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ABSTRACT

Turbulence appears in most natural and man-made flows. However, the analysis of
turbulence is particularly difficult. Links between microscopic fluid dynamics and
statistical signatures of turbulence appear unobtainable from the postulates of fluid
dynamics making turbulence one of the most important unsolved theoretical prob-
lems in physics. Two-dimensional quantum turbulence (2DQT), an emerging field
of study, involves turbulence in two-dimensional (2D) flows in superfluids, such as
Bose-Einstein condensates (BECs). In 2D superfluids, a turbulent state can be char-
acterized by a disordered distribution of numerous vortex cores. The question of
how to effectively and efficiently generate turbulent states in superfluids is a funda-
mental question in the field of quantum turbulence. Therefore, experimental studies
of vortex nucleation and the onset of turbulence in a superfluid are important for
achieving a deeper understanding of the overall problem of turbulence.

My PhD dissertation involves the study of vortex nucleation and the onset of
turbulence in quasi-2D BECs. First, I discuss experimental apparatus advancements
that now enable BECs to be created in a hybrid optical-magnetic trap, an atom
trapping configuration conducive to 2DQT experiments. Next, I discuss the design
and construction of a quantum vortex microscope and initial vortex detection tests.
Finally, I present the first experiments aimed at studying 2DQT carried out in the
updated apparatus. Thermal counterflow in superfluid helium, in which the normal
and superfluid components flow in opposite directions, is known to create turbulence
in the superfluid. However, this phenomenon has not been simulated or studied
in dilute-gas BECs as a possible vortex nucleation method. In this dissertation, I
present preliminary data from the first experiments aimed at understanding thermal
counterflow turbulence in dilute-gas BECs.
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CHAPTER 1

Introduction

1.1 The Problem of Turbulence

Turbulence is ubiquitous throughout nature: it appears in wakes of ships, smoke
rising from a cigarette, and boiling water. Phenomenologically, turbulence can be
characterized as a disordered flow with many vortices decaying to ever smaller ones,
enabling rapid fluid mixing [1]. However, the analysis of turbulence is particularly
difficult: while the energy density in turbulent flows can be estimated from dimen-
sional analysis [2], measured [3], and simulated with Navier-Stokes equations [1],
the links between microscopic fluid dynamics and statistical signatures of turbulence
appear unobtainable from the postulates of fluid dynamics. Therefore turbulence is
one of the most important theoretical problems in physics that remains unsolved [1].

Turbulence in two-dimensional (2D) flows is present throughout nature in soap
films [4], atmospheric strata [5] and may be responsible for the continued existence
of Jupiter’s Great Red Spot [6, 7]. In 3D turbulence, a direct energy cascasde exists
where energy flows from large to small length scales. However, due to the suppression
of vortex stretching in 2D flows, small-length-scale forcing of energy and vorticity
generates large-scale flows resulting in an inverse energy cascade [8, 5] that contrasts
the direct energy cascade in 3D turbulence.

Two-dimensional quantum turbulence (2DQT), which is of particular interest to
our research group, involves the study of 2D turbulence in quantum fluids, such
as superfluid helium and dilute-gas atomic Bose-Einstein condensates (BECs). The
developing field of 2DQT offers new avenues for understanding aspects of 2D turbu-
lence, specifically crossovers between quantum and classical fluid dynamics and the
universality of 2D turbulence. Additionally, a deeper understanding of quantized
vortices, quantum turbulence [9] and superfluidity may be gained through studies in
this field. We chose 87Rb BECs as the quantum fluid in which 2DQT experiments are
conducted in our lab for the following reasons: First, the lasers and magnetic fields
needed for cooling and trapping provide flexible trapping configurations and control
of the effective dimensionality of the system. 2D flows are easily achieved by the use
of a tightly focused laser beam to confine a BEC to a plane, resulting in quasi-2D
and oblate BECs. And secondly, the Gross-Pitaevskii equation (GPE), a nonlinear
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Schrodinger equation for the BEC wavefunction, can be used to model and simulate
the dynamics of the fluid, providing a theoretical framework for experiments.

Feynman characterized quantum turbulence in a superfluid as a tangle of quan-
tized vortex lines that have well-defined core structure and quantized circulation [10].
In 2D superfluids, a turbulent state can be characterized by a disordered distribution
of numerous vortex cores. The question of how to effectively and efficiently generate
turbulent states in superfluids is a fundamental question in the field of quantum tur-
bulence [11]. Therefore, studies of vortex nucleation and the onset of turbulence in a
superfluid are important experimental approaches to achieving a deeper understand-
ing of the overall problem of turbulence. Our lab has previously studied methods
for nucleating vortices and generating 2DQT states in oblate BECs. Many of these
methods are described in Reference [12]. Section 1.2 gives a brief overview of these
vortex nucleation methods and proposes a possible new vortex nucleation method
that is investigated in this dissertation.

1.2 Overview of Vortex Nucleation Methods in BECs

Vortices are easily created in oblate BECs by perturbing the trapping potential. For
oblate BECs created in a combined optical-magnetic trap using a TOP trap and
sheet trapping laser, this can be done by modifying the magnetic trapping potential.
Weak symmetric modulation of the amplitude of the TOP trap results in disordered
distributions of vortex cores. Vortices are created near the boundary and travel to-
wards the center of the BEC. In the same way, a disordered distribution of vortices is
created in a highly oblate annular trap by weakly modulating the trapping potential,
as seen in Figure 1.1. Rotation of an elliptical magnetic trapping potential was found
to be another vortex nucleation mechanism [12].

In addition to modulating the magnetic field, the trapping potential can be per-
turbed through the use of a blue-detuned laser that acts as a repulsive barrier.
A short pulse of the blue-detuned laser beam focused axially through the conden-
sate creates shock waves and consequently, vortices enter at the boundary of the
condensate as the shock waves propagate. Alternatively, intensity modulation of a
blue-detuned laser beam induces large numbers of vortex cores as well as large-scale
breathing modes in the radial dimension in the BEC. Images of the vortex distribu-
tions and breathing modes of the BEC are shown in Figure 1.2.

One vortex nucleation method that creates a well-defined initial distribution of
vortices is the swiping of a blue-detuned laser beam used as a repulsive optical bar-
rier through a BEC. By forcing superfluid flow around the Gaussian barrier above
some critical velocity, a vortex dipole, defined as a pair of vortices with opposite
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Figure 1.1: Modulating the radial trapping frequency for a BEC in an annular trap-
ping geometry. (a) side view of an annular BEC imaged using in situ phase contrast
imaging. (b) top-down view of an annular BEC imaged using absorption imaging
immediately after turning off the trapping potential. For these two images, the
blue-detuned beam provides a barrier of height well above the chemical potential,
confining the atoms to an annular trap. The annular trap used for the sequence of
images in (c) had a narrower, weaker central barrier. (c) images taken at increas-
ing modulation times with no hold after modulation. The first image shows the
expanded BEC for tmod = 0 s to show that the hole created by the blue-detuned
beam has completely filled between beam ramp down and imaging. For the annular
trapping geometry vortices appear after much shorter modulation times than for the
harmonic trapping case. Image and caption taken from Reference [12].

circulations, is formed in the wake of the optical barrier. [13] This vortex nucleation
method is shown in Figure 1.3. Some interesting questions motivated by this exper-
iment follow: What would happen if the repulsive optical barrier was replaced with
some other barrier, a high energy atom for example? What if a cloud of thermal
atoms was used as the repulsive barrier? Would vortices be created?

1.3 Thermal Counterflow in Superfluid Helium

In addition to studies of generating tubulent states in condensates, methods for in-
ducing turbulence in superfluid helium have also been studied. Thermal counterflow
is one such method. Superfluid helium is composed of a normal fluid component,
which carries thermal energy and entropy, and a non-viscous superfluid component
[14]. When heat is applied to a closed channel containing superfluid helium, the
normal component of the fluid carries heat away from the heater and the superfluid
moves towards heat source to eliminate net mass flow. Therefore the superfluid and
normal components flow in opposite directions, referred to as thermal counterflow.
Above a critical value of heat flux, which corresponds to a relative velocity between
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Figure 1.2: 250-µm-square absorption images acquired after the hold times indicated.
The first image is an in situ image of the BEC in the harmonic trap with the blue-
detuned beam partially penetrating the condensate; note that the optical potential
strength is well below the BEC chemical potential. Image and caption taken from
Reference [12].

Figure 1.3: Images of oblate BECs in expansion showing dynamics of vortex dipole
created by swiping repulsive optical barrier through condensate. Image taken from
Reference [13].

the two fluid components, the superfluid becomes turbulent which is evidenced in
a tangle of quantized vortex lines [15, 16]. To date, superfluid thermal counterflow
turbulence has not been studied in dilute-gas BECs, provoking the following ques-
tions: If a high energy thermal atom collides with a stationary condensate, resulting
in a relative counterflow between the thermal and condensate atoms, would vortices
be created? Is the onset of turbulence due to thermal counterflow unique to superfluid
helium or will thermal counterflow create turbulence in dilute-gas BECs?

1.4 Format of this Dissertation

Work presented in this dissertation, which involves construction of a BEC appa-
ratus and the first 2DQT experiments done in the apparatus, is motivated by the
research questions proposed in Sections 1.2 and 1.3. In order to investigate ther-
mal counterflow and the nucleation of vortices in dilute gas BECs, construction of a
BEC apparatus and microscope was necessary. Chapter 2 gives an overview of the
first phase of apparatus construction, which is thoroughly described in Zach New-
man’s PhD dissertation [17], as well as debugging techniques and details useful for
the operation of the apparatus. Chapter 3 describes the second phase of apparatus
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construction, done in conjunction with Andrew Schaffer, which focuses on imple-
mentation of trapping lasers, evaporative cooling techniques, and the BEC creation
process. Design, construction and implementation of the BEC microscope, including
vortex imaging tests, is describe in Chapter 4. And finally, the thermal counterflow
experimental procedure, data and conclusions are presented in Chapter 5.
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CHAPTER 2

Construction of BEC Apparatus - Phase 1

A significant portion of my graduate research involved construction of a BEC appa-
ratus for studies of 2D Quantum Turbulence (2DQT). Working with Zach Newman,
the first phase of apparatus construction included setup and implementation of laser
locking, laser cooling and trapping and magnetic trapping and transfer techniques
used to create the first BECs in our lab. For a detailed description of the apparatus
construction and a brief overview of the physics behind the techniques used in our
lab to create BECs, refer to Zach Newman’s dissertation [17]. This chapter focuses
on additional information useful for operation of the apparatus, changes that have
been made since Newman’s dissertation was written, common problems experienced
in the lab and their solutions, and debugging techniques related to the processes
involved in the creation of BECs. Section 2.1 provides a brief explanation of the fre-
quency stabilization, laser cooling and trapping, and magnetic trapping and transfer
processes used in our lab. Section 2.2 gives a more detailed description of diode
lasers and frequency stabilization. Section 2.3 discusses the Tapered Amplifiers used
to amplify laser-locked diode lasers as well as the daily operation of the amplifiers
and problems that we have encountered with them. Section 2.4 discusses the Rb dis-
pensers used in the apparatus, daily operation and MOT loading rates. Section 2.5
explains the electronics used to control high currents through the transfer coils, and
finally, Section 2.6 discusses ground loop problems in the apparatus and how they
have been eliminated. In our group, we have found that previous dissertations are
a useful resource for helping future students understand the operation of the appa-
ratus and facilitate debugging any problems that occur. With that in mind, this
chapter has been written with future students as the target audience and gives de-
tailed information about the different components of the apparatus, their problems
and debugging techniques.

2.1 Overview of Apparatus

A dilute-gas BEC is a collection of bosonic atoms that all occupy the same quantum
state. When a dilute atomic gas is cooled below a density-dependent critical temper-
ature TC , a temperature-dependent fraction of atoms undergoes a quantum phase
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transition to a BEC. Conceptually, the transition to BEC occurs when the temper-
ature of the atomic gas is low enough that the mean spatial extent of the atoms
given by the thermal deBroglie wavelength, λdB, is comparable to the inter-particle
separation. Mathematically, this idea can be expressed by the phase space density ρ,
which is defined as the number of particles contained within a volume equal to the
cube of the thermal deBroglie wavelength [18]

ρ = nλdB
3 (2.1)

where n is the number density and the deBroglie wavelength is given by the following
equation:

λdB =

√
2π~2

mkBT
. (2.2)

The quantum nature of a dilute-gas is relevant when ρ ∼1; therefore, high densities
and low temperatures are needed to reach condensation. Typical atomic densities
in dilute-gas BECs are six orders of magnitude less than the density of air at room
temperature. Therefore, BEC creation and experiments occur in a vacuum chamber.
Our vacuum chamber, described in Section 2.1.1, is pumped down to pressures less
than 10−10 Torr in the BEC cell, or region where BECs are created. Traditional
laser cooling and trapping techniques, described in Sections 2.1.2 - 2.1.4, are used to
provide the initial atom cooling stage. Atoms are then trapped in a purely magnetic
trap and magnetically transferred to the BEC cell, as discussed in Sections 2.1.5 -
2.1.7, where the atoms are further cooled to condensation.

2.1.1 Vacuum Chamber

The vacuum chamber is composed of a 2D Magneto-Optical Trap (MOT) cell, a
differential pumping tube, an ultra-high vacuum pump, and a 3D MOT/BEC cell,
as shown in Figure 2.1. The 2D MOT cell has two arms attached to the main part
of the cell that contain three Rb dispensers in one arm and three K dispensers in the
other. When current runs through a filament connected to the Rb dispensers, heat
is applied to the dispensers releasing, Rb into the vacuum chamber. Two pinholes
and a differential pumping tube separate the 2D and 3D MOT cells in the vacuum
chamber. This allows for high partial pressures of Rb in the 2D MOT cell, which
are needed for the creation of 2D MOTs, while maintaining low enough pressures,
below 10−10 Torr, in the 3D MOT/BEC cell for the creation of BECs. For more
information regarding the vacuum chamber, see reference [17].
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Figure 2.1: Overhead view of the vacuum chamber showing its four main components.
Figure taken from reference [17].

2.1.2 2D MOT

The first cooling process in the apparatus involves laser cooling and trapping in
2 dimensions to create a cold beam source used to load our 3D MOT. Tradition-
ally, MOTs use three sets of orthogonal, counter-propagating, and instersecting laser
beams along with a spherical quadrupole magnetic field centered at the intersection
of the laser beams. This creates a position-dependent radiation force and results in
cooling and trapping of the atom cloud in three dimensions. For more information
regarding MOT physics, see references [19, 20, 21].

The 2D MOT differs from the traditional 3D MOT described above in that con-
finement and laser cooling only occurs in two dimensions, allowing atoms to travel
freely in the third dimension. Two sets of orthogonal, counter-propagating cylindri-
cal beams that are circularly polarized and slightly diverging are used to provide a
two-dimensional radiation force on the atoms. The 2D MOT beams are comprised
of light −2Γ detuned from the 87Rb |5 2S1/2, F = 2〉 → |5 2P3/2, F

′ = 3〉 transition,
where Γ = 2π×6 MHz is the natural linewidth, as the cooling beams, and light on
resonance with the |5 2S1/2, F = 1〉 → |5 2P3/2, F

′ = 2〉 transition as the repump
beams. Both cooling and repump transitions are shown in Figure 2.7. Repump light
is necessary to pump atoms out of the |F = 1〉 ground state that is inaccessible by
the cooling beams. As seen in Figure 2.2, the 2D MOT beams intersect in the center
of the cell and create a cylinder-shaped overlapping region.

Two sets of rectangular magnetic field coils oriented in an anti-helmholtz con-
figuration are used to create a magnetic field that has a gradient in two directions
and is uniform in the direction in which there is no laser cooling. Figures 2.2 and
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3.4 show the placement of the 2D MOT coils with respect to the 2D MOT cell and
the 2D MOT beams. This 2D gradient in conjunction with two sets of intersecting
cylindrical MOT beams creates a 2D MOT, where atoms are cooled and trapped
in two dimensions, resulting in a pencil shaped atom cloud. The free direction of
the 2D MOT, or direction in which atoms experience no confinement or cooling, is
chosen to be along to the axis of the vacuum chamber. A 3 mm diameter pinhole
separates the 2D MOT cell from the rest of the vacuum chamber, filtering out atoms
with a significant velocity component in the horizontal or vertical directions. This
results in a fairly collimated cold beam source for 3D MOT loading.

Figure 2.2: a) Optics for shaping 2D MOT beams. The 2D MOT beams come
directly out of the 2x4 fiber splitter and expand to 1x4 in, circularly polarized beams
at the center of the 2D MOT chamber. b) Diagram of a typical 2D MOT setup
with a push beam propagating along the atom beam axis. The 2D MOT beams are
shown as red arrows and the elongated quadrupole coils are represented by black
rectangles. The atoms are located in the region of intersection of the 2D MOT
beams, represented by the light red oval, and propagate towards the pinhole located
at the end of the 2D MOT cell. c) An image of the 2D MOT fluorescence looking
down the axis of the vacuum chamber. The 2D MOT is the bright dot in the center
of the image. Fluorescence from the MOT beams surrounds the 2D MOT. Figure
taken from reference [17].
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Figure 2.3: A) Bias coils for 2D MOT. Current flows the same direction through
each coil in the pair creating a bias field that moves the axis of the elongated
quadrupole field minimum. B) Rectangular 2D MOT coils oriented to give an elon-
gated quadrupole field with 0 G field along the chamber axis. C) Leads to the Rb
dispensers. D) Main 2D MOT cell.

2.1.3 3D MOT Loading

In order for the cold atom beam to effectively load the 3D MOT, it must be aligned
along the vacuum chamber axis. Two sets of rectangular magnetic field coils in a bias
field configuration are used to align the 2D MOT to the optimum position for 3D
MOT loading. A collimated beam on resonance with the cooling transition, referred
to in this dissertation as the push beam, is also aligned down the axis of the vacuum
chamber, overlapping atoms in the 2D MOT. The push beam redirects atoms that
are moving away from the 3D MOT cell back down the vacuum chamber towards
the 3D MOT for optimum loading. Usually ∼600 µW of power in the push beam is
sufficient.

2.1.4 3D MOT

In a secondary stage of cooling, atoms are further cooled down to tens of µK in the
traditional 3D MOT configuration discussed in Section 2.1.2. The main difference
between our 3D MOT setup and traditional MOTs is that we using diverging instead
of collimated MOT beams. The use of diverging MOT beams eliminates instabilities
due to standing waves and decreases the MOT number dependence on alignment of
the MOT beams. Typically, we tweak MOT beam alignment only once or twice a
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year. About 5×109 atoms are cooled and trapped in three dimensions in our 3D
MOT, resulting in a cold, fluorescing ball of Rb atoms as seen in Figure 2.4. The
atom flux from the push beam is so great that it creates a hole in the atoms trapped
in the 3D MOT. Therefore, for optimum 3D MOT loading, the push beam is aligned
to the side of the a 3D MOT instead of to the center. This results in a slightly
aspherical atom cloud as seen in Figure 2.4.

1.25 ‘’

Figure 2.4: Image of 3D MOT fluorescence in 3D MOT cell. The bright dot seen in
the upper edge of the MOT is the push beam. Image taken from reference [17].

2.1.5 CMOT and Pumping into F = 1

After this second stage of laser cooling and trapping, atoms are further cooled and
compressed in a CMOT in preparation for transfer to a purely magnetic trap. Dur-
ing this CMOT stage, the detuning of the cooling beams is linearly ramped from
−3Γ to −7Γ while power in the cooling beams is reduced from 26 mW/beam to
2.6 mW/beam. At the same time the repump power is snapped down to 7 µW/beam.
The combination of increasing the detuning, decreasing the power in the cooling
beams and significantly decreasing the repump power results in a colder and denser
cloud, which is more efficiently transferred to the purely magnetic trap. Traditionally,
the magnetic field gradient is also increased during the CMOT stage to further com-
press the cloud. In our apparatus, however, a magnetic field gradient that linearly
decreases from 11 G/cm to 5 G/cm is optimum for maxiumum transfer efficiency to
the purely magnetic trap. Out of all the parameters that change during the CMOT
stage, the temperature of the atoms and transfer efficiency to the magnetic trap are
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most sensitive to the repump power. After the CMOT stage, atoms are pumped
into the |F = 1〉 ground state by shutting off the repump light and leaving the cool-
ing light on for 0.5 ms. For more details on these specific time steps in the timing
sequence, refer to Appendix A.

2.1.6 Magnetic Trapping

The interaction between magnetic dipole moments of neutral atoms and external
magnetic fields results in the following potential energy

UB = −~µ · ~B (2.3)

where ~µ is the atom’s magnetic dipole moment and ~B is the external magnetic field.
In the case where the energy shift due to the external magnetic field is small relative
to the ground state splitting, the potential energy can be written as

U = µBmFgF |B| (2.4)

where µB is the Bohr magneton, mF is angular momentum magnetic quantum num-
ber and gF is the Lande g-factor. The F = 1 ground state has 3 hyperfine splittings:
mF = 1, 0, −1, and the Langde g-factor is gF = 1/2. The |F = 1,mF = −1〉
state is a weak field seeking state because UB ≥ 0. Therefore for 87Rb atoms in the
|F = 1,mF = −1〉 state, a magnetic field with a local minimum acts as a trap. We use
a spherical quadrupole field created from a pair of coils in an anti-helmholtz configu-
ration to provide the magnetic trap. After pumping atoms into |F = 1〉 and turning
off all light and magnetic fields for 1 ms, the MOT coils are snapped to the catch
value of 50 G/cm. Approximately one third of the atoms, most |F = 1,mF = −1〉
atoms, are trapped in the purely magnetic trap.

2.1.7 Magnetic Transfer

Atoms are transferred from the 3D MOT cell to the BEC cell by smoothly translating
the trap minimum by ramping on and off currents in overlapping pairs of magnetic
field coils. In order to minimize heating of the atom coud during transfer, current
ramps were calculated to maintain a constant gradient in the direction of transfer
and minimize vertical magnetic field gradient fluctuations throughout the transfer.
Following these current ramps, discussed in reference [17], the three sets of transfer
coils (see Figure 2.5) are ramped on and off, transferring about 40% of the atoms in
the initial magnetic trap to the BEC cell in 1 second. During transfer, the atoms



27

travel through a constriction where the vacuum chamber height tapers down to 5 mm
at the location of the BEC cell. The atom cloud in the magnetic trap is initially
larger than the height of the constriction, resulting in transfer of only 40% of the
magnetically trapped atoms. This atom loss during transfer is beneficial for two
reasons. 1) A greater percentage of highly energetic atoms than low energy atoms
are lost during transfer because the more highly energetic atoms spend more time
near the edge of the cloud, interacting with the cell walls. We suspect that the loss
of the highly energetic atoms during transfer acts as an evaporative cooling process,
resulting in a lower average temperature of the magnetically trapped atoms. 2) The
number of atoms in the BEC is not highly sensitive to inital MOT number due to
this loss. At the end of transfer, the transfer coils are linearly ramped down to 0 A
as the BEC quadrupole coils, the main coils used for trapping atoms in the BEC cell,
are ramped up to a gradient of 250 G/cm. The atoms then undergo two evaporative
cooling stages, which are discussed in the Chapter 3, until condensation is reached.

Figure 2.5: Diagram of the magnetic field coil system located around the 3D
MOT/BEC cell. Purple and dark blue coils comprise the magnetic transfer sys-
tem. The center coil pair serves both as transfer coils and MOT coils. The smaller
yellow coils around the science cell are the magnetic field coils that make up the
quadrupole trap for the BEC. The AC TOP bias coils (light blue) are simply used as
bias fields to move the minimum of the quadrupole field. Figure taken from reference
[17].

2.2 Diode Lasers and Frequency Stabilization

As discussed in Section 2.1.2, the MOT beams require light tuned to both the cooling
|F = 2→ F ′ = 3〉 and repump |F = 1→ F ′ = 2〉 transitions. To provide cooling and
repump light for both the 2D and 3D MOTs, four single-mode 780-nm diode lasers
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that are frequency stabilized to 87Rb transitions are used in conjunction with Tapered
Amplifiers, discussed in Section 2.3. The master cooling and repump diode lasers
have external cavities and are locked to 87Rb transitions using saturated absorption
and polarization spectroscopy techniques. The slave lasers have no external cavity
and are injection locked to the frequency stabilized master lasers. See Section 2.2.3
for a more detailed description of how injection locking is used in the apparatus. In
this way, 4 lasers are locked to atomic transitions while only two sets of electronics
and optics are required for laser locking setups. For more information regarding
diode lasers used in this apparatus, see reference [17].

