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Abstract

An atom interferometer using Bose-Einstein condensates has been implemented and is used to
measure the dynamic polarizability of 8Rb. An off-resonant standing-wave laser beam is used
to manipulate the motion of atomic wavepackets in order to implement splitting and reflection
operations. It is demonstrated that these operations can be performed with near unity fidelity.
Interferometer times of up to 72 ms as well as arm separations of up to 0.42 mm are achieved
experimentally.

The primary limitation for guided-wave atom interferometers with a large arm separation
is found to be the effect of the confining potential along the waveguide axis. Such a potential
causes a spatially varying phase shift on the wavepackets as they propagate in the interferometer.
Different parts of the cloud therefore interfere with different phases, leading to a reduction of
the interferometer contrast. A model of the phase shifts on the wavepackets agrees well with
the experimental data. In a different scheme in which the wavepackets oscillate freely in the
confining potential, these phase shifts completely cancel. Interference is observed at times up
to 0.9 s in this case, but with a fluctuating overall phase of the output, which is attributed to
mechanical instabilities.

Finally, the dynamic polarizability of 8’Rb is measured. A well-calibrated laser beam is ap-
plied to one atomic packet and not the other, inducing a differential phase shift. This tech-
nique requires relatively low laser intensity and works for arbitrary optical frequencies. For off-

resonant light, the ac polarizability is obtained with a statistical accuracy of 3% and a calibration



uncertainty of 6%. On resonance, the dispersion-shaped behavior of the Stark shift is observed,
but with a broadened linewidth that is attributed to multiple and collective light scattering ef-
fects. The resulting nonlinearity may prove useful for the production and control of squeezed
quantum states. In general, this work also demonstrates the applicability of condensate interfer-

ometry to practical measurements.



Zusammenfassung

Ein Atominterferometer mit Bose-Einstein Kondensaten wurde entwickelt und benutzt um die
frequenzabhingige Polarisierbarkeit von 8’Rb zu messen. Eine stehende Welle, welche von ei-
nem nicht-resonanten Laserstrahl erzeugt wird, wird benutzt um die Bewegung von atomaren
Wellenpaketen zu manipulieren. Somit werden Operationen realisiert, die analog zu Strahlteiler
und Spiegel fiir Lichtinterferometer funktionieren. Es wird gezeigt, dass diese Operationen mit
nahezu perfekter Fidelity ausgefiihrt werden kénnen. Experimentell werden Wechselwirkungs-
zeiten von bis zu 72 ms und eine Trennung der Arme des Interferometers von bis zu 0.42 mm
gemessen.

Es wird gezeigt, dass sich fiir Atominterferometer in einem Wellenleiter mit groer Trennung
der Arme die primére Beschrankung aus der Potentialvariation entlang der Wellenleiterachse er-
gibt. Ein solches Potential ist die Ursache fiir eine rdumlich variierende Phasenverschiebung der
Wellenpakete nach ihrer Propagationszeit im Interferometer. Unterschiedliche Teile der atoma-
ren Wolke iiberlagern sich daher mit unterschiedlichen Phasen, was zu einer Reduktion des Kon-
trasts des Interferometers fiihrt. Ein Modell der Phasenverschiebung der Wellenpakete stimmt
gut mit den experimentell gemessenen Daten iiberein. In einem weiteren Versuch, in dem die
Wellenpakete im Potentialtopf ohne Reflexionsoperation propagieren, hebt sich diese Phasen-
verschiebung gerade auf. Interferenz wird in diesem Fall fiir Interferometer von 0.9 s Lénge be-
obachtet. Allerdings fluktuiert hier die Phase der gesamten Wolke, was unzureichender mecha-

nischer Stabilitidt der Apparatur zuzuschreiben ist.



SchlieRlich wurde die frequenzabhingige Polarisierbarkeit von 8’ Rb gemessen. Ein Laser mit
kalibierter Intensitédt wird auf ein atomares Wellenpaket geschienen und nicht auf das andere.
Dies hat eine relative Phasenverschiebung zur Folge. Diese Methode benétigt eine relativ nied-
rige Laserintensitdt und liefert fiir willkiirliche optische Frequenzen ein Ergebnis. Eine Messung
mit nicht-resonantem Licht ergab die Polarisierbarkeit mit einem statistischen Fehler von 3%
und einer Kalibrierungsunsicherheit von 6%. In der Ndhe der atomaren Resonanz wurde der
Stark Effekt und dessen dispersions-dhnliche Form gemessen, jedoch mit einer verbreiterten
Linienbreite. Diese wird Vielfachstreueffekten sowie kollektiven Streueffekten zugeschrieben.
Die resultierende Nichtlinearitdt konnte sich als niitzlich fiir die Erzeugung und Kontrolle von
»gequetschten” Zustinden erweisen. Im allgemeinen zeigt diese Arbeit die Moglichkeit, Bose-

Einstein Kondensate in Atominterferometern fiir brauchbare Messungen zu benutzen.
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Wer Wissenschaft und Kunst besitzt,
hat auch Religion;
wer jene beiden nicht besitzt,

der habe Religion.

Johann Wolfgang von Goethe

Introduction

The question of whether light is a particle or a wave has been a subject of great debate dating back
to the Greek philosophers Pythagoras and Aristotle. The debate became all the more intense
when quantum mechanics attributed wave properties to matter as well.

In the 1600’s, during the development of experimentally based natural sciences, Christiaan
Huygens drew up a theory of the wave-like nature of light, whereas Isaac Newton was a propo-
nent of the corpuscular, or particle-like nature. Newton’s point of view was prevalent for many
years until the 1800’s, when Thomas Young’s double-slit experiment showed interference, which
was seen as evidence for the wave theory. Following that, James Clerk Maxwell derived a the-
ory of light as propagating electromagnetic waves, and thus completed the first unification of
physics.

The wave theory of light seemed well established when in 1901 Max Planck postulated the
quantized energy of oscillators when calculating the energy spectrum of black-body radiation.
The idea that energy could be emitted only in discrete amounts (“quanta”) revolutionized physics
and led to the development of quantum mechanics. Further evidence for these quanta was given
by Albert Einstein’s analysis of the photoelectric effect in 1905.

Finally, in 1924, Louis de Broglie applied these ideas to matter, postulating a wave-like the-
ory with a wavelength inversely proportional to the momentum of the particles. This was soon
shown to be valid experimentally, and this theory further strengthened the emerging theory of

quantum mechanics and the Copenhagen interpretation, in which a system is described by a
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“wave function.” Taking advantage of this, the wave properties of matter can be used in devices
to make precise measurements, just like the wave properties of light can be used. One particu-
larly interesting case of this is a Bose-Einstein condensate, which acts like a macroscopic matter

wave.

1.1 Bose-Einstein condensation

In the 1920’s, Satyendra Nath Bose worked on the theory of statistics of photons [1], which he sent
to Albert Einstein so that it could be translated into German and published. Einstein, impressed
by this paper, expanded the result to the statistics of a gas of bosonic atoms [2]. He found that
below a critical temperature T¢, a finite fraction of the bosonic particles are forced to occupy the
lowest energy state of the system under consideration. At the transition temperature, the system
therefore undergoes a phase transition.

Another, equivalent, way of looking at this is that as atoms of mass m get colder, the thermal

de Broglie wavelength at a temperature T

(1.1)

becomes comparable to the interparticle spacing n~'/3, where n is the spatial density of the
atoms. The condition for condensation to occur can then be calculated in terms of a critical
phase space density [3]

pc=nAly=((3/2)=2612... (1.2)

where {(x) is the Riemann zeta function. For alkali atoms, the densities required for Bose-
Einstein condensation are on the order of 102 — 10'® cm™3, and the temperatures are less than
1 uK. We can see that relatively high densities and extremely low temperatures of the atoms are
needed to achieve condensation.

In general in experiments, the atoms are held in a trap in order to confine them and support
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Figure 1.1: Cartoon of Bose-Einstein condensation. (a) At room temperature, particles move
with velocity v and have a mean interparticle spacing d. (b) As the temperature is decreased,
the de Broglie wavelength becomes longer and the wave properties of matter become more pro-
nounced. (c) At the condensation temperature T, the de Broglie wavelength is comparable to
the interparticle spacing and a finite fraction of the atoms occupy a single quantum state. (d)
If the temperature is decreased even further, almost all the atoms will occupy a single quantum
state, having a macroscopic wavefunction.

them against gravity. In most cases, including ours, this is a harmonic trap, and in this case the

critical temperature for Bose-Einstein condensation can be expressed [4]

h(l)hoNllg

e = 0.94hwnL N3, (1.3)

kpTc =

where wp, = (W 0 y,) 153 is the geometric mean of the confinement frequencies of the harmonic
trap.

After the first observation of Bose-Einstein condensation in Rb [5], Na [6], and Li [7], there
has been a multitude of research conducted with condensates, and quantum degenerate gases

in general. The interest in these systems has arisen due to possibilities for use as quantum sim-
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ulators [8], quantum computing, slow light using electromagnetically induced transparency [9],
and models for condensed matter physics such as high-T¢ superconductors [10], Mott insula-
tors [11], or Bose glasses [12]. Furthermore, the possibility of using condensates in atom inter-

ferometers was soon realized, and is an active research topic in a number of groups.

1.2 Atomic interactions

Whereas with light, interactions among photons and with the environment are in most cases
negligible, an important topic in dealing with ultracold gases is atomic interactions and atomic
scattering. An understanding of atomic scattering processes and interactions is needed not only
for understanding the interferometer operation, but also for evaporative cooling and the pro-
duction of BEC.

Two interacting particles can be described by an interaction potential U(R), where R is the
separation of the two particles [13, 14]. We describe the incoming wavefunction of the relative
motion of the particles via a superposition of partial waves, each having angular momentum ¢.
In spherical coordinates, we can then write the time-independent Schrédinger equation with

the Hamiltonian

n? d ( ) d) R20(0+1)

" 2uR?dR\" dR 2UR2
where p is the reduced mass of the interacting particles. The total scattering cross section is then
found to be

4 &
o= p;0(2£+ 1)sin® 8y, (1.5)

where the wavevector k = \/2uE/f and d, is the phase shift between incoming and outgoing
wavefunction for large R.

In a simple case, the effective interaction potential can be approximated by a central poten-
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tial combined with the centrifugal term from the Hamiltonian (L.4) to be [13]

C, Hh20(+1)
Ueft(R) = ——2 4+ ————

R*  2uR%? '’ (16

where for two S-state atoms (as in our case), the interaction is a van der Waals interaction with
n = 6. For cold atoms (i.e. low energy), the centrifugal barrier prevents all but the ¢ = 0 partial
waves from scattering. For sufficiently low energies, all scattering can then be limited to one
partial wave, and is referred to as s-wave scattering.

For low energies, we then see from Eq. (I5) that only the phase shift §, is important. For low
energies k — 0, the phase shift 5 behaves as —ka, where a is the scattering length [15]. It is then
defined as [13]

oo

=—lim —. 1.7
a kl—I%k (1.7)

An equivalent interpretation of the scattering length is given by Leggett [16]. For the case k — 0
and large R, the s-wave solution to the time-independent Schrédinger equation has the general

form
sin[k(R — a)]

R . (1.8)

At R = 0, the behavior of the wavefunction is complicated, due to the influence of the interac-
tion potential. The scattering length is thus found when comparing the unperturbed wavefunc-
tions with the scattering wavefunctions at long range. The intersection of the shifted (perturbed)
wavefunction with the R-axis is just the scattering length. From Eq. (I.8) we see that for a > 0,
the wavefunction is repelled from the origin (repulsive interactions), where as for a < 0 it is at-
tracted (attractive interactions). By making small changes to the inner part of the scattering
potential, the scattering length can therefore be changed by a large amount. Inserting Eq.
into Eq. (I5) gives the total cross section as 47 a?, and accounting for the indistiguishability of

bosons [16] adds a factor of 2, giving us the constant cross section

o =8na’ (1.9)
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in the low energy limit. For 8Rb, a = 5.77 nm.
We now turn to the interaction potential in Eq. (I.4). For a cold, dilute gas, we can approxi-

mate the interaction potential by a delta function as the effective interaction [4, 16]

Anh®a

UR) = 0R). (1.10)

We can insert this effective potential into the Hamiltonian for the motion of an atom in an exter-
nal potential Uey. We find the Gross-Pitaevskii equation (GPE), which describes the multiparti-

cle wavefunction of a condensate with mean-field interactions [4, 13, 16]

2v72

LT dn’a
ot Ul 2m

IR, 1)*| ¥ (R, ). (1.11)

+ UextR) +

We can see that this equation makes sense because the interaction term U will be proportional

to the local density of atoms, which itself is proportional to |¥|?.

1.3 Atom interferometers

The concept of interference has been known for over 200 years, and describes the fact that two
or more waves (e.g. sound waves or beams of light) overlap and interact in such a way that
the intensity of all the waves together is more or less than the sum of all the intensities of the
individual waves [17]. This effect can be experienced in person if two speakers are set up facing
each other. Moving around in between, the sound is heard louder in some places, quieter in
others. A graphical depiction of why this happens can be seen in Fig.[I.Zl As cases (e) and (f)
illustrate, a condition for interference to occur is that all the waves oscillate in unison.

One of the most frequently seen varieties of interferometry is when light from a single source,
such as a laser beam, is split up into two arms, which are later recombined. After the recombina-
tion, the intensity of the final beam will vary depending on the difference in conditions between

the two arms. Examples of these different conditions could be differences in the lengths of the
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Figure 1.2: A depiction of interference. (a) shows two waves oscillating in unison, (b) shows the
interference from these two waves, leading to a single wave with a larger amplitude. (c) and (d)
are similar, only this time the two waves cancel each other out. (e) and (f) show what happens
when two waves that do not oscillate in unison interfere, in this case the interference effect is
less clear than in the previous two cases.

arms or a piece of glass in one arm but not the other.

In order to observe a stable interference pattern, there must be a well-defined phase relation
between the interfering waves. An important concept in this respect is coherence. Usually, two
types of coherence are differentiated, though they are related. Spatial coherence measures the
distance over which the phase of a traveling wave remains constant. Temporal coherence on the
other hand denotes the time over which the phase remains constant. Coherence can therefore
be used as a measure of how good the interference is — for example, it is easy to see an interfer-
ence pattern when using a laser, which is a highly coherent source of light, whereas observing
interference with a lightbulb is rather difficult.

For the coherence of atomic wavepackets, we can draw an analogy to the interference of
optical wavepackets, such as those from a pulsed laser. For a pulsed laser with bandwidth Av,

the coherence time #¢ can be approximated by

tc~1/Av. (1.12)

The coherence length is then simply the distance over which the pulse travels during this time,
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or Ic = ct¢c. In an interferometer, this means that if the path length difference is longer than
the coherence length, interference cannot be observed. For lasers, this coherence length can
be hundreds of meters (or up to the pulse length), whereas for less coherent sources, such as a
lightbulb, the coherence length is on the order of a wavelength.

Interferometry has found a multitude of applications. One of the first and most important
was an experiment by Michelson and Morley in 1887 to disprove the idea of an “ether” permeat-
ing space [18]. This was a critical result leading to Einstein’s theory of relativity, with far-reaching
consequences. Modern applications are in astronomy, telecommunications, navigation, optical
coatings, and holography.

Although the interference oflight can be described well with this theory of overlapping waves,
other experiments in the early 20th century led to the conclusion that light must have some par-
ticle properties as well. This realization was one of the events that triggered the development
of quantum mechanics, the best physical theory that exists in science. In 1924, as quantum
mechanics was being developed, Louis de Broglie suggested that particles such as atoms have
some properties of waves as well [19], with a wavelength Apg dependent on their momentum
p as Apg = h/p, where h is Planck’s constant. Shortly thereafter in 1927, Davisson and Germer
showed the diffraction of electrons [20], and in 1930 Estermann and Stern measured the diffrac-
tion of helium atoms [21]. These experiments were the first to demonstrate the wave properties
of atoms, confirming and helping to understand the predictions made by quantum mechanics.

Attempts at using matter waves for interferometry experiments were first successful in the
1950’s using electron biprisms [22]. The main limitation of matter-wave interferometers was
atom optics, i.e. the manipulation of atomic waves. Whereas light waves are easily manipulated
using mirrors and beamsplitters, matter waves require special techniques. In the early 1990,
diffraction from material gratings and diffraction from standing light waves allowed atom inter-
ferometers to become feasible [23, 24].

The biggest advantage of atom interferometers over light interferometers is that atoms inter-

act with external potentials much more strongly than photons do. Atoms interact readily with
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Figure 1.3: Schematic of a generic three-grating Mach-Zehnder interferometer. The waves
interfering can be either light waves or matter waves, and the gratings can be either material or
from a standing wave of light. The collimation slits define an incoming beam, and the detection
slits choose one possible interferometer (thick lines) and output port. The detector measures
the output signal. The third grating can be moved relative to the first two, changing the output
signal.

electromagnetic fields and gravity, making them ideal for measuring these effects. The phase
shift in a light interferometer with a path length difference Ad in a medium with index of re-
fraction n is given by ¢yigne = 27nAd/ A, whereas the phase shift in an atom interferometer with
an energy difference AE applied for some interaction time  is ¢atoms = AEt/#i. One application
that has gathered a lot of interest is a measurement of the Sagnac effect [25, 26]. If the arms of
an interferometer enclose an area A, then the phase shift due to a rotation with frequency Q is
given by [27]
4m

¢=04, (1.13)

where A is the wavelength and v is the velocity of the waves used in the interferometer. For
visible light and middle-weight atoms, the sensitivity of atoms to this effect is about 10'° higher
than for light. A gyroscope with this sensitivity would be able to precisely measure the rotation of
the earth, allowing for the development of precise navigation devices. In fact, the best gyroscope
on record is an atom interferometer [28].

While the increased sensitivity is promising, this advantage will not be fully realizable. For

one, photon sources such as lasers have production rates several orders of magnitude higher
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than atomic beam sources, leading to a better signal-to-noise ratio of the interferometer out-
put. Furthermore, limitations in atom optics mean that only a small range of momenta can be
imparted on the atoms, compared to the arbitrary deflections used in light optics. Nonetheless,

atom interferometers have proven useful for a variety of applications.

1.4 Why use BEC for interferometry?

After the first experimental realizations of BEC in 1995, it was not long before ideas for using
condensates in atom interferometers emerged. In a condensate, a macroscopic matter wave is
formed, meaning all the atoms are in the same state. Since condensates exhibit a large coher-
ence length on the order of the condensate size of tens of um, condensates can be thought of as
analogous to “lasers” if thermal atoms (with coherence lengths on the order of the thermal de
Broglie wavelength, around 0.5 ym near the condensation temperature) are the analog of “white
light.” Interference is therefore easily observed, and was first demonstrated by splitting a con-
densate into two parts and letting them interfere [29]. In the first implementations, the phase of
the interference pattern was still random, though, making practical measurements infeasible.
Furthermore, since the atoms in a condensate are so cold and monochromatic, their velocity
spread Avggc is much smaller than that of thermal atoms. Since the atoms therefore propagate
the same path, they have a stable phase relationship, leading to long temporal coherence. A low
velocity spread also means that the atoms are more easily manipulated than an atomic beam.
The arbitrary deflection angles achievable with cold atoms allow for more flexible geometries,
such as large arm separations and enclosed areas. The relatively easy manipulation also means
that translational states can be used to separate the arms of an interferometer. In thermal atom
interferometers, the separation of arms is often achieved by transferring the atoms into a super-
position of internal atomic states [28]. The output is then recovered by measuring the number
of atoms in these states, meaning that the atoms are sensitive to the phase of the driving field.

This introduces decoherence, limiting the interaction times. Due to the precise control possible
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when using condensates, separating the arms can be achieved using translational states.

However, a big disadvantage of atom interferometers is exacerbated when using conden-
sates. Low production rates were mentioned as reducing the signal-to-noise ratio of atom inter-
ferometers versus light interferometers, and for condensates, production rates are even lower.
Whereas typical atom beam interferometers have flux rates of 10° particles per second, our BEC
machine produces about 10 atoms in the condensate each minute. Even the best BEC produc-
tion rates are currently limited to around 10° particles per second [30]. A reasonable goal to aim
for would be to reach the flux of atomic fountain atom interferometers, which have achieved
competitive measurements of the gravitational acceleration [31]. In these experiments, 5 x 10°
atoms are involved for a total interaction time of 320 ms, with an experimental cycle lasting for a
total time of 1.3 s.

A possible way to compensate for this is to use longer interaction times in the interferom-
eter compared to thermal beam interferometers. We can estimate what interaction times are
needed for condensate interferometers to be competitive with thermal atom interferometers by
considering the phase shift ¢) = ET/# for some energy difference E between the two arms of the
interferometer and an interaction time 7. In the best case, the noise on the output signal A¢
will be limited by shot noise, and therefore A¢ = 1/v/N. The sensitivity in energy in this case
is simply given by AE = h/T+v/N. If we use the optimistic estimate of condensate production
rates being 10™* times those of thermal atoms, then the interaction times of condensate inter-
ferometers must be around 100 times longer than those of thermal atom interferometers. These
are typically less than 10 ms, so to be competitive, BEC interferometers must aim for interaction
times of around one second.

While achieving longer interaction times is difficult, but doable, taking advantage of the easy
manipulation of cold atoms leads to another advantage of condensate interferometers. With
the ability to separate the arms of the interferometer over a distance larger than the width of
the individual clouds, it is possible to individually access the packets. One could then imagine

applying an electromagnetic field to one packet but not the other and measuring the resulting
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phase shift. In extracting an atomic property such as the polarizability from a measurement such
as this, a condensate interferometer will be able to compete with thermal atom interferometers.

The advantage of spatially separated arms does not eliminate the need to have long inter-
action times, however, since the coherence times of the interferometer must be large enough
to support separating the interferometer arms over large enough a distance. As described in a
previous section of this introduction, atomic interactions can cause energy shifts depending on
the atom number. Since the splitting operation is expected to have an uncertainty in the atom
number on each side on the order of v/N, a difference in atom number between the two packets
will lead to phase noise. Furthermore, when separating the two packets, atoms in one packet can
interact with atoms in the other, leading to a spatially varying phase across the packets. Due to
these effects, we strive to perform the interferometry experiments in an environment with low
atomic density. One way of achieving this is with a very weak confinement, as is realized in the

waveguide design presented here.

1.5 Outline of dissertation

In this thesis, I will detail the experimental implementation of a guided-wave condensate inter-
ferometer and the first practical measurements performed with this device. The work presented
herein builds on that presented in the theses of Reeves [32] and Garcia [33], and a portion of the
presented matter can be found in more detail in those theses.

An introduction to the experimental setup is found in Chapter[2l First, the production of
Bose-Einstein condensates is outlined, and then the waveguide in which the atoms are con-
fined during the interferometer experiments is characterized. In Chapter 3] the details of the
experimental implementation of the interferometer are presented. First, the manipulation of
atoms with an off-resonant standing-wave is described theoretically, before measurements of
the achieved fidelities of the splitting and reflection operations are shown. Next, the achieved

interference curves are described, along with the improvements made to the apparatus after the
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results of [33]. Finally, the limitations of the interferometer —largely due to confinement effects —
and possible noise sources are given. Chapter@]presents the main new results of this thesis. The
first practical measurement with a guided-wave interferometer was performed by measuring the
phase shift due to the ac Stark shift from a beam of light incident on one arm of the interferom-
eter but not the other. In the course of this measurement, an unusual line broadening effect was
found, which was then investigated further. Finally, in Chapter[5] I give an outlook on a future
experiment that is planned with our apparatus. A measurement of the static polarizability of
87Rb should be possible with an accuracy exceeding that of a conventional atom interferometer.

The results presented in this thesis have largely been previously published in the following

publications.

