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Abstract

Transport and Phase Coherence Studies of a Quantum Gas
in a Disordered Potential
by
James Michael Hitchcock
The Study of transport and phase coherence in a Bose-Einstein condensate (BEC)
of 7Li subjected to a ID disordered potential, provides an excellent system to explore
the effects of impurities on a quantum gas. Observations of the median cloud position
as the BEC is moved through the disorder potential provide evidence of inhibited
transport due to classical reflections. Careful study of the damping coefficient for
dipole oscillations shows a power law relationship with disorder strength (Vb). A
highly elongated BEC and large disorder length scale, (<7d = 14 um), allow direct
probing of disorder induced density modulations in the in-situ BEC. Large density
fluctuations are observed to evolve from the in-situ density modulations for moderate
VD, and phase coherence is suppressed at large Vb- An improved speckle pattern has
been designed, for future experiments, with a reduced o& and an aspect ratio that
more closely matches the BEC.
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Chapter 1
Introduction
Optical speckle was first reported in the early 1960s shortly after lasers were
invented and scientist began using coherent light. Originally referred to as "granular
light" [1] and "sparkling spots" [2], optical speckle is a randomly generated intensity
pattern caused by interference of coherent photons with random phase.
Introducing controllable disorder into a superfluid system such as a Bose-Einstein
condensate (BEC) [3, 4] allows us to study an analog to superconductive systems
where impurities in bulk media are unavoidable [5]. The primary goal of this work
is to understand the processes by which disorder can induce a transition from a
superfluid to insulator in a quantum gas. In the following chapters I will discuss the
effects of multiple impurities with random size and spacing on superfluid transport and
phase coherence. Superfluid to insulator transitions, the growth of induced density
modulations, and the loss of phase coherence are observed when the strength of the
disorder potential is varied.
An additional motivation for the study of BECs in disorder is the observation of
Anderson localization [6, 7, 8]. Anderson localization is a quantum mechanical localization phenomena expected to occur when the superfluid length scale, the healing
length, is larger than the disorder length scale. To enter this regime an optimized
speckle setup was designed to minimize the speckle size.

Chapter 2
Background
Bose-Einstein condensates (BEC) provide a pure quantum system with well established superfluid and phase coherent properties [9, 10]. Randomizing the intensity
pattern of a laser beam allows the addition of a disordered potential to the typical
harmonic potential used to confine a BEC. Adding disorder to a superfluid system
allows the study of interesting analogs to superconductor systems where random impurities are more difficult to manipulate. This chapter provides a general background
of the important properties of 7Li BECs used throughout this thesis. Also, I will introduce the concept of using random intensity patterns as repeatable and controllable
impurities.

2.1

Properties of Lithium-7

Lithium-7 was first condensed in 1995 using a permanent magnet trap [11]. This
BEC was limited in number and density due to a small negative scattering length, a.
Transferring atoms into an optical dipole force trap combined with the realization of
a Feshbach Resonance in the F = 1, vfip = 1 state [12, 13] allowed the formation of
large stable BECs, making the current experiments possible.
A former student's, Mark Junker, Ph. D. thesis [14] provides an overview of the
process involved in creating a 7Li BEC. Also, Masters theses by Dan Dries and Chris
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Figure 2.1 : Typical 7Li BEC probed using on-resonant absorption imaging (a). A 3
ms expansion is used to reduce the optical density before probing. A cut through the
2D-column density, black line, and Thomas-Fermi distribution, dashed red line, are
shown in (b) taken through the radial center of the atomic cloud.

Welford [15, 16] describe components of the experiment in detail. The experiments
in this thesis start with a large pure BEC in the |1,1) hyperfine state of the ground
level at a magnetic field of 720 G. This field is in close proximity to the Feshbach
resonance (730 G) [17] resulting in a large positive scattering length (a ~ 200 a0,
were a0 is the Bohr radius). Figure 2.1 shows an on-resonant absorption image (2.1a)
and the axial column density of a typical BEC (2.1b). Typical numbers range from
2 - 5 x 105 atoms with no observable thermal component and an axial length scale
of approximately 1 mm. On-resonant absorption is taken using time-of-flight (TOF)
imaging after a minimum wait of 3 ms after release from the trap. The axial column
density is extracted as a cut through the radial center of the cloud. The dashed red
line is a fit to a Thomas-Fermi distribution,
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with a peak density, nQ, center, zc, and radius, RTF- The peak density of the BEC
varies with number and is typically on the order of 5 xlO 12 cm - 3 at 720 G. The
Thomas-Fermi distribution is the ground state of a harmonically confined interacting
condensate. We use a single, focused Gaussian beam far detuned from the atomic
transition to produce an optical trap with aspect ratio 50:1, determined by the radial
(ujr) and axial (u;a) trapping frequencies, UJT ~ 2TT X 180 Hz and wa ~ 2ir x 3.7 Hz.
The relevant energy scale of the condensate is the chemical potential (//) which is
calculated from the RTF and oua:
fji = ^ m o ; 2 # T F 2 .

(2.2)

Observing dipole oscillations after perturbing the axial center in the trap allows us
to extract wa for our system. In the following experiments, the disorder potential
is normalized to \x. During the experiments /i would vary from day to day between
800-1200 Hz depending on the number of atoms in the BEC. Direct measurements
of fj, were periodically taken to ensure the energy of our system is very well defined.

2.2

Randomly Generated Optical Potentials

A focused Gaussian beam is able to trap atoms because the laser intensity provides an
attractive force on the atom's electric dipole moment. The interaction of the electric
dipole moment and intensity is given as the optical dipole potential, U (r):

were T is the natural linewidth of the atomic transition, A = u>i — OJ0 is the frequency
detuning of the trapping laser from this transition, and Isat is the saturation intensity
of the ground state to excited state transition. The trapping potential in the axial
dimension, with r = 0, is defined by the variation in the intensity of a focused Gaussian
beam,
'«,« =

1+

7^2.

(2-4)

(t)

were I0 = 2P/irw02 is the intensity at the beam waist, w0, and z0 — 7rw02/A is the
Rayleigh length for a given wavelength, A. The smoothly varying intensity given in
Eq. 2.4 provides an ideal trap. Imposing a random intensity pattern along z produces
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a spatially varying potential simulating impurities in a superconductor material,
I(z) = Itrap(z) + £d(z).