2.2.1 Repump Lasers

A couple mW of the repump master light is picked off from the main path and sent
to a saturated absorption spectroscopy setup for frequency stabilization to the |F =
1〉 → |F ′ = 1− 2〉 crossover. The saturation absorption spectroscopy setup is shown
in Figure 2.6. All active frequency stabilization requires a dispersive signal with a
zero-crossing at the locking point. Frequency modulation and the lock-in amplifier
detection method are used to electronicaly differentiate the saturated absorption
spectroscopy signal, resulting in a dispersive locking signal with a zero-crossing at the
atomic transition. We use the MOGLabs DLC252 Diode Laser Driver to both drive
and lock the repump master laser. Along with a current source, the MOGLabs driver
has a temperature controller, feedback servos, modulator driver, lock-in amplifier,
piezo driver, and sweep ramp generator included. Locking the repump master laser
requires no external lock box and is entirely done through the MOGLabs controller.
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Figure 2.6: Optical layout for repump master and slave lasers. The repump master
laser is frequency stabilized to a 87Rb transition using saturated absorption spec-
troscopy signal that is integrated into an electronic feedback loop. The slave laser is
injection locked to the master laser by aligning a small amount of master laser light
into the slave laser diode cavity. The following powers can be used as a reference for
alignment and trouble-shooting purposes: (a) 58.3 mW, (b) 46.7 mW, (c) 1.88 mW,
(d) 0.204 mW, (e) 1.57 mW, (f) 0.78 mW, (g) 40.3 mW, (h) 6.47 mW, (i) 5.45 mW,
(j) 4.95 mW, (k) 29.9 mW, (l) 68.5 mW, (m) 63.4 mW, (n) 47.9 mW, and (o) 4 mW.
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Δ2D /Γ= -2 

Figure 2.7: Diagram of frequencies used for MOT cooling and repump beams and the
push beam. The repump lasers are locked to the |F = 1〉 → |F ′ = 1 − 2〉 crossover
and frequency shifted by an AOM to be on resonance with the |F = 1〉 → |F ′ = 2〉
transition. The cooling lasers are locked to the |F = 2〉 → |F ′ = 2〉 transition and
frequency shifted to −3Γ and −2Γ detuned from the |F = 2〉 → |F ′ = 3〉 transition
for the 3D and 2D cooling beams respectively. Image taken from reference [17]

The majority of the repump master light passes through an 80 MHz AOM set to
77 MHz, which shifts the frequency of the 1st order light so that it is on resonance
with the |F = 1〉 → |F ′ = 2〉 transition. By using an AOM to shift the frequency
instead of locking directly to the repump transition, the fast turn on/off properties
of the AOM are utilized throughout the experiment to turn on and off the repump
master light on the order of hundreds of nanoseconds. In our lab, single-pass AOMs
are used to both shift the light to the desired frequency and shut off the light quickly.
A physical shutter is also used in conjunction with a single-pass AOM to ensure that
all the light is blocked by the shutter when needed throughout the BEC creation
process. The 1st order from the AOM is coupled into a 2 x 4 Evanescent Optics fiber
splitter, providing repump light for the 2D MOT beams.

The 0th order light, unshifted in frequency by the AOM, is aligned back into the
repump slave diode laser, as shown in Figure 2.6. This light is used to injection lock
the repump slave laser, causing the slave laser to lase at the |F = 1〉 → |F ′ = 1− 2〉
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crossover frequency as well. The output of the slave laser is also sent through a
single–pass AOM at ∼78 MHz. The 1st order beam, shifted on resonance with the
repump transition is coupled into a 2 x 6 Evanescent Optics fiber splitter, providing
repump light for the 3D MOT beams. A couple mW of the 1st order beam is picked
off and coupled into a separate fiber for BEC imaging.

2.2.1.1 MOGLabs Laser Diode Controller

In the past, we have struggled to operate our diode lasers in a mode-hop free range
around the repump transition and successfully lock to transitions around the repump
transition. Use of the MOGLabs controller for locking has increased the locking
signal size and has allowed us to successfully lock the repump master laser to the
|F = 1〉 → |F ′ = 1 − 2〉 crossover. However, if the laser does not stay locked
throughout the day, use the following procedure to re-optimize the locking signal.
After the above locking optimization procedure is completed, the repump lock should
be very stable.

1. Make sure the probe beam power at the detector is ∼250 µW, which corre-
sponds to 3 mW of light diverted from the main path to the lock. This power
is easily changed by rotating the half waveplate before the polarizing beam
splitter (PBS) cube as seen in Figure 2.6. Note that the detector saturates at
500 µW.

2. Turn up the feedback gain knob until the peak-to-peak voltage of the locking
signal is ∼400 mV. The optimum locking signal amplitude is 250–500 mVpp.

3. Turn the phase knob so that locking signal is dispersive and has negative slope.

4. Turn the fast lock on first to make sure that laser is locked to correct transition.
Then turn on slow lock and decrease the gain as far as possible while keeping
the laser locked.

After using the MOGLabs box for 5 years, we have only encountered one main
issue with its electronics and ability to lock to the correct frequency. In August,
2016, the 250 kHz oscillator that is used to internally modulate the laser current and
produce a dispersive line signal ceased. This problem was manifested in the absence
of a dispersive locking signal. This signal was replaced with noise at the locations
corresponding to the atomic transitions. According to MOGLabs, the oscillator relies
on the nonlinear behavior of another electronic component in the circuit and can cease
when the value of that component drifts over time. Simple adjustments to a couple



32

of the electronic components in the circuit were made to restore the oscillator. For a
detailed description of how to fix this problem, refer to the troubleshooting section
in the newest MOGLabs DLC Driver manual online.

Figure 2.8: Representative scans of the error signal for the cooling (top) and repump
(bottom) transitions in 87Rb. The dispersive lineshape for the cooling lock comes
directly from the optical setup using polarization spectroscopy while the error signal
for the repump lock is generated electronically from a set of Doppler-free absorption
dips. Light gray lines indicate the position in each scan where we lock the lasers.
Image and caption taken from reference [17].

2.2.2 Cooling Lasers

The cooling master laser is locked to the |F = 2 → F ′ = 2〉 transition using po-
larization spectroscopy methods [22, 23, 24]. Polarization spectroscopy utilizes the
birefringence induced by a circularly polarized pump beam and results in a dispersive
error signal with zero-crossings at the atomic transitions, as seen in Figure 2.8. A
thick piece of glass reflects a couple of mW of cooling master light to the polarization
spectroscopy lock for frequency stabilization, as shown in Figure 2.9. The dispersive
error signal, measured by a photodiode, feeds back on the frequency of the laser
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by changing position of the PZT within the External Cavity Diode Laser. We use a
home-built lockbox to provide the necessary feedback to stabilize the laser frequency.

Figure 2.9: Optical layout for cooling master and slave lasers. The cooling master
laser is frequency stabilized to a 87Rb transition using a polarization spectroscopy
signal that is integrated into an electronic feedback loop. The slave laser is injection
locked to the master laser by aligning a small amount of master laser light into
the slave laser diode cavity. The following powers can be used as a reference: (a)
76.2 mW, (b) 2.2 mW, (c) 0.229 mW, (d) 0.177 mW, (e) 51.6 mW, (f) 48.3 mW,
(g) 30 mW (in all orders), (h) 15.4 mW, (i) 14.2 mW, (j)1.96 mW, (k) 1.5 mW, (l)
81.2 mW, (m) 63.2 mW, (n) 54.3 mW, (o) 48 mW, (p) 43.4 mW, (q) 28.9 mW, and
(r) 19.7 mW.

A small amount of master cooling light, determined by a half wave plate and PBS
cube, is aligned into the cooling slave diode laser for injection locking. With enough
power and correct alignment of the seed light into the slave laser, the slave laser also
lases at the |F = 2 → F ′ = 2〉 transition. For both the master and slave cooling
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lasers, the frequency of the light is shifted towards the cooling transition by a double
pass through an 80 MHz AOM set at 73 MHz for the master laser and 76 MHz for
the slave laser, and a single pass through a 110 MHz AOM set at 102 MHz. These
frequency shifts for the master and slave lasers add up to 254.4 MHz and 248.7 MHz
respectively. These frequency shifts correspond to master and slave cooling light
that is −2Γ and −3Γ detuned, respectively, from the |F = 2 → F ′ = 3〉 cooling
transition.

2.2.2.1 Polarization Lock Problems

When locking the cooling master laser with the home-built lockbox, the desired
transition should be centered horizontally and vertically on the oscilloscope using the
frequency and signal offset lock box knobs respectively. When the laser frequency
is stabilized, the oscilloscope measuring the locking signal will show a low noise
horizontal line at 0 V. Occasionally, we have had problems with the lockbox where
no amount of loop gain can successfully lock the cooling master laser. We haven’t yet
found the cause of this problem but suspect that it is related to a charging capacitor
on the lockbox electronics board. However, we have experimentally developed the
following procedure to restore the lockbox to normal operation.

1. Turn loop switch on while PZT ramp switch is still on. The locking signal
should still be seen on the oscilloscope if lock box is not working correctly.

2. Turn down the loop gain until the laser comes fully out of lock. The normal
locking signal with the laser scanning will be seen on the oscilloscope.

3. Switch the PZT ramp off and switch the PZT polarity to opposite sign.

4. Turn off the lock box for 30 s and then turn back on.

5. Switch the PZT polarity back to original sign and switch the PZT ramp on.

6. After finding locking transition, slightly turn up the loop gain and turn the
loop switch back on. The signal on the oscilloscope should start to look more
like a horizontal line.

7. Switch off the PZT ramp and increase the loop gain until the oscilloscope signal
is low noise and stable. If the loop gain is too high, the noise on the locking
signal will increase which corresponds to frequency noise on the laser.
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Another problem that we have observed with locking the cooling master laser
is that the overall voltage of the subtraction photodiode signal drifts in time. This
corresponds to a change in the zero-crossing of the locking signal and consequently,
the stabilization frequency. The cooling master laser is re-locked a couple times each
day to re-center the locking signal and set the frequency of the cooling beams back
to −3Γ detuned from the cooling transition. We suspect that the photodiode drift
is related to polarization drifts of the probe beam. In order to minimize drift of the
locking signal, use the following procedure.

1. Rotate the half waveplate before the PBS cube until ∼ 180µW is measured in
the polarization spectroscopy probe beam. We have found that the amount of
drift is not proportional to the power in the probe beam. Therefore, the more
power in the probe beam, the less significant the effect of the drifting lock
signal is on the cooling laser frequency. However, it is important that there is
not too much power in the probe beam so that power broadening causes the
polarization spectroscopy peaks to be less defined.

2. Change the cooling master laser current until the light is no longer on resonance
with any Rb atomic transitions and switch off the PZT ramp. Use the IR viewer
to confirm that atoms in the Rb cell are not fluorescing at the new drive current.

3. Plug the photodiode voltage directly into the oscilloscope, bypassing the lock-
box. Balance the powers in both probe beams, or set the subtraction pho-
todiode signal to 0 V, by rotating the half waveplate before the photodiode.
Equal powers in both beams incident on the photodiode minimizes drift of the
subtraction photodiode voltage.

4. Connect the photodiode voltage back to the lockbox, switch on the PZT ramp,
and change the current until the desired locking signal is seen on the oscil-
loscope. Use signal offset knob to center the locking signal at 0 V on the
oscilloscope and re-lock the cooling master laser.

2.2.3 Injection Locking

The cooling and master slave lasers are injection locked to their respective master
lasers when the seed light is well enough aligned into the slave diode laser that am-
plification is induced at the frequency of the injected light. Currently both injection
locks are aligned such that 5 mW of repump seed light and 2 mW of cooling seed
light successfully injection locks the slave lasers as long as the free-running wave-
length of the slave laser is tuned closely to the wavelength of the master laser. This
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corresponds to setting the current on the laser diode driver within a certain range
of current values. Both 2x4 and 2x6 fiber splitters have a 1% tap for each input
that is sent into a Thorlabs scanning Fabry-Perot cavity for frequency monitoring
of the cooling and repump frequencies for both the 2D and 3D MOTs. Figure 2.10
shows a Fabry-Perot trace with all four frequencies present. When the repump and
cooling slave lasers are injection locked, there are 4 peaks shown on the Fabry-Perot
cavity trace. Two sets of almost overlapped peaks are separated by 5.4 ms which
corresponds to the frequency difference between the cooling and repump transitions.
The peaks corresponding to the slave lasers are slightly displaced from their corre-
sponding master laser peaks due to differences in alignment into the cavity. Use the
following procedure for day-to-day injection locking.

Figure 2.10: Scanning Fabry-Perot (FP) cavity trace of the repump and cooling lines.
The free spectral range of the FP cavity is 1.5 GHz. The ground-state splitting in
87Rb is 6.834 GHz, so the repump and cooling lines are separated by 6.834 GHz
modulo 1.5 = 0.834 GHz. The master and slave lasers show up as separate peaks
due to slight differences in alignment into the FP cavity. Image and caption taken
from reference [17].

1. Set the master and slave lasers to the currents given in Table 2.1. The tempera-
tures are also given for reference.
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Table 2.1: Current and Temperature values for Diode Lasers

Laser Driver Current (mA) Set Temperature (◦C)
Repump Master 117.38 17.79
Repump Slave 108.77 15.75
Cooling Master 126.45 18.5
Cooling Slave 123.89 18.0

2. After lasers have warmed up for 10–15 min, change the frequency on the master
lock boxes to see the correct spectroscopy peaks shown in Figure 2.8.

3. Change the slave laser currents slightly until the slave lasers are injection locked.
The slave laser peaks on the Fabry-Perot cavity signal will oscillate with their
respective master laser peak when injection locked. Usually the repump slave
current will not need to be changed from 108 mA for injection locking. After
setting the cooling slave laser current to 123.89 mA, some of the slave laser power
will lase at the frequency of the cooling master laser. In order to injection lock
the full slave laser power, make small adjustments to the drive current until there
is a single cooling slave laser peak observed on the Fabry-Perot oscillating with
the cooling master peak.

4. Lock the master lasers and check on Fabry-Perot to make sure all lasers are single-
mode and that the slave lasers remain injection locked.

2.2.3.1 Injection Locking Realignment Methods

If the seed light path is misaligned into the slave laser and no amount of changing
the laser current will injection lock the laser, use the following alignment procedures.
Use Injection Locking Alignment Method 1 when there is still some amount of seed
light aligned back into the slave laser. Use the more involved Injection Locking
Alignment Method 2 when the first method is not successful or when first setting up
an injection lock.

Injection Locking Alignment Method 1:

1. Increase the power of the seed light to a couple of mW above the measured power.
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2. Change the current on the diode laser driver 5–10 mA around the values given in
Table 2.1 and use the Fabry-Perot trace to determine if any amount of slave laser
power is injection locked.

3. If a small peak starts to oscillate with the master laser peak on the Fabry–Perot,
use the last mirror in the injection locking path before the isolator to change the
alignment into the slave laser and increase the height of the injection locked peak.

4. Once the slave laser is single-mode and fully injection locked, reduce the seed light
power until the laser starts to come out of lock and then further optimize the seed
light alignment until the laser is fully injection locked. Iteratively decrease seed
light power and change alignment into slave laser until the slave laser is injection
locked with the lowest amount of power. This means that the alignment of the
seed light into the slave laser is optimized.

5. Increase the seed light power 0.5 mW above the minimum power needed for in-
jection locking. This allows the laser to be easily injection locked within a range
of drive currents.

Injection Locking Method 2:

1. Align a couple of mW of seed light into the slave laser by overlapping seed light
with the slave laser light that is rejected from the isolator. Check that the seed
light is well enough aligned into the slave that there is at least ∼1 mW measured
at the front facet of the slave laser.

2. Try Method 1 again.

3. If Method 1 doesn’t work, an Optical Spectrum Analyzer (OSA) is necessary to
finish the alignment procedure. Replace the fiber that couples the slave laser light
into the fiber splitter with a fiber that couples the light into the OSA.

4. When the slave laser is not injection locked but light from the master laser is
aligned into the slave laser, the slave laser light on the OSA should show 2 peaks:
one at the frequency of the master laser and one at the frequency of the slave
laser. Temperature tune the wavelength of the slave laser as close to the injected
light wavelength as possible.

5. Once the peaks are close and the temperature of the slave laser has been stabilized,
change the drive current of the slave laser until the peaks overlap. When the laser
is close to being injection locked, the peaks will be slightly overlapped but the
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overall peak will look asymmetric. Change the current to further overlap the
peaks until the slave laser is injection locked. The transition to injection locking
is observed on the OSA as a wide “bumpy” peak that becomes a narrow and
symmetric peak upon injection locking.

6. Replace the OSA fiber with the fiber splitter and use the Fabry-Perot trace to
confirm that the laser is fully injection locked. When the injected light is blocked,
2 distinct peaks will be seen on the oscilloscope and when the injected light is
unblocked, the 2 peaks will overlap and move together.

2.3 Tapered Amplifiers

Figure 2.11: Optical Layout of 3D Tapered Amplifier and push and cooling beams.
Use the following powers for alignment and debugging as needed. Powers (a) - (f)
were measured at 900 mA drive current: (a) 195 mW, (b) 159 mW (in all orders), (c)
105.5 mW, (d) 91.4 mW (e) 84.3 mW, (f) 32.6 mW. Powers (g) - (k) were measured
at 1900 mA drive current: (g) 11 mW, (h) 5.2 mW, (i) 2.35 mW (j) 1.15 mW, (k)
1.2 mW. Power (l) is the seed light power into the 3D MOT TA and it is constant
at 18.5 mW.

In order to provide enough power at the cooling transition for both the 2D and 3D
MOTs, the output of each cooling laser is sent to a Thorlabs TPA–780P20 Tapered
Amplifier (TA). Each TPA–780P20 amplifier is driven by a Thorlabs LDC2500B
current and temperature controller. With 10–15mW of seed light power, the amplifier



40

outputs up to 2 W at the maximum drive current of 2.5 A. Normally, we run our
amplifiers at 1.9 A, which corresponds to about 1 W of output power. The amplifier
output is sent through a series of optics used to shape the beam and fiber couple
it into either 2x4 or 2x6 fiber splitters. The master cooling laser output seeds the
2D MOT amplifier, whose output provides cooling light to the 2D MOT through
the 2x4 fiber splitter. Similarly, the slave cooling laser output seeds the 3D MOT
TA, providing the cooling light to the 3D MOT through the 2x6 fiber splitter. The
3D MOT optical layout is shown in Figure 2.11. The 2D MOT TA optical layout
is almost identical, with the exception that the 110 MHz AOM in a single-pass
configuration is placed after the 3D MOT amplifier but before the 2D amplifier. The
110 MHz AOM is used to shut the 3D cooling light off quickly during the experiment
and therefore must be located after the 3D MOT amplifier. It is not necessary to
shut off the 2D cooling light quickly, so a physical shutter is sufficient for blocking
the output of the 2D MOT amplifier during the experiment.

In general, the Thorlabs Tapered Amplifiers have performed well in providing
sufficient cooling power to both of the MOTs in order to cool and trap∼ 5×109 atoms
in the 3D MOT. However, because these amplifiers are a relatively new product,
there are still some problems that have been worked out in the last couple of years.
Section 2.3.1 provides an overview of the problems that have been observed with the
tapered amplifiers and drivers, how the problems affected the experiment and how
they were resolved. I also discuss our daily alignment procedure for these amplifiers.

2.3.1 Tapered Amplifier Problems

2.3.1.1 Problems with Input Coupling to Amplifier

One problem we have observed with the Thorlabs Tapered Amplifiers is degradation
of the seed light input coupling to the amplifier. We first observed this problem
as a steady decrease in the 2D MOT TA output power over the course of a week.
Decreased cooling power in the 2D MOT beams resulted in smaller 2D MOTs and
longer 3D MOT loading times. After measuring 12 mW of input seed light and
optimizing the input coupling efficiency, there was no increase in amplifier output
power. Our contacts at Thorlabs Quantum Electronics Division informed us that
degredation of the input coupling to the amplifiers was a problem with some of
their early devices. An epoxy used to bond the input fiber to the amplifier had
been thermally activated due to hours of continuous use with low power input seed
light. This created a film over the amplifier front facet reducing input light coupling
capability. After re-installing the repaired device into the setup, the measured power
out of the 2D MOT TA was back to the normal value.
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After a couple of years of normal performance, the same amplifier chip starting
exhibiting uncharacteristic behavior. This behavior manifested itself in slightly lower
amplifier output powers and a component of the power with an unstable frequency,
observed in the Fabry–Perot cavity trace as a small peak that moved and changed
shape even when all lasers were locked. We suspect that this moving peak on the
Fabry-Perot trace corresponded to spontaneous emission instead of stimulated emis-
sion output. At first, this behavior went away after re-optimizing the seed light
coupling into the amplifier. However, after about a week, there was a clear deterio-
ration in output power and an increased percentage of spontaneous emission in the
amplifier output. In order to determine whether this behavior was due to natural
deterioration over the amplifier’s lifetime or another problem with input coupling to
the amplifier, the Amplifier Spontaneous Emission (ASE) output power was mea-
sured at different drive currents for both the 2D and 3D MOT amplifiers. These
measurements were done while blocking the input seed light to ensure that only ASE
and not spontaneous emission output power was measured. The measured data are
shown in Figure 2.12. After comparing the ASE vs. drive current curves of each
amplifier to each other and the initial curves given in the amplifier datasheets, we
determined that the problem was not due to natural degradation of the chip. The
ASE emerging from the front of the amplifier in the direction of the seed light was
also measured at drive currents of 800 mA and 1 A. According to Thorlabs Quan-
tum Electronics Division, ∼2 mW should be measured at 1 A drive current. The
measured power was 51 µW at 800 mA and 200 µW at 1 A for the 2D MOT TA.
For the 3D MOT TA, 1.9 mW was measured at 1 A. This indicated that there was
another issue with the input coupling to the chip. The chip has since been repaired
and we have had no further issues with the input coupling. The ASE power out the
front of the 2D MOT TA is now measured to be 3.8 mW.
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Figure 2.12: Amplified Spontaneous Emission curves for both 2D and 3D MOT
Tapered Amplifiers. These curves give more information at low drive currents than
the Tapered Amplifier datasheets. For debugging TA problems, measure the ASE
curves to see if the problem is due to natural degradation over the chip’s lifetime
(ASE powers measured will be lower than the powers in this graph) or if another
problem is responsible for the observed behavior. The ASE out of the amplifiers was
measured by blocking the seed light into the amplifier and measuring the output
power.

2.3.1.2 Output Power Fluctuations

One issue that we have observed with the 3D cooling amplifier is that occasionally the
output power instantly drops to 90% of the overall output power and after 6 s, jumps
back to initial value Figure 2.13 shows how the changing 3D cooling power affects the
overall 3D MOT number. We measured the input seed light power to be constant in
time, confirming that the seed light was not causing the output power fluctuations.
Eventually both the seed light input coupling and the amplifier output coupling into
the 2x6 fiber splitter was re-optimized and the output power was stable to 1%. We
suspect that the fluctuating output power was possibly due to back reflections in the
optical setup causing power instabilities in the amplifier.
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Figure 2.13: Picoscope trace of the MOT fluorescence level which is proportional to
the number of atoms in the MOT. The unstable MOT number is completely due to
power fluctuations out of the 3D MOT TA. The power fluctuation level is 10 % and
the period of the oscillations is 6 s.

2.3.1.3 Current Instability in Thorlabs LDC2500B Driver

The LDC2500B driver that drives the Tapered Amplifiers is externally controlled by
the user through a LabView program that interfaces wth the driver. The LabView
program graphs the amplifier driver current, the chip temperature and the package
temperature as measured by thermistors in the temperature control feedback loop.
Instabilities in the amplifier drive current have been observed on the LabView drive
current graphs. Initially, the graph indicated that the was the drive current was
oscillating between 1600 mA and 0 mA. However, we measured no change in the
amplifier output power. Eventually, the graph indicated that the current spiked
down to 0 mA and remained at 0 mA drive current for 10-15 s before spiking back
up to 1600 mA. Again no change in amplifier output power was measured. We found
that at drive currents of 1550 mA or less, diver current instabilities were no longer
a problem. After six months of normal operation at 1550 mA drive current, the
current instabilities returned. At this time, the current graph indicated that the
drive current spiked down to 0 mA and remained at that current for a minute at a
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Table 2.2: MOT beam powers

Seed Light Power (mW) Fiber Splitter Output Power (mW)
2D MOT TA 14.2 63 (in fiber #4)
3D MOT TA 18.5 28 (in fiber #5)

time. At the same time, the LabView program Laser On/Off indicator turned off
and the amplifier output power was measured to be 0 mW. At first, the driver only
shut off the amplifier once every couple of days. However, after about a month, this
started to happen multiple times a day. After receiving a new driver from Thorlabs,
we have not seen any of the same behavior.

