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“Love is a better teacher than a sense of duty.”

“I am enough of the artist to draw freely upon my imagination. Imagination is more
important than knowledge. Knowledge is limited. Imagination encircles the world.”

Albert Einstein
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Abstract

Coherent guiding and manipulation of matter-waves is of utmost importance in
the development of practical atomtronic sensors and devices. In this thesis, I
present excitationless guiding of Bose-Einstein condensates (BECs) at
hypersonic speeds in magnetic time-averaged adiabatic potential (TAAP) rings
traps and waveguides. For the first time, matter-waves are transported for a
record distance of 40 cm at hypersonic speeds without detecting any extra
excitation when compared to the static case. To realize a rotation sensor
utilizing the clock transition of Rubidium 87 (87Rb), I present trapping and
manipulation of the spin states of 87Rb, in two arms of a ring trap. The extreme
smoothness of TAAP rings is demonstrated via the propagation of BECs in the
ring waveguide, measured smoothness is below 200 pK. In a different
interferometer configuration, using optical beam splitters and guided
matter-waves in a horizontal ring waveguide, I implemented delta-kick cooling
technique to achieve compact atomic wave-packet guiding for seconds. The
one-dimensional effective BEC temperature is lowered by a factor of 30, down
to a few nanoKelvin. These demonstrations now provide a platform to realize
highly sensitive, compact atomic rotation sensors, and investigate fundamental
questions, e.g., superfluidity of BECs much above their critical velocity.
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Chapter 1

Introduction

1.1 Wave particle duality

In 1801, Thomas Young performed an experiment in which sunlight passing
through two narrow slits produced an interference pattern onto a screen
behind. This was the first demonstration which showed that light behaves like a
wave. In the late 19th century, Hertz observed that a charged body loses more
easily its charge when illuminated by light. This experiment showed, for the
first time, that light can push or eject electrons from a material when its
frequency is above a certain threshold value, called photoelectric effect.
Einstein’s explanation of the photoelectric effect, in 1905, started the journey of
quantum mechanics. Nearly after a century of belief that light behaves like a
wave, the particle nature of light was established by the fact that it is composed
of multiples of light particle, called photons, together with the Planck’s
postulate that energy of the electromagnetic radiation is quantized. The
extension of wave mechanics to matter was done by Louis de Broglie. He made
a hypothesis that every moving particle also has a wave-like nature. He
proposed that the wavelength associated with a particle is, λ = h/p, where h is
Planck’s constant and p its momentum. Since h is a very small number, about
6× 10−34, for the quantum wavelength of objects to become macroscopic either
the mass or velocity has to become extremely small.

Wave-particle duality is at the very heart of quantum mechanics. It means
that every particle has a wave nature and vice versa. In our daily life, we see
objects whose motion can be well described using the classical physics
equations, and they move in a well define trajectory. However, in the quantum
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world, waves/particles do not just move in a particular direction but their
position and momentum has some uncertainty. In other words, waves (matter
waves) are not well localized in space unlike massive objects, and they whizz all
around us. At first, it is rather difficult to embrace but the theory has
successfully passed all the checks so far. In order to test the quantum-ness of
matter, many experiments have successfully shown wave-like nature of
particles, e.g., electrons, neutrons, atoms and even heavy molecules these days.
The wave nature of these particles are demonstrated via the key wave
phenomena such as diffraction and interference.

Atoms are highly suitable objects to study the wave-nature of matter,
because they are universal and have a well-defined level structure which can be
used for their manipulation with light. Neutral atoms can now be cooled down
to extremely low temperatures using lasers and magnetic fields reaching the
picoKelvin regime. At such low temperatures close to absolute zero, wave-like
character of atoms are hugely enhanced with their de Broglie wavelength
becoming of the order of micrometers. These macroscopic atomic matter waves
are now routinely prepared, manipulated, and observed in tabletop
experiments. In the sections below, I give a brief history of the cooling and
trapping of neutral atoms, first observation of Bose-Einstein condensate in
dilute atomic gases, and the relevance of this thesis to quantum metrology.

1.2 Cooling and trapping of neutral atoms

The idea that light can exert pressure on an object was first speculated by
Kepler, in the 17th century, that it is the solar radiation due to which the comet
tails are aligned away from the light source. Frisch, in 1933[1], showed for the
first time that radiation pressure can have significant effect onto the atoms, a
collimated Na atomic beam was deflected from its path in the presence of
resonant light. The mechanical effect of light was considered to be very small
and did not attract much attention, mainly due to the broad spectrum of then
available light sources. This was changed by the invention of lasers which
brought the motivation that an intense, directional, and narrow linewidth light
beam can be used to address strong optical atomic transitions. The idea of
radiation pressure to trap and manipulate micron-sized particles, using a
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focused laser beam, was first implemented by Ashkin, in 1970 [2]. At the same
time, he also suggested that scattering force exerted onto the atoms by an
intense monochromatic light beam can be used for the isotope separation,
velocity analysis and atom trapping [3].

In 1975, Hansch and Schawlow [4] first proposed that the radiation
pressure can be used to reduce the kinetic energy of atoms, i.e., laser cooling.
The idea behind the laser cooling is simply the conservation of energy and
momentum while the atoms interact with resonant laser beams. It was the first
suggestion for the cooling of atoms using laser beams whose frequency is set
slightly below the atomic resonance – compensation for the Doppler shift.
Ashkin, in 1978 [5], extended his proposal of microparticle trapping to cooling
and trapping of atoms by using a resonant tightly focused laser beam. In the
beginning, these experiments were done with Na atoms because of its clean
level structure, then available suitable wavelength dye lasers and the easy
production of thermal Na atomic beams. The first report on the cooling of
atoms was by Phillips and Metcalf, in 1982 [6]. A two counter-propagating
resonant laser beams together with a spatially varying magnetic field lowered
the atomic velocities by about 40%. The varying Zeeman shift compensated for
the Doppler shift as the atomic velocity reduced by the continuous
absorption-emission of photons. The limiting factor for the temperature
achieved in this experiment was the small value of the magnetic gradient in the
central region of the deceleration path.

After a few years, in 1985, the experiment by Chu and colleagues [7]
demonstrated the first three-dimensional (3D) cooling and pseudo confinement
of Na atoms. They used three pairs of mutually orthogonal counter-propagating
red-detuned laser beams to cool Na atoms down to 240 µK, named it optical
molasses. There was no use of magnetic field to keep the atoms resonant with the
light but the frequency of the laser was swept as the atomic velocity reduced.
The reported temperature, 240 µK, was in agreement with the Doppler cooling
limit. This temperature was measured by monitoring the atomic fluorescence
after a variable switch off time of the laser beams. Another landmark
observation, in 1988, was by Lett and colleagues [8] where they measured
temperature of Na atom cloud in an optical molasses to be less than the Doppler
limit, about 40 µK. This time the temperature was measured by releasing the
atoms from the molasses and looking at the ballistic expansion, and verified via
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four independent methods. The measured sub-Doppler temperature brought a
huge surprise to the community and later explained that it is due to the spatial
variation in polarization of the light field interacting with multilevel atoms. The
phenomenon was called polarization gradient cooling or Sisyphus cooling [9].

In all the experiments above, there was no spatial confinement of neutral
atoms shown and mainly the momentum spread manipulation. Theoretical
studies related to the neutral atom trapping using magnetic fields started in the
1960’s, by Heer and others [10]. The basic idea behind the magnetic trapping
was the interaction of atomic magnetic dipole moment with a spatially varying
magnetic field having a minimum. The main obstacle in trapping atoms with
magnetic field was the high temperature of then prepared cold atoms or the low
magnetic trap depth. After the remarkable development of laser cooling
technique, atomic samples were prepared having temperatures of the order of
magnetic trap depth. The first report on the neutral atom magnetic trapping
came in 1985, by Migdall and others [11], a decelerating Na atomic beam was
stopped and atoms were captured in a magnetic quadrupole trap. A problem
still existed in achieving high energy depth traps and atoms went out of
resonance as their velocity reduced near the center of optical molasses.

A very important step in the field of cold atoms was the merge of optical
molasses and magnetic trapping scheme, resulted in a trap which could both
cool and trap atoms. This idea was first suggested by Jean Dalibard. In 1987,
Raab and others [12], demonstrated the first magneto-optical trap (MOT) which
used six laser beams along all the Cartesian axes and a magnetic quadrupole
field. The reported trap depth was 0.4 K, atomic density reached up to 10−11

atoms cm−3, and atoms were stored for as long as two minutes. From here on,
other cooling techniques were developed, such as forced evaporation, to achieve
higher phase space densities which finally led to the discovery of Bose-Einstein
condensate (BEC). Below, I give a short overview of the journey towards the
groundbreaking realization of BEC in dilute atomic gases.

1.3 Birth of Bose-Einstein condensate

The aim behind increasing the phase space density in atomic gases was to reach
the state of quantum degeneracy. To do that, two things were needed, lower
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temperatures and higher atomic densities. It is when the mean separation
between the particles becomes of the order of their de Broglie wavelength,
phase space density approaches unity or higher and quantum degeneracy is
achieved. In this regime, all the atoms occupy the lowest energy state of the
system, and they begin to move in unison resulting in a giant quantum wave. In
the experiments mentioned so far, the use of near-resonant laser beams did not
allow for the cooling of atoms below a certain threshold and the subsequent
absorption of the rescattered photons gave an upper limit on the density. In
1993, Ketterle and others [13] reported almost an order improvement in the
atomic density by trapping atoms in a dark magneto-optical trap. However, still
the presence of near-resonant light did not allow to go further up in the phase
space density, of the order of 10−4 in a dark MOT. An alternative approach was
to switch off all the resonant laser beams and transfer a cold dense atom cloud
into a magnetic or far-detuned optical trap. Further, the use of established
forced evaporative cooling technique (in the case of spin-polarized hydrogen
[14]) advanced the field dramatically.

The implementation of neutral atom magnetic trapping was already
demonstrated in 1985 [11]. A quadrupole magnetic trap has zero field
amplitude at the center and as a result atoms transit to other spin states and
become untrapped or antitrapped as they pass through the center, called
Majorana spin flip loss. Since colder atoms reside near the trap center and have
higher probability of leaving the trap, this loss mechanism turned out to be
detrimental. To circumvent the issue, new trapping schemes were proposed and
implemented based on the magnetic and optical dipole force. The first one,
called time orbiting potential (TOP) trap, the magnetic zero was displaced away
from the atoms and rotated in a circle [15] by using a rotating bias field. The
amplitude of this bias field was set such that the zero field trajectory is outside
the cloud. The rotation frequency was set slow compared to the Larmor
frequency such that the spins remain polarized, and fast compared to the
eventual trapping frequency. Due to the time-averaging, the scheme results in a
harmonic trap. Radio-frequency (rf) induced forced evaporation in this trap
resulted in the first observation of BEC [16]. A different scheme, using both the
magnetic and optical force was an optical plug, i.e., far blue-detuned laser beam
aligned at the center of the magnetic quadrupole. By the use of rf evaporation,
BEC was realized in this hybrid magnetic-optical trap [17].
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1.4 This thesis

Atomtronics is a sub-field of ultracold atomic physics with the aim to realize
sensors and devices with neutral atoms, analogous to electrons in an electronic
circuit. The major directions in cold and ultracold atomic systems are the study
of superfluidity in BEC [18], quantum simulation and computation [19], atom
interferometry [20], and atomic clocks [21, 22]. One of the important
configuration is an atom interferometer [23, 24], applications include
observation of inertial effects [25, 26], geophysical measurements [27], and
fundamental studies [28, 29, 30, 31, 32]. Ultra-cold atoms have been used to
devise and perform electronic equivalent operations such as battery [33, 34],
transistor [35] and an atomtronic SQUID [36, 37]. An essential requirement for
the optimal performance of atom circuits is the coherent and dynamic
manipulation of matterwaves. Dipole potentials have been used to guide
[38, 39] and transport Bose-Einstein condensate (BEC) in a linear waveguide
[40], and thermal atoms were guided through a hollow-core fiber [41, 42].
Magnetic waveguides have been used to study the propagation of matterwaves
in a micro-fabricated chip setup [43, 44, 45] but so far restricted to linear
propagation [45, 46, 47]. The presence of inhomogeneities in the
micro-fabricated wires and thus in the guiding potential offers serious
limitations on the coherent guiding over long distances [45]. Optimal control
and inverse engineering methods have been used to design protocols for
adiabatic transport [48, 49, 50] and acceleration [51, 52] of matterwaves.
However, so far they have failed to enable the coherent transport of matter
waves over macroscopic distances.

Realization of atomtronic circuits demand versatile atom trapping schemes
[53, 54, 55, 56]. Among many neutral atom trapping geometries, ring-shaped
atom circuits can be used to construct a guided matterwave Sagnac
interferometer [57, 25]. Ring-shaped traps are also central in fundamental
studies, e.g. understanding similarities between superfluidity and Bose-Einstein
condensation [18], first detection of hysteresis in a ring atomtronic circuit [58].
A number of ring trapping schemes have been implemented based on the
magnetic [59, 60, 61] and optical dipole trapping [62, 63]. The work presented
here is based on the time-averaged adiabatic potential (TAAP) [53] ring traps
and waveguides. This thesis mainly deals with the production of BECs in
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optical dipole traps, adiabatically loading BECs into the ring potential, and then
guiding them decoherence-fee for long distances in TAAP rings.

In the following chapters of this thesis, I describe the relevant theoretical
formulations, setup and experiment results. Chapter 2 deals with the theory of
laser cooling and magnetic trapping of neutral atoms. It begins by explaining
the idea behind the magneto-optical trap (MOT), magnetic trapping in a
quadrupole trap, time orbiting potential (TOP) trap, and radio-frequency (rf)
dressed adiabatic trap, and time-averaged adiabatic potential traps. The next
section of this chapter describes the trapping of neutral atoms in an optical
dipole trap, associated trapping frequencies, trap depth and more. Next, I
briefly describe the principle of evaporative cooling in the TOP and optical
dipole trap. Chapter 2 ends with the formulation for Bose-Einstein condensate
(BEC).

In chapter 3, I explain different sections of the BEC experimental setup. It
begins with the laser section of the BEC machine where details are provided
about injection-locked slave laser, tapered amplifier, AOM distribution board,
2D-MOT and 3D-MOT setup. In the second section of this chapter, design and
calibration of different magnetic coils are given, for the generation of magnetic
quadrupole field, dc bias fields, audio-frequency fields, and the radio-frequency
fields. Third section is about the optical dipole trap setup where I explain
different elements of the dipole setup, alignment of the two dipole beams, and
description of a home built safety interlock system. The chapter ends with an
explanation of our absorption imaging system and the experiment control
program.

Chapter 4 is about BEC production in the TOP and crossed-beam optical
dipole traps. I begin by giving results related to the characterization of the TOP
trap, i.e. correction of audio-frequency field amplitudes, phase, and circularity
of the rotating bias field. Right after the characterization, the experimental
sequence for the BEC production in a TOP trap, and results are provided.
Second, BEC production in a crossed dipole trap is described together with the
results.

After the production of BECs in optical crossed dipole traps, I describe the
adiabatic loading of BECs from the dipole trap into a tilted ring trap, in
chapter 5. First, I give the details of the ring loading sequence. Second,
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characterization of the tilted ring traps and waveguides are presented, i.e., ring
radius, trapping frequencies, cloud lifetime, dependence of ring radius on the
magnetic gradient, audio-frequency and radio-frequency field amplitudes, and
stability of the ring parameters over time. The last section of this chapter
contains information about the flatness of our ring waveguide – with and
without correcting the azimuthal modulation of the ring potential with static
atoms. A Sagnac interferometer based on atom clock states will require an
independent control of the two spin states of 87Rb in the ring potential. To that
end, elliptic radio-frequency fields are used to create two wells in two opposite
arms of the ring which gives trapping for the two spin states. In order to move
the two trapping minima in a circle for the two states, an state independent tilt
is added by using audio-frequency fields (gravity creates a trap in the azimuthal
direction), which combined with the radio-frequency tilt gives an arbitrary
control of the two azimuthal minimum. I give results for all the components,
i.e., ultracold atoms in state dependent, independent, and the combined trap.

Chapter 6 is about the coherent acceleration and transport of BECs in tilted
TAAP ring traps. In a interferometric sequence, it is important that atoms travel
many round trips before the two atomic wave packets are combined and the
signal is read. This will ensure the high sensitivity of the atom interferometer.
The transport of BECs in the ring trap is done under the bang-bang scheme of
optimal control theory, the chapter begins with the theoretical formulation of
that. In the next section, the experiment results are presented related to the
acceleration and transport sequence characterization, e.g., dependence of
transport efficiency on the trap jump amplitude, circularity of the transport
trajectory and centrifugal deformation of the ring trap due to the high angular
speeds of atoms. Next, the transport results are described – angular position,
deviation from the programmed trajectory, lifetime, stability of the cloud radius
during the transport sequence.

The last chapter of this thesis, chapter 7 deals with the compact guiding of
BECs and ultracold thermal atoms in a horizontal ring waveguide. This study is
related to the atom interferometry using optical beam splitters (Bragg or
Raman) and dynamic manipulation of momentum spread of the matter waves.
Using the acceleration techniques of chapter 6, BECs are launched into the ring
waveguide, and after a long free propagation, an azimuthal lens (tilted
waveguide) potential is switched on for a very short duration (compared to the
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lens trapping frequency) which either collimates or focuses travelling ultracold
atomic beams. I give results for the BEC collimation and focusing in the TAAP
ring waveguide. In the last section, I present splitting of BECs in a combined
trap of ring and single beam dipole trap. In the end, chapter 8 summarizes the
findings of this thesis and plans for the future work is given.
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Chapter 2

Theory

2.1 Magneto-optical trap

Basic Idea

The magneto-optical trap (MOT), as the name suggests, is a combination of
optical and magnetic field for both the cooling and trapping of neutral atoms.
The two fields interact with the atomic energy levels to confine the atoms both
in the real and momentum space. In order to implement the idea, three pairs of
counter-propagating resonant laser beams and a magnetic quadrupole field are
required. The three counter-propagating beam pairs are set orthogonal to each
other to compensate for any three-dimensional atomic momentum vector. The
frequency of the MOT laser beams is slightly red detuned with respect to the
atomic transition frequency. It is done to make the atoms resonant with the light
due to their Doppler shift. In other words, an atom with a finite velocity,
moving towards the light source experiences a blue shift with respect to the
source frequency and thus a red-detuned laser beam will make the light
resonant with the atoms. If an atom absorbs a photon, due to the momentum
conservation, it experiences a momentum kick away from the source. Therefore,
an atom goes through a unit momentum loss with each photon absorption. A
momentum kick due to the absorption is directional and it is set by the direction
of the source. On the other hand, spontaneous emission has no preferred
direction and its net effect averages out to zero. The final outcome is that the
total loss (gain) in the momentum for atoms is governed by the absorption.
However, due to the successive loss of momentum, atoms will no longer be
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resonant with the light. This can be avoided two ways: either the laser beams
have spatially varying frequency (detuning with respect to the atomic
transition) or by adding a nonuniform magnetic field – lifts the degeneracy in
magnetic sublevels. It is much more practical to implement the latter, e.g., a
magnetic quadrupole field is added such that it overlaps with the laser beams
intersection volume. A magnetic quadrupole field, around the center, is a
linearly varying magnetic field, and as a result energy splitting between the
magnetic sublevels increases linearly . In the presence of both the six
near-resonant laser beams and magnetic quadrupole field, atoms keep going
through the absorption-emission cycle, and a dense cold atomic ensemble can
be trapped.

Below I describe the laser cooling mechanism, first, in its simplest form.
Second, laser cooling is explained in the case of 87Rb atoms. Then the
interaction of a magnetic dipole moment with an external dc magnetic field is
described. Finally, this section ends with an explanation of the working of
magneto-optical trap.

2.1.1 Laser cooling

ħ	  k	  mv	  

m(v-‐	  ħ	  k/m)	  

a)	  absorption	  

b)	  momentum	  loss	   c)	  spontaneous	  emission	  

m	  <v>	  	  

Figure 2.1: A simple scheme showing the laser cooling process in three steps.
a) The atom absorbs a photon, b) due to the absorption the atomic momentum
reduces, and c) the atom emits photons in random directions, with the net mo-
mentum due to the emission equal to zero.

Let us begin with a simple picture, consider a two level atom of mass m, and
moving with velocity v (see Fig. 2.1). A resonant laser beam is shone such that the
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beam propagation direction is opposite to that of the atomic momentum. If the
frequency of the laser beam is red-detuned by an amount equal to the Doppler
shift of the atomic transition, i.e. v× 2π/λ = kv, the atom will become resonant
with the light and absorb a photon. It is the momentum conservation that the
atomic momentum goes down by h̄k/m, given the momentum of the photon is
h̄k. The atom will decay to the ground state after a time set by the linewidth of
the excited state. By the radiative decay process, atom returns to the ground state
and a photon is emitted in a random direction. After many of this absorption
emission cycle, net loss in the atomic momentum is given by the absorption and
momentum change due to the emission averages to zero. The force on an atom
due to the photon scattering, is:

F = m
dv
dt

= h̄kγ (2.1)

where h̄k is the photon momentum, m is the atomic mass, and v is the atomic
velocity. The scattering rate is given by the equation,

γ =
Γ
2

s
1 + s + ( δ

Γ/2)
2

(2.2)

where s is saturation parameter, equal to s = I/Is, i.e. ratio of the laser beam
intensity I to the saturation intensity Is, δ is detuning from the atomic transition,
and Γ is the natural linewidth. The scattering force on the atoms, using Eq.2.2, is:

F = h̄k
Γ
2

s
1 + s + ( δ

Γ/2)
2

(2.3)

The maximum scattering force is exerted on the atoms when they absorb
emit maximum number of photons, i.e. at a very high laser intensity or s � 1.
This is when the excited level is saturated, and the population in both the levels
becomes 1/2. The maximum scattering force on the atom is then, F = h̄kΓ

2 .

To give an estimate for 87Rb atoms, a 780 nm laser (resonant with atomic
transition) will reduce the velocity by about 6 mm/s after each absorption. At
room temperature atoms move around with a velocity of about 300 m/s. It will
take about 50,000 photons to be absorbed by an atom for it to completely come
at rest. The time it will take to remove all the kinetic energy from the atom will
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depend on the number of absorption-emission cycle per unit time, or decay rate
of the excited state. Again, for a 87Rb atom, it can be brought at rest only in
1 ms. However, as the atomic velocity reduces atoms are no longer resonant with
the light. The solution to keep the atoms in this radiative cycle is a magneto-
optical trap, described below. This principle was used in the first laser cooling
experiment, where thermal atoms of Na were decelerated.

ħ	  k	  mv	  

m(v-‐	  ħ	  k/m)	  

a)	  absorption	  

b)	  momentum	  loss	   c)	  spontaneous	  emission	  

m	  <v>	  	  

z	  
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x	  
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Figure 2.2: a) 3D optical molasses configuration. b) The scattering force on an
atom in the presence of two counterpropagating near-resonant laser beams – 1D
optical molasses.

