the cloud.

E = N
∫

(
h̄2

2m
|∇φ|2 + Vext|φ|2 +

N − 1

2
Usc|φ|4) dx (2.19)

≈
∫

(
h̄2

2m
|∇ψ|2 + Vext|ψ|2 +

Usc
2
|ψ|4) dx (2.20)

We now make use of the variational principle, assuming that function ψ which

minimizes the energy of the system will be a near approximation to the system’s

ground state. Our attempt to minimize the energy is subject to the constraint

that we must conserve the particle number N =
∫
|ψ|2 dx. Using the method of

Lagrange multipliers, we thus attempt to minimize the expression:

δE + µδN = 0 (2.21)

As ψ is a complex function, we can regard its real and imaginary parts as varying

independently; equivalently, we can let ψ† vary independently of ψ. Differentiating

by δψ†, we obtain from the minimization condition 2.21:

h̄2

2m
∇2ψ + Vextψ + Usc|ψ|2ψ = µψ (2.22)

Equation 2.22 is the Gross-Pitaevskii equation. As mentioned earlier, this
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model is an excellent tool for describing Bose-Einstein condensates in potentials

which vary slowly relative to the wavefunction.



Chapter 3

Bose-Einstein Condensation in

Practice

A detailed description of the methods and apparatus used to achieve BEC in our

apparatus is provided by Harsono (2006); rather than reproduce that information

here, I shall merely describe the principle and state the results achieved at each

stage.

Experimentally we obtain atoms to be cooled from a getter (a ceramic material

which has captured rubidium to be released when it is heated) which produces

rubidium atoms at room temperature; for BEC, the atoms need to be cooled below

170 nK. Two complementary technologies let us bridge this gap: magneto-optical

trapping (MOT) and magnetic trapping.

In magneto-optical trapping, the momentum transferred to the atoms by reso-

nant scattering of photons is exploited to slow and capture atoms at room temper-

ature and reduces the atom temperature sufficiently (to a few µK) that the atoms

can be trapped within a magnetic potential. Evaporative cooling can be used

within the magnetic potential to reduce the temperature of the atoms to quantum

21
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degeneracy. The principles of operation of both MOTs and magnetic traps are well

described in Metcalf and van der Straten (2002): in this chapter I will give a brief

overview of each with some details relevant to our experiment.

3.1 Alkali Gases

Photons carry an extremely small amount of momentum relative to that of an atom,

so a very large number of photons must be scattered for significant laser cooling

to occur; this is most easily accomplished by use of a closed, cycling transition. In

such a transition the selection rules mean that an atom in the excited state of the

transition is overwhelmingly likely to decay back to the initial state from which

it was excited. Thus the atom is immediately ready to absorb another photon,

continuing the cooling process.

As the alkali metals have only one electron outside a closed shell, the first three

available states for the electron are 2S1/2, 2P1/2 and 2P3/2. (For rubidium-87, these

states and the most useful transitions between them are illustrated in figure 3.1.)

This structure of available states includes a closed cycling transition between the

2S1/2 F=2 state and the 2P3/2 F=3 state and thus alkali gases are widely used in

laser cooling experiments. The popularity of alkali gases can be judged from the

initial observations of BEC in 1995, made in rubidium (Anderson et al., 1995),

sodium (Davis et al., 1995) and lithium (Bradley et al., 1995).

In the ensuing years, BEC has also been achieved in hydrogen (Fried et al.,

1998), caesium (Weber et al., 2003) and potassium (Modugno et al., 2001) - though

due to complications in scattering and other parameters these elements required

techniques beyond the magnetic trapping and evaporation used for the elements

condensed in 1995.
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Figure 3.1: This figure illustrates the lowest three energy levels for 87Rb’s single valence
electron, with the transitions used for laser cooling and trapping indicated. Figure is

taken from Harsono (2006), based on data from Steck (2003).

3.1.1 Rubidium-87

In our experiment we use rubidium-87, which has emerged as perhaps the easiest

isotope to condense. The energy levels of rubidium are illustrated in figure 3.1,

with some of the most useful transitions between them. For laser cooling, we make

use of the cycling transition within the D2 line between the F=2 and F′=3 states1.

A small but significant fraction of the atoms are excited non-resonantly to the F′=2

state. From this state, they can decay to either F=1 or F=2. If they decay to F=1

they thus depart from the cycling transition; in order to return these atoms to the

cycling transition we add a laser tuned to the F=1 to F′=2 transition, known as

the repumper. Atoms initially decaying to the F=1 state will thus be excited back

1From this point on, the notation F′ will refer to the F value of the 5p 2P3/2 state while F
will refer to the F value of the 5s 2S1/2 ground state
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to F′=2 until they decay back to F=2, rejoining the cycling transition.

A third transition - from F=2 to F′=2 - is used as the opposite of the repumper,

pushing atoms into the F=1 state. By adding an appropriate quantization axis

and using circularly polarized light this can also be arranged to favor ∆mF =

−1 transitions. This is known as the optical pumping transition, and is used to

populate the F=1, mF = −1 state for magnetic trapping.

3.2 Lasers

Figure 3.2 illustrates the optical layout needed to obtain light resonant with the

three transitions discussed in section 3.1.1. We have two commercial diode lasers:

one is tuned to the laser cooling transition (known as the master) and one to the

repumping transition. The master diode is an Eagleyard anti-reflection coated

diode (EYP-RWE-0790) and gives approximately 80 mW of output power while

the repumper is a Sanyo DL7140 uncoated diode giving approximately 60 mW of

power.

These diodes are mounted with external cavities: this means that optical feed-

back and stabilization for the laser is provided using the diffracted orders from a

diffraction grating. In combination with the laser diode’s internal cavity this pro-

duces laser light with a linewidth of approximately 10 kHz. Both of these lasers are

locked to absorption features in rubidium using a combination of current and cav-

ity modulation; the master is locked to the F′=2 to F′=3 crossover of the D2 line

while the repumping laser is locked to the F=1 to F′=2 transition. The repumping

laser provides all the repumping light needed for the experiment. We need a larger

amount of cooling light than a single diode laser could supply, so we use light from

the master to inject two slave lasers. Each of the slave lasers provides the cooling

light one of the two MOTs discussed in section 3.3. The diode used for the first (or
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Figure 3.2: This figure illustrates the layout of the optical table which is devoted to
generating the various frequencies of laser light which are required for laser cooling and

trapping of Rubidium.
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pyramid) MOT slave is an Eagleyard 100 mW uncoated diode (EYP-RWL-0780);

the second MOT slave is another Sanyo.

The lasers described above cover two of the three transitions; finally the optical

pumping and probing beams are generated by using a double-pass acousto-optic

modulator setup. This modulator takes advantage of the ’cross-over resonance’: a

third absorption peak which arises when the laser in a pump-probe spectroscopy

setup is tuned halfway between two resonances2 to frequency shift light from the

master laser over the approximately 133 MHz between the cross-over resonance to

which the laser is locked (see above) and the F=2 to F′=2 resonance.

3.3 Magneto-Optical Traps

In our experiment, we use two MOTs to accomplish the trapping and cooling of

atoms from the getter: this has the advantage of separating the relatively high-

pressure region around the getter from the magnetic trapping region and thus

extending the magnetic trap lifetime. The MOT in the getter region is a pyramid

MOT, as initially developed by Arlt et al. (1998) - a single beam illuminates an

inverted pyramid of mirrors with a gap at the peak. The reflections from the sides

of the mirror create a six-beam MOT, while the gap at the peak results in a ‘hole’

in the MOT; slow atoms are thus pushed by an unpartnered laser beam into the

magnetic trapping region. The atoms pass through an aperture which maintains

the pressure differential between the two regions.

On reaching the second cell, the atoms are trapped by a standard six-beam

MOT. This has a lifetime of approximately 240 s, and reaches equilibrium with

approximately 108 atoms trapped.

2When the laser is tuned to a resonance, both the pump and the probe beams interact with
atoms which have a velocity of zero. When the laser is tuned to the cross-over resonance halfway
between two resonances some atoms will be moving at a speed which brings the pump beam into
resonance with one transition while the probe beam is in resonance with the other.
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Figure 3.3: This figure illustrates the layout of the optical table surrounding the vacuum
system. Most of the optics shown are there for the second MOT; also shown are elements
of the absorption, axial absorption and fluorescence imaging systems and of the dipole

trapping path.
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3.4 Compressed MOT, Molasses and Optical Pump-

ing

In a magneto-optical trap containing a large number of atoms, the size of the

cloud is often increased by radiation pressure; this is the term given to the heating

effect observed when the resonant light given off by an excited atom decaying is

reabsorbed before escaping the cloud. Before loading into the magnetic trap it

is important to reduce the size of the cloud as much as possible to give a high

phase-space density. This is accomplished in our sequence by suddenly increasing

the MOT detuning from -10 MHz to -30 MHz and by increasing the quadrupole

field gradient. The increased detuning reduces the radiation pressure while the

increased field gradient tightens the MOT itself. During this compressed MOT

(CMOT) stage we use smaller coils known as the shims to move the cloud as close

to the centre of the magnetic trap as possible.

Clearly loading hot atoms into the magnetic trap will also result in a hot cloud

in the magnetic trap! Thus immediately after the CMOT stage we apply optical

molasses (similar to the laser cooling in a MOT, but with the Earth’s magnetic field

cancelled out - for a detailed description see Metcalf and van der Straten (2002))

to reduce the cloud temperature. In this stage we increase the frequency detuning

of the cooling light to approximately 60 MHz below the atomic resonance with

the quadrupole field turned off and the shim coils set to cancel the background

magnetic field.

At the end of the molasses stage we apply a magnetic field to set a quantization

axis to the atoms and then illuminate them with the optical pumping beam (reso-

nant with the F=2 to F′=2 component of the D2 line). This pumps all the atoms

into the F=1 multiplet of the ground state with a bias towards the mF = −1 state:

this is the state we aim to trap (see section 3.5). Typically 60% of the available
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atoms are trapped.

3.5 Magnetic Trapping

The Zeeman effect - that is, the splitting of atomic energy levels due to the in-

teraction energy of the atomic magnetic moments in an external B-field - is well

known to students of quantum mechanics. An excellent summary of the relevant

quantum mechanics is given in sections 3.9 and 18.1 of Corney (1977).

To summarize: where the Zeeman splitting is small compared to the hyperfine

structure and the LS coupling approximation applies (i.e. the hyperfine structure is

much weaker than the spin-orbit interaction which in turn is much weaker than the

electrostatic interactions) the Zeeman effect can be treated by simple perturbation

theory, giving the result that the energy shift ∆EZ is:

∆EZ = −µ.B = gFmFµBB (3.1)

where µ and B are vectors representing the magnetic moment of the atom and the

magnetic field respectively, gF is the effective g-factor, mF is the projection of the

total angular momentum F along the direction of the applied magnetic field, µB

is the Bohr magneton and B is the magnetic field strength. Figure 3.4 shows the

splitting of the sub-levels of the ground state of 87Rb - including various effects

beyond the scope of the simple perturbation theory given above.

Where the product gFmF is positive, the energy of the atom will be minimized

at a minimum of the magnetic field. As we can see from figure 3.4, this condition

is fulfilled for three states: F = 1, mF = −1; F = 2, mF = 1 and F = 2, mF = 2.

By generating a suitable minimum in the magnetic field, we can trap atoms in any

of these three states - in this experiment, we trap in the F = 1 mF = −1 state

as this state has a high collisional cross-section and thus will re-thermalize rapidly
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during evaporative cooling.

The simplest possible arrangement for a magnetic trap is two identical coaxial

coils carrying equal and opposite currents. As the coils are symmetrically arranged,

there will be no magnetic field on the axis halfway between the two. The fact that

the minimum point is at zero field is problematic for experiments with ultracold

atoms: where magnetic field is small, the energy difference between trapped and

untrapped mF states is small, and so atoms make spontaneous transitions between

states (Majorana flops) and are lost from the trap.

A similar field in one plane is produced by the Ioffe-Pritchard trap, illustrated

in figure 3.5. Equal currents run through the four bars whose orientation defines

the direction of the trap axis: each bar carries current in a direction opposite to

its two nearest neighbors. This generates a quadrupole trapping field in the plane

perpendicular to the axis of the trap with translational symmetry along the axis.

Axial trapping is provided by the ‘pinch’ coils - these are spaced by much more

than their radius in order to provide a non-uniform axial field with a minimum

at the midpoint of the pair. This also displaces the field at the center of the trap

from zero, so avoiding the issue of Majorana flopping discussed above.

Instead of using the Ioffe-Pritchard trap as illustrated in figure 3.5, we use a

variant trap known as a baseball trap because the coils are arranged in the same

fashion as the seams on a baseball (or a tennis ball). The field generated by this

trap is equivalent to a Ioffe-Pritchard trap (Bergeman et al., 1987), but gives a

stronger confining field for a fixed amount of available current and allows slightly

better optical access.

The arrangement of coils for the second MOT and the magnetic trap is shown in

figure 3.6. The magnetic portion of the second MOT is formed by a pair of coaxial

coils, shown. The magnetic trap is primarily from the current running through

the baseball coil shown; we also use the bias and secondary bias coils. These allow
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Figure 3.4: This figure shows the splitting of the Zeeman sub-levels of the ground state of
87Rb in the presence of an external magnetic field, including effects such as the quadratic
Zeeman effect not discussed in the text. The x axis is magnetic field strength, scaled to
the ratio between the Zeeman energy of the electron dipole in that field and the hyperfine
energy splitting. The y axis is the Zeeman energy shift, also scaled to the hyperfine
energy splitting. Individual states are labelled by the mF states which describe them in
the low-field approximation (i.e. at the far-left of the figure) on the far right: physical

subtlety has been sacrificed for clarity of the diagram.
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Figure 3.5: Here we see a schematic outline of the Ioffe-Pritchard trap. a) shows a view
from the side of the trap and above it, while b) shows a view looking down the axis of
the trap. Arrows indicate directions of current flow. The four bars running parallel to
the trap axis generate a quadrupole field in the plane perpendicular to the bars; the two

coils provide a trapping potential along the trap axis.

us to change the trap geometry during the experiment. This is primarily used to

allow us to load the cloud from the molasses into a relatively weak magnetic trap

to minimize heating. We can then tighten the radial confinement for more efficient

evaporative cooling approximately adiabatically. The shim coils shown are used

for fine adjustments of the magnetic field - for example, to move the cloud in the

CMOT stage to the center of the baseball trap.

We measure the trapping frequencies for our trap by using the shim coils to

displace the cloud from equilibrium and then measuring the cloud’s position after a

variable delay. We observe sinusoidal oscillations which correspond to the trapping

frequency. For the weak trap used for initial loading, we find that the trapping

frequencies are ωr = 2π×12 Hz and ωa = 2π×4.8 Hz, where ωr is the frequency in

the direction perpendicular to the trapping axis and ωa is the trapping frequency

along the trapping axis. After the trap has been tightened for evaporation, we

observe oscillation frequencies ωr = 2π × 167 Hz and ωa = 2π × 5.4 Hz.

Care must be taken to avoid adding heat to the system when tightening the
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Figure 3.6: These two figures show the coils involved in our magnetic trap and where
they are positioned. A is taken looking down the axis of the magnetic trap, while B is
taken looking in perpendicular to the axis, along the direction in which the conventional

absorption imaging beam propagates. Figure from Harsono (2006)
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radial magnetic trap frequency ωr from its initial state to its final state: that is,

the transition must be made adiabatically. The adiabatic condition can be stated

as:

dωr
dt

<< ω2
r (3.2)

By taking 5 seconds to ramp from ωr = 12.7×2π to ωr = 167×2π, a linear approx-

imation suggests dω
dt

= 193 sec−2 whilst ω2
r = 6400 sec−2 satisfying the condition

in equation 3.2 for the initial conditions and thus throughout the transition.

When initially loaded into the magnetic trap, our cloud is too large to be

imaged by our absorption setup. We make our initial measurements of trapping

by tracking how many of our atoms are recaptured by the MOT after some time

held in the magnetic trap. We find that typically 60% of the atoms initially held

in the MOT are still present after a 5 second hold in the magnetic trap. We also

find that this number is unchanged when we ramp to the tight magnetic trap and

back to the weak trap before measurement, which is an initial indication that we

are ramping our magnetic traps adiabatically.

3.6 Evaporative Cooling

The principle of evaporative cooling is well known and its practice is widespread

wherever there are drinks too hot to be palatable. Many textbooks consider the

example of an ideal gas in a box to simplify the mathematics; as we are dealing

instead with an anisotropic harmonic oscillator potential, this is at best an inexact

analogy. Pethick and Smith (2002) give an equally simple illustration without a

direct dependence on the trapping geometry, which I will follow here.

We consider a gas of N atoms at a mean energy ε̄. Suppose that we can remove

all those atoms with energy greater than (1+x)ε̄ and allow the gas to rethermalize

- what will happen to the energy? We let dN represent the change in atom number
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and dε̄ represent the change in mean energy - note that both quantities will be

negative. Now we demand that energy is conserved, so the total energy after

evaporation (right hand side) is equal to the total energy before less the energy

carried away by the evaporated atoms:

Nε̄+ (1 + x)dNε̄ = (N + dN)(ε̄+ dε̄)

N + (1 + x)dN

N + dN
=

(ε̄+ dε̄)

ε̄
xdN

N + dN
=

dε̄

ε̄

x =
d(ln(ε̄))

d(ln(N))(
N

N0

)x
=

ε̄

ε̄0
(3.3)

In equation 3.3, N0 and ε0 represent the initial atom number and initial mean

energy.

From equation 3.3 we can see that when only the most energetic particles

are removed, the average energy of the gas can be reduced much faster than the

atom number. (Note that this model describes a single evaporation; in practice,

evaporation is carried out continuously.) In an ideal magnetic trap, then, the goal

would be to make x as high as possible in order to maintain a large number of

atoms during cooling. This is not a practical approach in real magnetic traps,

as collisions with atoms in the background gas and inelastic collisions between

atoms mean that lifetime in the trap is limited to some hundreds of seconds - real

evaporation ramps are thus always a compromise between efficiency of cooling and

time-dependent losses.