2.3.2 Daily Use of Tapered Amplifiers

Because the outputs of both tapered amplifiers are coupled into fiber splitters that
provide the cooling light for both 2D and 3D MOTs, it is important that the coupling
efficiency into the fiber is relatively constant throughout the day. This corresponds
to constant cooling power in the MOT beams and a total MOT loading number that
does not drift throughout the day. The alignment of the amplifier output into the
fiber splitters is dependent on the temperature of the air inside the TA box. Because
the TAs dissipate a lot of heat at high drive currents, it is important to allow the
system to re-thermalize after turning the amplifier up to high drive currents. After
waiting for ∼30 minutes, peak up the coupling efficiency in both fiber splitters by
measuring the output power of one 2D and one 3D MOT fiber and slightly changing
the vertical alignment of the amplifier output beam into the fiber splitters. The
horizontal alignment is not sensitive to temperature drifts and rarely needs to be
changed. Once this quick alignment is done with the amplifiers, the cooling power
in the MOT beams is stable to 15% throughout the course of the day. Reference
Table 2.2 for nominal input seed light powers and fiber splitter output powers at
1900 mA drive current for both amplifiers. For a more detailed description of power
loss in the TA optical layout, refer to Figure 2.11. These powers should serve as a
reference to help diagnose future problems and alignment issues with the tapered
amplifiers.
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2.3.3 Push Beam/Cooling Imaging Optics

Both the push beam and cooling imaging light are derived from the discarded 0th

order beam from the 110 MHz AOM inside of the 3D MOT TA box. As seen in
Figure 2.11, the 0th order beam is picked off and coupled into a fiber inside of the 3D
MOT TA box. Because the AOM alignment is optimized for power in the 1st order,
the 0th order beam has a messy profile with a set of vertical dark lines through the
center of the beam. We use the fiber as a spatial filter to clean up the transverse
mode of the beam. As seen in Figure 2.11, the output of the fiber is sent to a 60 MHz
AOM in a double-pass configuration whose output is coupled into both the push and
cooling imaging beam fibers. During the MOT loading stage, the AOM operates at
59 MHz, corresponding to −1/3Γ detuned from the |F = 2〉 → |F ′ = 3〉 cooling
transition. During this stage, the push beam shutter is open while the imaging
shutter is closed and light on resonance with the cooling transition is sent axially
down the vacuum chamber to increase the 3D MOT loading rate. The imaging
shutter is opened immediately before the imaging pulse and the AOM frequency is
changed so that the imaging light is detuned anywhere between −5Γ and +5Γ from
the cooling transition. The specific detuning used during imaging will be discussed
in more detail in Chapter 4.

2.4 Rb Dispenser/MOT Loading

As explained in Section 2.1.1, Rb is evaporated into the vacuum chamber through
a chemical reaction that occurs when the dispenser is heated up. Running 3.15 A
through the filament connected to one of the Rb dispensers evaporated enough Rb
into the 2D MOT cell to load approximately 3×109 atoms in the 3D MOT with a
loading time of ∼45 s. Figure 2.14 shows a MOT loading curve recorded for the
loading conditions discussed above.
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Figure 2.14: 3D MOT loading curve with 3.15 A on Rb dispenser power supply.
After failure of Rb dispenser power supply. The dispenser evaporates enough Rb
into the 2D MOT cell to load the 3D MOT to ∼ 3× 109 atoms in about 45 s.

On April 5th, 2017, the power supply that supplies current to the filament con-
nected to the Rb dispenser failed. This failure was manifested in a loud clicking
noise from the power supply, the smell of burning plastic, and an unknown amount
of current flowing through the filament for a couple of minutes. The Tenma 32 V,
5 A power supply supplied enough current to the filament during failure that the
filament physically became disconnected from the lead. Fortunately, the ground wire
that is used for all 3 Rb dispensers was still intact, which allows the other 2 Rb dis-
pensers to be used in the future. As the power supply drove high currents through
the dispenser filament, the filament heated up the dispenser enough to flood the
chamber with Rb, resulting in a pressure spike in the vacuum chamber. However,
vacuum remained intact during the power supply failure and the vacuum chamber
was pumped down to less than 10−10 Torr by the next day. Refer to Table 2.3 for
more information regarding pressures during the power supply failure.



47

Table 2.3: Vacuum Chamber pressure gauge reading for variable times after power
supply failure.

10 min 30 min 90 min
Pressure Reading (nA) 76 10 2

Figure 2.15: Pictures of the 2D MOT cell after failure of the Rb dispenser power
supply. Condensed Rb can be seen on the walls of the main 2D MOT cell and in the
adjacent arm that contains the Rb dispensers.

After the Rb flooded the vacuum chamber, it condensed on the sides of the 2D
MOT cell, as seen in Figure 2.15. Due to the power supply failure, there is now
enough Rb in the 2D MOT cell to load the 3D MOT in about 3 s without actively
evaporating Rb into the chamber with either of the two remaining Rb dispensers.
A typical MOT loading curve taken after the power supply failure is shown in Fig-
ure 2.16. The apparatus repetition rate has greatly increased as a result of this power
supply failure.
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Figure 2.16: 3D MOT loading curve after failure of Rb dispenser power supply. The
abundance of Rb in the 2D MOT cell has increased the partial pressure of Rb enough
to create 2D MOTs that load about 5×109 atoms in the 3D MOT in ∼3 s.

2.5 Controlling the Transfer Current

The transfer current control circuit is composed of 5 components: TDK power
supply, the transfer coil pairs, Flyback diodes, high powered MOSFETs and Hall
Probes/Feedback circuit. These components work together to precisely control the
current through the transfer coil pairs following analog outputs from the timing pro-
gram. A TDK Lambda Genesys 50–200 10 kW power supply is used to drive up to
200 A through the transfer coils during the transfer sequence. The positive terminal
on the power supply is directly connected to the positive lead on each transfer coil
pair, as seen in Figure 2.17. The negative terminal of each coil pair is connected
to the Drain terminal on a pair of high powered IXFN180N10 MOSFETs used to
control the amount of current through each coil pair. The Gate voltage for each
MOSFET is controlled by the timing computer. The Source terminals on the high
powered MOSFETs are all connected to a water cooled aluminum plate, which is
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used to facilitate power dissipation in the MOSFETs, and are then connected to
the negative terminal on the TDK power supply through three 3 AWG cables. FW
Bell CLSM 200-LA Closed-Loop Hall effect sensors are used to monitor the current
through the transfer coils. They are used in the feedback loop to stabilize the current
and in the interlock circuit to protect the coils from too large of currents. The last
component of the transfer current control circuit is a Flyback Diode which is placed
in parallel with each coil pair to protect the MOSFETs from large induced voltages
when the current is turned off quickly.

Figure 2.17: Electronics diagram of transfer current control circuit. Figure taken
from [17].

2.5.1 Flaw in Transfer Circuit Design

When the transfer current control circuit was originally constructed, a single cable
was used to connect the positive terminal on the TDK power supply to the transfer
coil pairs and to connect the aluminum plate, which is connected to the Source
terminal on all of the MOSFETs, to the negative terminal on the power supply.
We used 3 AWG wire, which has a very small non–zero resistance, to make these
connections. However, during transfer, up to 200 A flows through the transfer coils,
and consequently through the 3 AWG cable that connects the MOSFETs to the power
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supply. A 10 ft 3 AWG wire has a resistance of∼0.002 Ω which corresponds to a 0.4 V
drop across the cable when 200 A runs through it. Because the negative terminal
on the power supply is connected to the lab ground, the 0.4 V drop across the wire
would cause the MOSFET Source voltage to be 0.4 V instead of lab ground. Because
the voltage drop across the 3 AWG cable is proportional to the total current out of
the TDK power supply, the Source voltage relative to the lab ground depends on
the total current out of the TDK power supply. The current through each MOSFET
depends on the the Gate voltage relative to the Source voltage, which results in
MOSFET current that is greatly affected by the changing Source voltage.

This problem was originally observed in our lab during the first magnetic trans-
fer attempts. After debugging the apparatus and the transfer current control circuit
to determine the cause of low transfer efficiency, we found that the individual coils
had pickup proportional to the total current out of the TDK power supply. Eventu-
ally, we also measured the changing source voltage due to the voltage drop across the
3 AWG single cable that connects the MOSFETs to the TDK power supply. In hind-
sight, if the original design had been modified so that each MOSFET source had an
individual connection to the TDK power supply, the changing source voltage would
be proportional to current flowing through one MOSFET instead of the total TDK
output current. Instead of completely re-constructing the transfer current control
circuit, we modified the feedback circuit to add the source voltage measured at all
times to the gate voltage output from the feedback circuit. When the source voltage
is actively added to each gate voltage, the changing source voltage is accounted for
and the current through each individual MOSFET is no longer dependent on the
total current through the transfer coils. After modifying the feedback circuit in this
way, the current measured through each of the coils showed that the current through
the coils was following the current ramps originally programmed in the MATlab
transfer current code.

2.6 Ground Loop Problems

Ground loops occur when the equipment and electrical wiring configuration allow
more than one path for electricity to flow to ground. This can result in stray signals,
noise, and interference. In our apparatus, ground loops have manifested themselves
in stray signals on many different electronic devices in the lab. This effect was first
observed in the cooling laser coming unlocked when running around 200 A through
the transfer coils. After much debugging, we eventually measured a voltage propor-
tional to the current through the transfer coils on the cooling master laser locking
signal. This caused the laser to unlock every time high currents were sent through
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the transfer coils. This signal also showed up on the output voltage of the Fabry-
Perot, the piezo driver and even the output of a laser current driver. To eliminate
this signal on the cooling lock box and all other electronic equipment in the lab,
we implemented the “star grounding method” described in Reference [25] for all our
homebuilt electronic devices. We also changed our procedure for connecting commer-
cial electronic equipment to the lab ground. To eliminate multiple paths to ground,
each electronics box is connected to a central ground (star ground) separately. To
implement the star grounding method in homebuilt electronics, use the following
steps:

1. Put each circuit in a separate box.

2. Provide a separate connection to the star ground for each cases that houses a
circuit.

3. The optics table is used as the star ground in our lab and every homebuilt elec-
tronics box is connected to the table through ground lugs and grounding cables.

4. Never attach case grounds to circuit boards directly. The ground for the circuit
comes directly from the power supply that is powering the circuit.

5. Signal lines are shielded at one end. The convention chosen in our lab is to ground
the sending side of the signal to the case by using non-isolated BNC connectors
on the outputs of the circuit. The receiving side of the signal is not grounded and
is connected to the circuit through isolated BNC connectors.

This star grounding method has significantly helped reduce problems arising from
ground loops in the lab. We have also organized how commerical electronic equip-
ment is grounded to the lab ground by connecting every piece of equipment in a
given system to a single power strip. We define a system as a group of devices that
is connected through signal carrying BNCs. The following list groups devices into
systems that are plugged into a single power strip.

• Power strip 1: Laser current drivers, temperature controllers, repump master
lock box, repump oscilloscope.

• Power strip 2: AOM drivers, frequency counters, AOM digital input power
supply.

• Power strip 3: Coil power supply, MOSFET box power supply, vacuum pump.
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• Power strip 4: all 3 laptop supplies, Fabry-Perot driver, and Fabry-Perot oscil-
loscope.

• Power strip 5: ±15 V supply for cooling lock box, cooling oscilloscope, function
generator, piezo driver. Power strip 5 contains all the electronic equipment
related to the cooling laser lock system. This is the most important system to
keep isolated because any noise on laser locks can result in the laser becoming
unlocked.

The electronic systems listed above have not been updated since they were origi-
nally organized to reduce ground loop problems. However, the list serves as a refer-
ence for debugging and as a grounding-scheme model for the organization of future
devices integrated into the lab.
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CHAPTER 3

Construction of BEC Apparatus - Phase 2

BEC was first achieved in our lab in December, 2015. Since then, updates have
been made to the apparatus, with the help of Andrew Schaffer, to decrease the
overall BEC creation time, increase the BEC atom number, and implement a trap-
ping laser for BEC creation in a flexible hybrid optical-magnetic trap for 2DQT
experiments. This chapter focuses on these updates, the implementation of new
equipment and a description of the modified BEC creation process. Section 3.1 de-
scribes the implementation of a 532-nm laser used to create a plugged quadrupole
trap. Section 3.2 describes the first stage of evaporative cooling: RF evaporation in
the plugged quadrupole trap. Section 3.3 introduces the newly implemented Optical
Dipole Trap. Sections 3.4 and 3.5 discuss transfer to a hybrid optical-magnetic trap
and optical evaporation to BEC.

3.1 Plugged Quadrupole Trap

As discussed in Chapter 2, a spherical quadrupole field with a local minimum acts as
a trap for weak field seeking states, such as 87Rb |F = 1,mF = −1〉. After atoms are
transferred from the 3D MOT cell to the BEC cell, the transfer coils are ramped off
while the BEC quadrupole coils are ramped up to a vertical gradient of 250 G/cm.
The BEC quadrupole coils are oriented in an anti-helmholtz configuration creating a
magnetic field with local minimum at the center of the coil pair. The magnetic field
magnitude linearly increases away from the center of the coil pair. Modifications to
the quadrupole trapping geometry are necessary to avoid Majorana losses, which are
discussed in Section 3.1.1. A repulsive optical barrier is aligned to the center of the
quadrupole trap, creating a plugged quadrupole trap that provides a nearly linear
conservative trap for efficient RF evaporative cooling.

3.1.1 Majorana Losses

As atoms approach the |~B| = 0 point of the quadrupole field, the magnetic field
direction rapidly changes and atoms undergo nonadiabatic spin flip transitions to
untrappable states. This mechanism is referred to as Majorana losses and results
in atoms loss and heating. For high temperature atom clouds, atoms do not spend
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much time near the center of the trap and consequently are not lost. This is the
case for the atom cloud in our apparatus immediately after transfer to the BEC cell.
However, as atoms are further cooled, they spend more time near the center of the
trap and can be lost. Current methods for minimizing Majorana losses include the
Time-averaged Orbiting Potential (TOP) trap [26], the Ioffe-Pritchard trap [27, 28],
the quadrupole-Ioffe-configuration (QUIC) trap [29], and the plugged quadrupole
trap [30]. A TOP trap was initially implemented in our lab to minimize Majorana
losses. The TOP trap is comprised of a quadrupole field and a rotating bias field
which shifts the |~B| = 0 point outside of the atom cloud. For more details regarding
the the TOP trap implemented in our lab, refer to Newman’s dissertation [17].

One disadvantage of the TOP trap is that it provides weaker confinement than a
quadrupole trap, which results less efficient evaporative cooling. We have successfully
reached BEC through RF evaporation in the TOP trap. However, this evaporation
process lasted about 60 s, during which, the quadrupole coils heated up a considerable
amount. By the end of the day, the interlock protection circuit disabled the BEC
coil power supply due to dangerous temperatures measured in the BEC quadrupole
coils near the end of the BEC creation process. In order to avoid excessive heating of
the BEC quadrupole coils during the BEC creation process, we changed the trapping
geometry from a TOP trap to a plugged quadrupole trap, in which more efficient
and faster evaporative cooling occurs.

3.1.2 Repulsive Optical Barrier

Far-detuned and high-intensity lasers are used to provide both attractive and repul-
sive potentials for neutral atoms. The electric field of the light field incident on the
atoms induces an atomic dipole moment. The interaction between the electric field
of the laser and the induced dipole leads to the following potential energy [31]:

Udip(r) =
3πc2

2ω0
3

Γ

∆
I(r) (3.1)

where I(r) is the spatially dependent intensity of the laser, Γ = 2π × 6.07 MHz
is the natural linewidth for 87Rb [32] and ∆ is the detuning between the resonant
atomic frequency ω0 and the laser frequency ω. The sign of the dipole potential
is given by the detuning of the light field from atomic resonance. Therefore, the
potential produced by a red-detuned (∆ < 0) laser beam is negative and the potential
minimum is found at the location of maximum intensity of the laser, resulting in an
attractive potential. However, for a blue-detuned (∆ > 0) laser, the dipole potential
is positive and atoms are repelled by the light field. In this way, the dipole interaction
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from a blue-detuned laser creates an optical barrier that most strongly repels atoms
at the maximum intensity part of the beam. A plugged quadrupole trap utilizes a
blue-detuned laser beam focused at the center of the quadrupole field, creating a
repulsive barrier that keeps atoms away from the |~B| = 0 Majorana loss region as
shown in Figure 3.1.

Figure 3.1: Conceptual diagram of plugged quadrupole trap. The spherical
quadrupole field is created by a pair of magnetic field coils in an anti-helmholtz
configuration. A blue-detuned laser beam is focused at the local minimum of the
quadrupole field, plugging the trap region where Majorana losses occur. (a) The
plug beam propagates along the y axis. (b) Dashed lines represent in the xz plane
represent isomagnetic lines, or lines of constant magnetic field magnitude. The plug
is focused at the center of the quadrupole field and propagates perpendicular to the
xz plane.

3.1.3 Plug Beam Setup

3.1.3.1 Verdi Laser

A diode-pumped solid-state frequency doubled Nd:YVO4 Verdi laser provides the
blue-detuned light used as the repulsive barrier in our plugged quadrupole trap. In
this dissertation, the beam provided by the Verdi laser is referred to as the plug
beam as it is used to plug the Majorana loss region in the quadrupole trap. The
Verdi laser outputs up to 6.5 W at 532-nm with a 1/e2 beam diameter of 2.25 mm.
A chiller water cools the heatsink that the laser head is mounted on, stabilizing the
output angle and alignment of the laser.
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3.1.3.2 External Shutter

In addition to the manually controlled internal shutter on the plug laser, a home-built
shutter is placed immediately after the output. Instead of using a commercial high
intensity shutter, we modified a hard drive shutter. When current is sent through
the voice coil actuator, the pivot arm with a flag attached moves, blocking the laser
light [33]. Instead of using a flag to block the light, we attached a silver mirror to
the pivot arm to reflect the light a beam dump. The shutter is externally controlled
via the timing computer to turn the output of the laser on and off throughout the
timing sequence.

Figure 3.2: Optical layout of plug beam and horizontal imaging system.
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3.1.3.3 Optical Layout

When the shutter is open, the plug beam is first reflected into a cavity comprised of
two mirrors with PZT control of the horizontal and vertical angles of the mirrors.
PZT control is used both for facilitating the plug alignment process and for later use
in the experiment, which will be discussed in Chapter 5. The plug laser is reflected
back and forth three times before emerging from the cavity. The deviation angle
of the plug beam as it exits the cavity is proportional to the number of bounces in
the mirror cavity, magnifying the effect of the PZT’s on the angle of the plug beam.
Two sets of additional mirrors are then used to align the beam to the other side of
the optics table near the BEC cell. A periscope is used to increase the height of the
plug beam to coincide with the height of the BEC cell. The light is then focused
at the center of the BEC cell by a 250 mm focal length spherical lens as seen in
Figure 3.2. At the focus of the plug beam, changes in angle from the PZT mirror
cavity correspond to changes in the position of the beam.
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Figure 3.3: Graphs of calculated plugged quadrupole trapping potential for dB/dz
= 250 G/cm and 6 W in the plug beam. The height of the repulsive barrier is
calculated to be 79.6 µK. Top left: Trapping potential cross section in the xy plane.
The yellow dotted line shows the location of the B-field minimum in the x-direction.
Bottom left: Plot of the trap depth along x, y, and along the yellow dotted line
in the above graph, corresponding to the B-field minimum. Top right: Trapping
potential cross section in the xz plane. The red dotted line shows the location of
the B-field minimum in the x-direction. Bottom right: Plot of the trap depth
along z and along the red dotted line in the above graph corresponding to the B-field
minimum.
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3.1.3.4 Properties of Repulsive Barrier

The beam waist, w0, at the focus of the 250 mm lens is calculated to be 38 µm using
the following equation:

2ω0 =

(
4λ

π

)(
F

D

)
(3.2)

where D is the beam diameter and F is the focal length of the focusing lens. Using
the maximum intensity of the plug beam at the focus in Equation 3.1, the potential
barrier height, in energy, can be calculated. As seen in Figure 3.3, the height of
the repulsive barrier in a 250 G/cm trap corresponds to a temperature of 80 µK.
The barrier height in temperature describes the temperature below which atoms will
have low enough energies to be repelled by the potential barrier. For the plug beam
parameters chosen, this potential barrier is high enough that atoms are repelled from
the center of the quadrupole before they are cooled to low enough temperatures that
Majorana losses become significant. Therefore the plug beam implemented provides
a large enough repulsive barrier that Majorana losses are suppressed.

3.1.4 Plug Beam Alignment

As seen in Figure 3.2, the plug beam is aligned along the same axis as the horizontal
imaging system, which is discussed in Chapter 4. Because the plug beam is focused
at the location of the atoms which is imaged onto a CCD camera, the horizontal
imaging system can be used to align the location of the focus of the plug beam to
the center of the atom cloud. Two dichroic filters that pass 780 nm light but reflect
532 nm light reflect most of the plug beam power to a beam dump. However a
couple µW of plug beam power reaches the CCD camera and is used for alignment
of the plug beam. The plug beam can also be aligned using a Thorlabs alignment
camera placed after a matched achromat lens pair that images one of the plug beam
reflections off of the dichroic mirror onto the CCD camera. For the current position
of the camera and lenses used to image the plug beam, pixel (361, 465) corresponds
to the center of plug beam image on the alignment camera for the correct position
of the plug beam relative to the quadrupole field minimum.

3.1.5 Bias Fields

Three sets of bias coils are used to translate the zero-point of the magnetic trapping
potential in all three directions. Both sets of horizontal bias field coils have 50
turns and are placed 19 mm away from the center of the quadrupole trap as seen in



60

Figure 3.4. Because of this they provide large bias fields at relatively low currents,
∼9.8 G/A. These coils were originally designed as the AC TOP coils providing the
rotating bias field for the TOP trap and have since been converted to provide static
bias fields. The vertical bias field coils, not pictured in Figure 3.4 are placed on top
and bottom of the shuttle 26 mm away from the center of the quadrupole coils and
provide bias fields of 9 G/A. All three bias coils are controlled by analog outputs
from the timing computer and are interfaced with commercial power supplies so that
the current through each coil pair is easily controlled by the timing sequence.
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Figure 3.4: a) and d) Drawings of the center piece of the shuttle showing the various
coils used in the final trap for the BEC. b) and c) Pictures of the shuttle before
and after the coils have been epoxied. Currently the two sets of AC TOP coils are
used bias fields for translating the center of the quadrupole field provided by the
quadrupole coils shown in the Figure. A third pair of bias coils not pictured here
are placed above and below the shutter to provide a vertical bias field. Image taken
from reference [17].

3.2 RF Evaporation

Forced evaporative cooling is a common technique used in atomic physics experi-
ments in which high energy atoms are selectively removed from the trap. This allows
the remaining atoms to rethermalize, through elastic collisions, to a lower tempera-
ture. This process can greatly reduce the average temperature of the atom cloud and
consequently, increases the phase-space density of the atoms. Two common evap-
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orative cooling techniques used in atomic physics experiments are: RF evaporative
cooling, which is discussed in this section, and optical evaporative cooling discussed
in Section 3.5.

In RF evaporation, radio frequencies on resonance with an atomic hyperfine spin
transition, are applied to induce transitions from trappable to untrappable states.
The atoms that transition to untrappable states are consequently repelled from the
trap and are lost. In our lab, RF frequencies are used to induce transitions from
the weak-field seeking state |F = 1,mF = −1〉 to |F = 1,mF = 0〉 and the strong-
field seeking state |F = 1,mF = 1〉. In a plugged quadrupole trap, the magnitude
of the magnetic field increases linearly away from the center of the trap, except at
the location of the plug. Consequently, the Zeeman energy shift between hyperfine
spin states also linearly increases away from the center of the trap. This results
in a resonant RF frequency between trapped and untrapped states that is position
dependent. Large RF frequencies induce spin flip transitions in high-energy atoms
located on the edge of the cloud. Similarly, low RF frequencies remove less energetic
atoms that are located close to the center of the trap. Evaporative cooling is then
achieved by sweeping the applied RF field from high frequencies to low frequencies
in discrete steps, allowing for rethermalization of the atom cloud at each frequency
step.

3.2.1 RF Electronics

A programmable Agilent R4400B RF generator is used to generator RF frequency
ramps that are pre-loaded from the computer via GPIB. The function generator
seeds an Ophir 5303055 Solid-State RF Amplifier that amplifies the RF signal by
∼ +48 dB. A minicircuits RF switch externally controlled by a TTL output from
the timing computer is placed directly before the RF amplifier for switching the RF
fields on and off throughout the BEC creation process. The start of the RF ramp on
the function generator is also triggered by a TTL pulse from the timing computer for
external control of the ramp start time. The output of the RF amplifier is connected
to a pair of RF coils comprised of 2 single loops of magnet wire oriented in a helmholtz
configuration. These coils provide RF fields on resonance with spin flip transitions to
untrappable states for 87Rb atoms trapped in the |F = 1,mF = −1〉 state. Figure 3.5
shows a functional diagram of the RF electronic equipment described above and one
of the RF coils mounted on the outside of one quadrupole coil.
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Figure 3.5: Functional diagram of RF electronics used to create RF field during
evaporative cooling in the plugged quadrupole trap. Image and caption taken from
reference [17].