(2.5)

The random intensity pattern is commonly referred to as optical speckle, and is
created any time a laser reflects off a rough surface or is transmitted through a
medium such that the optical path lengths vary on the order of a wavelength [18].
Diffusive glass plates made by sandblasting fine grits, or more recently, by engineering lens surfaces are inexpensive and easily acquired sources of optical speckle.
Their application has historically been to diffuse point sources such as filaments in
displays to provide a more uniform picture. This may seem a bit counterintuitive
as no one would want a speckle pattern as shown in Fig. 2.2 on their computer
display. Speckle patterns are not observed on displays because they typically use
incoherent light which will not produce an interference pattern when passed through
a diffuser. It was not until the advent of lasers in the 1960s that optical speckle
became a common phenomenon. When coherent light whose area is large compared
to the scattering sites is transmitted through a diffusive plate, the photons acquire
a random 0 - 2ir phase shift from each scatter. The acquired phase variations cause
constructive and destructive interference resulting in a random interference pattern.
When such an interference pattern is projected on to the atoms it provides a spatially
modulated trapping potential. Controlling the size (era) and strength (Vb) allows us
to controllably simulate a disordered quantum system.
There are a few important properties of speckle that will be used throughout this
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Figure 2.2 : Speckle pattern imprinted on a laser beam after passing through a
diffusive plate, (a). The intensity pattern shown has been enlarged for clarity and
imaged on a CCD array. Selecting one row of the CCD shows the spatial variations
in intensity along one axis (b). Further discussion on overlapping the speckle pattern
on the atoms can be found in Section 3.3.
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thesis. The first is the speckle size, ad ~ X(L/D), were L is the length from the
diffusive plate and D is the spot size on the diffusive plate. It is possible to collect
the speckle pattern with a lens system to increase the intensity. The speckle size
relation is slightly modified when a focusing lens or lens system is placed after the
diffusive plate. When a lens is placed after the diffusive plate, D is replaced with
an effective spot size that is given by the exit pupil of the lens or lens system. This
allows the ideal speckle size to be defined using the numerical aperture (NA). The
NA is defined as sin(#TOa:r) where 9max is the maximum acceptance angle for light
focused onto the atoms. If 9max is small then NA m 2L/D and sigma^ is given as:

In practice a& is extracted from a CCD image of the speckle pattern (Fig. 2.2a).
The autocorrelation function, (V (z) V (z + Az)), is used to find the length over which
the diffused light is still correlated. Since our input beam is Gaussian the autocorrelation function fits to e~2Az2^d . The 1/e2 waist is used as the speckle size and agrees
well with ad from Eq. 2.6. The speckle size is very stable, remaining unchanged as
long as the lens system is not disturbed. There are limitations on a<i implied by Eq.
2.6 and set by the maximum NA of the system. These limitations are discussed in
the following chapter.
The second property of interest is the disorder strength, Vd oc o\, which is defined
as the standard deviation from the mean optical potential, f/(£d) Eq. 2.3 [18]. The
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disorder strength is measured in energy units and normalized to fi, Eq. 2.2. Controlling the laser intensity allows the simulated impurities to range from non-existant
(Vd = 0) to very strong (V^ > /x). A detailed explanation of how both ad and VD are
measured in our system is given in appendix A.

Chapter 3
Experimental Design and Setup
Experimental design is the first step in any new project. A well thought out and
executed design can differentiate a successful experiment from a failure. Optical access
to the vacuum system, the maximum NA limited by the chamber, and characteristics
of the diffusive plate used are critical design features of the disorder system. The
optical design and setup for the speckle pattern used in the experiments that follow,
see Ch. 4, were carefully planned to reduce speckle size and increase characterization
of the speckle pattern.

3.1

Chamber Geometry

The vacuum chamber design is the most critical factor in the effectiveness and longevity
of an apparatus. Unlike many other aspects of an apparatus, once a vacuum chamber
is operational it is very undesirable to make any changes that would result in the
loss of vacuum. As is often the case, the idea of using a random potential came after
the vacuum chamber was well established [19]. For this reason, the design for the
experiments in this thesis are specifically tailored to the geometric constraints of our
chamber.
Figure 3.1 is a diagram of the vacuum system designed by former student Mark
Junker [19]. Optical access to the atoms is provided via eight standard UHV viewports
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Figure 3.1 : The current vacuum chamber as designed by Mark Junker [19]. Eight
2.75" CF viewports, numbered 1 - 8 , are arranged approximately every 30°. These
standard viewports in combination with three custom re-entrant style viewports provide optical access to the atoms, which are sourced from the cube, S, and trapped at
the center of the chamber, C. The solid red line indicates the imaging axis, which is
also the axis the 1030 nm speckle pattern propagates along. The dashed blue line is
the only free optical access on the chamber and is used later, see Ch. 5, as the axis
for the improved 671 nm speckle pattern. The axial, or z axis is perpendicular to the
plane of the page in this diagram.
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and three custom re-entrant style viewports. The majority of the viewports are
dedicated to lasers used to create the magneto-optical tap and far off resonant, optical
dipole trap. There are two viewports, numbered 3 and 7 in Fig. 3.1, that allow clear
access into the chamber. There is also a third viewport, numbered 1, along the
imaging axis, solid red line in Fig. 3.1, available for a disorder beam that is tuned off
resonant from the atomic transition, 671 nm. Using the imaging axis complicates the
design of the disorder setup. The beam path must be shared with the imaging probe,
and optics used for the 2D MOT must be avoided. The two open viewports provide
much clearer access to the atoms, but at a loss of imaging capabilities. Ultimately it
was decided that the ability to image the speckle pattern every time the atoms are
probed warranted the extra effort in designing the disorder system.
Implementing the disorder beam along the imaging axis requires that the probe
and disorder beams be overlapped. The difference in wavelength of the disorder beam,
1030 nm, and the imaging probe, 671 nm, allows us to overlap the two on a wavelength
selecting, or dichroic, mirror as shown in Fig. 3.2. The first advantage of this setup is
that the probe now acts as a guide laser for the disorder beam. Overlapping the two
lasers as they enter and exit the chamber provides a rough alignment of the disorder
laser through the center of the chamber. The final alinement of the speckle pattern
is done with the imaging CCD, providing a well known disorder potential for our
experiments. The disadvantage of this system is the reduced maximum NA set by
the dichroic mirror. To clear optics and beam paths used for the MOT and 2D-MOT
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Figure 3.2 : Beam path used to align the disorder potential into the chamber along
the imaging axis. A 5.08 cm OD dichroic mirror is used to overlap the disorder beam
with the imaging probe.
the dichroic mirror must be placed almost 19 cm from the imaging viewport. Also,
the 5.08 cm outer diameter dichroic mirror is angled at 45 degrees from the imaging
axis giving it a clear area of only 3.6 cm along the axial or z axis. The axial axis is
denned as the magnetic field quantization axis and is perpendicular to the probe axis.
Propagating the disorder beam along the imaging axis reduces the maximum NA on
the atoms by a factor of two from 0.1 to ~ 0.05. Recall from Eq. 2.6, that given the
restrictions on the NA our minimum speckle size will be limited to 10 um. Increasing
the OD of the dichroic mirror to 10.2 cm would return the NA to the limit given by
the imaging viewport, allowing speckle sizes on the order of 5 urn. This option was
not pursued due to the high cost and difficulty in obtaining a 10.2 cm dichroic mirror.
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Figure 3.3 : Negative exponential probability density function characteristic of a
speckle pattern with a contrast equal to one. The engineered diffuser, black squares,
fits well to a negative exponential, red line. The ground glass diffuser, blue dots,
however, differ drastically from expected values.