In order to maintain generality, we have so far avoided the question of how

high-energy atoms are removed from the trap. In magnetic traps, this is usually

accomplished by taking advantage of the position-dependent energy changes caused

by the spatial variation of the B-field (which is approximately harmonic for cold
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atoms near the center of a Ioffe trap). The most energetic atoms travel further

from the center of the trap, and thus reach areas where the B-field and thus the

splitting between mF states is comparatively large. By applying radio-frequency

radiation at these large frequencies, we induce transitions between trapped and

untrapped states for only these energetic atoms, whilst the colder atoms are held

at the center of the trap.

3.7 Imaging

During the MOT stage, we can monitor the number of trapped atoms non-destructively

simply by using a photodiode to monitor the light scattered by the atoms in the

trap. Once loaded into the magnetic trap, however, our primary tool for obtaining

information about the cloud is imaging it on to an Andor CCD. We use two prin-

cipal imaging schemes, each of which is described in more detail below: absorption

imaging for large atom numbers and fluorescence imaging for small atom numbers.

3.7.1 Absorption imaging

When light with a frequency close to an atomic resonance passes through a cloud

of atoms, some incident light will be absorbed. The rate of change in intensity with

penetration into the cloud dI
dz

will depend on the absorption cross-section σa of the

atoms (which itself depends on the frequency of the incident light), the number

density of atoms present na and the intensity of light incident on the atoms I. This

leads to the differential equation:

dI

dz
= −naIσa (3.4)
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Solving equation 3.4 we find Beer’s law:

ln
I

I0

= −
∫ z

0
Naσadz (3.5)

where I0 represents the intensity of the beam before it enters the atomic cloud, I

represents the intensity after passing through the atomic cloud and z represents

the thickness of the atomic cloud along the axis of the absorption beam. The

integral on the right-hand side of 3.5 gives a quantity known as the optical depth:

it represents the total number of atoms in the region of atoms which the beam

passed through. In our absorption imaging setup we measure I and I0 and use

them to calculate the optical depth of atoms which the beam has passed through:

by ensuring that the cross-section of the absorption beam is much larger than that

of the atomic cloud, we measure the total number of atoms in the cloud.

To apply this procedure in practice, we first release the atoms from the magnetic

trap so that the density is reduced by free expansion. After a time of flight of order

milliseconds and a brief period of repumping, we illuminate the atoms with a weak

(I/Isat ≤ 0.1) collimated beam of light resonant with the F=2 to F′=3 transition.

Experimentally we use an exposure time of 200 µs; we observe approximately

400 counts per pixel from the beam, of which between thirty and fifty percent is

typically absorbed by the beam. We then image the plane of the atoms on to

the camera using an arrangement of lenses like that illustrated in figure 3.7. This

image is recorded by the camera and sent to a PC for image analysis (henceforth

this image will be referred to as Ima).

We then wait for 800 ms to allow the data from Ima to be read out from the

CCD. After this pause, we repeat the same sequence of illumination with the lasers

but without any atoms; again we save the image recorded by the camera to a PC

(Iml). We wait another 800 ms, and then record an image with the same exposure



3.7. Imaging 38

Figure 3.7: The optical arrangement for absorption imaging along the radial trap direc-
tion. The absorption beam is prepared on another optical table and brought to the MOT
table using a polarization-preserving fibre. The output from the fibre is collimated using
a doublet lens with focal length 80 mm. This collimated beam then passes through the
atoms; a second doublet of focal length 125 mm is used to collimate the image of the
atoms, then a final doublet of focal length 315 mm focuses the image of the atoms on to

the CCD.

time as the previous two but without any light being introduced deliberately; this

too is sent to the PC. (Imb)

Let us consider the images recorded in reverse order for clarity. Imb is simply

the background light observed by the camera, perhaps due to a leak in one of the

light shields: this image is subtracted from each of the others to remove any effect

of contamination by this background. Iml is principally made up of the image of

the probe beam at full power, though it may also have some contribution arising

from light scattered out of the other beams being used. If no atoms were present,

Ima would be identical to Iml: if atoms are present when Ima is taken, however,

those atoms will absorb some of the probing light. We thus see a ‘shadow’ in the

beam due to the atomic absorption, and by comparing Ima to Iml can determine

the parameters of interest (e.g. phase space density, number density, etc) from

the spatial distribution of absorption. A full discussion of how to derive these
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parameters from images can be found in Ketterle et al. (1999).

3.7.2 Fluorescence imaging

The same principle used to track atom numbers in the MOT can be used for

imaging - after the atoms are released from the magnetic trap, they are exposed to

repumper light to move them into the F=2 multiplet. The atoms are then briefly

exposed to light resonant with the F=2 to F′=3 transition. The atoms excited

to the F′=3 state will decay back to the F=2 state, emitting resonant photons

isotropically. Using a high numerical aperture lens we gather some of these emitted

photons and focus them on to the Andor camera with a second lens. This image is

compared to an image taken with identical pulses of laser light but without atoms

to correct for any light scattered out of the illuminating beam by the coils or other

experimental apparatus. The optical setup used for this is illustrated in figure 3.8.

The signal strength obtained from fluorescence imaging is generally limited by

the limited solid angle observed by the high numerical aperture lens: for large

atom numbers this gives signals at least one and often two orders of magnitude

smaller than for absorption imaging. When imaging a few hundred atoms or less,

however, the expected absorption signal becomes comparable to the shot noise on

the absorption beam (typically 14 counts per pixel) so fluorescence becomes the

method of choice.

3.8 Bose-Einstein Condensation

Using and optimizing all of the techniques described above for our particular ex-

perimental conditions (see Harsono (2006)), we reliably obtain a Bose-Einstein

condensate of approximately 400,000 atoms with a cycle time of approximately 3

minutes. We verify that we have achieved BEC by observing images of the cloud
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Figure 3.8: The optical setup for axial absorption and fluorescence imaging. This allows
imaging along the axis of the magnetic trap, which will also form the axis for rotation.
In both cases the 4-lens objective (see section 6.3.7) serves to collimate the image of the

atoms while the 1 meter lens focuses this image on to the Andor.
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approximately 20 ms after release from the magnetic trap and fitting to the density

profile to determine the phase space density.

We see further confirmation of Bose-Einstein condensation by studying the

way the cloud expands from the trap in time of flight. For a thermal cloud in an

cylindrically symmetric trap, we expect the aspect ratio ar to evolve with time-of-

flight t as (Ketterle et al., 1999):

ar =
ωr
ωz

√√√√1 + ω2
zt

2

1 + ω2
r t

2
(3.6)

By contrast, for a Bose-Einstein condensate the hydrodynamic pressure in the

tight-trapping direction results in a much more rapid expansion in that direction

than in the axial direction. For a trapping potential with ωr/ωr � 1 Castin and

Dum (1997) establish that the aspect ratio should evolve as:

ar = ε−1 1 + ε2(τ tan−1 τ − ln
√

1 + τ 2)√
1 + τ 2

(3.7)

to second order in ε, where τ = ωrt and ε = ωz/ωr.

Both of these theoretical predictions are plotted in figure 3.9 for long times of

flight (short times of flight are neglected because saturation makes it difficult to

fit well and the difference is in any case less marked). Also plotted in the figure

are experimental data taken at a range of times of flight for two different clouds;

one is evaporated to 0.85 MHz, approximately 250 kHz above the trap bottom,

while the second is evaporated to only 30 kHz above the trap bottom at 0.63 MHz.

We can see that the cloud evaporated to 0.63 MHz is a good fit to the theoretical

prediction for BEC.



3.8. Bose-Einstein Condensation 42

1 5 2 0 2 5 3 0 3 5
0

1

2

3

4

 0 . 8 5  M H z ,  e x p e r i m e n t a l
 0 . 6 3  M H z ,  e x p e r i m e n t a l
 T h e r m a l  c l o u d  t h e o r e t i c a l
 B E C  t h e o r e t i c a l

As
pe

ct 
Ra

tio

T i m e  o f  F l i g h t  ( m s )

Figure 3.9: This figure shows the development of aspect ratio with time for two clouds,
one evaporated to 0.85 MHz and one evaporated down to 0.63 MHz. Note that three
points are plotted for each cloud at each time of flight. Also plotted are the theoretical
predictions for aspect ratio against time for a thermal cloud and for a Bose-Einstein
condensate. When the cloud is evaporated to 0.63 MHz it is clearly following the predic-
tion for a Bose-Einstein condensate. The figure is confined to long times of flight as for
short times of flight the difference is less marked and saturation makes accurate fitting

difficult.
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3.9 Seeing things in a new light: Axial Absorp-

tion Imaging

The setup discussed in section 3.7.1 is a typical absorption arrangement, and is

what we use for our diagnostics and in the initial search for Bose-Einstein con-

densation. However, the imaging axis of this setup is perpendicular to the axis of

the magnetic trap and of the lattice system. For alignment of the lattice system,

it is significantly more helpful to image along the axis, so when we decided to

implement the lattice system we also decided to add a second absorption beam.

In this section I will discuss the implementation of this system and the issues to

be overcome.

3.9.1 Mechanical implementation

With the rest of the experiment complete and in place, the optical access to the

magnetic trap is quite limited: the axial direction is particularly restricted, as

the 4-lens objective occupies the whole of one side while the vacuum system and

pyramid MOT occupy the other. The only way that light can be sent to the atoms

in the axial direction is to pass it through the narrow slit (approximately 1 mm

wide and 2 mm tall) in the apex of pyramid MOT.

The most straightforward way of passing a beam through the pyramid slit would

have been to send the probe light through the pyramid fibre: this was impractical,

however, as between the pyramid cooling and repumping light there are already

two orthogonal polarizations in that beam. If any further beams were added, it

would thus have to be done with non-polarizing beam-splitters and would result

in a loss of approximately 50% in transmitted power. Such a scheme would also

be awkward in terms of beam path, as the pyramid fibre and the probe beam are

on opposite sides of the optical table without a clear path between them.
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Given these issues, a second fibre was installed to transmit the probing light to

the pyramid end of the MOT table. I used a single mode polarization-preserving

fibre which had been purchased for earlier experiments in the group: in testing we

achieved approximately 60% transmission through this fibre with stable polariza-

tion and an output beam diameter of 2.4 mm. This new fibre’s output mount was

installed next to and parallel to the pyramid fibre output.

The use of a second fibre presents two further complications. Firstly, the optical

pumping light comes from applying a different detuning to the probe beam and thus

comes from the same fibre. In order to apply optical pumping after the molasses

stage we need the optical pumping/probe (OP/Probe) light passing through the

conventional absorption fibre, while to use axial absorption imaging we need the

OP/Probe light to pass through the axial absorption fibre. It was thus necessary to

find a way to redirect the light from one fibre to the other while the experiment is

running. Secondly, as the pyramid beam is already aligned on to the slit the axial

probe beam needed to be introduced into the pyramid optics: whatever means

used to do this could not block or reduce the pyramid power during loading.

Both of these issues were resolved by using flipping mirror mounts controlled by

a voltage output (RD-KLS-1”, from Radiant Dyes GmbH). When the voltage input

to these mounts changes state, an actuator raises or lowers them by 90 degrees

over approximately 1.5 seconds. The manufacturer’s test showed that the flipping

produces a beam alignment stable to less than 10−4 radians. We performed our

own test by repeatedly flipping the mirror up and down and measuring the position

of the dipole trapping beam using the position sensitive photodiode approximately

1 m away. Taking the standard deviation of 84 position readings taken over 15

minutes gives a standard deviation of approximately 2 ∗ 10−5 radians.

One of these mirrors was installed immediately before the entrance to the con-

ventional probe fibre, deflecting the beam on to the axial fibre. This is illustrated
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Figure 3.10: This figure shows a detailed view of the pyramid and axial absorption optics
just before the pyramid MOT. The dashed line indicates where an RD-KLS-1” flipping
mirror is installed: this mirror is down for loading and is flipped to upright during

evaporation.

and labelled in figure 3.2 earlier in this chapter. The second flip mirror was installed

immediately after the 10 mm lens in the pyramid telescope: this is illustrated on

figure 3.10. This positioning ensures that the pyramid beam is as small as possible

when passing over the flip mirror in order to eliminate clipping. Both mirrors are

left in the ‘down’ position normally: when we want to run the experiment with

axial absorption imaging we move the mirrors upright during evaporative cool-

ing. The same absorption imaging sequence is used as for conventional absorption

imaging.

3.9.2 Axial beam profile

With the mechanical arrangements for absorption imaging complete, we moved on

to consider how to handle the beam. There were two sensible approaches: either

to use a collimated beam and accept that some of the beam will be clipped on the
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edges of the pyramid slit or to focus the beam into the pyramid slit to maximize

power through the slit. In either case, in order to use conventional absorption

imaging techniques we needed to ensure that the intensity of the absorption beam

at the atoms was much less than the saturation intensity of the imaging transition

(Isat = 1.667 mW cm−2 for circularly polarized light in 87Rb). In our conventional

absorption setup we use I
Isat

= 0.1, so this was the benchmark used for low intensity.

Given where the flip mirror is positioned, the axial absorption beam certainly

had to pass through the 25 cm lens which forms the second half of the pyramid

telescope. Thus the most straightforward approach was to use this lens either to

focus the beam or as the second half of a 1:1 telescope for the axial probe beam.

The propagation of the beam through the system for both of these methods

was modeled using the more intuitive version of ray matrix propagation outlined

in Self (1983): in this method we regard the waist of the incoming outgoing beam

as the object and the waist of the outgoing beam as the image and use formulae

analogous to geometric optics to transform them. These formula are:

1

f
=

1

u+ zR(u− f)−1
+

1

v
(3.8)

M =


√√√√(1− s

f
)2 +

(
zR
f

)−1

(3.9)

where u indicates the distance to the incoming beam waist, v the distance from

the lens to the outgoing beam waist, zR the Rayleigh range, f the focal length of

the lens and M the magnification of the transformation.

Using this model and applying the constraint that the intensity at the atoms

should be equal to 0.1Isat showed that in either approach we would predict ap-

proximately 500 counts per pixel in our usual exposure time of 200 µs. The 25 cm

lens already built into the pyramid setup was approximately 40 cm away from the

pyramid slit: thus the beam passing through the slit would be almost the same
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size as if it had been collimated. Given this, a 1:1 telescope was used to produce

a collimated axial absorption beam with a waist on the order of 1 mm.

3.9.3 Axial Absorption Magnification

The axial absorption beam is imaged by a telescope consisting of the 4-lens objec-

tive (with focal length f1 mm) and a doublet lens with focal length f2 = 1000 mm.

The 4-lens objective has been simulated to have a focal length of 37 mm: thus

for an ideal system the magnification in axial imaging would be f2/f1 = 27.0. As

the four-lens objective was assembled manually, however, its focal length should

be verified experimentally.

This was accomplished by taking a series of pictures of a cloud falling under

gravity at different times of flight: we measure the z-center of each cloud and

plot these against time of flight. As the size of the pixels on the camera and g

are known, the magnification of the imaging system is determined by fitting the

cloud’s z-position z with time of flight t to:

z = z0 +
g

2
Mt2

where z0 is the initial position of the cloud on the camera, g is the acceleration

due to gravity and M is the magnification of the imaging system. M and z0 are

left as free parameters. Such a data set and fit are illustrated in figure 3.11. From

these data, we measure a magnification of 24.7(2): if all other components of the

system were ideal, this would imply a focal length of 40.5(3) mm for the four-lens

objective.

The possibility that the lens is simply not focussed on to the magnetic trap

is neglected because a single beam sent through the four-lens objective produces

trapping at a position which may be varied along the z-direction by moving the
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Figure 3.11: This figure shows our measurement of the magnification of the axial ab-
sorption imaging system as discussed in the text.
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four-lens objective axially. The position of the four-lens objective has been set so

as to fix this dipole trapping at the center of the magnetic trap.

3.9.4 Remaining Issues

As a new addition to the experiment, the axial absorption system is still rough

around the edges. In this section, I will outline a few of the areas in which we would

like to improve the system and the thoughts we have on how such improvements

could be made.

The first issue is one of quantitative reliability: in short times of flight there

is a small fixed field perpendicular to the axis of propagation of the probe beam.

Thus the quantization field is not coaxial with the probe beam and we cannot

assume that the atomic population will be optically pumped into the ’stretched’

F = 2,mF = 2 to F ′ = 3, m′F = 3 transition: this prevents the analytical solution

discussed by Steck (2003) for resonance fluorescence. This makes the absolute

calibration of our imaging uncertain.

As an additional complication to the problems with the quantization axis, the

small length scales we are forced to operate on along the axial direction the probe

beam intensity is higher than can be accounted for in the low-intensity picture of

absorption imaging. When we apply a probe beam at low intensity (I < 0.5Isat) we

cannot detect any photons reliably, even if the signal from the camera is boosted

before read-out. We are looking into addressing the issue of intensity by imple-

menting the scheme for high-intensity absorption imaging described by Reinaudi

et al. (2007).

If further work can successfully implement a high-intensity absorption imaging

scheme, this will help with the final problem we have encountered with axial ab-

sorption imaging: saturation. As we are imaging along the axis of the trap rather

than across, we often observe total absorption of the probe beam. Normally this
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can be addressed by increasing the time of flight but given the narrow aperture

for axial absorption light and the high magnification of the imaging system it is

time-consuming to change the field of view. Aligning on long times of flight also

precludes direct observation of lattice trapped atoms in axial absorption.



Chapter 4

Dipole Trapping and Optical

Lattices

Optical forces were vital to the second observation of BEC (Davis et al., 1995) and

to the observation of interference between two BECs in the same group. (Andrews

et al., 1997) As the field has developed, the flexibility of potential depth, phase

and shape which these technologies allow have kept them at the center of advances

in the field of ultracold atoms. Amongst other applications, they have been key to

the observation of sub-Poissonian atom number statistics (Chuu et al., 2005), to

the first steps towards a neutral atom quantum register (Schrader et al., 2004) and

to the observation of the Berezinskii-Kosterlitz-Thouless transition by Hadzibabic

et al. (2006).

