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ABSTRACT

The Department of Defense relies on many platforms that require inertial sensors
to operate in Global Positioning System (GPS)—compromised environments to provide or
verify navigational data. The current generation of sensors in use are subject to sensitivity
limitations and drift errors that can compound significantly over time in GPS-contested
areas. Inertial sensors based on atom interferometers could provide navigational data that
is significantly more accurate and less prone to drift (and therefore navigational errors).
This research builds upon previous work (Manicchia in 2020, Gervis in 2021) in which
an atomic interferometer was constructed and studied. In this thesis, I demonstrate a path
toward making inertially sensitive measurements with this apparatus. In contrast to the
previous work, I use counter-propagating Raman fields that can achieve inertial
sensitivity. However, these Raman fields are sensitive to non-trivial transverse velocities
of our atom beam. I demonstrate a method to reduce these transverse velocities using an
optical molasses, but do not pursue this in the apparatus due to spatial considerations. I
explore the difference between Ramsey and spin echo spectroscopies, forms of atomic
interference, in co- and counter-propagating configurations, the second of which is
inertially sensitive. 1 also demonstrate that interference is still visible in the
counter-propagating geometry, laying the foundation for a fully inertially sensitive

interferometer.
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CHAPTER 1

Introduction

1.1 Project Motivation

The ability to effectively navigate is a critical task—if not the most critical task—that the
Navy executes on a day-to-day basis in support of its various missions around the globe.
Over the centuries, many different methods to navigate have been employed ranging from
celestial navigation (still taught at the Naval Academy) to more modern charts and maneuver
boards to radio navigation and inertial navigation [1], [2]. However, with the arrival of the
first satellite navigation system, Transit in 1964, the U.S. Navy ushered in a new era of
navigation [3]. Currently, there are several global navigation satellite systems in use around
the world. The U.S. uses the Global Positioning System (GPS) with users—including the

U.S. military—becoming ever more reliant on it [2], [4].

This over-reliance on GPS is a serious vulnerability which the military has been aware of for
well over a decade [5]. GPS systems are capable of being interfered with and manipulated in
several different ways by bad actors as well as Nature. One way the GPS can be compromised
is through signal interference or jamming which occurs when GPS signals are blocked or
disrupted, resulting in inaccurate or unreliable location data [6]. Spoofing is another method
to compromise GPS, in which adversaries can create false GPS signals to deceive users or
manipulate navigation systems due to unencrypted or weakly encrypted GPS signals using
commercial off-the-shelf technology [6]-[8]. America’s competitors have developed or are
developing these capabilities [9]. Nature can also degrade GPS effectiveness through solar
weather and other adverse atmospheric conditions [9], [10]. While the U.S. can and should
improve and harden its GPS technology, it needs to reduce its dependence on it and explore

other solutions and alternatives for navigation.

One solution to this vulnerability is to develop more robust inertial navigation systems (INS).
The basic technology has been around since the first half of the 20th century, but has
traditionally been expensive and unreliable over long time scales [2]. Inertial navigation is a

method that, to quote Charles Stark Draper, an American pioneer in inertial navigation, “does
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for geometry. . . what a watch does for time” [2]. INS use measurements of acceleration and
rotation and integrates them to determine velocity and distance. These signal are combined
with an initial location and velocity to provide accurate location data. The calculations can
be repeated using updated acceleration and rotation data to provide subsequent position
information for a moving platform. These equations have been around since Newton, but
the ability to accurately navigate from inertial measurements is a development of the 20th

century.

Two current sensors that the U.S. military uses to measure rotation are the ring laser
gyroscope and fiber optical gyroscope which measure rotation [11], [12]. The outputs of
these sensors are integrated over time by a computer to provide the necessary navigational
data. A similar process is used for acceleration data. An important note on this process is
that due to the integration process any errors in measurements will compound overtime.
Another issue is the fluctuations in the gyroscope bias, commonly referred to as drift. The
drift rate is a key measure of performance for accelerometers and gyroscopes. The current
generation of accelerometers used today have drift rates around 1 nautical mile over a 24-
hour period, with state of the art ones up to 360 hours [2], [13]-[15]. The work presented
in this thesis lays the foundation for reducing drift rates. These sensors also have precision
limits based on how sensitive they are. This sensitivity limit is the second problem I will

address.

I will attempt to address the previously stated problems and improve upon previous sensors
by developing an atom interferometer accelerometer/gyroscope. The design of the apparatus
is based on previous research which has shown the potential for significantly decreasing
drift rates and increasing sensitivity of the sensor [16], [17]. Successful execution of this
work will provide a promising development for improving the Department of Defense’s

navigational capabilities in GPS compromised environments.

1.2 Project Background

Atom interferometers were first developed in the early 1990’s, and have been used to measure
physical quantities such as acceleration, rotation, gravity, and electromagnetic fields [18]—
[21]. More recently, they have been used for several different applications, with their use in

inertial sensors being most relevant to my research [22]-[24].
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Atom interferometers work by exploiting the quantum mechanical properties of matter to
conduct extremely precise measurements. The main element of an atom interferometer is
a collection of cold atoms traveling along a trajectory. The atoms are subject to an “atom
beam splitter” (usually comprised of laser beams) that splits the trajectory into two separate
paths which move away from each other. The beam splitter creates a quantum superposition
of states, where the atoms simultaneously take both paths. Then the atoms are redirected
towards each other, the paths recombine after a certain time, and an interference pattern is
detected by analyzing the resulting phase difference between the two paths. The interference
occurs due to the quantum mechanical nature of the atoms, with their wave-like properties
leading to constructive or destructive interference depending on the relative phases acquired

during their evolution along each path.

The use of atom interferometers has several advantages over other measurement devices
and techniques. Firstly, they are incredibly sensitive, capable of detecting extremely small
changes in the physical quantities being measured. As an example, the sensitivity of an atom
interferometer gyroscope is proportional to the mass, m, of the atom as shown in Equation

1.1 [25], "
min
2mA

where in this example, €,,;, is the minimum detectable rotation based on the minimum

Qmin = (11)

measurable phase shift, Ag,,;,, that we can measure (and so smaller is better), 7 is the
reduced Plank’s constant, and A is the area enclosed by the atom interferometer. We can see
that the minimum measurable rotation is inversely proportional to the mass of the atoms, so
that heavier atoms lead to smaller detectable rotation. When compared with the weight of
photons, using atoms can theoretically produce as much as 10 orders of magnitude increase
in sensitivity [16]. We get an effective mass of a photon by equating E = mc? = hw
and using optical frequencies. Even when accounting for limitations that result from using
atoms e.g. much smaller atom flux, inability to recirculate atoms in a resonator etc., the
realistic increase is around three to four orders of magnitude [26]. Additionally, due to the
quantum nature of the measurements, the data produced is extremely precise with very
small uncertainties. The combination of these traits make atom interferometers ideal for use

by the military in navigation via inertial sensors.

Another key trait of atom interferometers is that they are sensitive to both acceleration and

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



rotation. However, the determination whether a measurement is acceleration or rotation
can only be achieved with two interferometers (as described later in Section 2.2). This
has been achieved by previous research [27], [28] that used balls of atoms collected in a
3D magneto-optical trap (MOT) fed by a 2D MOT (see Section 2.5 for more on MOTs).
However, this type of system is complicated, requires significant power and precise timing,
and has several challenging effects such as dead time effects. Therefore, a motivation for

my project is to eliminate the use of 3D MOTs and work with continuous beams.

This thesis builds upon previous research that designed, built, and characterized the main
components of a continuous beam atom interferometer by working towards being able to
make inertially sensitive measurements of the Earth’s rotation [16]. This interferometer
uses the 85 nucleon isotope of the Rubidium atom (3Rb). This atom is chosen based on its
well-characterized energy levels as well as the fact that the main atomic transition used in
these type of experiments is well matched to the operating frequency of many inexpensive
and commonly available lasers [16]. Also, as discovered in previous research from this lab,
producing the required frequency difference in laser fields to drive the resonance used in
the atom optics is very convenient to do using standard radio frequency (RF) components
and an off-the-shelf acousto-optic modulator (AOM). This convenience is a result of the
ground state splitting being smaller in °Rb (3.0 GHz) than in 3’Rb (6.8 GHz). My work
explored transverse cooling, reducing the velocity and spacial spread of the atoms, as
well as inertially sensitive configurations of the interferometer. Chapter 2 of this thesis
covers the theory of the interaction of a two-level atom with a single-mode laser field and
how the interaction can be used to laser-cool neutral atoms and also used to build atom
interferometers. I discuss the need for a repumping laser and an optical pump laser. In this
chapter, I also discuss the co-propagating (inertially insensitive) and counter-propagating
(inertially sensitive) configuration of the Raman process as well as Ramsey and spin echo
interference. In Chapter 3, I cover the experimental setup including the how we prepare the
lasers, how we create a Raman process, and the individual optical paths and methods used
in the interferometer. In Chapter 4, I present the experimental results and compare them

with theory. Finally, in Chapter 5, I present my conclusions, outlook, and future work.
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CHAPTER 2:
Theory

In this chapter, I lay out much of the scientific theory that serves as the foundation for my
experiment. I cover the key topics of atomic interferometry, cooling and trapping, repumping
and optically pumping, and detection. Simulations of the interference effects are also be
presented. Much of this work builds on, or is adapted from, Michael Manicchia’s 2020 Naval
Postgraduate School dissertation [16]. I have attempted to remain consistent in the coloring
of the lasers in diagrams with red belonging somewhat counterintuitively to the cooling
transition and blue belonging to the repump transition, both of which will be discussed in

this section.