* J. M. Reeves, O. Garcia, B. Deissler, K. L. Baranowski, K. J. Hughes, and C. A. Sackett: “A
time-orbiting potential trap for Bose-Einstein condensate interferometry.” Phys. Rev. A

72, 051605(R) (2005)

e 0. Garcia, B. Deissler, K. J. Hughes, J. M. Reeves and C. A. Sackett: “Bose-Einstein conden-

sate interferometer with macroscopic arm separation.” Phys. Rev. A74, 031601 (R) (2006)

e K. J. Hughes, B. Deissler, J. H. T. Burke and C. A. Sackett: “High-fidelity manipulation of a

Bose-FEinstein condensate using an optical standing wave.” Phys. Rev. A76, 035601 (2007)

 J. H. T. Burke, B. Deissler, K. J. Hughes and C. A. Sackett: “Confinement effects in a guided-
wave atom interferometer with millimeter-scale arm separation.” Submitted to New J.

Phys.

* B. Deissler, K. J. Hughes, J. H. T. Burke and C. A. Sackett: “Measurement of the ac Stark shift

with a guided matter-wave interferometer.” Accepted by Phys. Rev. A
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das Unmégliche versucht werden.

Hermann Hesse

Experimental apparatus

The first steps in any of the experiments described later are to make a Bose-Einstein condensate,
and then to load the condensate into a specially designed waveguide. In this chapter, I will de-
scribe our experimental apparatus to make condensates only briefly, as it has been previously
described in detail in the dissertations of Reeves [32] and Garcia [33]. I will then explain why we

conduct our experiments in a waveguide and describe the experimental implementation.

2.1 Making BEC

We perform all our experiments in a vacuum system consisting of two chambers linked by a
thin tube. A schematic of the experimental setup can be seen in Fig. 2.1l We start by making
a magneto-optical trap (MOT) in the MOT chamber, where the vacuum pressure is around 2 x
1079 Torr. The atoms are then transferred to a magnetic trap and moved to the science chamber,
where the pressure is around 3 x 107! Torr. There, the atoms are evaporatively cooled down to

the condensation temperature.

2.1.1 Magneto-optical trap

The first step in making a Bose-Einstein condensate is to capture some atoms. We use 8’Rb

atoms, which we release into the MOT chamber from a pair of getters through which we run 2 —
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Figure 2.1: Schematic of the experimental setup. Two glass vacuum chambers are linked by
a thin tube. In the MOT chamber, atoms are loaded into a MOT before being loaded into a
quadrupole magnetic trap. The coils generating the quadrupole field are moved using a transla-
tion stage towards the science chamber, which has a better vacuum. The atoms are then trans-
ferred into a TOP trap, with a rotating bias field generated by the waveguide structure.

3 A of current. The atoms are then caught in a magneto-optical trap [13]. This consists of 3 pairs
of perpendicular laser beams tuned slightly red of the 52812, F =2 — 52P3,5, F = 3 transition
of 8Rb as well as a smaller amount of light tuned to the 52812, F =1 — 5%P3,», F = 2 transition
as “repump” light. The magnetic field is a quadrupole field generated by two coils in an anti-
Helmholtz configuration with a field gradient of 10G/cm. The MOT normally contains about
3 x 109 atoms at a temperature of around 800 uK. The phase space density p = n/lsDB of the atoms
in the MOT is around 107, so we are still several orders of magnitude away from achieving BEC.

In order to get a Bose-Einstein condensate, a near-resonant optical trap such as a MOT can-
not be used alone. At the densities that are required, atoms at the edge of a cloud absorb a
large fraction of the light, and atoms in the interior of the cloud are therefore not cooled. We
must therefore evaporatively cool the atoms, either in a magnetic trap or an off-resonant optical
trap [34]. In our experiment, we use a magnetic trap.

In order to load the atoms from a MOT into a magnetic trap, keeping the phase space den-
sity as high as possible, the atoms are first compressed in the MOT into a “compressed MOT”
(CMOT). This is done by increasing the detuning of the trapping beams and decreasing the power

of the repump light. Tuning the laser further off resonance has the effect of decreasing the scat-
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tering rate, i.e. the atoms will not be as optically dense. The increase in magnetic field gradient
helps in trapping the atoms, so a higher density of atoms can be achieved. Finally, decreasing the
repump power decreases the time the atoms spend in the F = 2 state resonant with the trapping
light [35]. With these steps, the density of atoms in the trap can be increased by reducing the
radiation pressure [13]. However, the loading rate of the MOT is also decreased, so we want to
apply the CMOT stage for as short a time as possible.

After the atoms have been compressed into a denser cloud in the CMOT, they are optically
pumped into the desired state. In our case, we trap the |F = 2, mp = 2) atoms in the 55;,, ground
state. After the CMOT stage with its decreased repump power, most of the atoms will be in the F =
1 state. Therefore, a short pulse of repump light is applied, as well as a circularly polarized beam
of light close to resonance with the 5281/2, F =2 — 5%Pg), F' = 2 transition. In a longitudinal
magnetic bias field, the circularly polarized light is ¢* light (when the angular momentum of the
light £ is parallel to the magnetic bias field B), which drives m — m’ = m + 1 transitions. After
being excited, the atoms will reradiate light on one of the m' — m = m’, m’ + 1 transitions. So
after a few of these absorption-emission cycles, the atom will find itself in the highest m state
(here: mp = 2) and the atom will no longer be able to scatter the light. It is then trapped in the
|F =2, mp = 2) ground state.

When turning on the magnetic trap, the size of the atoms in the trap needs to be matched to
the size of the cloud after the optical pumping stage. If this is not the case, the size of the cloud
undergoes oscillations, leading to heating in the trap. Matching the cloud size can be done by
choosing the magnetic field gradient of the magnetic trap in a suitable manner. After initially
catching the atoms in the magnetic trap, we can then adiabatically ramp up the magnetic field
gradient to the highest value. A table of the transfer procedure is given in Table 2.1} We trap

approximately 2 x 10° atoms in the magnetic trap at a temperature of around 900 uK.
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Stage Time Laser detuning Magnetic gradient Pumping bias field
MOT 10s —22 MHz 10 G/cm off
CMOT 30 ms —40 MHz 10 G/cm off
Optical pumping 1 ms —-32 MHz 0G/cm on
Magnetic catch 50 ms - 124 G/cm off
Magnetic trap ramp 500 ms - 100 — 387 G/cm off

Table 2.1: Parameters for transferring atoms from the MOT into the magnetic trap

2.1.2 Magnetic trap

Magnetic traps take advantage of the magnetic moments of neutral atoms and the forces ex-
erted on these by inhomogeneous magnetic fields. The energy of an atomic level with angular

momentum F and magnetic quantum number mF in a magnetic field of strength B is [36]

E(mp) = gupmpB = uB, 2.1

where g is the gyromagnetic moment and pp the Bohr magneton. This shows that the potential
that an atom sees will be proportional to the strength of the magnetic field. If we use this to
trap and cool atoms, the depth of the trap will be on the order of T = t (Bmax — Bmin) / kg, where
T « 1K for magnetic fields that are conveniently generated. The atoms must therefore be pre-
cooled to puK temperatures by the MOT in order to be loaded into a magnetic trap for further
cooling. From Eq. 2.I), we see that if gmp > 0, we have a weak-field seeking state that needs a
minimum in B in order to be trapped, while for gmr < 0, we have a strong-field seeking state,
being trapped at a maximum in B. It can be shown that no local maxima of B are possible, so
only weak-field seeking states can be trapped [37]. We initially load atoms into a quadrupole
trap, then after an initial step of evaporative cooling, the atoms are transferred to a time-orbiting

potential (TOP) trap.
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2.1.2.1 Quadrupole trap

The quadrupole trap consists of two identical coaxial coils carrying currents in opposite direc-
tions (anti-Helmholtz coils) as in the case of the MOT coils. A simple configuration is an axially

symmetric trap, which gives a linear potential with

R— =y — =22 —, (2.2)

aB dB daB
dx dy dz

where the condition V- B = 0 from Maxwell’s equations produces the factor of 2 in the Z term.

The coordinates are defined in Fig.[2.1l The quadrupole trap is generated by a magnetic field
B(r) = B} (222 — xX - yy), (2.3)

which gives a potential
U = u|B| = uB\/42% + x% + y2. (2.4)

The quadrupole trap has one major problem. Atoms can undergo a spin flip at a zero point
of the magnetic field, a so called Majorana spin flip, and thus fall out of the trap [38]. In a
quadrupole trap, these losses are especially important because the zero of the magnetic field is
in the center of the trap, where the density of atoms is the highest, and becomes all the more im-
portant at lower temperatures, when the density in the center of the trap increases. The lifetime
of a cloud with a full width at half max ogwim resulting from these losses is found empirically to
be

1
T= Zao-%WHM’ (2.5)

where a = 3.7(7) x 10*s/cm? for 8’Rb [39]. In the experiment, we actually fit the density profile
to a Gaussian and measure its 1/e-width w. Converting the FWHM radius orwrm to this width

gives

7=80 Sw. (2.6)
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2.1.2.2 TOP trap

Though the implementation of a quadrupople trap is extremely simple, losses from Majorana
spin flips will limit its usefulness at lower temperatures. Adding a spatially uniform time-inde-
pendent bias field to this arrangement does not eliminate the zero point, but simply shifts it, so
a more elaborate setup is needed. What is desired is, in effect, a potential with a minimum that

is non-zero. This can be achieved by adding a time-dependent bias field
By = By (XcosQt +zsinQt), 2.7
which is added to the quadrupole field
By = B (2z2— x%x— y¥) (2.8)

to form a time-orbiting potential (TOP) trap [39].

The magnitude of the combined field is then
IB| = [Bf + BZ (x* + y* +42%) — 2By Bl x cos Qt + 4By Bl zsin Q1] 2 (2.9)

From this equation, we can see that the zero of the magnetic field moves in an ellipse with minor
radius rp = By/2B}, the radius of the so-called circle of death.

If the oscillation frequency Q of the bias field is chosen such that it is smaller than the Larmor
frequency wy = uB/h = 10 MHz, the atomic spins can adiabatically follow the field. Choosing
Q to be larger than the frequency of atomic motion (about 10 Hz) means that the atoms will
not be able to physically follow the zero of the field. They therefore experience a time-averaged

potential. Expanding the square root to second order and taking the time average then gives

B? (1 1
(IBl) = Bo B, (4X 2J/ Z ( )
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which generates a harmonic potential with a minimum of uBy. This also gives us the trap depth
of the TOP trap. Inserting the radius of the circle of death into Eq. 2.10) we get U = u(|B(rp)|) =
i 1 Bol, since atoms which reach the circle of death are removed from the trap. In our trap, the
maximum trap depth is only about 350 uK at a bias field of 20.5 G. We can find the oscillation
frequencies in the trap w; using U = u(|B|) and Eq. (2.10) to get

1 B/Z B/Z B/Z
2 _ LHby w2 = Hox w2 = o HPx

W, = ) ) . 21].
* 2 mB() Y mBo z mB() ( )

The TOP trap is the trap in which we perform the final stages of evaporative cooling and will

make the BEC.

2.1.3 Evaporative cooling

Cooling the atoms down to the condensation temperature now requires evaporative cooling [40].
This works the same way a cup of coffee cools — the hottest atoms (those with the most energy)
are forced to leave. After rethermalizing, the atoms that are left behind are on average cooler
than before the cooling. In the atomic clouds used in our experiment, the atomic density is
relatively low, leading to low interatomic scattering rates. Since the rethermalization needed
happens through this type of scattering, evaporation takes place on longer timescales of around
30 s, and the lifetimes in the trap must be long enough to support this. In the MOT chamber, the
lifetime in the quadrupole trap is limited by collisions with hot background atoms to around 4 s.
With the quadrupole trap loaded, the quadrupole coils are therefore moved using a translation
stage over a distance of about 0.5 m to the science chamber, where a better vacuum gives life-
times of around 80 s. During the transfer, most atoms remain in the trap and heating is small.
We observe 1.5 x 10% atoms at 1 mK in the magnetic trap on the science chamber side. Also in the
science chamber is the waveguide setup, from which we use the rotating bias field to generate
the TOP trap.

In our case, the hottest atoms are forced out of the trap using a radio frequency (1f) electro-
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Figure 2.2: Schematic of evaporative cooling. Atoms that have high enough energy to travel to
the area in the trap where the rf electromagnetic field is resonant can transition from a trapped
to an anti-trapped state and fall out of the trap. (a) Hyperfine levels in the quadrupole trap. (b)
Hyperfine levels in the TOP trap.

magnetic field. A schematic of how this works can be seen in Figure[2.2] The atoms are initially in
the mp = 2 hyperfine state. An atom with a high enough energy will be able to move to the side of
the trap, where the rf field is resonant with the mr = 2 — mp = 1 transition. Falling into this state
and subsequently the mg = 0,—1, -2 states, the atom will be in an untrapped or anti-trapped
state and fall out of the trap. The remaining atoms can then rethermalize to a lower temperature.

The frequency of the rf field is swept down during the course of the evaporation, starting with
a slow sweep and becoming progressively faster. In order for the evaporation process to be suc-
cessful, the loss rate of the atoms must be much smaller than the rethermalization rate which is
determined by the atomic scattering rate. We determine the evaporative loss rate empirically. In
addition to the desired losses that cool the atoms, there are also unwanted losses from collisions
with the background vapor, as well as three-body collisions, in which three particles collide and
form a diatomic molecule. The binding energy of the molecule is then released into the relative

kinetic energy of the molecule and the remaining atom. The total loss rate from the background
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Figure 2.3: Progression of evaporative cooling. The temperature decreases and the phase space
density increases as hot atoms are removed from the trap. At N = 108, the atoms are transferred
from the quadrupole trap to the TOP trap, resulting in a loss of phase space density of around an
order of magnitude. This affects the size of the final condensates, which consist of about 3 x 10%
atoms.

as well as three-body collision losses is

R1 = Riifetime + R3-body» (2.12)

where Riifetime = 1/80 s~ and R3_pody = G3 n? for atomic density n. A measured value of Gs is
1.8 x 10729 cm®/s [41].

The frequency sweep of the rf field is programmed as an exponential ramp

t/

V(1) = (Vstarc — vo)e " + Vo, (2.13)

where 7 is the time constant of the sweep and the bottom frequency vy is given by the bottom of
our TOP trap as vo = uBy/h.

Our evaporation consists of three separate steps: We initially evaporate using an rf field in
the quadru-pole trap. This gets us to a temperature of around 180 uK, cold enough to transfer

the atoms into the TOP trap. Next, we ramp down the bias field, which decreases the radius of
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Figure 2.4: Schematic of the imaging system. The black outline shows the ray diagram for the
image of the atoms, whereas the gray area shows the path of the laser. Note that the laser beam
is focused between the first and second lenses. The second lens is placed on a translation stage
to allow focusing of the imaging system. The microscope objective can have a magnification of
2X, 5x, or 10x.

the circle of death and also acts as a step of evaporation. Finally, we again use rf evaporation, this
time in the TOP trap, in order to achieve Bose-Einstein condensation. We observe condensation
with around 3 x 10* atoms at a critical temperature of around 200 nK. The relatively low atom
number can be explained by the loss in phase space density of around one order of magnitude

when we transfer the atoms from the quadrupole trap to the TOP trap, as seen in Fig. 2.3

2.1.4 Imaging

Most of the data collected from the experiment is gathered using absorption imaging with a CCD
camera. From a picture of a cloud of atoms, we can extract atom numbers, temperatures, and
later the interferometer output. Having a well-designed imaging system is therefore paramount
for getting good results in our experiments. Since the size of the condensates we are imaging is
on the order of a few tens of ym, the imaging system must have a large magnification and high
resolution. A schematic of the system we use can be seen in Fig.[2.4] This system has a measured
imaging resolution of 6.6 um. The magnification can be varied by changing the microscope ob-

jective.
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In absorption imaging, the atoms are illuminated with a short pulse of a weak near-resonant
laser beam [42]. The atoms absorb the light and reemit into all directions, causing a shadow of
the atomic density profile in the beam. This shadow is what is imaged. It is important to note
that this type of imaging is a destructive imaging technique, i.e. the cloud of atoms are lost after
imaging. The atoms are released from the trap before imaging to allow the density to decrease
in order to avoid saturation of the images, and also to avoid Zeeman shifts of the energy levels.
Furthermore, the atoms which absorb and emit a photon undergo an incoherent process and are
therefore lost from the condensate. A single image therefore corresponds to one implementation
of the experiment.

To get a processed absorption image, we use three raw images. A “background image” is
taken without the probe beam on, which captures the ambient light and the CCD offset. Illu-
minating the atoms with the probe beam gives the “atoms image,” whereas probing with the
same laser intensity and probe time without the atoms present gives the “no atoms image.” The

absorption profile can then be obtained by

atoms image — background image

S(x, y) = (2.14)

no atoms image — background image

Typical intensities of the probe beam are a few yW/cm™2, and typical probe times are around
50 pm.

From the measured absorption profile, the number of atoms can be extracted. Calculations
of temperature and scattering rate can be found in Refs. [32,33].

Imaging along the z-axis, the absorption profile is given by Beer’s law as

S(x,y) = e~ @), (2.15)

The absorption coefficient a can then be related to the spatial density of the cloud n and the
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light scattering cross section o7y, as
alx,y)= crLfn(x,y, z)dz. (2.16)

The general form of an equilibrium density distribution of non-degenerate atoms (i.e. the atoms

are above the critical temperature) in a potential V (r) is given by
n(r) = nge” " ®'ks T, (2.17)

where ny is the peak density, kp is Boltzmann’s constant and T is the temperature of the sample.
For the imaging described in this thesis, we always approximate the density distribution by a
Gaussian distribution

¥ z

2 2 2
nr)=nyexp|l-——-—s-—1. (2.18)
0CxP wy wj  wi

Using the normalization of the density distribution to the total number of atoms N = [ ndr, we

can find the peak density
—N (2.19)
no = . .
0 7312 Wy Wy W,
The integral in Eq. (Z.16) can then be calculated as
N 2 2
fndz: exp (—x—z—y—z) (2.20)
TWywy wy wy

Next, we calculate the light scattering cross section o1.. Without broadening, the cross section

is given as
(o or 2

==, 2.21
2 +4A2 ( )

oL

where I' = 277 x 6.065 MHz is the natural linewidth of the 5S5;,, — 5P3,, transition, A is the laser
detuning, and o = 3A42/2x for o* -polarized light or o9 = 7/15 x 3A%/2x for n-polarized light (the
prefactor comes from averaging the coupling strengths for the allowed transitions). In reality, we

often find that the linewidth is broadened to I'". This broadening does not come from Doppler
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broadening, which would only increase the linewidth by 0.4 MHz for a 1 mK cloud. The broaden-
ing is possibly related to the linewidth broadening we have recently observed for cold clouds and
condensates at higher optical densities and laser intensities, as described in Sec.[4.2.3] From the
conservation of the oscillator strength [ o dw, we can then calculate the reduced cross section

o1 with 01T = g¢TI'. The total cross section is therefore

o7 ool'T 2.22)
o7y = = . .
T T24aN? T T2 442

Since we are not certain as to what causes this broadening, it it unclear if the assumption that
oscillator strengths are conserved is valid. Nevertheless, this provides us with an estimate for the
number of atoms. Inserting the calculated values for o1, and [ ndz into Eq. and solving for
N, we find for m-polarized light

1072 T2 +4A2

Twao lUxLUy. (223)

We fit the absorption profile to the exponential of a Gaussian function, from which we extract
the cloud widths w, and wy, as well as the peak absorption o, and from a separate linewidth

measurement, I’ is known.

2.2 Waveguide

Once we have achieved Bose-Einstein condensation, we are almost ready to begin the actual
interferometry experiment. As I will describe in this section, we first transfer the atoms from the
TOP trap described above to a weakly confining waveguide.

As described in the introduction, one of the limitations of using Bose-Einstein condensates
is the low particle flux that can be achieved, and as a consequence for interferometers, long in-
teraction times in the interferometer must be used. In order to reach these long coherence times,

atomic interactions must be kept to a minimum. The energy shift from atomic interactions re-
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sults in an additional phase in each packet of the interferometer, which results in a decrease of
the observable coherence.

One possibility of avoiding the detrimental effects of atomic interactions is not to use a con-
fining potential. In this case, interference would be measured either by letting two or more pack-
ets fall under the influence of gravity, or by using an atomic beam [43, 44]. In both cases, a large
apparatus is needed, either to allow for enough space in the vertical direction, or to allow the
atomic beam to propagate. Of course, in the case of a free-space interferometer, stability effects
of the guide potential are not a problem, as in the guided-wave case. However, guided atoms al-
low for long interaction times as well as more flexible geometries, such as larger arm separations
and enclosed areas [45, 46]. One of the advantages of the waveguide described in this section is
its stability and minimization of noise, and so we have pursued the guided-wave case.

A way to reduce interactions is to reduce the atomic density, e.g. in a very weakly confining
trap. The trap cannot be made arbitrarily weak, however, since the atoms must still be supported
against gravity. Simply using a gradient of the magnetic field in one direction to cancel out the
potential gradient from gravity is not possible, as it can be shown that a minimum confinement
strength is needed in this case [47]. We can, however, combine a very weakly confining harmonic
trap with a linear gradient that supports the atoms against gravity.

Furthermore, an interferometer will be sensitive to fluctuating ambient electric and mag-
netic fields. Most of this noise arises from ac power lines or thermal drifts, so it tends to have
low frequencies. In an oscillating field such as the one in a TOP trap, atomic spins adiabatically
follow the field. Low-frequency noise will therefore tend to cancel out since the spins see an en-
ergy shift with alternating signs. We therefore constructed a waveguide with a weak confining
potential and support against gravity with a time-orbiting potential.

TOP traps usually consist of a static quadrupole field combined with a rotating bias field. In
this configuration, the zero of the field rotates around the atoms at the center of the trap. In
order to get a trap with weak harmonic confinement as well as a support against gravity, we can

imagine designing a trap in which the zero oscillates above the atoms at all times, so that they are
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attracted upwards. This can be achieved by not only oscillating the bias field, but the quadrupole

field as well.

2.2.1 Waveguide frequencies

We already have a rotating bias field in place from the TOP trap, so in the case of the waveguide

we add an oscillating quadrupole field. The bias field is given by Eq. 2.7) as
By = By (Xsin Q¢ + zcosQt), (2.24)
to which we add an oscillating quadrupole field
B; = B} (xX — z2) cos Q1. (2.25)

The magnitude of these two fields added together can then be written as

1/2
IB| = [(B{xcoth+Bo sinQ)® + (- B zcos Q. + By coth)Z]

” , 1/2 (2.26)

2, 28 2, 2B O — zcos
1+(x“+z )B cos“Qt+ B (xcosQtsinQt — zcos“ Qt)

=By 5
0 0

The square root can be expanded to second order in B]/Bjy, and then the time average is taken

to get
2

Bl 2 2 1 I
{IBI) :BO+TBO(3X +z )—EBIZ. (2.27)

To support the atoms against gravity, the gradient of potential energy from the magnetic

fields must be equal to the gradient from gravity, i.e. uBz/2 = mgz or
By =—=, (2.28)

which is around 30 G/cm for the [2,2) state of 3’Rb. We get the trap frequencies from this by
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Figure 2.5: Scale drawing of the waveguide structure. The main fields are generated by the
four horizontal rods, each of which is a coaxial pair. The rods are held by two boron nitride
blocks, which also support the leads and circuit connections. The right block has been depicted
as transparent in order to display the arrangement of the conductors. The rod centers form a
square 15 mm on a side, and the blocks are spaced 5 cm apart.

comparing to a harmonic potential U = 3 m(w2x? + w?z*) and find

3 2 2
Wy = me” w, = Ox _ |18 (2.29)
2By V3 2uBy

2.2.2 Experimental setup

The waveguide fields are generated by a 4-rod machined copper structure forming a 1.5 x 1.5 x
5 cm block which is situated within the vacuum chamber. The structure is seen in Fig. Each
of the four rods is actually a coaxial pair. The outer four rods are connected together to generate
the waveguide quadrupole field, while the inner conductors form two pairs used to generate the
two components of the rotating bias field. The coaxial rods are separated by alumina insulators.
The rods are supported by a boron nitride block, which in turn is mounted on 30 cm long leads
which connect to a vacuum flange with feedthroughs to provide the currents. More detail on the
waveguide structure can be found in Ref. [32].