3.2.2 RF Ramps

Immediately after atoms are transferred to the BEC cell and the quadrupole coils
are ramped up to 250 G/cm, the repulsive optical barrier aligned to the center of
the quadrupole trap is turned on, resulting in a plugged quadrupole trap. While
the plug beam external shutter is opened, an RF field is turned on and swept from
80 MHz to 30 MHz in 2.8 s. This ramp is referred to as the High Frequency Cut as it
induces spin flip transitions to untrappable states in the highest energy atoms. The
purpose of this ramp is to get rid of the highest energy atoms without allowing time
for rethermalization. The subsequent ramps shown in Figure 3.6 are much slower
and allow atoms time to rethermalize to a lower temperature as the most energetic
atoms leave the trap. The specific RF frequencies and ramp times were chosen to
optimize the phase-space density at the end of the RF ramps. See Table 3.1 for infor-
mation regarding the frequencies and ramp times of the specific ramps. Throughout
the evaporation sequence, some atoms are lost but the density of the cloud increases
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while the temperature decreases, resulting in a larger phase-space density. See Fig-
ure 3.7 for images of atoms in the plugged quadrupole trap at various stages in the
evaporation sequence.

Figure 3.6: RF frequency ramps for RF evaporation in the plugged quadrupole trap.
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Table 3.1: Frequencies and ramp times for RF evaporation ramps

RF Ramp ωRFstart (MHz) ωRFend (MHz) Ramp Time (s)
High Frequency Cut 80 30 2.8

Fast RF Ramp 30 15 2
Slow RF Ramp 1 15 5 6.3
Slow RF Ramp 2 5 2.75 3.25

RF Switch Off - - 2
Low Frequency RF Shield 0.35 0.35 ∼ 6

Figure 3.7: Absorption images taken with the horizontal imaging system showing the
change in size of the cloud as further RF evaporation occurs. As the atom cloud is
cooled through RF evaporation in the plugged quadrupole trap, the size of the cloud
decreases and the density increases. This results in an overall increase phase-space
density. Full width half max (FWHM) of cloud at ωRF = 5 MHz: FWHMx ∼ 640 µm
and FWHMy ∼ 250 µm. FWHM of cloud at ωRF = 2.75 MHz: FWHMx ∼ 305 µm
and FWHMy ∼ 170 µm.

Spin flip transitions occur in a finite region around |~B| = 0. Due to the finite size
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of the plug beam, it is possible for spin flip transitions to occur when atoms are cold
enough that they spend appreciable amounts of time near the wings of the repulsive
barrier where Majorana losses are still possible. We have experimentally found that
evaporation down to RF frequencies below 2.75 MHz can result in Majorana losses.
It is possible to evaporate far enough in the plugged quadrupole trap for atoms
to condense despite Majorana losses. However, our RF evaporation stage ends at
2.75 MHz to prevent Majorana losses. Atoms are then loaded into a hybrid optical-
magnetic trap for further evaporation to condensation.

3.3 Optical Dipole Trap

As discussed in Section 3.1.2, the dipole potential for a red-detuned light field is
minimized at the maximum intensity of the light field. Therefore, spatially depen-
dent red-detuned light fields trap atoms in the most intense region of the beam.
Because the potential is caused by the interaction of the light field with the induced
dipole moment, this trap is referred to as the Optical Dipole Trap. There are two
considerations when choosing the light source for an optical dipole trap: intensity
and detuning. Even with large detunings of the optical field compared to the reso-
nance frequency of atomic transitions, atoms can still scatter photons, resulting in
heating. The scattering rate, which determines the heating rate of the atoms due to
the optical field, is given below.

Γsc(r) =
3πc2

2~ω0
3

(
Γ

∆

)2

I(r) (3.3)

Γsc(r) =
Γ

∆~
Udip(r) (3.4)

From Equations 3.1 and 3.3, the dipole potential energy and scattering rate de-
pend on the intensity of the optical field and the detuning as follows: Udip ∝ I

∆

and Γsc ∝ I
∆2 . From this we determine that large intensities are needed to create

deep enough trapping potentials to trap atoms while large detunings are desired to
minimize scattering rates and heating of atoms.

3.3.1 Trapping Laser

A Spectra Physics 30 W single-mode Ytterbium fiber laser operating in CW mode
provides the optical dipole potential used to trap atoms in a hybrid optical-magnetic
trap after the initial cooling stage in the plugged quadrupole trap. In order to create
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BECs in a variety of trapping geometries including geometries that create quasi-
2D BECs, increased confinement and trapping strength in the vertical direction is
desired. We use free space beam shaping optics to create a “surfboard” shaped
optical dipole potential from our trapping laser, discussed in the following section.
Depending on the gradient and position of the quadrupole magnetic trap and power
in the trapping laser, a variety of hybrid trapping geometries are created.

3.3.2 Trapping Laser Optical Layout

Figure 3.8: Diagram of the optical setup of the 1064-nm red-detuned trapping laser
that is used to trap atoms in the hybrid optical-magnetic trap. The cylindrical lenses
are oriented so that the beam is focused in the vertical direction.

The Spectra Physics trapping laser outputs 30 W of randomly polarized light. In
order to clean up the polarization, a PBS cube is placed immediately after the output
of the fiber laser as seen in Figure 3.8. About 15 W is rejected by the PBS cube and
sent to a high powered beam dump. The remaining 15 W is sent through a spherical
telescope and then to an 80 MHz AOM. The telescope is designed to decrease the
beam waist by a factor of three for increased efficiency in the 1st order beam from
the AOM. This 1st order beam is sent through additional beam shaping optics and is
eventually coupled into an OZ Optics high-power optical fiber. The power of the RF
signal that drives the AOM is modified to actively control the intensity of light in
the 1st order beam and consequently the intensity of the light out of the optical fiber.
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The 0th order beam from the AOM is picked off and reflected to a beam dump. All
the optics described above are enclosed in a black, metal box for light suppression.
The optical fiber both cleans up the transverse mode of the beam and transports the
light from the 1064-nm fiber laser enclosure to the area near the BEC cell.

As seen in Figure 3.8, the output of the trapping laser optical fiber is sent through
the following beam shaping optics before it reaches the BEC cell: a long focal length
spherical converging lens, a cylindrical lens telescope and a final converging cylin-
drical lens. The 1000 mm focal length spherical lens is placed about 1000 mm away
from the location of the atoms. This spherical lens is the only focusing element in
the horizontal direction and therefore, most significantly effects the horizontal beam
waist. With an initial beam diameter of 2.7 mm, the beam waist at the focus is
calculated to be 250 µm using Equation 3.2. The following 5x cylindrical telescope
increases the vertical beam waist to 6.75 mm. An increased vertical beam waist
before the final lens results in a smaller vertical beam waist at the focus of the final
lens. A 300 mm cylindrical focusing lens is located about 300 mm away from the
atoms focusing the beam down to a calculated vertical beam waist of 30 µm at the
atoms.

The actual trapping laser beam waists were experimentally measured by placing
a temporary mirror in between the final focusing lens and the BEC cell to reflect the
beam onto a camera located at the focus position of the trapping laser. The horizontal
and vertical beam sizes were measured as the camera was translated around the focus
position. After fitting the data to

w(z) = w0

√
1 +

(
z

zR

)2

(3.5)

where zR is the Rayleigh range or distance, z, away from the focus position at which
the beam radius increases to

√
2 of the beam waist, the following beam waists were

extracted: w0z = 29.5µm and w0y = 273µm which correlate well with the calculated
values. These beam waists correspond to an aspect ratio of 9.25:1 and can be seen
in Figure 3.9. Here, we refer to z as the vertical direction, x as the direction of
propagation of the trapping laser, and y as the direction perpendicular to the laser
propagation direction.



69

Figure 3.9: Trapping laser beam profile at the focus position. The measured beam
radii are: ω0z = 29.5µm and ω0y = 273µm.

3.3.3 Trapping Laser Alignment Procedure

A flip mirror is placed immediately before the BEC cell and reflects the trapping
laser onto a Flycapture alignment camera located at the focus position of the laser.
The current trapping laser alignment corresponds to a beam that is centered on
pixels (432, 465) on the alignment camera. For small misalignments, use the last
two mirrors before the BEC cell to center the beam on the correct pixels on the
alignment camera. We used a much more involved alignment procedure when first
aligning the trapping position to the position of the atoms which is described below.
This alignment procedure may be useful in the future if the trapping laser or flip
mirror/alignment camera are greatly misalgined.

1. Align the trapping laser horizontally to be centered on the horizontal split in the
shuttle on both sides of the transfer coil mount.

2. Set the height an alignment stick to the height of the center of the BEC cell. Use
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the alignment stick to set the height of the trapping laser to the correct height
and make sure that it is traveling parallel to the plane of the optics table.

3. After RF evaporation in the plugged quadrupole trap down to 5 MHz, ramp
up the trapping laser to the maximum power level, ramp down the quadrupole
gradient to less than the strength of gravity, dB/dz < 31.7 G/cm, and then image
using the horizontal imaging system. As the gradient is decreased, the size of the
cloud will increase so that the trapping laser is eventually overlapped with some
of the atoms even if the trapping laser is not optimally aligned. As the gradient
is decreased to less than the strength of gravity, atoms will fall out of the plugged
quadrupole trap and the coldest atoms will be trapped in the optical dipole trap.
An image at this state in the timing sequence will show the vertical location of
the trapping laser.

4. Fine tune the vertical alignment of the trapping laser by making small changes
to the vertical angle of the last mirror before the BEC cell until atoms trapped
in the trapping laser are at the correct vertical location.

5. Increase the gradient as close to 250 G/cm while still trapping enough atoms to
determine the location of the trapping laser.

6. After evaporation down to 5 MHz, ramp down the gradient to the value found
in the last step, increase the laser power to the maximum value and then image
using the vertical imaging system.

7. Change the horizontal alignment until the atoms no longer move horizontally when
the laser power is ramped up. Note that it is possible to move the trapping laser
in the wrong horizontal direction such that the laser is having a weaker influence
on the atoms and they no longer move in the presence of the trapping laser. As
a check, turn down the gradient to below the strength of gravity and make sure
that at least some atoms are still trapped in the optical dipole trap.

8. Try transferring atoms to the hybrid optical-magnetic trap and evaporate close
to BEC. Ramp down the strength of the quadrupole field all the way down to
zero and monitor the position of the BEC using the horizontal imaging system.
Change the location of the final focusing lens until the atom location, and the
focus position of the trapping laser, coincide with the center of the quadrupole
trap in the x-direction.
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3.3.4 Trapping Laser Power Stabilization Circuit

As seen in Figure 3.3.2, a wedge located in between the spherical converging lens and
cylindrical telescope reflects a small percentage of the total trapping laser power to a
lens that focuses a light onto a photodiode. The voltage measured by the photodiode
is proportional to the total trapping laser power and is used as an input to the power
stabilization circuit for active feedback on the trapping laser power.

Figure 3.10: Electronics diagram of the trapping laser power stabilization circuit.
The circuit is composed of an input buffer, differential amplifier, integrator, inverting
amplifier, inverting summer and rectifier.

We have converted a home-built laser lockbox as the power stabilization circuit
shown in Figure 3.10. There are two inputs to the circuit: the “control voltage” which
is generated by the timing computer for trapping laser power control throughout the
experiment and BEC creation process and the “photodiode in” voltage which is
proportional to the total laser power as discussed above. The output voltage from
the circuit is sent to the amplitude control of the RF signal used to drive the AOM.
Changing the amplitude of the AOM drive signal changes the efficiency in the 1st

order beam which in turn affects the total trapping laser power.
The “photodiode in” signal is calibrated to an arbitraty voltage level by changing

the potentiometer placed immediately before the input buffer shown in the circuit
diagram. The calibrated photodiode signal is then subtracted from the control volt-
age creating an error signal. When the loop gain is enabled, the error signal is
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integrated and added to the control voltage continuously until the amplitude of the
AOM driving signal is increased or decreased enough to change the trapping laser
power to the desired value that the calibrated photodiode signal matches the control
voltage. When this happens, the error signal will be zero and the amplitude of the
AOM driving signal will be constant, resulting in a constant trapping laser power,
until the control voltage is changed. The voltage divider after the summer op amp
divides the sum of the control in and the integrated error signal by 5 so that a control
in voltage between 0 and 5 V corresponds to an output voltage of 0 and 1 V which
changes the efficiency of the 1st order from about 0 to 80 %. The signal is then sent
through a rectifying output buffer to protect the AOM driver from having negative
voltages sent to the amplitude control of the driving signal. The PZT polarity switch
changes the sign of the error signal. Currently the circuit works for the PZT polarity
switched to “−”. The PZT loop enables or bypasses the integrator op amp chip,
resulting in turning on or off the feedback loop.

A neutral density (ND) filter is placed before the photodiode to prevent the trap-
ping laser power measured from saturating the photodiode. The power level incident
on the photodiode can be changed by switching the ND filter used to attenuate the
incident beam. In this way, an arbitrary power measured by the photodiode can
be calibrated to an arbitrary control voltage. We have chosen ND filters and po-
tentiometer values to give the following calibration between the total trapping laser
power and the control voltage. The trapping laser power referred to here is measured
immediately before the final focusing lens in the optical layout before the BEC cell.
We estimate that about 88 % of that power actually reaches the atoms in the BEC
cell.

3.4 Transfer to Hybrid Optical-Magnetic Trap

Following the first phase of evaporation, RF evaporation in the plugged quadrupole
trap, the coldest atoms are transferred to a hybrid optical-magnetic trap and further
cooled in an optical evaporation stage to BEC in a variety of different trapping
geometries. One major concern in the transfer process to the hybrid trap is spin
flips to other hyperfine spin states. In order for successful and uniform trapping in
the hybrid trap among all atoms, they must remain in the |F = 1,mF = −1〉 state.
If atoms make a spin flip transition to |F = 1,mF = +1〉, which is a strong-field
seeking state, atoms will be lost because the optical dipole attractive force in the
horizontal direction is not strong enough to counteract the repulsive force due to
the quadrupole field. If atoms make a spin flip transition to |F = 1,mF = 0〉, they
would feel a trapping potential due to the optical dipole trap alone, which has a
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different trapping potential than the hybrid trap. Therefore, in order to avoid loss
and non-uniform trapping of the atom cloud, it is necessary to prevent spin flips
during the transfer process and transfer a pure cloud of |F = 1,mF = −1〉 atoms
to the hybrid trap. For prevention of spin flips throughout the transfer process, we
have experimentally determined that a minimum magnetic field of 0.75 G must be
maintained throughout the transfer process at the location of the atoms.

3.4.1 Transfer to Hybrid Trap Step 1

The trapping laser is ramped up from 0 W to 4.8 W in 1 s while the vertical mag-
netic field gradient is constant at 250 G/cm. Horizontally, the trapping laser is
centered with the plugged quadrupole trap. However, the trapping laser is vertically
positioned 30 µm below the center of the plugged quadrupole which results in a mag-
netic field strength of 0.9 G at the the trap minimum for prevention of spin flips. The
resulting calculated trapping potentials, which reflect the addition of the trapping
laser to the plugged quadrupole trap, are shown in Figure 3.12. The trap depth at z
= 0, the vertical location of the trapping laser, is deeper than the trap depth at z =
30 µm, the location of the B-field minimum. Therefore, atoms start to be trapped
at the vertical position of the trapping laser instead of the B-field minimum as seen
in Figure 3.11(b).

3.4.2 Transfer to Hybrid Trap Step 2

During this step, the vertical strength of the quadrupole is linearly ramped from
250 G/cm to 125 G/cm in 0.5 s. During this time, the vertical position of the plug and
quadrupole field centers are both linearly ramped from 30µm to 60µm displaced from
the trapping laser’s vertical position. As the quadrupole field gradient is decreased,
the effect of the magnetic field on the trapping potential decreases and the effect of
the trapping laser increases. As seen in Figure 3.13, the calculated trap depth plot
shows two trap minimum along x = 0 in the z-direction. The trap depth at z = 0
is greater than at z = 100 µm and as a result, more atoms will be trapped at the
laser vertical trapping position. At the end of this step, the magnetic field at the
trap minimum at z = 0 is 0.72 G for suppression of spin flip transitions.

3.4.3 Transfer to Hybrid Trap Step 3

The vertical magnetic field bias current is increased to further displace the magnetic
field center 180 µm from the trapping laser vertical center in 0.5 s. At the same
time, the vertical plug position is linearly ramped from 60 µm to 100 µm away from
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the trapping laser vertical position. The plug laser external shutter is then closed,
turning off the repulsive barrier. The resulting calculated trapping potential, as seen
in Figure 3.14, shows a local minimum at z = 0 and a global minimum at z = 180 µm,
the vertical B-field center. The trap depth of the local minimum at z = 0 is ∼9 µK,
which is much less than the trap depth at the magnetic field center. Therefore
the coldest atoms are trapped at the vertical position of the trapping laser and the
hottest atoms follow the center of the magnetic trap as it is translated further away
in the vertical direction from the trapping laser. From this point on, we refer to the
local trapping potential minimum at the trapping laser vertical position as the hybrid
optical-magnetic trapping potential. All further evaporative cooling occurs in this
hybrid trap. The final trapping geometries are modified by changing the power in
the trapping laser, the strength of the quadrupole field and the vertical displacement
of the quadrupole field center from the trapping laser. Trapping geometries in which
BECs are create in our lab are discussed in Section 3.5. Figure 3.11(c) shows atoms
immediately after transfer to the hybrid trap.

Figure 3.11: Side-view images of the cloud during different stages of transfer to the
hybrid trap. (a) Image after RF evaporation down to 2.75 MHz in the plugged
quadrupole trap. (b) Image after ramping up trapping laser power. (c) Image af-
ter weakening quadrupole trap to 125 G/cm and linearly ramping vertical position
quadrupole trap away from axis of propagation of trapping laser. Note that the
fringes and black lines are due to imperfect subtraction with the background image
and diffraction patterns due to a damaged AR coating on the side of the BEC cell.
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Figure 3.12: Graphs of the trapping potential at the end of the first step towards
transfer to the hybrid optical-magnetic trap. Trapping potentials were calculated for
dB/dz = 250 G/cm, Pplug = 6 W, P1064 = 4.8 W, and a 30µm displacement between
the vertical position of the trapping laser and the the plugged quadrupole vertical
position. Top left: Trapping potential cross section in the xy plane. The yellow
dotted line shows the location of the B-field minimum in the x-direction. Bottom
left: Plot of the trap depth along x, y, and along the yellow dotted line in the
above graph, corresponding to the B-field minimum. Top right: Trapping potential
cross section in the xz plane. The red dotted line shows the location of the B-field
minimum in the x-direction. Bottom right: Plot of the trap depth along z and
along the red dotted line in the above graph corresponding to the B-field minimum.



76

Figure 3.13: Graphs of the trapping potential after the second step of transfer to
the hybrid optical-magnetic trap. Trapping potentials were calculated for dB/dz =
125 G/cm, Pplug = 6 W, P1064 = 4.8 W, and a 60µm displacement between the vertical
position of the trapping laser and the the plugged quadrupole vertical position. Top
left: Trapping potential cross section in the xy plane. Bottom left: Plot of the
trap depth along the x and y. Top right: Trapping potential cross section in the xz
plane. Bottom right: Plot of the trap depth along z.
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Figure 3.14: Graphs of the trapping potential after transfer to the hybrid optical-
magnetic trap. Trapping potentials were calculated for dB/dz = 125 G/cm, Pplug =
0 W, P1064 = 4.8 W, and a 180µm displacement between the vertical position of the
trapping laser and magnetic field center. Top left: Trapping potential cross section
in the xy plane. Bottom left: Plot of the trap depth along the x and y. Top right:
Trapping potential cross section in the xz plane. Bottom right: Plot of the trap
depth along z. Center: Zoomed in plot of the trap depth in the vertical direction.
The trap depth of the trap located at the position of the trapping laser is ∼9µK.
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Initially after atoms are transferred to the hybrid trap, some of the atoms remain
at the position of the magnetic field center as seen in Figure 3.11(c). In order to
prevent these atoms, which are the most highly energetic atoms, from colliding with
atoms trapped in the hybrid trap at the vertical location of the trapping laser, an
RF field at ωRF = 0.35 MHz is applied. Figure 3.15 shows RF frequencies that are
on resonance with spin flip transitions to untrappable states in the hybrid trap. ωRF
= 0.35 MHz is a small enough RF frequency that as atoms move away from the
quadrupole trap center, a spin flip transition will be induced and they will be lost
from the trap. However, atoms trapped in the dimple created by the dipole trap will
never be on resonance with an RF frequency at 0.35 MHz. This low RF frequency
is applied during all of the optical evaporation to BEC that occurs after the initial
transfer to the hybrid trap and acts as an RF shield to protect atoms in the hybrid
trap from interacting with the high energy atoms at the quadrupole field center.

Figure 3.15: Plot of the RF spin flip transition frequencies as a function of the vertical
position at the end of transfer to the hybrid optical-magnetic trap. An RF shield at
0.35 MHz is applied during optical evaporation induce spin flip transitions in highly
energetic atoms located close to the center of the quadrupole field to prevent them
from interacting with atoms in the hyrbid trap.
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3.5 Optical Evaporation to BEC

Forced optical evaporation of the most energetic atoms is used to reduce the temper-
ature of the atoms trapped in the hybrid trap until condensation is reached. Instead
of using RF fields to induce spin flip transitions in the most energetic atoms that are
then lost from the trap, the trap depth is gradually reduced by ramping down the
intensity of the trapping laser. As a result, the most highly energetic atoms are lost
from the trap and the remaining atoms rethermalize through elastic collisions to a
lower temperature. As seen in Figure 3.14, the initial trap depth of the hybrid trap
is ∼9 µK. This means that any atoms with higher temperatures are attracted to the
lower potential position at the center of the quadrupole trap. As the intensity of the
laser is reduced, the trap depth is decreased to a corresponding temperature less than
9 µK and all atoms with energies greater than the trap depth are attracted to the
quadrupole center. However, all of these atoms will experience spin flip transitions
when they become on resonance with the RF shield at 0.5 MHz and are then com-
pletely lost from the trap. The atoms remaining in the hybrid trap then rethermalize
to a lower temperature.

3.5.1 Evaporation to BEC in the Tight Trap

The specific trapping geometry created by the hybrid trap in which condensation
occurs is dependent on the quadrupole field gradient, trapping laser intensity, and
vertical displacement between the trapping laser position and quadrupole field center.
The simplest evaporation procedure occurs in the “tight trap” in which the trapping
laser intensity is simply reduced until condensation occurs while the the other hybrid
trap parameters remain constant from initial transfer to the quadrupole trap. These
parameters are: dB/dz = 125 G/cm and ∆z = 180 µm. Optical evaporation occurs
in this trap by gradually reducing the trap depth through a series of linear trapping
laser intensity ramps. The trapping laser power is initially ramped from 4.8 W to
1.9 W in the first second and is then ramped down to 1.5 W in the following second.
In the next second, the power is linearly ramped from 1.5 W to 1.2 W and then
from 1.2 W down to about 0.85 W in the following second. The final value that the
trapping laser power is reduced to depends on the initial number of atoms and other
apparatus parameters. Usually this value is in between 0.85 W and 0.95 W. After
holding at the ending laser power value for 0.25 s, the laser power is ramped up to
1.2 W in 0.25 s. The laser power is always ramped up at the end of the evaporation
sequence to 1.2 W so that the trapping geometry for BECs created in the tight trap
is similar no matter what power the trapping laser is ramped down to in order for
condensation to occur.
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Side view images of the atoms in the hybrid trap during different stages of the op-
tical evaporative cooling procedure are shown in Figure 3.16. As seen in Figure 3.18,
after allowing the BEC to freely expand from the tight trap, an inverted aspect ra-
tio is observed. This is one way that we verify that we have reached condensation.
We also look for a bimodal distribution when graphing a cross-section of the image,
showing a difference between the thermal atoms that have a Gaussian distribution
and condensate atoms that have a parabolic density distribution. The semi-axis of
the parabolic condensate density distribution in direction i is given by the Thomas-
Fermi Radius, RTF,i. Figure 3.17(a) shows a top down view of a BEC in the tight
trap taken with the vertical imaging system which will be discussed in Chapter 4.
The Thomas-Fermi radii are: RTF,x = 33 µm and RTF,y = 26 µm which correspond
to about 6×106 atoms.