Now let us switch to the standard optical molasses setting, i.e. 3D cooling
of atoms using three pairs of mutually orthogonal resonant laser beams, see the
scheme in Fig. 2.2. This case can be simplified by looking at the average force on
an atom in the presence of two counter-propagating red-detuned laser beams.
Eq. 2.3 gives the scattering force due to a single beam and for two beams the
average force would be the sum of the force, can be written as:

Fav = Fleft + Fright

= h̄k
Γ
2

[
s

1 + s + (∆−kv
Γ/2 )2

− s
1 + s + (∆+kv

Γ/2 )2

]

= h̄k
Γ
2

skv
Γ

16∆/Γ
1 + 8

Γ2 (∆2 + k2v2) + 16
Γ2 (∆2 − k2v2)2

(2.4)

where Fleft and Fright are the scattering force from two the two beams, frequency
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detuning δ is written in terms of Doppler shift kv for the two directions. The
resultant force is plotted in Fig. 2.2b), very clear that the sign of the force reverses
as the direction of the atomic velocity changes. There is a region around v =

0 where this force is linearly proportional to the atomic velocity and acts as a
friction force on a moving body in a viscous medium. This force is maximum
when the detuning δ = Γ/2, and corresponds to the maximum reduction in
the kinetic energy of the atoms, called Doppler cooling limit. The minimum
temperature set by the Doppler limit can be obtained by equation, kBT = h̄Γ/2.
For 87Rb atoms, the Doppler limited temperature is 146 µk. A point to note is
that there is no restoring force on the atoms in an optical molasses or it is not a
trap and the effect is purely on the atomic momentum spread. Another problem,
apart from cooling limit due to the Doppler shift, is the atoms falling to a dark
state, and they go out of the radiative cycle.

Below I give the 87Rb energy level diagram, levels involved in the laser
cooling and optical pumping (will refer to as repumper at later stages). Fig. 2.3
shows the hyperfine levels of 87Rb for the ground-state 52S1/2 and excited-state
52P3/2 [64]. The cooling line shown in the figure addresses a cycling transition
of linewidth 2π5.89 MHz, and requires a narrow linewidth laser at a
wavelength of 780.24 nm. The frequency of the cooling laser is red-detuned
(δMOT) from the atomic transition, typically by a few times the natural
linewidth (Γ). The population which falls back to F = 1 in the ground state
(because some atoms are excited to F = 2 in 52P3/2 and decays to F = 1), is
pumped back with a repumper laser. The frequency of the repumper laser is
about 6.8 GHz higher than that of the cooling laser. The repumper laser is kept
resonant with the transition as shown in the Fig. 2.3.

2.1.2 Magnetic trapping

The idea of magnetic trapping of neutral atoms has its roots in the Stern-Gerlach
effect [65]. A magnetic dipole experiences a force when placed in an external
nonuniform magnetic field. If the field is spatially homogeneous, the magnetic
force is zero. If the B field amplitude is spatially varying, the derivative of the
interaction potential energy V(r) = −µ · B is, F = µ · ∆B, is the force exerted on
the atom by an external magnetic field. The atoms carrying an unpaired electron
in its outermost shell has a magnetic moment, given by, µ = mFgFµB where mF
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Figure 2.3: Hyperfine energy levels associated with the laser cooling of 87Rb.

is the magnetic quantum number, gF is the Landé g-factor, and µB is the Bohr
magneton. The hyperfine gF factor is [64],

gF = gJ
F(F + 1)− I(I + 1) + J(J + 1)

2F(F + 1)
+ gI

F(F + 1) + I(I + 1)− J(J + 1)
2F(F + 1)

(2.5)

where F is the total atomic angular momentum, F = J + I, J is the total electronic angular

momentum, J = L + S, L and S are the electronic orbital and electronic spin angular

momentum, respectively, and I is the total nuclear angular momentum. For the case

when the atomic magnetic moment is positive, µ > 0, the magnetic potential energy

V will be negative, and the atoms will experience an attractive force towards the field

minimum and vice versa. To create a trap for the low field seekers (atoms with µ > 0), it

needs a magnetic field configuration in 3D which has a minimum in free space. Another

allowed configuration would be a magnetic field maximum in free space, to trap high

field seekers, but not practical to generate such a field distribution.

A very simple configuration to trap the low field seekers, is a magnetic quadrupole

field. The first magnetic trapping of neutral atoms was demonstrated in this quadrupole

trap [11]. It can be generated by using two current carrying coils in an anti-Helmholtz

arrangement. The magnetic field amplitude increases linearly away from the zero-field

point at the center. The field gradient along the axial direction is double than that in

the radial plane, B = α(x, y,−2z). The trap depth of a quadrupole trap can easily reach

up to tens of millikelvin – atoms with this maximum temperature/energy stay in the
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trap. It depends on the gradient of the magnetic field or the current flowing through the

coils. Fig. 2.4a shows a schematic diagram of the quadrupole trap. If the B-field is weak,

Breit-Rabi formula [66] gives the energy of the Zeeman sublevels, for the quadrupole

field and 87Rb atom it is shown in Fig. 2.4b. The low field seekers or the states which

can be trapped in a magnetic trap are those which has µ > 0, for 87Rb the trappable

states are, |1,-1>, |2,1>, and |2,2>. The atoms stay in the trap as long as their magnetic

moment is aligned with the B-field. The atomic magnetic moment precess around the

B-field on a timescale given by the Larmor frequency, ωL = µB/h̄, clearly depends on

the B-field amplitude. Fig. 2.4c) shows precession of the magnetic moment around the B-

field. There is a condition for adiabaticity to be fulfilled for the atoms to remain trapped:

ω̇L � ω2
L. This condition can be violated, for e.g., if the B-field amplitude or direction

changes much faster than the Larmor frequency or the atom moves so fast that it can

not follow the B-field change. The result will be the depolarization of the atoms, i.e. by

changing its internal state the atom leaves the trap.

m = 2

m = -1

B

ωL 
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F = 1

F = 2
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I
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Figure 2.4: a) Coils in the anti-Helmholtz configuration produces the magnetic
quadrupole field, trapped atoms shown in red at the center. The arrows show
the B-field directions. b) 87Rb Zeeman sublevels in a quadrupole field for the two
hyperfine levels of ground state in the weak-field regime (the labelled magnetic
sublevels are the ones which can be trapped). c) Precession of the atomic spin
around the local B-field direction.

A zero B-field point exists at the center of quadrupole trap since the field generated

by the two opposing coils cancel. As said above, if the atomic spin is aligned with the

spatially varying B-field, atoms would remain trapped. The field direction changes most

rapidly around the center of a quadrupole trap. Atoms passing through the zero-field

can lose the relative alignment of the magnetic moment to the B-field or their spin will be

flipped to other states, untrapped or anti-trapped. This is called Majorana spin flip loss

[67]. The loss rate or the probability to transit to other states is inversely proportional to
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the thermal velocity of the atom passing through the center, or Γ ∝ T−2. As a result, a

colder atomic ensemble will have a lower lifetime in the quadrupole trap compared to a

hotter sample. For a few microkelvin temperature atom cloud, the lifetime is of the order

of seconds in this trap.

2.1.3 A combination: magneto-optical trap

In the two sections above, I presented laser cooling and magnetic trapping of neutral

atoms. To produce a high density cold atomic ensemble, both the techniques are not

sufficient on their own. In the case of laser cooling it is atoms going out of resonance with

the laser beam as their momentum reduces, and an optical molasses does not provide

spatial confinement. A magnetic quadrupole trap, alone, has a very low trap depth

and hence can not be used to capture the atoms from the background. However, the

linearly increasing magnetic field of quadrupole trap is an answer to the much-needed

spatial detuning against the changing Doppler shift. Fig. 2.5 shows the overlap of the

optical molasses and a magnetic quadrupole field. The combination is called magneto-

optical trap (MOT). The first realization of a magneto-optical trap was done in the optical

molasses setup by simply adding a spherical quadrupole field [12]. The trap depth of the

MOT can extend even up to a few Kelvin [68], and atoms can be loaded in this trap from

the room temperature vapor [69].

Fig. 2.5 shows a schematic of configuration of the MOT. The setup has two counter-

propagating laser beams along all the three Cartesian axes and coils in an anti-Helmholtz

configuration. The coils which produce the magnetic quadrupole field are placed such

that the zero of the magnetic field lies at the center of the laser beam overlap volume.

To understand the working of this trap, let us first consider a 1D picture, and the idea

can be easily extended to 3D. Along the x axis, due to the external B-field the magnetic

sublevels of an atom are shifted proportional to the B-field amplitude, in this case the

energy shift is linear. The polarization of the laser beams is set circular and opposite

for the beams anti-parallel to each other. The frequency of the laser beams (ωL) is red-

detuned by δ, from the atomic transition frequency for the laser cooling. For the atoms

at rest, the atomic transition frequency is ω0. In the case of a two-level with a transition

from J = 0 to J = 1, there will be three Zeeman sublevels in J = 1 and J = 0 will remain

degenerate. If an atom moves towards the +x direction, will absorb photons from the

L(σ−) beam (left circularly polarized light), and due to the successive momentum kicks

will be pushed towards the center. This time the atom will remain resonant with the laser

beam because of the linearly decreasing magneto-optical detuning. From the selection

rules, R and L beams drive ∆m = +1 and ∆m = −1 transitions, respectively. For the
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atoms with momentum vector towards the −x direction, the momentum loss comes by

absorbing photons from the R(σ+) beam. Since there are beams in all the six directions,

for any atomic momentum vector there will be a restoring force towards the center and

hence this configuration traps the atoms. Instead of having beams mutually orthogonal

to each other, other arrangements are also utilized, e.g, retro-reflected beams at 120 deg.

The idea is to cancel any momentum vector of the atoms in 3D.
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Figure 2.5: Schematic diagram of the magneto-optical trap. The Zeeman split-
ting is much smaller compared to the photon energy. R and L stand for the
right and left circular polarization of the light. m represents the Zeeman sub-
level. ω0, and ωlaser are the atomic transition frequency, and the laser frequency,
respectively.δ is the detuning of the MOT laser beams, from the transition fre-
quency. I is the current in the magnetic quadrupole coils.

To further increase the phase space density, the scattering rate is reduced for a very

short time and as a result, atoms experience a lower radiation friction force. This step

is done in a very short time making sure the cloud does not fall due to the gravity, and

right before transferring the atoms into the magnetic trap. Once a saturation is reached

in the MOT loading, reducing the photon scattering rate lowers the cloud size to achieve

higher atomic density, utilized later in the evaporation stage. Each atom in the cloud

sees photons from the laser beam and emitted photons from other atoms. Latter is more

pronounced for the atoms which are deep inside the cloud or near the center. This effect



Chapter 2. Theory 19

puts an upper limit on the achievable atomic density. During the compressed MOT

(CMOT) stage, detuning of the laser beams is ramped downwards, from MOT detuning

to tens of linewidth (Γ) in a short duration (up to tens of ms). After the CMOT, the

magnetic gradient is switched off for again a very small duration and the cloud is cooled

further much below the Doppler limit, called polarization gradient or Sisyphus cooling

[9].

2.2 A hybrid trap – dipole plus magnetic

First, let us go through the optical dipole trapping of neutral atoms. The trapping of

dielectric particles by the use of a laser beam was first shown by Ashkin in 1970 [2].

The idea is not very different than of the magnetic trapping, i.e. as a magnetic dipole

interacts with an external B-field similarly an electric dipole when placed in an electric

field, interacts, and experiences a potential. The term dipole because the trapping here

rely on the interaction of particle’s electric dipole moment with a far-off resonant laser

beam and the scattering force is negligible. Again, depending on the net sign of the

potential energy (sign of the magnetic or electric dipole moment) either the particle is

attracted towards the field minimum or maximum. The profile of an external B-field

decides the shape of the Zeeman splitting, here, the hyperfine levels are shifted in space

spatial according to the laser beam intensity, called ac-stark shift. The potential energy

of the particle is directly proportional to the laser beam intensity. In the case of a far

red-detuned (blue-detuned) focusing laser beam, a trap is formed with its center at the

beam focus, for the particles with electric polarizability positive (negative).

A classical approach says that if a polarizable particle is placed in an electric field

E(r, t), the field will induce an electric dipole moment p(r, t) of amplitude p̃ = αẼ. The

electric field is of the form E(r, t) = êẼ(r) exp−iωt+ c.c., where ẽ is the unit polarization

vector, ω is the frequency of the field, and Ẽ the field amplitude. The polarizability α

depends on the frequency of the driving field and is a complex quantity, α = α(ω). The

interaction potential of the electric dipole in t is:

Vod = −1
2
〈pE〉 = − 1

2ε0c
Re(α)I (2.6)

where I is the driving field intensity, equal to 2ε0c|Ẽ|2. The derivative of the potential

then gives the dipole force onto the particle/atom exerted by the electric field, given by:

Fod = −∆Vod(r) =
1

2ε0c
Re(α)∆I(r) (2.7)
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The imaginary part of the complex polarizability α(ω) which is responsible for the

absorption-emission of the photons governs the power absorbed by the atoms ,

Pod = 2ωIm(α)I(r). Hence, the number of photons scattered per unit time has the form:

γod(r) =
Pod

h̄ω
=

1
h̄ε0c

Im(α)I(r) (2.8)

From the equations above, it is clear that the real part of α corresponds to the dipole

potential (conservative) and the imaginary part photon scattering, and they both depend

on the spatial intensity of the beam. An expression for the atomic polarizability can be

found by the Lorentz’s model. In the case of a small laser detuning from the transition

frequency (∆ � ω0), by the use of rotating wave approximation the expression for the

dipole interaction potential and scattering rate reduces to [70]:

Vod(r) =
3πc2

2ω3
0

Γ
∆

I(r), (2.9)

γod(r) =
3πc2

2h̄ω3
0

(
Γ
∆

)2

I(r), (2.10)

From the equations above, if the detuning is negative (∆ < ω0) atoms are attracted

towards the field minimum and vice-versa. Another point to note is that the

conservative light potential has 1/∆2 dependence and the scattering rate 1/∆2, by

going far from the resonance γod can be reduced. If the laser detuning is much below

the transition frequency, the detuning term disappears and the dipole potential then

only depends linearly on I(r). Let’s look at the widely used case of dipole trapping, a

focused far-detuned Gaussian laser beam propagating along the z axis, shown in

Fig. 2.6. The intensity profile of the laser beam is given by,

I(r, z) =
2P

πω(z)2 exp
−2r2

ω(z)2 (2.11)

where r and z are the radial and axial coordinates, P is the beam power, and ω(z) the

beam size along the propagation (z) axis. The 1/e2 beam size has the form,

ω(z) = ω0

√
1 +

(
z

zR

)2

(2.12)

where zR is the beam’s Rayleigh length (the distance from the focus where the beam

waist increases by
√

2, is equal to πω2
0/λ) and ω0 is the beam waist. Going back to the

Eq. 2.9, of the dipole potential and replacing Ir by the one of the beam profile above,

we get the VOD of our interest. This potential is harmonic only near the trap bottom or

for the atoms with kinetic energies much smaller than the trap depth (kBT � Ṽ). The
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Figure 2.6: A hybrid trap consisting of a focused Gaussian laser beam and a
magnetic quadrupole field. F represents the dipole force on the atom, BQ repre-
sents the magnetic quadrupole gradient, 2w0 is the beam waist diameter, and E
stands for energy.

dipole potential in the above-mentioned regime is then given by:

Vod(r, z) ' Ṽ

[
1− 2

(
r

ω0

)2

−
(

z
zR

)2
]

(2.13)

The trapping frequencies can be obtained by equating the radial and axial terms with

the standard potential energy equation, i.e. 1/2mω2, and we get ωr = 2
√

Ṽ/mω2
0 and

ωz =
√

2Ṽ/mz2
R along the radial and axial axes, respectively. In a single laser beam

dipole trap, ωr is much higher than ωz, by a factor
√

2(zR/ω0) which is typically a few

hundred. The result is a low density (collision rate) atomic gas which is not suitable for

evaporation. A solution is to add a weak magnetic quadrupole field, helps in keeping

the atoms spin-polarized and the longitudinal trapping frequency modifies (increases)

to, ωz = (1/2)
√

µα/m∆z, where ∆z is the displacement of the B-field zero from the

dipole minimum [71]. Another solution is a crossed beam dipole trap where the focus of

two beams are intersected to increase the longitudinal trapping strength [70], and can be

combined with a magnetic quadrupole as in the case of single beam for low beam angles.

In our experiment, the two beams cross at an angle of 17◦ and corresponds to an aspect

ratio of about 3.5 in the radial plane, which we further decrease by adding a quadrupole

field. Evaporative cooling in a dipole trap is carried out by lowering the trap depth, i.e.

laser beam intensity exponentially. The atoms with kinetic energies larger than the trap

depth are ejected and the sample is cooled down.
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2.3 Magnetic traps of this thesis

2.3.1 Time-orbiting potential trap

Due to the zero of the B-field at the center of the quadrupole trap, spin flip loss does

not allow to reach the state of quantum degeneracy. To overcome this, if the B-field zero

is displaced a few times the atom cloud size ( kinetic energy/temperature of the atoms)

and rotated in a circular trajectory, the cloud lifetime increases substantially and the time-

averaged potential is a harmonic one [15]. The circle made by the rotating quadrupole

field zero is called circle of death (atoms passing through the moving field zero leave the

trap), its radius r = Bm/α. where Bm and α are the bias field amplitude and magnetic

gradient, respectively. The trap depth of this trap is proportional to the amplitude of the

bias field (spatial extent of the circle of death), given by U ≈ 0.41µBm. The addition of the

bias field does not change the position of new harmonic trap minimum with respect to

the quadrupole potential in the radial plane. However, along the gravity axis, due to the

position dependent force on the atoms in a harmonic confinement there is a gravitational

sag on the atoms, given by ∆z = g/ω2
trap. This means that the atom cloud in a tight

harmonic trap will sit closer to the center of the quadrupole field zero compared to a

weaker trap. As the magnetic gradient is decreased, the point when the gravitational

force is equal to the magnetic one, there remains no trap, at mg = µα, this α is 15.25 Gpcm

for |1,-1> state of 87Rb. Also, the trapping frequency is modified in the presence of the

gravity.

For the TOP trap to work, the frequency of the rotation of the quadrupole field has

to follow the relation: ωtrap � ωbias � ωL, where ωL is the Larmor frequency, ωtrap is

the eventual trapping frequency of the harmonic trap, and ωbias is the rotation frequency

of the bias field. The above condition says that when a rotating bias is added the atomic

magnetic moment should still be able to follow the spatially varying B-field adiabatically

(µ remains aligned with the B-field), and the bias should not affect the periodic motion

of the atoms in the trap. The first atomic Bose-Einstein condensate (BEC) was realized in

a TOP trap, in 1995 [16].

Trapping frequencies

A simple TOP trap can be generated by rotating the quadrupole field in a circle and

the rotation frequency should be fast such that the atoms do not follow the quadrupole

minimum. The rotating bias can be generated by using two orthogonal pairs of coils
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Figure 2.7: Scheme of the time-orbiting potential trap. The atoms are trapped
at the center of the rotating quadrupole field, in a harmonic TOP trap. BQ
represents the instantaneous quadrupole field. r is the displacement of the
quadrupole field due to the bias field, called the radius of the circle of death.

which are fed with sine (cosine) current signals oscillating 90 deg out of phase. The

frequency of the bias field is typically of the order of a few kilohertz. Let us take the case

of bias field rotation in a plane orthogonal to the gravity axis. The total magnetic field is:

B = α

 x
y
−2z

+

 Bm cos (ωmt)
Bm cos (ωmt + π/2)

0

 (2.14)

where α is the magnetic quadrupole gradient, Bm is the bias field amplitude, and ωm is

the bias field frequency. The magnetic potential energy is the dot product of the atomic

magnetic moment and the B-field, i.e. a scalar quantity and only depends on the B-field

amplitude. The amplitude of the B-field is given by,

|B| =
√
(

α

2
x + Bm cos ωmt)2 + (

α

2
y + Bm sin ωmt)2 + α2z2 (2.15)

The magnetic potential energy of the atoms in a TOP trap is then, V(r, t) = −µ|B|, where

µ = mFgFµB. The integration of the potential energy over one cycle of the bias field gives

the time-averaged potential, which has the form:

Vav(r) = µ

[
Bm +

α2

16Bm
(x2 + y2 + 8z2)

]
(2.16)

where only the first order terms are shown. The potential is harmonic near the center of

the trap, or for the distances small compared to the radius of the circle of death.

Comparing this form of the potential energy with the standard potential energy
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expression, V(r) = 1
2 mω2r2 gives the trapping frequencies along all the three directions.

The radial and axial trapping frequencies of a TOP is:

ωr = α

√
µ

8mBm

ωz = α

√
µ

mBm

(2.17)

An important point to note here is that the trapping frequency along the axial direction

(ωz) is 2
√

2 times higher than that of the radial one (cylindrical symmetry, ωx = ωy).

As a result, the trap shape (atom cloud shape) is like an oblate spheroid. Since the

trapping frequencies depend on the magnetic moment, the trapping strength varies

with the Zeeman sublevel and the hyperfine Landé g-factor. The calculation above does

not include the effect of gravity. If the gravitational potential energy term, mgz is added

in the Eq. 2.16, the radial and the axial trapping frequencies will get a prefactor of

(1 − η2)1/4(1 + η2)1/2/2 and 2(1 − η2)3/4, respectively, where η = mg/2µBα is the

gravitation correction factor [72].

Radio-frequency evaporation

Fig. 2.8 shows a schematic of the radio-frequency (rf) induced evaporation of atoms in a

TOP trap. The addition of a rotating bias field to the magnetic quadrupole starts to move

the field zero in a circle. The instantaneous quadrupole field is shown in the figure 2.8.

The atoms see the time-averaged potential and sit at the center of the rotating zero. To

evaporate the atoms from the trap, an rf-field is switched on at a frequency such that the

rf-field photon energy (hνRF) is equal to the Zeeman splitting between the two magnetic

sublevels. Due to the spatial spread of the atom cloud, the atoms resonant with the rf-

field transit to other Zeeman levels (untrapped and anti-trapped) and eventually leave

the trap. The probability of spin flip transitions is given by the strength of the rf-field

(Rabi frequency, typically tens of milliGauss) and relative orientation of the rf-field and

local B-field. The efficiency of the evaporation process can be characterized by looking

at the atom number loss against the temperature drop, Tfinal/Tstart = [Nfinal/Nstart]
α. The

evaporation coefficient α depends on the logarithmic derivatives of N and T since the

evaporation follows an exponential scaling.

The starting frequency of the rf-field is chosen such that we first address (eject) the

hotter atoms since they spend more time near the edge of the atom cloud. To evaporate

the atom cloud in a continuous manner, the rf-field frequency is ramped down linearly.

The duration of the frequency ramp is set by the elastic collision time between the
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atoms, or higher the collision rate faster the evaporation can be done. Due to the

rethermalization process, the removed energy (taken out by the ejected atom) is

continuously shared among the atoms and the net kinetic energy of the sample goes

down – cooling. When the rf-field frequency becomes equal to the Zeeman splitting at

the center of the trap i.e. hνRF = µBm, all the atoms perform spin flips and the trap is

emptied. Interestingly, this is a very precise way to measure the rotating bias field

amplitudes and the relative phase between the two field components (see chapter 4).

Bm / r

hνRF

RF resonance
circle 

hνRF

m = 1

m = -1
Energy

0m = 0

Atoms

Evaporation 
surface

B / x

Momentary BQ

Figure 2.8: A diagram depicting the radio-frequency induced evaporation in a
time-orbiting potential trap.