2.1 Interferometry

My experiments use atom interferometers which are very similar in wave physics to optical
interferometers, which have been in existence for significantly longer. These optical interfer-
ometers use light waves or photons from a single source and split their trajectories into two
different paths before recombining them to observe interference between the two paths. One
example is a Mach-Zehnder interferometer which is analogous to the atom interferometer
I use. This type of interferometer is comprised of a single light source which emits waves
which are split by a beam splitter and sent down two different paths. The paths are then redi-
rected towards each other by mirrors, and recombined by a second beam splitter allowing
any difference in the phase accumulated in each arm to be observed through the process of
constructive and destructive interference. My version of this set up uses atom matterwaves
instead of light waves and uses light pulses instead of mirrors. Figure 2.1 depicts the spatial

process of the interferometer.
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Figure 2.1. Graphical representation of my interferometer depicting the two
paths on which the atoms propagate and the laser pulses that serve as atom
mirrors (7- pulse) and atom beam splitters (7/2- pulse).

This process starts by sending cooled atoms in their ground state, |g), along the x-axis of
my experiment. In this context, cooled refers to a lower velocity spread than for a room
temperature gas. As discussed later in this thesis (Section 2.5), the atoms, which have been
cooled, emanate from a 2D MOT. The atoms then encounter a light pulse of finite length,
referred to as /2— pulse, that sends the atoms into a superposition of ground and excited
states, |¢g) and |e), and provides a momentum kick to the excited state. This momentum
kick is p = hk, where k is the laser wavenumber aligned away from the direction of the
laser providing the pulse, and 7 is the reduced Plank constant. A small distance (several
millimeters in my experiment) after the first light pulse, the atoms encounter a light pulse
referred to as a m— pulse which serves to flip the states of the atoms. The atoms that
were in the ground state are now in the excited state and they have received a momentum

kick as previously described. The atoms initially in the excited state before the pulse are
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now in the ground state. They receive a momentum kick opposite to the direction of laser
propagation as a result from the process causing the stimulated emission of a photon. After
a second small distance nominally symmetric to the distance between the first and second
light pulses, the atoms are recombined by a second 7/2— pulse and the energy states of
the atoms are measured. In my experiment, I measure the number of atoms in the excited
state which will depend on the difference in length of the two paths as a result of the
interference process. The time between pulses (referred to as free evolution T) is critical to
my calculations as the probability of finding atoms in the excited state is interferometrically
sensitive to 7. Furthermore, the interferometer encloses physical space, which allows for

inertial sensitivity [29].

2.2 Phase Shifts

The previous section highlights how differences in the phase acquired by the atoms in
the two arms of the interferometer interferometrically impact the number of atoms in the
excited state at the output of the interferometer (which is the parameter I measure in my
experiments) [25], [27]. The phase shift I am looking for is a result of inertial changes, i.e.,
a rotation or an acceleration and not resulting from motion along the classical path of the

atoms [29]. An acceleration would produce the following phase shift
APace = ]_C)eff : &T2’ (2.1)

where A¢,.. is the change in phase due to acceleration, ke rr 1s the effective wave vector
defined in Section 2.3.1, @& is the acceleration vector, and 7 is the free evolution time between

light pulses in the interferometer. A rotation phase shift is characterized by

2m - -

Adror = =-Q- A, (2.2)
where Q is the rotation vector, m is the mass of the atom (or photon for optical interferome-
ters) and A is the area vector of the interferometer whose magnitude is the area enclosed by
the atoms and whose direction is given by the cross product of the original velocity vector
with the k vector of the laser. The total phase shift for one interferometer is calculated by

adding these two phase shifts together.
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However, with just one interferometer it is not possible to determine if a phase shift is
caused by acceleration or rotation. By adding a second atom interferometer to the set up
with the atoms of the second interferometer oriented in the opposite direction to the atoms
of the first interferometer, the sign of the phase shift can change. The sign of A changes
(often referred to in the literature as “flipping the Sagnac loop™) and therefore the sign
of Ag,, flips. If the phase shifts of the two interferometers are added together, the phase
shifts caused by rotation would cancel leaving only the phase shift caused by acceleration,
with the contribution doubled. It then follows that by subtracting the two total phase shifts,
the phase shifts caused by acceleration will cancel leaving only the phase shift cause by
rotation, with the contribution again doubled. The eventual long-term goal of my overall
project is the implementation of the simultaneous interferometers. Although I did not attain
this goal within this thesis project, it was important to understand the underlying theory and

motivation to properly frame my research.

2.2.1 Rabi Oscillations

As discussed in the previous section, the fundamental building blocks of an atom inter-
ferometer are the light pulses from the atom optics. A critical step in creating these light
pulses is the interaction of a laser field with a two-level atom. This problem is by now a
textbook problem [30]-[32] where it is shown that the atom undergoes Rabi oscillations.
In this section, I briefly outline the salient points but the reader is referred to the literature
for details [30]-[32].

When an atom is illuminated by a single mode laser field whose frequency is tuned close
to the atomic transition frequency, the atomic population begins to oscillate (see Figure 2.2
for a representation of a two-level atom). These oscillations between the ground and excited
states are characterized by a frequency, called the Rabi frequency, which is typically denoted
by Q (Not to be confused with Q which is the rotation rate of a platform that was discussed in
an earlier section). Despite being illuminated by a strongly-coupled, near-resonance laser,
an atom can still decay by spontaneous emission back to the ground state before being
promoted again to the excited state. When the atom is undergoing Rabi oscillations, the
population oscillates from fully in |g), through an even superposition in both |g) and |e),
to fully in |e). This oscillation frequency is a function of the laser field amplitude, the

detuning of the laser from atomic resonance, the polarization vector of the laser and the
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dipole moment of the atom. When the system is left on for a length of time determined
by these parameters such that the product of the Rabi frequency times time is equal to
7/2, then we say a 7r/2- pulse has occurred, and the system is the equal superposition state
W) = % (lg) + |e)). Similarly, a - pulse occurs when the laser is left on for a time 75
such that QT),,;,c = 7 and all the atoms in the ground state move to the excited state (and
equivalently, all the atoms in the excited state move to the ground state). These pulses are
produced through careful management of the laser’s detuning, the amount of time the atoms
spend illuminated, and the power of the laser. These pulses can be configured in different
way to produce different types of atom interferometers, as I will now discuss in the next

section.

2.2.2 Ramsey and Spin Echo Interference
A standard interferometry scheme was first introduced by Norman Ramsey which involves
a /2 — m/2 pulse sequence with a free evolution time 7 in between the pulses [33]. The

state of the system evolves as follows:

Y (1=0)) =19 (2.3)

where the wave functions of the atoms start in the ground state and are allowed to evolve in

a /2 pulse of light.

— 2.4
\/_Ig> \/_|> (2.4)

where Q is the intensity of the laser. The atoms are then allowed to progress in the dark

W (r=13g)) =

during free evolution time (7)),

1 . ]
Wt =F+1) = lo)+ e"smém, 2.5)

where ¢ is the laser detuning, before encountering the second 7/2 pulse

_ 1 L L ist/2 [ E A,
Wt =28 +T)) = \f(fm \f| >) e (\ﬁm \F| >) 2.6)
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the projection of the excited state onto the current wavefunction is now calculated,

i i .
<€|lﬁ> — _el5Tm/2 + _ezéT/Zethm/2 (27)
V2 V2
where T}, is the free evolution time before the measurement. I then take the modulus squared

to find the probability of finding an atom in the excited state
2 _ 1 io1/2[*
elw) P = 5 |1+ 77| 8)
I performed the same equation for the spin echo configuration and my result was

el)P =5 |1+ 77

(2.9)

I use experimentally measured Rabi oscillations to determine proper power levels and

single-photon detuning.

Another combination of pulses is the 7/2 — 7 — 7/2 pulse sequence, often called the spin
echo pulse sequence. As the name implies, the sequence consists of a 7/2- pulse, a free-
evolution time 77, a - pulse, a free evolution time 7> and a final 7 /2- pulse. Repeating the
same type of state calculations shown in the preceding paragraph, I find that the probability
of finding the atom in the excited state at the output of the interferometer is given by

o(Ty - T7) ‘

1
2
= — 1 —
[{ely) > cos 2

(2.10)
The original motivation for studying spin echo versus Ramsey is not relevant to my work

other than to note that this is exactly the pulse sequence depicted in Figure 2.1.