In this chapter, I shall briefly review the theory underlying the interaction of

light fields with ultracold atoms and Bose-Einstein condensates. In preparing this

chapter I have referred extensively to Loudon (1983), Scully and Zubairy (1997)

and to review articles by Grimm et al. (2000) on dipole trapping in general and by

Morsch and Oberthaler (2006) on the dynamics of condensates in optical lattices.

51
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4.1 The Dipole Potential

The concept of the dipole potential is easily understood: if we consider an atom

placed into an electrical field, it is clear that the atomic electron cloud will move in

response to the field. This produces a net offset between the centres of charge for

the nucleus and the electron cloud and thus the atoms acquire an electric dipole

moment. The dipole potential arises from the energy of interaction between the

dipole moment and the field which induced it.

In order to understand the dipole potential in a more quantitative way, we

consider the interaction of an atom with an electric field E which is a function of

position (r) and time t with frequency ω of the form:

E(ω, r, t) = ê0
E(r)

2
(e−i(kz−ωt) + ei(kz−ωt)) (4.1)

where ê0 is a unit vector in the direction of the polarization of the field, k = 2π
λ

where λ is the wavelength of the electromagnetic wave and i is the imaginary

number. The complex atomic polarizability α(ω) gives the relationship between

this field and the dipole moment induced in an atom by it, p:

p(r, ω, t) = α(ω) E(r, t)

If α is known, then the dipole potential is simply given from the usual interac-

tion energy between a dipole and a field:

Udip =
−1

2
〈p.E〉

=
−1

2ε0c
Re(α)I (4.2)

Here the intensity I = (|E2|ε0c)/2 and angled brackets indicate a time-average
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over rapidly oscillating terms. It remains to determine α.

4.1.1 Classical Picture

Classically, we consider a system with one electron (with mass me and charge e)

bound to the nucleus with a spring such that its oscillation frequency is equal to

the transition frequency ω0, driven by the light field at some frequency ω. The

acceleration of the electron will emit radiation, resulting in a loss of energy known

as the Larmor damping (the term shown in equation 4.3) and leading to the Lorentz

model of equation 4.4.

Γω =
e2ω2

6πε0mec3
(4.3)

−eE(t)

me

= ẍ+ Γωẋ+ ω2
0x (4.4)

where x is the displacement of the electron from the atom in one dimension and

ε0 is the permittivity of free space.

Semi-classically, we can find a value for α which is sufficiently accurate for

our purpose by replacing the Larmor damping term in the Lorentz model with

the quantum-mechanically determined natural linewidth of the transition given in

equation 4.5. Doing so and solving equation 4.4 gives equation 4.6:

Γ =
ω2

0

ω2

2J + 1

2J ′ + 1
Γω (4.5)

α = 6πε0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
(4.6)

where J is the total angular momentum quantum number of the ground state

and J ′ is the total angular momentum quantum number of the excited state. For

dipole trapping, we are generally working in a regime where ω0 � ω0 − ω � Γ:

this allows us to neglect the imaginary portion of the denominator of equation 4.6
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when calculating Udip, to neglect the resonance at ω = −ω0 and to treat ω
ω0
≈ 1.

This gives us a simple expression for Udip:

Udip =
3πc2

2ω3
0

(
Γ

∆

)
I (4.7)

4.1.2 Quantum Derivation

A purely quantum-mechanical treatment of polarizability is straightforward for the

case of a two-level atom. Let the wavefunctions for the two atomic states in the

absence of a field be given by:

Ψ1,2(r, t) = e
−iE1,2t

h̄ ψ1,2(r)

Ψ1,2 are by definition solutions of the Schrödinger equation for the free atom Hamil-

tonian H0, and E2 − E1 = h̄ω0.

We now consider the response of this system when it is exposed to an oscillating

field of the form of equation 4.1. For the cases of practical interest, the wavelength

of the electric field is orders of magnitude greater than the scale of the atomic

wavefunctions, so we take the magnitude of the E-field at the atoms to depend

only on time:

E(t) = E0 cos(ωt) =
E0

2

(
e−iωt + eiωt

)
Here E0 is a vector giving the maximum amplitude and the direction of the electric

field at the atoms. The interaction Hamiltonian Hd is then given by:

Ĥd = d.E

= d.E0

(
e−iωt + eiωt

2

)
(4.8)

where d = e
∑Z
i=1 ri, where i runs over all the atomic electrons.
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Once exposed to a time-dependent potential, the states Ψ1,2 are no longer

eigenstates. Instead, the wavefunction Ψ will be a linear superposition of the two

stationary state solutions for the zero-field case:

Ψ(r, t) = C1(t)Ψ1(r, t) + C2(t)Ψ2(r, t) (4.9)

Here C1 and C2 are complex and normalization of Ψ demands that |C1|2+|C2|2 = 1.

If we use this wavefunction in the Schrödinger equation, we can obtain differential

equations for C1 and C2; it is more usual to re-express these differential equations

in terms of the density matrix elements ρij = CiC
∗
j and to introduce a phenomeno-

logical decay term to account for spontaneous decay. We also rewrite:

e

h̄

∫
ψ∗1D.E0ψ2 dτ = ν

ρ̄12 = ρ12e
i(ω0−ω)t

ρ̄21 = ρ21e
−i(ω0−ω)t

where dτ indicates a volume integral over the system and D = d
e
. After these

modifications, the differential equations for C1 and C2 become the optical Bloch

equations:

dρ22

dt
= −dρ11

dt

=
−iν∗

2
ρ̄12 +

iν

2
ρ̄21 − Γρ22 (4.10)

dρ̄12

dt
=

dρ̄∗21

dt

=
iν

2
(ρ11 − ρ22)− Γ

2
ρ̄12 + i(ω0 − ω)ρ̄12 (4.11)

We can solve these equations for the steady state by setting equation 4.10, equa-

tion 4.11 and the complex conjugate of equation 4.11 all to zero and by using
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normalization to eliminate ρ11. This gives:

ρ22 =
1

4

|ν|2

(ω0 − ω)2 + Γ2

4
+ 1

2
|ν|2

(4.12)

ρ12 =
−e−i(ω0−ω)t

2

ν(ω0 − ω − iΓ
2
)

(ω0 − ω)2 + Γ2

4
+ 1

2
|ν|2

(4.13)

The dipole moment d can then be determined from the wavefunction Ψ:

d(t) = −〈Ψ|e
Z∑
i=1

ri|Ψ〉

= −e
∫

(ρ21e
−iω0tψ∗1d̂ψ2 + ρ12ψ

∗
2d̂ψ1e

iω0t) dτ

= −e
(
ρ21e

−iω0tD12 + ρ12e
iω0tD21

)
(4.14)

The polarizability is defined as d(t).e0 = 1
2
∗ E0(α(ω)e−iωt + α(−ω)eiωt), where

e0 is the unit vector in the direction of polarization. Re-expressing the constants

and matrix elements in terms of the quantum mechanical natural linewidth Γ we

obtain:

α(ω) =
3πε0c

3

ω3
0

a2Γ

 ∆ + iΓ
2

∆2 + Γ2

4
+ |ν|2

2

 (4.15)

where a is a factor of order unity representing the projection of the atomic dipole

moment along the polarization direction. Substituting equation 4.15 into equation

4.2 we obtain:

Udip =
−1

2ε0c
Re(α)I

= −3πc2

2ω3
0

a2Γ

 ∆

∆2 + Γ2

4
+ |ν|2

2

 I (4.16)

(4.17)
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where:

|ν|2 =
3πε0c

3

h̄ω3
0

E2
0Γ (4.18)

This reduces to equation 4.7 for the intensities under 300 MW cm−2 and ω0 �

∆ � Γ. For comparison, in our experiment we typically work with a range of

intensities from 5 W cm−2 to 1 kW cm−2.

4.1.3 Choosing trap detuning

Consider again the dipole potential (equation 4.7) in which:

Udip ∝
(
I

∆

)

The first point to note about equation 4.7 is that the sign of the dipole potential

depends on the sign of ∆ = ω − ω0. The blue-detuned regime where ω > ω0 leads

to a repulsive potential: atoms are repelled from the intensity maxima of the laser

beam. Conversely, in the red-detuned regime (ω < ω0) atoms are attracted to

intensity maxima.

Blue-detuned dipole traps have two major advantages: they can generally

achieve tighter trapping frequencies than red-detuned traps and as the atoms are

trapped in a minimum of the light field, heating by off-resonant scattering is sig-

nificantly lower than in an equivalent red-detuned trap. Despite these advantages

red-detuned traps remain widely used, in part because of their experimental conve-

nience: as we will see below, a red-detuned beam can trap atoms simply by being

focussed.

We decided to use a red-detuned trap largely for reasons of experimental con-

venience: the scheme which we will discuss in chapter 6 would be just as effective

with blue-detuned light. One then has to settle on a particular wavelength to use.
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In choosing a wavelength, it is worth considering the rate at which we would expect

an atom to scatter photons from the dipole trapping beam Rsc. This can also be

found from the polarizability:

Rsc =
1

h̄ε0c
Im(α) (4.19)

=
3πc2

2h̄ω3
0

(
Γ

∆

)2

I (4.20)

We see that the scattering rate scales with ∆−2 while the trapping potential scales

with ∆−1: thus an increase in detuning will cause a larger drop in scattering rate

than the decrease in trapping potential. For our experiments, we choose to operate

at 830 nm: at this wavelength we expect one in one hundred atoms to scatter a

photon in a second. 830 nm has the additional practical advantage that it is a

standard wavelength for commercial optics.

4.1.4 Focussed Beam as a Dipole Trap

As mentioned above, with a red-detuned trapping beam atoms can be trapped

simply by focussing a Gaussian beam. As such focussed Gaussian beams are the

starting point for the lattice setup which will be described in chapter 6 this section

outlines the theoretical properties of such a trap.

For a Gaussian beam, the intensity profile of the beam is:

I(r, z) =
2P

πw2
0

w2
0

(w(z))2
e
−2r2

(w(z))2 (4.21)

where r is the distance from the axis of the beam, P is the power of the trapping

beam, λ its wavelength and

w(z) = w0

√
1 +

(
z

zr

)2

(4.22)
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zr =
πw2

0

λ
(4.23)

In equation 4.22, w(z) gives the waist size of the beam at a distance z from the

minimum waist size w0. zR defined in equation 4.23 gives the characteristic distance

of the waist’s expansion, known as the Rayleigh range.

Consider the beam at its focus, where w(z) = w0. Using equation 4.7 to relate

the trapping potential to the intensity, where r is small relative to w we can expand

the exponential in equation 4.21 about r = 0 to obtain a harmonic approximation

to the trapping potential with trapping frequency ωgauss,r:

Ugauss,r = U0

(
1− 2r2

w2
0

)
(4.24)

U0 =
3πc2

2ω3
0

(
Γ

∆

)
2P

πw2
0

ωgauss,r =

√
4U0

mw2
0

(4.25)

With a similar Maclaurin expansion of the (w(z))−1 factor for r = 0, we can obtain

the axial trapping frequency ωgauss,a:

ωgauss,a =

(
2U0

mz2
r

)0.5

(4.26)

For the experiments in which we directly image atoms trapped in the lattice we

generally work with 0.5 mW of power in a beam with a waist of 80 microns. For

these conditions, the profile of the Gaussian beam gives an envelope with a trap

depth of approximately 28 nK, radial trap frequency of approximately 7 Hz and

negligible axial confinement.
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4.2 Optical Lattices

A common technique to achieve smaller length scales with red-detuned light or to

create a trap with blue-detuned light is to overlap two coherent beams and use the

maxima or minima of the intensity of the resulting interference pattern to form a

trapping potential: such periodic trapping potentials are known as optical lattices.

The simplest arrangement is to retro-reflect a single beam to create a potential

of the form

Uretro = 4U0 cos2
(
πx

d

)

where U0 indicates the potential depth for a dipole trap formed by a single beam,

and the x-axis is defined as being parallel to the direction of propagation of the laser

forming the lattice. The factor of 4 arises because the overlapping coherent beams

double the maximum amplitude of the E-field and thus quadruple the intensity.

The lattice periodicity is d = λ/2: by writing the potential in this fashion the

extension to non-counterpropagating beams becomes more straightforward.

Following a similar method to section 4.1.4, we make a harmonic approximation

to the potential at each lattice site in order to estimate the trapping frequency for

the individual lattice sites:

ω1D lat =
π

d

√
8U0

m

4.3 BEC in an optical lattice

In recent years, much attention has been focussed on the behavior of ultracold

gases loaded into optical lattices (see, for example, Greiner et al. (2002)). Where

these lattices are weak - with potential depth much less than the chemical potential

- and have periods greater than the characteristic length for density changes in the

condensate (called the healing length) they can simply be treated as part of the
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trapping potential in the Gross-Pitaevskii equation.

Potentials which vary faster than the healing length of the condensate but

without periodicity can produce interesting effects and phases of matter including

Anderson localization and Bose glasses. These are beyond the scope of the current

work and so will not be discussed further, but the interested reader may wish to

consult Clément et al. (2005).

In periodic potentials which have a depth comparable to or greater than the

chemical potential, it is no longer sufficient to regard all the atoms as being in the

same state; some will be localized in one lattice site, some in another. A different

approach is needed which both describes the localization of atoms at high lattice

strengths and reduces to the Gross-Pitaevskii equation in the limit of no lattice

potential. Jaksch et al. (1998) demonstrates how this model may be constructed

by calculating the Bloch eigenstates of the periodic lattice: these can be used

to construct the Wannier functions, a complete orthogonal set of wavefunctions

localized at individual lattice sites. By expanding ψ in terms of the Wannier

functions in equation 2.22, one obtains the following Hamiltonian:

Hfull = −
∑
i,j

Jija
†
iaj +

1

2

∑
i,j,k,l

Uijkla
†
ia
†
jakal +

∑
i

(εi − µ)a†iai (4.27)

In this Hamiltonian, ai is the destruction operator for a particle localized at the

ith lattice site, with position xi. εi represents the potential energy of an atom due

to the slowly varying trapping potential VT , and µ is the chemical potential as

usual.

The first term of the Hamiltonian in equation 4.27 represents the probability of

tunnelling, with a particle created at site i and destroyed at site j. The coefficient

Jij represents the matrix element for this process, expressed as:

Jij = −
∫
dxw0(x− xi)(

p2

2m
+ V0(x) + Vt(x))w0(x− xi) (4.28)
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Here w0(x − xi) is the Wannier function for an atom in the lowest Bloch band,

localized at xi, V0 represents the optical potential and VT represents the slowly

varying trapping potential. For an optical lattice potential with potential depth

greater than five recoil energies, calculations show (Jaksch et al., 1998) that the

matrix element for nearest neighbor tunnelling J01 is an order of magnitude larger

than other tunnelling coefficients, so we can neglect all but the nearest-neighbor

tunnelling.

The second term in the Hamiltonian describes interactions between atoms at

sites i, j, k and l. Uijkl is again the matrix element for this process, given by:

Uijkl = Usc

∫
dxw0(x− xi)w0(x− xj)w0(x− xk)w0(x− xl) (4.29)

where Usc = 4πash̄
2

m
as in equation 2.17. In Jaksch et al. (1998) we find that the

matrix elements representing interactions between atoms at one site and its nearest

neighbor (where at least one of i, j, k and l is set equal to one) are an order of

magnitude smaller than the on-site interaction U0000, so we consider only the latter.

By restricting our attention to on-site interactions and tunnelling only between

nearest neighbors, we obtain the Bose-Hubbard Hamiltonian from equation 4.27:

HBH = −J
∑
<i,j>

a†iaj +
U

2

∑
i

a†ia
†
iaiai +

∑
i

(εi − µ)a†iai (4.30)

where the sum over < i, j > indicates a sum over all unique pairs of sites, U = U0000

and J = J01.

The behavior of a Bose-Hubbard model has been extensively studied in relation

to theoretical condensed matter physics, and previous experimental implementa-

tions include arrays of Josephson junctions and thin granular films (for an example

of work involving lattices of Josephson junctions see Geerligs et al. (1989)). Using

optical lattices and ultracold gases offers some advantage to investigations of the
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model, as once the initial setup is complete such an experiment can access a wide

range of parameter values with relatively painless adjustments to laser power or

alignment.

A key feature of the Bose-Hubbard model in three dimensions is the Mott

insulator transition: this is a quantum phase transition between the superfluid

stage (in which atoms flow freely throughout the lattice) and the insulating stage

(where atoms are localized in lattice sites). First observed by Greiner et al. (2002),

this transition serves as the basis for some proposals for creating single-atom qubits

in ultracold neutral atoms. (Scheunemann et al., 2000)



Chapter 5

Direct Digital Synthesis for High

Precision Frequency Synthesis

Radio frequency generation and manipulation is a mature discipline; the acousto-

optic deflector discussed in section 6.2.1 allows us to bring the flexibility of RF

technology to bear on generation and rotation of an optical lattice. In this chapter

I will discuss the options available for generating radio frequency signals in general

and then outline the considerations which determined our requirements. Consider-

ing these requirements led us to the conclusion that direct digital synthesis was the

most suitable option; I shall give a more detailed description of the operation of a

DDS before finally describing the practical details of the system we have developed

and the software which controls it.

5.1 Experimental Requirements

The design requirements for our RF system were determined by our initial goal:

reaching the conditions for the Mott insulator transition in an array of focussed

64
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dipole trapping spots. In this arrangement, the atoms were trapped in a single

focussed beam; we controlled the position of each beam in the imaging plane by

the frequency of the RF input to the acousto-optical deflector. The experiments

were intended to investigate a regime where the wavefunction of the atoms in the

dipole trap extended over a region comparable to the lattice spacing, which implies

that each pair of spots must be separated by no more than 1.5 microns. In order

to have a stable trapping potential for the atoms, accuracy and stability of the

radio frequency outputs was therefore crucial.