2.3.2 RF dressed adiabatic potentials

By the use of radio-frequency (rf) dressing of neutral atoms in dc magnetic traps a

variety of trapping geometries can be generated, such as two-dimensional traps, rings,

rf lattices, double wells and more. The different shapes of the neutral atom trap are

essential for the realization of practical atomic sensors, atomic clocks, atomtronics, and

quantum simulation [73, 74, 61]. The shape of this rf dressed trap is given by the

orientation and polarization of the rf-field with respect to the dc trap B-field

configuration (quadrupole or Ioffe-Pritchard). The coupling of the rf-field with the local

dc magnetic field is maximum when the rf and static-field vectors are orthogonal to

each other (cross product of the two vectors) and in 3D this gives an isopotential
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surface. If the effect of gravity is ignored, the shape of this isopotential surface is then

the shape of the trap (atom cloud). For example, in a magnetic quadrupole trap, a

linearly polarized rf-field along the axial direction will have maximum coupling in a

circle (ring), the center of the ring will be same as of the quadrupole trap. If a circularly

polarized rf-field is used in the radial plane, coupling will be maximum at the bottom

(top) of an egg shell shaped isopotential surface depending on the internal state of the

atom. The size of the rf-dressed trap can be simply tuned by changing the rf-field

frequency since the coupling occurs at a distance from the quadrupole center where the

rf photon energy is equal to the Zeeman splitting between the magnetic sublevels.

a) b) c)

νRF
mF=0

B

En
er
gy

0 0 0

Ω
mF=-1

mF=1

νRF

νRF
rr

m’F=1

m’F=-1

Figure 2.9: The idea of rf-dressing of neutral atoms in a linear dc trap in three
steps. a) The three magnetic sublevels (bare states) of F = 1 hyperfine level. b) A
weak rf-field resonant with the Zeeman levels couples the bare states, principle
behind the rf evaporation. c) A strong rf-field creates an avoided-crossing at the
rf-field resonance point, shown in 1D, and the resonance surface creates a trap
in 3D.

To understand the working of an rf-dressed trap, let us start with the bare states.

Fig. 2.9a shows the Zeeman splitting of F = 1 hyperfine level of an atom in a linear

magnetic trap. Fig. 2.9b shows the mechanism behind the rf-induced evaporation of

atoms. A weak rf-field with frequency νRF is resonant with the magnetic sublevels at a

distance r = hνRF/µB. The atoms passing through this resonance point (surface) transit

to other Zeeman states which are either untrapped or antitrapped and eventually leave

the magnetic trap. When the rf amplitude is relatively high (strong coupling), as shown

in the Fig. 2.9c, a semi-classical description can be obtained from the Landau-Zener

model to quantify the probability for an atom to remain in the adiabatic state [75, 76]:

P = 1− exp(−πΛ) (2.18)

where Λ is the adiabaticity parameter, given by Λ = V2
0 /λ. The coupling strength V0

then defines the probability for an atom to follow the adiabatic path as it crosses the

rf resonance. λ is the rate of change of the potential in space times the atomic speed,
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λ = v∆V(r). It is evident from Eq. 2.18 that there is a range in Λ where the adiabatic

approximation is very good, for Λ > 1, P approaches unity. Note that the description

above is for a two level system but has been formulated for N equally spaced levels [77].

Considering an atom interacting with a static B-field, e.g., a quadrupole

configuration Bdc(r) = α(xêx + yêy − 2zêz), and an rf-field, Brf(t) = Brfêz sin (ωrft),
oscillating at ωrf with amplitude Brf. The rf-field will be resonant with the atom at the

location where h̄ωrf = |gF|µB|Bdc(r)|, or the rf-field frequency is same as the Larmor

frequency ωL. ωL is the separation between the adjacent magnetic sublevels, and if we

work with a quadrupole field where the energy increases linearly, the spatial detuning

from the rf resonance at an arbitrary position r can be written as:

δ(r) = ωrf −ωL(r) (2.19)

Next, assuming that the dc field defines the local quantization axis (spin z axis), the

Hamiltonian for an atom at rest in the presence of the rf-field and dc magnetic field is

given by:

H(r) =
gFµB

h̄
(
|Bdc(r)|F̂z + Brf(r, t) · F̂

)
(2.20)

where Brf(r, t) is the spatially varying rf-field amplitude and F is the total atomic angular

momentum. If we set the polarization of the rf-field to be linear, the Hamiltonian then

becomes:

H(r) =
gFµB

h̄
|Bdc(r)|F̂z +

gFµB

h̄
|B⊥rf (r)|

[
F̂+ exp(∓iωrft) + F̂− exp(±iωrft)

]
(2.21)

where F̂+ and F̂− are the raising and lowering operators, equal to F̂± = F̂x ± iF̂y, and

B⊥rf (r) is the rf-field component perpendicular to the local dc B-field. These extra terms,

i.e. B⊥rf (r), F̂±, and the factor of two in the second part of the Hamiltonian appear because

in the rotating wave approximation the counter-rotating terms are dropped [78]. The

positive and negative signs correspond to the sign of the Landé g-factor (gF). Now

changing the frame to the rotating rf-field, at ωrf with the same local basis, result is:

H(r) = ±
(
−δ(r)F̂z + Ω0(r)F̂x

)
(2.22)

where rf-field Rabi frequency is equal to, Ω0(r) = (gfµB)/(2)|B⊥rf (r)|, and is given only

by the orthogonal component of rf-field to the local static B-field. The rf-dressed

adiabatic potential is then obtained by diagonalising Eq. 2.22 along the quantization

axis set the dc field, gives H(r) = Ω(r)F̂z′ , where z′ is the new dressed basis for the

atoms. The generalized Rabi frequency takes the form, Ω(r) =
√

δ(r)2 + Ω2
0(r). The rf
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dressed adiabatic potential is of the form:

Vrf(r) = m′F h̄ Ω(r) = m′F h̄
√

δ(r)2 + Ω2
0(r) (2.23)

where m′F is a label in the adiabatic basis, and they also take all the values from −F to

+F. The shape of this trapping potential is quasi-harmonic, in the sense that near the

trap center it is harmonic and for higher energies the potential is linear (see Fig. 2.9c).

The case above is for the linear polarization of the rf-field, another approach would be

to consider linear rf as the sum of two circular components, i.e. σ+ and σ−. In the

RWA, one neglects the terms with the wrong sense of rotation, which is given by gF.

Therefore, in Rb87, each manifold is coupled only by either σ+ or σ− polarised rf-fields.

As a consequence, if the field is linearly polarised each manifold is dressed with a Rabi

frequency that is "half" of the total Rabi frequency of the linearly polarised rf-field.

2.3.3 TAAP rings

Time-averaged adiabatic potentials (TAAP) are generated by a combination of a dc

magnetic quadrupole field, strong radio-frequency (rf) fields and low frequency

modulation fields [53]. TAAP is a time-averaged version of the rf-dressed adiabatic

potential, similar to the case of TOP trap. TAAPs can be used to create a large variety of

neutral atom trapping geometries, e.g., rings, double wells, pancakes, array of cigars,

and more. Another key feature of TAAPs is that the potential is extremely smooth

making them an ideal candidate for applied and fundamental studies. This thesis work

is based on the ring-shaped waveguides and half-moon shaped traps (tilted rings).

Let’s begin with the rf-dressed adiabatic potential. We know that the frequency and

polarization of the rf-field defines the spatial extent and shape of the rf dressed potential,

respectively [79, 80]. The amplitude of the rf-field is set such that the probability for an

atom to remain in the dressed state is close to one [81]. If a linearly polarized rf-field is

applied to a dc quadrupole trap, in the direction of the quadrupole strong axis, the rf

coupling will be maximum in a circle in the radial plane. The gravitational acceleration

does not allow the atoms to stay in this coupling region, and they fall at the bottom of

the egg-shell isopotential surface. The addition of a vertical modulation field lifts the

rf potential up and down, or the time-averaging provides axial confinement forming a

ring waveguide. The frequency of the modulation field is chosen between the Larmor

and the trapping frequency, ωtrap � ωbias � ωL. This is to ensure that the modulation

field does not affect the physical motion of the atoms and atomic spins can follow the

spatially varying B-field adiabatically (negligible atomic spin depolarization).



Chapter 2. Theory 29

Flat ring waveguides

We create a flat ring-shaped TAAP by using dc quadrupole field, linearly polarized

rf-field, and a linearly polarized modulation field. Let’s assume that the strong axis of

the quadrupole field is along the gravity axis (z), and the orientation of the rf and

modulation field is along the z-axis. The total B-field of a ring waveguide can be

written as:

B = α

 x
y
−2z

+ Bm sin ωmt

 0

0

1

+ Brf sin ωrf t

 0

0

1

 , (2.24)

where α is the quadrupole gradient, Bm and Brf are the modulation and rf-field

amplitudes, respectively. ωm and ωrf are the oscillation frequencies of the modulation

and rf-field, respectively. Let’s go through in steps to examine the effect of the

modulation and rf term on the quadrupole potential, first, I give the instantaneous

picture. Since the frequency of the modulation field is much lower than the Larmor and

faster than the timescale related to the motion of trapped atoms, it will only displace the

quadrupole up and down. The instantaneous position of the quadrupole center along

the z-axis will become, z0(t) = (Bm/2α) sin(ωmt). A factor of two because the magnetic

gradient is twice in the z direction than in the radial plane. The Larmor frequency will

also become time-dependent, in cylindrical coordinates, is:

ω0 = ωL

√
ρ2 + 4 [z− z0(t)]

2 (2.25)

where ρ =
√

x2 + y2, and ΩL is the Larmor frequency in a dc quadrupole trap. The

addition of the rf-field (third term in Eq. 2.24) will dress the atoms, and the instantaneous

rf-dressed modulated-quadrupole potential can be rewritten, from Eq. 2.23:

Vm(ρ, z, t) = m′Fh̄
√
[ω0(ρ, z, t)−ωrf(t)]

2 + Ω1(ρ, z, t)2 (2.26)

where Ω1 is the new time dependent Rabi frequency. The rf Rabi frequency varies

spatially and it is maximum when the modulated-quadrupole field is orthogonal to the

rf-field. Next, we will see how the time variation of the fields affect the stability of the

ring trap and, in turn the atoms trapped in a ring centered on the origin. It is clear from

the Eq. 2.26 that it is possible to have a stable isopotential circle around the center when

ω0 = ωr f , for ρ = ρ0, and z = 0. This conditions means that the Larmor frequency ω0

will oscillate at twice the ωm, and hence the potential will not be static. A solution is to

modulate the rf frequency, synchronized with the modulation. The time-dependent
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rf-field frequency is then:

ωrf(t) = ω0
rf

√
1 + β2 sin2(ωmt) (2.27)

where we call β the modulation index, is, β = (gFµBBm)/(h̄ωrf). β simply tells the extent

of vertical up-down compared to the rf-field resonance. With this, we can almost get a

stable ring of radius ρ0 = (h̄ωrf)/(gFµBα). I will assume that the rf-field Rabi frequency

is constant over the extent of the rf resonance surface. However, due to the oscillation of

the local B-field by the modulation, the Rabi frequency (ω1) also changes in time (relative

orientation between the rf and dc field changes). This can be avoided by modulating the

rf-field amplitude, in a way that,

Brf(t) = B0
rf

√
1 + (2β cos(ωmt))2 (2.28)

This ensures that the rf-field Rabi frequency is constant in a circle, i.e. at the bottom of

the ring and will oscillate in other locations. Next, we put the two new modified terms,

i.e. the rf-field and the rf-frequency into the Eq. 2.26 and expand the potential around,

first, z = 0 and ρ = ρ0, and then in the axial direction with ρ = 0. The integration of

the potential over one cycle of the modulation field frequency gives the time-averaged

ring potential, and the ring trapping frequencies: We tune the second harmonic to zero,

which results in the following ring shaped potential

Vav
ring(r, z) = h̄Ω0 +

1
2

mω2
r (r− R)2 +

1
2

mω2
zz2 (2.29)

ωr = ω0(1 + β2)−1/4 (2.30)

ωz = 2ω0

√
1− (1 + β2)−1/2 (2.31)

where ω0 = (mFgFµBα)/(mh̄Ω0)1/2, is the radial trapping frequency of the rf-dressed

potential with no modulation field present and R is the ring radius. A circularly

polarized rf can also used to make the ring, only that it modifies the rf coupling

strength at the location where the atoms are trapped and should have the right

handedness according to the sign of the hyperfine gF factor.

Tilted ring traps

A tilted ring trap can simply be created by adding a small amplitude rf-field or a

modulation field in the radial plane. The ring is tilted in a direction given by the

relative phase between the vertical and the radial rf (modulation) field. The modulation
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field tilt acts like a gravitational tilt, and does not act on different spins differently. It

only deforms the ring waveguide potential at a given angle. However, a small

amplitude elliptic rf-field gives a state dependent tilt since one circular polarization

only couples with atoms in a certain hyperfine level (sign of gF factor). The modified

ring potential takes the form, extension of Eq. 2.29:

Vδ
ring(r, φ, z) = h̄Ω0 +

1
2

mω2
r (r− R)2 +

1
2

mω2
zz2 − δ

2
mgR cos (φ− φ0) (2.32)

where the radial and the axial trapping frequencies are of approximately the same as

in the ring waveguide for small tilt angles. The factor of 2 in the last term comes from

the fact that the magnetic gradient is twice as strong in the vertical direction than in the

radial plane, and thus the curvature at the bottom (eq. 2.33). φ0 is the angle of the tilt

and δ is the tilt amplitude (radial field strength). The azimuthal trapping frequency of a

tilted ring, is:

ωφ =

√
δg
2R

(2.33)

which is very much like a tilted pendulum oscillation frequency. More details on the

state dependent (rf), independent (modulation), and arbitrary tilts (rf + modulation) can

be found in [61].

2.4 Bose-Einstein condensation

By the use of trapping and cooling techniques explained in the sections above, atoms

can be cooled down to very low temperatures near absolute zero (recent numbers in the

picoKelvin regime). During the cooling process, both the atom number and temperature

drops. If the temperature drop is higher than the particle number loss, the phase space

density increases, i.e. the atomic de Broglie wavelength increases and the atoms come

closer. The point when the atomic quantum wavelength becomes equal to the mean

interparticle separation, the tiny atomic waves overlap and form a giant quantum matter,

called Bose-Einstein condensate (BEC). The atoms remain no longer distinguishable, and

they are described by one single wave function, since the majority of the atoms occupy

the lowest quantum energy state. The size of the this quantum object goes up to tens

of micrometers and can be easily imaged with a CCD camera making it an excellent

candidate to unfold the mysteries of the quantum world. In the two sections below, I

present general formalism for the trapped ideal and weakly interacting Bose gas.
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Ideal Bose gas in a trap

First, lets consider the ideal gas case where the interaction between the Bosonic atoms is

absent, like in a classical ideal gas, and the atoms only interact via perfect elastic

collisions. However, this is not a very practical scenario since the atoms do have some

level of interaction unless tuned. For both of the cases above, a more detailed

description can be found in [82]. If we put some non-interacting Bosonic atoms in a

confining potential V(r), the average occupation of the single particles states εk at

thermal equilibrium is given by the Bose distribution function:

nk =
1

exp (εk − µ) /kBT − 1
(2.34)

where µ is the chemical potential of the gas, at a fixed temperature µ is constant by the

conservation of number of particles, N = ∑
k

nk. µ has a large and negative value for the

higher temperatures, it approaches ε0 as the temperature drops. At a certain critical

temperature, µ takes the value of the ground state eigenenergy, i.e. µ = ε0 and majority

of the atoms occupy the ground state of the system. This phenomenon of macroscopic

occupation of the ground state is called Bose-Einstein condensation. If we split the

number of atoms in the ground (N0) and upper excited states (Nth) as, N = N0 + Nth,

the number of atoms in the thermal state is then:

Nth = N − N0 =
∫ ∞

0

ρ(ε)dε

exp (εk − µ) /kBT − 1
(2.35)

where ρ(ε) is the density of states for the gas in an external potential V(r), given by:

ρ(ε) =
2π(2m)

3
2

(2πh̄)3

∫
v<ε

dr
√

ε−V(r) (2.36)

The spatial density distribution of the atom cloud can be found by the normalization of

the particle number conservation and the two equations above, result is:

n(r) =
1

λ
3
2
th

g 3
2
(z̃e−V(r)/kBT) (2.37)

where λth is the de Broglie wavelength of the atoms, z̃ is the fugacity term, and gα is a

poly-logarithm function. The thermal wavelength of the atom is,

λth =
√
(2πh̄2)/(mkBT), clearly as the temperature drops wave nature of the atom is

more pronounced. The phase transition to BEC occurs when the value of the product

n(0)λ3
th, phase space density reaches the value 2.612. In the experiments where a
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harmonic potential is used commonly, the density of states is given by:

ρ(ε) =
1
2

ε2

h̄ω̄
(2.38)

where ω̄ is the geometric mean of the trapping frequencies. We can then find the Nth by

putting the value of ρ(ε) from above in the Eq. 2.35, and find:

Nth = g3(1)
(

kBT
h̄ω̄

)3

(2.39)

and the critical temperature can be derived from the equation above by the making the

ground state occupation to zero, or N = Nth. The critical temperature for an ideal gas

has the form:

Tc =
h̄ω̄

kB

(
N

g3(1)

) 1
3

≈ 0.94
h̄ω̄

kB
N

1
3 (2.40)

Weakly interacting Bose gas in a trap

The second case, unlike the one above, is when the atom are weakly interacting. In

the routine ultracold atoms experiments where alkali atoms are used, the nature of the

interaction is weakly repulsive, which is utilized in the collision-assisted cooling process.

In the low temperature regime of the atoms, elastic collision between the atoms fall in the

s-wave scattering limit, and the scattering process can be described by a pseudo potential

[83]:

V(r− r’) = gδ(r− r’) =
4πh̄2a

m
δ(r− r’) (2.41)

where g is the interaction parameter. We see that the potential is proportional to the

scattering length a, for 87Rb the sign of the scattering length is positive, and hence the

interaction repulsive. The value of a is, 198.98(4)a0 [84] , where a0 is the Bohr’s radius,

then a = 57.7× 10−10 m. The s-wave approximation is valid for |R0/λth| � 1, where R0

is the psuedo potential range, given by, R0 = (C6m/(2h̄2))
1
4 . Again, for 87Rb the value

of R0 is 7.3 nm, obtained by the values of mass and value of van der Waals coefficient C6

[85]. Now, if we convert R0 into temperature, we get 1 mK which is an upper limit for

the applicability of the s-wave approximation. As the temperature of the gas goes higher,

d-wave scattering starts to matter and increases the elastic collisional cross section of the

atoms. If the correlation between the atoms is on a much smaller scale than of the atom

cloud size, mean field theory can be used to describe the properties of the gas [86]. In

the regime where the temperature of gas goes below Tc, macroscopic occupation of the

ground state occurs and single wave function (φ(r)) of the ground state component is
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given by the Gross-Pitaevskii equation (GPE),(
− h̄2∆2

2m
+ V(r) + g|φ(r)2|

)
φ(r) = µφ(r) (2.42)

the first term corresponds to the kinetic energy, second the external potential and the

last term represents the interaction. The spatial density of the ground state part (BEC) is

given by, n(r) = |φ(r)|2. For the case of high atomic density, the mean field interaction

takes over the kinetic energy and then the first term can be dropped in the above

equation. It is called Thomas-Fermi approximation, and the distribution becomes,

n(r) =
1
g
[µ−V(r)] (2.43)

It is clear that the BEC spatial density depends on the profile of the confining potential

and the repulsive mean field interaction. If we take a harmonic potential as a trap to

confine the atoms, the shape of the spatial condensate density is an inverted parabola.

Also, n(r) goes to zero when the confining potential energy is larger than the chemical

potential. Using this approach, we get the Thomas-Fermi radius of the BEC as:

Rk =
1

ωk

√
2µ

m
(2.44)

where ωk is the harmonic trap frequency along a particular axis, out of three. To obtain

the total number of atoms in the condensed phase, the condensate density, from Eq. 2.43,

is integrated over the size of the cloud, given by:

N0 =
∫

n(r)dr =
(

2µ

h̄ω̄

) 5
2 aho

15a
(2.45)

where aho is the ground state harmonic oscillator length, is aho =
√

h̄/mω̄. The same

result also contains an expression for the chemical potential (µ) of the trapped Bose

condensed gas. To give a number for 87Rb atoms, the ground state energy µ is typically

of the order of a few kHz, for e.g., in a TOP trap of ωr = (1/
√

8)ωz = 2π × 50 Hz and

containing 105 atoms, µ is 1.2 kHz, or 56 nK.
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Chapter 3

Experimental Setup

3.1 Lasers

In this section, I will describe the laser system of the BEC lab, used for the laser cooling

and imaging of the atomic cloud. The different stages of the laser system can be divided

mainly in four parts, 1) saturated absorption spectroscopy where the laser is locked to the

cycling hyperfine transition of 87Rb, 2) first amplification stage, referred to as slave laser,

3) AOM distribution board where the laser frequency is shifted for different stages of

the experiment cycle, and 4) the final amplification stage called tapered amplifier. More

details on our saturated absorption spectroscopy setup can be found in the ref’s [87, 88],

and this part of the laser system will be referred to as Master laser. Below I describe the

working of last three stages of the laser system which I worked on.

3.1.1 Injection-locked slave laser

After locking the diode laser light to the 87Rb transition

|5S1/2, F = 2〉 → |5P3/2, F = 1/3〉 in the Master laser setup, the laser beam is

transported using a single-mode optical fibre to the slave setup. This is the first

amplification stage of the laser system. Here the power is amplified via the injection

locking method [89]. Fig 3.1 shows the schematic diagram of the slave laser setup. First,

the master beam is coupled to the slave diode as shown in the figure, and by tuning the

polarization of the beam using the first λ/2 waveplate maximum coupling to the diode

is achieved. An optical isolator (OI) is used to prevent any back injection of the

amplified beam back into the diode. The diode box contains a Fabry-Perot (FP) diode,

center wavelength at 780 nm, and mounted on an Al cylindrical mount. The diode is

temperature stabilized using a Peltier element, and a thermistor attached to the mount.
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A very small portion of the output is deflected by a wedge plate (WP) and directed to a

Fabry-Perot cavity (confocal configuration). This home built cavity allows to monitor

the modes of the beam. The main line is finally coupled into a single-mode optical fibre

which takes the light to the AOM distribution board. The injection beam from the

Master laser has a power of ∼ 3mW power, and the maximum power which can be

derived from the slave diode (Panasonic LNC728PS01WW) is about 200 mW. Typically

the diode is not operated at the maximum current to derive the maximum power.

Working at high currents reduces the locking range of the diode and needs a lower

working temperature (via the Peltier element) which increases the risk of condensation.

The diode normally operates at around 120 mA and we get sufficient power to feed the

tapered amplifier and imaging lines.

In order to avoid the use of a repumper laser, a microwave (mw) radiation at

6.8 GHz is injected electrically to the diode. This mw injection creates side-bands at

6.8 GHz next to the optical frequency given by the Master laser. In our setup, the

maximum mw power which can be injected to the diode is 37 dBm at 50 Ω. The lower

left corner of Fig. 3.1 shows a bias-tee which combines the AC (mw) and DC (diode

normal operation) currents which is then injected to the diode. For the experiment,

three different mw frequencies can be generated for their use at different stages. These

stages are, MOT loading (2D-MOT and 3D-MOT share the same frequency),

compressed MOT (CMOT), and the imaging.

Bias-T

RF @ 6.8 GHz

DC

OI

M2

λ/2

M1

M3WP
λ/2

FP cavity

Diode 

Output

Master light

Figure 3.1: Schematic of the slave laser setup.

3.1.2 AOM distribution board

The output of the slave laser is transported to the AOM distribution board where it is

divided into four different paths. The main purpose of this stage is to generate beams
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with different frequencies, to be used at different stages of the experiment. Fig. 3.2 shows

a schematic of the AOM setup. The laser beam frequency coming from the slave laser

(Master) is 211.8 MHz down from the laser cooling transition of 87Rb. In order to laser

cool and trap the atoms in a magneto-optical trap, the frequency of the beam needs

shifting upwards by 211.8 MHz. The first AOM (A1) shifts the laser beam frequency

up by 60 MHz and the first order is then directed to the next three AOMs. The zeroth

mode of A1 is directed via a mirror to a different path for various test purposes. The

beams going into the AOMs A1, A2, and A3 are focused with a 30 cm lens (CL) with

their focus at the center position of the AOM(s).The beam is focused to improve the

diffraction efficiency. After the single pass through the AOM, the beam passes through

a λ/4 waveplate and reflected back from a concave mirror (CM). The use of a concave

mirror ensures the overlap of the input and reflected beams. The reflected beam then

again passes through the AOM and its frequency is shifted by the same amount (in the

same direction and here upwards). The zeroth order of the AOM goes to a beam block

(BB). The output of the different ports is coupled to single mode polarization maintaining

fibres, for their use in the experiment. Just before the fibre, mechanical electromagnetic

shutters (MS) are installed to block the beam completely with rise(fall) time of about

1.5 ms.