The entire discussion in this section assumes that the pulses of light applied to the atoms are
perfect © and 7r/2- pulses. For many types of atomic systems, this can be a good assumption.
However, as I discuss in the experimental section 3.3.2), my pulses are based on the transit
time of atoms through a continuous laser beam of some spatial extent. Because the atoms
have a spread in their velocity (both in speed and direction), there is a only one velocity group
that has perfect pulses—all others have imperfect pulses. I ran simulations to understand

the impact of averaging over these variables in the different experimental configurations.
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The results of those simulations are discussed in Section 2.9.

2.3 The Raman Process

There are a few different ways to create the 7/2 — & — /2 light pulses used in the interfer-
ometer. One method is to use three different laser beams, which was previously tried in my
lab. However, it was found that the strong Gaussian profile of the fields caused interference
to disappear [16]. A second way is to pass the atoms though a micro-fabricated grating.
The grating causes diffraction of the atoms, much in the way an optical grating causes light
diffraction. However, this has the major disadvantage of the grating needing to be installed
inside the vacuum system and at the same time is not reconfigurable [18]. I chose to use
a Raman process to serve as the light pulses. The process I use is a “stimulated” Raman
process because a laser is used to coherently move atomic population between two different
ground states (F' = 2 and F' = 3) without any spontaneous emission from moving into an
excited state (F’) (see Section 2.6 and Figure 2.4 for a detailed description of the $Rb
energy levels). In order to accomplish this, I tune one laser far off-resonance with the F' = 2
to any F’ transition. I do the same with a second laser and the F = 3 transition. I then
detune both of these laser fields by the same amount, so they are not on resonance with any
individual transitions. The mismatch between the laser frequency and the atomic transition
is known as single-photon detuning (6; and 6;) which I take to be nearly equal (61 = 97).
With this setup, it now takes two photons to go from F' = 2 to F' = 3, one to excite the atom
to a virtual excited state and one to stimulate decay into the second ground state. The system
is now in two-photon resonance. I denote the frequency difference between F' =2 and F =3
(also known as the ground state hyperfine splitting) by A. I now choose the detuning of the
two lasers such that §; — 62 — A = 0 which I say is nearly in two photon resonance. This
allows for the atoms to move between the two energy levels as if in a two-level system where
F =2 and F = 3 are respectively the |g) and |e) states. The excited state F’ is now simply

a virtual state where the atoms do not spend any time as they cycle between ground states.

2.3.1 Co-propagating and Counter-propagating Beams
To construct an atom interferometer requires that a lot of things work together in a complex
system. Fortunately, there are two configurations I can use as building blocks. The two con-

figurations involve the two Raman beams in either a co-propagating or counter-propagating
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configuration. The first configuration is denoted as the co-propagating configuration and it
consists of a single physical Raman fields field composed of two different frequencies (with
different polarizations) propagating together directly through the vacuum chamber before
being stopped by a window capon the far side of the vacuum chamber. This configuration
has the advantage of allowing me to test the system, including the important features of
the Raman fields (e.g. coherence, polarization, alignment) without needing some of the
more difficult alignments required in the second configuration. This first configuration is,

however, not inertially sensitive (thus the more difficult alignments are not necessary).

The second configuration involves counter-propagating Raman frequencies which are de-
rived by allowing the co-propagating fields to pass fully through the vacuum chamber and
reflect back on themselves by a mirror so that there are now two sets of identical beams cov-
ering the same spatial area running counter to each other. However, this configuration would
drive multiple Raman resonances. In addition to two co-propagating configurations (one
from each side), there would be two combinations of counter-propagating fields that would
drive two Raman resonances (assuming the field had the right polarization). To greatly
simplify the analysis, I used the techniques described in the next chapter to eliminate the
co-propagating contributions as well as one counter-propagating contribution so that the
result is only one Raman transition is driven in a counter-propagating configuration. The
difference between these two configurations lies in the momentum kick the atoms receive
from the laser as discussed in Section 2.1. The momentum kick was defined as p = 7k,
but the wavevector, k, is more accurately k.r¢, where k.rr = |ky — k1| = O for the co-
propagating case and k.yy = kp — ki =~ 2k for the counter-propagating case when k| ~ kj.
Equation 2.1 contains the k.rs term and thus requires the counter-propagating setup for
acceleration measurements. Shifts in k. ¢y also allow the interferometer to be sensitive to
angular shifts and velocity averaging (presence of velocity difference between atoms) from
the atoms which needs to be accounted for. Due to these considerations, Raman spectra in
the co-propagating case are much easier to produce, and can be used to zero out frequency

shifts in the Raman spectrum that are discussed in the next section.

2.4 AC Stark and Zeeman Shifts

I have been referring to the processes that split and redirect atoms in the interferometer in

my experiment as “light pulses”, but I do not use pulsed light. Previous works from other
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groups have developed pulsed light interferometers from 3-dimensional traps. However,
those systems involve complicated and power-intensive traps as well as complicated timing
sequences as the atoms from the traps are “tossed” towards each other and pass through the
interferometry region. I follow a different approach with the intent to make the overall system
less complicated. Instead of using pulses to create 7 and 7/2— pulses, I extracted atoms
from a 2-dimensional trap in the form of a continuous atomic beam and used continuous
beams of light that the atoms pass through to provide the time and laser power necessary for
the required changes in state. The continuous beams of light are created from one laser that

passes through a mask with slits of varying configurations, see Section 3.6 for more details.

However, when using the Raman spectrum as the basis for the light pulses certain shifts
need to be taken into account. These shifts are the result of unwanted effects that cause
perturbations to the energy levels which can result in the peaks shifting when probed with
different power levels or reshaping and spreading apart due to magnetic fields. One of the
shifts results from an improper power ratio between the two frequencies that make up the
Raman fields. Energy levels shift are a result of the presence of a driver laser field. Because
the Raman process involves two laser fields driving two transitions, it is possible that the
level shifts due to power imbalances do not exactly cancel, causing an apparent shift in
the resonance frequency in the Raman spectrum (Strictly speaking it is the imbalance in
the product of the transition dipole moment and laser field amplitude which is proportional
to the square root of the laser power that causes the shift). This effect is known as the
differential AC Stark shift and causes the Raman peaks to shift their frequencies as the
laser is scanned from low to high power, as I do when performing the Rabi oscillation
measurements. The second shift is when the Raman peaks widen and spread apart due
to the prevailing magnetic field around the experiment from the earth. The fine-structure
energy levels within the atom are actually degenerate and consist of magnetically sensitive
sublevels (referred to as Zeeman levels). These levels shift proportionally to a magnetic
field (for low magnetic field levels), causing the Raman spectrum to broaden and eventually
separate into distinct peaks. Both of these shifts can lead to imprecision in measurements

and inaccurate data. In Chapter 3, I cover how I eliminated them from the experiments.
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2.5 Cooling and Trapping of Atoms
This section relies heavily on the PHD dissertation of Michael Manicchia [16], which is
published online at: https://hdl.handle.net/10945/65398.

The primary ingredient of this experiment is a continuous supply of cold 3> Rb atoms. While
other experiments in other fields that require low temperature samples use methods such as
liquid nitrogen to cool atoms, my experiments use lasers to cool the atoms [34]. These cold
atoms are created in a region of the apparatus referred to as the MOT, which is a term that
is also applied to the group of trapped atoms themselves. The process of laser cooling is

described in this section.

Consider a simplified two-energy-level atom as shown in Figure 2.2 consisting of a ground
state and an excited state (|g) and |e)) with energy difference AE. The difference in energy
can be written in terms of frequency as AE = hf or AE = hiw, which I get from the Plank-
Einstein relation, where w,, is the resonant atomic frequency associated with the transition

between these two states.

lg)

Figure 2.2. Diagram of a two-level atom with resonant atomic frequency w,
being illuminated by a laser of frequency w;. The laser is detuned with its
frequency w; below the resonant frequency w, with AE < 0.

I noted in Section 2.1 that an atom receives a momentum Kick in the direction of the

inbound photon (laser) when it absorbs a photon and gets promoted to an excited state. This
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kick is very small for the atoms (of order 10728 kg-m/s from a photon compared to the
experiment’s atomic momentum at thermal velocity of order 10723kg-m/s) [16]. However,
the atoms recoil due to collisions with millions of photons which has the cumulative effect
of pushing the atom away from the laser that is illuminating it. The atoms also receive
a momentum kick from photons released during spontaneous emission, but as they are
released in random directions, the cumulative effects from spontaneous emission average
to zero and result in no net change in momentum. Due to the Doppler shift, momentum
exerted from the photons is proportional to the atom’s velocity, and opposes the motion of

the atom when the laser is tuned below atomic resonance as shown in Figure 2.2 [16].