3.2

Diffusive P l a t e

Recall from Section 2.2 that it is very easy to create optical speckle. A well behaved
speckle pattern, depending heavily on both the disorder plate used and the geometry
of the system, is not as easily created. The diffusive plate we decided to use for this
system is an engineered diffuser from RPC photonics. An engineered diffuser is a
system of micro-lenses distributed on the surface of a glass plate using lithographic
techniques. Each microlens on the diffusive plate is independently designed to produce
a Gaussian speckle pattern that follows a negative exponential probability density,
Pi (I) = (1/Iav) exp {—I/lav) [18, 20]. A speckle pattern with an intensity distribution
that follows a negative exponential is referred to as "fully developed" and has a
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contrast equal to one [18]. A contrast of one ensures a maximum disorder strength
(VQ OC CTI), and a Rayleigh distribution of intensity ensures a minimum speckle size
(crd). Figure 3.3 shows the expected negative exponential probability density function
with power of one for the engineered diffuser (black squares). In contrast, a ground
glass diffuser from Thorlabs was tested (blue circles) and shows a speckle pattern that
does not have a negative exponential probability density.
In addition, the engineered diffuser uses diffraction instead of scattering to impart
the random phase variation. This allows more of the total laser power to be collected
after the diffusive plate. The engineered diffuser transmits nearly 90% of the total
power compared to only 40 - 70% with the ground glass. Replacing the ground glass
diffuser with an engineered diffuser reduced a& by approximately 20% while roughly
doubling our maximum Vb-

3.3

Experimental Setup

The design of the disorder beam path is influenced by the original disorder experiments from 2005 [3, 4]. The disorder beam path used to acquire the data (Ch. 4),
is shown in Fig. 3.4. Approximately 70% of a 1030 nm ELS Versa-disk laser is used
to create the speckle pattern. The additional 30% is reserved for a single beam optical dipole trap. The ELS laser typically produces 15 - 20 W providing a maximum
power on the diffusive plate of 10 - 14 W. VD is controlled by varying this power
using an acusto-optical modulator (AOM). A glass engineered diffuser was chosen
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Mirror
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Figure 3.4 : Optical setup used to generate a speckle pattern at 1030 nm.
over a polymer based plate to accommodate these powers, to maximize transmitted
light through the diffuser, and to reduce the amount of stray IR laser light. RPC
photonics provided us with a glass diffuser that has an angular divergence of 12
mrad, and area of 2.54 cm square. This presents a problem as the diameter of the
disorder on the final focusing lens needs to be approximately 5 cm to achieve a NA of
0.5. This is a spacing issue; it would require roughly 2 m of table space to expand the
diverging beam sufficiently. This distance can be dramatically shortened by placing
the diffusive plate behind the focus of a telescope lens pair, shown in Fig. 3.4. Adding
the telescope to the design reduces the required optical path length by 180 cm.
Initial alignment of the disorder system begins without the disorder plate, tele-
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scope lens pair, or final focusing lens. The first step is to overlap the IR laser with
the atomic probe at the input and output of the chamber. Care must be taken at
this stage that the dichroic mirror's normal axis is 45 degrees from both the disorder
beam and the atomic probe. At 45 degrees the dichroic mirror will have the lowest
attenuation of the imaging probe and simultaneously the highest reflectance of the
IR beam. Now that the IR laser is passing through the chamber coincident with the
probe beam, the telescope lens pair is then added. An input iris placed just before
the periscope is used to reduce the size of the magnified beam sufficiently so that
the probe overlap can be maintained while aligning the telescope lens pair. Placing
the final focusing lens into the system and opening the input iris will now produce
a tightly focused spot at the atoms. Finally, the disorder plate is inserted and adjusted until the desired speckle size is achieved. Fig. 3.5 shows images of the disorder
beam from both the atomic imaging system (3.5a), and a separate CCD capturing
leakage light through the dichroic (3.5b). Images from the Andor imaging system are
analyzed to characterize the speckle pattern during the experiments in the following
chapter.
There are a few concerns that need to be addressed before we can confidently
use the image taken by the Andor imaging system. The first is the imaging system
samples only a small section of the speckle pattern. The field of view on the imaging
system must be small to capture a useful image of the BEC, and the speckle pattern
must be large so that the variation in intensity due to the Gaussian envelope is small
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(b) External CCD

Figure 3.5 : CCD images of the disorder potential used for the experiments in the
following chapter. The Andor imaging system, (a), is limited in field of view. An
external CCD image, (b), collecting leakage light through the dichroic mirror at a
distance equal to the position of the atoms is used to confirm the Andor images. The
CCD array sizes and pixel sizes differ in (a) and (b). The images are shown together
to demonstrate the section of disorder captured for characterization. See appendix A
for details on the characterization techniques.

19
compared to the speckle pattern at the BEC. The second and more troubling issue is
the large features seen in Fig. 3.5a. The features consist of three vertical bands on the
CCD that register a lower intensity. These features do not move despite translating
the speckle pattern and are present in the absorption images of the atoms, though to a
lesser degree. The features could be produced by interference in the lens system before
the CCD, or there could be sections of the CCD with a lower quantum efficiency. The
lens system is AR coated for 671 nm and not for 1030 nm which would explain the
more pronounced features in the images of the 1030 nm speckle pattern. For these
reasons, we are confident that these features are not present on the speckle pattern
as seen by the atoms. Also, comparing o"d and Vb from both Andor and an external
CCD we find good agreement to within 5%.
One major limitation of this setup is the large speckle size that that is produced,
ad « 15 pm. Recall from the end of Section 3.1 that we expected <7d to be near 10
um. The increased a^ is due to a reduced NA caused by moving the diffusive plate
toward the collection lens, second lens in the telescope pair (Fig. 3.4). Changing
the position of the diffusive plate inside the telescope lens pair effects the NA of
the focused beam on the atoms causing a direct proportionality between speckle size
and Gaussian waist. For a^ « 10 um the Gaussian waist of the speckle pattern at
the atoms was measured to be 1 mm, which is of the same order as the axial BEC
size. Reducing the NA by moving the diffusive plate toward the second telescope lens
increases the Gaussian waist as well as a^. Using this technique, aa can be varied
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from 10 11m to 40 um. At larger a^ the speckle pattern is very uniform, however, the
intensity of the disorder beam has been reduced so that the maximum V-Q < ji. The
final position of the diffusive plate was chosen to give a reasonably small a^, 15 um,
with a Gaussian waist of 2.5 mm at the atoms. Given the usable power from the ELS
laser a maximum Vb < 1.5 n is possible in this configuration.