BB

CM

λ/2A1

CL

A2

λ/4

A3

A4

MS

Out1

Out4

Slave input

Out3

Out2

Figure 3.2: The layout of the AOM distribution board.

The center frequency of the AOM A4 is at 115 MHz and thus shifts the laser beam

frequency upwards by 230 MHz, in this double pass configuration. The output of this

line is transported to the tapered amplifier setup. To make the laser beam resonant with

the laser cooling transition, the laser frequency is shifted downwards in the taper setup.

This two-step shifting is done to achieve a large range in the frequency ramp on the
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negative detuning side, for the efficient compression of the atomic cloud at the CMOT

stage. AOMs A3 and A4 has their center frequencies at 75.5 MHz and they are used for

the two absorption imaging lines i.e. horizontal and vertical. The lines A3 and A4 are

transported directly to the experiment for the imaging. Both the amplitude and

frequency of the AOMs can be programmed (switched on/off and ramped) as needed.

Before each of the output fibre, the beam has 2 to 3 mW of optical power.

3.1.3 Tapered amplifier

This stage of the laser system does the final amplification of the laser beam before it is

delivered to the experiment. The output of the tapered amplifier is transported to the

experiment for its use in the 2D-MOT and 3D-MOT. The line A4 of the AOM

distribution board acts as a seed for the tapered amplifier (TA) setup. Fig. 3.3 shows the

different elements of our TA setup. The injection beam of power 1.1 mW is coupled to

the TA chip after it passes through an optical isolator, a cylindrical lens (f=50 mm), and

finally through an aspheric lens (f=4.5 mm). This is a double pass amplification

configuration, the beam after its first amplification is injected back to the diode by the

use of a mirror M5. A small portion of the beam is collected with a wedge plate (WP)

onto a photodiode, to monitor the power of the beam which is injected back to the chip.

This is done to ensure the maximum injection to the chip (here 50 mW) and prevent any

damage. TA chip is mounted on a Copper base which is temperature stabilized using a

Peltier element and a thermistor.

The output of the TA then passes through an AOM which shifts the laser beam

frequency downwards by 80 MHz and makes the beam resonant with the laser cooling

transition of 87Rb. The zeroth order of the AOM is blocked with a beam dump (BD).

The first order is coupled into a polarization maintaining single-mode optical fibre,

which transports the beam to the experiment. With an injection of 1.1 mW the optical

power in the first mode after the AOM is about 700 mW. The coupling efficiency at the

output fibre is about 40%, and ∼ 300 mW of optical power reaches the experiment. With

this total power, the 3D-MOT beams have a saturation intensity of about 3 ×Isat. In the

experiment, this power is sufficient to load about 109 atoms into 3D-MOT from the

2D-MOT in a loading time of 5 s. Fig. 3.4a) shows the dependence of injection power

(amplified optical power to the experiment) versus the number of atoms in a

quadrupole trap after RF evaporation. Since the number of atoms loaded into the

magnetic trap is proportional to the number of atoms loaded in the 3D-MOT, is a study

of saturation in the amplification of the TA. After 0.8 mW of injection, the number of

atoms loaded into the trap reaches a steady state. The injection power is then kept fixed
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Figure 3.3: Schematic of the tapered amplifier setup.

at 1.1 mW. Fig. 3.4b) shows the shot to shot stability in the number of atoms loaded into

the magnetic trap (3D-MOT) versus the injection power to the TA. Around the

saturation in the injection to the TA, the number stability improves significantly. It

demonstrates the stable working of the TA chip in terms of the injection power.
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Figure 3.4: a) Number of atoms in the quadrupole trap against the injection
power to the TA. b) The stability in the number of atoms as a function of injection
power to the TA. Each data point comes from a measurement window of about
20 minutes.

3.1.4 MOT setup

The output of the TA and the two imaging lines of the AOM distribution board is

transported using polarization maintaining single-mode optical fibres to the

experiment. TA output is taken to the MOT distribution board where the beam is

divided into different ports for its use in the 2D-MOT, 3D-MOT, and as a push beam.

First stage is the MOT distribution board where the input from TA is divided in nine

using polarizing beam splitters (PBS), more details in [88]. Among the nine, six beams

are used for the 3D-MOT, two for 2D-MOT and one acts as a push beam which
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transports a cold atomic beam from 2D-MOT to 3D-MOT. With the use of λ/2

waveplates mounted before each of the PBS’s, the beam power can be tuned precisely.

The power ratio is tuned between the 2D-MOT and 3D-MOT, and between the

counter-propagating beams of the two 3D-MOT. The ratio between the two 2D-MOT

beams i.e. vertical and horizontal can also be tuned with the help of a λ/2 waveplate. A

detailed description of the 2D-MOT and 3D-MOT can be found in the reference [87].

2D-MOT

The atoms in a two-dimensional MOT (2D-MOT) are cooled and trapped only along the

two axis, hence the name 2D-MOT. 2D-MOT acts as a source of slow atoms for the 3D-

MOT and increases the atom loading rate drastically. The loading of 3D-MOT is done by

the use of a near-resonant collimated laser beam (push beam). In chapter 1, I explained

the first laser cooling experiments where an atomic thermal beam was slowed down by

a laser beam. Here, the same idea applies, i.e., the atoms moving towards the push beam

are slowed down and pushed away from the source. Since we only have one beam, the

atoms are decelerated and carried with the push beam. The push beam is aligned such

that it overlaps with the very elongated 2D-MOT cloud in the longitudinal direction.

The beam does not go through the 3D-MOT center but a few mm (size of the 3D-MOT)

away, to keep the radiation pressure balance of the 3D-MOT beams.

In the experiment, 2D-MOT setup needs a magnetic quadrupole field, two

counter-propagating sheet-like laser beams, and an atom cell. The 2D-MOT cell (made

of pyrex) is maintained at a pressure of 10−7 torr, and 3D at 10−11 torr. The 3D and 2D

vacuum chambers are separated by a 550 µm hole, maintains the differential pressure

between the two chambers. A detailed description of both the vacuum systems is in the

reference [87]. The laser beams are transported from the MOT distribution board to an

Al mount, where by the use of spherical and cylindrical lenses the beams are expanded

and collimated to a dimension of 150 mm × 20 mm. The two beams go through the

2D-MOT cell and reflected by prisms to create a retro-reflected configuration. The

vertical beam is created by its reflection from a gold coated mirror above the 2D-MOT

chamber, aligned at 45◦ from the vertical. Each beam has about 20 mW of optical power

and the push beam carries about 10 mW, after the fibre. The two MOT’s have the same

frequency for the cooling and repumping, the cooling line -14 MHz red-detuned and

repumper on resonance. The magnetic coils have a rectangular shape, four coils are

installed each orthogonal to each other giving a magnetic gradient of 15 Gpcm. In the

3D-MOT, we get a flux of about 108 atoms/s when loaded from the 2D-MOT.
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3D-MOT

Let us look at the two components of the 3D-MOT separately, the laser beams and the

magnetic quadrupole field. The six laser beams are transported via single mode PM

fibres from the MOT distribution board to six different MOT beam collimators. We use

tube mounts from Thorlabs for the fibre adapter, collimation lens, and the quarter wave

plate (QWP), are the components of the collimator. All the beams in the experiment are

at a height of 5 cm. The collimation lens is a plano-convex type with a focal length of

10 cm. The QWP used to create right and left circularly polarized light has half an inch

diameter. The beam after the collimator has 1 inch diameter. The intensity in each of

the MOT beams is about three times the saturation intensity (Is = 1.65mW/cm2). The

detuning from the resonance, typically, is -14 MHz and the repumper on resonance F=1

to F=2 hyperfine level. For the 3D-MOT, we run the quadrupole coils at 6 A, giving

6 Gpcm magnetic field gradient, powered by Delta Elektronika (DE) ES 015-10.

3.2 Coils for the magnetic trapping

3.2.1 Quadrupole coils

The magnetic quadrupole field is generated by two water-cooled hollow copper wires

in anti-Helmholtz configuration, design in [87]. The same coils are connected with two

power supplies for the operation of 3D-MOT and the magnetic trap. These two stages

of the experiment need different current in the coils, or the magnetic field gradient. 3D-

MOT needs typically needs up to 10 A, and the magnetic trap up to 300 A. We work with

different magnetic traps created by the use of quadrupole coils, e.g., 1) quadrupole trap,

and 2) TOP trap, 3) TAAP rings, 4) RF shell trap, and more. The different traps need

different magnetic gradient along with rf-fields and/or the audio-frequency fields.

Fig. 3.5 shows a simple circuit diagram, the coils take input from two power supply

units (PSU) from DE. The first PSU DE SM 15-400 can give a maximum output of 400 A

at 15 V. The lower one goes up to 10 A at 15 V. After the PSU’s, we have a box called crap
which provides fast switching of the field when the trap is turned on/off. We do not

draw the maximum current due to the additional resistance offered by this fast switch

driver, reaches 310 A with the upper line. A fast switching is important because the

atoms can not be transferred efficiently (no heating and atom number loss) from MOT

to the magnetic trap if the switching time is slower than one trapping period. Also,

when the trap is turned off the field should vanish quickly otherwise the sample will be
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depolarized. The quadrupole field can be turned on and off on a timescale of less than

100 µs.

DE SM
15V - 400A

400A Crap

Quadrupole 
coils

100A Crap

DE SM
15V - 10A

Figure 3.5: Quadrupole coil connection for the MOT and magnetic trap opera-
tion.

3.2.2 Modulation field coils

Three pairs of modulation coils in Helmholtz configuration are installed along all three

lab frame axes. The horizontal pairs have a rectangular shape (X and Y), outer dimension

20 cm× 24 cm and the vertical coils (Z) are round, outer diameter 12 cm. The winding

is done such that a different number of loops can be used. For the X, and Y coils, we can

work with 1, 2, 4, 8 or 12 turns. Along the Z direction, we can create sound field with 1, 2,

4, 8, 12 or 28 number of loops. The modulation coils are in series with a set of capacitors

and 2Ω water-cooled resistor. The resistors tune the impedance of the circuit and thus

helps in deriving the maximum output from the amplifier. The central frequency for all

the resonators is tuned to 5.02 KHz. The sound file is created by mathematica in the wav

file format and played by the audio card M-Audio 1010LT. The maximum sound field

we can generate from the X and Y coils is up to 48 G, using Crown XLS 2000 amplifier

(Impedance range 2 Ω − 8 Ω, 650 W @ 4 Ω). The Z coils generate a maximum field of

up to 12 G when powered with an amplifier Cambridge Audio P500 (Impedance range

6 Ω− 16 Ω, 55 W rms @ 6 Ω).

The modulation coils are used for different purposes. X and Y modulation fields

together with the quadrupole creates a TOP trap. To generate a TAAP ring waveguide,

just the Z coils are used, and all three for the static and moving tilted ring traps. I also

used the modulation coils in dc mode since they can give much higher amplitudes than

the compensation coils, e.g., to load atoms into a flat ring. In the dc mode, the calibration

for the X coil is 4.54 G/A, Y coil has 4.49 G/A, and 2.94 G/A for the Z coil, with full
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windings used in all three. To test the alignment of the modulation coils with respect

to our imaging system, I displaced a cold atomic cloud in the quadrupole trap by using

X and Y coil fields, separately, in the dc mode. From the displacement of the cloud for

different bias field amplitudes, I calculate the slope which gives a relative angle. The

angles are 1.1◦ and 1.6◦ for X and Y coils, respectively. Fig. 3.6 shows the coils and field

angles in the lab frame.

Figure 3.6: X and Y modulation field coils and the angles a and b corresponding
to the dc field direction generated by these coils.

3.2.3 RF generation

This part describes the generation of the rf-field which is used to create rf-dressed

adiabatic potentials and TAAPs. The rf resonator is a parallel LC circuit made of a

single loop rectangular-shaped enameled Cu coil and polypropylene capacitors. The

coil dimension is 3 × 7.5 cm. The inductance of the rf resonator coil is about 400 nH.

There are three rf resonators installed in the experiment, along the x, y, and z axis. The

x and y rf resonators have their resonance at 2.1 MHz (ωres = 1/
√

LC) with a 15 nF

capacitor in parallel. The bandwidth of these two resonators is ∼ 230 kHz. Fig, 3.7

shows a spectrum of x rf resonator taken with a vector network analyzer (Rohde &

Schwarz ZVB8). The z rf resonator has its resonance at 2.55 MHz and with a bandwidth

of ∼ 150 kHz, tuned by the use of a 30 nF capacitor in parallel with the inductor. All the

rf circuits are powered with three different 30 W amplifiers (LZY-22+ Mini Circuits).

The input to the amplifier comes from a function generator (DG1062 Rigol), operated in

the amplitude modulation mode. For the rf-induced evaporation in the quadrupole and

TOP trap, a different coil is used. It is a single loop antenna of diameter 25 mm and

placed at a distance of about 6 cm from the atom cloud position. The coil is powered
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with an rf amplifier (25A250A Amplifier research) which takes input from a Rigol

function (DG1062 Rigol) generator in the frequency sweep mode.

Figure 3.7: Spectrum of the x rf resonator taken with a vector network analyzer.

To test the precision and long term stability of our rf fields, I used a weak x rf field

to tilt a ring potential filled with 3× 105 atoms at 470 nK temperature. The x rf, 180◦ out

of phase with the z rf was switched on at various amplitudes and after 2 s hold time the

cloud was absorption imaged. Fig. 3.8 shows the tilt of the ring potential, calculated from

the atomic density imbalance around the ring potential. The data is fitted with a straight

line and we find a slope of 2.6 (3) nK/mV. Also, the long term amplitude drift was tested

by monitoring the rf amplitude needed to correct the mechanical tilt of the ring. There

was no significant change in the value day to day. The error in the data comes from the

short hold and the atom number variation shot to shot.
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Figure 3.8: Tilt of the ring potential filled with ultracold atoms versus the x rf (in
phase with z rf) amplitude.
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3.2.4 Compensation coils

The compensation coils were built for different requirements in the experiment. First,

matching of the MOT and magnetic trap (quadrupole or top trap) position in 3D, to

transfer the atom cloud from MOT to the magnetic trap without heating or atom number

loss. Second, adiabatic loading of BECs from the crossed dipole to a displaced ring trap.

To do that, the ring potential was moved by one ring radius using the xy dc-bias fields.

Third, cancellation of any stray dc B-field at the center of the trap where the atoms are,

for spectroscopy experiments. We also load BECs from a crossed-dipole to the TOP trap,

and the z compensation coil is used to match the two traps vertically.

Figure 3.9 shows the design of the compensation coils. There are two pairs along

the x and y axis of the lab frame in the Helmholtz configuration, and one coil installed

in the plane of the atoms which generates dc-bias field along the vertical direction. They

are built in a way that different winding number can be chosen depending upon the

amplitude of field needed, one can work with less windings for low noise operation.

The winding numbers which can be used are, 2, 4, 8, 18, and 32. The coils are made of

enameled copper wires of 1.8 mm diameter. The total resistance of one coil for the total

number of windings, i.e. 62, is 2.51 Ohm. The frame onto which the coils are mounted

is made of 2 mm thick Aluminum and 2.5 cm wide. The x and y compensation coil pairs

generate 0.125 G of homogeneous field at the center of the coils for 1 A of current. The z
coil has a calibration of 0.5 G/A.

95
 c

m

147 cm
147 cm

10 cm

Figure 3.9: Schematic of the compensation coils, installed along all the three axis
of the lab frame.
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3.3 Optical dipole trap

3.3.1 Setup

In this section, I will describe the crossed-beam dipole trap setup, alignment of the

dipole beams to the MOT and then to the magnetic quadrupole trap position, and the

beam characterization. First, Fig. 3.10 shows the different parts of the crossed optical

dipole trap setup. An optical breadboard was built to mount the laser head and other

optics components. A fiber laser (ALS-IR-1064 Azur Light Systems) generates the

dipole beam. The output of the laser head is a collimated beam of 1 mm diameter at

1064 nm wavelength, and maximum 20 W power. The beam first passes through the

two AOM’s (ATM – 803FB6 IntraAction Corp.) and is split into four distinct modes.

The two AOM’s take input from a function generator (DG4162 Rigol) amplified by the

RF amplifiers (KU PA 006008 – 30 HY Kuhne Electronic, 62 to 78 MHz frequency range).

We drive the function generator in the amplitude modulation (AM) mode, and thus the

beam power in each of the four arms can be tuned precisely. First AOM (AOM-H)

diffracts the incoming beam in the horizontal plane, operates at 78 MHz with 2 W of

incident RF power. Second AOM (AOM-V) is placed vertically; sound wave propagates

downwards and diffracts the beam vertically. AOM-V operates at 68MHz with an input

RF power of 2 W. The upper two modes after the vertical AOM (AOM-V) are used to

make a crossed dipole trap. The beam height after the mirrors M3 and M4 is kept 5 cm

throughout. The two dipole beams after M3 and M4 make an angle of 17◦.

Since the beam diameter from the laser head is 1 mm, we built a Galilean beam

expander to first get a larger size collimated beam and then focus at the trap center

to achieve a smaller waist for atom trapping. The beam is expanded and collimated

using two lenses, a diverging (L1: f = −200 mm, D = 25.4 mm) and a converging

(L2: f = +500 mm, D = 25.4 mm) lens. The beam diameter after the Galilean expander

increases to 2.7 mm, and with this we get a waist 68 um at the location of the atoms. The

zero order of AOM-V, two beams pointing downwards is blocked using a beam dump

(not shown in the scheme). The first order of AOM-V is used in the experiment. The

first mirror M1 is used to correct the height of the beam after the science cell. Mirrors

M3 and M4 direct the two beams towards the trap center, and they are used for the fine

alignment of the beams. The final focusing of the beams is done by two plano-convex

lenses – L3 and L4 each of focal length +25 cm, and diameter D = 12.7 mm. The two

beams after the science cell are blocked with beam dumps BD1 and BD2.
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Figure 3.10: A layout of the crossed-beam optical dipole trap setup of the BEC
experiment.

3.3.2 Dipole beams alignment and characterization

After installing the dipole trap setup, we aligned the dipole beams to the magnetic

quadrupole trap center in two steps, 1) coarse alignment by overlapping the dipole

beam with a resonant 780 nm beam, and 2) fine alignment by imaging a cold atomic

cloud in the quadrupole and dipole trap, separately.

Coarse alignment

In the first step of alignment, we work with atoms in a 3D-MOT because it can be probed

for a long time and continuously. Since the temperature of the atoms in the 3D-MOT is

100’s of microkelvin, much above the dipole trap depth it is not possible to load the

atoms directly into the dipole trap or see an effect of the dipole beam onto the atoms.

We use a resonant 780 nm probe beam of diameter 1 mm and power a few mW’s aligned
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to go through the 3D-MOT. Due to the radiation pressure imbalance this beam empties

the MOT, or makes a hole depending on its size compared to the cloud size. The probe

beam comes from the opposite direction than that of the dipole beam. Once the probe

beam is aligned to the center of the MOT, we switch on the dipole beam and overlap the

two beams using irises of opening∼ 1 mm, before and after the science cell. The overlap

ensures that the dipole beam goes the MOT center. After the beams are overlapped, the

probe beam is switched off and we run a MOT sequence until the molasses with dipole

beams on. The cloud temperature in the molasses goes down to 30-40 µK (dipole trap

depth set to 70 µK). In this way, the atoms were loaded into a single beam dipole trap and

the step was repeated for both the dipole beams. However, this is only a rough alignment

to locate the beams near the trap center. Fig. 3.11 shows one of the first absorption images

of the 87Rb atoms in a single beam dipole trap loaded from the molasses.

Figure 3.11: A false color absorption image of the atoms in a single beam dipole
trap loaded directly from the 3D-MOT.

Fine alignment

Since the cloud size in the MOT is a few millimeters and the MOT position can be slightly

different than that of the magnetic trap, we go through a second step of fine alignment.

Here, we fine tune the dipole beam position near the magnetic trap center, such that

the dipole and quadrupole traps overlap down to a micrometers. We first load atoms

from the MOT into a quadrupole trap and perform rf evaporation there. The final rf

frequency is set such that the evaporated cloud size becomes of the order of the dipole

trapping volume. We image the atoms from two orthogonal imaging systems, gives 3D

position of the magnetic trap. The same step of locating the trap minimum in 3D was

repeated for the single beam and crossed beam dipole. Fig. 3.12 shows two images after

matching the crossed dipole and quadrupole trap.
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Crossed dipole trap Quadrupole trap

{x, y} = {2.606 um, 2.474 um} {x, y} = {2.608 um, 2.472 um}

Figure 3.12: Absorption images of atom clouds in the crossed dipole and
quadrupole trap, images taken from the vertical imaging system. The two trap
positions differ only by a few µm’s which is the order of shot to shot trap stabil-
ity.

We also measured the dipole beam pointing stability for the powers of up to 1 W

using a CCD camera, a wedge prism, and found it to be less than 2 µm. In the dipole

setup, the dipole beam position at the science cell center was coarsely tuned by the

mirrors M3 and M4, and fine tuned by the AOM frequencies. Care should be taken that

there is no dc B-field present while measuring the magnetic trap position. This can be

checked by looking at the magnetic trap position at different magnetic gradients).

Beam waist measurement

To measure the dipole beam waist, we place a mirror right after the lens L3 (L4) (see

Fig. 3.10) to direct the beam away from the compact dipole breadboard. The dipole beam

sizes at different points along the path was measured by the knife-edge method. The

measured beam sizes were fitted to the equation:

ω(z) = ω0

√
1 +

(
z− z0

zR

)2

(3.1)

where ω0 is the beam waist and zR is the Rayleigh length. Fig. 3.13 shows the dipole

beam size at different distance of the razor blade from the lens L3 (L4). From the fitting

we get: dipole waist of 66 (4) µm, zR of 1.2 cm, and z0 is equal to 25 cm. If we calculate

the Rayleigh length from, zR = π(ω0)2/λ, it comes to be 1.29 cm for the 1060 nm

wavelength. We repeated the measurement of the dipole beam waist for both the beams

and measured them to be equal.
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Figure 3.13: The size of the dipole beam at different distances from the lens L3
(see Fig. 3.10) to the razor blade. The points on the other side of the focus were
not taken due to the lack of space.

3.3.3 Dipole laser safety interlock

A safety interlock system was built synchronized with the dipole laser amplifier. The

safety interlock system was designed such that it is safe to work with different settings

of the dipole power, experiment and lab doors. The dipole laser amplifier only gives an

output when its interlock – two wires at the back, are connected. Our interlock system

is an extension of these two wires, to an electronic circuit which automatically opens the

circuit when it is an unsafe condition. The interlock system involves four experiment

doors, main door of the lab, and the dipole setup AOMs. The four experiment doors are

divided in two parts in the circuit – three side doors and one back door. The experiment

table is covered with four pneumatic valve controlled doors. With the doors closed, the

experiment table is completely shielded. The three side doors open towards a working

area and the back doors faces a wall. Three switches are installed on each of the

experiment door frames, the interlock circuit is closed when the doors are down. One

switch is plugged to the lab door and connected with the interlock box.

Fig. 3.14 shows a truth table for different stages related to the interlock system. In

the first column, the four bits represents – Master control, Dipole high power, back doors,

and the side doors of the experiment table. The green light represents safe condition,

yellow is intermediate, and red shows danger. The column 24 V relay represents on/off

state of the dipole AOMs. The relays are controlled by the digital channels of the DIO-64

card, switched on/off during the experiment sequence. In the lab, a tricolor LED was

installed, power by the interlock box, and it is used to indicate different stages related to

the safety. The different states of the truth table are,
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1000 – Dipole AOMs off (low power in the dipole beams), all experiment doors

closed, lab door closed, Master switch engaged. The green LED glows and it is safe to

work. This stage is for the low power dipole beam alignment.