The preceding discussion is based on the momentum transfer between photons and atom
resulting in forces on atoms. Here, I discuss the cooling process. The cooling process relies
on conservation of energy. With the detuning set below resonance, the absorbed photons
have a smaller energy than the emitted ones (E = hw; vs E = hw, ). However, energy must
be conserved and so the difference in energy is made up from the kinetic energy (motional
energy) of the atom. The result of this energy difference is that the atoms lose energy during
this process and over time the atom slows down considerably in the direction of the lasers.
The effect works for many different velocity groups and eventually “piles” up the atoms into
one group. Since the spread of this final group is small, this is known as “cooling”. Although
’slowing” is a statement about velocity and “cooling” is a statement about “velocity spread”,
in this case I refer to both the cooling and slowing process as cooling because the loss of
energy affects both metrics. This phenomenon is also called an optical molasses as the

atoms act like they are moving through a viscous, molasses-like fluid.

The final aspect of the MOT involves a discussion of how the atoms are localized. The
localization is caused by the “magnetic” part of the MOT. I accomplished this by placing four
permanent magnets in a quasi anti-Helmholtz configuration around the rubidium chamber
that now consists of an optical molasses. The force of these magnets on the atoms relies
on the position of the atoms and increases linearly the farther from the center of the MOT
the atoms are in the direction transverse to the desired direction of the atomic beam. The
combination of this magnetic field with the proper circular polarization of light from the
cooling laser causes a force that is spatially dependent. When an atom in such a magnetic
field is subjected to two counter-propagating laser fields, the Zeeman shift causes the atom

to “see” the laser opposing its motion to be closer to resonance and the laser propagating
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with the atomic velocity to be shifted away from resonance. The next imbalance pushes the
atom back to the center. In my system, the resulting atomic beam is aligned with a small

pinhole leading to the main vacuum chamber. Figure 2.3 shows an infrared image of my
MOT.

Figure 2.3. Infrared photograph where the bright white florescence in the
center is the 2D MOT. The photograph is angled along the x-axis where the
atoms are free to traverse along into the main vacuum chamber.

2.6 Repumping

So far I have considered phenomena that can be mapped onto a simplified two level atom.
However, the 3Rb atoms I use are broken into many different fine (granularity not quality)
and hyperfine energy levels, with the relevant energy levels for the experiment being the
ground (5%S]/2) and excited (52P3)y) states, with the latter’s hyperfine levels denoted by
F’. This transition is known as the D, transition for 8°Rb and is shown in Figure 2.4. The
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difference between the fine and hyperfine structure is that hyperfine includes total nuclear
angular momentum I along with total electronic angular momentum J, which in turn is
composed of orbital angular momentum L and spin angular momentum S. The previously
described cooling process is normally done on the F = 3 to F’ = 4 transition, although
others can be used. Due to this added complexity, I can no longer use the two-level analogy.
While this this more complete picture is more accurate, it also highlights a problem. When
a laser is tuned close to this cooling transition, there is a nonzero probability of exciting
atoms to the F’ = 3 state instead of the " = 4 state. This probability is around ﬁ, and the
F’ = 3 state has has a branching ratio of about 50% [16]. Thus, after on average 1600 cycles,
the atom accidentally gets excited to the F’ = 3 level, where there is an equal probability of
decaying to the F' = 3 state or the F' = 2 state. If it decays into the F' = 3 state, the cooling
continues uninterrupted. However, if the atom decays into the F = 2 state, the cooling
process stops. In order to circumvent this problem, I relied on a process called repumping
that promotes the atoms back into the F = 3 state. As previously discussed the F = 2
to F' = 3 direct transition is dipole forbidden and cannot be directly driven. Furthermore,
selection rules prohibit the F = 2 to F’ = 4 transition (AF = +1 or 0). What I dis instead is
tune a second laser to the F = 2 to F’ = 3 transition which serves to give the atoms another

50% chance to decay in the F' = 3 state allowing the cooling process to continue.
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2.7 Detection

The key aspect of this experiment is measuring the specific quantum states of the rubidium
atoms. This process involves illuminating the atom beam with light from a third laser
that I refer to as the detection laser, and collecting spontaneously emitted photons with a
photomultiplier tube (PMT). As noted in Section 2.6, the atom beam contains atoms in an
incoherent mixture of atoms in the two different hyperfine ground states, F = 3 and F' = 2.
Due to poor atomic properties the F' = 2 state is hard to measure. Because the population
must be conserved and therefore must be in either the F' = 2 or F' = 3 state, it is sufficient to
measure the F' = 3 state and infer the population in the F = 2 state. This was done by tuning
the detection laser to a frequency equal to the F' = 3 to F’ = 4 transition. When atoms in
the F = 3 state were illuminated by the detection laser they were excited to the F” = 4 and,
after a brief amount of time, decayed back to the F = 3 state and released a photon through
spontaneous emission. A negligibly small fraction of atoms were excited into the F’ =
state and decayed into the F' = 2 ground state without any emission. Also, any atom that
passed through the laser not in the F = 3 ground state was not promoted to the excited state
and therefore not measured. This process measures the number of atoms in the F = 3 state
by having the PMT detect a portion of the spontaneously emitted photons from the atoms
decaying from the F’ = 4 to the F = 3 state.

2.8 Optical Pumping

After the cooling and repumping processes, atoms exiting the MOT are in an incoherent
and uncontrolled mixture of the two ground states. However, I need the atoms leaving the
MOT to be in the F = 2 ground state to unambiguously perform measurements during
the experiment. Previous research modeling showed that only a small, but not negligible,
fraction of atoms are in the F = 2 state after they pass through the MOT lasers and
decay [36]. I “initialized” the system and put all the atoms into the F = 2 state through
a process called optical pumping. This involves passing the atoms through a specifically
tuned laser before they enter the main vacuum chamber that places them in the F = 2 state.
Unfortunately, the necessary frequency for the transition from the F' = 3 to the F' = 2 state
is in the microwave range, and I do not have the needed equipment. Instead, I relied on
pumping the atoms to an excited state and had them decay to the state I want. Previous

research again lights the way by showing that driving the F = 3 to F’ = 2 transition will
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provide the most efficient way to optically pump the atoms into the F = 2 ground state [16].

2.9 Simulations

Many effects can weaken or destroy the results I am hoping to observe, and to that end,
I used a MATLAB code that I modified to take many of my experimental variables into
account including the spread in velocity of the atoms, divergence of the atomic beam,
and the intensity profile of the laser to provide qualitatively and quantitatively accurate
representations. These provided helpful guides for improving and characterizing my results

and understanding the effects individual variables had on the experiments.

2.9.1 Rabi

I first ran simulations of the Rabi oscillations that I measured by varying the Raman field’s
power. Rabi plots show the oscillations in probability of atoms being in the excited state
(F = 3). These oscillations are strongest when the laser is tuned to atomic resonance. |
wanted to understand how two variables affected the oscillations. The first variable was
the velocity spread of the atoms, or velocity averaging, and the second was the angular
divergence of the atom beam. The results are displayed in Figure 2.5 using values for
the parameters of the simulations that I had previously measured as inputs. Specifically, I
considered an angular atomic divergence of 128mrad, a most probably velocity (V,,,) of
20m/s, and location of the Raman fields from the MOT of 14mm. The simulations were
normalized to the 7— pulse condition for a laser beam of finite width assuming Voms = Vinp.
When I did not include velocity averaging or angular divergence I found a simple cosine
curve (Figure 2.5(a)) that reflects the atoms moving in between the ground and excited states.
When Iincluded velocity averaging the oscillations dampen out (Figure 2.5(b)) and shift the
first peak to a slightly higher 7— pulse factor. When just angular divergence was added there
was barely any discernible change (Figure 2.5(c)) although from closer inspection, there is
a slight compression of the oscillations. When both variables were included (Figure 2.5(d))
a near mirror image of the velocity averaging only curve is predictably produced. These
results show that the dominant effect on the Rabi cycling is the velocity averaging, while
accounting for the atomic beam divergence has a negligible effect. Despite the washing out

of the Rabi oscillations, enough of the oscillations remain to determine the 7 condition.
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Figure 2.5. Figure (a) displays ideal Rabi oscillations where the atoms os-
cillate in between the ground (0) and exited state (1), figure (b) shows the
oscillations with velocity averaging added, figure (c) depicts the oscillations
with angular divergence added, and figure (d) provides the oscillations with
both velocity averaging and angular divergence added.

2.9.2 Ramsey Interference

I next ran several simulations to characterize what interference patterns I could expect from a
Ramsey configuration of two /2~ pulses. I was interested in how velocity averaging and the
divergence of the atom beam also affected the interference. Figure 2.6 contains simulation

results from the co-propagating configuration without and with velocity averaging (Figure
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2.6(a) and (b) respectively). I did not include angular averaging due to the fact that the Rabi

simulations showed it had little affect.
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Figure 2.6. Figure (a) is the co-propagating Ramsey spectrum without veloc-
ity averaging and Figure (b) is the Ramsey spectrum with velocity averaging.
A simulated slit spacing of 20mm was used.