Chapter 4
Transport and Phase Measurements of a BEC in a
Far Detuned Random Potential
Understanding the processes by which disorder in a superfluid can induce a transition to an insulating phase is the primary goal of this work. Using a BEC to study
disorder induced phase transitions provides a well known, well characterized, and
well controllable system. The first experiments presented in the following section
study how bulk superfluid transport is suppressed in the presence of a disordered
potential. The second experiments that follow investigate the evolution of phase fluctuations in TOF measurements due to disorder induced density fluctuations in the
in-situ clouds. This work is consistent with and expands upon previous measurements
[4, 21, 3, 22, 23, 24]. This chapter concludes with a discussion of the experiments
conducted and comparisons with similar work.

4.1

Transport Measurements

Transport measurements refer to any experiment were the BEC is moved through a
disordered potential with the intent of studying how the superfluid flow is affected.
During these experiments we are looking for evidence of resistance to motion. Resistance is evident if atoms are left behind as the BEC moves or if the velocity of the
BEC is slowed. This is interesting to study since any resistance to motion signals the

22

loss of global superfluidity or superconductivity in the system. Sufficiently increasing VD is expected to produce a transition to an insulating state were the BEC is
"pinned" to its initial location [4, 23]. The BEC is moved through the disorder by
displacing the trap center using a push coil shown in Fig. 3.4 to apply a linear field
gradient. The field produced by this coil is sufficient to move the optical trap over the
entire field of view of the camera at arbitrary time scales. The ramp rate of the push
coil is separated into two different time regimes below. The first is a slow ramp that
moves the trap center such that the atoms move continuously with the trap center.
The second is an abrupt shift in the trap center such that the atoms are excited into
dipole oscillations.
The first experiment studies the amount of disorder required to localize the BEC
given a constant motion of the trap center. In this experiment the trap center is
slowly moved (700 ms) a distance, d. In the absence of disorder the BEC follows the
trap center as shown in Fig. 4.1a. Disorder is introduced into the system by increasing
the intensity of the speckle pattern over 100 ms. This ramp is slow enough such that
the number of atoms in the trap remains constant as the disorder is turned on. For
large disorder strengths, however, the number of atoms in the BEC declines if held
in the disorder for extended periods. This is most likely due to pointing noise, or
mechanical vibrations of the disorder beam. This effect would be more pronounced
for higher VD as the trapping potential from the disorder beam reaches equivalent
values of the optical trap. The disorder is increased to the desired VD and held for
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(a) Trap displacement for V& = 0

(b) Trap displacement for Vb = 0.3 fi

(c) Trap displacement for Vb = 1 fi

Figure 4.1: l m s TOF images of the atoms following a slow trap displacement through
a disorder potential for distances 300, 500, 900, and 1400 um from top to bottom,
transport without disorder, (a), shows the BEC following the trap center unimpeded.
A small amount of disorder, Vb = 0.3 //, shows spreading in the density profile, (b).
For stronger disorder, Vb = 1 /JL, "pinning" is evident, (c). The radial dimension has
been enlarged by 50% for visibility.
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60 ms before beginning the trap displacement. Figure 4.1b shows images of the BEC
moving through a moderate disorder, V^ = 0.3 /x for each separate d (300, 500, 900,
and 1400 um). These images show spreading in the density distribution consistent
with resistance to motion. Additionally, Fig. 4.1c shows images of the BEC under
the same d with increased disorder, VD = 1 fi. The final set of images show pinning
of the condensate by the disorder.
The distinct spreading of the BEC demonstrates that even a small amount of
disorder will cause some of the atoms to be unable to reach the displaced trap center.
To characterize this we measure the axial center of the cloud using the axial column
density as shown in Fig. 2.1. The center (zc) is extracted using two separate techniques. The first is by fitting to a Thomas-Fermi distribution, Eq. 2.1. This works
well for a pure BEC near the center of the imaging window. If the density profile of
the BEC is highly modified by the disorder or if the BEC is near the edge of the imaging window, the center can be more accurately determined by locating the median
cloud position. The median postion of the BEC is determined by iteratively finding
the position, zc, where J^S=o ^

=

(V^) ^totai for a cut through the radial center of the

cloud. The median postion returns the same center value as the Thomas-Fermi fitting
parameter if the cloud is fit well by Eq. 2.1 and also gives an accurate center position
despite any density modulations induced by the disorder, assuming all of the atoms
are collected in the imaging window. This technique was used for all of the slow trap
movement, data as well as for the damped oscillation center when VD > 0.3 fi. Figure
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Figure 4.2 : Transport measurements for four different offset distances, d, as a function
of disorder strength. Trap displacement ranged from 300 um to 1.4 mm. The BEC
moves to the new trap center for Vb = 0. As Vb is increased the atoms displace less
than the trap offset before eventually "pinning" when Vb »s H4.2 quantitatively shows the transport of the BEC as a function of disorder strength.
Slowly varying the trap center shows that the BEC can be trapped or "pinned" when
Vb — £*• For intermediate disorder strengths (0 < Vb < //) we observe zc to lag
behind the trap center.
To better understand how transport is inhibited in this intermediate range, Vb <
//, dipole oscillations can be excited in the trap [3]. To excite a dipole mode the trap
center is abruptly (2 ms) shifted by 600 um. In the absence of disorder the BEC will
oscillate about the trap center without damping [25, 14]. Figure 4.3 shows images
of the BEC undergoing oscillations in the optical trap (4.3a) and in a combination
of the optical trap and disorder potential (4.3b). The disorder is ramped on in the
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same process as above before the abrupt offset. After the offset the BEC is allowed
to oscillate for a time of up to 1 s then imaged.
To quantify the observed damping in the presence of disorder the center of mass
motion is fitted to a damped harmonic oscillator, Eq. 4.1. The general equation for
damped oscillations is
z(t) = e-* [Aie^-^1/2t

+ A2e-^-»Wt]

,

(4.1)

where /3 is the damping coefficient and LO0 is the axial trapping frequency (u>0 =
2-7T x 3.79 ± 0.01 Hz), obtained from fitting undamped oscillations with /3 = 0. This
equation is used when Vb is large such that the oscillations are overdamped (/?2 > u>2).
For the underdamped case (f32 < LO2) the fit can be simplified to Eq. 4.2 with a phase
factor 0,
z(t) = Ae~0t cos [(co02 - (32)1/2t - 0].