From an estimate based on the manufacturer’s specifications for the AOD and

a geometric optics model of our system we estimated that by changing the radio

frequency by 1 MHz we would move the position of the beam where it intersected

the atoms in the imaging plane by approximately 15 microns. If we assume that

the non-RF portions of the system are ideal, we thus find that maintaining a

separation of 1.5 microns to 0.1% requires a frequency accurate to approximately

100 Hz.

For this experiment all trap depths are ramped at the same rate so our main

concern with the RF amplitudes is to balance out the diffraction efficiency at

all frequencies used to ensure that all traps are of equal depth. Let us say that

we want to do this to an accuracy of less than 0.1%, so we require that level of

amplitude specification. For digital techniques the amplitude precision is often

specified in terms of the number of bits used in the digital-analogue conversion;

0.1% corresponds to the precision of a ten-bit converter.

A significant advantage of our experimental design is the flexibility of our lat-

tice. To take advantage of this flexibility to individually address a single well, we

will need to be able to separate the wells adiabatically. Our numerical simulations

suggest the trapping frequency of our wells will be on the order of 100 kHz, so for

adiabatic changes we assume an update rate of approximately 5 kHz.
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The requirements we have derived here are considerably less demanding than

the requirements put on our optical system - indeed, for a single channel the re-

quirements could be met with an off-the-shelf signal generator. With an initial aim

of eight channels and an ultimate aim of up to twenty, we decided on investigation

that it would be more efficient to build our own equipment, using Direct Digital

Synthesis technology.

5.2 High Precision Frequency Synthesis

Traditionally, high stability generation of an arbitrary frequency was achieved by

using a crystal or atomic oscillator to generate a stable signal at a fixed frequency in

an appropriate range and then using analog circuits such as phase-locked loops to

adjust from the oscillator frequency to the desired output frequency. (see Horowitz

and Hill, 1989, section 13.12)

The analogue nature of the phase-locked loop means that a change of the desired

output frequency will result in a gradual change from the original frequency to the

new, often accompanied by some under- or over-shoot. In a traditional phase-

locked loop one is also limited to output frequencies which are integral multiples

of the reference frequency. Phase-locked loop circuits can also drift over time due

to degradation of individual components.

Thus we see that PLLs on their own are not a good solution to the problem

of generating rapidly changing RF frequencies with high precision. With the ad-

vent of digital signal processing, several more sophisticated techniques have been

developed to address the problem - Goldberg (2000) gives an excellent account of

the area. Below, I summarize the new technologies with most success:

Fractional Phase-Locked Loops The frequency resolution of a traditional PLL

is given by its reference frequency; this tends to be large as the phase noise,
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spurious signal and switching time all improve for higher reference frequen-

cies. Fractional PLLs allow arbitrary non-integer ratios between the reference

and the output frequencies by occasionally skipping cycles, in much the same

way that leap-years keep the calendar in phase with the seasons. Fractional

PLLs do still suffer from seek time on frequency changes, resulting in a rel-

atively slow switching time.

Direct Analogue Synthesis A faster alternative to phase-locked loops comes in

the form of direct analogue synthesis. In DAS, a number of different reference

frequencies are combined via arithmetical operations to produce the desired

output frequency. Switching time between frequencies can be as low as 1 µs.

The disadvantage of this method is that each frequency required needs to be

designed into the system explicitly, so system complexity scales linearly with

resolution.

Direct Digital Synthesis An entirely digital alternative to the phase-locked loop

for frequency synthesis was first implemented by Tierney et al. (1971); with

recent advances in chip design the technology has matured to the point that

single chips able to work at frequencies up to 400 MHz are now commer-

cially available. This technology makes use of a digital phase counter and a

sine lookup table to reconstruct a sine wave at arbitrary frequencies. The

limitations of this technology are largely due to the digital-analogue conver-

sion; this limits the maximum output frequency to 400 MHz and inevitably

introduces some noise to the signal.

Having considered the available options, we decided that DDS was the most suit-

able technology for our purposes. Phase-locked loops were thought to be unsuitable

because of their messy transition between frequencies, while a DAS system with

100 Hz resolution over 25 MHz would be very difficult to construct.
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5.3 Direct Digital Synthesis: an overview

A schematic of the functional units making up a Direct Digital Synthesizer or

DDS is shown in figure 5.1. With reference to the figure, let us consider how direct

digital synthesis proceeds.

The reference clock at the lower left of figure 5.1 represents the oscillator input

- as with analogue circuits, this is often supplied by a high-precision crystal or

atomic source. In contrast to a phase-locked loop or direct analog synthesis, the

oscillator input to a DDS is used only as a timing reference and not as an RF source.

Each pulse of the reference clock results in an update of the analogue output value;

clearly, the smallest time interval on which this output can repeat itself is every

other sample. Accurate reconstruction of the signal is not possible from only two

points, so in fact the condition for accurate reconstruction of an analogue signal

is that the sampling frequency must be strictly greater than twice the highest

frequency present in the wave to be reconstructed (known as the Nyquist criterion

after Nyquist, 1928). In order to make implementation of anti-aliasing filters more

straightforward, DDS designers recommend a reference clock frequency more than

two and a half times greater than the highest frequency signal to be generated.

(Gentile and Cushing, 1999)

From figure 5.1 we can see that two things happen simultaneously on each

clock pulse: the constant M is added to the contents of the phase register and the

current value of the amplitude is loaded into the digital-analogue converter. Let us

consider the situation just after the circuit has been initialized, when all registers

are empty. On the first pulse of the clock signal the DAC remains at its default

state (the center of the sine wave) because the amplitude register is empty. At

the same time, the user defined constant M is added to the empty phase register.

The phase to amplitude unit reads in the value of the phase register and uses an

internal look-up table to determine the amplitude of the sine function for that
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Figure 5.1: This figure shows the components making up a basic direct digital synthesis
system. The user sets a frequency tuning word which determines how much phase is
added to the output sine wave between updates of the digital-analogue converter. Having
accounted for Nyquist’s criterion, this allows the user to output any frequency up to half

of the reference clock frequency.
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phase. On the second clock pulse, this amplitude is loaded into the DAC and

output as a current while the phase register (now equal to M) is being added to

M again to get the second value of phase. Thus the DAC is updating to the nth

value of amplitude as the adder generates the n+ 1th phase.

This discussion gives us some more perspective on some of the strengths and

weakness of DDS technology mentioned briefly in section 5.2:

Frequency Agility From the preceding discussion, we see that the constant M

defines the phase increment for each clock cycle and thus the frequency of the

output sine wave. M is thus often described as the frequency tuning word,

or FTW. Changing frequency thus requires only that a new value of the

constant be loaded into the synthesizer’s memory. In the present generation

of chips this interface operates at 100 MHz so frequency can be updated to

48 bits resolution at more than 5 MHz.

High Resolution The N -bit width of the accumulator indicates the phase res-

olution of the synthesizer: typical DDS implementations use 48-bit phase

accumulators, leading to a potential frequency resolution of less than a thou-

sandth of a Hertz.

Phase continuity The phase accumulator continuously stores the present value

of phase and is left unchanged when the frequency tuning word is altered.

Thus changing the frequency does not result in a sudden change of output

voltage, but instead starts from the same value of phase as the preceding

signal. Sudden changes in output voltage introduce high-frequency signals

into the output, so maintaining the continuity of the output voltage produces

a cleaner signal.

The major remaining disadvantage of DDS technology is the relatively low fre-

quency range (less than 400 MHz for a pure DDS system). In this case that



5.4. DDS Implementation 71

limitation is immaterial, as our desired operating range is 40-60 MHz. Because

of the intrinsic dependence on digital-analogue conversion, DDS technology also

has the drawback of a fixed noise floor: for a standard 12-bit DAC, the ratio be-

tween the signal power and the integrated noise cannot be higher than 75 dB for a

full-scale signal at the maximum frequency of forty percent of the clock frequency.

Note that this measurement is integrated over the full bandwidth: it does not tell

us where or how individual peaks in the noise spectrum will be, though it sets an

upper limit. (Gentile and Cushing, 1999) Analysis cannot improve on this mea-

surement, but from the information supplied by DDS manufacturers we find that

a typical maximum suppression of the largest spur relative to the signal is 52 dB

for the range from 40-60 MHz (Analog Devices, 2004).

Ideally one would combine the amplitude outputs from several different signal

generators digitally and then use a higher-quality DAC to convert the summed

signal. This appears to be impractical as there is no commercial demand for

DDS chips with digital rather than analogue outputs, and thus no commercial

supply. We do not think that the noise ought to present major problems for our

experiments, as even with only 52 dB of spur suppression noise on the RF will

still be approximately two orders of magnitude smaller than the level of intensity

stabilization we are planning for.

5.4 DDS Implementation

Our initial intention was for a lattice of up to ten rows by ten columns, requiring

20 DDS units. Buying off the shelf units would have been very expensive and

difficult to interface, so we decided instead to commission a custom solution from

the Physics Department’s Central Electronics Group, working with Peter Hirst

and David Halliday.
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This solution is based around Analog Devices AD9852 Complete DDS chip,

operating at up to 300 million samples per second (Analog Devices, 2004). Its

12 bits of amplitude resolution easily meet our requirement of control to 0.1%,

while to meet our requirement of 100 Hz frequency resolution only requires 24 of

48 possible bits of frequency resolution. The amplitude and frequency settings are

loaded into the chip via a parallel interface with a 6-bit address bus and an 8-bit

data bus, both of which can cycle at up to 100 MHz. In addition to the basic DDS

components discussed in section 5.3, the chip includes an internal phase-locked loop

to multiply an easily obtainable 15-30 MHz signal to produce the chip’s internal

reference clock at up to 300 MHz.

The first iteration of the design had ten DDS chips on the same PCB. This

iteration was not successful, in part because of a lack of understanding of the

issues involved in the design of RF circuits and in part because of an over-optimistic

design.

For the second iteration of the design, we decided that a modular scheme would

be more flexible and robust and thus the design was based on several different

components sharing the same interface. The components are listed and described

below:

Backplane The backplane consists of two buses distributed along the back of a

Eurocard mounting box: one carries a thirty-two bit data bus which inter-

faces with the DDS directly while the other carries power. Details of the

data bus are given in table 5.1.

DDS Module After the first failed attempt at designing a PCB implementation

of a DDS, we decided that it would be more efficient to use DDS modules on

an evaluation board from Analog Devices. This board is mounted within a

metal case which serves as a Faraday cage to reduce interference and coupling

between channels. Each board receives power and instructions from the
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backplane and the reference clock from an SMA connector on the front panel.

Combiner This module’s primary purpose is to house the 4-way combiner which

joins the signals from the individual DDS modules into a single RF output.

It also houses the crystal oscillator which produces the reference clock at 60

MHz. It outputs the reference clock to via a front-panel SMA jack while

drawing power from the backplane.

PC Interface This module provides an interface between the 68 pin output of our

digital output card and the backplane. Just over half of the output pins are

grounded or not connected; of the remainder, 25 form the data bus which is

connected to the backplane, two are provided as SMA jacks for input/output

and the final channel is the trigger input, also an SMA jack.

Rather than go directly to a ten by ten lattice, we decided to start on a smaller scale

with eight DDS modules and two combiners. This gives us enough flexibility to do

interesting experiments while reducing the technical complexity of the system.

5.4.1 Amplification

The evaluation board’s output has an amplitude of approximately 0.1 V. For opti-

mum diffraction efficiency, the AOD’s RF input should be on the order of 12 V. To

make up the difference between these figures we use a Minicircuits ZHL-5W-1 am-

plifier for each channel. This provides a fixed amplification of 37 dB at 50 MHz, so

some reduction in amplitude is needed to stay within safe limits for the AOD. For

our initial experiments, this reduction was supplied by reducing the DDS output

intensity. As the noise generated by the digital-analogue conversion is constant,

this approach results in a reduced signal to noise ratio. Ultimately, we hope to put

a variable attenuator in place to allow us to operate the DDS at full amplitude

throughout.



5.4. DDS Implementation 74

a)

NI PCI-6534 Description
Output Channel

A0-A5 Address Bus (6 bits)
A6-A7 Unused

B0-B7, C0-C1 Chip Select Bus (10 bits)
C2 Copy input buffers to operating memory (I/O Update)
C3 Master Reset
C4 Unused

C5-6 Available as Digital I/O
C7 Unused

D0-D7 Data Bus (8 bits)

b)

Backplane Data Description
Bus Channels

1-8 DDS Programming: Data Bus
9,16,18,29,31 Ground

10-15 DDS Programming: Address Bus
17 Copy input buffers to operating memory (I/O Update)

19-28 Chip Select
30 All DDS Modules: Master Reset
32 Channel One Control DAC Output

Table 5.1: Details of the data bus: a), as it is output by the DIO card and b), as it
is distributed along the back plane of the DDS unit. Note that one signal appears on
the backplane but not on the DIO; this is an analog signal output by DDS module one,

intended for use as an amplitude control.
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5.5 DDS Input/Output and PC Control

As discussed in section 5.4, the DDS modules are programmed via a parallel in-

terface with six address bits and eight data bits. Each value of the address bus

indicates eight bits of the DDS chip’s memory which should be set to the value of

the data bus: as one example, the amplitude of the DDS is stored in the last four

bits of location 10 0001 and all eight bits of location 10 0010. The address and

data buses are shared between all of the DDS modules but each module only loads

the data presented if it is signalled using the chip select bus: each channel in the

ten bit bus corresponds to one potential DDS module.

On a rising edge of the module’s chip select line the DDS reads the value

of the common address bus and prepares to write to that location in its input

buffer. On the next falling edge of the chip select line, the DDS reads the value

of the common data bus and writes this value to the location in its input buffer

corresponding to the address bus previously loaded. Finally, by activating the

IO Update line, all modules are instructed to copy the contents of their input

buffers into their operating memory. This final stage is done separately so that

modules can be updated with different operating data but all the changes come

into effect simultaneously. As an aid to understanding, figure 5.2 shows the value

of all relevant buses and registers during the process of loading data value D1 into

address location A1.

Note that each DDS module has its own chip select line, while the IO update

line is shared between all the modules. By using the chip select bus in this way we

can use one address bus and one data bus to address ten different DDS modules

separately or together, thus making most efficient use of our digital output lines.

The address and data buses must be held in their final state for a minimum of 10.5

ns for the DDS modules to read their values accurately and thus the maximum

possible update rate is just under 100 MHz.
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Figure 5.2: This is a visual illustration of the process of loading value D1 into address
value A1 of the DDS’ operating memory. First the data and address buses are set to
the desired value, then the chip select line for the DDS module in question is pulsed to
load the value of the input buses to a temporary holding register. On the rising edge of
the chip select pulse the address is loaded, whilst on the falling edge the data value is
loaded. The IO Update channel is then pulsed: this causes the address and data held in
the temporary register to be copied across to the DDS’ operating memory and thus the

change desired to take effect on the DDS output.
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The input to this parallel programming system is driven by a National Instru-

ments PCI-6534 digital output card installed on the PC which also controls the

Andor camera used for imaging. The structure of the data bus as output from the

PCI-6534 is described in table 5.1. This card outputs 32 bits and is capable of

triggered or untriggered output at update rates of up to 20 MHz. There is 64 MB

of memory available on the PCI-6534, allowing fully hardware controlled output

sequences of up to 2.1 MHz-seconds: that is, 2.1 seconds at 1 MHz, 0.21 seconds

at 10 MHz and so on.

Coordination between the DDS output and the remainder of the experimental

sequence is handled by TTL logic: after evaporation is complete, the control com-

puter uses a TTL signal to trigger the PCI-6534 board and thus begins the output

of data to the DDS system for dipole trapping. The timing of the DDS output

sequences is precise to less than 100 ns, so we put a delay equal to the length of

the lattice ramps into the timing sequence for the main experiment and resume

the imaging sequence when DDS output is complete.

5.5.1 Software Control

Automated control of the output from the PCI-6534 is clearly necessary to cope

with update speeds of 20 MHz; it has the additional advantage of allowing the

user to give human-intelligible instructions like ‘ramp the amplitude of module

one from 20% to 40% over 200 ms, starting 400 ms into the sequence’ and have

these converted into the much less intuitive instruction set understood by the DDS,

briefly mentioned earlier in this chapter.

This automated control was achieved by designing a custom LabVIEW pro-

gram. The major sub-sections of this program are described below: unless other-

wise specified in the description, I did the design, programming and testing.

DDS Control. This is the backbone of the program; it co-ordinates the passing
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of information between the other sections of the program described below.

At execution, it allows the user to choose between running the sequence

described in DDS Read-in (see below), initializing the DDS modules to zero

output or controlling the data buses manually.

DDS Read-in. This sub-program provides the means for the user to specify the

behavior desired from the DDS units in intuitive language. Users specify a

series of events for each module; each event has a type, a start time and

a duration. Event types allow the user to choose between sudden changes,

linear ramps, exponential ramps or sinusoidal modulation of either frequency

or amplitude. The program then compiles these individual module lists,

counts the events to determine the required update rate and presents a master

list of all required events to the remainder of the program. This structure

of this part of the program was developed by Martin Shotter, a graduate

student also working on this project but I have made some modifications to

the details.

Make Transfer Tables. Converting the list of events generated by DDS Read-

in into a list of output values for the PCI-6534 is a two-stage process: this

sub-program is the first of those stages. It takes the list of events generated

by DDS Read-in and generates for each one a list of instructions and timing

values. For a simple amplitude or frequency change, this is just a single

logical instruction (though it will take two sets of data values for amplitude

and three for a frequency change); for a ramp the program generates an

instruction for each step of the ramp. This sub-program then forms an

unsorted array with all of the timing values and the PCI-6534 output values

that need to be sent for each.