The current stability in the waveguide is of utmost importance, since fluctuations of the
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waveguide fields will introduce fluctuations of the phase that degrade the interferometer per-
formance. An actively stabilized circuit using a commercial audio amplifier therefore supplies
up to 100 Ay, for each of the bias fields and the waveguide quadrupole field. The fractional cur-
rent noise achieved with this is better than one part in 10°. Details of this circuit are given in
Ref. [48]. The rotation frequency of the fields is chosen as 11.9 kHz. This frequency must be less
than the Larmor precession rate of w; = uB/Fi = 10 MHz, so that the atomic spins can follow adi-
abatically, but must be more than the frequency of atomic motion, about 10 Hz. The frequency
of 11.9 kHz was chosen to be in between these two values, and is near a minimum of the noise
spectrum of ambient noise in our laboratory, since we are most sensitive to noise at the rotation

frequency of the fields.

2.2.3 Limitations

The results of the previous sections suggest that there is no confinement in the axial (y-) di-
rection. This is not the case, however, due to the finite size of the guide structure and the ef-
fects of the leads at the ends. Even though these were designed to minimize axial confinement,
they do contribute a small amount of axial confinement. A complete description can be found
in Ref. [32]. Briefly, any axial component of the fields from the leads will cause the waveguide
quadrupole field to become

B, = (axX - cyy - bzz) cosQt, (2.30)

with ¢ = b— a. Including variations in the bias field, the total average field amplitude can be

approximated by

1 1
B|)=By——-bz+ a’+aB x2+(—cz+ B
(B> =By > z ( o) 1B YBo

0

1
v+ (—bz + ﬁBO) z2, (2.31)

16B, 16B,
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Figure 2.6: Comparison of the measured with the predicted waveguide frequencies. The solid
curve gives the frequency in the x-direction, the dashed curve in the z-direction, and the dotted
curve in the y-direction. The prediction is from Ref. [32].

which yields frequencies

Wy = =£ a2+aBo)]
m \16By
wy=|—|—c"+vB (2.32)
Y m\4B, Y O)]
ou( 3 1/2
== b” + BB .
Y27 |70 \16B, p 0)]

Here, a, b, and ¢ are from Eq. (Z.30), and «, §, and y come from variations in the bias fields.
Measuring the trap oscillation frequencies and performing a multivariable fit, we find |al/I; =
0.734 G/(A cm), |bl/I4 = 0.709 G/(A cm), @ = 0.17 cm™2, = 0.05 cm™2, and y = 0.02 cm™2. A
graph of the oscillation frequencies for different bias field strengths can be found in Fig. We
have measured drifts of the frequency in the axial direction w,, of up to 5% over time. This could
come from fluctuations in external fields or variations in the guide structure. The lowest con-

finement is present at a bias field of 20.5 G and has frequencies (v, wy, w;) = 27 x (6,1.2,3.3) Hz.
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2.2.4 Loading the waveguide

After the production of the condensate in the TOP trap, the atoms are transferred to the waveg-
uide. This happens by performing a series of ramps of the pertinent magnetic fields, in the
course of which the external quadrupole field is ramped off, the waveguide quadrupole field
is ramped on, and the waveguide bias field is ramped to its final value. We choose the waveg-
uide quadrupole strength such that the atoms are kept in the same position vertically that they
had been in the TOP trap. This means that the linear gradient in Eq. (Z.27) generated by the
waveguide fields is just big enough to support the atoms against gravity.

During the transfer, the condensate spreads out due to the weaker confining potential, there-
fore becoming less dense, as desired. Due to the weak confinement, extremely low tempera-
tures are possible. For the weakest possible trap and N = 1600 atoms, the atomic temperature is
850 pK, which is to the best of our knowledge the lowest temperature ever observed for Rubid-
ium. We note also that we do not observe any loss of atoms during the transfer into the waveg-
uide.

The most important consideration for the transfer of the condensate into the waveguide is
the minimization of oscillations after completion. As we will see later, any residual velocity that
the atoms have will lead to a degradation of the optical manipulations used in the interferometer
sequence. One of the ways of achieving this is to make the transfer as adiabatic as possible. This
implies ramping slowly enough that the atoms can always adiabatically follow the minimum
of the instantaneous potential. We find that making the last step of the ramp of the external
quadrupole field an exponential ramp to nearly zero greatly reduces subsequent oscillations.
The entire sequence of field ramps takes about 7 s to complete. Furthermore, it is important
to align the centers of the waveguide and the TOP trap. Any displacement will make it more
difficult to achieve the desired adiabaticity. Since the position of the waveguide is fixed, the
TOP trap position is adjusted by moving the external quadrupole field. In the x-direction, the
final position of the coils along the track is simply adjusted, while in the y-direction (along the

waveguide axis), the position of the track itself is changed. Most difficult is the z-direction, for
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Figure 2.7: Atom position while ramping down the external bias field during the waveguide
loading sequence. The dots are the data and the solid curve the theoretical prediction for an
offset of 0.6 mm and a constant bias field of 1.5 G.

which the separation of the coils must be changed.

In addition, we found that even with very good alignment of the centers and slow ramps,
the atoms still exhibited a small residual velocity. A measurement of cloud position during the
loading process showed a sharp deviation from the center shortly before the external quadrupole
field is completely ramped off, as seen in Fig. We attribute this to a stray external bias field
with a component along the y-direction. The shift in position can be seen in a model when
including a constant bias field

By, = By (2.33)

along with the external quadrupole (2.3), the waveguide bias (2.7), and the waveguide quadrupole
(2.30). As before, we can expand the magnitude of the combined field to first order and take the
time average. The relevant components with a y-dependence are then given by

¢, BIZJ _ By By " B ,

B =)+ —= — e, 2.34
(IBtotly? 4Boy 2B Boy 2Boy (2.34)
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However, this includes only the contribution by the waveguide quadrupole field to the confine-
ment along the guide, not the waveguide bias field. Also, the minimum of the waveguide and the
external quadrupole trap may not line up, but be displaced by some distance y;. To take account
of this, we can replace the waveguide confinement term ¢*y®/4By by mw’,(y — yo)*/2u, where
wy is the measured trapping frequency along the waveguide. The minimum of the field is then

found as

2
BbB; . mwy,
By 1%

By 1%

/

As seen in Fig.[2.7] the atoms follow the minimum of the total potential, which is shifted de-

Yo (2.35)

Ymin =

” 2
B~ mwy)

pending on the strength of the external quadrupole field. At first, the strong confinement from
the external quadrupole trap dominates, and the zero of the external quadrupole is displaced by
By, / B, relative to the center of the quadrupole coils. As the external quadrupole is decreased, the
potential minimum moves farther away from its initial position. However, once the confinement
from the external quadrupole is on the order of the confinement from the waveguide, the atoms
follow the combined minimum of the external field and waveguide. This returns the atoms to-
wards the center of the waveguide, where they end up when no external field is applied. The
minimum is therefore only shifted shortly before the external quadrupole field is completely off,
causing an increased residual velocity in the final waveguide. This can be compensated for by
adding a separate bias coil to cancel this constant bias field and adjusting the current in the bias
coil to minimize this deviation of the minimum. We then observe residual velocities of less than
0.2 mm/s after the loading procedure.

Another characteristic to note is that even though the physical waveguide structure is level,
the wave-guide minimum is not perfectly horizontal, but tilted at a small angle. This needs to be
considered later when aligning the standing-wave laser beam used for the interferometer oper-
ations to the waveguide axis.

Finally, we observe that the waveguide minimum is at different positions in the y-direction at
different waveguide bias fields. The change in this direction is on the order of a few mm between

the tightest and weakest confining potentials we use regularly. This could possibly come from



2.2 Waveguide 35

the effect of gravity on a not perfectly level waveguide, as explained above. Another explanation
is that the minimum of the waveguide quadrupole field is not in the same position along the y-
axis as the minimum of the bias field, causing the combined minimum to vary as the bias field

strength is changed.



Two fixed ideas can no more exist together in the
moral world than two bodies can occupy one and

the same place in the physical world.

Alexander Pushkin

Interferometer

With the achievement of Bose-Einstein condensation and the implementation of a waveguide,
we now have the prerequisite for condensate interferometry experiments. The interferometer
scheme used in the following experiments most closely resembles that of a Michelson interfer-
ometer. This requires implementing a splitting operation (in analogy to a beamsplitter) and a re-
flection operation (in analogy to a mirror). In the experiment, these manipulations of the atoms
are performed with an off-resonant standing-wave laser beam. In this chapter, these operations
will be described, after which the experimental realization is shown and the limitations encoun-
tered are explained.

The simplest interferometer scheme that we can think of implementing starts by splitting
the Bose-Einstein condensate into two packets traveling in opposite directions with a velocity
vo. After some amount of time T/2, the two packets are reflected and propagate for another
time T'/2. At this time, the splitting operation is performed again, but having the opposite effect
as before, namely taking the moving atoms and bringing them back to rest. Depending on the
relative phase of the two packets in the interferometer before this recombination, some fraction
of the atoms will remain at rest and the rest will continue moving away with vy. The output of the
interferometer can then be measured by imaging the system and extracting the ratio of number

of atoms at rest versus the total number of atoms.
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Figure 3.1: Setup of the standing-wave laser beam. The beam comes out of a fiber coupler
(FC), is reflected by a beamsplitter (BS) and is retroreflected by the Bragg mirror M1. BS, M1 and
mirror M2 act as a Michelson interferometer, the output of which is observed on a photodiode
(PD). With this, the stability of the Bragg mirror can be observed.

3.1 Manipulating atomic motion with standing wave lasers

The manipulation of matter-waves is a necessary task for atom interferometers, being analogous
to the beamsplitters and mirrors in optical interferometers. Many atomic beam interferometers
use material gratings, similar to the gratings used in optical interferometers [24]. However, due to
the fact that we use a guiding potential and a scheme in which the atoms are at rest initially, this
will not work. Instead, we use an optical manipulation scheme of the atoms. An off-resonance
standing-wave laser beam generates a periodic potential for the atoms, which can be thought of
analogous to a material grating for light waves. This technique has been used to deflect atomic
beams [49-51] and has found widespread use in atomic beam interferometers. Cold atom in-
terferometers [52-56] and other experiments requiring the precise manipulation of atomic mo-
tion [57-59] use a similar technique, in which the off-resonant standing wave is applied for a
certain amount of time to a collection of atoms which is initially at rest.

Here, a theoretical description of the optical manipulation scheme used in the experiment is

developed, after which the high-fidelity results of the manipulation of cold atoms is shown.
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3.1.1 Theory

Since the atoms in a Bose-Einstein condensate are coherent and all have practically the same
velocity, we can approximate the condensate as a plane wave. This allows us to calculate its time
evolution with the Schrédinger equation using the translational states of the wavepacket(s). A
standing wave of light shifts the energy levels of the atoms by an amount proportional to the
intensity of the light [13]. This effect, called the light shift or ac Stark shift, causes the atoms to
experience a periodic potential. In the presence of a periodic potential such as that generated
by the off-resonant standing wave and neglecting atomic interactions and the guiding potential,
the one-dimensional Schrédinger equation can be written as
oy n? d?

lhaz —ﬁd—yz-i-hﬁCOS(Zky‘i‘(l) , (3.1)

where f is proportional to the amplitude of the standing wave and « is the standing-wave phase.

At low intensities, we consider only the coupling of initial momenta pq to states with mo-
mentum pg +2hk. The coupling to higher orders is small enough to be neglected [60]. Assuming
the atoms are initially at rest, pp = 0, we can therefore work in a basis of translational states
{10y, |+ 2),| —2)}, which correspond to packets with momenta {0, +2#k, —2hk}.

In reality, these states correspond to atomic wavepackets, where each wavepacket has a
spread of momenta limited by the length of the packet Ap = 7i/2L. The states are therefore no
longer simply plane waves, but a product g (y)e*>*¥ of the spatial wavefunction 1y of each

packet and a plane wave e*?ikY.

3.1.1.1 Two-level system

We will see later that this problem can be simplified to a two-level system. We therefore consider
a generic two-level system with a ground state |g) and excited state |e) separated by energy fiwg

interacting with the electromagnetic field of a monochromatic laser beam with Rabi frequency
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Q and optical frequency w. The wavefunction of the two-level system in this case is in general a

superposition of ground and excited states

\I’=cg|g)+ce|e), (3.2)

with coefficients ¢g and c, such that |cg|2 +]|cel? = 1. The probability of finding the system in the
ground (excited) state is then given by |cgl? (Ic.|?). The Hamiltonian for this system is given in

the {|cg),|ce)} basis by [36]

0 hiQcoswt
H= . 3.3)

hiQcoswt fiwg

Applying the rotating wave approximation and defining d(t) = c.(t)e®?, we find the effective

Hamiltonian in the {|cg), |d)} basis

0 Q2
Hegr=h , (3.4)

Q/2 -A
where A = w — wy is the detuning of the laser beam from the transition frequency.
The time evolution of the two-level system can then be expressed as ¥ () = U¥(0), where U

is the time-evolution operator [33,61]

Xt A oo Xt Qi Xt
. cos&t —issingt —ixsin&t
U — elAl’/z 2 X 2 X 2 (3'5)
Qi Xt Xt | A i Xt
_lYSIHT C037+lys1n7
Here, X = VQ?2 + A? is the generalized Rabi frequency.
In the case of an additional phase a in the original Hamiltonian, i.e.
0 nQcos(wt + a)
H= , (3.6)

hQcos(wt + ) fiwg
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the time evolution operator is calculated in analogous fashion and is found to be

ALl cos%—i%sin}% —ie”"%sin%
U, =e 3.7)
_ia—iaQ o Xt Xt Ao Xt
ie'*3sin % cos 5t + i sin %

3.1.1.2 Split

We can now consider the effect of the potential generated by an off-resonant standing-wave laser
beam with wavenumber k = w/c on the atoms.

Our goal is to transfer atoms that are at rest (i.e. in the momentum state |0)) into two equally
populated packets moving apart from each other with equal and opposite momentum +27ik. We
label these momentum states |+ 2) and | — 2). The potential of the standing wave can be written
asin Eq. 3.I) as

Ugw = hfcosCky + a). (3.8)

In terms of the momentum states {|0), | + 2), | — 2)}, the Hamiltonian (3.1I) can be written in matrix

form by calculating the matrix elements

ne
(+2|H|0) = 7'66’“
ne .
(=2|H|0) = —'Be_’“
2
(+2|H|-2)=0
(+2|H|+2) = 4hw,, (3.9
to find
B ~ia P
0 Ee x Ee+lCIC
H=n| Betia 44, 0o | (3.10)
ge"“ 0 4w,
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Here we have defined the recoil frequency
nk? 4.-1
wr=—=236x10"s ", (3.11)
2m

where m is the mass of 8 Rb.
We can now change bases to a basis |0) ¢, |+) ¢, |—) ¢ in which one of the states is not coupled to
the other two states. The problem is then again treated as a two-level system. A basis eigenvector

|—)o as well as an orthogonal vector |+), (not an eigenvector) can be found as

o=~
V2

e |, IHa=—7| e |[. 3.12)

In this basis, the Hamiltonian takes on the desired form in which the |-), state is decoupled from

the other two states.

b
0 3 0
—n| £ _ .
H=h| £ 4w, o (3.13)
0 0 4o,

We see that the antisymmetric state |—), is decoupled, and that the {|0)4,|+)4} states form a
two-level system as described in Sec. B.LLL.Ilwith Q = v2f and A = —4w,. For the initial split
pulse, the phase of the standing wave does not matter and we can assume «a = 0, in which case
the basis vectors are given by the rest state |0), a symmetric state |+) = \/LE (1+2)+|—-2)), and an
antisymmetric state |—) = \sz(l +2)—|-2)).

The two-level system is well known, and the time evolution operator is known from Eq. 3.3).
A good method of visualization is using the Bloch sphere for the time evolution [13, 62]. In our
case, the Bloch vector is given by Q = (v/2,0,—4w,), and the ground and excited states are |0)
and [+), respectively.

The goal is to transfer all the atoms from the |0) state into the |+) state. We cannot achieve
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(a)

Figure 3.2: Tllustration of the Bloch vector precession during the optimized double pulse se-
quence. (a) During the first pulse, the Bloch vector R precesses about the Rabi vector Q until it
reaches the equator of the Bloch sphere. (b) Without the laser beam on, the Bloch vector rotates
for half a period along the equator. (c) The second pulse brings the Bloch vector up to the north
pole, meaning full population in the |+) state.

this using just a single pulse, since the detuning is fixed to a non-zero A = —4w,. However, it is
possible to get all atoms into the |[+) state by using two pulses, a scheme first worked out by Wu
et al. [60]. The first pulse is a w/2-pulse, transferring the population into an equal superposition
of |0) and |+) states (on the equator of the Bloch sphere). This superposition is then left to prop-
agate freely for half a rotation on the Bloch sphere, after which we apply another 7/2-pulse to
transfer the whole population into the |+) state. We can now calculate the duration and intensity
of these pulses as well as the time between pulses.

We use two pulses of equal length ¢; and intensity f;, separated by a time ¢,,. In a single
pulse, we want the state |0) to be transferred to the superposition \%(IO) + [+)). By comparing
with Eq. 3.5), we see that this is the case for Xt = 7 and % = % = %2, which gives Q = |A],
X =+V/2|A|, and t; = —Z—. Inserting these values into the time-evolution operator from Eq. (3.5),

V2IAlT
we find

l‘ . —
U = ———e in/2V2) . (3.14)
V2 11

For the 180° precession, we take Q0 = 0 and find |A|¢,, = 7, which gives

U, = _ (3.15)
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The total time evolution operator is then

. 0 1
Usplit =UsUyU; = e_lﬂ/ﬂ , (3.16)

1 0

which transfers the atoms from the |0) to the |+) state as desired.

So, in summary, the split pulse parameters are

Bs = 2V2w, (3.17)
t m _236 (3.18)
= = . S .

: 4\/§wr H
T
ty = =33 us, 3.19
w 10, H ( )

which are modified slightly when contributions from 47k states are included numerically.

In order to find the experimental intensities, we need to compare the measured intensity
of the laser beam to the Rabi frequency we found in the above calculation. First of all, we can
measure only the intensity of a single traveling wave, not of a standing wave. The electric field
amplitude of a standing wave is twice that of a traveling wave, so the peak intensity of a standing
wave is four times that of a traveling wave. We call the measured traveling wave intensity Iy. For

the standing wave we then get

I =4lycos®(ky) = 21y (1 +cos(2ky)). (3.20)

The definition for the saturation intensity relates Rabi frequency and intensity as [13]

d = 2QZ (3.21)
I T2’ '
which we can insert into the light shift for large detunings to get
nQ*  nre
AEg = —— = ——Ipcos(2ky). (3.22)

4N 4Dy
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By comparing to Eq. (3.I), we can relate 3, to the standing-wave intensity and detuning as

1"2
- 4A Isat

Bs Ip. (3.23)

For example, for a detuning of A = 27 x 12.8 GHz, we then find Iy = 54 mW/ cm?, where the

saturation intensity is Isy = 3.576 mW/cm? for isotropic polarization.

3.1.1.3 Reflect

In addition to a splitting operation, we also need a reflection operation for the interferometer.
During the reflection pulse, the atom packets should be turned around, i.e. atoms with momen-
tum +2#k should have momentum —27ik after this pulse. In the {|0), |[+), |-)} basis, this corre-
sponds to the state (|+) +|—)) V2 changing into (|+) —[-)) /2. The description as a two-level
system is therefore insufficient in this case and we need to consider the |—) state as well. The full

time evolution operator in this basis for the interaction of the atoms with a standing wave is

Xt | 4w, ;o Xt a0 e Xt
Cos 5~ +1—"sin 5~ i%sin5- 0
_ —diw,t/2 . . Aw, . X
U.=e r e Xt Xr r t . 3.24
r i%sin% cos 5 — i~ sin 5+ 0 ( )
0 0 e—4l(1)r[/2

So for the reflection, we start with an initial state ¥; = 1/v/2(0,1, 1), which evolves into the final

state
cQ i Xt
—lysIHT
1 _2i
\Pf:Ur\Pi:EQ il cos &L — 2 sin XL | (3.25)

e—2iw,t
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The desired state after the reflection is ¥y = (0,1, —1). This gives the first condition X¢/2 = mu,

from which follows cos XTt = (—=1)™, and the final state takes on the form

0
W= %e‘z’w D" | (3.26)
e—ziw,t

So in order to get the right form of ¥ ¢, we need e 2iort = _(—1)M = (=1)m£D a5 well as 4w, < X.
The simplest solution for these two conditions is —2w,t = —m and X¢/2 = 2. Then the duration
of the reflection pulse will be

tr:

=67 us, 3.27
0, Y (3.27)

and the standing-wave potential amplitude will be

B, = 2v6w;, (3.28)

which gives an intensity Iy = 94 mW/cm? for a detuning A = 27 x 12.8 GHz.

3.1.1.4 Recombine

To recombine the atoms, we use the splitting pulse again. The splitting pulse couples the atoms
in the |+) state to the |0) state, so if the atoms have not accumulated any phase during their
propagation, they will all come back to rest after recombination. In order to measure an inter-
ference curve, we need to vary the output of the interferometer in a controlled way. This can be
achieved in a similar fashion as in the Mach-Zehnder interferometer depicted in Fig.[[.3] namely
by changing the relative phase of the standing wave. We can now look at the recombination pulse

as a function of the standing-wave phase a between the splitting and recombination pulses. In
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this case, the standing wave is given by
I =4lpsin* k(y - D) = 21y (1 - cos2k(y — D)), (3.29)

where D is the distance from the mirror to the atoms. This gives us, in analogy to Eq. (3.1),

Usw = fiffcos(2ky + a), so that the phase is given by
a=-2kD. (3.30)

The Hamiltonian of the three-level system in the {|0), | + 2),| — 2)} basis is then given generally by
Eq. BG.I0D.

As in Sec.B.1.1.2] we can change to a basis in which the antisymmetric state |—), is not cou-
pled to the other two states. The basis vectors in this case are given by Eq. (3.12), and so we can
again treat the problem as a two-level system.

During the propagation in the interferometer, the two packets might experience different
environments while separated, and will therefore pick up a differential phase ¢. Including this

differential phase causes the state |+) to become
9 = —= [£972] 4.2y 4 912 _ 2] (3.31)
V2
We must now express this state in the new basis with the included standing-wave phase a:

[ aal{+1P) + =) aal-IP) (3.32)

|P)a

cos,(%—oz)|+>a+isin(§—oc)|—>oz (3.33)

The recombination pulse (same parameters as the splitting pulse) converts this state to

¥ ) = cos(% - a) 10 + i (% - a) al-)e (-2, (3.34)



3.1 Manipulating atomic motion with standing wave lasers 47

where the factor —e~"/V2 comes from the full time propagation operator Usplit = UsUy, Us. The

fraction of atoms that comes back to rest is then

%z |<0|‘I’f>|2=COSZ(§—a’). (3.35)

3.1.2 Fidelity measurements

The splitting and reflecting operations described above can easily be experimentally verified in
our apparatus. Bose-Einstein condensates are well-suited for studying interactions of atoms
with a standing-wave laser beam due to the fact that all the atoms are essentially moving at the
same velocity. Previous studies with atomic beams have been limited by the velocity spread in
the beam and the resulting degradation of the operation efficiency [23, 24].

We require accurate splitting and reflecting operations in our interferometer. For example, if
the splitting operation is inefficient, atoms are left at rest and will subsequently interact with the
atoms that are recombined at the end of the interferometer sequence, leading to phase errors
and a reduction in visibility. Also, imperfect splitting and reflecting operations lead to a loss of
atoms from the wavepackets and therefore a reduced signal-to-noise ratio. In order to verify that
our operations work experimentally, we test their dependence on the intensity of the Bragg beam
and on the initial velocity of the atoms.