A useful measure of the quality of an interference spectrum is known as the contrast, defined

by
Amplitude peqr — Amplitude,ougn

Contrast = , 2.11
ontras Amplitude peai ( )

where the peak can be either the center peak or one of the secondary peaks. The Ramsey
simulations were then repeated for the counter-propagating configuration. These results are
shown in Figure 2.7, in the same layout as Figure 2.6. Here I found that the velocity averaging
had a similar effect as in the co-propagating case. In contrast to the co-propagating case,
the atomic divergence had a significant effect on the interference. The divergence impacting
the interference is a result of the fact that the counter-propagating situation is very sensitive

to the transverse velocity components.
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Figure 2.7. The Figure shows how the max contrast of the peaks (blue)
increases marginally as slit spacing increases. It is also shown that the scaled
intensity of the laser (Omega Factor-red) where the best contrast occurs
increases with slit spacing. Meaning that the wider the slits, the greater
laser power needed for best contrast. The third curve (yellow) shows how
the distance from peak to trough decreases with larger slit spacing which
matches what the theory.
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Figure 2.8 shows how in a counter-propagating configuration, angular divergence of the

atom beam has a significant effect.
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Figure 2.8. Figure (a) displays ideal counter-propagating Ramsey interfer-
ence, figure (b) shows counter-propagating Ramsey with velocity averaging
added, figure (c) depicts counter-propagating Ramsey with angular diver-
gence added, and figure (d) provides counter-propagating Ramsey with both
velocity averaging and angular divergence added. | change scales for figures
(c) and (d) due to the strong effect of the angular divergence.

2.9.3 Spin Echo Slit Spacing

The full interferometer is composed of two 7 /2— pulses with a 7— pulse in between separated
by free evolution time. I call this interference set up “spin echo.” In order to produce this, I

needed a mask with three slits instead of the two I used for Ramsey interference. I created a
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MATLAB program that would calculate the location of a slit 2 mm wide within a Gaussian
laser field of a given 1/e width (which I measured) when a 2 mm slit in the center has
sufficient power to produce a m- pulse. From the code, I found that the slits need to be
separated by approximately 9.2 mm. The full variation of the ratio of power in the side slits

with respect to the center slit is shown in Figure 2.9.
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Figure 2.9. Curve resulting from calculation of slit spacing for Gaussian bean
in terms of proportion of a 7— pulse. Intersection of two curves occurs at =~
9.2mm for /22— pulse.
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CHAPTER 3:

Experimental Setup

In this chapter, I discuss the experimental apparatus that I used to perform the experiments
that I cover in Chapter 4. In the following sections I focus on the setup of the lasers and the
interferometer, highlighting the MOT, saturated absorption setups, and the detection of the
atomic states of the atoms.

3.1 Apparatus Design

The previous chapter described how I cooled and trapped atoms to create a 2D MOT. This
effect was produced using a part of the apparatus I termed the “cooling arm.” As shown in
Figure 3.1, this complex arrangement of optics polarizes and directs light into a chamber
containing gaseous rubidium. The light, which is a mixture of cooling and repump light (see
Chapter 2) passes through several optics before illuminating the rubidium atoms from four
directions with the help of beam splitters and retro-reflecting mirrors in the arrangement
shown in Figure 3.1. There are also four permanent magnets around the MOT chamber that
produces a magnetic field gradient along the direction of propagation of the lasers, but none
in the direction with no laser beam. This geometry results in a sample of atoms that are
cooled in the direction along the laser beams by laser cooling but not along the direction

longitudinal to the atom beam.
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Figure 3.1. Schematic of the cooling arm and MOT including optical paths
of the two lasers (red is cooling and blue is repump) including waveplates,
shaping optics and mirrors. The four brown circles represent the 4 permanent
magnet bars viewed from the back side (i.e., the atoms are propagating into
the page).

The MOT chamber is connected to the main vacuum chamber via a small hole. This allows
atoms to leave the MOT creating an atom beam that propagates through the main vacuum
chamber. As seen in Figure 3.2, the vacuum chamber consists of three symmetric sets of
three windows that are used for lasers or sensors or are blacked out as needed. In Figure 3.2,
the atoms travel leftwards from the MOT chamber. I performed the interferometry in the

center (2nd) window and my detection in the window farthest from the MOT (3rd window).
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Figure 3.2. Image of main vacuum chamber with tower and MOT on the
right. The center window is covered up with my interferometer setup, and
the left section has the detection laser in the vertical window and the PMT
in the horizontal window. A gas chamber for a potential second MOT is on
the far left.

3.2 Saturated Absorption

The light that is used in this experiment comes from semiconductor diode lasers that produce
light at 780nm which is the resonant frequency for rubidium atoms. Specifically, it is the
frequency difference between the two fine states of the D transition. However, the frequency
of the light from these diodes needs to be tuned properly, stabilized, and monitored during

the experiment.

The primary method of determining the frequency of the light is through Doppler free

saturated absorption spectroscopy. The optical setup is shown in Figure 3.3. I need to lock
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the lasers at certain frequencies and spectra produced by Doppler free spectroscopy are used
to visually determine the frequency of the lasers as a function of the control parameters.
These spectra are generated by passing two parallel beams through a rubidium gas cell
onto a two-sided detector. One beam is a single probe beam that passes straight through the
rubidium to the detector, which measures the Doppler broadened transitions. The second
beam is composed of a forward propagating probe and a backward propagating pump beam,
which is incident on the other side of the two-sided detector. It registers the same Doppler
profile but with spectral holes “burned” into the profile at the frequency of the naturally
occurring resonances. The signal from the single probe is subtracted electronically from
the signal from the pump/probe combination to remove the Doppler curve, leaving just the
transition peaks. This method allowed me to see the saturated absorption spectrum of four
rubidium energy levels: the 528, /2 (cooling) and 52P; /2 (repump) transitions for the 85Rb
and 8’Rb isotopes (I do not use the 8’Rb isotopes in my experiments). The eponymous
cooling and repump lasers are tuned to their respective transitions of the 3°Rb isotope, as
they are the relevant ones for my research. The detection laser is also tuned to the cooling
transition so it can measure the atoms in the F' = 3 state after they pass through the Raman
fields serving to make the atom optic beams, which will be explained shortly. Figure 3.4

displays the cooling transition saturated absorption spectrum.
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Figure 3.3. Overhead photograph of a saturated absorption setup with optical
paths for the probe and pump beams. The uniform dashed line is the retro-
reflected AOM beam, and the nonuniform dashed line is the pump and probe
beam.
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Figure 3.4. Scan of the saturated absorption spectrum for the cooling tran-
sition with zero being defined at the F = 3 to F’ = 4 transition. The
non-labeled peaks are the result of crossover resonances which are not cov-
ered in this paper. See reference [37].

3.3 Experimental Parameters

In order to produce the best possible results, I needed to properly characterize the atomic
beam profile, specifically the angular divergence and the velocity of the atoms. Previous
work had performed these characterizations, but due to changes in the apparatus and desire

for replicability I needed to perform the characterization again.

3.3.1 Signal Optimization
My metric for optimizing the system was the signal from the detection laser. The detection
process is described in detail in Chapter 2. The detection laser is located in the furthest

window from the MOT in the vacuum chamber and propagates vertically down (with a
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slight angular offset to avoid scattering from the windows and to spectrally separate the
signal from the laser cooled atoms from the small residual signal from hot atoms leaking
out of the pinhole). The photon emissions stimulated by this laser are captured by a sensor
positioned horizontally in the far windows. This sensor is a PMT that receives input in the
form of photons which create a tiny current that is then multiplied thousands of times to
provide a macroscopically large signal. The PMT output is displayed on an oscilloscope
as a voltage after going through a transimpendance amplifier and appears as a peak when
the laser is scanned through resonance. Figure 3.5 shows a plot of the detection peak
overlaid on the saturated absorption scan. Notice the detection peak does not align with the
cooling transition peak in the saturated absorption. This shift is due to a frequency shifter
in the detection laser setup. This signal is then optimized by improving the signal to noise
ratio (SNR), which is calculated by the height of the Lorentzian peak above the background
value of the signal divided by the background.
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Figure 3.5. Scan of the PMT signal (red) and cooling transition (blue) over-
lapped at the new lock-point that had been shifted ~ -90 MHz by the AOM.