Instructions to Output. This is the second stage in the preparation of the out-
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put values for the PCI-6534. It takes the unsorted array of output values and

times from the Make Transfer Tables sub-program and outputs the sequence

of values for the PCI-6534 output bus to assume in sequence. On first sight

we might feel this to be simply a measure of sorting the input array; con-

ceptually this is all that is required, but the detailed implementation is a bit

more complicated because of the way the output is interpreted. No output

takes effect until an IO update pulse has been sent. This means that we end

up with a number of physical updates of the PCI-6534 bus being combined

into a single logical unit of time - as an example of this phenomenon, three

bytes are required to set the frequency of a single module to 24 bits of pre-

cision. To load each of these bytes takes three updates of the PCI-6534 bus.

To put the change into effect requires an IO update pulse. Thus ten physical

updates are required for a single logical update like a change of frequency;

we might then set the physical update rate to 10 MHz, but we would only

be able to specify changes at 1 MHz. Clearly this situation gets even more

complicated if there are simultaneous frequency changes for multiple mod-

ules, or simultaneous frequency and amplitude changes for one module. In

order to deal with this distinction between logical and physical updates this

sub-program takes the time specified for each instruction and finds the set

of physical updates corresponding to it. The program then scans through

that set of physical updates to find the first unused update slot and puts

the necessary instructions in place. It then checks to ensure that there is an

IO Update pulse at the end of that logical update. The end result of this

process is an array of values for the PCI-6534’s output bus in the order in

which they should be output.

Strobed Output This sub-program takes the array of output bus values gener-

ated by the Make Transfer Tables sub-program, loads it into the PCI-6534’s
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onboard memory and then either executes the sequence immediately or sets

the conditions for later triggered output. This program was largely assembled

by a LabVIEW wizard, with only minor modifications required to allow the

update frequency and size of the output array to be set within the program.



Chapter 6

A dynamically flexible lattice via

acousto-optical deflection

In this chapter, I will briefly describe the apparatus used to implement our dipole

trapping scheme where it is broadly similar to established techniques in the field.

Those areas where our implementation is novel will be described in detail, partic-

ularly the direct digital synthesis (see chapter 5) of high-precision radio-frequency

(RF) signals in combination with an acousto-optical deflector to generate a dy-

namically flexible dipole trapping potential.

In this chapter I will also describe the lasers used to generate the dipole trapping

beam and the optics and acousto-optics that transfer the light of the laser to the

atoms.

6.1 Lasers and Intensity Servo

We chose a wavelength of 830 nm for our dipole trapping light because it is close

enough to the D2 lines to produce a strong dipole trapping potential in rubidium

81
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while not being so close that heating effects from photon scattering are significant

(see section 4.1.3). The wide availability of commercial optics for light at 830 nm

was also an advantage.

From numerical simulations of the dipole trapping potential it is calculated

that for a worst-case estimate of a 5-micron beam waist, approximately 220 µW

of power per spot would be required to generate a trapping potential of 10 Er, the

correct order of magnitude for the Mott insulator transition. Thus, for a ten by

ten array of spots, we require approximately 25 mW of useful power leaving the

AOD. Given that the fibre-optic cable and the AOD have transmission efficiencies

of approximately 50% , at least 100 mW of power is required at the fibre input.

This is at the upper end of the power range available for diode lasers; using a

pumped laser increases the complexity of the setup but rewards the effort with

higher output power. As the group already owned a suitable titanium-sapphire

laser, a pumped setup was chosen.

6.1.1 Lasers

The pump power for our dipole trapping beam is generated by a Coherent Verdi

V-10 laser, supplying up to 10 W of light at 532 nm to pump a Coherent MBR-110

titanium-sapphire laser, adjusted to output at 830 nm. With a 9.4 W input beam,

the MBR-110 generates approximately 1.3 W of light at 830 nm. The MBR also

includes passive cavity stabilization using a piezo-controlled etalon.

A Coherent Innova 310 argon-ion laser was used for some early experiments; it

was replaced with the V-10 to improve energy efficiency and quantum efficiency of

the titanium-sapphire laser.

The layout of the dipole trapping laser table is given in figure 6.1 - the main

point of interest on this figure is the acousto-optical modulator. This serves as the

control element for the intensity servo, discussed further in section 6.1.2.
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Figure 6.1: This figure illustrates the layout of the optical table on which the dipole
trapping beam is generated and its intensity controlled. The input to the AOM used
for intensity control comes from a lock circuit driven by the signal from the monitor
photodiode on the main optical table. See figure 6.2 to follow the beam through the

fibre.
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6.1.2 Intensity Servo

As in earlier, similar work (Chuu et al., 2005) dipole trap intensity is a critical

parameter of our experiment. Left uncontrolled, factors ranging from thermal

changes in the lasers to alignment drift will cause unpredictable changes in the

intensity of the laser itself and thus in the trapping potential. In order to ensure

that the power reaching the atoms is stable, we have installed a feedback servo,

the optical elements of which are shown in figures 6.1 and 6.2.

A Crystal Optics 3080 acousto-optic modulator immediately after the MBR-

110 on the main dipole trapping table provides the intensity control needed for the

servo (see figure 6.1). The AOM’s response time is governed by the time taken for

a signal to propagate from the transducer to the interaction region, which from

the AOM’s data sheet (Crystal Technology, 2002) we deduce to be approximately

300 ns.

The two lenses between the beam-splitting cube and the fibre simply serve to

change the beam waist from that output by the MBR to the correct waist for

the fibre’s input optics. Typically we achieve greater than 60% coupling efficiency

through the fibre.

The intensity monitoring system can be seen illustrated in figure 6.2 - we use a

series of polarizing beam-splitter cubes immediately after the fibre exit. The first

cube serves as a polarization isolator, ensuring that any fluctuations in polariza-

tion caused by incorrect polarization alignment into the fibre are converted into

intensity fluctuations in the beam to be servoed. The second cube is then used

to pick off a small amount of light to use for the intensity servo - we use neutral

density filters to ensure that even at maximum power through the cube, the power

directed to the photodiode is within the linear regime (< 1 mW). The monitor

beam is focused on to a ThorLabs DET110 photodiode to provide an analogue

measurement of beam power; as the photodiode is terminated through a 50 Ω re-
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Figure 6.2: This figure illustrates the layout of the dipole trapping optics found on
the main optical tables (that is, the tables primarily used for the cooling and trapping
optics.) Note the change of direction of the laser beam after passing through the AOD;
the first order beam in the center of the device’s bandwidth defines the axis for all points
after the AOD. Note also the slightly off-axis beam directed to a photodiode; this is used
as the monitor signal for the intensity servo. The lattice optics begin with the 75 cm
lens immediately after the intensity servo pick-off and are discussed at length in section
6.3.1: in this diagram, periscopes which do not change the beam’s direction in the plane
of the table are represented by the letter P within a box. A cross superimposed on the
P indicates a periscope that also deflects the beam by 90◦. Another point to note is the
dichroic mirror, which reflects the dipole trapping light while allowing fluorescent light

through to the imaging system.
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sistor, it has a bandwidth of approximately 160 MHz, which gives a rise time of

approximately 20 ns.

The link between intensity monitoring and control is provided by a proportional-

integral-differential lock circuit designed for our experiment by Dr. D. T. Smith

of the Physics Department’s Central Electronics Group. This circuit compares the

voltage from the photodiode to a control voltage supplied from the experimental

control computer and changes its output voltage to try to make the two input

voltages equal.

This output voltage is connected to the control voltage input of a Minicircuits

ZX73-2500 voltage variable attenuator via an adder which offsets it to the center

of the linear range. This attenuator is used to control the RF power input to

the servo AOM, and thus controls the amount of light passed through the AOM

setup described above. The response time of the ZX73 is specified as 25 µs, and

is thus the limiting factor in our intensity control setup. Given this limit, we can

expect to stabilize the beam power against noise at up to 40 kHz, approximately

one order of magnitude greater than the expected lattice trapping frequencies in

our apparatus.

In order to measure the stability achieved by the intensity servo, we placed

mirrors immediately before the four-lens objective to divert the lattice beams via

a lens to be focussed on to a second, identical DET110 photodiode. Monitoring

this power, we observed that the photodiode signal from the beam was stable to

less than 0.5% for timescales from milliseconds to tens of minutes.

6.2 Acousto-Optics

Acousto-optical devices are widely used in experiments with cold atoms for tuning

laser beams and providing fast intensity switching and modulation. The same
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effect can be used to produce spatial deflection: this effect has been used by Yavuz

et al. (2006) to demonstrate addressability of cold atom qubits for single-qubit

operations in separate dipole traps and by Shin et al. (2004) to coherently split a

single BEC into two.

In this section I will briefly review the principles of acousto-optical deflection

and then discuss the details of our experimental implementation of it.

6.2.1 Acousto-Optical Deflection

A crucial feature of our experiment is the use of a two-axis acousto-optical deflector:

in combination with the optics discussed in section 6.3.1 the motion produced by

the AOD generates the dynamic lattice spacing and lattice rotation. In this section,

I will review the theory describing acousto-optical deflection, largely following the

path laid out in Yariv (1971, Chapter 12). A more technical short review of

acousto-optics is given by Gordon (1966), while Magdich and Molchanov (1989)

cover the field in considerable detail.

Consider a sound wave as a sinusoidal perturbation of the material density

travelling through the medium with speed vs and frequency ωs/(2π) on the order

of 50 MHz. The sound wave will have associated with it a perturbation in the

refractive index n of the material arising from the fluctuation in number density of

the particles making up the medium and the change in the optical polarizability of

the medium due to the strain of that fluctuation. For simplicity, we assume that

the variation in refractive index is related to the sound wave by a scaling factor,

so that

δn(z, t) = δn0 sin (ωst− ksz) where
ωs
ks

= vs

A change in refractive index leads to some reflection of a beam crossing the inter-

face, so for a simple classical picture we can consider the sound wave as a series
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of mirrors separated by the sound’s wavelength Λ - implicitly, this model assumes

that the width of the sound wave is much greater than Λ and thus that diffraction

effects can be neglected for the sound wave. By arguments familiar from considera-

tion of Bragg scattering in crystals, we can derive the Bragg condition determining

the required incident angle θi for a optical beam of wavelength λ to be diffracted:

2Λ sin θi = mλ

where m is a non-negative integer. For practical applications, this result is usually

rewritten using the relationship vs = fΛ, as experimentally we have a much better

idea of the frequency of the radiation ν and the speed of sound in the crystal vs

than of the wavelength of the sound in the crystal! Substituting these quantities

in we find that the deflection angle Θ = 2θi of the first-order beam from the zeroth

order is:

sin
Θ

2
=
νλ

2vs
(6.1)

6.2.2 Beam steering

Using a plane acoustic wave as above, it is possible to choose the diffraction

medium, incidence angle and sound wave frequency so as to get nearly perfect

deflection of the incident beam. Yariv (1971, Section 12.3) goes through the math-

ematics involved in detail. In relation to acousto-optical deflection, it is important

to note that in the simple case described above a change in acoustic frequency

will necessarily mean that a beam with constant θi will no longer be at the Bragg

angle. This deviation from the Bragg angle means that momentum can no longer

be conserved in the scattering process; scattering will still occur in the direction

closest to conserving momentum, but the scattering efficiency is reduced. The
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effective bandwidth1 ∆f of a deflector driven by a plane-wave transducer is given

by Korpel (1981) as:

Λ

L
>

1

2

λ

vs
∆f (6.2)

where L is the length of the transducer producing the acoustic wave in the direc-

tion perpendicular to the wave’s propagation. We can qualitatively understand

equation 6.2 as requiring that the range of acoustic propagation angles due to

diffraction (the left-hand side) must be greater than the total angular deflection

required from the system (the right-hand side, to a factor of 2). For a plane wave

AOD, then, a large deflection range requires a small transducer, and the resulting

narrow interaction region results in poor diffraction efficiency.

Deflectors with a wider bandwidth can be obtained by using an array of trans-

ducers to create a frequency-dependent distribution of acoustic power in place of

the fixed plane acoustic wave discussed above: this is known as beam-steering.

The simplest case of a flat grating is analysed in Gordon (1966). The following

discussion follows the clear explanation presented in section 3.6 of Magdich and

Molchanov (1989).

Consider an array of M transducers with width d/2, all driven coherently from

the same source but with a phase difference of π radians between adjacent trans-

ducers, illustrated in figure 6.3 (c). This arrangement produces an intensity pat-

tern equivalent to that of two transducers of the same total length at angles of

±α = ±(vs/(fd)) to the x-axis defined by the array of transducers. Note that the

magnitude of α is dependent on the frequency of the acoustic wave, so the change

1Note that the term bandwidth is used with slightly different assumptions when discussing
acousto-optical modulators (the more common case) and acousto-optical deflectors. In discussing
acousto-optic modulators, it is assumed that you will pick one frequency to drive the modulator
and align the modulator for that frequency: thus bandwidth is determined by the range of
frequencies over which it is possible to find an alignment of the AOM that gives good diffraction
efficiency. When dealing with deflectors, it is assumed that the AOD has a constant alignment
for a range of frequencies: bandwidth is thus the range of frequencies over which good diffraction
efficiency can be obtained for a constant alignment of the detector relative to the beam.
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Figure 6.3: Graphs (a) and (b) are the polar graphs for two different types of transducer.
The distance from the origin to the line at a given angle indicates the proportion of output
power radiated along that direction. Graph (a) is the pattern for a single transducer
of size Md

2 . Graph (b) shows the pattern for an array of M adjacent transducers each
of width d

2 , where adjacent transducers are out of phase by π radians. Note that the
angle α separating each lobe from the φ = 0 axis is dependent on the frequency of the
sound wave. Thus light incident at a constant angle to the transducer will experience
an angle of incidence to the acoustic wave dependent on the acoustic frequency; this
frequency dependence is used to keep the angle of incidence close to the Bragg angle
over as wide a range of frequencies as possible. (c) is a schematic diagram of the layout

of the transducer array used for beam steering.
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in Bragg angle caused by a change in frequency can be partially compensated for

by the change in direction of acoustic wave propagation. With appropriate choice

of design parameters, the bandwidth of a deflector using such an array of gratings

can be approximately four times greater than the bandwidth achieved with a single

plane-wave transducer of equivalent length. (Magdich and Molchanov, 1989) As

only one of the two lobes is used, approximately 60% of the energy in the acoustic

wave does not produce deflection. Korpel et al. (1966) proposed the use of a blazed

grating of transducers with alternating phase, which produces one lobe and thus

achieves greater acoustic efficiency.

6.2.3 Details of Implementation

For our experiment we use an ISOMET LS110-830XY, built around two crystals

of tellurium oxide (TeO2) mounted orthogonally, each providing deflection in one

axis. The deflector has a bandwidth of 25 MHz centered on a frequency of 50

MHz; this corresponds to an angular deflection of 1.9 degrees. Beam-steering is

used to maintain the Bragg angle continuously over this range, with the phase

delay supplied by splitting the input RF signal in two and passing one of the two

resulting signals through a delay line.

Typically we obtain diffraction efficiencies of approximately 75% in each axis

individually, giving approximately 50% of the incident laser power being deflected

into the beam deflected by 50 MHz in both axes.

6.2.4 Amplitude Normalization

As discussed in section 6.2.2, the diffraction efficiency of the AOD varies with

the deflection frequency; the output power from the DDS and the gain of the

amplifiers will also vary, though these effects are less significant over the relatively

small frequency range with which we work. This clearly is not an issue when
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Figure 6.4: This figure illustrates the variation in power transmitted through the lat-
tice optics to the four-lens objective both before and after amplitude normalization is
applied. Before normalization is applied we observe intensity variation of ±8%; after
normalization this is reduced to ±2%. The data shown is one complete rotation of the

lattice.

dealing with a static lattice, but it could become a source of significant heating

when we come to rotate the lattice. The level of power fluctuation observed for a

typical rotation is illustrated in figure 6.4

In order to reduce the impact of this noise, we implemented a method we de-

scribe as ‘normalized amplitudes’ to level out the power variation during rotation.

When amplitude normalization is active, each time the DDS software changes the

output frequency it also changes the amplitude by a corrective factor in order to

obtain the same output power. Say that at 55 MHz on the x-axis the power output

for a given DDS amplitude is 95% of its value at 50 MHz. Thus, if the DDS was

set to give 50% of full scale output at 50 MHz and the frequency was then changed

to 55 MHz, the DDS software would simultaneously change the output amplitude

to 50
0.95

= 52.6% of full scale.
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In order to determine these normalization coefficients, we used a 10 cm lens to

focus first-order output from the AOD on to a photodiode as soon as practical after

the AOD itself. We then scanned each axis through a range of frequencies around

the optical axis while the other axis was left at its center value and recorded the

power reaching the photodiode using a digital storage oscilloscope.

We saved these traces digitally, normalized each trace to its value at the center

of the frequency scan and inverted the resulting values to obtain the correction

factor for that point in the sweep. We then picked out the correction factors which

corresponded to frequencies at even multiples of 100 kHz for 3 MHz either side of

the optical axis of the lattice system to save as correction factors. The software

will automatically perform a linear interpolation to determine the correction factor

for any frequency which lies between two of the saved normalization points.

Applying these normalization coefficients to a single rotation of a 2 MHz-

spacing lattice and monitoring the lattice beams just before the 4-lens objective

as before we obtain the black trace in figure 6.4. This is stable to approximately

±2%: it is likely that this could be improved further, but we decided to wait for

the improved setup discussed in section 8.3 before attempting this.

6.3 Optical Setup

In this section I shall discuss the optical setup around the acousto-optical deflec-

tor. As the optics surrounding the intensity servo have been discussed extensively

in section 6.1.2, this section deals only with the optics illustrated in figure 6.2.

To illustrate the principle of the scheme, I will first describe the simplest imple-

mentation of the same principles: hopefully this will illuminate the later technical

discussion of the system as it exists in our experiment. Another discussion of the

technical details of the implementation can be found in Williams et al. (2008).
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6.3.1 Initial Optics

From the dipole trapping table (illustrated in figure 6.1), the dipole trapping beam

is transferred to the main table by means of a single mode polarization preserving

optical fibre: this also serves as a spatial filter, improving the mode quality of

the output light. Typically we obtain approximately 60% transmission efficiency

through this fibre.