(4.2)

It is clear from Fig. 4.4 that even a small amount of disorder considerably damps
the dipole oscillations. This experiment also shows a complete loss of transport for
VD ~ /x as well as inhibition of transport at moderate disorder strengths. Quantitative
information of the resistance to transport can be collected from this experiment in
the form j3.
The damping coefficient is extracted from each of the oscillation fits and is normalized to UJ0 (P2/cu02). A plot of /32/UJ02 as a function of Vb is given in Fig. 4.5.
The second power of the normalized f3 is used to easily identify the underdamped
(f32/u)02 < 1), critically damped (f32/ui02 = 1), and overdamped

((32/LU02

> 1) regions.
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Figure 4.3 : Dipole oscillations of a BEC after shifting the trap center 600 um in 2
ms for undamped oscillations over serveraL periods (a) in a harmonic trap and for
strongly damped oscillations (b) at a small disorder strength, VD = 0.16 /J,. Each
image is taken using on resonant absorption a short time after being released from
the optical trap and disorder potential. The oscillations were observed for up to 1 s
after exciting the dipole mode.
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Figure 4.4 : Dipole oscillations of a BEC in a disordered potential. The underdamped
and overdamped oscillations are in separate panels for clarity. All parameters except
VD remain constant for both panels.
We find that the system is critically damped at Vb approximately 0.3 /^. Figure 4.5
shows a clear linear relationship on a log - log plot, ft2/uj02 = A(V£,/n)h.

Fitting

the data to this equation produces fitting parameters: A — 280 ± 20 and b = 4.9 ±
0.1. Thus ft follows a power law with power approximately 2.5 as a function of VDIn the future it would be interesting to see if this power is dependent on parameters
such as: atomic interactions, speckle size, or trap displacement distance. Also, more
data would allow the investigation of a shift in oscillation frequency due to disorder
as predicted by Eq. 4.1.
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implies that VD fa 0.3 /J, is the disorder strength that critically damps this superfluid
system

(/32/UJ02

= 1), and the damping of dipole oscillations depends on the disorder

strength as a power law (/? a Vb2'5)
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4.2

Expansion Measurements

Expansion measurements are used to probe the momentum, or phase, distribution of
a BEC. The BEC in a random potential is prepared in the same manner as discussed
previously. Instead of shifting the trap center, the optical trap and disordered potential are simultaneously turned off. Images are taken at various times of expansion
ranging from 5 us (in-situ) to 8 ms (TOF). High optical density in the in-situ requires that we use phase contrast imaging with a detuning of 51" instead of absorption
imaging [26]. the expansion time was limited to 8 ms in these experiments due to the
frame size and position of the CCD.
The goal of the following experiment is to understand how underlying disorder
can perturb the density distribution of a superfluid and produce phase fluctuations
when released from the trap. In-situ images of the BEC directly probe the density
modulations caused by the disorder potential. TOF images for moderate Vb show
enhanced density fluctuations akin to interference fringes due to phase gradients which
develop after releasing the BEC [27, 24]. Studying both the in-situ and TOF images
allow relative comparisons between density and phase fluctuations imparted by the
disorder to be made. Finally, varying the time of expansion produces a picture of
how the density modulations in the in-situ BEC develop into phase gradients and
eventually produce the enhanced density fluctuations at long TOF.
Figure 4.6 shows axial cuts of in-situ and 8 ms TOF images at various Vb- The
large aspect ratio of our BEC and relatively large a& produce multiple large scale
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Figure 4.7 : Atomic contrast at 8 ms time-of-flight, black dots, and in-situ, red
diamonds, versus disorder strength.
fluctuations that can be easily imaged given our 5 um imaging resolution. At moderate disorder strengths large density fluctuations appear in the TOF images. These
fluctuations develop from relatively small density modulations in the in-situ BEC.
As Vb is increased the TOF density fluctuations are reduced. In the limit of strong
enough Vp such that the condensate is broken into multiple independent condensates with no phase coherence, the resulting TOF density fluctuations are expected
to wash out due to multiple random interference patters overlapping [28, 29]. We are
not completely in this regime as some residual reproducable density fluctuations are
observed in TOF images for our maximum Vb- In general, all of the observed density
fluctuations are repeatable for a given speckle pattern and Vb regardless of hold time
in the disordered potential.
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Figure 4.8 : Atomic contrast at VD ~ 0.6 // as a function of free expansion time
(TOF).
To quantitatively study the interference patterns and the density modulations
shown in Fig. 4.6, we define the atomic contrast (Catom)>

^atom —

:

(4.3)

were aa is the standard deviation of the column density from Thomas-Fermi, Fig. 2.1,
and no is the peak column density, given in Eq. 2.1. For an accurate measurement, aa
is restricted to \z — z0\ < 0.9.RTF and is determined using the same techniques as a^,
Appendix A. This technique allows us to quantify the density fluctuations induced by
the disorder potential on a BEC. Uncertainty in these measurements is mainly from
noise in the images that give a Cat0m ~ 0.2 even for a pure BEC.
Figure 4.7 shows C atom versus Vn/fj, for an 8 ms TOF, black circles, and for in-situ,
red diamonds, data. The in-situ density modulations increase linearly with Vb for the
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entire range of Vb explored in this experiment. The TOF data reaches a maximum
Catom at an intermediate disorder strength, Vb = 0.6 /J,. An 8 ms expansion time was
experimentally determined to give the largest measurable interference pattern. As
the cloud is released, phase gradients develop from the in-situ density modulations.
Figure 4.8 shows this development as a function of expansion time at Vb = 0.6 JJL. The
TOF study, Fig. 4.8, spans the in-situ and 8 ms TOF data from Fig. 4.7, corresponding to the maximum in Cat0m for the 8 ms TOF data. A phase gradient in a superfluid
produces a varying velocity which depends on the in-situ density modulations. During the first 4 ms of expansion there is no observable increase in Cat0m- This is the
time required for the high density regions to expand sufficiently to spatially overlap
with its nearest neighbor. During this time, Cat0m is predicted to decrease slightly
[24]. Our data suggests that this dip may be present; however, the observed reduction
in Catom is within the uncertainty of our measurements. After 4 ms the atoms begin
to overlap and the density fluctuations begin to increase. The density fluctuations
are expected to reach a constant level for long enough TOF [24]. We were unable to
observe this as for TOF images past 8 ms, the BEC begins to fall out of the field of
view of the camera. If times past 8 ms were to be studied in the future the camera
would need to be repositioned or the frame size increased. It may also be of interest
to study the development of Cat0m for different Vb and a^. The expansion time when
Catom begins to increase is expected to be a function of a^ [24] and may be a function
Vb, as increased disorder sites move the density modulations closer together spatially.
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The large VD region is also of interest as the TOF density fluctuations decrease with
time. Residual fluctuations remain at the highest measured V]> These are due to
areas of weaker Vb were fragmentation has not yet occurred. Increasing VD further
to see the loss of repeatable TOF density fluctuations would signal complete loss of
phase coherence in the BEC.