1001 – Dipole AOMs off (low power in the dipole beams), experiment side doors

open, experiment back door closed, lab door closed, Master switch engaged. The green

LED glows and it is safe to work. This stage is for the low power dipole beam alignment.

1010 – Dipole AOMs off (low power in the dipole beams), experiment side doors

closed, experiment back door open, lab door closed, Master switch engaged. The green

LED glows and it is safe to work. This stage is for the low power dipole beam alignment.

1011 – Dipole AOMs off (low power in the dipole beams), experiment side doors

open, experiment back door open, lab door closed, Master switch engaged. The green

LED glows and it is safe to work. This stage is for the low power dipole beam alignment.

1100 – Dipole AOMs on (high power in the dipole beams), experiment side doors

closed, experiment back door closed, lab door closed, Master switch engaged. The green

and yellow LED glows and it is safe to work. This stage is for running the experiment.

1101 – Dipole AOMs on (high power in the dipole beams), experiment side doors

closed, experiment back door open, lab door open, Master switch engaged. The red and

yellow LED glows and it is a death mode – danger.

1110 – Dipole AOMs on (high power in the dipole beams), experiment side doors

open, experiment back door closed, lab door closed, Master switch engaged. This stage

is designed for the high power alignment of the dipole beams. The red and yellow LED

glows and represents danger.

1111 – Dipole AOMs on (high power in the dipole beams), experiment side doors

open, experiment back door open, lab door open, Master switch engaged. The red and

yellow LED glows and represents danger.
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Figure 3.14: Truth table of the dipole laser safety interlock system.

Fig 3.15 shows the dipole laser interlock box which is connected with all the

experiment door switches, lab door switch, dipole AOMs, and the dipole laser amplifier

interlock wires. The interlock box is powered by a 24 V DC power adapter. A Master

switch was installed in the interlock box, to break the circuit manually if an emergency

occurs. The green LEDs at the front of the interlock box indicates whether the

respective door is engaged (closed) or defeated (open). The red LED represents whether

the dipole AOMs are on (high power) or off (low power). The three switches at the

front panel are four pole double throw type, and the master switch is push button type.

Figure 3.15: Dipole laser safety interlock box.
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3.4 Imaging system

We use absorption imaging technique to determine the atom number and the size of the

cloud. The temperature of the atom cloud is calculated from its size against a variable

time-of-flight (TOF) expansion. By the use of two identical imaging setups, we can

either image the atoms from the top (gravity axis) or aligned with the Y axis

(horizontal) in the lab frame. The vertical imaging is mainly for the atoms in the TAAP

ring. Fig. 3.16 shows a schematic of the imaging setup. The near-resonant imaging

beam coming out of a single mode fibre is first allowed to freely expand and then

collimated to a final size of 1 inch, as in the case of 3D-MOT beam collimators. The

imaging beam is linearly polarized. The beam then passes through the atom cloud,

since the beam is resonant with the atomic transition, absorption happens and some

photons go missing in the direction of the beam. This creates a dark spot/shadow in

the beam which is imaged onto a CCD camera (Andor iKon-M DU934N-BR-DD). A

homemade telescope, L2 and L2 (4f system [87]) recreates the intensity profile after a

distance 4f which is then magnified/demagnified using a microscope objective. The

resolution of this imaging is about 13 µm. The intensity of the imaging beam is kept

around 1/10th of Is, to avoid saturation and stay in the linear regime of absorption. The

duration for which the beam is turned on is < 200 µs. The beam detuning is varied

depending on the density of the atom cloud, e.g., if imaging a BEC detuning is around

-12 MHz and resonant for a very dilute thermal cloud.
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Figure 3.16: Schematic of the absorption imaging setup.

Let us look at the principle of the absorption imaging technique. Consider a laser

beam with intensity I0, passes through an atom cloud, and according to the Beer’s law

the transmitted intensity I will be given by:

I = I0e−OD (3.2)
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where OD is the optical density, or the amount of light absorbed by the atoms. If the

beam intensity is well below Is then the OD can be written in terms of the absorption

cross-section, σ, and the atom column density, n(x, y). The above equation is then:

I = I0e−n(x,y)σ (3.3)

where σ is given by:

σ =
σ0

1 + I0
Is
+
(

δ
Γ/2

)2 (3.4)

where σ0 is the absorption cross section on resonance, δ is the laser detuning, and Γ the

natural linewidth. To calculate the atom number from the OD, three images are taken,

one with atoms and the beam, one without atoms and the beam, and one where the

camera is only exposed to the stray light. The OD is given by:

OD = ln
Ibeam − Istray

Iatoms − Istray
(3.5)

where Iatoms is the intensity with the atoms, Ibeam without atoms, and Istray is when the

imaging beam is off. Now the atom number n can be calculated by integrating the OD
over the exposed region:

n =
∫ ∫

n(x, y)dxdy =
1
σ

∫ ∫
OD dxdy (3.6)
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Chapter 4

BEC production

4.1 TOP trap

The road to BEC

The sequence begins by loading atoms into the 3DMOT from a 2DMOT, later

compressed and sub-Doppler cooled in the CMOT and Molasses. The 3D-MOT beams

are then suddenly switched off and the TOP trap is turned on, simultaneously. Both the

quadrupole field and the rotating bias fields are switched on at the same time. It is

crucial to switch on the magnetic trap fast compared to the time given by the effective

trapping frequency in the MOT. The effective trapping frequency at the end of the MOT

stage is measured via the time-of-flight (TOF) expansion method. A slow switch on will

result in a mode mismatch, the result will be cloud heating, atom number loss, and

shape oscillations. In our experiment, the quadrupole field rises to its maximum in

about 50 µs and the bias field in about 2.5 ms, which is much faster than the effective

trapping period (of the order of 100 ms at the end of the MOT). Two things need to be

considered for the mode matching: trapping frequencies and the positions of the trap.

First one we optimize by varying the gradient and keeping the bias field amplitude to

the maximum (48 G), and second by displacing the 3D-MOT using the dc field of

compensations coils. The bias field switch on amplitude defines the radius of the circle

of death, or the trap depth. Circle of death is essentially the trajectory of the quadrupole

field zero, in a circle, and should be set large compared to the cloud size ( temperature).

Typically it is set a few times higher than the cloud temperature and minimizes any

evaporation due to this circling zero.

The atomic cloud captured in the TOP trap is then adiabatically compressed by

ramping up the magnetic gradient and keeping the bias field amplitude fixed. The
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compression is adiabatic in the sense that we do not lose atom number and only the

temperature rises. This stage is optimized (ramp time and the final magnetic gradient)

by looking at the evaporation efficiency in the next stage, i.e., rf evaporation. This is

done by fixing all the parameters of the rf evaporation and maximizing N/∆x for

different compression parameters, where N is the number of atoms and ∆x the cloud

size after a long TOF (essentially a measure of the temperature). Lastly, the cloud is

evaporatively cooled using the rf-induced evaporation method. During the

evaporation, both the bias field amplitude and the rf-field frequency is ramped down.

The ramp shape for both the rf-field frequency and bias field amplitude is linear. There

is an additional compression of the cloud during the rf evaporation since the bias field

is ramped downwards, hence the trapping frequency increases. This increases the

elastic collision rate as the evaporation proceeds. The initial rf-field energy is set

in-between 2gFµBBm and gFµBBm and the final value slightly above the gFµBBm. A

nearly pure BEC is formed when the rf photon energy approaches the ground state

harmonic oscillator energy.

Below, I begin by describing a very precise calibration method of the TOP trap

elements, i.e., bias field amplitudes, trap circularity, quadrupole field gradient, and then

I will give the related results. The details of the BEC production is descried in the

section afterwards.

4.1.1 Trap characterization

In this section, I will describe a method for the complete characterization of the TOP

trap by the use of rf evaporation and trapping frequency measurements. A simple and

widely used TOP trap consists of a rotating bias field and a quadrupole field. The bias

field can be decomposed in three: the two field amplitudes, generated by the two pairs of

Helmholtz coils and a relative phase between the fields. The total B-field can be written

as:

B = α

 x
y
−2z

+

 Bx cos (ωmt)
By cos (ωmt + φ)

0

 (4.1)

where α is the magnetic gradient, Bx and By are two field amplitudes along the x and y
lab frame axes, φ is a phase offset between the two channels, and ωm is the oscillation

frequency of the bias field.

To get a BEC in the TOP trap, I have taken two paths. First, transfer a ultracold

cloud at ∼ 2 µK temperature from crossed-dipole trap to the TOP, and then perform rf
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evaporation. Second, transfer the atoms from MOT directly into the TOP trap, and

subsequent compression and rf evaporation leads to a BEC. For the trap

characterization, I followed the first one since it is much faster and efficient. Let us look

at the φ calibration first. φ is a combination of, 1) the programmed electronic phase, and

2) physical angle between the coils. The physical angle can be measured by running the

coils in the DC mode and displacing a cold cloud held in the quadrupole trap. This is a

way to measure the orientation of the two bias field coils with respect to the imaging

axes. From the experiment, I get an angle of 1.1◦ and 1.6◦ for the x and y coils,

respectively, and both in the first quadrant of the imaging frame. This is included in the

programmed phase as a correction factor. The electronic phase is measured by

monitoring the voltage drop across the pickup resistors and is set very precisely to 90◦.

Now to calibrate the two amplitudes, I load an ultracold cloud in a slightly elliptic trap

(see Fig. 4.1). The amplitude imbalance (ellipticity) is set a few times lager than the

chemical potential of the BEC. Fig. 4.1 shows the elliptic trajectory of the quadrupole

zero together with the instantaneous rf-field maximum coupling region.

x x

y

BEC

Elliptic TOP

y

RF coupling 

a) b)

r

r

Figure 4.1: An elliptic TOP trap together with the rf-field. a) The rf-field reso-
nance circle at some instant and the rf is resonant with the atoms due to Bx. b)
After a quarter oscillation period of the bias field the circle rotates by 90◦ and
the rf-field does not interact with the atoms.

By making the trap elliptic we see that the atoms do not see the rf-field when the

instantaneous quadrupole is along the y axis. This is because a larger bias field

amplitude, i.e., By, displaces the quadrupole further away from the center and thus it

will require a higher rf frequency for it to be resonant with the atoms. Using this

technique the trap can be emptied with only Bx (By) at a time, and the rf-field frequency

where we exactly outcouple all the atoms corresponds to the bias field amplitude,

linked by the relation hνRF = gFµBBm. The precision we get is a few kHz in the
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rf-frequency for the bias field amplitudes up to 10 G, translates to 10−4 level of precision

in Bx (By). This precision is mainly limited by the stability of the bias fields.

Before calibrating the amplitudes, I excite a circular center of mass oscillation of the

cloud to measure the trap ellipticity. A scheme to excite such an oscillation is shown in

Fig 4.2a. It is a two step process, first the trap is jumped along the x (y) axis and then after

a quarter of the trapping frequency hold the trap is jumped along the y (x) axis. Finally,

the trap is brought back to the initial position giving an angular kick to the cloud. The

amplitude of the jump should be kept small compared to the harmonic extent of the

trap or can be made equal to the in-trap cloud size. I program these jumps using the

compensation coils.

time

Trap position

x axis

y axis

Δx

Δx

1/4ω

1/2ω
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a) b)

Figure 4.2: a) A method to excite circular center of mass oscillation of the cloud
by jumping the TOP trap along the two orthogonal axis. b) Oscillation ampli-
tudes and the sense of rotation of the cloud against hold times in the trap. AC
and C stands for the anticlockwise and clockwise rotation of the cloud, respec-
tively. This is for the case when the trap frequencies along the x and y axes are
not matched.

This circular oscillation of the atoms will experience any small frequency difference

between the two axis, or the cloud will undergo from clockwise – linear – anti-clockwise

oscillation with a frequency given by the trapping frequency difference. Fig. 4.2b shows

the oscillation amplitude of the cloud and the sense of rotation versus hold time in the

trap. The trapping frequency difference from these oscillations is 2.7 Hz. Fig. 4.3 shows

the cloud oscillation along the x and y axis after calibrating the two amplitudes by the

use of rf outcoupling. For this set of data, the bias field and the magnetic gradient was

at 5 G and 90 Gpcm, respectively. I fit the whole data to an ellipse with its principal axis,

two frequencies, phases, and amplitudes as a free parameter. The position along x (y)
axis is then:

x(t) = a0 + a1Exp[−t/τ] cos 2π fx(t− t0) (4.2)
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where a0 is an offset, a1 is the oscillation amplitude, τ is the decay time constant, fx is

the trapping frequency along the x axis and t0 is a phase offset. The fit finds trapping

frequencies of 36.17 (1) Hz and 36.02 (1) Hz along the x and y axis, respectively. The

oscillation amplitudes along the x and y axis are 58 (2) µm and 87 (2) µm, respectively.

The trap ellipticity is calculated by diving the two trapping frequencies, εxy = ωx/ωy,

and εxy is 1.0041 (0.0004). In the fitting, the principle axis of the oscillation is set free, and

find that the major axis of the ellipse is rotated by 32◦ w.r.t. imaging axis. We know the

two coils are not exactly aligned at 90◦ but 87.4◦. A small amplitude imbalance (with

a few mG resolution) together with the phase can give rise to a large rotation of the

principal axis. I find that the programmed quadrupole gradient was 0.8% higher than

calculated from this trapping frequency measurement.

x axis y axis

Figure 4.3: The position of the ultracold atom cloud along the two imaging axis
during its circular oscillation in the trap, after matching the two-axis trapping
frequencies.

4.1.2 BEC production

These results below are from a few years ago when the system was not working at its

best, the sequence took longer with lower BEC numbers but the idea stands firm. Later

we switched to the crossed-dipole trap since the evaporation efficiency is much higher

than in the TOP trap. First, about 3× 109 atoms are loaded in the 3D-MOT in a duration

of 35 s. The magnetic gradient and the laser beam detuning during this stage are 6 Gpcm

and -13 MHz, respectively. Right after the MOT loading, laser detuning is ramped away

from the resonance, from -13 MHz to -30 MHz in 20 ms, and the cloud is compressed in

this CMOT. The magnetic gradient is kept constant during the CMOT. The atom number

drops to about 2× 109 at the end of the CMOT. The final stage of the MOT is molasses

where the magnetic gradient is switched off completely and only MOT lasers are on for

the next 20 ms. At this stage, the cloud has ∼ 109 atoms at a temperature of 130 µK.
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Next, we transfer the atoms into a TOP trap, the rotating bias is in the horizontal

plane orthogonal to the gravity axis. The cloud is recaptured in a TOP trap of magnetic

gradient and bias field amplitude equal to 65 Gpcm and 48 G, respectively. A hold time

of 1 s is given after the recapture, for any oscillations to damp out. The cloud is then

adiabatically compressed by ramping the magnetic gradient from 65 Gpcm to

210 Gpcm, in 12 s, corresponds to a factor of about 3 increase in the trapping frequency.

The bias field is at 48 G until the end of the compression. Then, a weak rf-field is

switched on at a frequency 68 MHz. We program a downward ramp in both the rf-field

frequency (via sweep mode of the function generator) and rotating bias amplitudes

(sound programmed in Mathematica) for 33 s. Fig. 4.4a) is an absorption image of the

atom cloud after a TOF expansion of 12 ms, captured by the horizontal imaging system.

The final value of the bias field amplitude and the rf-field frequency for this shot is

1.1 G and 0.97 MHz, respectively. Panels b) and c) shows atomic density profile along

the x and y imaging axis, respectively. It is clear from the bimodal density distribution

that the cloud contains Bose condensed atoms, released from a harmonic trap together

with a thermal component. The number of atoms in the condensate and thermal cloud

are, 3.3 × 104 and 7.2 × 104, respectively. The lifetime of the condensate in a

decompressed TOP trap goes up to 2 minutes.

a) b) c)

Figure 4.4: a) An absorption image of the Bose-Einstein condensate, taken after
releasing the cloud from the TOP trap. b) and c) is a bimodal (Gaussian for
thermal atoms and inverted parabola for the condensed atoms) fit to the atomic
density along the x and y axes, respectively.

4.2 Crossed dipole trap

The road to BEC

One big advantage of using an optical dipole trap is the desired tight confinement of

the atoms for the BEC production. Due to the small trapping volume together with the

large trap depth a high density cold atoms can be trapped in a dipole trap. This helps
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in achieving small elastic collision times which is then utilized in the evaporation stage,

resulting in a faster and efficient way of BEC generation in optical dipole traps. A very

long lifetime of the cold atoms is achievable in such traps, up to minutes.

Let us first go through the theme behind the BEC production in a crossed dipole

trap. We start by loading the 3DMOT from a 2DMOT and the cloud is then compressed

in a CMOT, like in the case of TOP trap sequence. After the near-resonant light CMOT,

atoms are transferred from F=2 hyperfine state to F=1 by ramping down the repumper

amplitude, i.e., microwave radiation power (see 3.1). It is a dark MOT stage where due

to the absence of scattering events, the cloud is compressed further [13]. The atoms in

the internal state |1,-1> are then recaptured in a quadrupole trap, compressed and

evaporatively cooled with a weak-rf. The final temperature of the cloud in the

quadrupole trap (or the final rf-field frequency) is set such that it is a factor of 2 to 3

below the dipole trap depth. The dipole beams can be switched on either during the

magnetic compression or during the rf evaporation, at the maximum power.

To transfer the atoms from the magnetic quadrupole to the dipole, the quadrupole

is lifted vertically upwards using a z bias field by about one dipole beam waist during

the magnetic compression. This is done to avoid the overlapping of the B-field zero and

the dipole trap center during the dipole evaporation (will result in spin flip losses), and

gravity-enabled adiabatic loading of the dipole trap. The atoms are adiabatically loaded

into the crossed dipole trap by ramping down the quadrupole gradient to slightly

below gravity. The quadrupole is kept on at this value after the loading, provides

longitudinal confinement and preserves the magnetic polarization of the atoms. Finally,

the atomic cloud is evaporated by ramping down the power of the dipole beams, nearly

exponentially, and the magnetic gradient. In this way, we produce BECs in a

single-beam or crossed-beam hybrid magneto-dipole traps.

4.2.1 Sequence optimization

One of the important stage in the dipole experiment sequence is the CMOT. Here we

compress the cloud in a dark MOT by ramping down the repumper power and

populating all the atoms into the F=1 hyperfine state, and the scattering rate drops

enormously. Compression of the cloud at this stage is utilized during the dipole

evaporation. Although there is another compression stage later, i.e., magnetic

compression in the quadrupole but there we have heating of the cloud as well, which

has an upper limit due to the dipole trap depth. In the dark MOT, there is compression

and the temperature drops as in the case of a molasses. We ramp down the magnetic
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gradient during the repumper downwards ramp, from 6 Gpcm to 2 Gpcm. Fig. 4.5

shows the peak optical density of the cloud for different dark MOT duration’s, after

loading the cloud from MOT to magnetic quadrupole to the crossed dipole. The

optimum time for the CMOT we find is around 50 ms, for too low CMOT duration the

atoms are not transferred to the dark state and for too long they are not trapped since

the scattering force has been turned off.
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Figure 4.5: Peak optical density of the atom cloud loaded in the crossed dipole
trap versus the duration of the CMOT. A higher od corresponds to more atoms
in a smaller volume, i.e., higher atomic density, resulting in an efficient evapo-
ration in the dipole trap.

Another crucial stage of the dipole sequence is the adiabatic loading of the atoms

from the quadrupole trap to the crossed dipole (single beam dipole) trap. To achieve

this, we follow the same idea as explained in the ref. [71]. A z d.c. bias field lifts the

quadrupole upwards keeping the dipole beams position fixed. Then, the magnetic

gradient is ramped down to a strength below gravity, and the atoms flow to the

below-positioned dipole trap. If the quadrupole is too far from the dipole the atoms

will fall and since they are not trapped anymore the cloud will expand. If the

quadrupole is too close to the dipole center, due to the presence of the magnetic field

zero there will be spin flip losses. An optimal situation is when the quadrupole is lifted

by a distance equal to one waist of the dipole beam. Fig. 4.6 shows the number of atoms

transferred to the crossed dipole trap versus the z bias amplitude.

4.2.2 BEC production

Here I will give the details of the BEC production sequence in our hybrid trap of

crossed dipole and magnetic quadrupole. The sequence is same as of the TOP trap until
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Figure 4.6: Number of atoms loaded in the crossed dipole trap versus the vertical
position of the quadrupole (quadrupole position depends on the amplitude of
the d.c. bias field added) with respect to the dipole center.

the MOT loading. We load about 2× 108 atoms into the magnetic quadrupole trap from

the CMOT, cloud at a temperature of 70 µK and the atoms in |1,-1> state. The magnetic

gradient for the recapture is 50 Gpcm, and is ramped from 50 Gpcm to 120 Gpcm in 1 s

to compress the atom cloud. The atom number remains almost unchanged during the

magnetic compression and the temperature rises to 130 µK. Afterwards, we perform

rf-induced evaporation in the magnetic trap, the rf-field can be switched during the

recapture or at the end of the compression, if the rf photon energy is larger than the

energy/spatial extent of the cloud the rf acts as a energy knife only. We program a

frequency sweep in the function generator (Rigol DG1062) for the rf evaporation, the

initial rf frequency is at 21 MHz. The frequency sweep is programmed for 5 s, the rf

frequency is ramped from 21 MHz to a final frequency of 6.5 MHz. Due to the forced

evaporation, the atom number drops to 2× 107 and the temperature to 40 µK.

The dipole beams are switched on during the magnetic compression, at a total

power of 12 W. The power of the dipole beams is kept constant during the magnetic

compression and rf evaporation. By the use of z modulation coils, we lift the magnetic

quadrupole by about one beam waist during the magnetic compression (rf

evaporation). During the dipole trap loading and evaporation in the hybrid trap the z
d.c. bias amplitude is kept constant. To load the atoms into the crossed dipole, the

magnetic gradient is ramped from 120 Gpcm to 10 Gcm, in 1 s. The step above opens up

the quadrupole trap with the final trap strength below gravity, and the atoms fall into

the crossed dipole trap. After loading the atoms into the hybrid magneto-dipole trap,

we perform evaporation by ramping down the dipole beams power nearly

exponentially, in about 6 s. The magnetic gradient during the dipole evaporation is

ramped from 10 Gpcm to 2 Gpcm. A bimodal distribution start to appear at around
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1/10th of the initial trap depth. Fig. 4.7 shows the transition from thermal distribution

of the atoms to a BEC as the longitudinal trap frequency is increased by bringing the

quadrupole closer to the dipole trap center. As explained in the theory chapter, a small

displacement of the quadrupole from the dipole center gives a larger longitudinal

trapping frequency and hence higher collision rates, and thus efficient evaporation.

Figure 4.7: Thermal to BEC transition by varying the position of the quadrupole
minimum with respect to the center of the dipole beam, or by tuning the longi-
tudinal trapping frequency in a single beam hybrid magneto-dipole trap.

Another key test of a BEC apart from the bimodal distribution of the atoms is the

inversion in the aspect ratio of the atomic cloud in free fall, when it is released from

an anisotropic potential. This is due to the fact that along the direction in which the

trapping frequency is higher there is a higher gradient in the density which gives rise to

a faster expansion velocity compared to the weaker directions, see Fig. 4.8.