On emerging from the fibre, the light is collimated to a 1/e2 beam diameter of

approximately 5 mm. By using such a large beam diameter, we reduce the extent

to which the beam will diffract in passing through the aperture of the AOD and

thus we maximize the number of distinguishable beams generated by the AOD:

this is not crucial for the current configuration of the experiment. The optical

layout after being collimated out of the fibre is shown in figure 6.2

The polarization preservation of the fibre is not perfect, so we also place a

polarizing beam-splitter immediately after the fibre. This converts any fluctuations

in polarization from passing through the fibre into intensity fluctuations, which are

removed by the intensity servo. The polarization of the beam is then adjusted to

give maximum diffraction efficiency in the AOD.

Immediately after the AOD, we have a single, 5 mm diameter beam deflected

once in each of the x and y axes: the other orders are blocked by a beam shield.

This first order beam must be converted into a set of beams which when focussed

by the four-lens objective will generate a two-dimensional lattice in the focal plane

of the objective lens. This can be accomplished by an arrangement of optics

developed by my co-workers Ross Williams and Jean-Damien Pillet.

6.3.2 Scheme in Principle

Figure 6.5 illustrates the basic principles of the scheme. The simplest implemen-

tation of the concept resembles a Michelson interferometer: we begin with a non-
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Figure 6.5: An illustration of the lattice scheme in one dimension. a) illustrates the optics
involved, discussed further in the text. b) is a depiction of how the beams generated by

this scheme interact to form a lattice in the focal plane of a focussing lens.

polarizing beam splitter (NPBS) which divides the incoming beam equally between

the two arms of the interferometer. One arm just consists of a mirror reflecting the

beam back on to the NPBS, where half of it is reflected off towards the remainder

of the system.

The other arm contains a lens, which bends the beam to the axis of the lens in its

focal plane. A mirror is then placed in the focal plane and aligned perpendicularly

to the incoming beam path so the beam is reflected back towards the lens at the

same angle to the optical axis but on the opposite side of the axis. When this

beam reaches the lens it is made parallel to the optical axis of the lens and thus

to the incoming beam, but it is displaced to the opposite side of the optical axis.

This beam is partially transmitted through the beamsplitter: thus the result of

the whole apparatus is to produce two parallel beams at 90◦ to the incoming beam

path. Part b of the same figure illustrates how these two parallel beams create a

one-dimensional optical lattice in the focal plane of a focussing lens.
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Note that as the lenses and mirrors are rotationally symmetrical that this

scheme will produce a one-dimensional lattice regardless of the direction in which

the input beam is displaced from the optical axis: the orientation only determines

the orientation of the fringes. Thus a one-dimensional horizontal lattice can be

constructed by using the AOD to deflect a beam by 52 MHz in the x axis and

50 MHz in the y axis, while a vertical lattice might use a deflection of 52 MHz

in the y axis and 50 MHz in the x axis. A rotating lattice can be constructed by

sinusoidally varying the frequency of deflection for both axes, with a π/2 difference

between the two axes’ modulation phase.

6.3.3 Experimental Implementation

The simple scheme discussed above is a poor idea experimentally because it dis-

cards half the available power: with an ideal NPBS each of the two output beams

will have only a quarter of the power of the input beam. To generate a lattice we

require that the two beams are coherent, which implies that this power loss is un-

avoidable for the two-beam case corresponding to a one-dimensional lattice. More

options become available when we move to the four-beam configuration needed for

a two-dimensional lattice. Figure 6.6 is a detail from figure 6.2, giving a clearer

view of the lattice optics as we have actually implemented them experimentally.

We now use polarization components instead of the non-polarizing beam-splitter

used in the simpler discussion. Thus the first component of the lattice optics is

a quarter-wave plate: this is adjusted to ensure that the beam power is divided

equally between the two outputs of the polarizing beam splitter. The 75 cm lens is

placed so that its back focal plane is the output of the AOD, and thus it converts

the angular displacement of the deflected beam into a displacement from the opti-

cal axis. The optical axis in this case is defined as the path of the beam deflected

by 50 MHz in both conventional axes. The optical axis is indicated by the arrows
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Figure 6.6: A detailed view of the optics used to generate the four parallel beams which
produce a two-dimensional optical lattice when focussed through the four lens objective.
Note that this setup uses polarizing beam-splitters in place of the NPBS in figure 6.5.
As in figure 6.2, the letter P enclosed in a square represents a normal periscope while a
cross superimposed on the boxed P indicates a periscope which also deflects the beam

by 90◦ in the horizontal plane.

in figure 6.6.

The next section of the apparatus is almost identical to the system discussed

in section 6.3.2: the one change is the use of a polarizing beam splitter (PBS). As

the input light is circularly polarized, the beams in each arm have equal power

and orthogonal linear polarizations. The quarter-wave plates in each arm are set

so that when the beam has passed through the wave plate twice (once outwards,

once on the return journey) the polarization is rotated by 90◦. The arm that was

reflected is now transmitted and vice-versa, so both beams continue ”down” the

diagram.

Leaving the upper, interferometer-like section of the apparatus we have two

parallel beams of orthogonally polarized light: these both pass through a half-

wave plate which rotates their plane of polarization through 45◦. Thus each of

the two beams is now made up of an equal mixture of horizontally and vertically

polarized light. When the beams pass through the following PBS, both spots
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are split equally to give two parallel beams of identical polarization in each arm.

(Clearly the polarization of the beams in one arm is orthogonal to that of the

beams in the other.)

The vertically polarized components are reflected by the PBS and directed into

a periscope with the upper and lower mirrors mounted at 90◦ to each other. This

rotates the pair of beams through 90◦ and thus changes the horizontal displacement

between the beams before the periscope into a vertical displacement between the

beams afterwards.

The horizontally polarized components of the two beams are transmitted by

the PBS, and sent to an arrangement of two mirrors at 45◦ to each other. This

arrangement is similar to that of the pentaprisms commonly used in photography:

it deflects the parallel beams through 90◦ without changing the handedness of

the image. This is required to ensure that when the lattice is rotated both the

horizontal and vertical fringes rotate in the same sense.

Both arms are recombined on the final PBS, producing a square of four parallel

beams, with adjacent vertices of the square having orthogonal polarization. The

intensity distribution of these beams when focussed through a lens is illustrated in

figure 6.7.

After leaving the final PBS, all that remains is the remainder of the telescopes

for preparing the beam size and separation for the 4-lens objective. Looking at the

optics laid out in figure 6.2 we see that there are six lenses between the output of

the AOD and the atoms; all are separated from the preceding and following lenses

by the sum of the two lenses’ focal lengths, so there is effectively a series of three

telescopes. There are two quantities of interest to trace through this system: the

displacement of the beam from the optical axis and the waist size of the beam. The

displacement of the beams from the optical axis determines the lattice spacing, and

so will be discussed in relation to our calibration in section 7.1.1.
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Figure 6.7: This image was taken by focusing the four beams generated by the apparatus
discussed in section 6.3.3 on to a Starlight XPress SXVF M7 camera. It illustrates the
formation of a two-dimensional lattice at the intersection of the beams. This data was

taken and the figure generated by Ross Williams.

The lattice trapping beam is initially collimated with a 1/e2 radius of 2.75 mm.

In passing through the telescopes the beam waist of the lattice beam is reduced by a

factor of 0.03, resulting in a beam waist after the 4-lens objective of approximately

80 microns.

6.3.4 Polarization and the rotating lattice

Section 6.3.3 describes the scheme as it existed for the experiments described in this

thesis: in particular, the lattice beams were polarized vertically and horizontally.

In this arrangement the potential depth of the lattice will vary sinusoidally during

a circular rotation.

To understand how this variation occurs, let the focal plane of the lattice optics

be parallel to the x-y plane and consider the horizontally polarized lattice beams.

If we allow the lattice beams to rotate around the axis of the system, the lattice

beams will have some separation in each of the x and y directions. We consider

the two extreme situations: first, where the lattice beams are initially separated
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Figure 6.8: This figure illustrates the situation when horizontally polarized lattice beams
are separated in the x direction. The instantaneous E field from the upper and lower
beams have components in the x and z directions. The component in the x direction
provides the lattice: the fields interfere constructively to increase the field. The compo-
nents in the z direction from the two beams have opposite signs, and cancel out. Thus
some of the E field does not contribute to the lattice, resulting in a lower lattice depth

than is obtained when the beams are separated vertically.

in the x direction to give fringes parallel with the y direction and secondly where

the lattice beams are initially separated in the y direction and give fringes parallel

with the x direction.

When horizontally polarized lattice beams are separated in the vertical direc-

tion, their associated electric fields will be parallel to each other: when the two

beams interfere, the intensity in the peaks Ip will be equal to four times the in-

tensity in a single beam I0 (Ip = 4I0) and the intensity in the troughs It will be

zero (It = 0). When horizontally polarized beams are separated in the horizontal

direction, however, their electric fields do not lie completely in the focal plane of

the lattice system. Figure 6.8 illustrates this situation. At x = 0, for example,

that portion of each beam’s electric field which lies in the plane of the lattice will
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interfere constructively while the portion which is perpendicular to the plane will

interfere destructively. In this case the maximum intensity in the lattice will be

less than four times a single beam intensity (Ip < 4I0) and so the lattice depth will

be lower than it was for a vertical separation of the beams.

Thus as this pair of beams is rotated from vertical to horizontal and back again

the lattice depth will fluctuate. This change in the potential will heat the atoms.

This problem does not arise when the lattice beams are circularly polarized: in

this case the proportion of the field lost as described above is constant throughout

the rotation. Circular polarizations are thus strongly recommended for future

implementations of the rotating lattice scheme!

6.3.5 Aligning the lattice optics

The procedure for aligning the lattice optics requires care and patience, but is

conceptually simple. For the purposes of alignment, the system can be broken into

two portions. In figure 6.6, the first section is the interferometer setup above the

half-wave plate and the second section the periscopes below it.

The two arms of the interferometer are aligned by removing the waveplates

so that light incoming along the optical axis of the system is reflected from the

mirrors and transmitted back along the input beam. This can be optimized by

arranging the reflected light to be back-coupled through the dipole trapping fibre.

The second half of the system should be aligned with two conditions in mind:

first, that the output beams from the two arms are counter-propagating and sec-

ondly that the beam should be able to be rotated at the largest possible frequency

gap without clipping. This is best accomplished by monitoring the beam just after

the lattice optics and just before the 4-lens objective with CCD cameras; counter-

propagation can be achieved roughly by viewing a single beam rotating and more

carefully by ensuring the lattice fringes do not change size during rotation.
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Following this procedure carefully can take several days.

6.3.6 Aligning the beam on to the atoms

As we built the experiment, one of the major hurdles we faced was obtaining

and maintaining the alignment of the lattice beams on to the atoms: in all we

probably spent months on this alone. In time, we developed the procedure which

I will describe in this section: by following this procedure we can align the lattice

beams from scratch within approximately a week.

The largest single improvement in our alignment procedure came from adding

the axial absorption beam, discussed in section 3.9. We begin aligning the axial

absorption beam by ensuring that the beam falls on to the CCD; we then try to

use the axial absorption beam for imaging, successively increasing the size of the

cloud until we can see the edge of the cloud in the absorption image. The axial

absorption beam can then be walked so that it is centered on the BEC.

If aligning the system from scratch, the next step is to ensure that the axis of

the 4-lens objective is aligned along the axial absorption beam (and thus hopefully

along the axis of the cloud). We accomplish this by inserting a carefully machined

cylinder into the barrel of the 4-lens objective; the cylinder has small central aper-

tures top and bottom and is machined to within 50 microns of the objective barrel’s

diameter along a length of 30 mm. We align the objective by measuring the power

of the axial absorption beam after passing through the objective and change the

alignment of the lens to maximize the transmitted power.

Having followed the procedure thus far we have a well-aligned set of lattice

beams and an axial absorption beam which is centered on the magnetic trap and

passing along the axis of the four-lens objective. The next stage is to take a single

dipole trapping beam on the axis of the lattice optics and ensure that it is counter-

propagating with the axial absorption beam. This alignment cannot be done as
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precisely as other stages of the procedure because the axial absorption beam is

rapidly expanding after the 4-lens objective. Thus the lattice beams should be

focussed near the magnetic trap, but are not necessarily precisely aligned on to it.

Having followed the procedure thus far, ideally one would observe an effect

on the cloud from exposure to the dipole trapping beam and then optimize the

alignment to maximize the effect. Because of the uncertainty in the final stage

of the alignment discussed above, however, sometimes no effect is observed. In

order to locate the atoms more precisely we tune the Ti-Sapphire from 830 nm

towards resonance at 780 nm in order to increase the effect of the beam on the

cloud. Having observed some effect it is then straightforward (if time consuming)

to optimize the alignment, changing the laser wavelength towards 830 nm in steps

of about 20 nm as one goes.

6.3.7 The Four Lens Objective

Recall from equation 7.1 that the fringe spacing d in the focal plane of a lens

is inversely proportional to sinα where α is the angle between the interfering

laser beams and the optical axis in the focal plane of the lens. Thus for a fixed

wavelength increasing the angle α decreases the fringe spacing: the maximum value

of α and thus the minimum fringe spacing is determined by the numerical aperture

of the lens used to focus the beams2. We therefore seek to maximize numerical

aperture in order to obtain the smallest lattice spacing possible.

As part of the previous experimental concept, we intended both to pursue high

resolution fluorescence imaging to resolve small numbers of atoms and to produce

an array of tightly focused spots. Both of these aims also require a high numerical

aperture lens so a suitable lens was designed and built by Baranowski (2005),

2The numerical aperture or NA is defined as NA = n sin θ, where n is the refractive index
outside the lens and θ is the largest angle to the optical axis obtained when collimated light is
focussed through the lens. (Jenkins and White, 1937)
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modified from an original design by Alt (2002). In his original design, Alt looked

for a system to collimate radiation from a point source that would meet five criteria:

• The lens system must produce a diffraction limited spot-size on axis for high

resolution imaging.

• In order to capture as many fluorescence photons as possible, the lens system

must have a large numerical aperture.

• It must minimize spherical aberration for the combined lens-vacuum cell

system.

• The working distance must be large ( 40 mm) to allow space for magnetic

coils and optical access.

• The diameter of the system must be less than 30 mm to fit between the

existing coils.

All of these criteria are still relevant for our purposes - the most significant modifi-

cations made to Alt’s scheme were to shift its operating wavelength from caesium’s

resonance at 852 nm to rubidium’s at 780 nm. Both the original design work and

Baranowski’s modifications were done by using Sinclair Optics’ OSLO ray-tracing

software to vary the radii of curvature of the lenses and the spacing between them

for fixed values of the operating distance and numerical aperture to find the con-

figuration which produced minimum aberrations3.

Figure 6.9 shows the final lens system, as optimized for imaging at 780 nm.

Given that the lens nearest to the atoms has a clear aperture of 23.5 mm and

the working distance of the lens is 40.5 mm, geometry tells us that the numerical

aperture must be less than or equal to 0.28. In fact, OSLO suggests an effective

numerical aperture of 0.27 after accounting for residual abberations.

3See http://www.sinopt.com/ for more information about OSLO
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Figure 6.9: a) illustrates the construction of the 4-lens objective. It was assembled in a
brass tube, with precisely machined spacers between the lenses. All lenses are 25.4 mm
in diameter. The aperture is limited to 23.5 mm by the retaining ring visible at the end
of the lens. b) is a picture of the assembled lens-system as it is in the experiment. This

figure from Baranowski (2005).

The Four Lens Objective for Imaging

The four lens objective is also used for fluorescence and axial absorption imaging:

in this role, it is important to know what the resolution of the lens system is.

The simulations performed by Baranowski (2005) suggest that the performance

of the lens system should be diffraction-limited (for an aperture of 23.5 mm, this

corresponds to a resolution of approximately 1.6 µm for light at 780 nm): his

experimental tests measured a resolution of approximately 2.5 µm.

Once the four-lens objective was in place in the experiment and correctly

aligned, further measurements could be taken to make an estimate of the reso-

lution more directly applicable to our experimental purposes. We placed a glass

slide including an Air Force R70 resolution target (as defined by MIL-STD-150A,

1959) into the experiment at a position close to the center of the magnetic trap.

With a low-power (< 1 mW) beam illuminating the slide via the four-lens objec-
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tive, we adjusted the axial position of the slide to minimize observed spot size and

thus located the focal plane of the four-lens objective.

We then used the acousto-optical deflector to split the dipole trapping beam

gradually into two. Figure 6.10 illustrates the spots observed through the four-lens

objective at a variety of different frequencies. The frequencies have been converted

to distances by a two-stage process: we used an image of the resolution target to

calibrate the size of a pixel on the camera, then took note of the beam position in

pixels against frequency to calibrate the deflection (in pixels) for a given change

of RF frequency to the AOD. From the figure, we can see that the two spots are

just distinguishable below 3.1 µm, and clearly distinguishable at 3.8 µm. This is

consistent with the diffraction-limited simulated spot size of 1.6 µm.
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Figure 6.10: This figure shows the results of an in-situ measurement of the resolution of
the four lens objective. Note that two laser spots are clearly resolved at a center-center
separation of 3.8 µm and just resolved at 3.1 µm. This suggests an upper limit for
spot-size of 1.9 µm. Note that the frequencies listed are the deflection of each spot from
the center, so the center to center distance is related to twice the given frequency. The

separations given are according to a calibration with experimental error of 4%.



Chapter 7

Experimental Results

In this chapter I will lay out the first results achieved with the apparatus described

in the preceding chapters. These experiments are not yet complete: obviously

each could be improved with a larger dataset. Rather, these are intended as an

indication of the potential of the apparatus and of some of the issues which my

colleagues will be exploring in the coming months.

7.1 Calibrating the Lattice Spacing

Before any further experiments can be performed, it is necessary to determine the

relationship between the frequency of the RF input to the AOD and the spacing of

the resulting lattice. This section describes the theoretical relationship we expect

from geometrical optics and the experiments we carried out in order to find the

true calibration.