4.3

Discussion

There have been several papers and review articles published regarding BECs in a
disordered potential [4, 21, 3, 22, 23, 24, 27]. The majority of the work in other
labs is performed on

87

Rb confined in an Ioffe-Pritchard magnetic trap. Transport

experiments from D. Clement et al. [4, 23] were measured by releasing the BEC into
a ID waveguide. Once released the atoms expand in the axial dimension allowing
the study of transport in ID. This is a similar experiment to the slow transport
measurements shown in Fig. 4.2. In our experiment as the trap center is moved the
atoms experience a restoring force toward the center of the trap due to the harmonic
potential. As the atoms move toward the center this force is reduced until the atoms
reach the center and the force is zero. A simple example of this concept is an object
placed on the side of a bowl. The object, depending on the slope of the bowl and the
friction between the object and the bowl, will move toward the bottom of the bowl.
If the force due to friction becomes large enough so that it balances the force due to
gravity the object will be stationary never reaching the bottom. Applying a disordered
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potential to the harmonic trap provides a force that is resistive to transport. Once the
energy of the atoms is small enough so that they become trapped in the local potential
wells formed by the disorder, they will stop moving. Consequently, by increasing Vb
we are able to inhibit the transport of the atoms and ultimately localize the atoms
to their original location. Similarly in the Clement experiment, as the atoms are
allowed to expand they lose energy and // is reduced. This expansion continues until
fi « Vb and the BEC becomes trapped by the disordered potential. Clement was
unable to observe initial pinning of the atoms due to a maximum Vb ~ 0.7 fi. Other
experiments [21, 22] were conducted in similar setups with similar results.
An experiment similar to our oscillation experiment was reported in 2005 [3]. As
before this experiment was performed using

87

Rb in an Ioffe-Pritchard trap. In their

experiment dipole oscillations were excited in the axial dimension of the magnetic
trap by quickly shifting the trap center by 25 um. Without the disorder beam present
LO0 = 2ir x 8.74 ±0.03 Hz and /i = 1 kHz was measured. Introducing a speckle pattern
allowed the observation of damped oscillations for Vb < // and complete suppression of
oscillations for Vb ~ H- Our study of damped oscillations, Fig. 4.4, was motivated by
this work and is very similar in technique and results. A few key differences between
the experiments is that our trap center is offset by 600 um, our axial size of the cloud
is approximately twice as large, RTF = 250 um, and our axial trap frequency is lower,
uja = 2ir x 3.79 ± 0.01 Hz. In addition to these differences we measured oscillations
through a much finer range of Vb- The results we obtained are qualitatively the same
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as Lye et al. [3], however, we were able to extend this work by studying the damping
coefficient, (3 from Eq. 4.1, as a function of Vb and determining a critical damping
disorder strength, Vb « 0.3 fi. Recently Albert et al. published a theoretical paper
discussing the oscillation experiment [30]. Albert claims the damping of the BEC in
disorder is due to a transfer of kinetic energy into density fluctuations and not from
loss of phase coherence. This is in agreement with our observation of a maximum in
the TOF interference pattern indicating strong phase coherence at Vb = 0.6 fi, which
is well into the overdamped regime (Vb > 0.3 fi). We did not, however, directly
measure the phase coherence of our BEC after oscillating through the disordered
potential.
Lye et al. also reports the first observations of interference fringes in TOF BEC
images after being released from a disordered potential [3]. Due to the small axial
size, 100 um, and relatively low aspect ratio, 10:1, only two distinguishable peaks
were also observed in TOF imaging. The interference fringes were also observed
to be suppressed at large disorder strengths, Vb > H- More recently Clement et
al. published a paper [24] concurrently with our own [27] that studies the TOF
interference pattern in more depth. Clement et al. report reproducible fringe patterns
that evolve in time after release from a disordered potential. They do not observe the
reduction in atomic contrast for large disorder strengths that Lye et al. [3] report and
we further investigate. Clement et al. also report a maximum atomic contrast of 0.2.
The limitations in Clement's work are their maximum Vb of 0.4 /J, and era of 1.7 um.
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In our measurements of the atomic contrast, Fig. 4.7, we found that the critical V® at
which the contrast begins to reduce to be 0.6 LI. This supports the fact that Clement et
al. would be unable to measure a reduction in the atomic contrast. The differences in
magnitude of the atomic contrast between our work and theirs is due to Clement et al.
integrating along the radial dimension as well as being limited by imaging resolution.
Their imaging system has a resolution of 8.5 um per pixel. This, combined with the
close spacing of interference fringes caused by their relatively small o& limits their
resolving power of the atomic contrast. We do not have this issue as the spacing of
interference fringes created by our setup is considerably larger than the 5 um per pixel
resolution used in these experiments. We are also able to produce data for atomic
contrast versus TOF, Fig. 4.8, which shows a turn on time and possible reduction
of Catom after release from the trap as the density modulations are converted into
phase gradients creating a varying TOF velocity. Numerical calculations presented
in Clement's paper qualitatively agree with this observation [24].
The work presented here furthered the understanding of phase coherence and
superfluid transport in the presence of a disordered potential. Our experimental setup
provides numerous advantages such as real time imaging of the speckle pattern, large
disorder strengths (up to 1.8 LI), and a^ large enough to resolve TOF interference
fringes. Future experiments, however, will require much smaller speckle sizes. An
entirely knew setup was designed to achieve disorder length scales as low as 4 pm.