(a) (b) (c)

(d)(d)

Figure 3.16: Side view images taken with the horizontal imaging system of atoms
in the hybrid trap at different stages of the evaporation sequence. Images (a) - (c)
are 670 µm × 350 µm and image (d) is 200 µm × 200 µm. (a) Image of atoms
immediately after transfer to hybrid trap. (b) Image of atoms after first two seconds
of optical evaporation. (c) Image of atoms after optical evaporation to just above
TC . Image of BEC in the tight trap. RTF,x = 36.25 µm and RTF,z = 14.6 µm.

(b) (c) (d)(a)

Figure 3.17: 130 µm × 130 µm top down in situ images of a BEC in (a) the 125 G/cm
tight trap: RTF,x = 33 µm and RTF,y = 26 µm, (b) the 44 G/cm weak trap: RTF,x

= 52 µm and RTF,y = 23 µm, (c) the 32 G/cm weak trap: RTF,x = 45 µm and RTF,y

= 27 µm, and (d) the 15 G/cm weak trap: RTF,x = 74 µm and RTF,y = 40 µm.
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Figure 3.18: 200 µm × 200 µm side view images of a BEC in the tight trap: dB/dz
= 125 G/cm, ∆z = 180 µm, Plaser = 1.2 W. Left: In situ image. Right: Image after
6 ms of free expansion. The inverted aspect ratio of the condensate in expansion is
evident in this image.

3.5.2 Evaporation to BEC in the 44 G/cm Weak Trap

A BEC is easily transferred from the tight trap to a weaker trap by ramping down
the vertical quadrupole gradient from 125 G/cm to 44 G/cm in 0.5 s after optical
evaporation down to 0.85 W in the trapping laser. The same vertical bias field
that was applied in the tight trap to provide a vertical offset between the vertical
position of the trapping laser and center of the quadrupole trap remains constant in
the weaker trap. This results in ∆z = 800 G/cm. No further optical evaporation is
needed after transferring the BEC to the 44 G/cm weak trap. Some atoms are lost
during the transfer process but most of them remain. Side view in situ and expansion
images of a BEC in this trap are shown in Figure 3.19. As seen in Figure 3.17(b),
the Thomas-Fermi radii are: RTF,x = 52 µm and RTF,y = 23 µm.
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Figure 3.19: 200 µm × 200 µm side view images of a BEC in the 44 G/cm weak trap:
dB/dz = 44 G/cm, ∆z = 800 µm, Plaser = 0.85 W. Left: In situ image. Right:
Image after 6 ms of free expansion.

3.5.3 Evaporation to BEC in the 32 G/cm Weak Trap

Atoms can be transferred from the tight trap to a 32 G/cm weak trap by linearly
ramping the vertical quadrupole gradient from 125 G/cm to 32 G/cm and further
reducing the trapping laser power from 0.85 W to 0.15 W in 0.5 s. With the same
vertical bias field as in the tight trap, the vertical offset between the trapping laser
vertical position and center of the quadrupole field in this trap is ∆z = 1100 µm. Side
view in situ and expansion images of a BEC in this trap are shown in Figure 3.20.
As seen in Figure 3.17(c), the Thomas-Fermi radii are: RTF,x = 45 µm and RTF,y =
27 µm.
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Figure 3.20: 200 µm × 200 µm side view images of a BEC in the 32 G/cm weak trap:
dB/dz = 32 G/cm, ∆z = 1100 µm, Plaser = 0.15 W. Left: In situ image. Right:
Image after 6 ms of free expansion.

3.5.4 Evaporation to BEC in the 15 G/cm Weak Trap

Atoms are transferred from the tight trap to a 15 G/cm weak trap by linearly ramping
the vertical quadrupole gradient from 125 G/cm to 15 G/cm and further reducing
the trapping laser power from 0.85 W to 0.085 W in 0.5 s. After a 0.25 s hold at
0.085 W, the laser power is linearly ramped up to 0.1 V in 0.25 s. With the same
vertical bias field as in the tight trap, the vertical offset between the trapping laser
vertical position and center of the quadrupole field in this trap is ∆z = 2.3 mm. Side
view in situ and expansion images of a BEC in this trap are shown in Figure 3.21.
As seen in Figure 3.17(d), the Thomas-Fermi radii are: RTF,x = 52 µm and RTF,y =
23 µm.
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Figure 3.21: 200 µm × 200 µm side view images of a BEC in the 15 G/cm weak trap:
dB/dz = 15 G/cm, ∆z = 2.3 mm, Plaser = 0.10 W. Left: In situ image. Right:
Image after 6 ms of free expansion.

As discussed in this section, BECs have been created in four different trapping
geometries in the hybrid optical-magnetic trap. For the 2DQT experiment discussed
in this dissertation, BECs are created in the tight trap.
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CHAPTER 4

Imaging

One of the crucial updates made to the BEC apparatus was construction and im-
plementation of a high magnification imaging system designed for in situ imaging
of vortex cores in BECs. All information about condensates, such as number, tem-
perature and density, are extracted from their images, making the imaging system
an important component of the apparatus. Section 4.1 describes the light-matter
interaction that leads to the different imaging methods used in our apparatus. Sec-
tions 4.2 and 4.3 describe the horizontal and vertical imaging systems respectively
along with their optical layouts, example images and imaging system characteristics.
Finally, a vortex imaging test is presented in Section 4.4, demonstrating the ability
of the newly implemented vertical imaging system to resolve vortices in expansion.

4.1 Imaging Techniques

All information we know about BECs created in our apparatus is obtained by op-
tical diagnostics, such as in situ and expansion imaging of atomic clouds. As the
probe light used to image the cloud interacts with the atoms, three processes occur:
absorption of photons, spontaneous emission of photons, and a phase shift of the
unscattered transmitted probe light [34]. These processes are used in absorptive,
fluorescence and dispersive imaging techniques respectively. In this section, near-
resonant absorption and Faraday imaging techniques will be discussed as well as the
light-matter interaction responsible for them.

4.1.1 Introduction to Light-matter Interactions

The interaction between light and atoms can be described by the following complex
index of refraction of the atoms

nref = 1 +
σonλ

4π

[
i

1 + 4(∆/Γ)2 + I/Isat
− 2(∆/Γ)

1 + 4(∆/Γ)2 + I/Isat

]
(4.1)

where σo is the on-resonance cross section, n is the density of atoms, λ is the wave-
length of the probe light, ∆ = ω − ωo is the probe detuning from atomic resonance,
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I is the intensity of the probe beam, Γ is the natural linewidth of the atomic tran-
sition and Isat is the saturation intensity for the resonant atomic transition. With
the “thin lens” approximation method described in reference [34], we assume that
the atoms just attenuate and shift the phase of the incoming probe light. The phase
shift acquired by the probe beam as it travels through an atomic cloud is related to
the real component of the index of refraction and is given by

φ = −ñσo
[

∆/Γ

1 + 4(∆/Γ)2 + I/Isat

]
(4.2)

where ñ =
∫
ndz is the atom cloud column density integrated along the imaging

axis z. Attenuation or absorption of the probe light is related to the imaginary
component of the index of refraction and is given by the following equation.

α =
−ñσo

2

[
1

1 + 4(∆/Γ)2 + I/Isat

]
(4.3)

As a result, the electric field of the probe beam after passing through the atom cloud
is given by

E = tEoe
iφ (4.4)

where Eo is the electric field amplitude of the probe beam before interacting with
the atom cloud and the transmission of the probe light is given by t = eα.

4.1.2 Optical Pumping

In our apparatus, atoms are magnetically trapped in the 87Rb |F = 1,mF = −1〉
ground state of the 5 2S1/2 level. For both near-resonant absorption imaging and
Faraday imaging techniques in our apparatus, near-resonant light to the |F = 2 →
F ′ = 3〉 transition is sent along the imaging axis to illuminate the atoms while a
pumping beam on resonance with |F = 1 → F ′ = 2〉 transition illuminates the
atoms in a direction perpendicular to the probe beam, pumping atoms into the F =
2 level. This optical pumping scheme is shown in Figure 4.1.
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Figure 4.1: Optical pumping scheme used for transferring atoms from 52S1/2 |F = 1〉
to 52S1/2 |F = 2〉 while imaging on the 52S1/2 |F = 2〉 → 52P3/2 |F ′ = 3〉 transition.
Image and caption taken from reference [35].

4.1.3 Near-Resonant Absorption Imaging

In absorption imaging, atoms are illuminate with a laser beam close to resonance
with the |F = 2 → F ′ = 3〉 transition. The probe light is partially absorbed and
attenuated by the atom cloud. The shadow cast by the atoms is imaged onto a CCD
camera, and the atoms appear as a dark spot on a bright background. The optical
depth, which is proportional to the integrated atom density along the imaging axis,
is determined from three images: (1) Absorption image of atoms, (2) Background
image of probe beam and (3) Dark frame, where no light is incident on the camera.
The transmission profile of the atom cloud is extracted by those three images by the
following equation

t(x, y) =
Itransmission − Idark
Ibackground − Idark

. (4.5)

The optical density profile can then be extracted: t(x, y) = e−OD(x,y). The peak
atomic density and corresponding atom number can be extracted from the optical
density given the size of the atom cloud. The relevant equations are given in reference
[17]. Near-resonant absorption imaging is implemented in the horizontal imaging
system in our apparatus, and the implementation of this imaging method will be
discussed in more detail in Section 4.2.
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4.1.4 Faraday Imaging

In the presence of a magnetic field aligned along the imaging axis, σ+ and σ− cir-
cularly polarized light propagate with different phase shifts due to the circular bire-
fringence of the atom cloud. As a result, linear polarized probe light, which can be
decomposed into an equal superposition of σ+ and σ− polarized light, experiences
a rotation of its initial linear polarization proportional to the atom cloud column
density and external magnetic field applied due to the relative phase shift acquired
between σ+ and σ− components of the probe beam as it travels through the atom
cloud. As seen in Figure 4.2, only probe light that interacts with the BEC expe-
riences rotation of its polarization. In our implementation of Faraday imaging, a
half-wave plate placed in the imaging path is oriented such that most of the non-
rotated probe light, light that does not interact with the BEC, is dumped out of a
polarizing beam splitter (PBS) cube port. The signal after the PBS cube is given
by IF = I0 sin2(θF ) where I0 is the intensity of the probe light incident on the PBS
cube and θF is the Faraday angle of rotation of the linear polarization of the probe
beam, which is dependent on the magnetic field and column density of the atoms
along the imaging axis. The light transmitted through the PBS cube is then imaged
onto a camera which shows a bright spot, corresponding to the condensate, on a
dark background. This imaging technique is implemented in the high magnification
vertical imaging system discussed in Section 4.3.
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Figure 4.2: Diagram of a generic Faraday imaging system. Due to the birefringence of
the BEC, the linear polarization of the probe light is rotated. The rotated component
of the probe light is shown in green. The non-rotated component of the probe light
that does not interact with the BEC is shown in red and is removed by the PBS
cube. Image adapted from reference [35].

4.2 Horizontal Imaging System

A 7 mm diameter collimated probe beam on resonance with the |F = 2 → F ′ = 3〉
transition illuminates the BEC from the side and co-propagates with the plug beam
via a red dichroic mirror, as shown in Figure 4.3. The shadow in the probe beam
created by the absorption of the probe light by the BEC is then imaged onto a CCD
camera by two matched achromat lens pairs that give a magnification of ∼4.5x. The
matched achromat lens pairs and the camera are all mounted on a translation stage
to facilitate the focusing of the imaging system. A green dichroic mirror and green
filter are used to reflect most of the plug beam power to a beam dump to protect
the camera from the high intensity plug beam light.
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Figure 4.3: Top-down view of the optical layout of the horizontal imaging system.
Collimated probe light on resonance with the |F = 2 → F ′ = 3〉 transition illumi-
nates the BEC from the side. As the light interacts with the atom cloud, some of the
probe light is absorbed creating a shadow in the probe beam which is imaged onto a
CCD camera. Two sets of matched achromat lens pairs are used to form a 4.5x imag-
ing system. In this setup pumping light on resonance with the |F = 1 → F ′ = 2〉
atomic transition illuminates the BEC from the top, pumping atoms into the F = 2
ground state.

50 µs before the imaging pulse, the quadrupole magnetic fields are turned off to
account for the finite turn-off time of the coils, ensuring that no magnetic fields are
on during the imaging pulse which would cause atoms to perceive the probe light as
off-resonance due to Zeeman splitting in the presence of a magnetic field. During
the 75 µs imaging pulse, repump light on resonance with the |F = 1 → F ′ = 2〉
transition illuminates the BEC from the top, pumping atoms into the F = 2 ground
level. At the same time, the camera is triggered by the timing sequence to capture
the image as the probe light illuminates the cloud and is partially absorbed.
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Figure 4.4: Diagram of absorption imaging process in the horizontal imaging system.
(a) Absorption image of atoms. On-resonance probe light illuminates the atoms
and is partially absorbed by the atoms. The transmitted light is imaged onto the
camera. (b) Background image of probe light. This frame is taken to eliminate
imaging artifacts such as interference fringes from dust particles on the BEC cell
windows and optics and diffraction patterns from the damaged AR coating on the
sides of the BEC cell. (c) Dark frame, image taken without atoms or the probe
beam. This frame is subtracted from both the absorption and background frames
during image processing. (d) Processed image from subtracting the absorption image
from the background image. The atom cloud shows up as a bright spot on a dark
background. (e) Zoomed in view of processed image. Images (a) - (d) are 1050 µm
× 780 µm and image (e) is ∼150µm × 150µm.

As discussed in Section 4.1.3, usually three images are taken in absorption imag-
ing: the absorption image, background image and dark frame. As shown in Fig-
ure 4.4(a), absorption images taken with the horizontal imaging system show many
interference fringes from dust particles on the BEC cell windows and optics in the
imaging system. The thick dark black lines in the image correspond to the diffrac-
tion pattern from a damaged AR coating on the sides of the BEC cell. In order to
eliminate most of these imaging artifacts, the absorption image is subtracted from
the background image. This results in a bright spot, corresponding to the atom
cloud, on a dark background with most of the fringes subtracted out of the image.
Figure 4.4(e) shows a zoomed in picture of BEC imaged in the horizontal imaging
system. Some fringes are still evident even after image processing. Due to the pres-
ence of these fringes, the horizontal imaging system is mostly used for diagnostics
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and initial optimization of the evaporation sequences. All characteristics of BECs
created in our apparatus are extracted from images taken in the high magnification
vertical imaging system.

4.3 Vertical Imaging System

The vertical imaging system, or vortex microscope, was designed for in situ imag-
ing of vortices in BECs. A 10 mm focal length Nikon CFI Plan Fluor objective
with 0.5 Numerical Aperture is used in conjunction with a 200 mm achromat tube
lens to create a 20.16x vertical imaging system. Due to the low background signal
level, Faraday imaging is implemented. The imaging light captured by a ProEm-HS
Princeton Instruments back-illuminated electron-multiplying CCD camera which is
triggered by the timing sequence during the imaging pulse. The specific ProEM
camera used ultilizes the eXcelon3 technology for up to 95% quantum efficiency for
near infrared wavelengths. The camera has a 1024 × 1024 pixel sensor with 13 µm ×
13 µm pixel size. With the given pixel size, the 20.16x magnification imaging system
has the potential to resolve features greater than 1.3 µm, which corresponds to the
size of two pixels in the object plane. The size of a vortex core in a BEC is given by
the healing length, which is the distance over which the condensate density returns
to its’ bulk value in response to a localized perturbation. The healing length is given
by the following equation

ξ =
1√

8πna
(4.6)

where n is the atom density in the BEC and a ∼ 5.5 × 10−9 m is the s-wave
scattering length. For typical atom densities of about 3×1014 m−2 for BECs created
in the tight trap discussed in Chapter 3, the corresponding vortex core size is 0.15 µm.
Therefore, vortices in the tight trapping configuration are not resolvable in situ.
However, these vortex cores are easily resolvable in expansion after the density has
decreased which increases the size of a vortex core or a resolvable size. In the future,
vortices may be resolved in situ with this imaging system when present in BECs
with weaker radial trapping.

4.3.1 Optical Layout

As seen in Figure 4.5, a 2 mm collimated near-resonant probe beam is used to
illuminate the BEC. Before reaching the BEC, the probe beam is first sent through
a PBS cube that cleans up the polarization of the light eliminates any ellipticity of
the polarization of beam. The probe beam is then sent through 50 mm and 100 mm
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lenses in a 2x telescope configuration which increases the diameter of the probe beam
to 4 mm at the location of the atoms. A PBS cube is placed in between the two lens
to couple a collimated blue-detuned 660-nm laser into the system, which is focused
at the location of the atoms by the 100 mm spherical lens. This focused beam
provides a repulsive barrier that can be used to create vortices in a BEC as discussed
in Chapter 1. The path of this beam is not shown in Figure 4.5. A half-wave
plate placed immediately before the BEC cell is oriented to minimize the amount of
background probe light that propagates through the imaging system. Background
probe light that does not interact with the BEC diverges out of the objective lens and
is dumped out of one of the ports of a PBS cube placed after the objective. Probe
light that interacts with the BEC rotated by the Faraday angle which is dependent on
the external magnetic field, probe beam detuning and integrated atom density of the
cloud. This light is collimated out of the objective lens and the amount of transmitted
light through the following PBS cube depends on the Faraday angle. Therefore, it
is important to chose a magnetic field and probe beam detuning combination that
yields a large Faraday imaging signal for a given condensate density. We have found
that we have large Faraday imaging signals for a probe beam that is +5 Γ detuned
from the atomic transition and an external magnetic field strength of 8.4 to 12.36 G
at the BEC location during the imaging pulse.
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Figure 4.5: Optical layout of vertical imaging system designed for Faraday imaging.
Linearly polarized collimated probe light illuminates the BEC from the top. Light
that interacts with the BEC experiences a rotation of its initial linear polarization
and is transmitted through the PBS cube after a further polarization rotation by
the half-wave plate and is sent to a 200 mm tube lens which images the light onto
a camera. Background probe light that does not interact with the BEC experiences
no rotation of its linear polarization and is dumped by the PBS cube. The 10 mm
focal length objective lens and 200 mm tube lens create a 20.16x vertical imaging
system.

4.3.2 Imaging Sequence

During the 75 µs imaging pulse, collimated repump light illuminates the BEC from
the side, pumping atoms into the F = 2 ground state. At the same time, the
quadrupole field coils and the curvature coil, which provides curvature to the mag-
netic field, can be used to cancel the effects of gravity and provides an offset to a
quadrupole magnetic field, are snapped to yield a 8.4 to 12.26 G magnetic field at
the location of the atoms. Probe light +5 Γ detuned from the |F = 2 → F ′ = 3〉
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transition illuminates the atoms. Light rotated by the circular birefringence of the
BEC is partially transmitted through the PBS cube after the objective depending
on the density of the cloud and is then sent to a 200 mm achromat tube lens which
focuses the light onto the ProEM camera. Because most of the background probe
light is eliminated by the PBS cube, the BEC shows up as a bright spot on a dark
background as seen in Figure 4.8.

4.3.3 Magnification Calibration

The magnification of the imaging system was calibrated by imaging an airforce test
target of known size onto the BEC plane and measuring the size of the corresponding
image captured by the ProEm camera. The airforce target followed by a 50 mm
spherical lens were placed to the right of the large PBS cube shown in Figure 4.6.
The target was illuminated by a probe beam from the right and was initially imaged
onto a CCD camera after transmission through the PBS cube. The CCD camera
was placed the same distance away from the PBS cube as the BEC plane in order to
make an accurate measurement of the size of the airforce target image created at the
location of the atoms. This image is shown in Figure 4.7 (a). From this image, we
measured the spacing between two lines in Group 4 Element 6 to be 117.36 µm. The
airforce target image at the BEC plane was then imaged with the vertical imaging
system. The spacing between the lines in the same Group and Element on the airforce
target was measured to be 2.366 mm as shown in Figure 4.7 (b). By dividing the the
distance in image (b) by the distance in image (a), we calibrated the magnification
of the imaging system to be M = 2.366/0.11736 = 20.16.
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Figure 4.6: Optical layout for calibration of magnification of vertical imaging system.
The test target is imaged onto the BEC plane. The size of the test target at the
BEC plane is determined by imaging the same target a CCD camera placed the same
distance away from the target as the BEC by the probe light that is transmitted
through the PBS cube. The image of the test target at the BEC plane is then
imaged by the vertical imaging system and the size of the target is measured.

Figure 4.7: (a) Image of test target on CCD camera corresponding to image of target
at BEC plane. The distance between lines in Group 4 Element 6 was measured to be
117.36 µm. (b) Image of test target at BEC plane onto ProEM camera with vertical
imaging system. The distance between the same lines as in (a) was measured to be
2.366 mm. This corresponds to a calibrated magnification of M = 20.16.
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4.3.4 Image Processing

Before extracting BEC characteristics, such as atom number, condensate fraction
and temperature, from Faraday images, the images go through an image processing
routine. Even though most of the background probe light is eliminated in Faraday
imaging, the small amount that propagates to the camera necessitates background
subtraction. Similar to absorption imaging, three images are taken: (1) Faraday
image, (2) Background probe light image, and (3) Dark frame. The background
image is subtracted from the Faraday image, resulting in a bright spot on a dark
background with all background light eliminated. An example of a Faraday image
after this background subtraction is shown in Figure 4.8. The background corrected
Faraday image is then fit using a bimodal fitting routine that fits the condensate
component to a parabolic Thomas-Fermi distribution and fits the thermal component
to a Bose-Enhanced Gaussian distribution. These fits and corresponding data for a
slice through the image are shown in the plot in Figure 4.8. The number of condensate
atoms is extracted from the Thomas-Fermi radii using the following equation

NBEC =
l̄

15a

[
mRbRTF,i

2ωi
2

~ω̄

]5/2

(4.7)

where l̄ =
√

~
mRbω̄

is the mean harmonic oscillator length, ω̄ = (ωxωyωz)
1/3 is the

geometric average of the trapping frequencies and RTF,i is the Thomas-Fermi ra-
dius in a given direction. After the total atom number and condensate number are
extracted from fitting parameters, the condensate fraction NBEC/Ntot is extracted.
The temperature of the cloud is then calculated using the following equations

T =
(

1− NBEC

Ntot

)1/3

TC (4.8)

TC ≈
~ω̄
kB

( Ntot

1.202

)1/3

(4.9)

where TC is the critical temperature. BEC characteristics extracted from the Faraday
image shown in Figure 4.8 are: NBEC = 6.15×106, NBEC/Ntot = 0.483, TC = 672µK
and T = 539µK.
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Top-down view of BEC with Faraday Imaging

x

y

Figure 4.8: Left: 225 µm × 225 µm image of a BEC using Faraday imaging with the
vertical imaging system. The slight background light that does appear on the camera
is subtracted out in this image. Right: Cross section of the Faraday image along
y. This plot shows the data from the image in blue, the Bose-Enhanced Gaussian
fit, corresponding to the thermal component, in the yellow dashed lines and the
Parabolic fit, corresponding to the condensate atoms, in the red dotted line.

4.4 Vortex Imaging Test

Before any experiments where done in the apparatus, we did a vortex imaging test to
determine the necessary expansion procedure to resolve vortices created in BECs in
our apparatus with a known vortex nucleation mechanism. When two BECs collide,
they interfere creating solitons which eventually decay to vortices. We used this
vortex nucleation mechanism to create vortices for the imaging test.

4.4.1 Vortex Nucleation

Atoms were initially optically cooled in the hybrid trap to just above TC as shown
in Figure 4.9 (a). The plug beam vertical position was then ramped to the position
of the atoms, causing the thermal cloud to split into two, shown in Figure 4.9 (b).
As seen in Figure 4.9 (c), further optical evaporation in the presence of the plug
beam resulted in the creation of two separate BECs. In the last step of the vortex
nucleation process, the plug beam vertical position was ramped away from the atoms
over 100 ms allowing the BECs to collide. As the BECs collided, they formed one
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BEC and vortices were resolved in expansion after a 50 ms hold time. We have not
resolved solitons created by interference between the two BECs but suspect that they
are present before they decay to vortices during the 50 ms hold.

(a) (b) (c)

100 μm

Figure 4.9: Side view absorption images of the atom cloud during various stages
of the vortex nucleation process. (a) Image of atoms optically cooled to just above
TC in the hybrid trap. (b) Image after the plug beam vertical position is ramped
up to split the thermal cloud into two. (c) Image after further optical evaporation
in hybrid trap in the presence of the plug beam. 2 BECs are created. The plug
beam vertical position is then ramped away from the atoms over 100 ms, allowing
the BECs to collide.