Figure 4.8: Inversion of the aspect ratio of the condensate after it is released from
a crossed-beam optical dipole trap. Thermal atoms are not visible in short TOF,
i.e., 4 ms but one can clearly see for the case of 25 ms.
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BEC number stability

I measured the stability of the number of Bose-condensed atoms produced in the

crossed-beam dipole trap. Fig. 4.9 shows the number of atoms in the BEC for about half

an hour run, each experiment cycle is about 30 s. The standard deviation calculated

from the data is about 6 %. This fluctuation mainly comes from the initial stage of the

experiment, i.e., MOT loading. Apart from this fluctuation, I also saw a slow drift (on

the time scale of half an hour) in the atom number loaded into the dipole during the

morning only and later confirmed that it was due to the dipole laser finding an

equilibrium after switching it on. The atom number then reaches a steady value after

this half an hour drift.
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Figure 4.9: Condensate number stability in the crossed-beam dipole trap.
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Chapter 5

Ring trap loading, characterization,
and arbitrary traps

The idea

BECs are loaded into the TAAP ring from a combined trap of magnetic quadrupole and

crossed-beam optical dipole trap. We first evaporate the atom cloud in the crossed

dipole trap down to the BEC, and keep a sub-gravity strength quadrupole field on.

Since the quadrupole is one-beam-waist above the dipole during the evaporation stage,

we need to displace the quadrupole minimum radially and axially, such that the ring

overlaps with the crossed dipole. We do this in a single step – right after the

evaporation quadrupole is displaced radially by using the xy compensation coils, and

the z d.c. bias is ramped to zero, simultaneously. The direction of the ring displacement

is set orthogonal to the crossed dipole trap long axis i.e. 45 deg from the x(y) axis of the

lab frame, provides mode matching between the two traps resulting in an adiabatic

transfer. Then the full ring potential is turned on at a very low magnetic gradient,

which gives a very large radius ring. We turn on the rf dressing field and the low

frequency modulation field, both π polarized along the z axis. The dipole trap strength

is kept constant during the d.c. bias ramps and ring turning on, holds the atom cloud.

After the rf-dressing and modulation fields are turned on, the magnetic

quadrupole gradient is ramped upwards slowly to a desired value, creates a horizontal

ring waveguide of well-defined radius. Finally, the power in the crossed dipole beams

is ramped down slowly and BECs are loaded into the ring waveguide. Any mismatch

in the trapping frequencies of the two traps do not matter since we ramp down the

dipole trap slowly (adiabatically), like in the case of adiabatic compression

(decompression). Since the dipole trap gives a tighter confinement than the ring trap,
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there is cooling of the atomic gas due to the transfer. The center of the two traps were

matched down to a few micrometers, using the d.c. bias fields in all the directions to

displace the ring, and by imaging the atoms in both the traps separately. For different

experiments, BECs were loaded into the tilted ring traps as well as in the flat ring

waveguides. For the BEC acceleration, transport and atom optics experiments, a tilted

ring potential was switched on from the beginning to avoid spreading of the atom

cloud along the azimuthal direction. We were able to transfer the atom cloud without

any atom number loss, heating, shape or center of mass oscillations. Fig. 5.2 shows the

ring loading scheme from a crossed dipole trap.

RF resonance

Crossed-dipole 

87Rb cloud

Quadrupole 
center

Figure 5.1: Schematic of the ring loading from a crossed beam optical dipole
trap. The two red lines (the dipole beams have large Rayleigh length compared
to the ring-dipole cross-section) represent the crossed beams of the dipole trap
with atoms trapped in the intersection volume. Black circles represent the TAAP
ring potential minimum for different magnetic gradients during the loading.

5.1 Ring loading results

The sequence until the crossed dipole evaporation is described in the section 4.2. At the

end of the crossed dipole evaporation, we get about 3× 105 atoms in the BEC with the

ensemble temperature at 50 nK. The crossed dipole evaporation happens in a duration

of about 6 s. During the dipole evaporation, the magnetic gradient was ramped

downwards from 10 Gpcm to 2 Gpcm, and the total dipole power from 12 W to about

1 W. Using the xy compensation coil d.c. fields, the magnetic quadrupole at 2 Gpcm was

displaced horizontally and orthogonal to the crossed-beam dipole long axis, and the z
bias was ramped to 0 in 200 ms, at the same time. The radial displacement of the
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quadrupole field was chosen to be about 20% larger than the ring radius to avoid any

excitation due to the rf and modulation fields turning on. Next, we ramp the xy d.c.

bias amplitudes to a matching condition, i.e., displacement of the ring center from the

dipole center is one ring radius, in 50 ms. To load the atoms into the ring waveguide, a

full TAAP ring was switched on – linearly polarized z rf-field and the z modulation

field at amplitudes ∼ 350 kHz of Rabi frequency and 1.4 G, respectively. The frequency

of the rf and modulation fields were fixed at 2.55 MHz and 5.02 kHz, respectively. To

load the atoms into a tilted ring potential, xy modulation fields were also switched on

together with the z rf and modulations field. The xy modulation fields oscillate at the

same frequency as of the z and have an equal amplitude of 0.55 G (this amplitude

decides the azimuthal ring trapping frequency and hence matching with the dipole

long axis trapping frequency). The relative phase between the xy (x y are in phase) and

z modulation fields were set such that the ring potential is tilted or creates an azimuthal

confinement along the direction of the crossed-dipole trap center. Before the final step,

the magnetic gradient is ramped from 2 Gpcm to 70 Gpcm in a 100 ms duration. Since

the displacement of the quadrupole is proportional to the d.c. bias field amplitude,

when the gradient is ramped up the ring radius decreases and the ring center moves

towards the crossed dipole trap. In other words, ring and the crossed dipole trap

remains aligned during the gradient ramp. Finally, the dipole beam power is ramped

down completely in 150 ms and the atoms are loaded in the ring trap. Since the ring is

displaced horizontally by one ring radius with respect to no d.c. bias condition, we

ramp down the xy bias to 0 in 100 ms.

a) b) c)

Figure 5.2: Absorption images of ultracold atom clouds in the ring potential. a)
An ultracold thermal cloud loaded into a flat ring waveguide without correcting
the mechanical tilt. b) BEC loaded in a tilted ring trap, image taken after 100 ms
of hold time and ToF of 3 ms. c) 24 ms TOF image of b) with a clear bimodal
density distribution of the atoms. All the images were taken by using the vertical
imaging system. The fringes in the background are due to the imaging.
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5.2 Ring trap characterization

After loading BECs into the tilted ring traps, the potential was characterized via several

measurements. The ring trapping frequencies were measured by exciting center of

mass oscillations of the cloud along the azimuthal, radial and axial directions. The

dependence of ring radius on the magnetic quadrupole gradient, modulation field and

rf-field amplitudes was studied. The lifetime and heating rate of the atomic cloud was

measured with ultracold atoms in the ring trap. The natural tilt of the ring waveguide

was measured and corrected using additional radial rf-dressing fields.

5.2.1 Trapping frequencies

Azimuthal direction

The ring trapping frequency along the azimuthal direction was measured by exciting

center of mass oscillation of the cloud trapped in a tilted ring. After loading an ultracold

atom cloud (BEC) into the tilted ring trap, the azimuthal potential minimum was jumped

by a small angle. The azimuthal minimum was jumped by switching the relative phase

between the xy and z modulation fields, from 0 deg to 22.5 deg. z and xy modulation

field amplitudes were 1.4 G, and 0.55 G, respectively. As a consequence, the cloud started

to oscillate in this azimuthally displaced trap. After the trap is jumped, the position of

the cloud is measured for different hold times in the tilted ring trap. Fig. 5.3 shows

oscillation of the atom cloud for various hold times in the trap. The cloud position is

fitted to the model,

y(t) = a0 + a1 sin(2π f t + φ) (5.1)

where a0 is a no-oscillation trap position, a1 is the oscillation amplitude, f is the

azimuthal ring trapping frequency, and φ is some arbitrary phase. From the fit, we find

a0 and a1 to be 3.6 mm and 148 µm. The fit gives an azimuthal trapping frequency of

9.17 (3) Hz.

Along the radial and axial direction

The ring trapping frequency along the radial and axial directions were measured by

using the same method - by exciting center of mass oscillations. For these

measurements, a tilted ring trap containing BEC was jumped by using the xy
compensation coil fields. The jump amplitude was programmed to be of the order of
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Figure 5.3: Center of mass oscillation of the atom cloud along the azimuthal
direction of a tilted ring trap.

the cloud size. In order to excite both the radial and axial oscillations, the direction of

the jump was not exactly orthogonal to the radial direction but slightly tilted. Fig. 5.4

shows center of mass oscillation of the atom cloud versus hold time in the ring trap

after the trap was displaced instantaneously. The cloud position versus hold time was

fitted to the equation,

y(t) = a0 + a1 sin(2π frt + φ1) + a2 sin(2π fat + φ2) (5.2)

where a0 is the mean trap position, a1 and a2 are the oscillation amplitudes along the

two directions, fr and fa are the radial and axial trapping frequencies, respectively, and

φ1, φ2 are the arbitrary initial phases for this two-axis oscillations. The fit provides

0.43 mm for a0, a1 and a2 to be 39 µm and 30 µm, and fr and fa to be 85.3 (4) Hz and 46.2

(3) Hz, respectively. These trapping frequencies match well with the theoretical

predictions and we derive the z rf-dressing field Rabi frequency ΩRF to be 357 kHz,

from the radial trapping frequency.

5.2.2 Ring waveguide radius

I studied the dependence of a flat ring waveguide on the different parameters of the

system, i.e., magnetic quadrupole gradient, the z rf-field amplitude, and the z
modulation field amplitude.
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Figure 5.4: Center of mass oscillation of the atom cloud along the radial and
axial directions, in a tilted ring trap.

Gradient dependence

Figure 5.5 shows the radius of a horizontal flat ring waveguide with the magnetic

gradient. The relation between the magnetic gradient and the ring radius comes from

the fact that the potential minimum of the rf-dressed trap lies where the rf-field is

resonant with the bare Zeeman sublevels. If one fixes the rf-field frequency and tunes

the magnetic gradient, then at higher (lower) value of the gradient the absolute value of

the slope of Zeeman energy levels increases (decreases). This means that at higher

magnetic gradients the rf-field will be resonant near the center of the quadrupole trap,

and hence a lower radius of the ring waveguide. The relation between the ring radius,

magnetic gradient, and the rf-field frequency has the form: R ∼ h̄ωrf/|gF|µBα [53].

Modulation field amplitude dependence

A ring waveguide is formed when we add a vertical modulation field to the rf-dressed

adiabatic potential. The strength of the modulation field plays an important role in the

radius of the ring, trapping frequencies of the ring trap (see section 2.3.3), and also the

lifetime of the atoms in the ring trap. Figure 5.6 shows the dependence of the ring radius

with the z modulation field strength. In this case, to form the ring waveguide I used

a linearly polarized rf-field in the vertical direction, with a frequency 2.55 MHz, Rabi

frequency≈ 2π357 kHz. The magnetic gradient was at a value of 70 Gpcm. For very

low modulation field strengths, the radial ring trapping frequency is at the maximum,

same as in the case of a rf-dressed trap with no modulation field, and the axial trapping

frequency is close to zero. But due to the gravity the atoms fall, and they can not stay in

this rf-coupling region, which is like a ring. As the modulation field becomes stronger
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Figure 5.5: The radius of the ring waveguide versus the inverse of the magnetic
quadrupole gradient. The circular xy rf-field frequency, rf-field Rabi frequency,
and z modulation field amplitudes were, 2.5 MHz, 2π300 kHz, and 1.9 G, respec-
tively. The fluctuation (standard deviation) in the ring radius was about 0.3%, if
the same experimental sequence is repeated many times. The red line is a guide
to the eye. The figure is from the ref. [61].

the axial trapping frequency increases and hence the ring radius, i.e., atoms can stay

against the gravity. For very large amplitudes, the potential is shaken out of the rf-field

resonance region and one loses the coupling, and as a result the ring starts to deform

again.
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Figure 5.6: The ring radius versus the amplitude of the vertical modulation field.
A 2 s hold time was given for all the data points before imaging the atoms.

RF amplitude dependence

I also studied the dependence of the ring waveguide radius with the dressing rf-field

strength. Figure 5.7 shows the radius of the atom cloud trapped in a flat waveguide for
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different values of the z rf-field amplitude. A hold time of 2 s was given before

measuring the ring radius, using the vertical absorption imaging. The lifetime of the

atom cloud is relatively short for the lower rf-field amplitudes due to the increased

probability of the spin flip losses, occurring at the bottom of the trap. The radial and the

axial trapping frequencies of the ring trap are inversely proportional to the rf-field

amplitude (see section 2.3.3), and thus for low rf-field strengths the axial trapping

frequency is higher and hence atoms sit at a higher point vertically, against the gravity.

As the rf-field strength is increased, the axial trapping frequency drops and the ring

radius shrinks.
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Figure 5.7: The relation between the ring radius and the strength of the linearly
polarized rf-field, in the vertical direction. The experimental conditions were
same as in the case of the section above.

Stability over time

Figure 5.8 shows the radius of the ring waveguide over time, repeating an identical

experimental sequence for up to 65 runs. It is a flat ring waveguide with the parameters

same as in the sections above, images were taken after a hold time of 3.5 s. The mean

value of the ring waveguide radius is 470.3 µm with a standard deviation of 0.5 µm, or

0.1%. For the case of tilted ring traps, the measured position stability has a standard

deviation of 10 µm, or 23 mrad, which is seen as the noise in the BEC transport, results

in the chapter 6.



Chapter 5. Ring trap loading, characterization, and arbitrary traps 74

0 10 20 30 40 50 60
468

469

470

471

472

# Exp no.

R
in
g
R
ad
iu
s
[μ
m
]

Figure 5.8: The radius of the ring waveguide over time. The spacing the points
is equal to the experiment sequence time of 26 s.

5.2.3 Lifetime and heating rate

Figure 5.9 shows the decay in the number of ultracold thermal atoms loaded in a flat ring

waveguide. I load about 106 atoms at a temperature of 3 µk into the waveguide. The fit

finds a 1/e lifetime of 7.6 (5) s. The lifetime depends significantly on the noise in the

sound field, i.e., the specs of the audio amplifier.
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Figure 5.9: The lifetime of the atom cloud in a flat ring waveguide.

I measured the heating rate of the atom cloud loaded in the ring waveguide.

Fig. 5.10 shows the temperature of the atom cloud versus the hold time. I fit a straight

line to the data, and find a slope of 3(1) nK/s, with an initial temperature of 460 nK.
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Figure 5.10: The temperature of an ultracold thermal cloud in a ring waveguide
against the hold time.

5.3 Flattening the ring waveguide

This section explains the compensation of the mechanical tilt of our ring waveguide,

can be present due to the imperfect alignment of the coils, or due to the mutual coupling

between the coils, consider both the modulation and the rf-dressing coils. To characterize

the flatness of our no-tilt ring potential with static atoms, i.e, no angular motion, atom

cloud containing about 106 atoms at 430 nK is loaded into the ring potential. The radius

of a no-tilt ring trap is 470.3(5) µ m. We image the atom cloud after a long hold of 6.5 s, to

make sure there are no center of mass oscillations present. The azimuthal atomic density

is fitted with a potential of the form:

Vφ = Vφc [1 + h1 cos(φ + φ1) + h2 cos(2φ + φ2)] (5.3)

where Vφc is a energy scale factor, h1 and h2 are arbitrary tilt amplitudes corresponding

to φ and 2φ tilt, respectively, and they a phase of φ1 and φ1. I measured a 15 mrad tilt of

the ring plane from the horizontal (or tilt a vector orthogonal to the vertical axis) for the

φ tilt. It can be due to a small deviation of the modulation or rf-field from the z-axis, or

the coils are perfectly aligned with the vertical axis. To correct this mechanical tilt, it is

important to identify the source causing it since both the rf-field and the modulation can

result in a similar potential landscape. The addition of a weak modulation field in the xy
plane tilts the ring potential in the direction of field added, very much like a gravitational

tilt.

An arbitrary static tilt can be designed over 2π (at any angle in a circle) by the use

of x and y modulation or rf fields. We use x, y modulation fields for the azimuthal BEC

trapping and transport. A weak x rf-field is used for the correction of the mechanical
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tilt. The angle of the mechanical tilt is along the x rf antenna, and I programmed x rf to

be 180◦ out of phase with respect to the z rf giving a tilt in the direction opposite to the

mechanical tilt. After correction, the measured amplitudes for the φ and 2φ tilts are 0.104

and 0.2 mrad, respectively. Our experiment table has a re-leveling accuracy of less than

33 nm (or 33 µrad with IPV-HP2-KT Newport isolation valves) over 1 mm diameter of

the ring. Fig. 5.12 shows the tilt amplitude h1 of the ring potential versus the normalized

x rf amplitude, h2 remains nearly unchanged due to this compensation.
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Figure 5.11: Tilt amplitude h1 versus the amplitude of the weak x rf, used to
compensate the mechanical tilt.

a) b)

Figure 5.12: a) Absorption of an ultracold thermal cloud in the waveguide with-
out the mechanical tilt compensation, b) after compensation, using the x rf-field,
in phase with the z rf.

5.4 Arbitrary ring traps

We devised methods to manipulate ultracold atoms in tilted ring traps in a state (spin)

dependent and state independent manner. This is important for the atom

interferometery in our magnetic ring trap using internal states of the atoms, and

keeping the atom cloud compact as it goes around in a circle. A combination of two
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orthogonal vectors (here modulation field and rf field tilts) can give complete freedom

to move the resultant vector anywhere in a circle. The modulation field tilt is state

independent, and a weak elliptic rf was used to create state dependent tilts. For the rf

tilts, only one state can be trapped in one half of the ring, and vice versa. I give results

for both the individual type of tilts and when they are combined.

5.4.1 State-insensitive: modulation tilt

Figure 5.13 shows different angle of the azimuthal minimum when x modulation

(sound) field is added to the z with different relative phases. The atoms are in the

|F = 1, mF = −1 > state. The experimental sequence is same as in the sections above,

MOT to quadrupole trap to crossed-dipole trap to the ring, loaded with about 1.5× 105

atoms at a temperature < 1 µK. These rings are at a magnetic gradient of 85 Gpcm, and

the z modulation field amplitude is 1.7 G. To move the ring azimuthal minimum, the

amplitude of the x modulation was fixed at 0.1 G, and only the phase was varied. After

loading the atoms into a flat ring waveguide, I ramp up the x field amplitude, and give

120 ms of hold time before imaging the atoms. All the images were taken after a

time-of-flight of 1.3 ms. The modulation tilt is very much like the gravitational tilt, i.e.,

if the gravity axis was not vertical but slightly tilted. This tilt has the same effect on the

ring trap for both the internal states.

Figure 5.13: Absorption images of ultracold atom clouds in modulation-field
tilted ring traps, depending on the relative phase between the z and x modula-
tion field, the tilt finds a new minimum. The phase of the x sound field is with
respect to the z one.

5.4.2 State-sensitive: rf polarization tilt

The ring can be tilted by the use of rf field as well, but now depending on the relative

phase between the radial and the axial rf, one can create state dependent of independent
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traps. If we choose the relative phase to be π/2, the ring will deform into two half moon

shaped traps, for the two states. This is because the two clock state of 87Rb, |1,-1> and

|2,1>, have the opposite sign of the gyromagnetic ratio. Fig. 5.14 is an absorption image

of the atoms, in the |2,2> state, loaded in an rf-field tilted ring trap, the relative phase

between the xy and z rf was 90◦. We can also move the azimuthal potential minimum

in a circle by just modulation the phase between the radial and the axial rf, or together

with the amplitude can give full control to perform transport of BECs (ultracold atoms).

Figure 5.14: Absorption image of |2,2> atoms in an rf tilted ring trap.

5.4.3 Simultaneous independent traps for two spin states

Here I give the results for the case where the two kinds of tilt are combined, i.e., the

state dependent modulation and the state independent rf tilt. During the interferometer

sequence, the one starts with a single cloud trapped by the modulation tilt, apply the

microwave beam splitter, and the ramp up the rf tilt and ramp down the modulation

tilt, simultaneously. The amplitude of the rf and the modulation fields are very weak

compared to the axial ones. The relative phase between the axial and the radial rf field is

π/2, provides coupling to one internal state in half of the ring and other state is trapped

in the other half. Fig. 5.15 shows the trapping of the atoms, in two different internal

states in the ring traps. As shown in the fig. 5.13 we can dynamically move the two trap

minimum (for the two states) by adjusting the rf and the modulation field amplitudes.

These results were published in the reference [61].
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Figure 5.15: Left: Two absorption images of the atom clouds in arbitrary ring
traps. Atoms in the two different internal states finds a different minimum in an
identical experimental sequence. Right: the arrows showing the programmed
sound and the rf tilts, and the resulting trap location for the two states, which
matches with the images.
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Chapter 6

Acceleration and hypersonic
transport of BECs

In this chapter, I provide the experimental study of the acceleration and hypersonic

transport of BECs in tilted TAAP ring traps. I will start by explaining one of the

solution of the optimal control theory, i.e., Bang-bang scheme [48], which we used to

accelerate and then transport the ultracold atoms for record long distances and without

any measurable excitation of the atom cloud. By the use of x, y modulation and

radio-frequency fields, an arbitrary azimuthal trap trajectories can be designed [61],

and for the two internal states of the atoms. The transport of BECs, here, is done by

moving the azimuthal potential minimum of the ring trap in a circle. We can design and

precisely control the acceleration profile of the trap, with an upper limit on the final

angular speed set by the radial trapping frequency of the ring trap. Due to the angular

motion of the trap, the centrifugal force modifies the ring trapping parameters and the

ring radius, and I explain that with a model. To transport the Bose-condensed atoms at

hypersonic speeds, trap acceleration was stopped at a well-defined angular speed and

then switched to a constant speed. In this chapter, I provide results for the excitationless

BEC acceleration, and transport for up to tens of centimeter long distances in tilted ring

traps.

6.1 Bang-bang control

Let us start by considering that we have the atoms trapped in a harmonic potential, at

rest (no center of mass motion), and sitting at the bottom of the trap. The center of

mass manipulation of the cloud will be done in such a way that the cloud remains in

the harmonic region of the potential. The main idea is to transport the atoms without
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exciting any shape or center of mass oscillations. One can not reach a constant velocity

without going through acceleration of the particles, and the same idea applies if the

atoms are to be brought at rest again. The steps I am describing below is true for a

circular trajectory of the trap (atoms) as well for the linear one.

Figure 6.1: The steps involved in the acceleration and transport of ultracold
atoms in our ring trap.

To start the trap (atom cloud) motion, the trap is first jumped forward by an angle

∆φ along the azimuthal direction. A jump in the trap is needed to compensate the

pseudo force felt by the atoms while the trap is accelerating. To calculate the trap jump

amplitude, we equate the force due to the trap acceleration α and the force due to the

harmonic potential curvature, i.e., gradient of the potential at a distance ∆φ away from

the trap center. This means, mω2∆φ = mα, where m is the mass of the particle and ω

the trapping frequency. The amplitude of the trap jump is then, ∆φ = α/ω2, for the

linear transport case this will not be an angle but in distance units. In the experiment,

we jump the azimuthal trap minimum angle by fast switching of the x and x
modulation field amplitudes and keeping the resultant amplitude (like a vector moving

in a circle), and the relative phases fixed. Next is the trap acceleration, it is done by

programming a frequency sweep between the radial and the axial modulation fields,

i.e., the trap minimum starts to accelerate in a circle. After reaching a desired angular

speed, the same step is repeated – the trap is jumped back by the same amount (angle)

and the we then program a constant angular speed motion of the trap (atoms). To bring

the atoms at rest after some transport, we can follow the same steps backward with a

difference that now the jump directions will be reversed.
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6.2 BEC acceleration

Before starting the ring acceleration, I load about 3× 105 Bose condensed atoms into a

tilted ring trap from the crossed dipole trap, BEC chemical potential at 32 nK. Figure 6.2

shows the absorption images of BECs while they are accelerated in a tilted ring trap. The

angular acceleration programmed in this case was 2π × 50 rad/s2, and if one calculates

the angular distance travelled by the atoms in 200 ms, it is 2π, from s = 1
2 at2, which

means the atom cloud comes back to the original position/angle, and very clear from the

images. Using the horizontal imaging system, and a long time of flight after switching

off the trap, I confirmed that the atom cloud is still a condensate. In the section below,

I give the lifetime and heating rate measurements for both the static and moving trap

(atom cloud) case.