108
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7.1.1 Theoretical calibration

The lattice spacing is determined by the separation of the interfering beams when

they reach the four-lens objective, and thus by the optics laid out in figure 6.2.

Consider a beam with frequency offset δν from the frequency corresponding to the

axis of the lattice optics. By differentiating equation 6.1 we see that the angular

deflection δΘ of the beam will be:

δΘ =
δνλ

vs cos(0.5ΘOA)

where ΘOA is the angle by which the optical axis of the lattice system is deflected

from the zeroth order beam. The first lens is placed its own focal length (f1 = 75

cm) after the AOD: after passing through this lens, the beam will be travelling

parallel to the optical axis at a linear offset of x = f1 tan(δΘ) from the optical

axis. It will then pass through the lattice optics, being split into four beams each

offset by the same amount x in different directions.

The following two lenses have focal lengths of f2 = 10 and f3 = 17 cm respec-

tively and thus magnify the displacement of the beams from the optical axis by

a factor of M = f3/f2 = 1.7: the linear offset thus becomes x′ = Mf1 tan(δΘ),

where Mf1 = 127.5 cm. Two further 75 cm lenses act as a unity-magnification

telescope, so when the beams reach the 4-lens objective they are each travelling

parallel to the optical axis and offset by x′ from it.

The four-lens objective focuses incoming parallel light at its focal length, and

is positioned so that its focal plane falls on the magnetic trap. When a lattice is

formed by the intersection of two beams we find from geometry that the lattice

spacing d is given by

d =
λ

2 sinα
(7.1)

where λ is the wavelength of the dipole trapping light and α is the acute angle
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between each of the beams and the optical axis. From geometry we see that a beam

offset by a distance x′ from the optical axis on entering a lens of focal length f will

cross the optical axis in the focal plane of the lens at an angle α = tan−1 (x′/f).

Putting this all together, we expect the fringe spacing to vary with the frequency

offset dν according to:

d =
λ

2 sin
(
tan−1

(
Mf1

f4
tan(δΘ)

)) (7.2)

where f4 is the focal length of the four-lens objective, measured to be 4.05(3) cm.

For a 1 MHz change in frequency, δΘ = 10−3 radians and Mf1/f4 = 35 so we can

make the small angle approximation to eliminate all of the trigonometric functions

in equation 7.2. We then obtain the approximate relation:

d =
10.5

δν

where d is in microns and δν is in MHz.

7.1.2 Diffraction from a static lattice

One of the simplest situations in wave optics is a plane wave incident on a grating

or series of gaps; each gap in the grating serves as a source of wavelets propagating

in a semicircle forward from the gap (this is known as diffraction). Intensity

maxima are observed where the distance from one gap to the plane of observation

differs from distance from the next gap in either direction by an integer number

of wavelengths. This results in intensity maxima which run parallel to the gaps in

the grating.

Ultracold atoms can be treated using wave optics because the extremely low

temperatures and momenta mean that the de Broglie wavelength of the atoms
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is large in comparison to the scale of the atom. In a Bose-Einstein condensate

these effects are even more clear because all of the atoms in the condensate share

a common wavelength. When a sinusoidal trapping potential such as an optical

lattice is applied it separates the condensate into a number of independent sources

of matter waves. Just as in the simple case described above, this leads to intensity

maxima parallel to the gaps between the wave sources (in this case, parallel to the

fringes of the optical lattice.)

The fringes produced by this diffraction are a commonly-used method for cali-

brating the spacing of an optical lattice. Huckans (2006) We chose to pursue this

method first because we could not observe the lattice spacing directly in our initial

attempts at axial imaging.

For these experiments we loaded the lattice from a weakened trap, with ωz =

2π×4.2 and ωr = 2π×14 radians per second. Whilst weakening the radial trap from

the high values used for evaporative cooling the vertical position of the magnetic

trap was maintained by ramping up a constant field from the MOT quad coils in the

Helmholtz configuration. This method was not used in the experiments discussed

later in this chapter because it produces a sloshing motion with magnitude of

approximately ±6 microns radially and axial slosh on the order of ±20 microns.

There are two regimes of interest for diffraction from optical lattices. In the

first regime the atoms are loaded into the ground state of the lattice. This can

be accomplished if the lattice is ramped on adiabatically with respect to the en-

ergy separation between lattice energy levels: Dahan et al. (1996) shows that the

adiabaticity criteria for an optical lattice with potential depth less than the recoil

energy ER = h̄2k2

2m
(where k = 2π

d
and d is the lattice spacing) is given by

∣∣∣∣∣ ddt U0

ER

∣∣∣∣∣� 32
√

2ER
h̄

(7.3)
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where U0 is the lattice depth.

Experimentally, one typically wants to span the range from U0 ≈ 0 to U0 ≈

100ER; for a 5 micron lattice equation 7.3 shows this can be done linearly in

approximately 4 ms. A non-linear ramp can be more rapid as the adiabatic rate

increases with increasing U0.

The second regime of interest is where the lattice is on for very short times. In

the simplest case(the Raman-Nath regime) we neglect the kinetic energy term in

the BEC’s Hamiltonian during its interaction with the lattice. This approximation

is valid so long as there is no change in density of the cloud on the scale of the lattice

periodicity. In practice this means that the interaction time of the lattice with the

atoms must be much less than the oscillation period of the harmonic oscillator

potential at each lattice site and thus implies linear growth of momentum with

interaction time. Beyond the Raman-Nath regime in short times of flight more

complicated simulation is needed.

We choose to explore the short interaction time regime first. For these experi-

ments, we exposed the BEC to a 1D lattice with horizontal equipotentials. Initially

we saw clouds extended in the radial direction but not clearly resolvable as diffrac-

tion: by increasing the time of flight to 30 ms, we obtained the data shown in

figure 7.1.

The diffraction of Bose-Einstein condensates in the short interaction time regime

is discussed theoretically (without making the Raman-Nath approximation) in Jan-

icke and Wilkens (1994), and explored experimentally in Huckans (2006). For deep

optical lattices (U0 > 10Er), the behavior can be treated satisfactorily in an en-

tirely classical fashion. We imagine that initially the atoms are spread uniformly

over a region of many lattice spacings. When the lattice is suddenly turned on,

the atoms accelerate towards the center of the lattice site. Clearly the maximum

kinetic energy which can be gained in this way is equal to the lattice depth U0: thus
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Figure 7.1: This figure shows the first evidence of diffraction from the lattice observed
with our experiment. For this shot, the lattice spacing was approximately 2.6 µm and
the lattice depth was approximately 200 lattice recoils. The cloud was exposed to the
lattice for approximately 80 µs before simultaneous release from the magnetic and dipole
potentials. The cloud was allowed to expand ballistically for 30 ms before this image was
taken. The beam was detuned away from resonance by approximately 0.5Γ to reduce
absorption and highlight regions of high optical density. This image represents a region

of approximately 4 mm on a side.

we expect the momentum of the atoms to be bounded by the value corresponding

to a kinetic energy equal to U0.

Extending this model slightly further, we can see that for very short time scales

the atoms will not gain all of the energy available from the sudden imposition of

the potential. Thus for short times the spread of the momentum distribution will

increase with time before finally saturating.

Now consider the situation at saturation: all the atoms which had been at the

edges of the potential have been accelerated to the center of the potential well

and now have their maximum momentum (thus the Raman-Nath approximation

is no longer valid). If we let the system evolve further with the lattice potential

applied, this momentum will take the atoms away from the potential minimum

and they will begin to decelerate. After a rephasing time tr approximately equal

to half the oscillation period of the lattice site trapping potential the atoms should

again be in their initial state: evenly distributed across the lattice site with zero

velocity. In time-of-flight this will appear as a ‘rephasing’, or a collapse of the
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Figure 7.2: This figure illustrates the evolution of final momentum with the interaction
time between a BEC and a standing-wave light field. The axes are plotted in normalized
units, with momentum plotted in units of the recoil momentum of a photon in the
light field and interaction time plotted in terms of the inverse of the angular frequency
corresponding to the recoil energy. This figure is taken with permission from Janicke

and Wilkens (1994).

spatial distribution back to the center of the distribution. Janicke and Wilkens

(1994) use an exact diagonalization of the Hamiltonian coupled with numerical

simulations to produce the predicted behavior illustrated in figure 7.2

In our experiment, we began by evaporating to obtain a BEC of 2× 105 atoms

at a phase-space density of 5. In order to focus on the highest density portions of

the cloud, we detuned 5 MHz from the probing resonance. We then took a series

of shots in which we used a fast switch to suddenly turn on the lattice potential

in the vertical direction. We left the lattice on for times varying from 10-250 µs.

The distribution of the atoms in time of flight is similar to a ‘top hat’, so the 1/e2

width of the distribution was measured to determine zmax and thus the maximum

momentum of the atoms.

We did this for three different AOD deflections: 3.5 MHz, 4 MHz and 4.5

MHz from the optical axis. Figure 7.3 illustrates the data taken for 4.5 MHz from

the optical axis. Note both the expansion and collapse predicted by the model

discussed above. From the classical model, we expect the maximum spatial extent

of the cloud zmax to correspond to the momentum kmax which comes from a kinetic
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Figure 7.3: This figure shows absorption images taken after 34 ms of ballistic expansion
which are a proxy for the momentum distribution of the cloud. The evolution with time is
in reasonable agreement with the predictions shown in 7.2 - i.e. an initial approximately
linear growth with time, followed by saturation at a fixed width and then collapse to zero
momentum. The lattice depth U0 can be deduced from the maximum spatial extent of
the cloud and this can be combined with the observed rephasing time to give an estimate
of the lattice spacing. From these data we calculate a lattice spacing of 2.6(2) µm, which
does not agree with the value of 2.0 µm calculated in section 7.1.1. See text. Each image

is a square of 800 microns on each side in the focal plane.
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energy equal to the lattice depth U0. Thus:

h̄kmax = mvmax

= m
xmax
ttof

U0 =
(h̄kmax)

2

2m

= m
x2
max

2t2tof

We expect the rephasing time tr to be equal to half an oscillation period for the

lattice site’s trapping frequency ωL:

tr =
π

ωL

ωL =
π

d

(
2U0

m

)0.5

d = tr

(
2U0

m

)0.5

We performed these measurements and calculations for three different lattice spac-

ings: the results for each are illustrated in table 7.1. We see that the experimentally

calculated lattice spacings are increasing with frequency change rather than de-

creasing as we expect! We also note that there are measurement errors on the

order of 10%: these arise in equal parts from the difficulty of determining the

rephasing time given non-perfect rephasing and from the measurement errors in

finding zmax. In order to check this unexpected result with smaller measurement

errors, we decided to move on to improve axial absorption imaging of the lattice.

7.1.3 Imaging Atoms in the Lattice

We turned our attention back to optimizing axial absorption imaging of the lattice.

We were able to improve the quality of the images we obtained by reducing the
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Frequency change Predicted lattice xmax tr Calculated lattice
from axis (MHz) spacing (microns) (microns) (µs) spacing (microns)
3.5 2.57 344± 16 200± 10 2.02± 0.14
4 2.25 336± 16 220± 20 2.17± 0.22
4.5 2 424± 16 170± 10 2.62± 0.18

Table 7.1: Results taken from using the simple classical model discussed in the text to fit
to our data of the time-evolution of the momentum distribution with lattice interaction
time. The error in xmax is assuming a measurement error of one pixel either way on the
full width of the distribution. The error in the determination of the rephasing time tr
is due to the subjectivity of determining the rephasing time given that there is always

some occupation of higher momentum states.

intensity of the probing beam and re-optimizing the detuning of the axial absorp-

tion probe beam. After taking these steps, we were able to obtain the image shown

in figure 7.4 for a lattice corresponding to a 0.3 MHz deflection from the optical

axis. We were unable to get clear images for lattices with smaller spacings using

the optical setup as it then was.

With the resolution we have measured for the 4-lens objective, it ought to

be possible to measure lattice spacings on the order of microns, rather than the

spacings of roughly 25 microns we have measured here. We took several steps

to try to improve the imaging: the first was to change the way we ramped our

magnetic trap down. Previously we had ramped the currents through the baseball

and bias coils to obtain a weak trap: this caused the axial trapping to change and

induced a sloshing motion for the trapped atoms. We changed the sequence to

ramp down only the bias coil, which should reduce the radial trapping frequency

without changing the axial confinement or the radial field gradient.

While studying the magnetic trap ramps, we also discovered that it takes ap-

proximately 500 ms after the control voltage for the magnetic trap currents have

been ramped down to reach a stable current in the magnetic trap. We adjusted

our ramp-down sequence to ensure that we were not attempting to load the lattice

until this settling was completed.
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Figure 7.4: An image of atoms trapped in the optical lattice taken by absorption imaging
along the axial direction. The signal input to the AOD to generate this lattice is offset
by 0.3 MHz from the optical axis of the lattice system. The axes are labelled in pixels:
as each pixel is 16 µm on a side and the magnification is found to be 24.7 the image

shown is approximately 200 µm square.

We also abandoned the attempt to maintain the vertical position of the trap

during the ramp-down by ramping up the MOT quads with opposite currents:

while this supported trap did succeed in maintaining the vertical position of the

trap, it offset the trap by approximately 100 microns in the axial direction and

induced a sloshing motion. Returning to an unsupported trap resulted in the

location of the weak trap moving down by a few mm: we realigned the axial

absorption beam and the four-lens objective to ensure that they were aligned on

to the new trap position.

Having made these changes, we obtained images like the one shown in part

a) of figure 7.5: this shot was taken with a frequency deflection of 0.7 MHz from

the optical axis, which according to the calibration in section 7.1.1 gives a lattice

spacing of 12.9 microns.
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a)

b)

Figure 7.5: a) An image of lattice-trapped atoms in axial absorption. In this shot the
AOD signal was offset by 0.7 MHz from the optical axis. The axes are labelled in
pixels: as each pixel is 16 µm on a side and the magnification is found to be 24.7 the
image shown is approximately 130 µm square. b) shows the frequency-space intensity
distribution obtained by a two-dimensional fast Fourier transform of the data: this gives

a lattice spacing of 17.7(6) microns.
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7.1.4 Calibrating the Lattice Spacing

With clearer pictures of lattice-trapped atoms available, the next task was to mea-

sure the spacing of the lattice seen in the image and compare it to our theoretical

expectations. We determine the lattice spacing by using MATLAB’s ‘fft2’ routine

to perform a two-dimensional fast Fourier transform of the image to convert it into

frequency space: this is the preferred method of analysis because it is unaffected

by the orientation of the lattice fringes in the focal plane. The frequency space

image obtained from an FFT is shown in part b) of figure 7.5, giving a lattice

spacing of 17.7(6) microns.

As a cross-check the data was integrated along each of the axes separately

and fitted with multiple Gaussian peaks. The lattice spacing estimated from the

average distance between the peaks of the fitted Gaussians was 16.7(6) microns,

which is consistent with the measurement from the Fourier transform to within

the experimental error on the measurements. The Gaussian fits are illustrated in

figure 7.6.

Repeating this process with a series of further shots at different lattice spacings

gives the results shown in figure 7.7. The most significant point to note from these

data is that the vertical and horizontal lattices have distinctly different spacings:

additionally, neither the vertical or horizontal spacings we observed are consistent

with the theoretical prediction from section 7.1.1.

7.1.5 Measuring Beam Separation before the 4-lens Objec-

tive

We see from figure 7.7 that the lattice spacings we obtain from direct imaging of

the lattice are not consistent with our prediction from section 7.1.1. One possible

explanation of this is that the optics which shape the beam separation are slightly
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Figure 7.6: For this figure the data illustrated in part a of figure 7.5 was integrated
along the x and z axes to give the lower and upper traces respectively; fitting multiple

Gaussian peaks to the resulting profile gives a lattice spacing of 16.7(6) microns.
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Figure 7.7: This figure shows the experimentally measured lattice spacings for both the
FFT method and for fitted Gaussians as a function of the frequency difference applied
to the AOD, as discussed in the text. Note that the vertical and horizontal spacings
are significantly different, and that neither is consistent with the geometrical optics

prediction.
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misaligned or misplaced: to test this hypothesis, we need to measure the separation

of the beams before they pass through the four-lens objective and compare this to

our prediction.

This was done by placing a high-quality mirror just before the 4-lens objective

to divert the lattice beams on to a CCD: one of these images thus obtained is

shown as part a) of figure 7.8. By fitting Gaussian profiles to this image I found

the separation between the beams and thus calculated the expected lattice spacing:

this is illustrated in part b) of figure 7.8.

From part a) of figure 7.8 we see that the measured separation of the beams is

less than we would have expected from the calculation in section 7.1.1. This sug-

gests that at least one of the telescopes between the AOD and the 4-lens objective

is slightly displaced from its ideal position.

We also note that the beam separations are different horizontally and vertically,

and also that the variation of separation with frequency depends on whether the

initial offset from the optical axis is made in the x-direction or the y-direction.

This could result from a slight misalignment of one of the lenses or from the axial

displacement of the two acousto-optical deflectors resulting in the telescope setup

not being at the same distance for both.

From part b of figure 7.8, we see that the lattice size expected for the measured

beam separations is consistent with the lattice spacings measured by FFT to within

the experimental error.

By using a linear fit to part a of figure 7.8 in combination with the focal length

of the four-lens objective we obtain a new calibration of frequency offset to lattice

spacing, given approximately as:

d =
11.5

δf
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Figure 7.8: a) illustrates the beam separations observed vertically and horizontally im-
mediately before the four lens objective and compares these to the values expected from
the ideal system discussed in section 7.1.1. Part b compares the lattice spacing against
frequency relations measured via fast Fourier transform, the geometrical optics predic-
tion of section 7.1.1 and data calculated from the measured beam separation before the

4-lens objective.
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where d is in microns and δf is in MHz.

After I left the lab the lattice optics were realigned: this eliminated the differ-

ence between the horizontal and the vertical lattice spacings.