Chapter 5
Improvements on the Path to Anderson
Localization
The initial motivation for studying BEC in random potentials was to observe a
quantum mechanical localization phenomenon known as Anderson Localization [6].
At large disorder strengths in the previous transport measurements we were able to
localize the BEC by effectively trapping the atoms at the high intensity regions of
the speckle pattern, Fig. 4.1c. This is a very classical picture of localization and is
not related to Anderson's single particle quantum picture of localization. Instead
Anderson localization requires a regime were the single particle wavefunction is large
enough to sample multiple disorder sites [31]. One critical requirement for entering
this regime is the disorder length scale (<7d from Eq. 2.6) must be less than the
superfmid healing length, £ = l/y/8irna, of the BEC. In our current setup crj is
approximately 15 times larger than £ (£ ~ 1 um). It is possible to increase £ by
changing the density [24] or the S-wave scattering length [13, 14]. Fellow student
Dan Dries and Post-Doc Scott Pollack are currently working on increasing £. My
contribution to the improvements is a new disorder setup, designed and tested to
reduce a^ by a factor of 4, making it easier to enter the Anderson localization regime.
Anderson localization of a BEC in a ID disorder potential has recently been observed
[7, 8].
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Recall from Eq. 2.6 that <7d depends only on A and the NA of the disorder beam.
At first glance reducing ad appears to be a very simple problem to solve. Laser
diodes with A as short as 400 nm are now commercially available and the NA can
be increased by using a shorter focus or increasing the beam waist on the final lens.
Remember from Section 3.1, however, that the design of the vacuum system limits
the NA to a maximum of 0.1, and that the viewports are AR coated for 532 nm,
671 nm, and 1030 nm, limiting our wavelength choices. Also, the variation in optical
potential, U(z) from Eq. 2.3, is dependent on both the intensity variations, £<*, and
the detuning (A) of the laser. We decided to use A = 671 nm light with a 60 GHz
detuning because of the availability of laser diodes at this wavelength and the strong
VD achievable due to a small A.
Reducing A from 1030 nm to 671 nm will lower cr<i by 35%. To further reduce
<7<i, the NA must be increased. I mentioned at the end of Section 3.1 that the NA
could be made larger by increasing the size of the dichroic mirror. The change to 671
nm eliminates this option as the probe beam and disorder laser will be separated by
only a few GHz and will thus be indistinguishable by a dichroic mirror. Moving the
disorder beam to the free viewport shown in Fig. 3.1 allows us to increase the NA by
a factor of two at the cost of being able to image the disorder. Since the NA of the
1030 nm disorder had to be limited to increase the Gaussian envelope, the new 671
nm disorder will reduce ad by as much as 76%, producing speckle sizes as small as
3.5 um.
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Figure 5.1 : Optical setup designed for an improved speckle pattern using A = 671 nm
and NA = 0.1 in the axial dimension. Cylindrical lenses are shown in green and are
omitted in the drawing for the dimension they do not alter. To increase the visibility
of the optical setup, long segments of the beam path with no optics were removed
from the diagram. Each discontinuity replaces an equal length of 13 cm.
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A few considerations to beam shaping were necessary when designing the 671 nm
disorder. To decouple o^ from the Gaussian envelope the diffusive plate is positioned
between the focusing lens and the atoms. Assuming the diffusive plate is not the
limiting aperture of the system, 0^ is determined by the NA of the focusing lens,
while the position of the diffusive plate only changes the Gaussian envelope [23]. A
new issue created by limited optical power, ~40 mW, requires balancing the intensity
at the atoms to increase Vb and the variation of Vb across the BEC caused by reducing
the Gaussian envelope to increase the intensity. The solution to this problem requires
changing the aspect ratio of the speckle pattern to better match the in-situ BEC.
The in-situ BEC has an aspect ratio of approximately 60:1 with a radial size of 15
um. The 1030 nm design (with aspect ratio = 1) wasted the majority of the speckle
pattern along the unused radial dimension. Using cylindrical lenses to independently
focus the radial and axial dimensions allows the aspect ratio of the speckle pattern
to be increased while simultaneously preserving the smallest possible a^ in the axial
direction.
Figure 5.1 shows the combination of spherical lenses (blue) and cylindrical lenses
(green) used to generate the 671 nm speckle pattern. The goal of this setup is to
produce a speckle pattern with an aspect ratio of 100:1 with a NA in the axial
direction of 0.1. For clarity, cylindrical lenses are only included in the dimension
that they shape the beam. In the axial dimension a 250 mm cylindrical lens is used
to focus the laser beam onto the atoms. The negative 15 mm and positive 200 mm
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spherical lenses before the final lens are a telescope pair producing a 25 mm waist at
the focusing lens. The position of the diffusive plate after the focusing lens does not
alter the 0.1 NA. To increase the Gaussian waist (~ 4 cm) in the axial dimension the
diffusive plate is positioned only 3 mm after the focusing lens. In the radial dimension
we want a tight speckle pattern with a Gaussian waist of approximately 0.5 mm. We
are not concerned with the NA of the setup in the radial dimension as the speckle size
in this dimension, ar, is not critical, a cylindrical lens is used to collect the diverging
light from the diffusive plate (9 = 12 mrad) and refocus it onto the atoms. A 38 mm
cylindrical lens is used placed a distance of 47 mm from the diffusive plate and 200
mm from the atoms. Under these conditions the radial waist of the speckle pattern
will be magnified by a factor of 4 from the waist at the diffusive plate. A 50 mm
cylindrical lens is used at the output of the fiber so that the 200 mm spherical lens
focuses in the radial dimension with a beam waist approximately 80 um, producing
a radial waist at the atoms of 0.35 mm. Implementing the increased aspect ratio
speckle pattern increases VD at the atoms by a factor of approximately 100.
Images from the test setup used to characterize the new speckle pattern are shown
in Fig. 5.2. The two images show the dramatic effect the 38 mm radial focusing lens
has on the system. I observed (Fig. 5.2b) a Gaussian waist of 4 cm and 0.5 mm in the
axial and radial dimensions, respectively. There are a few reasons the tested speckle
may differ from the design. For the tests I used a 660 nm diode laser that was not
temperature controlled or stabilized. Also there was a slight aspect ratio due to the
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(a) Disorder ID

(b) Disorder Radial Focus

Figure 5.2 : Images of the 671 nm speckle pattern generated using the optical setup
shown in Fig. 5.1. Without the radial collection lens, (a), the speckle pattern is
extremely ID and has a low intensity. Focusing the radial dimension, (b), increases
the disorder strength without compromising a^ in the axial dimmension.
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Figure 5.3 : Speckle size as a function of 1/NA for the 671 disorder. The red line is a
linear fit showing the expected trend with slope of 0.32 ± 0.01 urn. Error bars given
are statistical from averages of several shots.
diode facet that was not corrected for in the characterization.
Figure 5.3 shows o& as a function of the NA. The NA is controlled using an iris
placed just before the final focusing lens in the axial dimension. The data shows
a clear linear relation with slope of 0.32 ± 0.01 um and an intercept of 0.8 ± 0.5
um. The slope is in good agreement with A/2 (A — 660 nm). The intercept should
theoretically be zero, and a finite value is representative of the overall uncertainty in
the o& measurement, which was typically 1-2 um. Using the new 671 nm red disorder
we should be able to achieve o& ~ 4 ± 1 um allowing us to reduce JJ, sufficiently such
that we can enter the Anderson regime where o& < £.