There are several techniques to improve the SNR and optimize the signal. First, background
light can be reduced by covering the unused vacuum chamber windows and blocking beams
in order to reduce unwanted scattering. Manual adjustment to the atomic beam trajectory can
be made. The location of the MOT can be adjusted to better align with the hole connecting
to the main vacuum chambers by translating the pinhole. The efficiency of the laser cooling
can also be optimized by moving directional knobs on the fiber optic couplers in the tower
as well as on the different mirrors. Ensuring the detection laser is centered on the atom
beam will also improve the signal. Increasing the cooling laser power is another way to
improve the signal, which can be done via a tapered amplifier that amplifies the cooling
light. These adjustments were all made while monitoring the signal above background on

the oscilloscope to optimize the signal in real time.
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Another method to improve the SNR is to manually change the laser detuning by adjusting
the lock point on the saturated absorption spectrum to find the best SNR. However, for
my experiments [ lock to the F = 3 to F’ = 4 transition within the saturated absorption
spectrum. As seen in figure 3.2 and 3.5, this transition produces a small peak in the saturated
absorption spectrum, and any instability can cause the laser to break lock. I overcame this
by adding AOMs to my detection and cooling laser sets ups. These modulators work by
shifting the frequency of light that passes through it. I configured the path of the laser to
pass through twice thus doubling the amount I can shift the lock point. For my experiment,
I was able to shift the laser frequency in such a way that the proper locking point is on the

larger peaks, allowing for minor instabilities without breaking lock.

3.3.2 Atom Beam Characterization

The first step of characterizing the atom beam is to optimize the getter current (the source of
rubidium). I established that the optimal current on the getters is 2.4 Amps. This optimization
was determined determined by measuring the SNR as described before for varying values

of the getter current. These results are found in Table 3.1.

Table 3.1. Getter Current settings and corresponding signal to noise ratios
showing 2.4 Amps to be the optimal current setting.

Current [A] | SNR
2.1 2.76
2.2 3.81
2.3 5.10
2.4 6.01
2.5 4.63

The width or divergence of the atom beam as it propagates through the vacuum chamber is
the second phase of characterization. I measured this by first illuminating the atom beam
with repump light (only) in the first window after the MOT which optically pumps all

of the atoms into the F' = 3 state. I then placed an infrared camera in the third window
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perpendicular to the detection beam to capture the spontaneous emissions from the atoms

that passed through the detection beam. I calculated the angular divergence from
Wi —Wp
o= arctan(f) =0.1281rad, 3.1

where ¢ is the angular divergence, Wy, is the width of the florescence in the detection laser
(31mm), W), is diameter of the pinhole (1mm), and [ is the distance from the pinhole to the
detection laser (233mm). However, as Section 2.2.1 notes, the angular divergence does not
have much effect on the co-propagating experiments I conducted, but proves to be a critical

parameter in the counter-propagating experiments.

The last aspect of the atom beam I characterized was the velocity of the atoms. The
atoms velocity profile is described by the usual Maxwell-Boltzmann distribution, which
is characterized by a single parameter—the most probably velocity, V,,,. One method
to measure this is to direct a scanning near-resonance laser backwards along the atomic
beam trajectory and measure the Doppler shift with respect to the Doppler-free saturated
absorption line. However, previous work [16], [25], [36] found that the Doppler shift was
too small to provide a reliable measure of V,,,. Instead, I accomplished this by pulsing
the optical pump beam off for a range of times (2ms to 20ms) which would allow a small
segment of atoms in the F = 3 state through before resuming moving atoms to the F = 2
state again. A measurement of the fluorescence from the locked detection laser is a curve
depicting atoms passing through the detection laser as a function of time. Figure 3.6 shows
a representative curve for a Sms long optical pump “off” time. I fit each curve to a modified
Gaussian function where V,,,, is one of the fitting parameters. I plotted the resulting V,,,, for
each pulse width I tested in Figure 3.7 and fit the data to the best fit line showing that for an
ideal pulse (which occurs for an infinitely short pulse) V,,, ~ 20m/s. Given knowledge of
the Maxwell speed distribution equation and noting that the effective temperature of the 2D
MOT cell is approximately 1000 K, intuition may lead us to think the V,,, should be much
higher, but this relatively low velocity could be a result of the cooling of the atoms in the

MOT which only allows for slower atoms to propagate through.
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Figure 3.6. Florescence from the detection laser over the optical pump pulse
which produces a spread of atoms over time. This combined with the distance
traveled by the atoms allowed me to calculate the velocity profile. The top
of the peak is produced from the largest grouping of atoms and serves as
a rough measure of the most probably velocity, which was more precisely
extracted by the fitting routines.
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Figure 3.7. Plot of V,,, versus pulse width with a linear fit. Plot shows that
as we move to an ideal pulse (instantaneous) V,,, approaches ~ 20m/s.

Figures 3.8 and 3.9 show two of the Gaussian fits, corresponding to pulse widths of 20ms
and 2ms respectively. We can see that the 2ms fit is much better—a trend that holds for all
the short pulses. The change in scale between the two graphs is due to the smaller number
of atoms that are able to move through the gate during the shorter pulse. I hypothesize that
the shoulder on the front end of the signal peak in Figure 3.7 is the result of fast atoms not
trapped in the MOT.
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Figure 3.8. Less than optimal Gaussian fit (blue) to the velocity profile of
the atoms (red) taken for a pulse of 20ms.
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Figure 3.9. Moderately improved Gaussian fit (blue) to the velocity profile
of the atoms (red) for a gate 2ms vs the previous 20ms fit.

3.4 Lock-in Detection

When detecting fluorescence from a Raman process, the maximum signal achievable is
20% of the total fluorescence (due to the fact that the F = 2 ground state has 2F +1 = 5
magnetic states and a Raman process only utilizes one state) [36]. This creates a small
signal on a large amount of background from light scattered mostly from the Raman fields
but also from the MOT beams. I overcame the challenge of detecting a small signal above a
large background by detecting the PMT signal with a lock-in amplifier (EG&G 5207 lock-in
amplifier). I frequency modulated (‘dithered’) the detection laser while it was locked to
the cooling transition and phase detected on this signal. This results in an amplitude-(not

frequency-) modulated signal when scanning the Raman fields, and therefore the signal
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looks like a single peaked spectrum rather than a dispersive “Gaussian-derivative like”
curve. I chose to frequency modulate the detection laser because it eliminates scatter from
both the detection laser and Raman fields, and allows for a much shorter integration time
for the signal than if I would have dithered the Raman fields [16].

3.5 Transverse Cooling

I attempted to control and reduce the atom beam divergence by adding a second optical
molasses stage, a phenomenon described in Section 2.5. The second optical molasses beams
were placed horizontally in the first window of the vacuum chamber and provide transverse
cooling to the atom beam. This collimates the beam in the horizontal direction by reducing
the horizontal component of the atoms’ velocity. I took samples of the cooling and repump
light, ensured linear polarization with 4/4 waveplates, overlapped them into one beam, split
them into two beams with a polarizing beam splitter (PBS) and sent the resulting beams into
the vacuum chamber from opposite sides, as shown in Figure 3.10, in order to produce the
optical molasses. The cooling beam had an additional adjustable 1/2 waveplate and PBS
to remove vertically polarized light as a way to to manually adjust the amount of cooling
light in the optical molasses. The effects were measured by an infrared camera observing

the width of the florescence in the detection beam and are discussed in Chapter 4.
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Figure 3.10. Simplified schematic of the optical molasses setup where the
solid green lines are the current divergence of the atom beam, and the dashed
lines are the projected divergence after transverse cooling occurs. (Optics for
preparing polarization of cooling and repump light are not included)

3.6 Raman Setup

In Chapter 2, I introduced the theory underlying the Raman process. In this section, I detail
how I created the laser that drives that process. I first took approximately 100mW of 780nm
light from an amplifier and sent it through an AOM as shown in Figure 3.11. Building on
the earlier description in Section 3.3.1, the AOM frequency shifts the light depending on the
frequency of the RF source driving the modulator. My experiment only deals with the -1, 0,
and +1 order outputs (light that is shifted to a lower frequency, at the same frequency, and
increased in frequency, respectively), but other higher and lower orders were visible. I took

the -1 order light (light that is shifted down in frequency) from the AOM and sent it to a fiber

41

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



output. However, this process if far from efficient, and so I reflected the substantial amount
of zeroth order light back through the AOM. The light is automatically phase matched to
produce a +1 beam when the -1 beam is phase matched. The +1 order light was steered into
a second fiber. These two fibers were then combined in a fiber beam combiner into a single
physical laser beam with two frequency components, which I refer to as the Raman beam.
Great care was also taken to ensure that one of the input lasers was made of horizontal linear
light and the other of vertical. Although not perfect, the quality of the polarization was at
least 90%. Selection rules, determined by atomic dipole moments and laser polarization,

determined these choices in polarization [38].

Downshifted J
light (-1 Order)

Figure 3.11. Image of the Raman setup | used including the optical paths.
Red here represents the -1 order or lower frequency light emitted from the
AOM, green is the zero order, and blue is the +1 order. | took the lower
frequency of light from the first pass through the AOM and the higher
frequency light reflected back through the AOM as the two frequencies for
the Raman process.