7.2 Implementing Rotation

Consider the position of the beam in the plane perpendicular to the optical axis as

the beam enters the lattice optics as being specified in plane polar coordinates. In

the experiments reported thus far we have considered only the periodicity of the

lattice formed; this is controlled by the magnitude of the offset of the incoming

beam from the optical axis of the lattice optics (r in plane polar coordinates) and

so can be varied by adjusting the deflection frequency applied to the beam by the

AOD. While all the experiments reported thus far were carried out with a lattice

aligned so that the fringes ran vertically and horizontally, it is also possible to

rotate the lattice relative to the vertical by altering the direction of the offset of

the incoming beam from the optical axis (φ). This rotation is illustrated in figure

7.9.

The optical lattice setup is arranged such that a deflection of the beam in

either the x or y directions alone produces a lattice with φ = 0, π
2

(where the

difference between φ = 0 and φ = φ
2

is that the polarization of the vertical and

horizontal fringes swaps over); other rotations can be achieved by deflecting the

incoming beam simultaneously in both the x and y directions. Having established

the flexibility of our lattice period, we began our initial investigation of the effects

of rotating the lattice on the atoms held in the lattice.
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Figure 7.9: The deflection of the initial beam by the AOD determines the angle of
rotation of the lattice potential. The left hand side of this figure shows the beams as
they would enter the four lens objective while the right hand side shows the lattice
potential obtained in the focal plane of the lens. In the top half of this figure we see a
beam deflected from the optical axis by 1 MHz in the y-direction and undeflected in the
x-direction: this forms a lattice with fringes running horizontally and vertically. The
lower half of the figure shows a beam which is deflected by sinφ MHz in the x direction
and cosφ MHz in the y direction: this produces a lattice rotated by φ relative to the

vertical.
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7.2.1 Lattices at arbitrary angles

The first step is to make sure that atoms are held in the lattice at whatever angle it

is inclined, so as to be sure that they will be held in the potential during rotation.

We imaged atoms held in the lattice for angles at 15o intervals from 0o to 360o.

Some of the images thus obtained are shown in figure 7.10.

7.2.2 Change in aspect ratio with rotation

Having determined that the atoms were held in the lattice for arbitrary angles,

we decided to investigate the effect of exposing a cold cloud to a rotating lattice.

The procedure we followed was to evaporate to BEC, then to ramp to the weak

magnetic trap and allow it to settle. We then ramped on the lattice over 100 ms

with the RF signal stable at 2 MHz deflection from the axis in the x-direction:

the lattice is ramped to a final power of approximately 0.6 mW per beam. A TTL

trigger was then sent to the DDS system which started both the x and y frequencies

oscillating sinuosoidally so as to result in the lattice rotating around the optical

axis. We imaged the cloud after 21 ms time of flight. Figure 7.11 compares an

unperturbed BEC to a cloud exposed to a static lattice and to a cloud which

has been exposed to a rotating lattice for approximately 125 ms. The lattice is

generated with a 2 MHz offset from the optical axis, giving an estimated lattice

periodicity of 5.8 microns. The cloud sizes are measured by integrating the images

shown in figure 7.11 along the X (axial) and Y (radial) directions separately and

fitting a Gaussian to the integrated profile: all sizes quoted are the e−2 half-widths

of the Gaussian.

Looking at axial size, we see a steady increase from the BEC (95(2) microns) to

the static lattice (98(1) microns) to the cloud exposed to the rotating lattice (102(1)

microns). This expansion is consistent with heating due to intensity variation in

the lattice beams during rotation.
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Figure 7.10: This figure illustrates atoms held in an optical lattice inclined at a variety
of angles in order to illustrate that trapping in the lattice is maintained throughout
rotation. These shots were taken with a total frequency offset of 0.7 MHz from the
optical axis; the color scale is the same as used in figure 7.5. The axes are labelled in
pixels: as each pixel is 16 µm on a side and the magnification is found to be 24.7 the

image shown is approximately 130 µm square.
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a) b)

c)

Figure 7.11: Conventional absorption images which illustrate the difference between; (a)
a BEC, (b) a cloud exposed to a static optical lattice for 125 ms and (c) a cloud which
has been exposed to a rotating lattice for 125 ms. In all three cases the cloud was allowed
to expand for 21 ms before the image was taken. The lattice was at 2 MHz deflection
from the optical axis (approximately 5 micron lattice spacing) and was rotated at 10
Hz in part c. The numbers on the axes indicate pixels on the CCD: as each pixel is 16
microns square and the magnification for these shots was approximately 2 , each image

is 800 microns square.
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Now consider radial size. The BEC has a radial size of 54.7(5) microns after

21 ms TOF; when exposed to the static lattice the radial size increases to 63.0(5)

microns. This is consistent with a BEC expanding from a harmonic trap made up

of a superposition of the magnetic trap and the Gaussian envelope of the lattice

beams. After being exposed to the rotating lattice, the cloud expands to 146(2)

microns.

Intuitively, one would imagine the sort of expansion we observe in figure 7.11

to be caused by the weakening of the trap potential as it supplies the centripetal

force for the rotation. If this is the case, it should vary with rotation frequency.

To investigate this, we fixed the rotation time at 125 ms and varied the rotation

frequency. The data thus acquired is illustrated in figure 7.12. We see from figure

7.12 that there is a sharp increase in the radial size with the onset of rotation: the

axial size is essentially stable, though there is a suggestion of a sinusoidal variation

with frequency for low frequencies which we intend to investigate further.

We have tried to model the behavior illustrated in figure 7.12, so far without

success. Our initial idea of centripetal force weakening the trapping potential

would actually produce the opposite result in time-of-flight: the weaker trap that

results from the centripetal acceleration leads to a larger initial size for the cloud

but reduces the rate of expansion by reducing the peak density.

We also modelled the cloud as a composite of several clouds, each of which

continues moving tangentially to the circular motion when the trap is released.

However, we found that the velocity generated by the rotation was not sufficient

to generate the radial expansion we have seen: the BEC has a radial size of order

10 microns, which even at a rotation frequency of 10 Hz would only lead to an

expansion of about 20 microns rather than the 80 microns we have observed. My

coworkers are continuing to investigate this behavior.

Both of the models discussed above are illustrated in figure 7.13.



7.2. Implementing Rotation 131

0 1 0 2 0 3 0 4 0 5 0 6 0
8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

 B E C
 T C

Ax
ial 

Siz
e (

mi
cro

ns
)

R o t a t i o n  F r e q u e n c y  ( H z )

A x i a l  s i z e  v s  r o t a t i o n  f r e q u e n c y  f o r  B E C  a n d  a  t h e r m a l  c l o u d

0 1 0 2 0 3 0 4 0 5 0 6 0

6 0
8 0

1 0 0
1 2 0
1 4 0
1 6 0
1 8 0
2 0 0
2 2 0
2 4 0
2 6 0

 B E C
 T h e r m a l  C l o u d

Ra
dia

l Si
ze 

(mi
cro

ns)

R o t a t i o n  F r e q u e n c y  ( H z )

R a d i a l  S i z e  v s  r o t a t i o n  f r e q u e n c y  f o r  B E C  a n d  a  t h e r m a l  c l o u d

Figure 7.12: These graphs show how the radial and axial sizes of a BEC and a ther-
mal cloud vary with the frequency at which the lattice is rotated. For these data, the
lattice was ramped on over 100 ms while stationary; the lattice was then rotated for
approximately 125 ms before being turned off simultaneously with the magnetic trap.
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Figure 7.13: Simple theoretical models fail to describe the change in radial size of the
cloud when exposed to a rotating lattice. The scatter plot gives the measured radial size
when the lattice is ramped up and then rotated for 125 ms at the frequency indicated.
The black line shows the expansion which would be expected for a classical model in
which atoms continue to move at their tangential velocity when the lattice is released.
The green line below it shows the behavior expected for expansion from a trap whose

radial frequency is reduced by the centripetal acceleration.
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7.2.3 Calculating the Heating Rate due to Rotation

Previous experiments involving rotating lattices have encountered significant prob-

lems with heating: in the work reported by Tung et al. (2006), for example, the

depth of the rotating lattice had to be very much smaller than the chemical po-

tential (U0 ≤ 0.1µ) to avoid heating the atoms out of the BEC regime. As the

heating in that experiment was primarily due to mechanical instability we ex-

pect our acousto-optical system to be less susceptible to heating, but this needs

to be verified experimentally. In this section we describe our efforts to measure

the heating rate and to compare that measured heating rate to a prediction from

theory.

As a worst-case scenario for heating we consider rotating the lattice without

applying the amplitude normalization discussed in section 6.2.4. We assume that

in this case the fluctuations in intensity due to rotation (≈ ±8%) will be the

dominant source of heating in the rotating lattice.

In order to measure the heating experimentally we evaporated to BEC, ramped

to the weak trap and then applied the lattice with a spacing of approximately 5

microns over 100 ms. We rotated the atoms at a frequency of 10 Hz for times

varying between 0 and 800 ms. We used the axial size of the cloud as a proxy

for the temperature of the cloud as it should be isolated from any other effects of

rotation: these temperature measurements are plotted against time in figure 7.14.

From an exponential fit to these data we find that the temperature of the cloud

will increase by a factor of e in a time constant of (359± 83) ms.

To model this situation theoretically, we use the results developed by Savard

et al. (1997): they considered a simple harmonic oscillator approximation to the

trapping potential and used time-dependent perturbation theory to model the

effect of a periodic modulation in trapping frequency such as would be generated by

an intensity fluctuation. In their paper, they developed the result that the average
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Figure 7.14: Axial temperature plotted against the length of the exposure to the rotating
lattice. A first-order exponential fit to the data is also shown, giving a time constant of

(359± 83) ms for the temperature of the cloud to increase by a factor of e.
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Figure 7.15: A theoretical prediction of the time taken for the average energy of the
atoms to increase by a factor of e derived from the noise spectrum of the rotation is
plotted on a logarithmic axis against the harmonic trapping frequency of an individual

lattice site.

energy of the atoms < Ė > will increase exponentially with a time constant TI

given by:

TI =
1

2π2ν2
trSε(2νtr)

(7.4)

where νtr = ωtr/(2π) is the oscillation frequency of the harmonic potential and

Sε(2νtr) is the one-sided power spectrum of the fractional intensity noise (I(t)−Ī)/Ī

at the first harmonic of the trapping frequency. In an asymmetrical trap, the

average time constant TI can be found by averaging the time constant for each

trapping frequency provided that the atoms are in thermal equilibrium.

The power spectrum was determined from a discrete Fourier transform of the

intensity variation data given in section 6.2.4 and used to calculate the energy

folding time TI for a range of trapping frequencies. These data are shown in figure

7.15: for our typical experimental conditions trap frequencies are on the order of

2π× 500 Hz in the plane of the lattice and 2π× 5 Hz axially, so these data suggest

that the folding time due to rotation should be on the order of 10 seconds. This

is much higher than the figure derived experimentally in figure 7.14.
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The data used to derive figure 7.15 was limited in sampling rate by the memory

available on the oscilloscope. After I left the lab, my coworkers repeated the

experiment with higher sampling rate. The noise spectrum obtained from that

data is consistent with the experimentally measured folding time of (359±83) ms.

In order to explore experimentally the theoretical ideas on cold-atom analogues

to the fractional quantum Hall effect, we need to rotate the atoms at approximately

the radial trapping frequency (17.2 Hz): it is not yet clear how many rotations will

be necessary to access the regime of interest. Thus this heating rate is experimen-

tally promising as it allows time to adiabatically ramp on the lattice (see section

7.1.2) followed by several complete rotations at a rotation rate approaching the

trapping frequency.



Chapter 8

Conclusions

As discussed in chapter 1, rotating and accordion lattices have significant potential

for exploring exciting new physics in systems of ultracold atoms. In this chapter

I shall briefly summarize the progress described in the preceding chapters towards

this goal, then compare the approach we’ve implemented to similar efforts being

undertaken by other research groups. Finally, I shall briefly outline the next steps

forward for improving the system.

8.1 Progress So Far

Harsono (2006) described the achievement of Bose-Einstein condensation in our

apparatus, our first observations of dipole trapping and the observation of atoms

trapped in a 2 by 2 array of dipole microtraps. Since then progress has been - if

not as swift as I had hoped - at least steady. Minor improvements have included

improved reproducibility by reducing the timing uncertainty in our experimental

sequence, installation of a laminar flow air system and enclosure for the Titanium-

Sapphire laser and a slightly improved alignment for the MOT table.

137
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We also changed the direction of the experiment: from intending to produce an

array of individual dipole microtraps to producing a more traditional optical lattice

potential. We took a significant step towards this goal with the implementation

of a direct digital synthesis based system for highly controllable and dynamic

generation of radio frequency signals. With the aid of the software described in

section 5.5, we achieve signals with spur suppression greater than 50 dB which can

be ramped in amplitude or frequency at update rates up to 1.5 MHz. This update

rate could be further extended by upgrading the digital IO card used to send data

to the DDS chips.

Our next step was to implement absorption imaging along the axis of the mag-

netic trap and the lattice beams. This allows us to image atoms held in the lattice

and - because it provides a reference for an optical path passing through the BEC -

has reduced the time required to align the dipole trapping beam has been reduced

from weeks to days.

Using the DDS system and the lattice optics described in chapter 6, we have

implemented and trapped atoms in an accordion lattice. We have imaged these

lattice trapped atoms resolvably at lattice periodicities from 30 to 10 microns: we

have used these images to calibrate the variation of lattice spacing with frequency

deflection. The relatively large lower limit for resolvable lattice sites is surprising:

it may be a consequence of the lack of a quantization axis in the axial absorption

direction. We observe lattice trapping but cannot resolve individual lattice sites

for lattice spacings down to approximately 3 microns, though at such large beam

separations we begin to lose power to clipping on the edges of the lattice optics.

Finally, we have demonstrated that we can rotate the lattice potential through

a full circle without losing confinement and then shown a frequency dependent

expansion of the condensate in the radial direction with rotation. We do not yet

fully understand the mechanism behind this expansion, but it is promising that
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we can retain atoms in the lattice for even relatively long rotation periods and

without extreme heating (at least in the axial direction).

8.2 Comparison to Other Work

Few experiments seem to have combined the idea of a rotating lattice with that of

an accordion lattice in the way that we have: thus I will review comparable work

in the fields of accordion lattices and rotating lattices separately. As discussed

in section 1.1.2, experimental work involving accordion lattices has been recently

reported by Huckans (2006) and Li et al. (2008): I’ll briefly describe the methods

used in each case to illustrate other possibilities.

Huckans implemented a 1D accordion lattice using a galvanometer for angular

deflection followed by a beam splitter and symmetric lenses to focus the split beams

on to the BEC. This scheme is illustrated in figure 8.1. Using the mechanical

motion of a galvanometer in this fashion introduces some noise due to dither,

though with a sufficiently expensive galvanometer this can be reduced to below

the level of noise introduced by the signal generator driving the galvanometer

position. This scheme could be extended to create a two-dimensional accordion

lattice, though it would require a substantial amount of space on the optical bench:

given the separate lenses used, however, rotation could only be implemented by

physically rotating the breadboard containing the accordion lattice optics.

Li et al. (2008) have implemented a system very similar to the first stage of

ours, illustrated in figure 8.2. Although it has not yet been applied to cold atoms,

they demonstrate a continuous change in lattice periodicity from 0.96 microns to

11.2 microns with the center fringe moving by less than 3 microns. Extending this

scheme for rotation would result in a scheme almost identical to ours.

The most recent experimental work on rotating lattices was reported by Tung
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Figure 8.1: This figure illustrates the accordion lattice scheme used by Huckans (2006).
The galvanometer scans the beam across the surface of a non-polarizing beam-splitter
which sends half of the beam to each of the symmetric lens and mirror setups. Both
lenses are arranged so that their focal point lies on the point where the BEC is located; as
the galvanometer scans the angle between the intersecting beams will change but their
point of intersection should not. This produces a smooth expansion of the accordion

lattice. This figure reproduced with permission from Huckans (2006)

Figure 8.2: This figure illustrates the accordion lattice scheme used by Li et al. (2008):
the indicated mirror translates across the beam-splitting cube, half of the light is reflected
by the first cube while the other half passes through the second cube, is rotated through
90 degrees by two passes through the quarter-wave plate and then is reflected on its
return trip through the second lattice. Figure used with permission from Li et al. (2008)
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et al. (2006): they generate a rotating lattice by putting a mechanically rotating

mask in the way of a laser beam. The light passing through the mask is then

focussed on to the BEC to generate a lattice, which rotates with the mask; the

mask is set rotating before the start of the experiment so the optical lattice is never

stationary. In this arrangement they report pinning of a vortex lattice on to the

potential minima of the optical lattice. A significant advantage of our apparatus

is the ability smoothly to ‘spin up’ the lattice from rest during the experiment.

8.3 Future Steps

The experiments presented in this thesis are not by any means complete: since

I departed the lab to write up the work so far, my coworkers have continued to

improve the apparatus. This section briefly outlines the plans for the immediate

future of the experiment.

A key property of rotating superfluids is that they are irrotational until a critical

velocity is reached, then a vortex is nucleated and circulation begins. The first

significant experiment to perform with the apparatus is to apply a rotating lattice

to the BEC, allow the BEC to equilibrate with the additional angular momentum

and then release it from the magnetic trap. By imaging the falling cloud along the

axis of rotation at varying times of flight we hope to be able to observe vortices in

the BEC. Given the trap frequencies in our trap, we would expect a vortex to be

visible after approximately 15 ms time of flight.

Experimentally, there are two obvious improvements which can be made. The

first is provide axial confinement via an optical lattice potential: with a sufficiently

confining potential, this would allow the experiment to reach the quasi-2D regime

which is important for exploring condensed matter effects like the fractional quan-

tum Hall effect. With that accomplished, the next experimental improvement will
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be to use a second acousto-optical deflector to ensure that the orthogonal lattices

are completely incoherent: this will incidentally make the optical setup consider-

ably simpler as it will eliminate the requirement for a variety of periscopes!
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