4.4.2 Results

We found that vortices were resolvable in BECs after a combination of both radial
and vertical expansion steps. Initially, the atoms undergo 6 ms of radial expansion
achieved by snapping the magnetic fields, which provide most of the radial confine-
ment, to a much weaker value while the trapping laser remains at the same value.
During this step, the atoms effectively expand exclusively in the radial direction.
This is followed by a 7 ms vertical expansion step during which the trapping laser
power is snapped to 0 W, which results in fast vertical expansion of the atoms. Fig-
ure 4.10 shows the resulting images of BECs after 6 ms radial and 7 ms vertical
expansion steps. Both images on the left show BECs after the discussed expansion
procedure in which the vortex nucleation method was not used. These images are
used as a reference to compare to the BEC expansion images in which the vortex nu-
cleation methods was used. The images in Figure 4.10 clearly show that vortices are
resolvable after the given expansion procedure. Therefore, we have determined that
vortices can be resolved with the vertical imaging system after the correct expansion
procedure from BECs in the tight trap.



100

50 μm

 No BEC Collisions

No BEC Collisions

Figure 4.10: Faraday images of BECs after 6 ms radial and 7 ms vertical expansion.
Images on the left show BECs that were never split and collided to create vortices.
These are used as a reference to compare to the rest of the images that were taken
after expansion from collided BECs. Vortices are clearly resolvable.
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CHAPTER 5

Experiment

As discussed in Chapter 1, experimental studies of vortex nucleation and the onset
of turbulence in a superfluid are important for achieving a deeper understanding of
the overall problem of turbulence. The experiments of this chapter were aimed at
investigating thermal counterflow in dilute-gas BECs as a possible vortex nucleation
mechanism and method of inducing turbulence.

5.1 Introduction

One method of creating turbulence in superfluid helium is through thermal coun-
terflow, in which the normal and superfluid components flow in opposite directions.
This is achieved by applying heat to the closed end of a channel containing super-
fluid helium. The normal fluid component, which carries all heat and entropy in the
fluid, flows away from the heater carrying heat with it while the superfluid compo-
nent flows in the opposite direction to eliminate any mass flow [16]. Above a critical
heat flux, the superfluid becomes turbulent which manifests in a tangle of quantize
vortex lines [15]. To date, thermal counterflow turbulence has not been simulated or
studied in dilute-gas BECs provoking the following research question that motivates
this dissertation: Is the onset of turbulence due to thermal counterflow unique to
superfluid helium or will thermal counterflow create turbulence in dilute-gas BECs?

Similar research questions are also motivated by a vortex nucleation mechanism
previously studied in our lab. In Reference [13], vortex dipoles were created by
swiping a blue-detuned laser beam used as an optical barrier through an oblate
BEC. By forcing superfluid flow around the Gaussian barrier above some critical
velocity, a vortex dipole is formed in the wake of the optical barrier. The critical
velocity of the barrier’s motion was related to the theoretical dipole activation energy,
or the energy needed to create a vortex dipole in a 2D BEC [18]. Some interesting
questions motivated by this experiment follow: Would vortex dipoles be created if
the repulsive optical barrier was replaced with some other barrier, such as an atom
with kinetic energy comparable to the dipole activation energy? Moreover, if a cloud
of high-kinetic energy thermal atoms was sent through a BEC, would vortices be
created?
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This chapter presents the first experiments, to our knowledge, on high-energy
thermal counterflow in 2D and 3D dilute-gas BECs. In these experiments, we collide
a high-kinetic energy thermal cloud with a stationary BEC to create counterflow
between the condensate and thermal atoms. However, due to the prevalence of atom-
atom collisions in a gas of thermal and condensate atoms, the effect of collisions in
this experiment must be considered: What are the role of collisions in heating and
atom loss? How would collisions between the high kinetic energy thermal cloud and
the condensate atoms affect the onset of turbulence in the condensate? What is the
dominant scattering process in dilute-gas BEC thermal counterflow?

This chapter discusses initial measurements aimed at understanding thermal
counterflow in dilute-gas BECs. Section 5.2 describes the experimental process for
inducing thermal counterfow in our BECs. In Section 5.3, initial thermal counterflow
data is presented including images of BECs and calculated heating and loss rates.
An analysis of the data follows in Section 5.4. Section 5.5 offers conclusions of the
thermal counterflow experiment and answers the research questions presented at the
beginning of this chapter.

5.2 Experimental Details

This section describes technical details of our experimental procedure including ex-
perimental considerations for achieving thermal counterflow in dilute-gas BECs, the
procedure for splitting and preparing two separated atom clouds, optical evaporation
to BEC with a spatially separated ancillary thermal cloud and collisions between the
ancillary thermal cloud and BEC. In preparation for the thermal counterflow exper-
iment, a thermal cloud is initially transferred from the plugged quadrupole trap to
the hybrid optical-magnetic trap. For detailed information regarding the transfer
process, see Chapter 3. The hybrid trap is composed of a 1064-nm trapping laser
operating at 5 W and a magnetic quadrupole field with dB/dz = 125 G/cm. The
trapping laser is aligned down the x-axis of the BEC cell in the x-direction as is
focused at the location of the atoms with the following parameters: w0z = 29.5µm,
w0y = 273µm and zR = 2.6 mm, which results in a “surfboard” shaped trapping
geometry. The |B| = 0 point of the quadrupole field is positioned 180 µm above
the trapping laser position. The calculated trapping potentials in this initial hybrid
trap are shown in Figure 5.1a. After loading atoms into the trap, atoms undergo an
initial stage of optical evaporative cooling in which the laser power is linearly ramped
from 4.8 W to 1.9 W in the first second and then linearly ramped down to 1.5 W in
the following second. As the power of the trapping laser is decreased, the height of
the trapping potential in the vertical direction decreases, allowing the most energetic
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atoms to escape and the remaining atoms to rethermalize at a lower temperature.
For more information regarding optical evaporation, see Chapter 3. After the first
stage of optical evaporative cooling, the atoms are cooled to just above Tc.

In order for thermal counterflow to be realized in a dilute-gas BEC, we want our
apparatus to have the following capabilities: First, we desired the ability to create
two clouds or split one cloud into two. Second, we wanted the ability to cool the two
clouds to different temperatures: one to below Tc, in order for a significant fraction
of atoms to condense, and one to above Tc; we refer to this cloud as the ancillary
cloud. And lastly, the ancillary cloud should be given a variable amount of kinetic
energy so that we can study collision energies above and below the dipole activation
energy in the BEC. Our apparatus utilizes a blue-detuned plug beam in conjunction
with horizontal bias fields to achieve the capabilities discussed above.

The 532-nm plug beam that initially creates a repulsive optical barrier for the
plugged quadrupole trap is used to split the cloud in the hybrid trap into two. For
more information regarding the plug laser and optical setup, see Chapter 3. The plug
beam setup utilizes a mirror with PZTs for precise control of both the horizontal
and vertical positions of the focused plug beam via the timing computer. After the
first stage of optical evaporation, the external plug beam shutter is opened and the
vertical position of the beam is linearly ramped from 100 µm to 0 µm displaced from
the horizontal propagation axis of the trapping laser. The barrier height of the plug
beam is large enough to completely separate the cloud into two in the x-direction
as seen in Figure 5.1b. The two clouds are located at the two trap minima in the
x-direction: the potential minimum on the left side of the plug beam in the figure
holds the BEC, or the target cloud, and the ancillary thermal cloud is held in the
potential minimum on the right.
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Figure 5.1: Calculated trapping potentials for different stages in experimental pro-
cedure. The top row images give the trapping potential in the xy plane, the middle
row shows the trapping potential in the xz plane and the bottom row shows the trap
depth along the x-axis. Note that in each plot, 0 corresponds to the initial hybrid
trap minimum position. (a) Calculated trapping potentials in the combined optical-
magnetic trap. This trapping geometry results in a single cloud located at the center
of the trap. (b) Calculated trapping potentials after the plug beam is ramped up to
the center location of the hybrid trap in both x- and y-directions. In the presence
of the plug, the cloud is split into two in the x-direction. (c) Calculated trapping
potentials with the plug beam horizontally offset 260µm from the initial hybrid trap
minimum and a horizontal bias field resulting in a 300 µm horizontal shift of the
hybrid trap minimum in the x-direction. As the plug beam horizontal position and
hybrid trap horizontal position are linearly ramped away from their initial positions,
the two clouds are separated by the same amount. Note that the horizontal bias
field and corresponding horizontal shift of the hybrid trap minimum is determined
by the desired kinetic energy of the ancillary cloud. As soon as the repulsive barrier
is turned off, the ancillary cloud travels towards the hybrid trap minimum and its
initial potential energy is fully converted to kinetic energy as it collides with the
target cloud.
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Figure 5.2: Experimental procedure for creating a condensate and an ancillary cloud
with a variable amount of kinetic energy. The sequence starts immediately after
transfer to the hybrid optical-magnetic trap and includes evaporative cooling, split-
ting and separation of the two clouds and collisions between the target and ancillary
clouds. ∆z refers to the displacement of the vertical position of the magnetic trap
from the trapping laser propagation axis and ∆x refers to the horizontal displacement
of the hybrid trap minimum from its initial position through horizontal translation
of the magnetic field. This specific sequence gives a BEC and an ancillary cloud
separated by 600 µm.

Through a combination of moving the repulsive barrier and ramping up a hori-
zontal bias field in the x-direction, the ancillary cloud is displaced from the harmonic
trap center, increasing the potential energy of the cloud by a variable amount cor-
responding to the displacement from the trap center. The horizontal position of the
repulsive barrier in the x-direction is ramped to the right of the hybrid trap initial
center position by 260 µm while a horizontal bias field oriented in the x-direction
is linearly increased to move the center of the hybrid trap to the left (further away
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from the repulsive barrier) by a variable amount. As the horizontal position of the
repulsive barrier is moved to the right, the ancillary cloud is moved with it. Simi-
larly, as the horizontal bias field is ramped up, the condensate moves as the hybrid
trap center is translated. The resulting calculated trapping potentials are shown in
Figure 5.1c. As the ancillary cloud is further displaced from the trap center, its
potential energy increases. In this way, the cloud can be given a variable amount of
energy by controlling the displacement distance through the plug beam position and
horizontal bias field value.

In the vortex dipole experiment discussed in Section 5.1, a vortex dipole pair is
created once the blue-detuned beam is swept through the oblate BEC above a critical
velocity, which was related to the dipole activation energy. The energy needed to
create a vortex dipole pair in a 2D condensate is given by

Epair '
2π~2n2D

m
ln(d/ξ) (5.1)

where n2D is the 2D density, or number of atoms per area, d is the separation
between the vortices in the dipole and ξ is the healing length of the condensate, or
approximate size of a vortex core. In order to determine how far the ancillary cloud
needs to be displaced from the center of the harmonic trap, the vortex pair energy is
equated to the potential energy in a harmonic trap given by the following equation.

PE =
1

2
mωx

2x2 = Epair '
2π~2n2D

m
ln(d/ξ) (5.2)

Solving for the distance away from the center of the harmonic trap yields the following
equation.

x =

√
2Epair
mωx2

=
2~
mωx

√
πln(d/ξ)n2D (5.3)

For n2D = 1.65×1015 m−2, ωx = 2π×(33 Hz) and d = 4ξ, the calculated distance that
corresponds to the dipole activation energy is ∼600µm. Therefore 840 µm, 600 µm,
400 µm, 260 µm and 165 µm were chosen as the initial separations between ancillary
and target clouds to allow tests of thermal counterflow at energys at, above and below
the 2D dipole activation energy. For all the separations, except for 165 µm, the plug
beam position is horizontally translated to move the ancillary cloud to the right by
260 µm. In the case of the smallest separation, the ancillary cloud is only translated
165µm to the right. For separations 840 µm, 600 µm and 400 µm, the hybrid trap
center is translated to the left by 580 µm, 340 µm and 140 µm respectively to give
the desired separations.

After the plug position and trap center are translated, separating the two clouds



107

by the desired amount, a second evaporative cooling stage is used to cool the left
cloud to condensation. In order to cool the two clouds to different temperatures, we
exploit the position dependence of the vertical trap depth. We changed the position
of the final trapping laser focusing lens until the focus position coincided with the
translated position of the ancillary cloud. This resulted in a higher trap depth at the
ancillary cloud near the focus position and lower trap depth at the position of the
condensate cloud. In this way, evaporative cooling occurred in the left cloud until a
significant fraction of atoms condensed while the trap depth at the location of the
ancillary cloud was large enough that atoms were not evaporatively cooled. This
resulted in a condensate target cloud and an ancillary thermal cloud. In order to
reach condensation in the left cloud, the trapping laser power was linearly ramped
down to 1.17 W in the first second and was then down to a power in between 0.9 W
and 1.1 W, depending on the distance between the condensate and the trapping laser
focus position. After the second laser power ramp, the power is held constant for
0.25 s to allow for rethermalization and is then ramped back up to 1.2 W in the
final 0.25 s of the evaporation stage. The final ramp up to 1.2 W ensures that no
matter what power the laser is ramped down to for condensation to occur, collisions
are studied in nearly the same trapping geometry.

Finally, the repulsive barrier vertical position is linearly ramped from 0 µm to
50 µm away from the hybrid trap center in 2 ms. At this distance, the barrier is far
enough away from the ancillary cloud that the atoms are no longer influenced by it
and start to move towards the hybrid trap center. In the next step, the plug beam
is fully turned off by ramping the vertical position to 100 µm away and shutting the
external shutter. The condensate is not affected by turning off the repulsive barrier
and remains at the center of the hybrid trap. After one fourth of the oscillation
period in the x-direction, the ancillary cloud reaches the hybrid trap minimum and
collides with the BEC with kinetic energy equal to its initial potential energy. In
this way, counterflow is induced between the condensate and the ancillary cloud.
Variable hold times are chosen to allow interaction between the clouds during multi-
ple oscillations of the ancillary cloud. Images are then taken with Faraday imaging
in the vertical imaging system in situ and in expansion as discussed in Chapter 4.
BEC number, fraction and temperature were also extracted from BEC images for
atom-atom interaction analysis.

5.3 Experimental Results

This section begins with a discussion of the different methods in which the thermal
counterflow experimental data are presented. Data for each separation corresponding
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to specific kinetic energy values of the ancillary cloud are grouped together and briefly
discussed.

At each separation, images of the target cloud were taken in situ and in expansion
after different hold times during which the ancillary and target cloud collided. All
images presented in this chapter were taken with the high magnification imaging
system to show the cloud in the xy plane. The expansion procedure used in these
images was the same as that for the vortex imaging test discussed in Chapter 4.
This ensures that our imaging system will be able to image vortices if they are
created due to thermal counterflow in the condensate. The interaction time, or
time in which the ancillary and target clouds were overlapped at the center of the
hybrid trap, was calculated using an average size of the condensate in the x-direction
2RTFx = 64 µm and horizontal trapping frequency ωx = 2π×(33 Hz) given the initial
displacement of the ancillary cloud from the harmonic trap center and hold time. It
is important to note that the images presented in this section are intensity autoscaled
and consequently, the brightness of the image does not correspond to BEC column
density. For the in-trap images, the size of the cloud gives a better indication of atom
number. In the expansion images, both the condensate atoms and its associated
thermal atoms (not the ancillary cloud) are visible and corresponding BEC number
fractions can be interpreted.

From many of the images, BEC atom number, BEC fraction, thermal fraction
and total atom numbers were extracted. After normalizing BEC fraction, thermal
fraction and total atom number to the initial total atom number, these values were
plotted as a function of the interaction time for a given separation. Finally, the
temperature of the condensate was calculated and plotted as a function of interaction
times for a given initial separation.

5.3.1 840 µm Separation Data

Figure 5.3 shows images of the target cloud before interaction with the ancillary
cloud and after the following interaction times: 2.57 ms, 12.14 ms and 18.38 ms which
correspond to experimental hold times of 100 ms, 500 ms, and 750 ms. No vortices
are seen in expansion under the same conditions in which vortices were seen in the
vortex imaging test. At this separation, we would expect to see vortices, if thermal
counterflow were to induce vortex nucleation at all, because the kinetic energy of
the ancillary cloud at an initial separation of 840µm was greater than the dipole
activation energy. After imaging with a variety of different expansion procedures,
no vortices were seen. Instead, we observed a signification amount of atom loss as
seen in the change in size of the BEC in situ and in expansion after interaction
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with the ancillary cloud. The apparent atom loss with interaction time is confirmed
in the normalized atom fraction number plots in Figure 5.5 and Table ?? which
contains the actual BEC atom number at different interaction times. This suggests
that atom-atom collisions between atoms in the ancillary and condensate clouds
are significant in thermal counterflow in dilute-gas BECs. As seen in Figure 5.4,
the temperature is not significantly affected by interaction with the ancillary cloud
in thermal counterflow. Temperatures of BECs that were held for the same time
without interaction with the ancillary cloud are plotted alongside the temperatures
of BECs after different interaction times. The temperatures of the clouds with and
without interaction with the ancillary cloud are relatively the same. This suggests
that either there is no significant amount of heating due to interactions with the
ancillary cloud or that atoms are given enough energy to be suddenly lost from the
trap.

Figure 5.3: 97 µm × 97 µm images of BECs taken in situ (top row) and in expansion
(bottom row) with an initial separation of 840 µm, corresponding to an ancillary
cloud kinetic energy greater than the dipole activation energy. These images were
taken after the following interaction times: (a) & (e) 0 ms, (b) 2.57 ms, (c) & (f)
12.13 ms and (d) & (g) 18.38 ms. Atom loss is evident in both in situ and expansion
images. No significant thermal cloud associated with the BEC is seen in expansion
which suggests that either not much heating occurs or atoms are given enough energy
that they are suddenly lost from the trap.
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Figure 5.5: Extracted BEC fraction, thermal fraction, and total number fraction
from fits to data normalized to the initial total atom number at 0 ms interaction
time at various interaction times with 840µm initial separation. In general, atom
loss, from both condensate and thermal atoms, increases with increasing interaction
time.

5.3.2 600 µm Separation Data

Figure 5.6 shows images of the BECs before interaction with the thermal cloud
and after the following interaction times: 0.48 ms, 3.38 ms and 15.93 ms which
correspond to experimental hold times of 10 ms, 100 ms, and 500 ms. At 600 µm
initial separation, the atoms in the ancillary cloud have kinetic energy comparable
to the dipole activation energy when they interacts with the target cloud. As shown
in Figure 5.6, no vortices are seen in expansion. Once again, atom loss is apparent
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Interaction time (ms) BEC number (106) BEC Fraction Temperature (µK)
0 5.1 0.82 309

2.57 2.75 0.77 272
12.13 0.74 0.65 212
18.38 0.49 0.50 224

Table 5.1: BEC number, BEC fraction and temperature of condensates for different
interaction times at 840 µm initial separation.

in the changing size of the BEC in both the in situ and in expansion images. Images
(b) and (f) show the BEC in situ and in expansion respectively after one pass of
the ancillary cloud through the condensate resulting in 0.48 ms interaction time.
Even after one pass, condensate atoms are lost as seen in the change in size of the
expansion image from no interaction in image (e) to expansion after one pass of the
thermal cloud in image (f). In-trap image (d) at 15.93 ms interaction time suggests
that after enough interaction, heating is evident. The cloud in image (d) does not
have hard edges on the outside which corresponds to a significant thermal component
that is not seen in images (a) - (c). At this separation, there was not enough data
to extract accurate numbers and temperatures so Figure 5.6 represents the majority
of the data at 600µm initial separation.
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Figure 5.6: 97 µm × 97 µm images of BECs in situ (top row) and in expansion
(bottom row) with an initial separation of 600 µm, corresponds to an ancillary cloud
kinetic energy equal to the dipole activation energy. These images were taken after
the following interaction times: (a) & (e) 0 ms, (b) & (f) 0.48 ms, (c) & (g) 3.38 ms
and (d) 15.93 ms. Atom loss is evident in both in situ and expansion images. Com-
parison between images (a) and (b) and (e) and (f) shows atom loss due to one
pass of the ancillary cloud through the condensate. No significant heating is seen at
the earlier interactions times but heating is seen in (d) after 15.93 ms of interaction
between the condensate and the ancillary cloud. The shape of the image in (d) does
not have hard edges like the rest of the images which corresponds to a significant
thermal component. This suggests that lower-kinetic energy ancillary clouds with
long enough interaction times with the condensate can cause heating.

5.3.3 400 µm Separation Data

Figure 5.7 shows in-trap and expansion images of the target cloud before interac-
tion with the ancillary cloud and after the following interaction times: 5.41 ms and
25.5 ms which correspond to experimental hold times of 100 ms and 500 ms. At
400 µm initial separation, the ancillary cloud has kinetic energy less than the calcu-
lated dipole activation energy when it interacts with the condensate. As shown in
Figures 5.7 and 5.8, no vortices are seen in expansion. Atom loss is shown in images
(b) and (e) in Figure 5.7 in the changing size of the BEC. After 25.5 ms interaction
time, expansion image (f) shows a significant thermal component compared to im-
age (e) which indicates heating of the cloud due to interactions between the ancillary
cloud and the condensate. Image (g) is the same expansion image as (f) with the
condensate part of the cloud saturated to emphasize the thermal atoms. The thermal
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component expands much faster than the condensate atoms and is much less dense
which can be seen in the larger extent and lower intensity of the thermal compo-
nent in the expansion image. Figure 5.8 shows expansion images at eight different
interaction times giving a clearer picture of the overall heating and loss of atoms in
the condensate. Images (a) - (e) clearly show loss of condensate atoms while (f) -
(h) show an increase in the thermal component, corresponding to heating, and loss
of condensate atoms as well. This temperature increase observed in images (f) -
(h) is confirmed in the calculated temperature as a function of interaction time in
Figure 5.9. From the Figure, it appears that the temperature increases linearly with
increasing interaction time. This suggests that heating occurs at smaller interaction
times in images (a) - (e) as well as the longer interaction times where the thermal
component is obvious. The apparent increased atom loss with increased interaction
time observed in Figures 5.7 and 5.8 is confirmed in the normalized atom fraction
number plots in Figure 5.10 and Table ?? in which number and temperature data
extracted from BEC images are summarized. Figure 5.10 shows that the total atom
number and BEC fraction decreases while the thermal fraction increases with increas-
ing interaction time corresponding total atom loss and heating of the condensate as
a result of interactions between the ancillary cloud and condensate.
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Figure 5.7: 129 µm × 129 µm images of BECs taken in situ (top row) and in
expansion (bottom row) with an initial separation of 400 µm, which corresponds to
an ancillary cloud kinetic energy less than the calculated dipole activation energy.
These images were taken after the following interaction times: (a) & (d) 0 ms, (b)
& (e) 5.41 ms and (c), (f) & (g) 25.5 ms. Atom loss is evident in both in situ and
expansion images for the smallest interaction time. At the longer interaction time a
significant amount of heating is apparent in the low density thermal component of
the cloud seen in the expansion image (f). Some fraction of atoms are still condensed
which is evident in the bright spot in the middle of image (f) corresponding to the
condensate atoms that expand much more slowly than the thermal atoms. Image
(g) is the same as image (f) with the condensate atoms saturated to exaggerate the
thermal component of the cloud that has a much larger spatial extent in expansion
than the condensate atoms. A difference in shape between in-trap images (b) and
(c) also suggests heating at longer interaction times. Image (c) has a more gaussian
distribution and image (b) has the hard edges characteristic of the Thomas-Fermi
distribution in a condensate.
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Figure 5.8: 129 µm × 129 µm expansion images of BECs with an initial separation
of 400 µm, which corresponds to an ancillary cloud kinetic energy equal to the dipole
activation energy. These images were taken after the following interaction times: (a)
0 ms, (b) 5.41 ms, (c) 10.04 ms, (d) 15.45 ms, (e)20.09 ms, (f) 25.5 ms, (g) 30.9 ms
and (h) 38.63 ms which corresponds to experimental hold times of 0, 100, 200, 300,
400, 500, 600 and 750 ms respectively. In images (a) - (e) the size of the condensate
in expansion decreases with increasing interaction time but no significant thermal
component is shown, which corresponds to total atom number loss. However, in
image (f) after 25.5 ms interaction time, a significant thermal component is observed
corresponding to heating of the cloud. In images (f) - (h), there is continued BEC
atom loss as the size of the condensate decreases and increase in the number of atoms
in the thermal cloud corresponding to heating. Image (h) shows an expansion image
of a BEC with a very small thermal component. At this point the temperature of
the cloud is just below Tc. This suggests that with larger interaction times, the
temperature would increase above Tc resulting in no condensed atoms.
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Figure 5.9: Extracted temperatures from fits to data at various interaction times
with 400µm initial separation. The temperature appears to linearly increase with
increasing interaction time suggesting that heating occurs for all interaction times
at 400µm initial separation.
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Figure 5.10: Extracted BEC fraction, thermal fraction, and total number fraction
from fits to data normalized to the initial total atom number at 0 ms interaction
time at various interaction times with 400µm initial separation. This plot shows
that total number and BEC fraction decreases with increasing interaction energy
which corresponds to increasing atoms loss. The thermal fraction increases with
increasing interaction time indicating that the heating occurs when the ancillary
cloud and BEC interact.