These experiments were performed in a waveguide with frequencies (wy, wy,w;) =27 x
(7.4,0.8,4.3) Hz. The standing-wave laser was oriented parallel to the y-axis (i.e. along the waveg-
uide axis).

As described in Sec.[2.2.4] the TOP trap and the waveguide are coincident and the residual
velocity of the atoms in the waveguide was reduced to less than 0.2 mm/s. However, we can also
use the loading process to make the atoms oscillate in the wave guide by offsetting the centers of
the TOP trap and the waveguide, and abruptly turning off the external quadrupole field before
the loading process is complete. This is one of the methods with which the trap frequencies

in Sec. 2.2.Jlwere measured. By performing the splitting and reflection operations at different
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points in the oscillation, we can access different velocities of the atoms. Since both the splitting
and reflection operations are much shorter than 1 ms, the atomic velocity is essentially constant
during these operations.

The standing-wave laser was tuned to 780.220 nm, about 12.8 GHz blue of the 5S;,2 — 5P
transition. At this detuning, the intensity of the split pulse leads to a scattering rate of about
16 s~!, so the number of photons scattered per atom during a pulse of less than 100 us is much
less than one and can be neglected. We used an AOM to switch the beam on and off, and to
adjust its intensity. An optical fiber was used for spatial filtering and spatial stability, with a
maximum output of 12 mW and a beamwaist of 0.7 mm. After performing the splitting and
reflecting operations, the packets are allowed to evolve for around 30 ms, during which they
spatially separate, before we image them using absorption imaging.

In general, an image taken after an operation will contain multiple orders n of wavepackets,

with velocities v = v; + nvy, where v; is the initial velocity and

nhk mm
vo=—=11.7 — (3.36)
m S
is the recoil velocity of the atoms. In this section, we denote the fraction of atoms in each packet
as N,,.

The accuracy of the operation can then be expressed as the fidelity [63]

F = [wolw)|?, (3.37)

where |y¢) is the desired state and |y) is the observed state. For example, for the split operation,
we want |yg) = |+), so for

lw) =) cnlvi + nug), (3.38)

the fidelity is

1 1
Fsplic = E|c+1 +e = 5 (Ns1+ Ny +2Rect c_y). (3.39)
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Figure 3.3: Fidelity of the splitting operation. Data points show the experimentally measured
fidelity as a function of (a) the standing-wave laser power and (b) initial atomic velocity. The
solid curves are theoretical calculations and include a calibration adjustment of 1.19 to relate
the standing-wave intensity to the measured power. The pulse sequence consisted of a pulse
with duration 24 us, a 33 us delay, and a second pulse identical to the first. The velocity width
observed in (b) corresponds to a temperature of about 60 nK, illustrating the benefit of perform-
ing the experiment using condensates.

In general, this depends on the phase difference between c,; and c_;, which is not observable
with imaging. However, the interferometer operation does not depend on this phase as long as

it is constant. We can therefore write the fidelity as

F, split =

(N+1 +N_, +2\/N+1N_1). (3.40)

N | =

3.1.2.1 Split

For the splitting operation, the highest fidelity is found experimentally for atoms at rest and a
power in the retroreflected standing-wave of 0.34 mW. Fig. B.3] shows the effects of varying the
standing-wave power and initial atomic velocity around these values. Each data point shows

one run of the experiment, and repeated measurements show fluctuations of around 0.01 in Np.
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The optimum fidelity is found to be above 0.99, and the experiment was found to exhibit this
fidelity over a period of hours before an adjustment of the parameters was necessary.

The theoretical curve was calculated similar to Sec.[3.1.1.2] by numerically solving the Schro-
dinger equation with the optical potential given by Eq. (3:I) and generalizing the approach in

that section to multiple orders using the Bloch expansion
Y@= cn(p)el @y, (3.41)
n

where x = Mv; /% [60]. The coefficients ¢, satisfy the coupled differential equations

dcy,
dt

i—" = %(2nk+1<)2+§(cn_1+cn+1). (3.42)
In the calculation, orders up to n = +4 were considered, where the populations in the +4 states
was negligible. The initial condition was for all the atoms to be in the Nj state (i.e. ¢y = 1), and
the fidelity was calculated as in Eq. (3.40).

To compare the experiment with the calculation, the experimentally measured intensity needs
to be related to the standing-wave potential amplitude S, as described in Sec.[3.1.1.2] Doing this,
we find the optimal intensity to occur at fgp)ic = 2.8w, or P = 0.28 mW, which differs from the ex-
perimentally measured power by about 20%. This discrepancy can be attributed to experimental
errors in the intensity calibration, for example from slight misalignments of the beam relative to
the atoms or from deviations of the beam profile from a Gaussian. The calculated curve there-
fore includes a calibration factor, which is chosen to match the peaks of the experimental and
theoretical curves.

We also have the possibility to implement higher order splitting pulses, as described by Wu
etal [60], e.g. [0) — (| +2vp) +| - 2v0))/V2. The predicted parameters and fidelities are given in
Table B.Il The fidelities measured are 0.92 for n = 2, and 0.8 for n = 3. The low fidelity for the
third order pulse can be attributed to the high sensitivity of the operation to pulse intensity and

duration and the limited timing resolution of our AOMs, limited by their 100 ns switching times.
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1 2 3 4
Blw, 2.83 134 339 576
w,T1/2r  0.084 0.148 0.029 0.067
w,T2/2wr  0.143 0.112 0.088 0.045
w,t3/2r  0.080 0.172 0.031 0.024
F 1 0.991 0.966 0.917

Table 3.1: Parameters for higher order splitting operations from Ref. [60] using a numerical
calculation. The sequence is the double pulse sequence described in Sec. with pulses
of duration 7; and 73 separated by a time 7,. F denotes the calculated split fidelity. For our
experiment, the calculated values for n = 1 are 7, = 22 us, 7o = 38 us, and 73 = 21 us, in good
agreement with the values obtained with the analytical calculation.

The fourth order pulse was not implemented due to the fact that the required laser power was

more than the power that was available.

3.1.2.2 Reflect

A similar measurement as in the previous section was performed for the reflection operation,
as seen in Fig.[3.4l Here, the desired end state is N,, since the initial velocity is close to —vy.
The measured maximum fidelity in this case was 0.94, at a power of 0.5 mW. Again, a calibration
factor was used, and the ratio of powers of the standing-wave for the splitting and reflection
operations was found to be 0.68, in good agreement with the theoretical value for the amplitude
of the standing-wave potential Brefiect = 4.4y

As seen in Fig.[3.4] the maximum reflection fidelity is lower than the maximum splitting fi-
delity. This can be improved by using a longer and less intense reflection pulse. In Fig. the
pulse length was varied and S varied to numerically optimize the fidelity at each point to give the
theoretical curve. The second maximum was experimentally found at a pulse time of ¢ = 140 us
and B = 3.0w,. A maximum fidelity of 0.98 was found for these parameters. By varying the initial
velocity of the atoms as in Fig.[34] it can be seen that this higher fidelity reflection operation

has an increased sensitivity to velocity. Therefore, the shorter pulse may be preferable when the
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Figure 3.4: Fidelity of the reflection operation. Data points show the experimentally measured
fidelity and solid curves are theoretical calculations. The operation consists of a single pulse with
duration 76 us.

initial velocity cannot be perfectly controlled.

3.2 Experimental realization

With working splitting, reflection, and recombination operations, we are ready to implement
an interferometer with our device. The schematic of the actual interferometer sequence can be
seen in Fig. At t = 0, we apply the splitting operation to transfer the atoms at rest into two
packets moving apart along the waveguide axis with velocity vy. The packets move apart for a
time T/4, where T is the total time in the interferometer, and then the reflection operation is
applied, i.e. the velocity of the packets is changed vy — —vy. The atoms then propagate for a
time T'/2, after which another reflection pulse is applied. The atoms finally propagate for 7/4
before the splitting pulse is applied again to recombine the packets. Two reflection operations
are performed so that the two packets of atoms traverse nearly the same path and experience
the same phase shifts from the guide potential. On the one hand, this cancels out any phase

shifts from asymmetries in the guide potential or external field gradients, on the other hand,
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Figure 3.5: (a) Experimental results for a longer reflection pulse. Here w, ¢ = 3.3 and the beam
power is 0.37 mW. (b) Optimized reflection fidelity vs. pulse duration. For each pulse duration
t, the standing-wave amplitude  was adjusted to provide the best reflection fidelity for atoms
traveling at v; = vy. Data points show the experimental results of Fig. [34] and part (a) above.
Error bars indicate the standard deviation of several measurements.
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Figure 3.6: Trajectory of wavepackets in the interferometer. The condensate atoms begin nom-
inally at rest. At ¢ = 0, an off-resonant laser beam (indicated by the arrows) splits the condensate
into two packets traveling at vy = £1.2 cm/s. At times T/4 and 37/4, the laser is used to re-
verse the atoms’ motion. At time T, a recombination pulse brings the atoms back to rest with
a probability that depends on the interferometer phase. The moving atoms (if any) continue to
propagate until the system is imaged to determine the output state.
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it also cancels out most of the phase gradients the packets acquire during the first half of the
interferometer, as will be described in Sec.[3.3.3

The geometry of this configuration most closely resembles a Michelson interferometer [17].
This geometry is most suited to the one-dimensional waveguide we use in our experiments and is
relatively simple to implement. However, a Michelson interferometer does not enclose any area
between the two arms, and so measurements of the Sagnac effect [25, 26] are not immediately
possible with this device. If measuring rotations is desired, a possibility would be to oscillate
the atoms in a direction perpendicular to the guide axis and apply the splitting and reflection
operations at points suitable to enclosing an area. Another possibility would be to design a new
waveguide in which the minimum of the waveguide is no longer linear, but a circle. These ideas
might be implemented in the future, but a range of interesting measurements are already possi-
ble in the linear guide which we have at our disposal.

To measure the output of the interferometer, we let the packets of atoms separate for some
time (usually around 40 ms) after recombination. As given by Eq. 3.35), we expect the fraction
of atoms at rest to depend on the differential phase ¢ between the two packets before recombi-
nation,

No ¢

No_ og? (_ _ (x). (3.43)
N 2

We can measure this fraction by taking an absorption image of the three packets and by fitting
each packet to a two-dimensional Gaussian function. The number of atoms in each packet can
then be extracted by the procedure given in Sec.[2.1.4] While strictly speaking the density pro-
file of the clouds of condensate atoms is more closely given by a Thomas-Fermi function [4], a
Gaussian fit is a good approximation and is easier to implement. Furthermore, we measure ra-
tios, so any systematic error in the absolute atom number in a packet from using the Gaussian
fit function should cancel when taking the ratios Ny/N.

For the first experiments, we do not want the atoms to acquire a differential phase ¢ from
experiencing different environments. This type of experiment would likely need some calibra-

tion, as the change of environment would come from an external field [53, 64]. However, we still
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Figure 3.7: Calibration of the frequency shift of the standing-wave laser beam generated by
a homebuilt diode laser. For a voltage applied to the grating piezo controller of the diode laser
used to generate the standing wave, the frequency shift was measured. The frequency shift is
seen to be proportional to the applied voltage.

want to observe the interferometer operation by varying the fraction of atoms that remain at rest
Ny/N. As described in Sec.[3.1.1.4] we can do this by changing the phase of the standing wave
a relative to the atoms between splitting and recombination pulses. From Eq. (3.30), we know
that a = —2kD, where k is the wavenumber of the standing wave and D is the mirror position. A
change in a can therefore be caused by a change of mirror position or a change in the wavenum-
ber, i.e. a change in the frequency. Since the mirror position is fixed in our experiment a distance
D = 22.5 cm away from the atoms, we shift the frequency to change the phase of the standing

wave. The phase shift can then be expressed in terms of the frequency shift Av as

4nD
a=——Av. (3.44)
c

A phase shift of /2, where no atoms remain at rest is therefore expected for a detuning shift of
167 MHz. In the experiment, the frequency is shifted by slightly changing the grating position of
the diode laser used to generate the standing wave. The change of frequency takes about 2 ms
to complete, and is approximately proportional to the applied change in voltage to the piezo

controlling the grating position, as seen in Fig. 3.7l
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Figure 3.8: Interference curve for T = 40 ms, taken by measuring the fraction of atoms that
remain at rest after recombination Ny/N. For each value of the piezo controller voltage, which
is proportional to the standing wave phase a, several images were obtained and averaged to get
Ny/ N, where the error bars denote the standard deviation of the mean. The solid curve is a fit of
the data.

For the following experiments, the waveguide frequencies were always (wyx, wy,w;) = 27 x
(6,1.2,3.3) Hz, and the waveguide was loaded with 2 to 3 x 10* atoms. The Bragg beam was de-
tuned 7.8 GHz blue of the 5S;,2 — 5P3,, transition for the measurement from 2006, and 12.8 GHz

blue for the other, more recent measurements.

3.2.1 \Visibility curve

By measuring the fraction of atoms that remain at rest for various standing-wave phases, an
interference curve is generated, as seen in Fig.[3.9((a). This curve can be fit to a function of the

form

f(9)=yo+ Alcos (27:3;80)] : (3.45)

where ) is the average value, expected to be close to 0.5, A is the amplitude, P is the fit period,
and sp is an offset. Two important parameters can be extracted from this fit: the visibility V and
the phase shift 6.

The visibility describes the contrast of the interferometer and is therefore a measure of how
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good the coherence in the interferometer is preserved. In general, the visibility of an interference

pattern with maximum value Iy« and minimum value I,y is defined as [17]

_ Imax — Imin

= . (3.46)
Imax + Imin
For the fit function from Eq. (3.45), the visibility is therefore given by
A
V=—. (3.47)
Yo

The phase shift 0 is a measure of the differential phase acquired by the two arms of the inter-
ferometer before recombination. For the case of no applied differential phase shift, we expect its
value to be zero. However, we observe a scatter of this phase shift around zero, due to potential
fluctuations and imperfections in fitting the data. From the fit, the phase shift can be extracted
as

0=—— (3.48)

The first measurement (from 2006) of the visibility for various total times T of the interfer-
ometer can be seen in Fig.[3.9|(b). As seen in the graph, the visibility is around 0.5 for short times
and then falls off for times longer than 44 ms. At the time, this was four times longer than the
previous longest coherence time for a condensate interferometer observed by Wang et al. [53].
However, shortly afterwards, Jo et al. demonstrated a coherence time of 200 ms using a different

interferometer scheme [65].

3.2.2 Improvements

After measuring this first visibility curve, various improvements were performed on the experi-

ment which increased the visibility at short times and also increased the coherence time.
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Figure 3.9: Visibility data from 2006 for the interferometer before the improvements described
in Sec.[3.2.Z2lwere implemented. For a range of times, interference curves such as in Fig.[3.8lwere
obtained and fit to obtain the visibility. At shorter times, it was not possible to change the laser
wavelength fast enough, so a set of points at @ = 0 only were used to estimate the visibility as
V ~2(Ny/N)—1.

Figure 3.10: Images of the beam used to generate the standing wave (a) after passing through
the glass vacuum chamber once and (b) after being retroreflected. The spatial interference pat-
tern comes from etaloning from the glass surfaces of the chamber, which were not anti-reflection
coated. (c) Image of the beam after retroreflection using a chamber with anti-reflection coated
windows. The interference pattern is greatly reduced.
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Beam quality After the initial success in implementing the interferometer, the efficiency of the
splitting and reflection operations decreased and were inconsistent from one run of the experi-
ment to the next. Looking at the Bragg beam after passing through the vacuum chamber and be-
ing retroreflected, we saw a strong spatial interference pattern on the beam, as seen in Fig. 3.10l
This interference pattern comes from etaloning from the glass-air and glass-vacuum surfaces of
the chamber, which were not anti-reflection coated. While the reflection from a single surface
is only 4% [17], considering all possible reflections is enough to explain the striking interference
pattern. In a spatially varying intensity pattern such as this one, the efficiency of the splitting
and reflection operations is expected to vary as atoms are in different positions relative to the
pattern, either due to slightly different positions of the atoms, or from a shift in position of the
interference pattern. After replacing the chamber with a new one with anti-reflection coated
windows, a great improvement in beam quality and also consistency of splitting and reflection

operations was observed.

Atomic motion Another detriment to a well-working interferometer is residual atomic motion
in the waveguide. As seen in Sec.[3.1.2.1] any velocity of the atoms at the time of the splitting
pulse will decrease the fidelity of the operation, as well as the fidelities of the subsequent reflec-
tion and recombination operations. The visibility of the output will therefore be reduced. We
found that most of the residual motion we observed came from loading the waveguide even af-
ter using the loading sequence described in Sec.[2.2.4l During the loading sequence, the trap fre-
quencies pass through 60 Hz for some value of the external and waveguide fields. At this point,
noise from the power line at 60 Hz drives the atoms and they start oscillating. This oscillation
continues with increased amplitude as the confinement frequency is further reduced.

Two possibilities exist for alleviating this problem. We could ramp the external and waveg-
uide fields to such values that the confining frequencies are below 60 Hz in all directions during
the final step of evaporation. Since the motion of the cloud looks like heating in the frame of the

trap, evaporative cooling will then restrict the motion of the atoms. However, since the evapora-
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Figure 3.11: Position of the atoms in the waveguide for several runs of the experiment. Gray
triangles show the spread of positions without a synchronization, black circles show the great
improvement when synchronizing the waveguide loading procedure to 60 Hz.

tion is performed in a weaker trap, the collision rate is reduced and so evaporation will proceed
at a slower pace than in the stronger trap. We initially got such a sequence to work by ramp-
ing down the external quadrupole to B}, = 135 G/cm after loading the atoms into the TOP trap
and then performing a longer evaporation. The largest TOP trap frequency in this configura-
tion was w, = 27 x 54 Hz. The number of atoms was somewhat lower in this case. The next
time we tried using this technique, we performed the first step of evaporation after loading the
atoms into the TOP trap in a 155 G/cm external quadrupole and 4 G waveguide bias field trap
(wz; = 27 x 136 Hz). Before the final step of evaporation, either the external quadrupole was
ramped to 58 G/cm (w, = 27 x 52 Hz) or the waveguide bias field was ramped to 20.5 G with
the external quadrupole at 135 G/cm (w, = 27 x 54 Hz). In this implementation, the number of
atoms in the condensate was still somewhat reduced, but the oscillation of the atoms was not
sufficiently suppressed.

Another possibility to minimize atomic motion is to synchronize the experiment to the 60 Hz
given by the line voltage. This means that the atoms are still excited and oscillate, but that we

access the same position of the oscillation every run of the experiment. We can then perform
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the interferometer operations at an extremum of the oscillation, where the packet velocity is
near zero and splitting and reflection operations are consistently efficient. The effect of this

synchronization can be seen in Fig. B.11]

Imaging An improvement of the imaging was achieved by upgrading the camera used for the
absorption imaging to a model with a faster download time. As explained in SectionZ.1.4] when
imaging the atoms, we follow the picture of the atoms with a picture with the same settings,
but without the atoms. The new camera allowed the time between taking the “atoms” and “no

atoms” images to be reduced from 20 s to 2 s, which significantly reduced the noise on the image.

Trap noise One of the most important features in our experiment is the waveguide. The sta-
bility of the fields in the waveguide is paramount to a successful interferometer operation, as
fluctuations immediately translate into fluctuations of the phase of the atoms. The trap stability
is controlled by feedback, as explained in Ref. [48]. However, the stability reported in Ref. [48] was
measured for an isolated system. In the working interferometer, the amplitude of the waveguide
fields is controlled by varying the voltage to the amplitude modulation input of the function gen-
erators used in the waveguide circuit. We found that this increased the noise floor on the waveg-
uide bias fields from —120 dBV/v/Hz with the amplitude modulation off to —90 dBV/v/Hz with it
on. We therefore built a circuit for amplitude modulation ourselves using an analog multiplier,
which reduced the noise floor to —105 dBV/v/Hz. A further improvement would be expected if
we turned the amplitude modulation off after reaching the final value for the waveguide fields,
however we found that this introduced a slight phase shift between the bias fields which varied

from day to day, so we did not pursue this further.

With these improvements, we again performed the interferometer experiments described above,
and measured the interferometer visibility as a function of time in the interferometer T, as seen
in Fig.[3:12] At short times, we now observe almost perfect visibility, and the coherence time is

extended by almost a factor of two to about 72 ms.
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Figure 3.12: Visibility after implementation of the improvements described in the text. The
visibility at short times is now almost perfect, and we observe coherence up to times of 72 ms.

3.2.3 Arm separation

One of the major features of our interferometer is its unprecedented arm separation. Previously,
atomic wave functions have been split over distances of up to 1.1 mm [31, 66], though the atoms
in these cases were located in clouds or a beam with a width of several mm. The separate packets
were therefore not accessible in the way the arms of a light interferometer are. Of course, some
measurements such as gravity or rotations do not require a separation of the packets in the in-
terferometer, and conventional atom interferometers have been highly effective in measuring
these effects [28,31, 66, 67]. However, separated arms permit many additional uses. With tightly
collimated atomic beams, separated arms were achieved and allowed precise measurements of
atomic polarizabilities [44, 68], phase shifts in atomic and molecular scattering [69], and atom-
surface interactions [70].

With Bose-Einstein condensates, packet displacements of up to 100 ym have been achieved
[53,71], though in this case the individual packets were even larger, which did not allow for indi-
vidual access. A separation of distinct packets was achieved by splitting the atoms between two
optical traps with a maximum spacing of only 13 ym [64, 72].

In our experiment, the maximum arm separation at which the atoms are still coherent is
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Figure 3.13: Separated packets in the interferometer, shown as both a three-dimensional image
and a flat picture. The absorption image was take 18 ms after the splitting pulse and illustrates
the maximum separation for an experiment with T = 72 ms. Since the interference visibility is
non-zero for this T, the atoms in this picture are in a quantum superposition of being in both
peaks. The center-to-center separation of the two packets is 0.42 mm.

found to be 0.42 mm, at an interferometer time T = 72 ms. A representation of this separation
can be seen in Fig. This separation, which corresponds to the thickness of about 4 sheets of
paper, allows for a variety of applications.

One possibility would be to pass one arm into an optical cavity, where it would acquire a
phase shift which depends on the field in the cavity. The number of photons in the cavity could
then be measured in a non-destructive way, similar to the experiments of Nogues et al. [73].
Another application would be to bounce one arm of the interferometer off a material surface
through quantum reflection [74,75]. Measuring the phase shift from the reflection would provide
information about effects such as the Casimir-Polder force. Experiments such as these would
require the atoms to either traverse separate paths, or for the surface to be removed before the
second packet arrives, to allow for a differential phase shift between the two arms.

Finally, our interferometer is well-suited for measurements of polarizabilities of the conden-
sate atoms, as will be described in Chapter @ In the simplest case, we can shine a beam of

light onto one packet and not the other, to measure ac polarizabilities. Furthermore, passing the
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packets between the plates of a parallel-plate capacitor and applying a static electric field to one

packet allows a precise measurement of the dc polarizability.

3.3 Limitations

In the previous section, we saw that we can achieve long interference times up to 72 ms and
large arm separations of almost 0.5 mm with our interferometer. However, we are still not at a
point where our measurements can necessarily be competitive with those performed with ther-
mal beam atom interferometers. In this section, I will describe several effects which limit our

coherence times.

3.3.1 Phase diffusion

We first consider a fundamental limitation to the interferometer performance. In an interferom-
eter such as ours, the splitting operation is necessarily limited to placing about half of the atoms
in either of the | + 2) states. This slight asymmetry will cause slightly different self-interaction
energies and as a result cause fluctuations in the interferometer output for various runs of the
experiment, therefore reducing the visibility.