1 mm

Figure 6.2: Absorption images of BECs accelerating in a tilted ring trap. The
images were taken after a time of flight of 3.3 ms.

I also studied the motion of BECs for different angular accelerations, fig. 6.3 shows

the angular position of the BECs for this case. For a different acceleration, the trap jump

amplitude has to be different, and hence for the five different acceleration in Fig. 6.3.

In the case of 2π × 25 rad/s2, the programmed trap jump was ∆φ = ±0.5 mrad, and it

scales proportional to the acceleration value. I analyzed the radial and the longitudinal

widths of the atom cloud during the acceleration. The radial size of the cloud remains

nearly unchanged up to the maximum acceleration programmed, 2π × 400 rad/s2. A

small positive slope was measured in the azimuthal size for the acceleration above 2π×
100 rad/s2, the effective azimuthal trapping frequency reduces as the angular velocity

increases which is like a trap decompression and the cloud size increases.

6.2.1 Waveguide deformation due to the angular motion

For the BEC transport sequence, explained below, at 2π × 10 rad/s, first, the BECs are

accelerated at 2π × 50 rad/s2. Due to the centrifugal force associated with the angular
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Figure 6.3: The angular position of the atom clouds for different accelerations,
from 2π × 25 rad/s2 to 2π × 400 rad/s2. The error in the data points are of the
order of the point size. A small deviation in the center of mass angular posi-
tion from the ideal trajectory, in the beginning of the acceleration, is due to the
smaller phase jump programmed than the optimum, or any weak in-trap oscil-
lation in the first static trap.

acceleration the ring radius increases and the azimuthal trapping frequency drops. I

measured the azimuthal trapping frequency in both the static and the constant speed

trap case, it decreases from 9.17(3) Hz (static trap) to 7.76(1) Hz (2π × 10 rad/s), in 0.2 s.

We fulfill the adiabatic condition – on the change of the trapping frequency in a given

duration, i.e., ω̇ � ω2 and thus no shape oscillations are excited along the azimuthal

axis.

To estimate the ring radius increase due to the acceleration, we derive an equation

for the ring radius against the angular speed by equating the centrifugal force and the

gradient in the potential. In the harmonic limit, the ring radius increases with the angular

speed, according to

R(Ω) =
R(0)

1− (Ω/ω)2 (6.1)

where ω is the radial trapping frequency, Ω is the angular speed, and R(0) is the in-trap

radius. Our accelerator and the transport sequence is well within the harmonic regime.

The ring radius changes from 436(2)µm (static ring) to 443.4(4)µm due to the angular

acceleration up to 2π × 10 rad/s, with a deviation of 0.2 % from the predicted value.
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6.3 Hypersonic transport of trapped BECs

6.3.1 Phase jump optimization

One very important parameter in the transport sequence is the amplitude of the trap

(phase) jump at the beginning and end of the acceleration, before transporting the BECs

at a constant speed. If the cloud oscillates at the first place, i.e., right after loading from

the dipole, and the first jump happens at a time when the center of mass is not at rest and

at the bottom of the potential, the cloud will not follow the ideal trajectory. The result

will be in-trap oscillation of the cloud in the next constant speed trap. I first checked

for any in-trap oscillation in the static trap, and measured none, or is the shot to shot

non-periodic position stability of the trap. Then, went to optimize for both the trap jump

amplitudes, fig. 6.4 shows the trap oscillation amplitude, measured after the acceleration

is stopped and the cloud is transported at 10 Hz. The minimum oscillation amplitude,

here, is≈ 0.8◦ (≈ 7 µm), in a ring trap of radius 440 µm. The condensate azimuthal size is

about 12◦ and clearly the oscillation amplitude is much smaller than the cloud size. Also,

the minimum oscillation amplitude is linked with the tilted ring trap position stability,

which is about 10 µm, close to the minimum oscillation amplitude I measured.

Figure 6.4: The azimuthal in-trap oscillation amplitude versus the amplitude of
trap jump, for BEC transport at 2π × 10 rad/s. The minimum oscillation ampli-
tude is of the order of the trap position stability.

6.3.2 Transport Results

After accelerating the BECs at 2π× 50 rad/s2, for 200 ms, to a final angular speed of 2π×
10 rad/s, we jump the trap back such that atom cloud center coincides with the moving
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trap minimum. Fig. 6.5 shows the cloud angular position versus transport duration up

to 14.276 s. The inset of the fig. 6.5 shows the bimodal distribution of the atom cloud

after 44 round trips of transport. Fig. 6.6 shows the absorption images of BECs near the

beginning of the transport sequence, very clear from the images that the atom cloud

comes back to the initial position/angle after a 100 ms of travel time.
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Figure 6.5: Long distance ultrafast transport of BECs in tilted ring traps, up to
14.276 s. The inset shows the bimodal density distribution of the atom cloud
after a transport duration of 4.4 s, or 44 round trips.
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Figure 6.6: Absorption images of BECs during their transport in a 0.89 mm di-
ameter tilted ring trap.

I stop the sequence at different transport duration to measure the atom number

(used to calculate the cloud lifetime), cloud size (used to calculate the cloud

temperature), and the radius (used to quantify the waveguide deformation), and the

angular position of the atom cloud. The measured BEC lifetime in the static and the

rotating ring trap is 1.3 s. The lifetime of the thermal cloud in the static and moving ring

trap is 3.3 s. The radial and the azimuthal cloud size shows a very small oscillation at

10 Hz, with amplitudes 2.3(±0.5) µm and 16(±3) µm, over a mean size of 54 µm and

196 µm, respectively. The cloud radius while they are transported also shows a very

weak oscillation at 10 Hz, with an amplitude 4(±1) µm over a ring radius of
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443.4(4) µm. I start the accelerator sequence with 3× 105 nearly pure condensate, the

sample at 60 nK, and measure 1.1× 103 atoms in the condensate after 4.4 s of transport.

The heating rate of thermal cloud for both the static and moving trap is 3(1) nK/s. We

do not observe any reduction in the lifetime and extra heating due to the center of mass

motion of the condensate. More details of the characterization are given in the sections

below.

6.3.3 The term hypersonic

We transport BECs at hypersonic speeds, where the speed of sound is linked with the

density of the medium. In this context, speed of sound depends on the density of the

Bose condensed atoms, trapped in the potential. There is a critical velocity (Bogoliubov

speed of sound) where the maximum phonon-like excitation’s are generated, given by

[90]:

c =

√
n U0

m
, (6.2)

where U0 = 4πh̄2aRb/M is the bosonic interaction parameter, aRb and m are the

scattering length and mass of 87Rb, respectively. n is the density of the atoms in the

condensate. For our weakly interacting gas, the density profile is parabolic, with the

maximum density being at the center, or the maximum speed of sound occurring at the

center. The peak density of the atoms is given by:

nmax =
1

8π

[
15N

(
Mωho

h̄
√

aRb

)3
]2/5

, (6.3)

where ωho is the geometric mean of the three trapping frequencies, for our parameters

it is 31.2 Hz. We work with N = 3× 105 atoms in the condensate, from the equation

above the calculated maximum speed of sound in the condensate is then 1.75 mm/s.

The BECs are transported around the ring at a linear speed of v = ω × R = 2π10 Hz×
443µm = 27.8 mm/s. This means that the BECs are travelling at a speed, 27.8/1.75 = 16

times higher than their maximum speed of sound. This is another strong evidence that

TAAP rings, and other TAAP geometries are extremely smooth, making them an ideal

candidate for atomtronic sensors and devices.
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6.3.4 Micromotion of BECs

Figure 6.7 shows the deviation of the atom cloud angle/position from the straight line

(uniform circular motion) as shown in the Fig. 6.5, while the tilted ring trap is moved at

a constant angular speed. We observe micromotion [91] of BECs at the center of mass

driving frequency 10 Hz and at its first harmonic, i.e., 20 Hz. It is due to the azimuthal

potential variations in the static ring. If at the end of the acceleration the center of mass

has not reached the right angular speed, in-trap oscillation of the cloud is expected at

the azimuthal trap frequency. This can be avoided completely by knowing the initial

phase of the in-trap oscillation, to adjust further the second trap jump, which could

eliminate any velocity mismatch between the moving trap and the atom cloud. I fit

three sine waves to the residual oscillation data, at 10 Hz, 20 Hz, and one frequency as

a free parameter for the azimuthal trapping frequency. The subtracted data points are

fitted to a function:

φ(t) = φ0 + 2π10 t+ a1 sin(2π10 t+ φ1) + a2 sin(2π20 t+ φ2) + a3e−t/τ sin(2πωφ t+ φ3).

(6.4)

where (φ0) is an arbitrary starting phase, the second term corresponds to a uniform
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Figure 6.7: The deviation of the atom cloud angular position from the uniform
circular motion, at 2π × 10 rad/s.

circular motion at 10 Hz, the third and the fourth term represents the micromotion of

BECs at the driving (transport) frequency (10 Hz) and its first harmonic (20 Hz), and

the fifth term is for the in-trap oscillation along the azimuthal direction. The fit finds

oscillation amplitudes at 10 Hz (a1), 20 Hz (a2), and ωphi (a3) to be 140 (10), 40 (10)

and 70 (10) mrad, respectively. The fit provides the starting phase of the oscillations, φ0,

φ1, φ2 and φ3 to be 2.2, 3.3, 3.5 and 0.5 rad, respectively. Also, for the whole transport
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duration of 14.276 s, the fit does not detect any drift in the phase or amplitude at the

driving frequencies, i.e., at 10 and 20 Hz. For the final term, in-trap oscillation during

the transport, the fit finds a decay time constant (τ) of 5.3 s, and the azimuthal trapping

frequency (ωφ) to be 7.76 (1) Hz.

6.3.5 Lifetime measurements

In order to characterize the efficiency of our BEC transport sequence, lifetime

measurements were performed for both the cases i.e. in a static and moving trap.

Figure 6.8 shows the thermal cloud lifetime measurement in the transport case, at

2π × 10 rad/s angular speed. The data was fitted to a straight line, slope gives the 1/e

lifetime and the offset initial atom number. The fit finds 1/e lifetime of 3.3 s.
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Figure 6.8: Lifetime measurement of the thermal cloud for the ultrafast transport
case. On the y-axis, the logarithm is to the base 10.

For the Bose condensed atoms, Fig. 6.9 shows the decay in the condensate atom

number for various transport duration. The fit provides a 1/e lifetime of 1.3 s. I also

measured the lifetime of the thermal and condensed cloud in a static tilted ring trap, after

loading the atoms from the crossed-dipole trap. In the static trap, the measured lifetime

of BEC and ultracold thermal cloud was 1.3 s and 3 s, respectively. Any reduction in the

lifetime for the case where BECs are transported at very high speeds, would come from

the extra heating (more than in the static case) of the sample. In the section below, I

provide the heating rate measurements for the static and travelling atomic clouds.
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Figure 6.9: Lifetime measurement of the Bose condensed atom cloud for the
transport case. On the y axis, the logarithm is to the base 10.

6.3.6 Heating rate measurements

To measure the effect of the hypersonic transport on the heating rate of the atom cloud,

I measured the temperature of the ensemble after various transport duration in the ring

trap, and compared with the values if a BEC is trapped in a static titled ring trap. Figure

6.10 shows the measured temperature of the atom cloud after various transport duration

in the ring. The data is fitted with a straight line, of the form, y = mt + c, where m
is the slope, or the heating rate, and c is the initial temperature of the cloud. The two

cases have different initial temperatures, by about 20 nK, due to a different final power

of the dipole beams at the end of the evaporation. The heating rate is not effected by this

small difference in the initial temperature unless one enters into a regime where other

loss mechanisms start to play a role.

For both the static and travelling ring trap, the fit finds a slope of 3 (1) nK. Any

extra heating due to the transport of the atom cloud is only 1 nK/s, corresponding to

32 pK/mm. The starting temperature for the static and moving case, is 83 nK, and 62 nK,

respectively. It is clear from the data that there is a fast rise in the temperature in both

the cases, for duration less than 2 s, and later slow. For the static case, if the data is fitted

in two sections, the fit gives heating rates of 24 nK/s and 4 nK/s for < 2 s and > 2 s of

trap hold duration, respectively. This indicates towards a higher heating of the sample

when the ensemble has a larger BEC fraction compared to the pure thermal case. For

the moving case, again, if the whole data in divided in two sections, the fit finds heating

rates of 11 nK/s and 0.4 nK/s for < 2 s and > 2 s hold times, respectively. These tiny

values of the heating rates is due to the smoothness of the TAAP potential, other one

explained in section 6.4.
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Figure 6.10: Blue: temperature of the atom cloud in a travelling ring trap, at
2π× 10 rad/s, for different duration of transport. Red: temperature of the atom
cloud in a static tilted ring trap.

6.3.7 Shape oscillations

From the BEC transport data, taken from the vertical imaging, I plot the radial and the

azimuthal size of the condensed cloud for different transport times. Figure 6.11 shows

the azimuthal size of the atom cloud (thermal) for up to 1 s of transport, at an angular

speed of 2π × 10 rad/s. The reason to analyze the data up to 1 s is that in the long run,

there is no continuous data points. The data is fitted to a function:

∆φ(t) = τ(t− t0) + a1 cos(2π fφt + φ0) (6.5)

where τ is a slope in the decay of the mean azimuthal size of the cloud, t0 corresponds to

the initial size (offset), a1 is the oscillation amplitude, fφ is the size oscillation frequency,

and φ0 is an arbitrary starting phase. From the fit, I find the values of τ, t0, a1, fφ,

and φ0 to be, 21 (7) µm/s, 9 (3) s, 16 (3) µm, 10.1 (1) Hz, and 0.6 (3) rad, respectively. It is

not surprising that the size oscillates at the frequency which is center of mass driving

frequency, i.e., 10 Hz, and the amplitude of the oscillation is about 10%, the points away

from the ideal sin (cos) curve is due to the initial fluctuation in the atom number (size).

The linear decay in the size is linked with the reduction in the number of atoms as the

transport time increases.

Next, let us look at the radial size of the atom cloud as it is transported in tilted ring

traps. Figure 6.12 shows the radial size of the atom cloud, imaged from above with the

vertical imaging. We do see a small oscillation in the radial size, again at 10 Hz. The data
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Figure 6.11: The azimuthal size of the atom clouds during their first second of
transport.

is fitted to an equation:

∆r(t) = τ(t− t0) + a1 cos(2π fradt + φ0) (6.6)

where τ is a slope, for the mean radial size to increase (decrease), t0 corresponds to the

initial size (offset), a1 is the oscillation amplitude of the radial size, frad is the oscillation

frequency, and φ0 is an arbitrary starting phase. From the fit, I find the values of τ, t0, a1,

fφ, and φ0 to be, 1 (1) µm/s, 44 (43) s, 2.3 (5) µm, 10.0 (1) Hz, and 0.5 (4) rad, respectively.

Essentially, the radial size of the cloud remains unchanged, but it does oscillates at the

frequency we move the tilted ring trap.
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Figure 6.12: The radial size of the atom clouds during their first second of trans-
port.
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6.3.8 Ring radius

During the long distance BEC transport, I looked at the stability of the cloud (ring trap)

radius. Figure 6.13 shows the radius for up to 1 s of transport. The data is fitted to a

cosine wave, with a function of the form:

r(t) = r0 + a1 cos(2π frt + φ0) (6.7)

where r0 is the mean radius, a1 is the oscillation amplitude, fr is the oscillation frequency

in the radius of the cloud, and φ0 is an arbitrary starting phase. The fit finds an offset

(mean) radius of 443.4(4) µm. The oscillation amplitude from the fit is 4 (1) µm. The

frequency of the oscillation in the radius is 9.9 (1) Hz, and we transport the atoms at

10 Hz. The percentage oscillation in the radius of travelling BECs is ∼ 1%, at the driving

frequency. The deviation of the points from the 10 Hz oscillation is mainly due to the

trap position stability, is less than 10 µm.
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Figure 6.13: The radius of the atom cloud (effective azimuthal minimum of the
ring trap) as the BECs are transported in tilted ring traps, at an angular speed of
2π × 10 rad/s.

6.4 Ring flatness with circulating atoms

An alternate way to test the smoothness of our potential is to launch BECs into the flat

ring waveguide and measure the heating rate, lifetime, and the decay time of the

angular motion of the atoms. To do that, nearly pure BECs containing ∼ 105 atoms were

first accelerated up to angular speeds of 2π × 10 rad/s and then launched into the

waveguide by slowly ramping down the azimuthal tilt amplitude, see fig. 6.14 lower
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row. Once in the waveguide, atoms see the modulation of static ring at φ and 2φ (we fit

the azimuthal atomic density distribution to the eq. 5.3). We established a relation

between the variation in the atomic density along the azimuthal direction for the

moving atoms and the height of the potential modulation. One can start by assuming

that a fluid flows with velocity v through a landscape containing dips and hills, and

keeping the flux constant. In the case of steady flow, the flux is given by the

multiplication of v and the density per unit area and time. The difference in the kinetic

energy at different points in the landscape is simply the difference in the potential

energy between them. The fractional change in the flow velocity corresponds to the one

in the atomic density. In the presence of a barrier of energy height ∆E and assuming the

flow is in a circle of radius r at an angular speed Ω, the variation in the density

(velocity) is:

∆v/v = ∆n/n = −1 +

√
1 +

2∆E
mv2 (6.8)

where v is the linear velocity, equal to the product of the radius and the angular speed.

Figure 6.14: Two absorption images, upper row: 106 thermal atoms at a temper-
ature 430 nK are loaded into a flat ring waveguide, the atoms do not have any
angular motion, and the image taken after 5.3 ms of ToF. Lower row: 105 BEC,
sample at a temperature 28 nK, is first accelerated up to 2π× 10 rad/s, launched
into a flat ring waveguide, and then imaged after 1 s of hold, and 6 ms of ToF.

For the angular speed of 2π × 10 rad/s in the experiment, I calculate the density

variation to be 0.001%, and 0.0006%, for the φ and 2φ tilt, respectively. The angle of the

minimum (maximum) density jumps over the entire 2π (anywhere in a circle), shot to

shot. It is a strong indication that the density variation we observe is not due to the

static ring potential but is a limit of our detection. The measured sample temperature is

28 nK and thus the effective flatness of the atomic density in the waveguide is 189 pK.

In length units, the temperature 189 pK translates to 1.8 nm height difference along the
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waveguide, from kBT = mgh. From the azimuthal density modulation in the case of

static atoms (no angular motion), see fig. 6.14 upper row, I calculate a maximum effective

potential modulation of 250 nK. Also, we did not see any decay in the angular speed of

the atoms over a timescale absorption image can detect the atoms in the ring, up to 10 s.

The lifetime and the heating rate in this case (atoms not trapped in a tilted ring but

moving in a flat waveguide) is similar to the one where BECs are transported in tilted

ring traps.

6.5 The radius of circulating atoms in ToF

The radius of the ring waveguide containing moving atoms is different than if it contains

static atoms, i.e., no angular motion, according to the eq. 6.1. The radius of the ring in

the upper row of fig. 6.14 is 476 µm, after 5.3 ms of ToF, and the radius of the ring in the

lower row is 517 µm, imaged after 6.3 ms of ToF. The difference in the radius between the

static and the moving case is magnified in the time-of-flight, follows the relation:

R(t) = R(0)
√

1 + (Ωt)2 (6.9)

where R(0) and Ω are the in-trap waveguide radius, and the angular speed of the

moving atoms. The idea behind the relation can be seen in the fig. 6.15. Let us assume

that a particle is tied to a rope and is undergoing circular motion, breaking the rope will

result in a linear motion of the particle in the direction tangential to the circle. The

linear velocity with which the particle will keep on moving, will be, v = R×Ω, and the

distance travelled in time t will be s = vt = R(0)Ωt. By just following the right angle

triangle rule, the radius after a certain ToF can be known. I also used this method to

calculate the angular speed of the atoms, after they are launched into the flat ring

waveguide and fills the whole ring. In the case of lower row of fig. 6.14, measured Ω is

2π10.01(±0.06) rad/s and the acceleration was stopped at 2π10 rad/s.
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Figure 6.15: The radius of the atom cloud after the ring trap is switched off, for
the case where the atoms have angular motion.
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Chapter 7

Atom optics in the ring waveguide

Motivation

Early versions of the atom optical elements were micro-fabricated gratings [92, 93, 94]

and optical lattices [95, 96]. With the use of laser beams as atom optical elements,

implementation of atom interferometers were reported in Raman [95] and Bragg

configurations [97]. Today most of the atom interferometers use these methods as beam

splitters to coherently split and recombine the atomic states. The shape and orientation

of the interferometer loop is of major importance in determining which property of the

non-inertial frame is under observation. Different trajectories of the atomic

wave-packet motion in a matterwave guide have been studied, e.g. in a linear

waveguide [23] or a number 8 shaped waveguide [98]. With the aim of developing high

sensitivity rotation sensors [99, 57] and to pursue fundamental research [18, 58],

ring-shaped magnetic [59, 60, 100, 61] and optical [63, 62] potentials have been

implemented.

I have systematically studied the key elements of Sagnac-type guided atom

interferometers based on the TAAP ring traps and waveguides. We proposed [61] two

types of Sagnac interferometers, using 1) spin, and 2) momentum states in TAAP rings.

For the first type, I presented one of the most important requirement for a guided

clock-type ring interferometer in chapter 5, i.e. state dependent trapping and

independent manipulation of the two internal states of 87Rb in a ring trap. In chapter ??,

I provided results for the long distance, excitationless transport of BECs and ultracold

clouds in moving TAAP ring traps. An ultracold atom cloud was transported up to a

total distance of 40 cm (equivalent to 143 round trips) and BECs up to 15 cm (equivalent

to 53 round trips) in a ring trap of 444 µm radius at an angular speed of 2π × 10 rad/s.

This will provide an unprecedented gain in the sensitivity since the Sagnac phase scales
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linearly with the area of the closed loop, or, equivalently with the number of round

trips if the area is kept fixed. The second type we proposed is based on the coherent

manipulation the atomic momentum states. In this case, the beam splitter and mirrors

will be made of Bragg pulses [97] or Raman transitions [95]. Due to the absence of

azimuthal trapping confinement in the second type, the atomic cloud expands at a rate

given by the finite temperature or chemical potential in the case of thermal ensemble or

BEC, respectively. The spreading of the guided wave-packet during the interrogation

time is detrimental to the interference fringe contrast [101]. With the use of delta-kick

cooling technique [102, 103, 104], an atomic beam can be collimated, and focused, and

thus helps in achieving long interrogation times. Delta-kick cooling technique has been

utilized in the free fall [105, 106] and guided atom interferometers [23]. In this chapter, I

focus on minimizing the azimuthal momentum spread of guided atomic wave-packets

using the delta-kick technique method in a ring geometry. I provide results for both the

focusing and collimation of BECs launched in a ring waveguide.