5.3.4 260 µm Separation Data

Figure 5.11 shows in situ and expansion images of condensates after the following
interaction times with the ancillary cloud: 5.95 ms, 8.33 ms, 11.9 ms, 14.28 ms,
15.47 ms and 23.8 ms which correspond to experimental hold times of 75, 100, 150,
175, 200 and 300 ms respectively. At 260 µm initial separation, the atoms in the
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Interaction time (ms) BEC number (106) BEC Fraction Temperature (µK)
0 5.4 0.85 287

5.41 3.3 0.74 320
25.5 0.5 0.20 439

Table 5.2: BEC number, BEC fraction and temperature for different interaction
times at 400 µm initial separation.

ancillary cloud have a kinetic energy less than the calculated dipole activation energy
when they interact with the condensate. As shown in Figure 5.11, no vortices are
seen in expansion. However, a significant amount of atom loss and heating is evi-
dent in both expansion and in-trap images. As seen in expansion images (e) - (m),
the high-density component of the cloud corresponding to the condensate atoms de-
creases with increasing interaction time. Heating is evident by the change in shape
of the cloud from a Thomas-Fermi distribution with hard edges in image (a) to a
Gaussian distribution with soft edges in image (k). The apparent heating of the
cloud with increasing interaction time between the high energy thermal cloud and
the condensate is also observed in the expansion images. It is evident in images (l)
- (n) that the condensate fraction decreases as the thermal fraction increases until
no condensate atoms remain. At this point, the cloud has been heated to above Tc

and the condensate has been destroyed. Figure 5.12 shows the calculated temper-
ature of the cloud at different interaction times. The first three data points show
a linear increase in the temperature with increasing interaction time. Figure 5.13
shows the normalized BEC fraction, thermal fraction and total fraction of atoms
remaining at different interaction times. The first three data points show a decrease
in BEC fraction and total atom number and an increase in thermal fraction. This
corresponds to a temperature increase due to the interaction between the ancillary
cloud and the condensate. Around 15 ms interaction time, many atoms are lost in
both the condensate and thermal components of the target cloud. As interaction
time increases, loss and heating continues until the condensate fraction goes to 0 and
a thermal cloud remains. Specific number and temperature values corresponding to
Figures 5.12 and 5.13.
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Figure 5.11: 129 µm × 129 µm images of BECs taken in situ (first and third rows)
and in expansion (second and fourth rows) with an initial separation of 260 µm,
which corresponds to an ancillary cloud kinetic energy less than the calculated dipole
activation energy. These images were taken after the following interaction times: (a)
& (e) 0 ms, (b) & (f) 5.95 ms, (c) & (g) 8.33 ms, (d) & (f) 11.9 ms, (i) & (l) 14.28 ms
(j) & (m) 15.47 ms and (k) & (n) 23.8 ms corresponding to experimental hold times
of 0, 75, 100, 150, 175, 200 and 300 ms respectively. Atom loss and heating are
both apparent in the in-trap and expansion images. The size of the high density
component of the cloud, or condensate atoms, decreases with increasing interaction
time in expansion corresponding to decreases condensate fraction. The shape of the
cloud in situ changes from one with hard edges in image (a) with 0 ms interaction
time to a Gaussian distribution shown in image (k) which corresponds to a thermal
distribution instead of a Thomas-Fermi distribution in a condensate. The heating
of the cloud with interaction time is obvious in expansion images (l) - (n) in which
a cloud with a small BEC fraction is heated to above Tc and no condensate atoms
remain. For any interaction times above 23.8 ms, the cloud remains a thermal cloud
and atom loss is increased.
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Figure 5.12: Extracted temperatures from fits to data at various interaction times
with 260µm initial separation. The first three data points show a linear increase of
temperature with increasing interaction time.
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Figure 5.13: Extracted BEC fraction, thermal fraction, and total number fraction
from fits to data normalized to initial total atom number at various interaction times
with 260 µm initial separation. This plot shows that total number and BEC fraction
decrease with increasing interaction time which corresponds to increasing atoms loss.
The first three data points show an increase in the thermal fraction with increasing
interaction time indicating heating of the cloud. However, around 15 ms interaction
time, there is loss of both thermal and condensate atoms in the target cloud.

5.3.5 165 µm Separation Data

Figure 5.14 shows in situ and expansion images of condensates after the following
interaction times with the ancillary cloud: 9.41 ms, 18.83 ms and 24.48 ms which
correspond to experimental hold times of 75, 150 and 200 ms respectively. At 165 µm
initial separation, atoms in the ancillary cloud have a kinetic energy less than the
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Interaction time (ms) BEC number (106) BEC Fraction Temperature (µK)
0 7.2 0.68 423

5.95 5.9 0.55 477
11.9 2.2 0.20 535
14.28 1.8 0.16 533
15.47 0.54 0.05 378
23.8 0.0 0.0 -

Table 5.3: BEC number, BEC fraction and temperature for different interaction
times at 260 µm initial separation.

calculated dipole activation energy when they interacts with the condensate. As
shown in Figure 5.14, no vortices are seen in expansion. As seen in most of the
other separations, heating and condensate atom loss are evident in the BEC images.
Expansion images (d) - (g) clearly show loss of condensate atoms with the decreas-
ing size of the BEC component of the cloud as well as heating with the increasing
thermal component. Figure 5.15 shows the temperature of the cloud at different in-
teraction times. The last three data points show a linear increase in the temperature
with increasing interaction time. Figure 5.16 shows the normalized BEC fraction,
thermal fraction and total fraction of atoms remaining at different interaction times.
Total atom number as well as number of condensate atoms decreases with increasing
interaction time. In general, the thermal fraction increases which corresponds to
increased temperature of the cloud. The actual atom numbers and temperatures are
given in Table ??.
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Figure 5.14: 129 µm × 129 µm images of BECs taken in-trap (top row) and in
expansion (bottom row) with an initial separation of 165 µm, which corresponds to
an ancillary cloud kinetic energy less than the calculated dipole activation energy.
These images were taken after the following interaction times: (a) & (e) 0 ms, (b) &
(f) 9.41 ms, (c) & (g) 18.83 ms and (d) & (h) 24.48 ms corresponding to experimental
hold times of 0, 75, 15 and 200 ms respectively. Atom loss and heating are both
apparent in the in situ and expansion images. After 24.48 ms of interaction time,
the BEC has almost completely turned into a thermal cloud as seen in expansion
image (g). Expansion images (d) and (e) show loss of condensate atoms and image
(f) shows a significant fraction of thermal atoms indicating heating of the atom cloud.



125

0.0E+00

5.0E-08

1.0E-07

1.5E-07

2.0E-07

2.5E-07

3.0E-07

3.5E-07

4.0E-07

4.5E-07

5.0E-07

0 5 10 15 20 25 30

Te
m

p
e

ra
tu

re
 (

K
)

Interaction Time (ms)

Temperature vs Interaction Time (165 µm separation)

Figure 5.15: Extracted temperatures from fits to data at various interaction times
with 165µm initial separation. The last three data points show a relatively linear
increase in the temperature with increasing interaction time.
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Figure 5.16: Extracted BEC fraction, thermal fraction, and total number fraction
from fits to data normalized to intial total atom number, at various interaction times
with 165µm initial separation. There is an increasing total atom number loss as well
as condensate number loss with increasing interaction times. For the most part,
the thermal fraction increases with increasing interaction time which corresponds to
heating of the atom cloud.

5.4 Discussion

The experimental data presented in Section 5.3 revealed that vortices were not ob-
served in BECs after interaction with the ancillary cloud. Even in the experiment
with the largest initial separation where the kinetic energy of the ancillary cloud
was larger than the calculated dipole activation energy, vortices were not observed.
However, heating and atom loss were seen in almost every experiment with different
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Interaction time (ms) BEC number (106) BEC Fraction Temperature (µK)
0 6.9 0.73 400

9.41 2.5 0.54 374
18.83 3.8 0.11 420
24.48 1.3 0.03 441

Table 5.4: BEC number, BEC fraction and temperature for different interaction
times at 165 µm initial separation.

initial separations and different interaction times. This motivates a further discus-
sion of atom-atom collisions in order to understand the mechanisms responsible for
the heating and atom loss observed in the thermal counterflow experiments.

5.4.1 Consideration of Atom-Atom Collisions

Inelastic collisions are collisions that change the state of the trapped atoms. As a
result, atoms can be lost from the trap when scattered to untrapped states. Heating
of the atomic sample also occurs as kinetic energy is released from the collisions [36].
Because atoms in our apparatus are trapped in the 87Rb |F = 1,mF = −1〉 ground
state, spin flips due to inelastic collisions are suppressed by conservation of angular
momentum [37]. At high enough densities, 3-body collisions, in which a diatomic
molecule and a free atom are produced, are the dominant inelastic collisions in alkali
atoms where the spin relaxation process is suppressed as in the case discussed above.
When the diatomic molecule is created, the molecule and the free atom share the
kinetic energy gained in the binding of the molecule [36]. As a result, the molecule
is no longer in a trappable state and the free atom has enough energy to escape the
trap resulting in the loss of three atoms. Because this loss mechanism depends on
three atoms being in the same region in space, it becomes significant at high densities
and can limit the lifetime of a condensate.

BECs created in our apparatus have a lifetime on the order of 30 s. This implies
that on the hundreds of ms timescale of the thermal counterflow experiment, 3-body
loss is not significant. In the presence of the ancillary thermal cloud, the peak density
slightly increases, but not enough to increase the 3-body loss rate so that significant
atom loss is observed over the experiment timescales. This suggests that 3-body loss
is not responsible for atom loss observed in the thermal counterflow experiment.

Elastic collisions, in which the atoms’ quantum states remain unchanged, are the
other type of atom-atom collision that occurs. In elastic collisions, momentum is
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elastically transferred between atoms which aids rethermalization of an atomic sam-
ple [36]. Evaporative cooling utilizes 2-body elastic collisions to transfer momentum
between atoms until the entire atomic sample rethermalizes to a lower temperature
after the selective removal of highly energetic atoms from the sample. In this case,
2-body elastic collisions aid in the cooling of an atomic sample. However, if high-
energy atoms were added to the atomic sample instead of removed, 2-body elastic
collisions could theoretically cause heating of an atomic sample. This is most likely
the mechanism responsible for both heating and loss observed in our experiment.

5.4.2 Discussion of Heating and Loss Mechanisms

As the ancillary cloud collides with the target cloud, some momentum is transferred
to the condensate through 2-body elastic collisions between atoms in the two clouds.
After the ancillary cloud has passed through the condensate, elastic collisions between
the condensate and its associated thermal cloud result in rethermalization of the
cloud to a higher temperature. It is possible that during the rethermalization process
as the transferred momentum is distributed throughout the cloud in three dimensions
that some atoms have enough energy to escape the trap. This would correspond to
total atom loss observed in experimental data from all ancillary cloud kinetic energies
tested.

As discussed in Section 5.3, a linear increase in temperature is observed with
increasing interaction times for initial separations of 165 µm, 260 µm and 400 µm.
After fitting the experimental data from two larger initial separations, the following
equations were obtained:

T400 = 5.951t+ 287.36 nK (5.4)

T260 = 9.411t+ 422.33 nK (5.5)

where T400 and T260 are the temperatures of the target cloud after collisions with
an ancillary cloud with initial separations of 400 µm and 260 µm respectively and
t is the interaction time in ms. After normalizing the above equations to the initial
temperature given by the intercepts, the following normalized heating rates were
obtained.

1

T400

dT400

dt
= .0207 ms−1 (5.6)

1

T260

dT260

dt
= .0223 ms−1 (5.7)

The percent difference between the calculated normalized heating rates is only 7.4%.
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This suggests that the heating of the condensate due to collisions with the ancil-
lary cloud is independent of the kinetic energy of the atoms in the ancillary cloud.
Similarly, Figure 5.17 shows that the change in the normalized BEC fraction with
interaction time is roughly the same for 165 µm, 260 µm and 400 µm initial sepa-
rations. This suggests that loss of condensate atoms due to interaction between the
ancillary cloud and the condensate is more dependent on interaction time than the
kinetic energy of atoms in the ancillary cloud.

Scattering of atoms due to a collision between the ancillary cloud and condensate
is shown in Figure 5.18. The image was taken after 12.13 ms of interaction time at
which point the ancillary cloud (left) had just collided with the condensate (right).
The condensate and high energy thermal clouds are saturated to allow the scattered
atoms to be visible in the image. A halo of scattered atoms in the shape of an eclipse
is seen to the left of the condensate as a result of the collision. See Reference [38]
for more information regarding imaging of atom scattering patterns due to cold
collisions of atoms. The scattering pattern observed confirms the analysis that the
collision between the two clouds results in a transfer of momentum to the BEC. We
suspect that the scattered atoms eventually travel back towards the BEC location
at the center of the trap and elastic collisions between the scattered atoms and the
remaining atoms results in rethermalization of the cloud to a higher temperature.



130

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20 25 30

N
o

rm
a

li
ze

d
 B

E
C

 F
ra

ct
io

n

Interaction Time (ms)

BEC Fractions vs Interaction Time

165 µm separation

260 µm separation

400 µm separation

Figure 5.17: Extracted BEC fraction from fits to data normalized to initial atom
number as a function of interaction time for 165µm, 260µm and 400µm initial sepa-
rations. For each separation, the normalized condensate fraction decreases at roughly
the same rate with increasing interaction time.
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Figure 5.18: 453 µm × 284 µm image taken after a 12.13 ms hold time with an
840 µm initial separation. The ancillary cloud (left) has just collided with the BEC
(right), moving right to left. The BEC and ancillary clouds are saturated to allow
the scattered atoms to be visible. A halo of scattered atoms in the shape of an eclipse
is seen to the left of the condensate as a result of the collision.

5.5 Conclusion

We conclude from the experimental data that thermal counterflow does not create
vortices in dilute-gas BECs under typical experimental conditions. Instead, heating
and atom loss from elastic collisions between atoms a the high-energy thermal cloud
(ancillary cloud) and the condensate dominate BEC dynamics. Few-body interac-
tions and collisions between atoms in dilute-gas BECs is one of the main differences
between BECs and superfluid helium. Dilute-gas BECs can be considered a quantum
fluid. They can be made closer to the hydrodynamic regime via density increases
[39]. Although this would possibly enable vortex production, three-body loss rates
would also be increased. The introduction of a low-density ancillary thermal cloud
into the experiment results in a cloud that is no longer in the hydrodynamic regime
as the two clouds are overlapped. As a result, significant heating and atom loss occur
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during these collisions.
These are interesting results because forced heating of a condensate and methods

for destroying a condensate have not been well studied. Techniques for cooling
condensates are well known such as optical and RF evaporation. However, there
is no method for RF and optical heating. In addition, laser beams can be used
to stir up vortices in a condensate and the condensate still has a relatively long
lifetime compared to the interaction times on the order of tens of ms during which
the condensate was destroyed in the thermal counterflow experiments. For these
reasons, data presented in this chapter provide exciting new insights into methods
for heating and destroying condensates as well as the limitations of dilute-gas BECs
for quantum turbulence studies.
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APPENDIX A

Timing Sequence

This appendix gives a detailed explanation of every step in a simplified version of the
most current timing sequence. The timing sequence described in this chapter includes
the necessary time steps to create a BEC and a thermal cloud in the tight hybrid
optical-magnetic trap, displace the two clouds by a variable amount, and allow a
thermal ancillary cloud to collide with a target BEC. The timing sequence described
was used to do the experiment of Chapter 5 described in this dissertation. The
purpose of this appendix is to explain all of the steps in the timing sequence and serve
as a reference for current and future students, aiding them in their understanding of
the timing sequence.

A.1 Cooling and Trapping in MOT cell

1. Start run – No trip: This time step is disabled at the beginning of the timing
sequence. The TDK power supply used to trip at the end of every run when
all values reset to the MOT loading parameters. We found that starting the
timing sequence with this disabled time step prevents the power supply from
tripping at the end of each run.

2. MOT load: 2D cooling and repump light, push beam light, and 3D cooling
and repump light are all on. This means that all of the shutters are open and
that for the 3D cooling and repump light and push beam, the AOM amplitude
voltage is set to about 0.85 V (on a scale from 0 to 1 V). The AOM RF switch
for all light is also on (these switches are controlled by a TTL output from the
computer, high is on, low is off). The TDK power supply is set to the MOT
load value which is around 7 A. The plug vertical and horizontal PZT control
voltages are also set in this time step to values that center the plug the in
quadrupole trap once the atoms are transferred to the BEC cell.

3. Push beam off: In this step, the push beam shutter is closed and the AOM
RF switch is turned off which blocks the push beam. In the presence of the
push beam, the atoms in the MOT are slightly displaced from the center of the
magnetic trap. Turning the push beam off 500 ms before the CMOT timestep
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allows the atoms to relax back to the center of the magnetic trap for the most
efficient transfer of atoms to the magnetic trap.

4. 2D repump and cooling beams off: The 2D repump and cooling shutters
close during this time step to prevent any atoms traveling from the 2D to 3D
MOT chambers during the CMOT stage.

5. CMOT: The Compressed MOT stage is designed to further cool and compress
the atoms trapped in the MOT for better transfer to the magnetic trap. During
the CMOT stage, the 3D repump and cooling AOM amplitudes are snapped
to a lower value, immediately decreasing the repump power. Throughout the
duration of the time step, the 3D cooling frequency is linearly ramped further
away from resonance to increase the amount the light is red–detuned. The
magnetic field is also snapped to a lower value during this stage.

6. Pump into F = 1: By turning off the 3D repump light off 0.5 ms before the
3D cooling light is turned off, all of the atoms are pumped into the F=1 ground
state. The 3D repump light is turned off by pre–triggering the shutter to close
at the beginning of the time step, snapping the AOM amplitude voltage to 0 V
and turning the RF switch to the AOM off.

7. Dark: All lights and fields are turned off 1 ms before transfer into the magnetic
trap. This is done by turning off the RF switch to the 3D cooling AOM,
snapping the 3D cooling AOM to 0 V, and snapping the current in the MOT
coils to 0 A.

8. Transfer to Magnetic trap: The MOT coils are snapped up to the catch
value and most atoms in |F = 1,mF = −1〉 are trapped in the quadrupole field
created by the MOT coils.

9. Kill pulse: The 3D cooling light is turned on for 2.5 ms to get rid of any
atoms that are still in F = 2.

A.2 Magnetic Transfer

10. Coils 3-5 ramp up: Coils 3-5 are the coils that are used to transfer atoms
from the MOT cell to the BEC cell on the north side of the chamber. During
this step, the coils are ramped up to their transfer start values over 500 ms.
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11-16. Transfer North Forward: Coils 3-5 follow waveforms created in MATLAB to
transfer atoms from the MOT cell to the north BEC cell with close to constant
magnetic field gradient in the direction of transfer. This transfer is broken up
into six different time steps.

17-22. Transfer North Back: These time steps are used to transfer atoms back from
the north BEC cell to the MOT cell. The waveforms in these transfer steps are
simply reversed from those in the transfer north forward steps. Usually these
time steps are disabled but they can be used if transfer efficiency to the BEC
cell and back needs to be measured.

23. Transfer to BEC quadrupole coils: During this time step, transfer coils
3-5 are linearly ramped from their ending forward transfer value down to 0 A
while the BEC quadrupole coils are linearly ramped up from 0 A to a current
that creates a gradient of 250 G/cm in 500 ms.

A.3 RF Evaporation

24. Start RF evaporation: The RF switch is turned on to allow amplification
of the RF output from the Agilent function generator. The RF sweep trigger
is switched to low during this step, triggering the start of RF frequency ramps
that have been previously programmed by the MATLAB RF evaporation code
and stored in the function generator. This time step starts with a high fre-
quency cut, during which frequencies are swept from 80 MHz down to 30 MHz
in about 3 s. The high frequency cut selectively evaporates the high energy
atoms, preventing them from colliding with the rest of the atom cloud and
heating it up throughout the evaporation procedure. RF evaporation contin-
ues at a much slower rate after the high frequency cut to frequencies below
30 MHz. At the beginning of this step, the vertical bias field is ramp up from
0 to 0.93 V which slightly changes the vertical position of the quadrupole trap.
This is done to provide a 30 µm vertical displacement between the plugged
quadrupole trap and the optical dipole trap as soon as the 1064-nm trapping
laser is ramped up.

25. RF evaporation to 5 MHz: The RF switch is again enabled during this time
step and the function generator sweeps the RF frequency down to 5 MHz to
provide further RF evaporation. The plug beam shutter is opened during this
time step. The plug beam should be focused at the center of the quadrupole
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trap by the horizontal and vertical PZT control voltages set in the MOT loading
stage. During this time step, the atoms are trapped in a plugged quadrupole
trap which prevents Majorana losses and allows atoms to be successfully cooled.

26. RF evaporation to 2.75 MHz: In this time step, the RF switch is enabled
and the RF frequency is swept from 5 MHz to 2.75 MHz in 3.114 s. This is the
final stage of RF evaporative cooling.

A.4 Transfer to Hybrid Optical-Magnetic Trap and Optical Evaporation

27. Transfer to ODT: This is the first step in transferring atoms from a plugged
quadrupole trap to the hybrid optical-magnetic trap. The 1064-nm trapping
laser is vertically aligned 30 µm below the center of the plugged quadrupole
trap. At the beginning of the time step, the RF switch to the 1064-nm AOM is
switched on so that light will be coupled into the fiber and sent to the BEC cell
(currently we are using the RF AOM switch as a shutter instead of a physical
shutter). The computer control voltage that sets the output power of the 1064-
nm laser through a feedback circuit is linearly ramped from 0 to 4.78 V, which
corresponds to about 4.8 W in the trapping beam.

28. Weaken quadrupole field: This is the second step in transferring atoms to
the combined optical-magnetic trap. In the first 500 ms, the quadrupole field
is linearly ramped from 250 G/cm to 125 G/cm while the vertical PZT control
voltage ramps the vertical position of the plug beam from 30 µm to 60 µm
above the optical dipole trap center. In the next 500 ms, the plug vertical PZT
voltage is ramped all the way to 0 V moving the plug so far above the dipole
trap vertically that it no longer influences the atoms. At the same time, the
vertical bias field is linearly ramped from 0.93 V to 2.3 V, which corresponds
ramping the vertical center of the quadrupole trap from 30 µm to 180 µm above
the optical dipole trap center.

29. Optical Evaporation Stage 1: During this step, the atoms are optically
cooled by ramping down the laser power which decreases the height of the
potential, allowing the hot atoms to escape the trap. In the first second of
optical evaporation, the laser power is linearly ramped from 4.8 W to 1.9 W.
In the following second, the laser power is then ramped down to 1.53 W. The
first ramp occurs at a much faster rate than the second because more efficient
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evaporation occurs at higher densities, or higher 1064-nm beam powers. Dur-
ing the transfer to the combined optical-magnetic trap, some atoms leave the
position of the optical dipole trap and follow the movement of the center of the
quadrupole field. In order to eliminate those atoms and prevent interactions
with atoms trapped in the optical dipole trap, the RF switch is turned on at a
frequency of 350 kHz. At such a small RF frequency, only atoms close to the
center of the quadrupole field are eliminated.

30. Split cloud: During this time step, the plug vertical PZT voltage is ramped
up to 4 V, moving the plug to a vertical position that provides a repulsive
barrier to the atoms, splitting them into two clouds. At the beginning of the
time step, the plug shutter is opened and the plug horizontal PZT voltage is
snapped to around 1.7 V to provide the desired splitting ratio of the atoms
into the two separate clouds.

31. Move clouds away: The horizontal PZT voltage is ramped up linearly from
the splitting value in the previous time step to 5.95 V while the vertical PZT
voltage is linearly ramped up from 4 to 6 V. These ramps move the right cloud
from the center of the trap to 250 µm displaced horizontally. At the same time,
the horizontal bias field is ramped up from 0 V to 1 V, 2.27 V or 4 V, moving
the left cloud 150 µm, 350 µm or 590 µm, respectively, away from the initial
position of the cloud. This results in a total separation between the two clouds
of 400 µm, 600 µm and 840 µm respectively.

32. Optical evaporation to BEC: In this time step, optical evaporation con-
tinues to cool down the atom cloud until a significant amount of atoms have
condensed. This step is broken up into four different ramps. In the first second,
the laser power is ramped down to 1.17 W. During the following second, the
laser is ramped down to a value between 0.9 and 1.1 W (the ending laser power
for evaporation to BEC depends on how far away the BEC is displaced from
the focus of the optical dipole trap). The laser power is then held constant for
the next 250 ms which allows the atoms to rethermalize and is then ramped
back up to 1.2 W in the last 250 ms.