We can quantify this effect by considering the many-particle wavefunction in terms of the
two states | +2) and | — 2), which correspond to packets of atoms moving with momenta +2#k.
For N total atoms and no acquired phase, the N-particle wavefunction is then given by

1 QN

(1+2)+1-2)) ) (3.49)

x> = 7

where ® is the Hilbert space product. It is advantageous to write the wavefunction in terms of

the number states of the two packets. We denote a state with j atoms in the | +2) state and N — j
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atoms in the | — 2) state as | j, N — j). The state y can then be expressed as

1 N
0 = —NZ ( )UN - (3.50)

The fact that the binomial coefficient appears with a square root is the consequence of changing
to a basis of bosonic number states, which need to be properly symmetrized.

Considering interatomic interaction effects as described in Sec.[[.2} we can now consider
phase diffusion. We assume that the energies E of the two packets are the same for same num-
ber of particles, i.e. E12(j) = E_2(j) = E(j). The total energy can then be expanded around the

expectation value j = N/2 as

Ei2(j)+E_o(N—j) = h [w0+€(j—N/2)2], (3.51)
where
2E(N/2 ’E
wo= 2EWNV2) - d e= LAEWD . (3.52)
n R dR |

For a condensate, the energies are given by E(j) = [ u(j) dj, where p is the chemical potential,

and therefore
1 du(j
g= 1 D : (3.53)
nodj j=N/2
The evolution in time of the wavefunction then follows
Y Z Mt j N jy (3.54)
00 =S5 IN=), :

which shows a scrambling of phases and therefore possible phase diffusion. Since we are mea-
suring a phase 7, from quantum mechanics we would expect to be measuring the value of a
hermitian phase operator 7). Though many attempts at constructing phase operators have been

attempted, the construction of such a phase operator is impossible [76]. However, an operator
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for the {| + 2),| — 2)} states can be usefully approximated, which has eigenstates

1 N
I =—=) e""j,N-j), (3.55)
U N—1,§0 N-j

with corresponding eigenvalues n=2zp/(N +1) for p=-N/2,-N/2+1,...,N/2.
Forlarge N, a binomial distribution can be approximated by a Gaussian distribution, and the
sum can be turned into an integral. The probability of measuring the many-particle state |y, t)

to have some phase 1 can now be calculated to be

2
- 2 _ Ul _n
P(m =1nly, 1)l _‘/2(An)2 eXp[ 2(A17)2]' (3.56)

where the width of the phase distribution is given by

/1
An=1/—+ N&r. .
n N+ &4t (3.57)

This means that we start with a width of An = 1/v/N initially. The width of the phase distribution

then increases linearly in time with a rate R = v N¢. We note that this diffusion process is linear
in £, as opposed to most other diffusion processes which evolve as /7.
Javanainen and Wilkens perform a complete calculation of the phase diffusion rate in the

Thomas-Fermi approximation and find [77]
. 2 1/5 i2/5 Oho 58
125 ano) NU10’ '

where wy is the harmonic mean of the trapping frequencies of the potential and ay,o = \/m
is the characteristic harmonic oscillator length. While this calculation was performed for a split-
ting routine in which a delta-function potential barrier is erected to separate a harmonic poten-
tial into two sides, it gives us a good order of magnitude estimate for the effect of phase diffusion
in our system. For the weakest confinement in our trap, we find R = 0.35 s~L. It follows that

the phase diffusion time is then approximately 7, = 3 s, or much longer than the interferometer
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times we realize in the presented experiments.

3.3.2 Atomic interactions

In addition to interactions within the packets, there is also an interaction phase between the two
packets acquired whenever parts of the packets overlap. This effect is therefore most important
at short interferometer times when the packets overlap for a large part of the interferometer se-
quence. To estimate the effect of these, we treat the interferometer as a one-dimensional system.
We are not truly in the one-dimensional regime, but this provides a convenient approximation

for what is a small effect. In this regime, we can write the one-dimensional GPE as

2 2

ihi‘P( 1= oLy ™ +gip | Y, 0| Yo, 0 (3.59)
ot W - 2m ayz ext 81D N2 »il), .

with the one-dimensional coupling constant g;p [78].

In the Thomas-Fermi approximation, the one-dimensional density profile n;p is given by

2
mp = L(l—%)H(L—m), (3.60)
where u is the chemical potential of the condensate, L the half-width of the packets, and H(x) is

the Heaviside function. From the normalization condition [ n;pdy = N, we find

i 3N

_ = (3.61)
gip 4L

The interaction potential between the packets is given by Uj¢ = 2g1pn1p, where the factor of 2
comes from the exchange effect, assuming a delta function interaction potential, as in Eq. (1.10)
[79]. However, after splitting, the number density is reduced by a factor of 2, leaving

62

Uint(<f+)=,u(1—ﬁ) H(L-|E-D, (3.62)
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where . are the coordinates within the two packets relative to the packet centers.
For short times, we can assume the velocity of the packets is constant, and the centers move
apart on trajectories y. () = £ vgt, so that the position in one packet ¢, coincides with the posi-

tion {_ — 2wyt in the other packet. The phase difference due to interactions is then
1 rT
Gin@ =3 [ (U&= 2000) = Una(& + 2000 d. (3.63)

The phase gradient at the center of the cloud can then be written as

dpint _ —8k(“’7T)2 for T/2<L/2vg=tg

e (3.64)

—8k(wty)*> for T/2>t,
where L is the length of our condensate. In our experiment, the centers of the packets separate

at a time t; = 2.3 ms. For longer times T/2, the interaction gradient is a constant at -1.1 rad/L.

3.3.3 Phase gradients

The most important limitation of our experiment is the effect of the confining potential. Ideally,
a waveguide has no confinement along the waveguide axis. However, as seen in Sec.[2.2.3] due to
the finite size of our waveguide structure, the potential has the form of an elongated harmonic
trap, with a small amount of harmonic confinement along the waveguide axis. In our case, the
trapping frequency in this direction ranges from 0.8 — 1.2 Hz.

It can easily be seen that a nonuniform potential of this sort causes a spatially varying phase
shift on the packets as they propagate in the potential. At recombination, different parts of the
packets will therefore interfere with different phases, causing the visibility of the interference to
be decreased. In this section, measurements of this phase gradient effect are shown and a simple
theory to explain these effects is developed.

In the following experiments, 3 x 10* atoms in the condensate were held in the waveguide

potential with confining frequencies (v, wy, w;) = 27 x (6,1.2,3.3) Hz. The atoms were manipu-
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Figure 3.14: Wavepacket trajectories for various interferometer configurations. (a) Single-sided
interferometer with leg duration 7/2. (b) Double-sided interferometer with leg duration 7, for
the first half of the interferometer and 7, for the second. (c) Free-oscillation interferometer in a
waveguide with harmonic confinement along the guide axis of frequency w. Note that the time
and position scales vary considerably for the different sub-figures.

lated with the standing-wave laser beam, which was detuned 12 GHz blue of the 551/, F =2 —
5P3,9, F = 3 transition.

We will consider various trajectories of the wavepackets. In Fig.[3.14)(a), the simplest case of
a single-sided interferometer is shown. In this case, after splitting, the packets are allowed to
propagate for a time 7/2 before being reflected. After another time T/2, they are recombined
and the fraction of atoms at rest Np/ N is determined by absorption imaging. After moving apart,
the packets move up the confining potential. Since the packets have a finite length L in the
waveguide direction, the leading edge of the cloud experiences a different potential than the
trailing edge. This means that it accumulates a larger phase, which continues to accumulate
throughout its entire trajectory. A spatial gradient of the phase is therefore present on the packets
when they are recombined.

The effects of the confining potential were first explored by Olshanii and Dunjko [79] in their
interpretation of the results of Wang et al. [53]. Later, Horikoshi and Nakagawa implemented an
interferometer with a similar geometry, of which the results obtained were consistent with the
interpretation of phase gradients [56]. In both of these experiments however, atomic interactions
played a major role. When different parts of the atomic packets interact for different times, as

during separation, a phase gradient is also written on the packets. Stickney et al. showed that
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the phase gradients from the interaction and the confinement effects can be made to cancel in
some cases, improving the interferometer performance [80].

In our experiment, interactions do not play as big a role as in the experiments described
above, due to the relatively weaker confinement. For comparison, in our experiment, the gra-
dient due to interactions at the center of the cloud is given by Eq. 3.64) as -1.1 rad/L. In the
experiment of Wang et al., the confining potential had w = 27 x 5 Hz, leading to an interaction
gradient of -14.5 rad/ L. In addition, our well-separated arms mean that the phase due to interac-
tions stops growing after the arms have separated. Finally, we use a double-sided interferometer,
as seen in Fig.[3.14b) to cancel out the phase gradients in the second half of the interferometer
sequence when the two separation times are equal.

We can also imagine achieving larger arm separations by not using any reflection operations,
but instead letting the atoms oscillate freely in the confining potential for a full period, as seen
in Fig.[3.14{(c). In this case the gradient cancels precisely when the packets are aligned properly,
but due to the long oscillation period of nearly one second, stability effects start to play a role,

and we do not observe phase stability.

3.3.3.1 Single-sided interferometer

To calculate the phase gradients, we develop a simple semi-classical theory. Any internal dynam-
ics of the packets are neglected, since these will occur on a time scale of the external confinement
frequency w. Our experiments are limited by confinement effects to interferometer times T so
that wT <« 1. We also assume that the atoms start at rest in the minimum of the trap. Adding
an initial velocity can change the phase development, but in our experiment, this effect is small
enough to neglect.

We now consider the motion of the two packets in a confining harmonic potential of the form

1 2.2
Uy = Emw a (3.65)
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where m is the atomic mass. The centers of mass of the two packets will be denoted as y. (t), and
the coordinates within the cloud relative to the center of mass as ... The total phase of a packet

accumulated in the interferometer is then

1 T 2 T
$(Es) = — f Uei(ys + &) di = f [ye(+&:) dr. (3.66)
h 0 2h 0

After the initial splitting operation in the simple single-sided interferometer, one of the packets
follows a trajectory

o =Lsinwr.  0<t<T/2) (3.67)
w

After propagation for a time T'/2, the reflection operation is applied. It is important to note that
the reflection operation is not a perfect reflection, but rather applies a momentum kick of —2v,

to the packet of atoms. The trajectory after this operation is therefore

oT . wT) vy . oT oT
cos— —2|sin|lwt— — |+ —sin—cos|wt——]. (T/2<t<T) (3.68)
2 2 w 2 2

Vo
Vi =—

The other packet follows a similar trajectory, but with vy replaced by — v, throughout.

As noted above, the reflection operation is not a true reflection but a ‘momentum kick’. This
has important consequences, as we will see later. As the packets move to higher potentials,
they will slow down. The packet with initial velocity vy will therefore have velocity vy — 6 v with
8v = (v9/2)(wT/2)? at the time of the reflection operation. Due to the momentum kick, the ve-
locity after the reflection operation will be —vy — d v, faster than the nominal velocity of —vy. The
packets then accelerate further when they move back towards the center of the trap and reach ve-
locity —vy—20 v at the nominal time of recombination. The packets are therefore not overlapped
precisely at the time T. A correction of this effect has been suggested by modifying the length of
time between reflection and recombination [80]. For the experimental conditions in our single-
sided interferometer, this error is only 0.7 um for T = 20 ms. Since this is much smaller than the

packet size of 110 um, it can therefore be neglected and we can assume that the centers of the
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packets overlap: y+(T) = y_(T) = 0,so that{, = ¢{_ = ¢.

We can now calculate the phase on one packet of atoms at recombination time T as

2 T/2 T2
¢+:";‘;‘7’ {fo [y1++5+]2dt+f0 [y1+1+5+]2dt}. (3.69)

When taking the difference of the phases of the two clouds, terms with even orders in vy will

cancel, since the second cloud has vy — — vy everywhere. The resulting phase difference is then
APE) = o (&) —p_ (&) = 4ké ZCOS%T —coswT -1, (3.70)

using vy = 2hk/m. For short times with w T <« 1, we can estimate the phase difference as
AP = ké(wT)>. (3.71)

At a time T = 20 ms, the gradient is 8.25 rad/L, compared to the gradient from interactions as
calculated in the previous section of -1.1 rad/ L. The effect of interactions is therefore small, but

not negligible.

Coherent state approach A different, but equivalent, approach to getting the phase gradient is
to use coherent states [76]. This provides us with a check on the semi-classical calculation. In
quantum mechanics, coherent states are the closest quantum states to the classical harmonic
oscillator. A Bose-Einstein condensate is simply a collection of atoms which are all in the same
quantum state, so a condensate oscillating in a quadratic potential can be described by a spatial
distribution of coherent states. While this is an approximation, and ignores atomic interactions
as well, it allows us to replicate the semi-classical result with a different technique.

A coherent state |@) in our case has a mean position y and mean momentum p defined by

a= @( L )=a+ib 3.72)
“V 2n J mwp B ’ ’
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Any operation performed on the coherent state, such as the splitting and reflection operations,
can be modeled by an application of the displacement operator D(a) = exp[aa* — a*a]. The
application of the displacement operator with a purely imaginary component has the effect of

imparting a velocity to the coherent state, i.e.
D(iw)la) = "% a +iu), (3.73)
which means that the splitting operation on an initial state |a;) will lead to a state
W) =

(e””‘lal viu)+e Mg, - iu)), (3.74)

Sl -

where here u = vogvm/2hw.
The time evolution of a coherent state simply follows a(t) = a(0) exp(—iwt), so letting the

packets propagate for a time 7 = T/2 means

@) = L (e"“”|e"'“”(a1 +iw)) +e MmO (g — iu)>). (3.75)

V2

The reflection operation is then modeled by application of the displacement operator D(F2iu),

after which the state is given by
L (g ids —iwr . : .
|P) = E(e 1e'P2)e (ay + iu) —2iuy + |packet with —u)), (3.76)

where ¢ = au and ¢, = —2u(acoswt + (b+ u) coswt). The second packet is the same as the first,

but with u — —u everywhere. After another time evolution for time 7, the state is now
1 (.0 . .
¥y = E (e”/’lel‘pzle_z’m(al +iu) — e '"“"2iu) + |packet with — u)). (3.77)

The recombination pulse means another application of the displacement operator D(+iu). We

will consider only those packets with velocities near zero, as those will give us Ny/N. The fraction
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of the atoms with these velocities are given by the state

W) = (ei¢1ei¢zei¢3|e_2i“”(a1 +iu)—e “T2iu+ iu) + |packet with — u)), (3.78)

N —

with ¢p3 = u(acos2wt + (b + u) sin2wt — 2usinwrt). The total phase of the packet is then given by

Gr=P1+ P2+ d3=ula(l —2coswTt +2coswTt) + b(-2sinwt + 2sinwt) + u(—-4sinwt + sin2w1)],
(3.79)

and the total state can be written as

W) = (e"¢’+|p+ r)+ei‘/’*|p—r)), (3.80)

N |~

where p = exp(-2iwt)a; and r = ju (e ?"“T —2¢7'T + 1). The phase ¢ is the same as ¢, but
with u — —u everywhere. The fraction of atoms that comes back to rest after recombination is
then given by Ny/ N = (V| W¥y). In general for two coherent states |a) and | 8), the inner product is
given by (a|B) = exp (- 31— a|*) exp (ilmB* &), where the | — a|* term gives the imperfect over-
lap between the coherent states [76]. In our case, we can assume perfect overlap. The fraction of

atoms that comes back to rest is then

No 1 %
W=Z[2+2COS(¢)+_¢_+ZImp r)]. 3.81)

The total phase is therefore given by

¢=¢,—¢_+20mp"r
=4ula(l —2coswT + cos2wT) + b(sin2wt — 2sinwT)]

v
=4k |y(1—-2coswt +cos2wT) + —(sin2wt —2sinwr) | . (3.82)
w

This is the same result as Eq. 8.70) for y = ¢, this time including the effects of an initial velocity.
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Figure 3.15: Absorption images of wavepackets in the interferometer. (a) The condensate dis-
tribution before the interferometer operation. (b) A packet obtained at the output of the interfer-
ometer, showing the spatial modulation from the effect of a phase gradient. (c) Another output
packet, showing the effect of shifting the overall phase of the interferometer by 7.

Experimentally, the fraction of atoms that remains at rest after recombination is given by [1 +
cos(0 + ¢)]1/2, where 0 is an overall applied phase, and ¢ is the acquired phase from interactions
and confinement effects. Since the phase ¢ depends on the position within the packets ¢, the
spatial density profile after recombination will be modulated. We can observe this modulation by
taking absorption images of the clouds after recombination, as in Fig.[3.15] Fig.3.15l(a) shows the
image of a cloud in the waveguide before any interferometer operations, and therefore without
any phase gradients. Figs.B.I5(b) and (c) show two packets after recombination, with the phase
differing by 7. The spatial modulation of the density profile is clearly seen.

To analyze the effects of phase gradients, we integrate the absorption images in the direction
transverse to the interferometer axis, thus gaining a one-dimensional density profile as seen in
the figure. This profile is then fit to a modulated Thomas-Fermi profile. We fit 4 images of 3

packets each with a common gradient G and fixed length L to a function

G(y—yo0)+60
2

A(y) = Ay + Bcos?

-min[l—(y_Lyo)z,O]. (3.83)
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Figure 3.16: (a) Visibility of the single-sided interferometer as a function of total duration.
Points show the measured values, while the curve shows the theoretical prediction. The predic-
tion has been scaled by 0.85 to account for experimental imperfections from the splitting and re-
flection operations that are expected to be independent of duration. (b) Magnitude of the phase
gradient for a single-sided interferometer of total duration 7. Points show the experimental mea-
surements, with error bars determined by the fitting procedure. The curve shows the results of
the calculation described in the text, with the gradient scaled to the length of the packet 2L.

After taking a set of images in which the experimental conditions are kept the same but 0 varied,
we acquire the gradient G = |d¢/d¢|. For small gradients on the order of 1/L or less, there is
less spatial modulation, and therefore the fits become less reliable. Similarly, for large gradients,
we are limited by the resolution of our imaging system and can no longer resolve the spatial
modulation.

Fig.B.I6lb) shows the measured and calculated gradients as a function of the total interfer-
ometer time T. At short times, interaction effects contribute, causing the piecewise behavior of
the calculated curve. The gradient from interactions varies across the cloud, here we use the gra-
dient at the center of the cloud. The experimental data is seen to agree well with the calculation.

In general, to measure how well the interferometer works, we vary the applied phase 8 and fit

the resulting curve to a function (1+ V cos0)/2. With phase gradients, we consider not only 6 but



3.3 Limitations 77

also the phase ¢ from confinement and interaction effects. Using the one-dimensional density

profile n;p, we can calculate the fraction of atoms at rest after recombination as

No 1

N 2

1 +fn1D(€) cos (0 +¢(©)) dé]

1 +fn1D(€) (cos@ cos¢p —sinfsin¢) df], (3.84)

where the second term will not give any contribution due to the density profile being symmetric

in £. The visibility can then be found as
V:fnm cos(&) dé. (3.85)

A measurement of the visibility of the interferometer, as well as the calculated visibility, can
be seen in Fig.[3.16((a). Even at short times, we observe an imperfect visibility of around 0.85,
and we scale the theoretical prediction by this factor. The calculated visibility is seen to agree
well with the measured visibility. From the figure, one can see that the visibility drops to a value
of 0.5 at T = 12 ms. This corresponds to a gradient of 4 rad across the packets. At this time, the
separation of the centers of the two packets is 120 um, just barely larger than the full width of one
of the clouds. The packets are therefore just separated, making a manipulation of the individual
packets very difficult.

The possibility exists of operating at larger separations and therefore larger phase gradients.
In this case, the fit parameter 8 would be used as the output of the interferometer. However, this
introduces a large amount of noise into the analysis, especially from the finite imaging resolu-
tion, as seen above. We therefore conclude that the performance of the single-sided interferom-

eter is limited by confinement effects.
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3.3.3.2 Double-sided interferometer

We can cancel the phase gradient acquired in the one-sided interferometer by using a double-
sided interferometer. In general, we can consider a double-sided, asymmetric interferometer
with arm length 7, in the first part of the interferometer followed by an arm length 7, in the
second part, as seen in Fig.[3.14l(b). The total interferometer time is then given by T =27, + 27>.
In the symmetric case, 11 =17, = T/4.

The trajectories are given by Eq. and forO<t<rtyand ) < t <2711+ 1Ty, respec-

tively. For 27, + 73 < t < T, the trajectory is

v
yfrH(t) == [—sinwT;sinw(T] +72) + [coswT] —2]cosw (T + T2) +2]sinw(t — 211 — T2)
w

+ % [sinwticosw(t] +7T2) +[coswt] —2]sinw (T + 12)]cosw(t—2T] —T2). (3.86)
In the general asymmetric case, the phase difference can then be calculated as before to be
A =4ké{cos[2w (11 +T2)] —2cos[w (11 +272)] + 2coswTy — 1}. (3.87)
For short times wT « 1 and 1) = 72, the phase difference can be estimated as
AP = kE(wT)?, (3.88)

which shows a suppression by a factor of (wT)? when compared to the single-sided case. The
cancellation is not perfect due to the previously described velocity error §v o< (wT)?. The gradi-
ent due to interactions is similarly suppressed. For a symmetric interferometer with 7; =72 =71
and 7 > 2.3 ms, the gradient from interactions at the center of the packet can be calculated as
(wT)?(mw?L? /hivy). At the longest times we achieve, T ~ 20 ms, the gradient is 0.025 rad/L, which
is negligibly small.

The same result can be derived using the coherent state formalism described in the previous
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Figure 3.17: (a) Phase gradient observed in an asymmetric double-sided interferometer. The
first half of the trajectory used leg time 7, and the second half 7,. Here 77 = 10 ms and 7, is
varied. When 7, = 7, the phase gradient is nearly eliminated. (b) Interferometer visibility as
T, is varied. For both plots, data points show the experimental results and the curves show the
model calculation. In (b), the calculation is scaled by 0.85 as in Fig.[3.16l

section. Including the effect of an initial velocity for the double-sided symmetric interferometer

with T =47 gives
v
Ap=4k|y1(1-2coswT +2cos3wT — cosdwT) — j (2sinwt - 2sin3wt +sin4wT) |, (3.89)

for an initial displacement y; and initial velocity v;. Again, the coherent state calculation agrees
with the semi-classical theory.

We can observe the cancellation effect by implementing an asymmetric interferometer with
fixed 7; = 10 ms and varying 7,. In Fig.[3.I7(a), the spatial density distribution is imaged and
the gradient extracted, as before. It is seen that the gradient becomes so small as not to be mea-
surable for the symmetric case 7; = 7. Fig.B.I7(b) shows the corresponding peak in visibility
for the symmetric case and the decay of interferometer performance at slight asymmetries. We
note that this cancellation effect can be seen as analogous to the spin echo effect observed in

magnetic resonance experiments [81].
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Figure 3.18: Visibility of the symmetric double-sided interferometer as a function of the total
measurement time 7. Data points show the experimental results and the curve shows the rigid
packet prediction, scaled by 0.85 as in Fig.

In a symmetric double-sided interferometer, the cancellation of phase gradients therefore
allows a significant improvement of measurement times in the interferometer. This is shown in
Fig.[3:.18] in which the calculated visibility is compared to the data shown previously in Fig.[3.12
We observe reasonably good agreement of the calculation with the experimental visibility. How-
ever, at longer times, the observed visibility consistently falls below the calculated values. At
these longer times, neglecting the internal dynamics of the packets is obviously no longer justi-
fied.

An alternative to the approximation of a rigid packet is a model in which each atom under-
goes free harmonic motion from its initial position in the packet. The packets therefore compress
as they move up the confining potential. In the single-sided case, the two models give essentially

the same result. In the double-sided case, the confinement phase is found to be

A¢p = —ké[cos8wT —2cos7wT +2c0os5wT —2cos3wT +4wTsin3wt

+2coswt — 12wt sinwt —1]. (3.90)
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In the case of wt « 1, the gradient can be estimated as

dp 212

6
ac =73 k(wt)®, (3.91)

which is a higher order than the rigid packet model. However, the larger coefficient means that
a coherence time of around 100 ms is found in this case, comparable to the rigid packet model.