Initially, I tried to generate a Raman spectrum using cylindrical lenses to shape the Raman
beam into as close to a vertical rectangle as possible. While I was able to see a Raman

spectrum, the laser beam profile still had a fair amount of Gaussian curvature, which largely
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explained the low signal, and I did not have much room to add the two additional beams
to complete the interferometer. So I changed my configuration to a single large area beam
created by allowing the laser output from the fiber to diverge to around a 4cm diameter beam
before collimating it. I used 3D printed masks with one, two, or three slits to produce the
right beam configuration to measure Raman, Ramsey interference, or Spin Echo interference
respectively. For the co-propagating experiments, the beams were sent into the chamber and
then incident on a dark beam-stop. For the Doppler sensitive counter-propagating Raman, I
removed a beam stop from the back of the vacuum chamber and added quarter waveplates
before and after the vacuum chamber, as well as a PBS and a mirror after. The PBS is used
to remove one of the polarized beams of light to eliminate the possibility of driving the
Raman transition with co-propagating fields from the retro-reflected Raman beams. I tested
different slits of 1mm, 2mm, 3mm, and 4mm and found that the masks with width equal
to 2mm produced the largest peak without significant broadening (from the small slits) or
loss of signal from the large slits. I also characterized the Raman fields by taking images
with a beam profiler, (see Figure 3.12), and found it be Gaussian in shape with half width
1/e value of o = 11.2mm. These values were used in the simulations described at the end
of Chapter 2.

Figure 3.12. Photo of the Raman fields beam intensity profile with yellow
being the highest intensity light.
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3.7 Rabi Oscillations

Once the scheme to measure the Raman spectrum was established and working, I proceeded
to the next step, which was to measure the Rabi oscillations. This step is integral in
developing the interferometer because it provides us with the laser power levels needed
to create the 7— pulse and 7/2— pulses. Rabi oscillations occur when the two Raman
frequencies are tuned to be on two-photon resonance and the total power of the beams
is varied (keeping the power ratio of the beams constant). I first attempted to do this by
manually adjusting the Raman amplifier power over its full range and measuring the height
above background of the clock transition (which isthe F =2, mp =0to F =3,mr =0
transition). This approach did not yield valuable results, likely due to the fact that changing
the current to the amplifier change the amount of incoherent amplified stimulated emission
which impacts the Raman spectrum. To avoid this problem, I added a voltage controlled
attenuator (Mini-Circuits: ZX73-2500-S+40 dB Voltage Variable Attenuator) that I could
ramp up and down using a function generator. I set the function generator for a 10 second
ramp across the attenuator’s full range with 99% symmetry (so I would only see results
for high to low attenuation). I adjusted the frequency of the Raman fields so that they were
in two-photon resonance with the atoms (e.g. at the peak of the Raman spectrum) and I
recorded this signal along with the applied voltage to the attenuator and the signal from
an optical power meter. The results of these measurements are discussed in Chapter 4.
From these measurements, I could extract the proper power to provide 7 and 7/2- pulses to

maximize the contrast of the interferometer.

3.8 AC stark and Zeeman shifts

As already mentioned in Section 2.4, AC Stark and Zeeman shifts have deleterious effects on
my measurements. In order to avoid these effects, I needed to "zero-out" the AC Stark shift
and carefully characterize the Zeeman shift. The AC Stark shift depends on the difference
in the power multiplied by the coupling constant for each transition. This value (and thus
the shift) is only zero for all optical powers for a single ratio value of power between the two
Raman fields. The experimental ratio value was found by switching from low to high power
on the Raman fields, using the amplifier, and then adjusting the two different Raman fields
frequencies’ power until the the proper power ratio was found, and the shift zeroed-out. To

characterize the Zeeman shift (which as discussed earlier is an energy level shift due to a
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magnetic field) I added a nominally uniform magnetic field to the vacuum chamber in the
interferometry region. I accomplished this by placing two coils in a Helmholtz configuration
and varying the current running through them. As discussed in Chapter 4, the full Raman
spectrum consists of 11 peaks numbered -5 to 5 with O being the clock transition. The
magnetic field not only shifts the location of the peaks, but also the amplitude of the
peak [39], [40]. Using this method, I determined the current needed to maximize the clock
transition peak and well separate all the peaks in the spectrum (0.5 Amps). Results of
Zeeman testing are shown in Figure 3.13, where the more positive current corresponds with

increased amplitude and separation in even Raman peaks.
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Figure 3.13. Peak to peak separation of the clock and -2 Raman transition
from Zeeman shift due to magnetic field supplied by coils. The red line is
quadratic curve fit.
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3.9 Interferometer

The configuration of optics used for the interferometer is shown in Figure 3.14. This displays
the full counter-propagating setup and works as follows. The light exits the fiber-coupler and
diverges until the collimating lens. The light then then passes through a 1/4 waveplate (to
convert the light into circularly polarized light to be able to obey selection rules) and through
the masks with slits for the different configurations, and finally into the vacuum chamber.
After interacting with the atom beam and exiting the vacuum chamber, the light passes
through a second A/4 waveplate (to convert the light back into linear polarization), a PBS
(which rejects one of the laser frequencies), and then onto the retro-reflecting mirror, which
directs the light back onto the atoms. In order to switch to the co-propagating geometry, I
removed the first /4 waveplate and place a beam block on the back of the vacuum chamber.

Figure 3.15 shows a mask with spin echo configuration.
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Figure 3.14. Schematic of optics and apparatus for counter-propagating con-
figuration.
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Figure 3.15. Image of the 3D printed masks used for spin echo interference
with ruler for scale.

48

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



CHAPTER 4

Results

In the previous chapters, I outlined the theory behind the experiments and described the
apparatus used to make the measurements. In this chapter, I present the results of those

measurements.

4.1 Optical Molasses

In Figures 4.1, 4.2, and 4.3, I demonstrate that the optical molasses I prepared, described
in Section 3.5, was able to provide a useful amount of transverse cooling. It was employed
to narrow the atom beam divergence, with the specific intent to improve the signal from the
counter-propagating configuration. The optical molasses is a function of the laser cooling
power. Rather than control the power through the current of the tapered amplified (with the
problems of amplified stimulated emission described before), I employed a common optics
technique to more finely control the laser power. As described in Section 3.5, I passed the
cooling light (which was linearly polarized), through a 1/2 plate and then a polarizing beam
splitter. Figure 4.1 shows the measured laser cooling power as a function of the wave plate
angle (¢). Figure 4.2 (top) shows the results of the images of the atomic beam as a function
of the wave plate angle and hence the cooling power. Figure 4.2 (bottom) shows the results
of plotting a vertical “slice” taken through the image along the brightest part of the beam.
We can see that for certain angles (specifically near to 45° degrees ) the resulting peaked
function is taller and narrower. This result indicates that the atomic beam has spread out less
(narrower slice) and has more atoms in the center (taller peak). These slices were then fit
with a Lorentzian function and the peak value and linewidth were extracted. The linewidth is
measured as the halfwidth of the peak at half of its maximum amplitude. This is a common
metric for linewidth referred to as half width at half maximum (HWHM). These two
specific parameters are plotted in Figure 4.3, where we again can see that around ¢ = 45°,
the beam is narrowed (smaller HWHM) and has more atoms in the center (higher peak atom
number). Unfortunately, due to physical spatial constants with the vacuum system, I could
not employ the optical molasses beams, the optical pumping beams, the Raman beams and

the detection beams required for the full experiment. The interferometer also depends on
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atomic coherence, which can be destroyed when atoms scatter near-resonant light. This was
a concern because the optical molasses that employed near resonant light was very close to
the location of the interferometer. As a result, I decided not to include the optical molasses
set up in the rest of the experiments. However, I have conclusively shown that this technique

is a viable way of narrowing the atomic divergence and can be useful in future experiments.
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Figure 4.1. Plot of how the cooling laser power varies over 1/2 waveplate
angles (¢), going from minimum to peak power across polarizations.
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Figure 4.2. Plot of transverse cooling effects across different polarization
settings on a A/2 waveplate. We can see successful transverse cooling at
smaller angles with the higher atom counts and across most angles as thinner
line widths compared to the two reference peaks on the right.
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Figure 4.3. Plot of linewidth as HWHM (left axis), and peak amplitude (right
axis) versus ¢. We can again see very successful transverse cooling at smaller

angles with higher peak atoms and thinner line widths as the atoms are kept
from diverging.

4.2 Raman Spectroscopy

Despite not being able to implement a method to reduce the atom beam divergence, our
simulations showed that the atomic divergence will impact the counter-propagating experi-
ments, but will not completely wash out the spectra I will be measuring. Once I had set up
the dual frequency Raman laser described in Section 3.6, I performed experiments in the co-
and counter-propagating configurations. Figure 4.4 shows the complete Raman spectrum in
the co-propagating configuration. As discussed in [39], [40], when the magnetic field and
the Raman fields polarizations are left arbitrary with respect to each other, up to 11 peaks

are expected due to the selection rules between transitions with different magnetic states.
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This is shown in Figure 4.4, taken in the co-propagating geometry.