7.1 BEC launch into the ring waveguide

Center-of-mass (COM) acceleration of BECs and ultracold thermal atom clouds in our

TAAP ring waveguides is done via the bang-bang technique, under the formulation of

inverse engineering method and optimal control theory (OCT) [48]. Starting from rest

and to reach a final COM angular speed of φ̇f, the trap is first jumped forward by ∆φ

and then accelerated at φ̈. The trap jump amplitude (∆φ) and the acceleration (φ̈) are

related by ∆φ = +φ̈/ω2 where ω is the ring azimuthal trapping frequency. To eliminate

any deviation from the programmed acceleration φ̈ due to the in-trap oscillation in the

initial static tilted ring trap, first trap jump can consist of two jumps, separated by a

small hold time (of the order of the ring azimuthal trapping frequency). If there is any

center of mass oscillation after loading the atoms into a tilted, one waits for a quarter

of the trapping period until the center of mass velocity reaches zero, and then jump the

trap to that position, catches the cloud in the new trap minimum. A second trap jump is

programmed right before the trap is accelerated. Upon reaching the final angular speed

of φ̇f, the trap is jumped back by ∆φ. . The acceleration is stopped at an angular speed

of φ̇f and BECs are then launched into a horizontal ring waveguide by slowly ramping

down the azimuthal tilt δ to 0. We then manipulate the azimuthal spread of the atomic

cloud with an azimuthal kick-pulse.

Figure 7.1 shows absorption images of BECs after their acceleration and launch

into the flat ring waveguide, for different hold times in the trap. The atoms freely
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propagate in this no-azimuthal-confinement ring trap. The experimental sequence is

same as in the case of BEC acceleration, only that after reaching an angular speed of

2π × 10 rad/s the trap is jumped backwards, and the azimuthal tilt is removed

completely in 50 ms. This experiment was done with about 2 × 105 atoms in the

condensate. The measured angular speed of the center of mass after the launch is

2π × 10.07(1) rad/s. As I explained in the section above, since we have switched off the

Figure 7.1: BEC expansion in the flat ring waveguide after the atoms are acceler-
ated and the azimuthal tilt is ramped to zero. The center of mass angular speed
of 2π× 10 rad/s is very clear from these absorption images, i.e., the atoms come
back to the same point/angle after 100 ms of travel. The time-of-flight for this
experimental sequence was 2.3 ms.

azimuthal tilt, now the atoms travel around the ring and at the same time the azimuthal

size increases. This is not very useful if we want to have long interaction times of the

interferometer, and will result in a lower contrast of the interference fringes. The atoms

fill the whole ring waveguide after about two round trip travel depending on the

temperature (chemical potential) of the thermal cloud (BEC). Fig. 7.2 shows absorption

images of the BECs for various long hold times in the ring waveguide, and after a long

time of flight. The spirals are formed due to the difference in the angular speed of the

atoms in the two halves, azimuthally. This is because the center of mass moves forward,

one part of the cloud moves in the direction of it and the other part away, the net is the

difference in the angular speed between the two portions. The bimodal density

distribution of the atoms retains up to some six, seven round trips.

In the sections below, I provide collimation and focusing results of the ultracold

thermal and condensed atom clouds in our TAAP ring waveguides.

7.2 The azimuthal lens

After the launch, we let the atoms propagate around the ring at φ̇f for a waveguide

expansion time of ∆t0. ∆t0 is set large compared to the azimuthal trapping period
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Figure 7.2: BEC propagation in the ring waveguide after the launch, for long
hold times. Time-of-flight for these experimental sequence were 19 ms. The
spirals are visible only for the long time-of-flights, and are formed because of
the angular speed variation along the azimuthal axis.

(1/ωφ). After a long free expansion along the azimuthal direction, atoms with different

momentum (p) spread spatially following the linear momentum relation

p(φ) = m R(φ − φ0)/te where φ0 is the center angular position of the cloud and

(φ − φ0) is the azimuthal spread of the cloud after an expansion time te (see Fig. 7.3a).

The azimuthal size of the cloud increases with ∆t0 at a rate determined by its

temperature (or chemical potential for BECs) and eventually atoms fill the whole ring.

This prevents using a closed loop waveguide for applications where the wave packet

needs to be well localized. One therefore can use a harmonic lens potential to impart a

position dependent impulse onto the atoms and thus reduce the expansion rate of the

travelling cloud [102, 103]. To achieve very low temperatures, it is required to expand

the cloud by a large factor before a kick pulse is applied [102]. In a closed loop

geometry, there is an upper limit on ∆t0 given by the finite length of the waveguide

together with the cloud expansion rate. We generate the azimuthal lens potential by
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Figure 7.3: a) A cartoon showing the atom cloud propagating around the ring
waveguide together with the lens potential, which is just a titled waveguide. b)
The azimuthal tilt amplitude, starting from the BEC acceleration (i), launch into
the waveguide (ii), free propagation (iii), application of the lens, second free
propagation (iv) before imaging the atoms.

tilting the ring waveguide itself by a small angle (δ ≤ 0.3 rad) at the position of the
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cloud (see Fig. 7.3a). The delta-kick pulse amplitude δ sets the lens trapping frequency

and it is varied to achieve different expansion slopes of the cloud. We choose the kick

pulse duration (∆tL) for it to be very short compared to the lens trapping period (1/ωL)

along the azimuthal direction [102]. Fig. 7.3b shows the tilt amplitude δ for our atom

optics sequence, starting from the BEC acceleration, launch into the waveguide and

finally a delta-kick pulse before the atoms are absorption imaged.

7.3 Experimental sequence

The atom optics sequence begins by adiabatically loading about 2 × 104

Bose-condensed atoms in a tilted ring trap from a crossed-dipole trap. In a static tilted

ring trap, the magnetic quadrupole field gradient is α = 70 Gpcm. xy and z
audio-frequency fields oscillating at 5.02 kHz (ωm/2π) have amplitudes 0.55 G and 1.4

G, respectively. This corresponds to a tilt amplitude of δ = 0.37 rad. The rf-dressing field

along the z direction has a Rabi frequency Ωrf/2π ≈ 357 kHz and the rf-field frequency

is ωrf/2π = 2.55 MHz. The measured radial, axial and the azimuthal trapping

frequencies in a tilted ring trap are 85.3(4) Hz, 46.2(3) Hz, and 9.17(3) Hz respectively.

Following the method described in the previous chapter, we accelerate BECs at

2π 50 rad/s2 up to an angular speed of 2π 10 rad/s in 0.2 s. The centrifugal expansion

on the atoms during the acceleration causes the cloud radius to increase from 436(2) µm

in a static ring to 443.4(4) µm at 2π 10 rad/s. We measure a small drop in the azimuthal

trapping frequency due to the outward expansion, from the 9.17(3) Hz to 7.76(1) Hz in

the final moving trap [107].

7.4 Atom optics with ultracold thermal atoms

To perform the momentum spread manipulation, we launch the atoms into the

waveguide by ramping down δ from 0.37 rad to 0 in 50 ms. We then image the cloud

after a variable expansion time in the waveguide. The expansion slope is calculated by

fitting the 1/e2 half-width azimuthal size of the cloud versus the waveguide expansion

time (te) to the function:

∆l(t) =
√

∆l02 + v2(t− t0)2 (7.1)

where ∆l0 is the size after the lens is switched off, v is the expansion slope, and t0 is the

time the cloud takes to reach the focus. The one-dimensional temperature along the

azimuthal direction is calculated using the relation 1/2mv2 = kBT. We start by studying
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Figure 7.4: Azimuthal expansion slopes of ultracold thermal atoms as a function
of the kick pulse amplitude. Inset shows the azimuthal size versus the waveg-
uide expansion time for different pulse amplitudes, labelled as i) 0 G (triangle)
– diverging, ii) 0.125 G (circle) – collimated, and iii) 0.175 G (square) – focused
atomic beam.

the dependence of the expansion slope of the ultracold atoms on the kick pulse

amplitude and keeping the pulse duration fixed. At this optimization stage, we launch

6× 104 atoms at 116+5
−5 nK into a flat ring waveguide, followed by a free expansion of

∆t0 = 66 ms in the waveguide. Fig. 7.4 shows the expansion slope of the atom clouds

for different kick pulse amplitudes for a fixed pulse duration of ∆tL = 17 ms. The

audio-frequency fields amplitude and polarization can be switched on (off) in a

timescale of less than a millisecond, generating a well-defined kick pulse. We find a

minimum expansion slope of 2.0(1)mm/s for 0.125 G (δ = 0.09 rad) kick pulse

amplitude, corresponding to a temperature of 22+2
−2 nK. The temperatures measured via

the expansion in the waveguide agrees well with that of the time-of-flight method.

7.5 Atom optics with Bose-condensed atoms

7.5.1 Collimation of the guided matterwaves

Here I will describe the BEC collimation results. Fig. 7.6 shows the azimuthal evolution

of the thermal and Bose condensed atoms as the cloud travels around the ring

waveguide, with and without the delta-kick pulse. Before we start the measurements,

the cloud is allowed to expand in the waveguide for ∆t0 = 135 ms for both the kicked

and no-kick case. It is a long expansion compared to the azimuthal trapping period of
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20.4 ms (azimuthal trapping period at the end of acceleration). For the no-kick case, we

fit the cloud azimuthal size versus the expansion time to a straight line since the atoms

follow linear momentum relation after a long free expansion. The fitted expansion

slopes are 3.4(3) mm/s for the thermal cloud (empty circles in Fig. 7.6) and 3.0(3) mm/s

(empty squares in Fig. 7.6) for the BEC. These expansion slopes correspond to kinetic

temperatures of 60+12
−11 nK for the thermal cloud and 48+8

−8 nK for the BEC. In a different

experiment, a kick pulse was switched on for a duration ∆tL = 17 ms, and δ = 0.07 rad.

Fig. 7.6) shows the BEC and thermal cloud expansion in the waveguide after the pulse

is turned off. For the BECs, we fit its azimuthal size to a straight line and the thermal

sizes were fit to Equ. 7.1. With the kick pulse, we find expansion slopes of 1.7(1) mm/s

and 0.56(3) mm/s for the thermal cloud and BEC, respectively. These expansion slopes

translate to kinetic temperatures of 1.6+0.2
−0.2 nK for the BEC and 16+2

−1 nK for the thermal

cloud. Fig. 7.5 shows the absorption images of atom clouds for different waveguide

expansion times, with and without the kick potential applied.

Figure 7.5: Absorption images of the ultracold atom clouds after the collimation
pulse is applied, for different waveguide expansion times. The images were
taken after a time-of-flight of 5.3 ms.

Comparing with the no-kick case, this corresponds to a reduction in the effective

temperature of the BEC by a factor of about 30. For the thermal cloud, the temperature

drops by about a factor of 4. We measure the center-of-mass angular speed of the cloud

after the kick pulse to be 2π × 10.07(1) rad/s, while the targeted value was

2π × 10 rad/s. Along the radial direction, the ground state harmonic oscillator energy

is 2 nK (1/2 h̄ωr) and we measure 33+10.4
−9.5 nK the condensate chemical potential from
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the free fall radial expansion. It clearly indicates that we are working with BECs in the

3D regime. We observe a small variation in the atom cloud radius R as it travels around

the waveguide after the kick pulse is switched off. R drops by ∼ 2 % up to 0.2 s and

then reaches a steady value of R = 512(2) µm, and the estimated value due to the

centrifugal expansion of the waveguide is 511.3 µm.

Figure 7.6: BEC collimation in the ring waveguide. The cloud is travelling at
an angular speed of 2π × 10 rad/s in a waveguide of perimeter 3.05 mm. The
dashed lines show the no-kick expansion of thermal atoms (empty circle) and
BEC (empty square). With the kick pulse, solid lines show the thermal cloud
(filled circle) and BEC (filled square) expansion in the waveguide. The kick pulse
is switched off at t = 0. The cloud is absorption imaged after a time-of-flight of
5.3 ms for the all the data points.

7.5.2 Focusing the guided matterwaves

Next, I studied focusing of BECs propagating around the waveguide. The experimental

sequence is similar to the collimation case and the difference is only in the kick pulse

parameters. BECs containing 2× 104 atoms are accelerated up to an angular speed of

2π 10 rad/s and launched into the ring waveguide. Before switching on the lens, the

clouds expands freely along the azimuthal direction for ∆t0 = 50 ms. A kick pulse is

then switched on at δ = 0.28 rad and ∆tL = 20.4 ms. Fig. 7.7 shows the absorption

images of BECs for different waveguide expansion times after the kick pulse is switched

off. We define the focusing time (∆tF) as the time it takes from the pulse application to

the cloud reaching its smallest size. From Fig. 7.8, it is clear that the BEC takes longer to

reach the focus than the thermal cloud (see Fig. 7.8). It is due to the different quadrupole
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shape oscillation frequency for the thermal cloud and BEC [108, 109]. In a very elongated

trap, the theoretical ratio of the BEC and thermal quadrupole oscillation frequency is

ωBEC/ωth = 1.3 [109]. It is therefore not surprising that the thermal cloud focuses first

and then the BEC. We calculate the ratio between the focusing times of the BEC and

thermal cloud and it is about 1.5. The radial size of the thermal cloud and BEC goes up

by about a factor of two, comparing the size at the focus and size right after lens potential

is switched off.

41 ms 61 ms

∆te = 81ms

∆te = 1ms

101 ms 121 ms 141 ms

1 mm

21 ms

Figure 7.7: BEC focusing in the ring waveguide. Absorption images of the
atom clouds after a focusing pulse is applied, for different waveguide expan-
sion times. The images were taken after a time-of-flight of 5.3 ms.

We define the aspect ratio (λ) in the ring waveguide as the ratio of radial size (lρ)

divided by the azimuthal size (lφ), λ = lρ/lφ. Fig. 7.8 shows the change in λ for the BEC

and thermal cloud after a kick pulse. λBEC changes from 0.05 to 0.75, on the other hand,

for the thermal cloud, λth changes from 0.21 to 0.6. We have not measured any atom

number loss during the focusing sequence, the calculated three-body loss rate is very

low considering our experiment timescale 1. We again observe a change in cloud radius

as it travels around the waveguide after a kick pulse. In this case, R first increases up to

the focusing time, by ∼ 25% and then drops to the steady value, likely due to any radial

misalignment of the cloud and lens potential minimum.

In summary, I have shown matterwave optics with BECs and ultracold thermal

atoms propagating freely in a ring waveguide. I achieved a final kinetic temperature

of 1.6+0.2
−0.2 nK for the BEC and 16+2

−1 nK for the thermal atoms, respectively. The atomic

1For 103 BEC, three-body loss rate of the order of 2 × 10−3 s−1. The radial, axial and the
azimuthal trapping frequencies are 85.3 Hz, 46.2 Hz and 9.2 Hz, respectively.
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Figure 7.8: Aspect ratio of the BEC and thermal atoms as a function of the
waveguide expansion time, after the focusing pulse is switched off. The red
and blue dashed lines are shown as a guide.

cloud propagates for up to six round trips and the final BEC spread is only one-third

and thermal atoms fill one-fifth of the ring waveguide. In addition, I studied focusing of

BECs moving at similar speeds as in the collimation case. A factor of 15 increase in the

aspect ratio was achieved for the BEC and a factor of 3 for the thermal cloud, respectively.

The atom optics results presented will be crucial in drastically improving the interaction

times and the interference fringe contrast in trapped atom interferometry applications.

Angular speed after the lens

Fig. 7.9 shows the angular position of BECs after the collimation delta-kick pulse. We

stop the acceleration at 2π × 10 rad/s and then launch the atoms into a horizontal ring

waveguide. The red dashed line is a straight line fit to the data points, and we find

an angular speed of 2π × 10.07 (1) rad/s. For each waveguide expansion, there are few

data points and the error in the angular position is same as of the plotted point size. The

shot to shot angular position stability of the cloud in the ring waveguide is 27 mrad (not

visible on the scale of the Fig. 7.9).

7.6 A beam splitter for BECs in the ring waveguide

I realized a beam splitter for the BECs trapped in a flat ring waveguide. The beam splitter

is a single beam dipole which is vertically overlapped with the ring waveguide (see



Chapter 7. Atom optics in the ring waveguide 106

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

10

20

30

40

Waveguide expansion [s]

C
lo
ud
po
si
tio
n
[r
ad

]

Figure 7.9: Angular position of the atom cloud against the waveguide expansion
time after switching off the delta-kick pulse. The error in the position is of the
order of the point size.

scheme in Fig. 7.10). After evaporating the atomic ensemble down to the BEC in crossed-

beam optical dipole traps, a ring waveguide potential is switched on. Next, the power

in one of the dipole beams is ramped down to zero and the BECs are held in a combined

potential of ring waveguide and the single beam dipole. Finally, to split the BEC, the

ring potential is moved slowly in the xy plane by the use of compensation coils. The

displacement of the ring waveguide is orthogonal to the dipole beam longitudinal axis.

In order to tune the relative population in the two potential wells, the ring potential was

tilted using the horizontal (x) modulation field. Fig. 7.11 shows absorption images of

Single 
beam dipole

x

Single beam 
dipole

TAAP ring

BEC

Slow 
displacement

y

x

TAAP ring

BEC1

y

BEC2

Figure 7.10: A cartoon depicting the splitting of a BEC in the ring waveguide,
using a single beam dipole as a beam splitter.

BECs after they are split into two by moving ring waveguide center towards the dipole

beam. The experiment begins by producing 2.5× 105 BEC in the crossed dipole trap. The
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ring waveguide potential is then turned on, magnetic gradient at 70 Gpcm, 2.55 MHz rf-

field with Rabi frequency ≈ 357 KHz, and 1.4 G vertical modulation field oscillating at

5.02 kHz. The ring and the crossed dipole trap are overlapped by ramping the magnetic

gradient from 2 Gpcm to 70 Gpcm in 100 ms. Next, one of the dipole beams is switched

off completely in 150 ms, now the atoms are held in a combined trap of ring and a single

beam dipole. To split the BEC, the ring waveguide is displaced by about 200 µm in

200 ms, using the xy compensation coils (in the same setting the compensation coils as

we use to load the ring from the crossed dipole). The atoms are absorption imaged after

a time-of-flight of 15.3 ms using the vertical imaging. The population in the two wells

was precisely tuned by using a x modulation field (45 deg out of phase with respect to

the z modulation), which was switched on together with the ring potential.

11 ms 51 ms 111 ms 161 ms

1 mm

1 ms

1 mm

26 ms 76 ms51 ms 101 ms

16 mG 24 mG 32 mG 40 mG8 mGX mod  =

0.2
 m

m

Figure 7.11: Absorption images of split BECs in a combined potential of ring
waveguide and a single beam dipole, images were taken after a time-of-flight of
15 ms. The relative population in the two wells were tuned by tilting the ring
potential.
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Chapter 8

Conclusions and future work

In summary, I presented coherent manipulation of BECs and ultracold thermal atoms in

TAAP ring traps and waveguides. The key results of my dissertation are summarized

below, related to the guided matterwave interferometry schemes and other interesting

findings.

State-dependent manipulation in ring traps

For the guided atom interferometry using 87Rb clock states in tilted ring traps, I

demonstrated state dependent manipulation of two spin states in a ring trap, necessary

in a clock type scheme. To manipulate the states independently, the ring potential was

tilted from a combination of a radial audio-frequency and RF fields. The atoms in two

spin states were trapped in two arms of the ring and moved arbitrarily. The radius of

the ring trap was varied from 400 µm to 1.3 mm, directly proportional to the sensitivity

of atom interferometer. In order to perform the full interferometric sequence, coherent

splitting and recombination of atom cloud is required using two-photon

(RF/microwave) π/2 pulses. These pulses act as a mirror and beam splitter for the

matterwaves. To that extent, I contributed to the project – spectroscopy of the atomic

energy levels in a RF dressed trap, where coherent population transfer among dressed

Zeeman sublevels at the two hyperfine manifolds was achieved.

Decoherence-free hypersonic transport of BECs

To achieve high interferometric sensitivities, it becomes necessary to either increase the

closed-loop area or atoms go many round trips before the population in two states is

measured. For the latter case, I demonstrated macroscopic decoherence-free transport
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of BECs and ultracold thermal atoms at hypersonic speeds in a neutral-atom accelerator

ring trap. BECs and ultracold atoms were transported in a 1 mm diameter ring trap for

distances of up to 40 cm. BECs travelled at speeds of 16 times their Landau critical

velocity with no extra heating when compared to the static trap. This became possible

due to the extreme smoothness of TAAP rings, and the use of optimal control in

designing the trap trajectory. With our current measurement sensitivity, the roughness

in our millimeter-sized TAAP rings were found to be below 200 pK. I presented

generation of ultracold atomic clouds with an angular momentum of more than 40000 h̄
per atom. This is a demonstration of a novel route to prepare and manipulate high

angular momentum states of ultracold Bosons.

Atom optics with BECs in ring waveguides

To perform guided atom interferometery using atomic momentum states, it is necessary

to keep the atomic wave packets compact as they propagate around the waveguide.

After splitting an ultracold atom cloud using Bragg beam splitter, two clouds propagate

freely in the opposite arms of the ring waveguide. The moving clouds expand along the

azimuthal direction due to their finite momentum spread and eventually fill the whole

waveguide. The expansion of the atomic wave packets in a curved ring potential make

it difficult to apply a well-controlled Bragg pulse. Furthermore, the cloud expansion is

detrimental to the interference fringe contrast and limits the number of round trips

before read-out. This presents a serious limitation on the desired interferometric

sensitivity. Therefore, it becomes necessary to control the expansion of the ultracold

atoms in the ring. I implemented a novel way to perform atom optics with BECs and

ultracold thermal atoms moving freely in the ring waveguide. BECs were accelerated in

a tilted ring trap and then launched into a horizontal ring waveguide. After a long free

expansion in the waveguide, an azimuthal lens (tilted waveguide) was switched on for

a very short duration to either collimate or focus the atomic beam. The effective BEC

temperature was reduced by a factor of 30, down to a few nanokelvin. BECs travelled

for up to macroscopic distances of 20 mm and filled only one-third of the ring

waveguide. I also studied focusing of travelling BECs in a ring waveguide, using a

stronger lens than used in the collimation case. The collimation results presented will

offer interferometer interrogation times of up to seconds. A focusing pulse will be

applied near the end of the experimental sequence to enhance the interference fringe

contrast.
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Upcoming studies

Bragg guided-atom interferometry

In the next step, a Bragg beam splitter will be implemented to perform the full

interferometric sequence in the ring waveguide. After loading an ultracold atomic

cloud in a tilted ring trap, a Bragg beam splitter will be applied to create a coherent

superposition of momentum states. At the same time, the tilt of the ring will be

removed turning the potential into a flat ring waveguide. The beam splitter splits the

wave-packet into two, and they are kicked in the opposite directions. The two wave

packets travel with a speed given by the two-photon recoil momentum. After travelling

for half the perimeter of the waveguide, another Bragg pulse with be shone to swap the

population between the two states and thus cancelling any systemic unwanted phase

shift. An interference fringe will be displayed when the two wave packets overlap. The

crucial points of the experiment will be, 1) making sure that the atom cloud is small

along the azimuthal direction and the ring curvature does not lower the Bragg

diffraction efficiency, and 2) the expansion of the cloud does not cause significant

reduction in the interference fringe contrast. The first point will be addressed by

starting with atoms in a tilted ring (tight azimuthal confinement) and the second by

using the delta-kick cooling technique after the atoms travel for quarter of the ring

waveguide. Other effects will be systematically investigated as the study proceeds.

Engineered defects in TAAP ring waveguides

We plan to engineer defects in the our extremely smooth ring waveguides and traps, to

study their effect on the coherent transport of matterwaves travelling at very high

speeds, from subsonic to hypersonic. This will be implemented using an optical dipole

potential, a far-off-resonant red-detuned dipole beam will be overlapped with the ring

potential to create a potential dip in the waveguide. By tuning the size and power of the

beam defect width and height can be varied, respectively. We will study the excitation

generated within the matterwaves when they pass through such defects. We will also

change the defect parameters, each defect will be looked at for a very broad range of

speeds. This investigation will provide the much desired information to the

atom-waveguide engineering community: the minimum amplitude of the

defect/corrugation/roughness/perturbation present in a atom-waveguide potential to

blow up (decohere) the travelling matterwaves. Also, we will be able to probe the

superfluid flow much above the critical velocity.
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