In the rigid packet model, the repulsive interactions are assumed to be strong enough to
keep the packet size fixed during the oscillation. At the other extreme, in the free oscillation
model, interactions are neglected altogether. The reality probably lies somewhere in between
these two cases. In addition, we do not take account of the three-dimensional nature of the
system. In the transverse direction with tightest confinement, the oscillation period is 166 ms,
about twice the maximum interferometer time. Atomic interactions can couple motion in the
transverse and longitudinal directions, causing changes in the length of the condensate on this
timescale. Experimentally, we observe a change in packet size of around 15%. This, of course,
also affects the phase gradient across the cloud. A treatment of the internal dynamics would
require a numerical solution of the three-dimensional Gross-Pitaevskii equation, and has not
been performed here.

An indication that the simple theory developed here is not a sufficient description is that in
the symmetric double-sided interferometer, the atom packets do not exhibit the spatial modu-
lation with decreasing visibility as seen in Fig. A possible explanation for this is that the
reduction of visibility is caused by gradients of the phase in the transverse directions along with
the longitudinal ones. We would not be able to resolve these in our experiment since we average
over phase variations which are parallel to the probe beam in our absorption imaging setup.

Recently, a more complete analysis of the double-sided interferometer was performed by
Stickney et al. [82]. In their analysis of our results, they attribute the loss in contrast to both the
incomplete overlap of the packets and the phase gradient across the cloud. The combination of

loss of contrast from these two sources could also be a possible explanation for the inability to
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see a spatial modulation in this case.

We have been able to rule out some further reasons for the decay. A misalignment of the
standing-wave laser beam and the waveguide axis would cause the packets to be misaligned at
recombination and not fully overlap, causing a reduction in interferometer visibility. We ruled
out this possibility by imaging from all three directions and adjusting the alignment of the standing-
wave to make the atom packets overlap at recombination. Also, there is a possibility of overall
phase noise, for example from vibrations in the standing-wave mirror. This would cause fluc-
tuations in the interferometer output from shot to shot, which we do not observe. In fact, at an
interferometer time of T = 100 ms, the fluctuations in the fraction of atoms that remain at rest
after recombination is only 1%.

These results show that the double-sided interferometer offers a six-fold improvement in in-
terferometer time over the single-sided interferometer, and a corresponding three-fold increase
in arm separation. At these separations, the two packets are well separated and individually sep-
arated, offering the advantages described in Sec.3.2.3] It should be noted that the double-sided
interferometer scheme is not suitable for all measurements. For example, for a measurement of
gravity, the double-sided interferometer would cancel the gravitational phase in the second half
of the interferometer just like the confinement phase. However, a variety of other measurements
are still possible, including the measurement of rotations with a loop geometry, or the measure-
ment of effects that can be applied at a specified point in time. Measuring the ac or dc Stark

effect belongs in the latter category.

3.3.3.3 Free-oscillation interferometer

Unfortunately, the same trick does not work to extend the interferometer time and arm sepa-
ration even further. One could imagine realizing a ‘4-sided interferometer’, in which the atoms
are reflected four times before recombination. However, this results in a reduction of the phase
gradient by only a factor of 4, not by a power of wT, giving only a modest increase in the arm

separation. At the same time, imperfections of the reflection operations become significant in
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Figure 3.19: Interference for atoms freely oscillating in the waveguide. The measurement time
is 0.9 s, corresponding to a separation of 1.7 mm. The phase of the interference is random, so the
variance of the signal measured over several runs of the experiment is plotted against the trans-
verse separation of the wavepackets at the time of the recombination pulse. The large increase
in variance when the packets are overlapped is taken as a signal that interference is present. The
error bars represent the error in the variance, estimated as A%/ N.

this case. This geometry was therefore not studied in detail.

Thinking of the velocity error caused by the reflection operations caused us to pursue an in-
terferometer without any reflection pulses. Instead, after splitting, the two packets complete a
full oscillation in the confining potential before recombination. For an ideal harmonic poten-
tial, the trajectories of the packets are then precisely symmetric, and the phase gradients cancel
exactly. However, the confining potential along the waveguide axis has an oscillation period of
0.9 s. At such long times, external noise sources can cause uncontrolled phase shifts of the pack-
ets. This means that we observe a random interferometer output.

Since we do not have a controlled interference signal, we instead use shot-to-shot fluctua-
tions of the output as an indication of visibility. A similar technique was used in experiments by
Segal et al. [83] and by Horikoshi and Nakagawa [84]. In both cases, fluctuations similar to ours

were observed at long interferometer times. The arm separations obtained in this case were up
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to 0.5 mm and 180 um, respectively. Horikoshi and Nakagawa were also able to operate this in-
terferometer in a tighter confining trap with a shorter interferometer time and get a stable phase
output. This indicates that low frequency noise such as that from vibrations of the table the
experiment is mounted on are the cause of these fluctuations.

At such long oscillation times, the alignment of the standing-wave to the waveguide axis be-
comes critical in order to avoid the misalignment of the packets at the recombination time. We
can also use the misalignment as a variable, as seen in Fig.[3.19] Here, we see a peak of the vari-
ance when the packets fully overlap, a clear indication of interference. We can quantify this by
assuming an output of (1 + V cos0)/2 of the interferometer with a random phase 8. We can then
relate the measured variance o to the visibility by o = V?/8. This indicates an observed visibil-
ity of 0.3 at full overlap. The imperfect visibility could again be attributed to internal dynamics
of the packets, which would cause a slight asymmetry in their trajectories. We note that we did
not observe any interference after a half oscillation.

The maximum arm separation for the free-oscillation interferometer is 1.7 mm. However,
because of the random phase that is observed, there is no control over the output of the interfer-
ometer. We therefore cannot currently use this scheme to make practical measurements. It can
be hoped that various stabilization methods will result in a controllable output, with which this

interferometer would then offer an unprecedented interferometer time and arm separation.

In this section, we have seen that the performance of a guided matter-wave interferometer
such as ours is largely limited by confinement effects at longer times. Since the confinement in
the axial direction stems mainly from the effect of the current leads, as seen in Sec.[2.2.3] an obvi-
ous solution would be to increase the length of the waveguide structure. An alternative method
would be to introduce additional current elements which flatten out the waveguide potential
in the axial direction, but add a small amount of confinement in the transverse directions. A

calculation of the effect of such a configuration can be found in Appendix[Bl
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3.3.4 Noise sources

In the previous sections, some fundamental limitations to the interferometer performance were
discussed. In addition to these fundamental limitations, there are also a range of possible sources
of noise that contribute to a decreased interferometer performance. To compare the effect of
these noise sources, we will always consider a symmetric, double-sided interferometer with

T = 40 ms in the waveguide with confinement frequency w, = 27 x 1.2 Hz along the guide axis.

3.3.4.1 Trap field noise

We can effectively eliminate the effects of fluctuating ambient fields on the interferometer by
employing the time-orbiting potential technique described in Section 2.2 (for its limitations, see
also Sec.[3.3.4.3below). However, if the fields of the TOP trap themselves fluctuate, this still intro-
duces phase noise in the interferometer. Since these fields are generated electromagnetically, the
main source of noise is the driving current. A characterization of the current noise is therefore
important to understanding the stability of the interferometer.

Such a characterization has been carried out by Baranowski and Sackett [48], and here we
follow the main points of their argument. We suppose that the energy of the atoms depends
solely on the magnetic fields of the waveguide, i.e. U = uB, where p is the magnetic moment of
the atoms. Furthermore, any temporal variations in the fields are caused by current fluctuations,
B = B(y)I(t). We can then separate the current into a constant term and a fluctuating noise term
n(t) with I(¢) = I+ n(t)], where (n(z)) = 0 for the noise term.

Assuming the noise in the fields does not affect the trajectory of the atoms, we can develop
B into a Taylor series B(y) = Y. B, ¥", where the even powers in the series do not contribute due
to the symmetry of the trajectory. We then assume that the n = 1 term will dominate and keep

only this term, so that 8(y;) — B(y-) = 281 y+. To simplify the notation, we will now redefine 3;
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as 1. To leading order, the phase noise is then

6 2 4 % °
¢°=—"H SW)hi(v)dv, (3.92)
0

where S(v) is the noise spectrum at a frequency v (in Hz), H; = v(z) T3/48 for a Bragg velocity
vy = 2hk/m, and

3T . . 2
hi(u) = — (sin2u—2sinu)*, (3.93)
4u

with u = nvT/2 and the normalization f hi(v)dv=1.
The noise will typically have some noise floor and a sharp peak near the frequency of the line

Viine = 60 Hz. We can then write the noise spectrum as

S(v) =Sp+ ad(V—"Vine), (3.94)
which leads to phase noise
, 1(2B1voT)?
o¢” = 3 i T (ahq (Viine) + So) - (3.95)

We would expect ; = 0, since the atoms should be at a minimum of the potential. However,
due to residual motion after loading the waveguide, they are not. At some initial position yy,
they experience a gradient f; = mw?y,. When measuring the noise on the waveguide currents,
we observe the noise floor at —95 dB/v/Hz relative to the carrier and 60 Hz sidebands around
the 11.9 kHz peak at —80 dB relative to the carrier. However, this is the square root of the power
density. We therefore find Sp = —190 dB/Hz and a = —160 dB. Using vy = 2fik/ m, we then find

the noise as

T
5= \/; kyow? T/ ahy (Viine) + So. (3.96)

Inserting typical values of the initial position yy = 25 um, we find h1(Vjipe) = 1.7 x 1072 T and
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Figure 3.20: Comparison of the phase noise from various sources. The black solid line shows
the effect of current noise using Eq. (3.96). The blue dotted line gives the effect of motion of the
trap structure using Eq. (3.98), with A =1 um and vy, = 40 Hz. The red dashed line shows the
effect of external field noise using Eq. (3:103), with L =0.5 m.

therefore a phase noise at T'= 40 ms of
8¢ =103 rad. (3.97)

The effect of current noise is therefore small enough to be negligible at these short times, and

grows to unity for interferometer times of around 3 s, as seen in Fig. 3.20

3.3.4.2 Motion of trap structure

We can measure the motion of the trap structure by setting up an optical Fabry-Perot interfer-
ometer using a small mirror that is mounted on the trap structure. In this way, we measure an
oscillation amplitude A of a few um with a frequency of around 50 Hz. If the trap follows a tra-
jectory a(t), the atoms will see a varying potential U(y, t) = mw?(y — a)?/2 = Uy — mw?ay, which
looks like a fluctuating gradient. We can therefore use the expression for phase noise from the

previous section. At a frequency of 50 Hz, h; turns out to be zero for T = 40 ms, so let us assume
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a slightly smaller frequency of 40 Hz. The phase noise is then given by

S5¢p= %ksz T3"2\/hy (Vyip). (3.98)

This therefore results in a phase noise d¢ < 0.5 rad for T = 40 ms.

3.3.4.3 External field noise

Noise from an external field B will add to the trap potential and affect the atoms. Adding B, to

the bias field given by Eq. (2.7) gives

2

Be
{IBtot|) = By + 5 (3.99)
0

A uniform field has no effect on the relative phase of the atoms, so consider a field with a gradient
B, + By, which gives a potential gradient

dU  uB.B,

3.100
ol (3.100)

With a gaussmeter, we can measure the spectrum of B, which we must then relate to the
power spectrum S(v). We will assume that the gradient of the field is given by B,/L for some
length scale L, which should be more than a few cm, since any possible sources are more than
this distance away from the atoms. A measurement with a gaussmeter gives a noise background
of b, <1 mG/+v/Hz, a peak at 60 Hz with amplitude b; = 6 mG, and a static dc component by = 1 G.

The external field can then be expressed as
Be = by + b1 coSWine t + bon(1), (3.101)

where n(?) is a white noise term with (n(f)n(t + 1)) = (r). The power spectrum for the squared
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Figure 3.21: Comparison of the phase from residual motion of the atoms. The black solid line
shows the effect of an initial displacement of 25 um. The blue dotted line gives the effect of an
initial velocity of 20 um/s.

field is then

Se(V) = byd (V) +4b5 b6 (V — Viine) + 4b3 bs. (3.102)
As before, the phase noise can then be calculated as

HUo Tb()
hByL

1 2
8¢ = 3 ( ) T [b2 hy (Vine) + b3], (3.103)
which gives a phase noise of §¢» = 2.4 cm/L for the broadband term and 6¢ = 4 mm/L for the

60 Hz term. We therefore estimate §¢ < 0.5 rad for the contribution from external fields.

3.3.4.4 Residual motion of atoms

The effect of residual motion on the phase of the double-sided symmetric interferometer was
calculated using the coherent state formalism, giving Eq. 3.89). Operating at an extremum of
the oscillation in the guide should nominally give zero initial velocity, but we probably have fluc-
tuations on the order of 0.1wy; = 20 um/s. A typical value for the initial displacement at the
extremum is 25 pm. The phase from the initial displacement is therefore -0.1 rad and the phase

noise from a fluctuating initial velocity 0.07 rad at T = 40 ms, as can be seen in Fig.[3.21]
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In the experiment, we do observe a constant phase shift which changes slowly over time, as
mentioned in Chapter @ Furthermore, we have observed a change in the phase offset of the
interferometer curves for different interferometer times, which could arise from the phase shift
from the initial displacement. In terms of phase fluctuations, we would be sensitive to fluctua-
tions of the initial displacement, which varies by at least 10%. The effect of residual motion will
therefore limit interferometer performance for interferometer times longer than those which

have already been achieved.

3.3.4.5 Bragg beam noise

As we saw earlier, changing the Bragg beam frequency changes the output signal of the interfer-

ometer as
No
N -

[1+cos(p+2a)], (3.104)

N | =

where ¢ is the differential phase and a = 2kD the standing-wave phase. The phase noise is then
given by
6¢p=26a=4D(6k)+4k(6D). (3.105)

We monitor the Bragg beam with a Michelson interferometer, where the Bragg mirror is one of
the mirrors of the interferometer, as seen in Fig. 3.1l The output of the interferometer is then
given by

I
I= %(1 +sin2kL), (3.106)

where L is the difference in length between the two arms of the interferometer. In our case D =
22.5 cm and L = 35 cm. Looking at the signal of the Michelson interferometer at Irnax/2, the
fluctuations are

O = Imax(L6k + k6 L). (3.107)
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Since L depends on the Bragg mirror as well as the other mirrors in the Michelson, we know that

6D =< 0L, and therefore the phase noise is given by

oI

op=<4 (3.108)

I max

We observe 81/ Imax < 0.1 on a timescale of around 40 ms, giving a phase noise 6¢ < 0.4 rad.

3.3.4.6 Table vibrations

Fast vibrations of the optical table the experiment is performed on can also be thought of as a
kind of Bragg beam noise. If the frequency of vibrations is larger than the trapping frequency,
then the atoms themselves will not respond to this noise. However, the Bragg mirror is attached
to the table and will therefore follow the vibrations. To the atoms, this then looks like a vibration
of the Bragg mirror, with the same effect as in Sec. The noise would not show up on
the optical Michelson interferometer, though, since the other mirror and beamsplitter will be
moving in the same way as the Bragg mirror.

A measurement of the table vibrations using geophones shows the largest contribution to
the velocity noise at around 11 Hz. The maximum velocity noise here is 2 um/s, giving a noise in
D of 6D = v/w = 30 nm. This corresponds to a phase noise of ¢p = 4kdD = 0.9 rad. This is the
highest contribution to the phase noise.

Slow vibrations with a frequency less than the trapping frequency should not be a problem.
The atoms experience slow vibrations as a constant acceleration, which will cancel due to the

symmetry of the interferometer sequence.

For the current interferometer performance, it appears that table vibrations are the largest
contribution to the phase noise in the experiment. At longer times, the residual motion of the
atoms as well as possible noise from external fields will become important in limiting the per-

formance of the interferometer. It would therefore be prudent to work at minimizing atomic
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oscillations even further, e.g. by working out the evaporation sequence with trap frequencies

less than 60 Hz again, and actively canceling external magnetic fields.



...Incomparable blind streets of shuddering cloud

and lightning in the mind . ..

Allen Ginsberg

Measuring the ac Stark effect

Guided matter-wave interferometers have great potential for use in a variety of applications,
from the precise measurement of inertial and gravitational effects to probes of chemical inter-
actions [24, 85]. While interference with matter waves in free space has yielded impressive re-
sults [43,44], a considerable amount of space is needed for the atoms to fall under the influence
of gravity or for an atomic beam to propagate. Using atoms confined in a guiding potential can
solve this problem, and permits larger arm separations and enclosed areas using more flexible
geometries such as circular rings [45, 46]. So far, such guided-wave interferometers have been
demonstrated in “proof-of-principle” experiments [53-55, 64, 65, 86, 87], but we show here that
they can be of advantage for practical measurement as well. In this chapter, we report the use of
a guided-wave interferometer to measure the dynamic polarizability of 8’Rb with an estimated
accuracy of 7%, a significant improvement over previous interferometric methods [64, 88, 89].
The accuracy is similar to that of the best non-interferometric technique [90], but in comparison
our method requires a factor of 102 less laser power and can be used at any optical frequency,
including on resonance. Indeed, measurement on resonance reveals the familiar dispersion-
shaped dependence, but with a broadened linewidth that we attribute to collective scattering
effects [91,92].

When atoms interact with the electric field of a beam of light, the energy levels of the atoms
shift due to the ac Stark effect by an amount U = —%a(EZ). This effect is relevant to precision

measurements, where the magnitude of such shifts must be well known [93, 94], and measure-
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ments of the polarizability a are important for verifying ab initio calculations of dipole matrix
elements [95]. Gradients of the Stark potential lead to optical dipole forces, which are used to
great advantage for cooling and trapping atoms [96], atom optics [23], as well as quantum infor-

mation [97].

4.1 Theory

When an atom experiences an electric field &, the applied field distorts the charge distribution
in the atom and therefore induces an electric dipole moment p = aé. The interaction potential

for a dipole with an electric field is given by
1
U=—§(H'5’>, (4.1)

where the factor of 1/2 comes from the fact that the dipole moment is induced [98]. Combining

the expression for the energy shift with the expression for the intensity of a beam of light,

I = ceo(E%) (4.2)
gives the potential
1
U=———-aul. (4.3)
2ceg

A simple model To get an estimate for the polarizability, we can use a simple classical model
for atom interactions with light [98]. An electron with mass m, and elementary charge e can
be thought of as a classical oscillator bound to the core with an oscillation frequency wg, which
is equal to the frequency of the optical transition. The oscillator is driven by the force from an

electric field & o exp(—iwt). The restoring force for the oscillator in this case is just

F=—mewjx. (4.4)
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Adding a damping term y then gives us the equation of motion for a driven, damped classical
oscillator

me [X+yX+ w(z)x] =—e&, (4.5)

which gives a dipole moment of

M:;(w%—wz—iwy)_léa. (4.6)
e

The radiative damping rate of a classical oscillator [98] is found to be y = ezwg/ 6megmec®, which

can be used to replace e?/m, in Eq. (&6) and give an expression for the dipole moment of

_ 67 c3 %

2 2 2
w; Wi—w - iwy

8. (4.7)

This is an accurate description of the dipole moment for a suitable quantum mechanical defini-

tion of y.

Semi-classical theory A more rigorous treatment of the atomic interaction can be performed
using time-dependent perturbation theory. We will try to find solutions to the Schrédinger equa-
tion

Ld
lhEI\P> = H|¥V), (4.8)

where the Hamiltonian is given as H = H, + V(¢), with the unperturbed atomic Hamiltonian H,

and a time-dependent perturbation V = —p - & coswt. With the definition of the Rabi frequency
Q= (lplfHéln (4.9)
for an initial state |7) and a final state | f), we can separate the perturbation into two parts

V=V,e @4y _el®t (4.10)
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with V, = V_ = 1Q/2.
The problem of linear differential equations with periodic coefficients can often be solved
using Floquet theory [99, 100]. This is a similar approach as the Bloch theorem in condensed

matter physics. We start with the Floquet ansatz
[P (1)) = e Py (1), 4.11)

where E,, is the quasi-energy, and |y, (7)) is periodic in T = w¢. The subscript m denotes the

m-th Floquet mode. Due to the periodicity, the state |y, (7)) can be expanded as

[Wm@) =Y e " |y (1), (4.12)

where 1 € Q.

Inserting this into the Schrodinger equation (4.8), we find

Emze—inwflwmn> +Znhwe—il’lw[|wmn> —
n

n

Ha) e " \ymn) + Vi 3 e 0 gy + V23 T D ). (4.13)
n n n

Since the solution should be valid for all times, we compare the terms oscillating at the same

frequency and get the coupled equation [101]

(Em +nho — H)Wmn) = VilWmm-1) + VoW mmi1)- (4.14)

We can now expand the quasi-energy and the state vector in a series in terms of the electric field

& as

E,=E9+EVg+EPg?+ . (4.15)

W mn) = W'Dy + &y Dy + EXy'P) + ... (4.16)
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In the unperturbed case, we have H,|y") = E@ |y}, and therefore E© = E and ¢’ = 0 for all
n#0.

We can now look at the first order correction. We find

ED |y + (E+ nho - H)ly'Py = Vily@ y+ veig@ ), (4.17)

n— n+1

For n = 0, we see after multiplying with (wg))l that the first correction to the energy EWV is zero.

For n = £1, on the other hand, the first order wavefunction is given by
Iy = GE £ hw) Ve ly ), (4.18)

with the Green’s function

G(E + hw) = (E+hw— Hy) L. (4.19)

To second order, for n = 0, we find

E@ly + (E- Holygy = Vily) + Volyl)), (4.20)

+

from which we get an expression for the second order correction to the energy as

E® = P\ Vily D) + w1V . (4.2

We can now substitute Eq. (4.19) into this expression and find
E? =PIV, GE-ho)V_ly ) + (WP IV-GE + ho) Vi [y (), (4.22)

where the first term corresponds to an atom emitting a photon, then absorbing one, and the

second term corresponding to an absorption of a photon followed by an emission. By making
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use of completeness, we can now express the Green’s function as

1 _ [ (4.23)
E+hw-H, fEJ_rhw—Ef' '
Taking advantage of V, = V_, the energy shift can now be written as
Ky IV P (1 1
FO -y Vo IVilf ( N ) , (4.24)
7 h Wr—0w Wt
where we have defined hiw ¢ = E — E¢. Using V, = liQ2/2, this can then be written as
2 2
po -y 10 ( SRR ) P . (4.25)
4 \wr-0 wrtw 7 2 w P

f

The second order energy shift is simply the energy shift from a beam of light given in Eq. (4.3).
From this equation, we can then extract the polarizability a. Using the definitions of the Rabi

frequency (4.9) and the intensity (4.2), we find

wr
2

> (4.26)
a)f —w

vy Ly, 2
U= ;hwokzmlﬂl

where we have ignored spontaneous emission, which could be included by adding an imaginary
term to the denominator as in Eq. (£.7).

Our experiment uses 8’Rb, which has two principal transitions from the 5S;,, ground state,
to the 5P;, state at 795 nm, and to the 5Pz, state at 780 nm. Each of these states has several
hyperfine levels, which we must consider. From Eq. (4.28), the polarizability of an atomic state
|i) is found as [36]

2 Wy 2
a; = E rle, 4.27
ilwy) hf# ?_ gl,u,fl ( )

where wy is the frequency of the applied laser beam, w  is the transition frequency to an excited

state | f), and y; ¢ is the transition dipole matrix element (i|u|f). This matrix element can be
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Figure 4.1: Polarizability of the 5S;/2 ground state of 87Rb. The black curve shows the con-
tributions from the 12 strongest transitions, as given by [102]. The blue dot-dashed line is the
contribution from the 5P, state. After including the 5P;,, state (green dotted line), the other
states’ contributions are very small.

expressed in terms of the decay rate I'¢; of the excited state using

w3

Tr= ———|u;rl? 4.28
fi 3neohc3|ulf| (4.28)

We use this expression to normalize the dipole moments to the 5Ps;, (F=3,mg=3) — 5812
(F =2, mp = 2) cycling transition rate, where I's3_.»y = I' = 27 x 6.065 MHz is the total decay rate

for the 5P3,, states [103]. Then

Hig |?