Chapter 6
Conclusion
The work reported in this thesis significantly adds to the understanding of disordered quantum systems. A detailed study of the damping in dipole oscillations as a
function of disorder strength, Vb, allowed us to establish the damping coefficient, j3,
follows a power law with power of 2.5 ± 0.1. The elongated trap geometry and large
speckle size, a^, proved to be an advantage when observing density modulations and
repeatable TOF interference fringes indicating phase coherence in the BEC.
Slowly moving the BEC through the disorder shows the lowest energy atoms are
trapped as is expected by classical localization. Exciting dipole oscillations allows us
to quantitatively identify critically damped motion at Vb = 0.3 /i. Comparing this
with the phase coherence measurements confirms that the phase coherence persists,
Vb = 0.6 //, past critical damping. Finally, the time evolution of the density modulations was directly studied and a turn on time of 4 ms was observed before enhanced
density fluctuations began to emerge in the images.
Despite Anderson localization being recently observed [7, 8] there is still considerable interest in reducing a^ so that we can enter the quantum interference regime. The
improvements discussed in this thesis reduce a^ by 70% allowing future experiments
such as Anderson localization in 3D and solitons in disorder.

Appendix A
Disorder Characterization
This appendix reviews the process and techniques used to extract the relevant
disorder values such as disorder strength (Vb) and speckle size (<7d) from CCD images. Recall from Fig. 3.5 that the speckle pattern is imaged with a CCD every
time we take an image of the atoms. An external CCD is used to test the speckle
pattern before installing the system on the apparatus, as in Ch. 5. Since the 1030
nm disorder is overlapped with the atomic probe beam (Fig. 3.2), the Andor CCD
and imaging system, designed by fellow student Dan Dries [15], is used to image the
speckle pattern. This CCD image is used to analyze the speckle to extract Vb and
<7 d .

Imaging the speckle pattern directly after the BEC is imaged (6 ms) ensures that
we extract the Vb and o"a that is projected onto the BEC. Figure A.l shows a typical
image and a cut taken along the radial center of the in-situ BEC. The three distinct
low intensity areas in the CCD image are discussed in Section 3.3 and attributed to
the imaging system and accounted for in the uncertainty of Vb- The variation in U (z)
due to the Gaussian envelope (dashed red line) does not contribute to the disorder
potential and is subtracted from the axial cut before analyzing the image. After
subtracting the Gaussian envelope the analysis of the speckle pattern is restricted to
the region sampled by the in-situ BEC. For the transport measurements this includes
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Figure A.l : CCD image of the 1030 nm speckle pattern at the atoms, (a). Cut
through the CCD image in the axial dimension, (b). The red line in (b) shows the
Gaussian envelope of the speckle pattern. The row selected corresponds to the radial
center of the in-situ BEC. A similar image is taken every time the BEC is imaged.
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Figure A.2 : Cut of the speckle pattern after subtracting off the fitted Gaussian
envelope and cropping to the Thomas-Fermi radius of the in-situ BEC, Eq. 2.1.
the total distance traveled by the BEC, 2 mm. For the phase coherence measurements
the analysis region was further reduced to only included twice the Thomas-Fermi
radius, R^F from Eq. 2.1. Figure A.2 shows the cut through the CCD image after
subtracting the Gaussian envelope and cropping to the

JF?TF- VD

is extracted from

this data as the standard deviation of the variance from the Gaussian fit.
During the experiment Vb is varied from 0 to approximately 1.5 [i using a control
voltage that alters the RF power to the AOM (Fig. 3.4). To extract useful values for
Vb and ua, the intensity variations, £<*, should use the full range of the CCD. In the test
setup the exposure time on the CCD can be easily varied, although that would be very
inconvenient during the experiment. To solve this, the exposure time (80 us), is set
for the maximum Vb and the image is taken at the maximum control voltage for every
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Figure A.3 : Measurement of optical power out of the AOM used to control the power
of the disorder beam. The fitted line is a fifth order polynomial that is used in the
analysis to convert the control voltage and measured Vb, to the actual Vb.
data point. A calibration curve shown in Fig. A.3 is used to scale the recorded Vb
to the actual. From every image ten separate cuts centered around the radial center
of the BEC are averaged to increase the accuracy of Vb- The uncertainty in this
measurement is determined by the standard deviation of each cut from the average.
The uncertainty in Vb is typically from 10-15%. This uncertainty is combined with
the uncertainty (5%) from the broad features (Fig. 3.5 and associated text) on the
imaging CCD. We are confident in Vb to within 20%.
Speckle size is also calculated using the variance shown in Fig. A.2. Speckle size
is defined as the 1/e2 value, e~2Az ^d , of the autocorrelation function [(U(z)U(z +
Az)}]. The autocorrelation function is determined as the inverse Fourier transform
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Figure A.4 : Typical autocorrelation measurement. Full autocorrelation, (a). Gaussian fit, red line, to the initial decay, blue dots, of the autocorrelation function, (b).
of the power spectral density [PSD = (1/N) ^ (1/z)2]. A typical autocorrelation
measurement is shown in Fig. A.4. Again, ten separate cuts centered around the radial
center of the BEC are averaged to determine <xd. Uncertainty in o& is determined by
the standard deviation of the averages, which is typically 1-2 um. the standard
deviation in <7<j does not scale as the disorder length scale is changed. This would
indicate that the uncertainty is primarily in the CCD.
When using the 1030 nm disorder we are able to calculate these values every time
the BEC is imaged. This will not be possible for the 671 nm disorder. This will not
be a significant issue as in practice the measured VD and o& do not change from shot
to shot. As discussed previously VD is scaled with a calibration curve to the control
voltage and a^ can be measured on a test setup prior to installing on the chamber.
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