* For creating one cloud instead of two, disable steps 30-31.
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A.5 Experiments with BECs/BEC and Thermal Cloud

33. Heating ancillary thermal cloud: This time step is usually disabled but can
be enabled if the ancillary cloud starts to condense and a completely thermal
cloud is desired for the experiment. During this step, the plug position is
oscillated with a small amplitude which results in heating of the ancillary cloud
without affecting the target cloud.

34. 660 ramp up: Use this time step when disabling steps 30 and 31 if looking
for vortices by colliding two BECs. The 660-nm laser current is controlled by
the computer voltage and is ramped up and down in 250 ms, separating one
BEC into two and colliding them back together. The 660-nm laser shutter is
also pre–triggered to open at the beginning of the time step so that the light
reaches the atoms as soon as the current is ramped up. This method is known
to create vortices and has been used as a check to make sure the expansion
procedure is such that vortices can be imaged in expansion.

35. 660 off: This step pre-triggers the 660-nm laser shutter to turn off at the
beginning of the time step and provides a hold time after the BECs have
collided together.

36. 532 nm laser off: During this time step, the plug vertical PZT control voltage
is ramped down from 6 to 3 V in 2 ms. At 3 V, the vertical position of the
plug is far enough above the atoms that it no longer influences them. As a
result, the ancillary cloud is no longer constrained by the repulsive barrier and
can move back towards the center of the trap.

37. Ancillary cloud oscillation time: During the first few ms of this hold time,
the vertical PZT control voltage is ramped down to 0 V to ensure that the
plug beam does not affect the atoms. During this hold time, the thermal cloud
oscillates in the hybrid optical–magnetic trap and has a variable number of
collisions with the BEC depending on the hold time. The plug shutter is also
closed during this time step.

* For doing the experiment, disable steps 34-35
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A.6 Expansion

38. Radial expansion: This time step is used for expansion with Faraday imag-
ing. During this step, the 1064-nm laser power is held constant at 1.2 W, pre-
venting much vertical expansion. The quadrupole coils are ramped to 52 G/cm
and the current in the Anti-Gravity coil is ramped to 0.85 A while the bias
fields are ramped off. This results in much weaker radial trapping frequencies
than before and some radial expansion. All bias fields are ramped off and the
quadrupole and Anti-Gravity coil currents are ramped to the above values to
avoid sloshing of the BEC expansion position.

39. Vertical expansion: The 1064-nm laser power is snapped off by disabling
the RF AOM switch which allows for rapid vertical expansion as well as some
radial expansion. The current through the quadrupole and Anti-gravity coils
is the same as in step 38.

40. Faraday in trap imaging: For in trap Faraday imaging, all of the bias
fields are snapped off and the 1064-nm laser power is snapped to 0 W. The
quadrupole and anti-gravity coils are snapped to the values given in step 38.
These coils provide a large enough bias field to image BECs with large signals
at +5Γ cooling imaging light detuning.

41. Absorption imaging expansion: All light and magnetic fields are turned
off allowing the atoms to freely expand for the length of the time step. For in
situ absorption images, use 0.05 ms as the expansion time.

A.7 Imaging

42. AOMs on: The amplitude control of the AOMs has a response time of about
40 µs. Therefore, the cooling and repump AOM amplitudes are turned on 50 µs
before the imaging pulse to ensure that the output power is at the correct value
throughout the entire pulse. During this time step, the repump and cooling
AOM frequencies are also set to the correct values for the imaging pulse.

43. Imaging pulse: At the beginning of this time step, the cooling imaging and
repump AOM switches are turned on and their shutters are pre–triggered to
open, allowing both repump and imaging light to reach the atoms for the 75 µs
imaging pulse. The repump light pumps all of the atoms into F = 2, allowing
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atoms to be imaged with cooling light. The camera is triggered at the beginning
of this step to capture the image.

44. Hold between pulses: There is a finite time that it takes the camera to read
out the data from the previous image and be ready to take another image. For
the flycapture camera this time is about 200 ms. However for the Princeton
Instruments camera, the readout time is usually between 600 to 700 ms, de-
pending on the Region of Interest size and amount of binning. To be safe, we
hold for 750 ms in between imaging pulses so that all three images are trig-
gered. This also allows all of the atoms to leave the location of the trap so that
they are not imaged in the background frame.

47. Hold between pulses: Same as time step 44.

48. Dark frame: The camera is triggered here to take an image without any
imaging light. This frame is subtracted from both the imaging and background
frames to get rid of any ambient light present during the imaging pulses.

A.8 MOT Reset

49. MOT reset: All of the values are turned back to the MOT load values to
begin to load the MOT again for the next run. The MOT coils are ramped
back up to 7 A instead of being snapped up so that the TDK power supply
does not trip during this time step.

50. Push beam on: The push beam is turned back on to allow loading of the 3D
MOT from the 2D MOT.
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APPENDIX B

Lab Trouble-shooting Guide

This appendix is designed as a trouble-shooting guide for the lab. Section B.1 is
related to MOT trouble-shooting and Section B.2 describes how to trouble-shoot
imaging, atom transfer, RF evaporation, and optical evaporation to BEC.

B.1 MOT Trouble-shooting

Follow these steps to debug issues related to low MOT number or no MOT at all.

1. Check MOT coil current. The current should be 7 A. The total output current
is displayed on the front panel of the TDK power supply. During the MOT
load time step, the only coils that have current running through them are the
MOT coils, so the total current corresponds to the MOT current.

2. Measure the cooling and repump powers in 2D and 3D MOT splitters at
1900 mA drive current and compare to values in Table B.1. If the measured
cooling powers are a couple of milliwatts different than the values given in the
table, there probably will not be a huge difference in MOT number. However,
if the measured cooling powers are 5 - 10 mW different than the values given
in Table B.1, the fiber coupling into the 4- and 6-way splitters will need to be
peaked up in order to create large MOTs.

3. Compare 2D MOT gradient and bias field currents to the values given in Ta-
ble B.2.

Table B.1: MOT beam powers

Repump Power (mW) Cooling Power (mW)
2D fiber #4 3.7 63
3D fiber #5 2.2 28
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Table B.2: 2D MOT gradient and bias field currents

Voltage (V) Current (A)
Horizontal 2D MOT Coil 6.1 1.79

Vertical 2D MOT Coil 5.7 1.78
2D Horizontal Bias Coil 1.2 0.71

2D Vertical Bias Coil 0.7 0.46

4. Measure the push beam power. With Ppush = 600 µW and a detuning of
∆ν = 0Γ, the MOT will load in about 2 s. However, if there is no power
in the push beam under normal MOT load conditions, it is probably due to
misalignment of the 60 MHz AOM that controls the frequency shifts of both
the push beam and imaging beams. If this is the case, it is most likely that
light into both push beam and imaging fibers is misaligned and will need to be
realigned before imaging the atoms.

Figure B.1: Scanning Fabry-Perot (FP) cavity trace of the repump and cooling lines.
The free spectral range of the FP cavity is 1.5 GHz. The ground-state splitting in
87Rb is 6.834 GHz, so the repump and cooling lines are separated by 6.834 GHz
modulo 1.5 = 0.834 GHz. The master and slave lasers show up as separate peaks
due to slight differences in alignment into the FP cavity. Figure and caption taken
from reference [17].
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5. Check repump and cooling frequencies. Use the Fabry-Perot (FP) cavity trace
to confirm that all repump and cooling lasers are single-mode and that the
slave lasers are completely injection locked to their respective master lasers.
Figure B.1 shows what the trace should look like when all lasers are single-
mode, injection locked, and lasing at the correct frequencies. The repump and
cooling lines are 6.843 GHz apart, due to the ground state splitting of 87Rb.
The free spectral range of the FP is 1.5 GHz. Therefore the spacing between the
repump and cooling peaks seen on the FP trace should correspond to 6.834 GHz
modulo 1.5 GHz, which is 0.834 GHz.

Occasionally, problems with the lock boxes occur where the desired transition
for locking is centered on the oscilloscope, but as soon as the loop gain is
enabled, the laser locks to an adjacent transition. To test if this problem
occurs, use the following procedure:

• Center the desired locking signal on the oscilloscope

• Turn the ramp gain all the way down

• Change the PZT offset until the line is centered vertically at 0 V

If the MOT starts to load when both lasers are unlocked but manually set to
the correct frequency, the problem is with the lock box. Usually this occurs
if the PZT is set to the opposite polarity needed to lock to the slope of the
locking signal.

B.2 Trouble-shooting for No Atoms Imaged at the End of the Evaporation Sequence

In order to find out why atoms are not imaged at the end of the evaporation, it must
be determined if the problem is due to imaging or a loss mechanism during atom
transfer or evaporative cooling. If it is determined that the problem is not due to
imaging, checks must be made throughout the evaporation sequence to determine
where the problem arises.

B.2.1 Imaging Trouble-shooting

Check imaging parameters using the following procedure:

1. Measure background light level in second image taken to make sure that imaging
light is on during the imaging pulse. For the horizontal imaging system with
absorption imaging, a typical background image has between 60 to 120 counts
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depending on the power during the imaging pulse. For the vertical imaging system
with Faraday imaging, a typical background image has between 7 and 26 counts.

2. Open the repump imaging shutter and measure the repump power. The repump
imaging power into the fiber should be about 4 mW and the repump power out of
the imaging fiber should be about 600 µW. If the correct repump imaging power
is measured before the fiber but not after the fiber, peak up the fiber coupling. If
the fiber coupling seems to be optimized but the output power is still low, close
the shutter and look at the fiber under the fiber scope. If the fiber core is dirty,
clean it and then measure the output power. Dirty fiber cores can cause low
output powers.

3. Check the camera settings:

Horizontal Imaging with the FlyCapture Camera:

• Shutter time: 10 ms

• Gain: 2 dB

• Imaging pulse length: 75 µs

• Trigger Polarity: High

• Trigger: Enabled

Vertical imaging with the Princeton Instruments Camera:

• Quality: Low Noise

• Speed: 1 MHz

• Analog Gain: Low

• Mode: Frame Transfer

• Storage shift rate: 1.2 µs

• Trigger response: Readout per Trigger

• Trigger determined by: Rising Edge

• Exposure time: 75 µs

• Frames to save: 3

4. Check cooling imaging light detuning during the imaging pulse. For diagnostic
imaging from the side, use on resonance light by setting the imaging light AOM
frequency voltage to 0.505 V. For Faraday imaging, usually +5Γ detuning is used
by setting the imaging light AOM frequency voltage to 1 V.
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Table B.3: Faraday Imaging B-field currents

Vcomputer (V) Current (mA)
Quadrupole Coils 1.54 69
Anti-Gravity Coil 1.85 88

5. Check the magnetic field coil currents during the imaging pulse. During absorp-
tion imaging, all magnetic fields, including gradients and bias fields, should be
turned off during the imaging pulse. Having stray magnetic fields on during ab-
sorption imaging results in imaging light that is no longer on resonance with the
atoms. In these images, the atom cloud appears to be much less dense when com-
pared to on resonance images with all magnetic fields off during the imaging pulse.
For Faraday imaging, the bias fields should be turned off and the quadrupole coils
and anti-gravity coil currents should be snapped the values given in Table B.3
immediately before the imaging pulse.

B.2.2 Atom Transfer Trouble-shooting

Use the horizontal imaging system to image atoms immediately after transfer from
the 3D MOT chamber to the BEC cell in order to rule out problems with the transfer
sequence. When the atoms are initially transferred to the BEC cell, the image of
the cloud will fill the entire camera sensor. This results in an absorption image
that is almost completely black because most of the imaging light is absorbed by
the atom cloud. If atoms are not detected immediately after transfer, there is most
likely a problem with the current in the transfer coils. Use the following procedure
to determine the specific problem related to atom transfer:
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Figure B.2: Trace of the voltage drop across the 15Ω resistor due to output current of
a CLSM-200LA current sensor which is proportional to total current through transfer
coils. The trace shows the normal noise level on the current during transfer. The
peak voltage shown in this trace is 550 mV, which corresponds to 73 A measured by
the curent sensor and is about one-third of the peak total transfer current.

1. A CLSM-200LA closed loop Hall effect current sensor is used to measure roughly
one third of the total output current from the TDK power supply. (There are three
3 AWG cables that connect the positive terminal of the TDK power supply to the
source terminal on all of the MOSFETs. The current sensor only measures current
through one of the cables, which should be about one-third of the total output
current.) The current sensor outputs a current that is 1/2000 of the measured
current. The picoscope shows the voltage drop across a precision 15 Ω resistor
from this proportional current. This trace is proportional to the total current
during transfer and should be monitored each run. Use Figure B.2 as a diagnostic
to compare with transfer currents measured each day.

2. Compare the transfer current noise level measured with current sensor to the noise
level in Figure B.2. The diagnostic trace in Figure B.2 shows a normal amount of
noise on the transfer coils which does not result in any significant amount of atom
loss. In the past, we have had problems with large noise levels on the transfer
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coils currents which resulted in poor transfer efficiency. An example of this can
be seen in Figure B.3.

Figure B.3: Trace of noisy transfer signal resulting in significant amount of atom loss
during transfer.

3. Compare the maximum voltage value in the transfer current trace to 550 mV,
which is the maximum voltage value measured in the diagnostic trace shown in
Figure B.2. 550 mV corresponds to an output current of 550mV/15Ω = 37mA.
Therefore the current measured by the current sensor is 0.037A ∗ 2000 = 74A
and the maximum total current during transfer is about 200 A. (If the current
measured through the current sensor was actually one-third of the total current,
we would calculate the maximum total current to be 222 A, which is greater than
the maximum current limit of 200 mA set on the TDK power supply. There-
fore, there is some discrepancy between the measured value and known maximum
current value. However, 550 mV can still be used as a maximum current diagnos-
tic.) If the maximum voltage shown in the transfer coil trace is much less than
550 mV, which corresponds to a total transfer current of much less than 200 A,
the magnetic field gradient will be too small and atoms will be lost during trans-
fer. Usually the cause of lower total transfer currents is a failed MOSFET. When
MOSFETs fail in BEC Lab #2, they still output some current but much less than
the nominal value at a given gate voltage. In order to determine which MOSFET
has failed, use the clamp hall probe to measure the current during transfer through
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MOSFETs 3a, 3b, 4a, 4b, 5a, and 5b. The current should be identical in each
MOSFET that corresponds to the same coil. When one MOSFET fails, much less
current will be measured through it than its pair that corresponds to the same
transfer coil.

To replace a failed MOSFET:

• Turn off the TDK power supply, the current sensors’ power supply, and the
feedback/interlock power supply.

• Take out the failed MOSFET. Make sure the wire that connects to the gate
on the MOSFET does not fall underneath the aluminum plate heat sink
while taking out the failed MOSFET.

• Put a small layer of thermal paste on the bottom of the new MOSFET.
Screw the new MOSFET into the aluminum heat sink and make connections
according the diagram on the inside of the MOSFET box lid.

After replacing the failed MOSFET, the hall probe should measure a maximum
voltage of 550 mV corresponding to a maximum total transfer current of 200 A.

4. If the shape, amplitude, and noise level of the total transfer current measured by
the current sensor matches with Figure B.2, atoms are most likely being trans-
ferred from the MOT cell to the BEC cell. At the end of the transfer section of
the timing sequence, the transfer coils are linearly ramped down to 0 A, while
the BEC quadrupole coils are ramped up to about 3.2 A which corresponds to a
gradient of 250 G/cm. If atoms are transferred to the BEC cell but are not im-
aged, it is possible that the atoms are not being trapped in the BEC quadrupole
coils and leave the trapping region before the imaging pulse. Use the clamp hall
probe to measure the current through the BEC quadrupole coils at the end of the
transfer steps. If current does not ramp up to 3.2 A in the coils, do the following
checks to identify the problem:

• Check to make sure that the Agilent power supply is turned on and that the
output is enabled and set to 15 V.

• Check connections between the Agilent power supply, the quadrupole coils,
and the feedback circuit. The cable labeled Quad “−” is connected to
the feedback circuit and should be connected to the BEC quadrupole coils
through port #2 on the West side of the cell. Quad “+” is connected to
the output of the Agilent power supply and should be connected to the BEC
quadrupole coils through port #4 on the West side of the cell. If coils are
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intact and connections are made correctly, 15 V can be measured at the con-
nection between the power supply and the quadrupole coils and between the
quadrupole coils and the feedback circuit at ports 4 and 2 respectively.

B.2.3 Trouble-shooting of RF evaporation in Plugged Quadrupole Trap

Figure B.4: In situ absorption image of atoms in the plugged quadrupole trap after
RF evaporation down to left: 5 MHz and right: 2.75 MHz. The absorption image
has been subtracted from the background image so that atoms are seen as a bright
spot.

Use the horizontal imaging system to image atoms in the plugged quadrupole
trap after RF evaporation down to 5 MHz and 2.75 MHz. Figure B.4 shows what
the cloud should look like with absorption imaging from the side at these point
in the evaporation sequence. The full width half maximum of the 2D guassian fit
to the image taken after RF evaporation down to 5 MHz are FWHMx ∼ 640 µm
and FWHMy ∼ 250 µm. After RF evpaoration down to 2.75 MHz, the measured
widths are FWHMx ∼ 300 µm and FWHMy ∼ 170 µm. The OD calculated from
the fit from the right image 1.6. If everything is working up to that point in the
timing sequence, the measured widths of any image taken at this same point in
the evaporation sequence should be within 10–15% of the values given above. Use
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Figure B.4 and the above values as a diagnostic of RF evaporation in the plugged
quadrupole trap.

1. The 532-nm beam is focused close to the center of the quadrupole trap when
aligned well and is used as a repulsive barrier to keep atoms from being lost due
to spin flips. As seen in Figure B.4, a well aligned plug beam results in a hole at
the center of the plugge quadrupole trap. If no clear hole is seen in middle of the
atom cloud, the problem is most likely with the plug beam power, alignment or
timing of the external shutter. In order to find out the specific problem with the
plug beam, use the following procedure:

• Make sure that the 532-nm laser is on, the internal laser shutter is open, and
that the laser outputs 6.5 W when the external shutter is open.

• Check that external shutter opens during the experiment. When the shutter
is open, you will see green scattered light above the experiment.

• In the past, we have had problems seeing the hole in the atom cloud from the
plug due to incorrect timing in turning off the external plug beam shutter.
The external shutter was incorrectly pre–triggered to turn off a couple of ms
before the imaging pulse instead of immediately before the imaging pulse.
This resulted in atoms filling in the “hole” before the image was taken. To
check if shutter triggering timing is the cause of the problem, keep the 532-
nm laser on during the imaging pulse instead of pre–triggering it to turn
on immediately before. If the hole is seen then seen in the image, simply
re-measure the turn off time of the external shutter and update the pulse
time in the timing sequence to the measured value.

• Check the alignment of the 532-nm laser. Open the external shutter and look
on the Thorlabs alignment camera in real time. During the MOT loading
stage, the PZT voltage for the horizontal and vertical control of the 532-nm
laser is around (Vx, Vy) = (1.2V, 4V ). When aligned, this corresponds to a
beam centered at pixels (361,465) on the Thorlabs alignment camera. If the
alignment is so bad that the beam is barely seen on the camera, use the
horizontal and vertical knobs on the last mirror (not the dichroic mirror) in
the 532-nm beam path before the cell. When the alignment is close, simply
make slight changes to the voltage sent to the horizontal and vertical PZT
controls until the beam is once again centered at (361, 465).

2. If the measured size of atomic cloud after RF evporation down to 2.75 MHz is
much larger than FWHMx ∼ 300 µm and FWHMy ∼ 170 µm:
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Figure B.5: Picoscope trace of the total transfer coil current (green), the measured
current through the BEC quadrupole coils (red) and the photodiode signal propor-
tional to the 1064-nm laser power (yellow) without RF on during the run.

Figure B.6: Picoscope trace of the total transfer coil current (green), the measured
current through the BEC quadrupole coils (red) and the photodiode signal propor-
tional to the 1064-nm laser power (yellow) with RF on during the run. This Figure
shows a normal amount of RF pickup on the BEC quadrupole coils.
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• Check the expansion time. Figure B.4 is an in situ image of the atom cloud.
The dark background time step should be set to 0.05 ms for in situ images.
(If this time step is set to a couple of ms instead of 0.05 ms, the atoms will
expand a considerable amount and it will seem like there is a problem with
the RF evaporation.)

• Check RF pickup on the transfer coils to make sure the RF synthesizer and
amplifier are working correctly. Figure B.6 gives a reference for RF pickup
on the BEC quadrupole coils during normal operation. Figure B.5 shows
what the quadrupole current looks like without any RF pickup. This occurs
when the RF switch after the RF amplifier is turned off which results in
no amplified RF sweeps. If no RF pickup is seen on the quadrupole coils
as in Figure B.5, check to make sure that RF amplifier is turned on, the
display indicates “RF on” and “ARMED” on the front panel, and that the
RF amplifier power supply is turned on. If there is still no pickup on the
quadrupole coils, measure the conductivity of the RF coil. If RF coil is intact,
measure output from the RF generator with the high frequency oscilloscope.
Note that the Ophir 5303055 Solid State RF Amplifier has a small signal
gain of +43dB. Make sure to use enough RF attenuators on the input to the
oscilloscope so that the amplified RF signal is at a safe level to input to the
oscilloscope. When the RF is working, a sine wave with changing frequency
will be seen on the oscilloscope. The frequencies and amplitudes of the sine
wave can be compared to the computer programmed values during the sweep.

3. If the atom cloud is about the same size but with an OD much less than 1.6:

• Relock lasers and make sure this is not an imaging issue.

• Measure current through the BEC quadrupole coils with the clamp hall probe
and compare the amount of RF pickup measured the amount shown in Fig-
ure B.6. Too much RF pickup on the quadrupole coils results in unstable
quadrupole current and consequently significant atom loss during RF evapo-
ration. Figure B.7 gives an example of RF pickup on quadrupole coils which
results in a significant amount of atom loss. We have found that the best
way to get rid of excessive RF pickup is to decrease the RF amplitude during
the evaporation sequence for specific frequency ranges in which RF pickup
causes dips in the quadrupole current.



153

Figure B.7: Picoscope trace of current in the BEC quadrupole coils during RF evap-
ortion measured by the clamp hall probe. The voltage in the trace is negative because
the hall probe was oriented in the opposite direction of current flow. The dips in the
current are due to too much RF pickup on the quadrupole coils.

B.2.4 Trouble-shooting Optical Evaporation to BEC

Use the horizontal imaging system to image the atom cloud after transferring atoms
to the hybrid optical-magnetic trap and after optically evaporating for 2 s. Figure B.8
shows images of the atom cloud at both stages under normal operation.

Figure B.8: 670 µm × 350 µm side view images taken with the horizontal imaging
system of atoms in the hybrid trap at different stages of the evaporation sequence.
(a) Image of atoms immediately after transfer to hybrid trap. (b) Image of atoms
after first two seconds of optical evaporation.

1. If no atoms are imaged at this stage, check that 1064-nm laser is ramping up
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to correct value by comparing the yellow photodiode signal on the picoscope in
Figure B.6.

• Make sure lock box used for the feedback circuit is powered, the laser power is
set to 100% and that the digital enable for 1064-nm laser AOM is on during
transfer to the hybrid trap and during optical evaporation. If the digital
enable is turned off at some point during transfer and optical evaporation,
all the atoms will be lost.

• As the laser power is ramped up up to the maximum power of about 4.8 W
to transfer atoms from the plugged quadrupole trap to the hybrid optical–
magnetic trap, the corresponding photodiode signal on the picoscope should
measure 6.37 V. If the maximum photodiode signal is less than 6.37 V, the
fiber coupling efficiency might need to be peaked up to get the maximum
power out of the fiber.

2. If the laser is ramping up to the correct power but no atoms are imaged, check
1064-nm laser alignment. There is a flip mirror in between the last mirror in
the 1064-nm beam path and the BEC cell. Flip the mirror down and switch
the USB connection to the 1064-nm alignment Flycapture camera. Figure B.9
shows what the beam should look like when aligned. The measured beam radii
are ω0z = 29.5µm and ω0y = 273µm which gives an aspect ratio of 9.25:1. When
the trapping laser is aligned, it should be centered at pixels (432, 426) on the
alignment camera. If the image of the beam is far off on the camera, use horizontal
and vertical knobs on the last mirror before the cell to center the focus 1064-nm
beam on the correct spot on the camera.

3. If every image looks like it should so far, image the atom cloud at the end of the
optical evaporation sequence. If there are still no atoms, increase the final 1064
power level at the end of the optical evaporation sequence by about 0.05 to 0.1 W.
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Figure B.9: Trapping laser beam profile at the focus position. The measured beam
radii are: ω0z = 29.5µm and ω0y = 273µm.
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