U33

(4.29)
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The ratios of dipole moments can be computed exactly from standard angular momentum alge-
bra, and are tabulated in the literature [13, 104]. The relative intensities of the transitions used in

our calculation are given in Table[4.11
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(a) Transitions to excited states

Excited state wavelength (nm) |,u,-f/u33|2

52P1/» 794.9783 3/8
52P3/» 780.2405 3/4
62P1 /2 421.6706 1/240
62 P32 420.2972 1/120
72P1 /2 359.2597 1/3000
7° P35 358.8074 1/1200

(b) Transitions to different hyperfine levels

Excited state Hyperfinelevel — wg/2m (THz)  |uir/pss |2

52P1 /0 2 377.105 206 740 1/3
52P3/9 2 384.227 848 551 1/3
52 P30 3 384.228 115 203 1/3

Table 4.1: Relative intensities of transitions used in calculating the ac polarizability of the 52S;,»
ground state of 8’Rb. (a) Transitions from the ground state to higher lying electronic states, av-
eraged over the hyperfine structure. The relative intensities are given by the square of the ratio
of the dipole matrix element of the transitions to that of the 5P/, (F = 3,mp =3) — 581/2 (F =
2, mp = 2) cycling transition. The relative intensities are from Ref. [102]. (b) Transitions from the
ground state to different hyperfine levels of the first excited electronic state. The relative inten-
sities in this case are from Ref. [13].

4.2 Experiment

Our apparatus has been described in detail in previous chapters. Briefly, we have a Bose-Einstein
condensate of 3 x 104 8’Rb atoms in a harmonic waveguide generated by a time-orbiting poten-
tial (TOP) with transverse confinement frequencies of 3.3 Hz and 6 Hz and axial confinement of
1.1 Hz. An off-resonant standing-wave laser beam is used to evenly split the condensate with al-
most perfect efficiency into two packets which move in opposite directions along the waveguide
axis with velocity vy = 11.7 mm/s. We use the symmetric, double-sided interferometer, of which
the trajectories of the packets are shown in Fig. For this type of interferometer, the two pack-
ets of atoms traverse nearly the same paths, therefore experiencing the same phase shifts from

the guide potential, as described in Sec.[3.3.3] After recombination, the ratio of the number of
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Figure 4.2: Schematic of the experimental setup. The waveguide axis is in the horizontal di-
rection. The Stark beam is apertured such that it only interacts with one packet of atoms at the
maximum separation in the interferometer. This beam is imaged with the same camera that we
use to observe the atoms.

atoms at rest Ny to the total number of atoms N depends on the differential phase ¢,

No
N

(1+cos¢). (4.30)

DN | =

For the experiments discussed here, the interferometer time is always T = 40 ms, for which
we have nearly perfect visibility, as seen in Fig.[3.12] The maximum center-to-center separation
of the two packets for this distance is 240 ym, which is significantly larger than the cloud half-
width of 55 um and allows for independent access to the two packets. This allows us to apply a
laser beam (the “Stark beam”) to one atom packet but not the other, as seen in Fig.[4.2]

In the experiment, the Stark beam is linearly polarized along the waveguide axis and is spa-
tially filtered with a pinhole. An AOM is used to pulse on the Stark beam for a short time before

and after the first reflect pulse, and a mechanical shutter is used to prevent any leakage light
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Figure 4.3: Measurement of the phase shift from a laser beam at (a) 780.232 nm and (b)
808.37 nm. In both graphs, the solid line indicates a fit to the data. Since there is an increas-
ing phase gradient across the atomic cloud with increasing phase, the visibility decays at higher
intensities and longer times. In the graph, we have binned together groups of data with a similar

product of measured intensity and pulse time. The bin size is 0.5 mW ms cm~2 in (a), 450 mW
ms cm™~2 in (b), and the error bars indicate the standard deviation of the mean within the bin.

from the AOM from affecting the atoms. In addition, the power in the Stark beam is measured
during the applied pulse with a photodiode and the intensity corrected accordingly to account
for variations over time, which are generally less than 10%. After completing the interferometer
sequence and recombining the two clouds, the ratio Ny/N is measured for different intensities

and durations of the Stark beam.

4.2.1 Measurement of the ac polarizability off resonance

We performed this experiment at two different frequencies. For the first measurement, as seen in
Fig.[4.3((a), laser light locked to the 5512, F = 1 to 5P, F = 2 “repump” transition at 780.232 nm
was used as the Stark beam. In two variations, a 475 us pulse was applied and the Stark beam

intensity I varied from 1 to 15 mW/cm?, or a beam with intensity 10.5 mW/cm? was applied for
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times ¢ ranging from 0 to 675 us. We fit the data to a function

(4.31)

1 It — x
f(It):§+e_ﬁ”cos(2n O),

where P is the period, xp is an overall phase offset, and f is a decay constant reflecting the
fact that intensity gradients in the beam induce spatial variations in the phase which eventu-
ally wash out the interference. Here the unapertured beam waist was 1 mm. We can extract
the polarizabilities from the fit using |a| = 4wegch/P. For the data at 780.232 nm, the fit gives
la| = 4mey x (8.37 +0.24) x 1072° m3, where the error is the statistical error from the fit. In or-
der to get a theoretical value, we consider only transitions from the 5S;,, ground state to the
5P3, F = 2,3 excited states. The contributions from the Zeeman effect induced by the 20 G trap
bias field and from 5P, states are less than 0.1%. Our calculations give a theoretical value of
lar| = 47eg x 8.67 x 1072% m3, a deviation of +3.5% relative to the experiment.

For the second measurement, seen in Fig.[4.3|b), a free running laser diode at 808.37 nm was
used. As in the previous case, a 1.276 ms pulse with intensities ranging from 0 to 6.6 W/cm? was
applied to the atoms, or a beam with intensity 4.6 W/cm? was applied for various times from 0
to 1.376 ms. For this data, the fit gives |a| = 4mep x (9.48 £ 0.25) x 10728 m3, Here, the Stark beam
was focused down to a waist of 0.2 mm, leading to higher intensities but also higher intensity
gradients across the cloud. This explains the faster decay in the data at 808 nm than at 780 nm. A
theoretical value was calculated using contributions from transitions to the 6 P as well as the 5P
states. Here, contributions from the hyperfine structure of the excited states and from higher P-
states are less than 0.01%, and are neglected. The calculated value for the polarizability is then
la| = (47eg) x 9.14 x 10728 m3, differing from the measured value by —3.7%. In both cases, we
attribute the deviation between experiment and theory to inaccuracy of the intensity calibration.
Somewhat curiously, the errors on the polarizability extracted from the fit are of similar size, even
though there is significantly more scatter in the data at 808 nm than at 780 nm. We confirmed

that this was indeed the case by fitting to subsets of data, for which the error was increased in
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both cases.

As in most measurements of polarizability, the calibration of the applied field is the primary
source of uncertainty. In our technique, however, the atoms are well-localized within the Stark
beam and a single camera is used to observe both the beam and the atoms. This allows a rela-
tively precise determination of the actual intensity applied. We calibrate the camera by compar-
ing the sum of the pixel values in an image of the unapertured Stark beam to the total power as
measured by an optical power meter. Alternatively, the picture of the unapertured beam can be
fit to a 2-dimensional Gaussian distribution to find its center and width, and the intensity at the
atoms estimated as

(4.32)

2P (x—x0)%>  (y—y0)?
I(x,y) = exp|-— 20 _Y J2/0
TWxWy ws wy,

for measured total power P. This method averages over high-frequency spatial noise in the
beam, some of which is introduced by the imaging optics and is therefore not present on the
atoms. The intensities obtained with the two methods differ with a standard deviation of 4%,
and we use their average for the calibration. This uncertainty might be reduced by use of an
imaging system with fewer optical elements.

The other main source of error is the calibration of the Ophir PD200 power meter, which has
a specified accuracy of 5% at 780 nm. This is consistent with the difference observed when we
compared the PD200 to a Coherent Lasermate meter. This error could be reduced significantly
by using an optical reference standard [105]. Altogether, we estimate the total uncertainty for
the measurement to be 7%, which can be compared to the 8% error cited by Kadar-Kallen et
al. [90]. Turning our result around, the fact that the dipole moment for the 87Rb transition is
known accurately means that our technique could instead be used as precise measurement of

the Stark beam intensity at the atoms, with an uncertainty of about 2.5%.
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Figure 4.4: (a) Measurement of the phase shift from a laser beam near the atomic resonance.
(b) Loss of atoms due to the beam applied to one packet of atoms. Data in (b) are fit to a func-
tional form N(f)/N = exp[—(Q?I"t)/(I'"? + 4A?)] to determine the Rabi frequency Q and broad-
ened linewidth I". Here A is the detuning and ¢ = 4 us is the duration of the laser pulse. The fit,
shown as the solid curve, gives Q = 27 x 1.1 MHz and I = 277 x 10.0 MHz. These values are used in
a two-level model to calculate the solid curve in (a). (c) Visibility of the measured interferometer
curve for various detunings of the Stark beam. The visibility is non-zero even when the atom loss
is large.
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4.2.2 Measurement of the ac Stark shift near resonance

Using a similar technique as the one described above, we used the interferometer to measure the
ac Stark shift directly at the 5P;3,,, F = 3 atomic resonance. The dispersion shape of the energy
shift through resonance is well known, and can be measured using microwave spectroscopy of
the ground state hyperfine transition [106]. However, an atom interferometric technique would
be necessary for atoms that lack ground state hyperfine structure. A measurement for a Bose-
Einstein condensate is of particular interest due to the possibility for collective line broadening
effects [91,92].

In the resonant ac Stark shift measurement, we read out a phase shift caused by the Stark
beam at a fixed time and intensity. By changing the phase 0 of the standing wave during the
recombination pulse, the fraction of atoms that remain at rest varies as cos?(¢/2 + 6), where ¢
is the interferometer phase from Eq. (4.30). We therefore take an interference curve by stepping
through 0 while keeping the Stark beam fixed. The phase shift of this curve gives ¢, which we
measured for various detunings of the Stark beam. The results are shown in Fig. [4.4{(a), with
error bars from the fits of the interference curves. The overall offset of —0.3 rad is consistent with
the residual phase induced by the guide itself with no Stark beam. We are not entirely sure how
this offset comes about, and have observed a slow change in the offset over time.

On resonance, photon scattering cannot be neglected. In our case, if an atom absorbs a
photon, it leaves the condensate fraction and is lost from the magnetic trap. To avoid losing all
the atoms, a relatively low intensity beam (I = 40 yW/cm?) is used that is applied for a short
duration (4 us) during the first reflect pulse. The small number of photons makes measuring
the intensity with the camera and power meters difficult. Instead, we determine the intensity by
measuring the atom loss when the experiment is performed without applying the recombination
pulse. In this case, we observe just two packets, one of which has been exposed to the Stark beam
and one that has not. From the ratio of the number of atoms in the packets we can accurately
determine the atom loss, and thus the scattering rate. The results are shown in Fig.[£.4|(b), along

with a comparison to a calculation for a two-level system with an added decay term, which has
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a Hamiltonian [107]

0 Q/2
H=%h ) (4.33)

Q2 A-il'/2

We adjusted the Rabi frequency Q in the calculation to match the atom loss observed in the
experiment. To obtain good agreement, however, we have found that a broadened linewidth of
I =272x(10.0+£0.9) MHz is required, 1.6 times larger than the natural linewidth I'. The solid curve
in Fig. A4)(a) shows the phase shift calculated with these parameters, which also exhibits the
same broadening. The broadened linewidth also appears when estimating the beam intensity
from the Rabi frequency in the calculation using Eq. (3.2I). Using the brodened linewidth gives
a value which agrees with the measured intensity I ~ 40 yW/cm?, whereas using the natural
linewidth gives a value about three times higher.

Since atoms are lost from the packet to which the Stark beam is applied, it is expected that
a differential phase shift A¢p accumulates between the two packets due to the different chemical
potential A¢ = Aut/h. We do not observe this effect in the experiment, however. A possible
explanation for this is the fact that for a condensate, the uncertainty in the measurement of the
number of atoms is quite high. Extracting the absolute number through a fit to a Gaussian as in
Sec.[2.1.4lis not necessarily a good measure due to the high optical density and the fact that the
atomic distribution is actually a Thomas-Fermi distribution. Alternatively, getting the number
of atoms from the measured chemical potential depends strongly on the packet size, which is
limited by our imaging resolution. Since the chemical potential depends on the initial number
of atoms, the uncertainty in it will likewise be high. However, for the differential phase shift to
be non-observable, the initial number of atoms would have to be around 100 times smaller than

what is measured.

4.2.3 Collective effects

We confirmed the existence of this broadening by measuring the loss of atoms from a plain con-

densate after application of a laser beam with different detunings, both in and out of the guide
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Figure 4.5: Schematic of light radiated from a collection of atoms. For a set of N independent
atoms, spontaneous emission has an exponentially decaying intensity (red dotted curve). For
a correlated ensemble of N atoms, superradiant emission is shorter and more intense, with a
time constant reduced by a factor of N versus the independent case. The shown situation of the
peak emission occurring after the initial excitation is only valid for incoherent excitation of all
the atoms into the excited state. In our case, a subset of the atoms is initially excited coherently,
leading to the peak emission occurring at time zero. The decay nevertheless occurs with a time
constant 7sp/ N and the emission is increased.

fields. In all cases, the beam intensity was low enough that conventional power broadening was
negligible.

We attribute the broadening effect both to superradiant scattering [108, 109] and multiple
photon scattering. Superradiance has been predicted previously for condensates [91, 92] and
observed for off-resonant light [110]. It occurs when the radiation of atoms is influenced by
the presence of other atoms. This happens when the density of atoms is high or the atoms are
illuminated by an intense light pulse. In this case, the atoms radiate faster and more intensely
than a similar collection of independent atoms, as can be seen in Fig. An explanation is that
the optical dipoles of the different atoms become correlated, leading to the emission of light into

a collective mode.
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The predicted linewidth is [91, 109]

I'= §N(L)Zr (4.39)
2 \2nL

for a condensate of size L. If we use L = (LxLyLZ)” 3x22 pm for our Thomas-Fermi widths L;,

we obtain I'” = 1.5T, in reasonable agreement with the observations. However, the broadening

effect is observed only for optically thick clouds, typically with resonant optical densities of 2 to

3. It is therefore also possible that multiple photon scattering plays a role.

Superradiance depends strongly on the polarization of the incident light. Since the atomic
cloud acts like a gain medium for the light, the effect will be largest along the longest axis of the
cloud [110]. However, we are unable to measure this effect, since in our setup the rotating bias
field is always perpendicular to the waveguide. Therefore, when using light polarized along the
guide axis, there is always a superposition of 6* and ¢~ light. Due to the Zeeman shifts in the
guide, the atoms only interact with one of these two components. To measure the polarization
dependence, we would need 7-light polarized both along the guide axis and perpendicular to it,
which is not possible in our experimental setup.

We have also performed a more detailed investigation into the broadening in our experi-
ment. Linewidths were measured by illuminating the atoms with a weak scatter beam while
in the waveguide, then imaging the atoms after around 100 ms wait time to get the number of
atoms remaining. This was performed for different confinement strengths in the waveguide and
for different intensities of the scatter beam, as seen in Fig. We observe a strong intensity
dependence in the measured linewidths, as well as dependence on the atomic density. For non-
condensed clouds with low optical density, the unbroadened linewidth is recovered. We believe
that the intensity dependence comes from the effects of multiple photon scattering.

Though multiple scattering is quite complicated to describe theoretically [111], we can use a
simple one dimensional model to qualitatively describe what its effect on the atom loss will be.

In this picture, light does not penetrate into the cloud of atoms very far when the light is tuned
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Figure 4.6: Atom loss linewidths for various trap configurations. Black solid squares (M) are
in a 4.1 G bias field waveguide, and blue solid triangles (A) are in a 20.5 G bias field waveguide.
Red circles (o) and olive inverse triangles (V) are also in a 20.5 G bias field waveguide, the for-
mer for a non-condensed cloud of atoms, the latter for a condensate with about half as many
atoms as before, obtained by evaporating further. Green stars () are from absorption linewidth
measurements in the 20.5 G bias field waveguide. The solid line is a fit to the 20.5 G, regular
evaporation data.

on resonance, meaning that not as many atoms as expected are lost. However, when the laser is
detuned from resonance, light can penetrate further, and more atoms are lost, meaning that the
measured loss curve looks broader.

In this one dimensional model, the gas of atoms is divided into N layers, as seen in Fig.[£7
In each layer, A; denotes the forward propagating intensity and B, the backwards propagating
intensity. The probability for a photon to scatter at any given layer is 2 p, where p is the probabil-
ity to either scatter forwards or backwards. The intensities in adjacent layers can then be related

as

Aps1 =10 -p)Ay+pBus1

B,=(1- p)Bn+1 + PAn, (4.35)
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Figure 4.7: Schematic of the one dimensional model for multiple photon scattering. The gas of
atoms is divided into N layers. In each layer, A, denotes the forward propagating intensity and
B, the backwards propagating intensity.

which can be expressed in matrix form as

:1— =M . (4.36)
B, P\'p 1-2p || Ban Bui1

By induction, it can be shown that n applications of the matrix M give

1 1+(n-Dp -np
Mn:l_ , (4.37)
-p np 1-(n+1)p
and the inverse
1 1-(n+1) n
L — P P (4.38)
1-p

-np 1+(n-1p

So by considering the intensities after exiting the gas and using the boundary condition By =0,

we can express Ay and By in terms of the known incident intensity Ag as

1-p
AN=Ay————
1+(N-Dp
Np
By=Ay——mm. (4.39)
1+(N-Dp
The intensities in each layer n can then be expressed as
Ap Ay 1+(N-n-1p
“1r(N-1D) ’ (4.40)
By p (N-n)p
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from which the total intensity in the layer n can be calculated to be

1+2(N-n-$)p
In=An+B,=A : (4.41)
1+ (N-1)p

We can now relate this intensity to the quantities observable in the experiment. The trans-
mission ¢ is the probability for a photon to pass through the cloud of atoms without scattering,
and is related to the absorption a through ¢ = (1 -2p)"N = e~®. For large N, we can then express
the scatter probability p as p = a/2N. Also, the position within the cloud z can be expressed in
terms of its thickness L by z = nL/N. With these observables, the intensity at any position can
be expressed in terms of z, a, and the incident intensity Ij,¢. In the limit of large N, the intensity
can be written as

1+a(l-2z/L)

1(2) = [jpe———. 4.42
(2) inc l+a/2 ( )

The intensity can now be used in order to calculate the atom loss. For beam intensities much
less than the saturation intensity, the light scattering rate R is proportional to the intensity, R(z) =
BI1(z), where g = (I'/ 21,0T%/ (% + 4A%). In terms of the total atom number N and the constant
number density n = N/L, the fraction of atoms remaining can then be calculated as

. L
Nremaln _ lf nefR(z)tdZ
N N Jo

— _ﬁlinctSInhQ
=e _

(4.43)
Q

where Q = Blincta/(2 + a).

A fit of this function to the exponential of a Lorentzian, as above, shows very good agreement.
This model qualitatively gives correct results, giving a linewidth which is dependent on the inci-
dent intensity and the optical density of the cloud. However, the amount of broadening is less
than that seen in the experiment, which leads us to conclude that our model is imperfect. Also,
the three dimensional nature of the problem is important in that much of the light scattered from

the atoms is scattered into directions not necessarily parallel to the incident light, and away from
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the cloud of atoms. A more complicated model will therefore be needed to fully describe these
effects.

In addition to the linewidth measurements using atom loss, as described above, we also took
absorption linewidths of the condensate for various beam intensities, also seen in Fig.[4.6] In this
case, we measure the photon loss instead of the atom loss. As seen in the figure, the absorption
linewidth seems to be independent of the probe intensity, with an average value larger than the
natural linewidth. This complicates the interpretation of the broadening of the dispersion curve
in the measurement of the phase shift, since the constant value of the absorption linewidths
and the low intensity values of the linewidth of the atom loss measurements both agree with the
broadened width of the dispersion curve. At this point, we therefore do not know which of these
two effects causes the dispersion curve broadening.

The possible presence of collective line broadening has important implications. It means
that the phase shift imposed by a near-resonant Stark beam depends on N, which thus provides a
source of controllable non-linearity for the quantum state of the atoms. For instance, condensate
interferometers are expected to be limited by the fact that the atoms interact [77]. The number
of atoms in a packet has unavoidable quantum fluctuations, and thus the interaction energy is
uncertain. This in turn imparts an uncertain phase shift that limits the coherence time of the
interferometer [65]. However, if a near-resonant Stark beam can provide a number-dependent
phase shift, this could be used to correct for the unknown interaction phase and thus recover
the coherence time. This would be beneficial even if it required the loss of some atoms due to
the light scattering. More generally, any source of nonlinearity can produce squeezed quantum
states, which are useful for applications in quantum information [112].

In conclusion, we have used a guided-wave atom interferometer to make high-quality mea-
surements of the ac Stark shift. The method is unique in providing good accuracy, high sensi-
tivity, and operation at arbitrary frequency. The polarizability measured at large detunings was
found to agree with theoretical calculations with the experimental accuracy. Measurements at

the atomic resonance, however, exhibited a broadened linewidth that we attribute to superra-
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diant scattering, and which may permit non-linear control of the condensate phase. We are
investigating this possibility further, and also plan to extend our measurements to the dc polar-
izability by inserting one of the packets in between a pair of well-calibrated electric field plates.
Through experiments such as these, guided-wave interferometers are beginning to make impor-

tant contributions to metrology.



Solange etwas ist, ist es nicht das, was es gewesen

sein wird.

Martin Walser

Conclusion

After showing the potential of guided-wave atom interferometers with the measurement of the
ac Stark shift, we aim to further improve our apparatus and perform more measurements. A first
improvement is the reduction of the confinement potential along the waveguide axis. As shown
in Sec.[3.3.3] the confining potential causes phase gradients to form on the packets of atoms in
the interferometer, limiting the interaction times in the interferometer. Reducing these phase
gradients should improve interferometer times and arm separations over what has already been
achieved.

Since the confinement along the guide comes largely from the leads of the waveguide struc-
ture, an obvious solution is simply to extend the guide to make it longer. Since the current guide
structure is located inside the vacuum chamber, changing it out is not straightforward, as it
would involve breaking vacuum and replacing the glass vacuum chamber. Nevertheless, this
is a step that is being planned. The guide will then consist of a similar four-wire setup, but will
be external to a vacuum chamber that is flatter than the one currently in use. Even with a flatter
chamber, the current-carrying rods will be further from the atoms than in the current setup in-
side the vacuum chamber. However, since the current-carrying elements are not in the vacuum,

dispersing the heat from an increase in current should not be too difficult.
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5.1 OQutlook: Measuring static polarizabilities

One of the next measurements to be performed with our atom interferometer is a measurement

of the static polarizability of 8’Rb. The energy shift from an electric field E is given by
1 2
U=—§a(E Y (5.1)

where «a is the polarizability. This parameter impacts most interactions of atoms with electric
fields, and appears in expressions for the index of refraction, electron scattering, van der Waals
interactions, Rayleigh scattering and the Casimir-Polder effect [113]. For 87Rb, the currently ac-
cepted best value dates back to 1974 and has a 2% error [114]. Recent measurements of the
polarizabilities in other alkali atoms have achieved relative uncertainties of 0.7% in Li [68], 0.3%
in Na [44] and 0.15% in Cs [115]. With our apparatus, a precision of 1073 should be possible, and
with some improvements, getting to 10~ precision is conceivable.

The polarizability is of particular interest to research on atomic clocks. Atomic clocks are cur-
rently used as a frequency standard, and the SI definition of a second is related to the frequency
of the ground state hyperfine transition of Cs. However, Rb atomic clocks have some advantages
in performance at lower temperatures and in their compactness [116], leading to their adoption
as a secondary standard and their use on GPS satellites [117].

Light shifts in general must be well understood when building an atomic clock [118]. At the
precisions that these clocks have reached, shifts of the atomic energy levels from black-body
radiation become important as well [119]. These cause a temperature-dependent shift of the hy-
perfine energy states. Since the definition of the second is given for a temperature of 0 K, whereas
atomic clocks are usually operated at room temperature, this black-body shift must be calculated
to extrapolate from the measurement to the 0 K value of the frequency. While the shift itself is
related to the polarizability of the hyperfine states, ab initio calculations can be performed for
the black-body shift which involve some assumptions about the atomic structure. To check the

accuracy of these calculations, the static polarizability can be calculated and compared to exper-
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Figure 5.1: Schematic of the measurement of the static polarizability. The condensate is placed
between the plates of a parallel plate capacitor. After splitting the condensate into two packets,
an electric field is applied to one of the packets. The interferometer sequence is then completed
as usual and the phase shift from the field measured.

imental values [120]. This gives an estimate of the uncertainty of the calculated results. A more
accurate value of the static polarizability of 8 Rb would therefore allow for better comparison to
these calculations and more precise 8’Rb atomic clocks.

The recent measurements of the static polarizability in Na and Li were both performed with
an atomic beam interferometer. The two arms of the interferometer were passed on either side
of a grounded septum, and an electric field was applied to one arm but not the other. Using
Eq. (61D, the phase acquired during an interaction time 7 of the atoms with the electric field is
then

_aE’r

¢= o (5.2)

The accuracy of these measurements was largely limited by uncertainties in the calibration of
the electric field E as well as the interaction time 7.

A schematic of the setup in our experiment can be seen in Fig. 5.1l The whole experiment
is performed inside a device similar to a parallel plate capacitor. One side of the capacitor is
connected to a voltage Vp, whereas the other side is grounded. An electric field can therefore be
applied to one arm but not the other. At the maximum arm separation, the electric field is turned
on for a time 7, which is precisely known. The packets then traverse the rest of the trajectory, and
the output is measured as explained previously.

The electric field can be determined precisely by knowing the applied voltage Vj and the

plate spacing d. For a plate spacing of d = 100 um and an interaction time of T = 1 ms, a20 V
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applied voltage gives an acquired phase of 103 rad. Measuring this phase to 0.1 rad corresponds
to the 10~ accuracy that we ultimately wish to achieve. An applied voltage Vj = 20 V can easily
be measured with a precise voltmeter, and the finite rise and fall times of the voltage can be
accounted for.

The plate spacing is not so easily measured. However, we can take advantage of the geometry
of the capacitor setup and use the gold coated glass plates as a Fabry-Perot etalon. For a spacing
of d = 100 um, the free spectral range is vrsg = 1.5 x 10'2 Hz. A thin gold coating on the plates of
25 nm gives areflectivity of R = 85% and a transmissivity of T' = 10% for light with a wavelength of
800 nm. The finesse of the etalon is then & = v/ R/(1 - R) = 20, which gives a resonant linewidth
8v=cl/2%d =7.5x10'° Hz. The center of a resonance line can typically be located to within 5%
of its width. The precision with which the center of the line can be located is therefore 8 GHz, or
about 0.25% of vpsg. By measuring the positions of two of these lines separated by about 25 free
spectral ranges, the plate spacing can then be measured with the desired precision of 107, In
the near infrared, this corresponds to a change in wavelength of around 75 nm. The Ti:Sapphire
laser we use for most of the experiment has a range of around 100 nm, so this could be used.
Alternatively, a free running laser diode at 690 nm or 850 nm could be used to supplement this.

Using this method, the entire plate can be illuminated and spatial variations in the plate
spacing can be seen. Furthermore, the calibration can be performed after the plates have been
put into the vacuum chamber and rechecked as necessary, so that drifts over time or due to the
bake-out procedure can be accounted for.

The large arm separation achievable with our interferometer means that the curvature of the
electric field at the position of the atoms when the field is applied is small. Any curvature of the
electric field will lead to a spatial variation of the energy shift. This causes a phase gradient across
the cloud, leading to a loss of visibility, as discussed previously. As calculated in Appendix[D] the

electric field at large separations can be approximated by

|E| = Ege ™YV/4, (5.3)
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The phase difference across a condensate of length L can then be estimated as

0pdE %(Pe—nlylld.

Ap= ——L= A4
¢ OE dy d G4

Plugging in the values for a T = 72 ms symmetric double-sided interferometer, where we see a
visibility of 50%, y = 210 um and d = 100 um gives A¢/¢ = 5 x 1073, Keeping A¢ below 1 rad
therefore requires keeping ¢ below 200 rad. Though this is significantly less than the target of
10 rad, Fig.[&.4(a) indicates that we can measure ¢ with 0.05 rad uncertainty, leading to a relative
uncertainty in a of 2.5 x 107, This is only slightly higher than what we are aiming for, and a
reduction could be achieved either by extending the arm separation or by stabilizing the output
in order to reduce the measurement uncertainty in ¢.

The capacitor is currently being made in cooperation with the electrical engineering depart-
ment. A schematic of the capacitor design can be found in Appendix[Dl When performing this
experiment, the capacitor will be mounted inside the vacuum chamber. After making a con-
densate, the atoms must therefore be translated into the capacitor using a magnetic field. The
interferometer experiment will then be performed between the plates of the capacitor. Since the
imaging must then be performed through the plates of the capacitor, the frequency of the imag-
ing beam must be tuned near one of the resonances of the Fabry-Perot etalon. This will allow the

probe light to be transmitted through the etalon, and in fact will increase the absorption signal.

5.2 Summary

The main goals of my dissertation research were to implement and characterize an atom inter-
ferometer using Bose-Einstein condensates and then use it in a practical application. In this
sense, the main results of this dissertation will be recapitulated in this section.

The aspect of the research on which most time and energy was spent was by far the successful
implementation of a condensate interferometer. After first achieving Bose-Einstein condensa-

tion and subsequently loading the condensate into a novel waveguide (Chapter[2), we were able
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to achieve long interaction times of up to 72 ms and large arm separations of up to 0.5 mm with
our interferometer with a stable phase of the output (Sec. B.2). With a fluctuating phase, the
achieved interference times were even longer, up to about 1 s (Sec.3.3.3.3).

Since starting work on our interferometer, several other cold atom interferometers using
guiding potentials have been realized [121]. Soon after reporting our initial results, a group at
MIT announced a 200 ms coherence time using a BEC on a chip split by using radio frequency
radiation to go from an initial harmonic trap to a double well potential [65]. This long coher-
ence time, much longer than the predicted phase diffusion time for their setup, was attributed to
number squeezing due to atomic interactions during the separation. While the long coherence
time in this experiment is impressive, the spatial separation of the arms is only 8.7 um, and the
number squeezing increases the quantum uncertainty of the phase, limiting its usefulness for
practical measurements.

Two groups have recently demonstrated a similar free-oscillation interferometer to the one
described in Sec.[3333] An experiment at JILA yielded a similar fluctuating phase as in our
experiment in a tighter confining trap with an interferometer time 7 = 160 ms [83], and an ex-
periment in Tokyo was carried out yielding a fluctuating phase at T = 100 ms [84]. In this case,
the group was able to vary the confining potential and found a stable phase for T'= 58 ms.

An interferometer using non-condensed cold atoms was realized at Harvard, which was used
to demonstrate a Sagnac interferometer with sufficient sensitivity to measure the rotation of the
earth [122]. This experiment achieved a coherence time of T' = 50 ms, though this interferometer
is significantly more complex than the one described in this dissertation.

The next major result of this dissertation is the characterization of the interferometer, as per-
formed in Sec. The description of phase gradients from the confining potential as the major
limiting factor to our interferometer performance, as well as the list of possible noise sources
serve to stimulate discussion about future improvements to the device. The obvious step of a
weaker confinement potential should be implemented in the next generation interferometer de-

vice in our lab.



5.2 Summary 121

The final major result is the measurement of the ac Stark effect. While the potential of con-
densates in interferometry was realized soon after their first experimental achievement, this ex-
periment proves the practical applicability of guided wave condensate interferometers. While
performing these measurements, we noticed a broadened linewidth both in the measurement
of the phase and of the atom number, as seen in Chapter @l We attribute this broadening to
multiple photon scattering and superradiant scattering, which is a collective effect in light scat-
tering. This has an important implication, since a method to achieve number-dependent phase
shifts could be used to correct for unknown interaction phases and extend the coherence times
of interferometers. More investigation into this subject is necessary, and is currently underway.

The future of cold atom interferometers, both in general and at the University of Virginia,
looks bright. With the achieved sensitivity, we are able to competitively measure the static polar-
izability of Rb, as described earlier in this chapter. After some improvements to the experimen-
tal apparatus, further interesting experiments are conceivable. An obvious choice would be to
realize a ring geometry waveguide, with which rotations could be measured. Taking advantage
of the large arm separations achievable in our interferometer, one could also think of passing
one arm inside a high-finesse cavity and using the phase shift from the cavity field in order to
nondestructively measure the number of photons in the cavity. Another possibility would be to
pass one arm close to a material surface and measure the phase shift from the Casimir-Polder
force. Through such experiments, guided wave atom interferometers can become a useful tool

both for basic research and for industrial applications.
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Figure A.1: 8'Rb principal transitions with hyperfine structure. Light at 780.246 nm is used for
the MOT transitions, whereas 780.232 nm light is used for “repumping” atoms that have fallen
into the F =1 ground state.
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(a) Fundamental constants

Name Symbol Value
Speed of light c 2.99792458 x 108 m/s
Standard gravity g 9.80665 m/s>
Permeability of vacuum Lo 47 x 1077 N/A2
Permittivity of vacuum €0 8.854187817 x 10712 F/m
Planck’s constant h 6.62606876 x 10734 Js
hi=h/2nr  1.054571596 x 10734 Js
Elementary charge e 1.602176462 x 10719 C
Bohr magneton UB 9.27400899 x 10724 J/T
Atomic mass unit u 1.66053873 x 10727 kg
Electron mass Me 9.10938188 x 1073! kg
Bohr radius ap 0.5291772083 x 10719 m
Boltzmann’s constant kg 1.3806503 x 10723 J/K

(b) Properties of *’Rb

Name Symbol Value

Atomic mass m 86.909 180 520 u
1.44316060 x 10725 kg

Nuclear spin I 3/2

Scattering length a 5.77 nm

(c) Transition properties

Name Symbol Value
Frequency Wo 2m-384.2304844685 THz
Wavelength (vacuum) A 780.241209686 nm
Lifetime T 26.24 ns
Natural linewidth r 2m-6.065 MHz
Recoil velocity vy 5.8845 mm/s
Recoil temperature T, 361.96 nK
Doppler temperature Tp 146 uK
Electron spin g-factor gs 2.0023193043737
Electron orbital g-factor gL 0.99999369
Fine structure & (5281/ 2) 2.00233113
Landé g-factor 86 2P1/2 ) 0.666

g](5 P3/2) 1.3362
Nuclear g-factor g1 -0.0009951414

Table A.1: Constants relevant to the experiment. (a) Fundamental constants. (b) Properties of
87Rb. (c) 52S1/2 — 52P3/, transition properties



Canceling the waveguide potential along the

guide

As shown in Sec.[3.3.3] phase gradients due to a confining potential limit the interaction times
in the interferometer. Since the component of the confining potential in the waveguide comes
from the finite size of the guide and the effect of the waveguide leads, one possibility would be to
make the guide longer. Since the waveguide structure is inside the vacuum chamber, however,
this is rather difficult without breaking vacuum and designing a new vacuum chamber. Another
possibility is to try to cancel out the confining potential with additional current elements. A
calculation of what current elements could be used will be given in this appendix.

We can consider a four-wire setup as show in Fig. Two wires separated by a distance

@ (o @

© ©

Figure B.1: Schematic of the positions of the four-wire potential cancellation. Two wires, sep-
arated by a distance 2d are located a distance & above the cloud of atoms located at the origin.
Two wires with equal and opposite current are located the same distance below the atoms.
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2d run along the x-axis a distance h above the atoms, and back the same distance below the
atoms. In the case of very long wires, there will be no component along the x-axis, and the
two other components are simply found using the Biot-Savart law. Using an oscillating current

I = Iy cosQt, the field is calculated as

_,LLLI B z—h B z—h . z+h . z+h ]
Y om | (y-d?+(z-h? (y+d)?+(z-h? (y-d)?+(z+h?  (y+d)?+(z+h)?
(B.1)
_ kol y—d N y+d B y—d B y+d ]
T 2n | (y—-ad2+(z-h?  (y+d)2+(z-h? (y-d)2+(z+h? (y+d)2+(z+h)?]
(B.2)

We are interested in the potential at z = 0, for which we find

B=p,=H! L. (B.3)
Y -+ (yrad2+ k2| '
This can be expanded to second order in y as
ptol|_2h 12k’ 4l 2] (B, +x 2] cosQt (B.4)
~ — = K COS . .
7 a2+ @+n23p Y 2Ky

We now need to time-average this field with the fields generated by the bias field 2.7) and

waveguide quadrupole (Z.25). Doing this and expanding to second order in the position, we find

52 2, .2 2 Bi . 2 Bg 2
[Biot| = Bp |1+ —(x“+ z2°)cos“ Qt + — (xsinQtcosQt — zcos“ Q) + —= cos“ Q¢
2By By 2BZ

B K B/z
+Biyzcoszﬂt—ﬁ(xzsiantcosth—2xzcosgﬂtsith+zzcos4Qt). (B.5)
0 0

Taking the time average then gives a time averaged field

B/Z B, B2 Box
(Brotl) = Bo + ——(3x% + 22) — —L z+ —2 + 2 )2

22K 2 B.6
16B, 2By " 4B, 2By’ (8.6)
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(a) Anti-Trapping Frequency for 2d = 1 cm, B = 20G

1.3
1.2
1.1

1211 (HZz)

> 0.9
0.8
0.7 b

20 25 30 35
l, (A)
(b) Anti-Trapping Frequency for b= 30 A, B,= 20G
15 T T T T T

(&)

[EnY
T

(Hz)

w /21

O 1 1 1 1 1
0 0.5 1 15 2 2.5 3

2d (cm)
(c) Anti-Trapping Frequency for L= 30A,2d=1cm
4 T T T

(Hz)

w /21
y

O 1 1 1
0 5 10 15 20

B, (©)

Figure B.2: Calculation of anti-trapping potential frequency for various parameters. (a) Chang-
ing the current Iy, (b) varying the separation of the wires (nominally 1 cm), and (c) changing the
bias field strength.
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from which we find the anti-trapping frequency

2u h
=24/ I V2d2 - 12, B.7
@y mBy (@2 1 h2)2 ®.7

We want to compensate for a 1.2 Hz trapping potential at a bias field of By = 20 G. For the

chamber used in the experiment, the vertical distance £ is always fixed at 5.5 cm. As we can see
in Fig. a cancellation can then be achieved at a peak current of around 30 A when the wires
are separated horizontally by 2d = 1 cm. As seen in Fig. this increases the trapping potential
in the z direction slightly.

One concern with such a setup is its mechanical stability. In such a weak trap, any gradients
of the potential along the guide direction will cause the cloud of atoms to move significantly.
Such fluctuating gradients can be caused by a differential motion of the trap structure and the
wires generating the anti-trapping potential. Similarly, any high frequency mechanical noise
would cause fluctuations in the trapping potential, leading to the types of phase noise described
in Sec. These considerations have led us to the conclusion that designing a longer guide

structure is superior to an external cancellation of the confining potential.
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Figure B.3: Calculations of the anti-trapping potential for I =30 A, 2d =1 cm, and By =20 G.



Switching circuit

Before loading the atoms into the waveguide, we need to be able to turn off the external quadru-
pole quickly enough so that the cloud of atoms does not expand too far or falls under the influ-
ence of gravity. These influences would disturb the cloud and prevent the extraction of useful
information from an image of the cloud. For imaging, the velocity information of the cloud of
atoms is used to determine temperatures and derived parameters. When switching the external
quadrupole field off, non-adiabatic processes will preserve this information. The field should
therefore turn off on a much faster timescale than the period of trap oscillations.

A problem arises from extremely fast switching times when using the high currents that are
needed for magnetic trapping. A quickly changing magnetic field gives a large voltage accord-
ing to the law of induction V = —L(dI/dt), where L is the inductance and the magnetic field is
proportional to the current I. According to Lenz’s rule, this voltage works to keep the magnetic
field from decreasing when switching off and from increasing when turning on. The large ex-
pected voltage can also damage components in the circuit. The inductance of the coils used in
our experiment was measured to be 50 pH.

We have therefore designed a circuit that provides fast switching times of less than 1 ms
and the ability to control the strength of the magnetic trap. This circuit is described in detail
in Ref. [123]. Several modifications have been performed since that time, which will be outlined
here.

Fig. shows an overview of the main circuit, consisting of a current supply which can



130

750A
20V - V1

500 1uF

—— 400V
st —_— 1uF

1;7 @

Figure C.1: Schematic of the main switching circuit. The current supply provides up to 750 A
of current through the coils, which is switched using three IGBTs. A varistor, as well as capacitors
and resistors, limit the voltage when switching the current off.

deliver up to 750 A at 20 V, the coils generating the external quadrupole field, and a set of 3
insulated-gate bipolar transistors (IGBTs) which function as a high-power switch. In addition,
there are varistors, capacitors and resistors parallel to the IGBTs to limit the voltage.

Fig. shows the control circuit for the IGBTs. This circuit converts a 0/5 V digital CMOS
inputinto a 0/15 V output with enough current capacity to control the gate of the IGBTs.

One problem that was encountered was that when IGBTs were somehow accidentally turned
on halfway, e.g. through a gate voltage in between 0 and 15 V, while large amounts of current
were flowing, they would overheat and become shorted. At a price of nearly $ 200 per IGBT, this
is something that should be avoided whenever possible. We therefore incorporated a voltage
interlock into the circuit which shuts everything off when the +15 V from the power supply drop
below a set value of around +12 V. The interlock circuit is shown in Fig.

Finally, Table [C.Il gives the pin connections on the circuit board which holds the switching

control and voltage interlock circuits.
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Figure C.2: Schematic of the control circuit. A 0/5 V digital signal (ON/OFF) is converted to a
0/15 V signal, and enough current can be sourced to provide the gate voltage to the IGBTs.

Pin Description Color
AZ ground green
2 +15V red

6 V1 (output for IGBT) orange
11 Veontrol (cOmmon) yellow
12 Veontrol (signal) orange
13 Vanalog (COMmon) white
14 Vanalog (signal) gray
18 ON/OFF purple
21 -15V black

Table C.1: Pin connections on Vector card for switching circuit.
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Figure C.3: Schematic of the power supply interlock circuit. When the +15 V fall below a set

value of +£12 V (this value can be regulated using the variable resistor), the output voltages be-
come zero, causing the current to stop flowing. This circuit is meant to protect the IGBTs.




Capacitor design

In designing a device for the measurement of the static polarizability of 8 Rb, we need a constant
electric field which is applied to one arm of the interferometer, whereas the other arm experi-
ences no field. In addition, the curvature of the field should be as small as possible near the
position of the atoms when the field is turned on, so that small variations in the position of the
atoms do not affect the phase, and phase gradients across the cloud are held to a minimum.

The design is basically a parallel plate capacitor with plate separation ¢, in which one of the
plates is divided into a grounded half and a charge-carrying half, as seen in Fig.[D.1l We consider
first an infinite capacitor and try to find the potential ¢ for all xandall0 < y < t.

The boundary conditions in this case are ¢ = 0 for y = 0 and ¢ = Vp H(x) for y = ¢, where H(x)

is the Heaviside function. Starting with a separation of variables, we find ¢(x,y) = X(x) - Y (),

v, y

Figure D.1: Schematic of the parallel plate capacitor. The two plates are separated by a distance
t. A voltage 1} is applied to one half of the top plate; the other half, as well as the bottom plate
are grounded.
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with X = e/¥* and Y = sinh ky. A superposition of these solutions gives us

&8} .
P(x,y) :f dk Are'**sinh ky, (D.1)
—00
with the boundary condition
¢(x, 1) = VoH(x) :f dk Aie'**sinh kt E[ — F(k)e'*x, (D.2)
—o0o —o00 27T

This gives us the coefficient as

-1 ! F(k) (D.3)
T 2msinhks '

Performing the Fourier transform of V H(x) then gives F (k) as
1
F(k) = (——k +n5(k)) Vo. (D.4)
i
Using this and the fact thatlim_.¢sinh ky/sinh ky = lim_¢(ycosh ky)/(tcosh k) = y/t, we can
express the potential as

Voy Vo [ . e**sinhky
V)= —— — — dk .
¢, y) 2t 27i J-o0o k sinhkt

(D.5)

We can now proceed in two ways: either do the integral numerically, or convert the integral
into an infinite sum using the residue theorem. In the first case, the integral can be put into a

form

(D.6)

1) Voy Vfoo dk sinkx sinh ky
X)) =—- —
¢,y 2t 0 o m k sinhkt

which can then be solved numerically. Fig.[D.2l(a) shows the numerical calculation of the electric
field at y = /2 for a plate spacing of 100 ym.
In the other case, we find that when doing the integral, there are an infinite number of poles

on the imaginary axis. The poles are located at k = —inn/t, for integer n. The residue at these
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Figure D.2: (a) Numerical calculation of the electric field halfway in between the two plates of
the capacitor for a plate spacing of 100 um. (b) Calculation of the gradient of the electric field for
the same parameters.

poles can easily be calculated as

—nn|x|/t s nmwy (D.7)

t
Res_ipq/e = (-1)"—e sin —=,
nmn t

and the residue at zero is found to be y/t, giving an expression for the potential in the form of an

infinite sum

oo mnmlxl/t nmy x>0
Z sin for . (D.8)
n=1 n t x<0

0 Vo
d(x,y) = *
V()_)// t

For x > 0, only the n = 1 term in the sum contributes a significant amount, so we keep
only this term. Also, to simplify things, we look only at positive x, since the curvature should be

symmetric in x. The potential in this case is

%
Px, ) ~ —— e ™/ sin n—ty (D.9)
T
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Figure D.3: Electric field for various gap sizes at an atom separation of 200 ym (a) halfway
between the capacitor plates (y = 50 um) and (b) at the maximum separation (x = 100 yum). In
both graphs, the black solid curve is with no gap between the electrodes, the red dashed curve a
gap of 10 um, the green dotted curve 50 um, and the blue dash-dotted curve 100 ym.

and the electric field can be calculated as the magnitude of the gradient of the potential as
%
IE| = TOe‘”x”. (D.10)

The magnitude of the gradient of the electric field then gives the curvature of the potential as

V()T[
——€

—nxlt
% . (D.11)

i -

In order for the electric field to be constant for all spacings ¢, we choose Vy = Eyt with Ey =
1/100 V/um. The curvature is then shown in Fig.[D.2|(b).

The results of the numerical calculations were confirmed using finite element analysis. This
also allowed us to model the effects of a finite sized capacitor, which showed that edge effects
are negligible for capacitor plate sizes as small as 1 mm. With this model, it was also possible to
calculate the gradient of the electric field for various gap sizes between the two electrodes on the

upper plate of the capacitor, as seen in Fig.[D.3] For a 50 um gap, the gradient can be estimated as
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IVE|/Eg = 9 x 10~ V/um? in the x-direction and |VE|/Ey = 1.5 x 102 V/um? in the y-direction,

which is only slightly more than the curvature shown in Fig.[D.2|(b).
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Figure D.4: Parallel plate capacitor specifications. (a) Diagram of how the two plates fit to-
gether. The black outline is for the bottom piece, while the red outline is the top piece. The two
pieces are slightly offset so that electric connections can be made to the edges of the gold-plated
parts. (b) Schematic of the top piece. The black area is coated with a 25 nm layer of gold. The
cross is for alignment purposes. (c) Schematic of the bottom piece. On the left is the mask for
etching the glass, where the black area is etched 100 um deep. On the right is the mask for coat-
ing with gold (black area). The coating is again 25 nm, and the square is for alignment with the
cross of the top piece.
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