Figure 4.5 shows an important progression and a significant step in the demonstration of
a full inertial sensor. I first note that if I simply pass the Raman fields through the atomic
beam and then retroreflect the beams, I will NOT be measuring a Raman spectrum in a
counter-propagating geometry for three reasons. First, the spectrum from the co-propagating
geometry will still be present, as will the same for the two retro-reflected beams that are
also now co-propagating. Secondly, depending on the orientation of the laser fields with
respect to the magnetic field, the relative polarization of one beam in the forward direction
may not be the right one to match up with the counter-propagating one. Finally, if the
two polarizations do happen to match, there will be rwo combinations of Raman fields
with opposite Doppler shifts. For all three reasons, it is important to eliminate driving
a Raman resonance in the co-propagating geometry and drive only one in the counter-
propagating geometry. The results of this progression show how the peak disappears when
a 1/4 waveplate is added to the co-propagating setup (which causes the two co-propagating
fields to have the “wrong” polarization to drive a Raman resonance) and how the peak
reappears when the beam block is removed to allow counter-propagating light back in.
The combination of an extra 1/4 waveplate and PBS ensures that only one frequency is
retroreflected back into the chamber, eliminating the second possible Raman resonance
in the counter-propagating geometry. The results of these measurements demonstrate that
what we are seeing is actually a Raman spectrum from counter-propagating fields. The =~
1/3 drop in amplitude between co-propagating and counter-propagating Raman should be
noted. As predicted in Section 2.9, this is a result of the effect of atom beam divergence and

transverse velocity averaging. All the following scans used a 2mm mask slit width.
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Figure 4.4. Scan of the full Raman spectrum with 11 peaks at different
frequencies. These peaks correspond to the 11 different transitions of the
F = 2 to F’ = 3 hyperfine magnetic sub-levels resulting from the nuclear
magnetic moment.
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Figure 4.5. Figure (a) shows co-propagating Raman, figure (b) depicts a
loss of the signal resulting from adding a 1/4 waveplate to circularize the
polarization, and figure (c) is the reappearance of Raman in the counter-
propagating configuration once | removed the beam block.

Once I was able to produce clear Raman spectra, I needed to determine at what power
levels the m and m/2— pulses occur. As mentioned in Section 2.2.1, this determination is
made by measuring Rabi oscillations. I begin by tuning the Raman fields onto resonance
of the clock transition and then fixing the detuning so that the Raman fields are driving
the resonance at the peak. I then use a variable attenuator to ramp the power of the Raman
laser from low to high power. This will cause the laser to increase in intensity across a

large enough range to see the first Rabi oscillation. The resultant scan, as shown in Figure
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4.6 depicts the first Rabi peak and subsequent dampening along with a trace of the voltage
ramp applied to the attenuator. To determine where a m— pulse occurs I match the peak
of the first Rabi oscillation to the corresponding voltage on the attenuator. A /2 pulse is
determined by finding the halfway point in terms of height on the first Rabi oscillation and
its corresponding attenuator voltage. These voltages are then input directly to the attenuator
and then measurements of the laser power are taken on the back side of the vacuum chamber
for 7 and 7/2— pulses to be used in determining proper power levels for the Ramsey and

spin echo interference experiments.
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Figure 4.6. Scan containing Rabi oscillations (blue) and voltage level on
variable attenuator (red).

I also sought to characterize the linewidth of the clock transition over various scan times.
All transitions have a fundamental linewidth. For example, linewidths of single photon tran-

sitions are determined by the reciprocal of the excited state lifetime. For Raman transitions,
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the linewidth is determined by the time the atom spends in the laser fields. However, these
statements are only true when the measurement time is much longer than any process in the
experiment. If the scan of the Raman fields’ frequency is too fast, you will observe a peak
that is too wide (measurement broadening) and if you scan too slow, the measurements can
take an inefficient amount of time. I characterized the linewidth by fitting the Raman peaks
to a Lorentzian function with a parameter 8 corresponding to the HWHM. I measured the
spectrum for many different ramp dwell times (time spent at each step in the scan generated
from a digital signal synthesizer), and extracting the parameter 5 each time. I then fit the
results to a decaying exponential and chose an arbitrary cut off of 3 times the time constant,
7 as the minimum ramp dwell time. 37 is the value at which the linewdith is within 95% of
the actual linewidth as compared to 86.5% for 27. I used 40 us for most scans just to be on
the safe side.
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Figure 4.7. HWHM values over multiple ramp dwell times with 18us ~ 37.
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4.3 Co- and Counter-Propagating Ramsey Interference

Once I was able to achieve and characterize co-propagating and counter-propagating Raman,
I then moved to a Ramsey configuration. Figure 4.8 displays the resultant scans of Ramsey
interference followed by the measurement of counter-propagating Rabi oscillations used
to determine 7/2— pulse power levels. Similar to Raman, counter-propagating Ramsey is

noticeably weaker than in the co-propagating configuration.
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Figure 4.8. Figure (a) shows co-propagating Ramsey, figure (b) depicts a loss
of signal resulting from adding a 1/4 waveplate to circularize the polarization,
and figure (c) is the reappearance of Ramsey in the counter-propagating
configuration once | removed the beam block. Scans were taken using 4x
averaging.
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Once I was assured that I was seeing counter-propagating Ramsey I then drove Rabi
oscillations as shown in Figure 4.9. This was to determine the 7 and 7 /2— pulse conditions
which are required to maximize the contrast in the Ramsey and spin echo experiments.
Figure 4.10 depicts a typical Ramsey interference spectrum, taken under the conditions of
7 and /2 extracted from the Rabi characterization.

10

0 1 1 1 1
0 2 4 6 8

Time 8]

Figure 4.9. A smoothed curve of counter-propagating Rabi oscillations (blue)
and voltage level on variable attenuator (red).
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Figure 4.10. Counter-propagating Ramsey interference averaged 8x for a 400
us ramp dwell time.

4.4 Scan Time
The last experimental parameter I characterized is the ramp dwell time for the Raman fields

when measuring the Ramsey and spin echo spectra. This parameter is the same as the
one measured in the Raman spectra section. However, because the Ramsey and spin echo
experiments have finer details, the ramp dwell time is expected to be different. The total
scan time is calculated from the number of steps in the scan (generated from a digital signal
synthesizer as previously noted) multiplied by the dwell time at each step (ramp dwell time).
If the ramp dwell time is too fast, it will average out fine details and not provide the contrast
I need. Conversely, if the ramp dwell time is too slow I was being inefficient with our

scans. Contrast, as defined by Equation 2.11, was calculated for both the center peak and the
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secondary peaks of the interference spectra. I performed experiments for co-propagating
and counter-propagating Ramsey interference over increasing ramp dwell times examining
how the contrast changed. Figure 4.11 shows the results of these contrast measurements. I
note that the contrast is on the same order as the contrast from the simulated results shown
in Figure 2.7, particularly for the counter-propagating setup. This would suggest a system

performing at its fundamental limit.
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Figure 4.11. Figure (a) displays the co-propagating Ramsey contrast values
vs ramp dwell time for the center peak and secondary peak. Figure (b)
displays the same values for counter-propagating Ramsey. A slit spacing of
8mm was used.

I then fit the results from the center peak contrast to a charging exponential equation to
determine the optimal ramp dwell time shown in Figure 4.12. I looked at an arbitrary cut
off of 37, similar to the linewidth analysis in Section 4.2. This provided us with a value
of = 200us as that would provided roughly 90% of full contrast for counter-propagating

configurations.
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Figure 4.12. Figure (a) is the curve fit for co-propagating Ramsey showing
an optimal ramp dwell time of 170us. Figure (b) is the curve fit for counter-
propagating Ramsey showing an optimal ramp dwell time of 260us. Figures
(c) and (d) are for the same data but used a modified Gaussian fit of the
Ramsey spectra and used a visibility coefficient instead of the manually cal-
culated contrast. The change in scale between the rows is due to the different
fit parameters being graphed. A simulated slit spacing of 8mm was used.

As can be seen in Figure 4.13, the Gaussian fits modified to include an interference envelope
are not ideal. This is due partially to the asymmetry of the Ramsey peaks, leading to lower
fidelity in using the 110us ramp dwell time. Therefore, I elected to use a ramp dwell time

of 200us.
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Figure 4.13. Example of poor modified Gaussian fit to a Ramsey fringe. Note
the lower center peak amplitude and misaligned secondary peaks. Data is for
a ramp dwell time of 320us.

4.5 Spin Echo Interference

I now have completed all the necessary steps in preparation for utilizing the full spin echo
configuration. I had a custom mask printed based on the dimensions supplied in Section
2.9.3 (see Figure 3.15). The results based on pulses configured from Rabi oscillations are

in Figure 4.14 with a zoomed-in interference fringe in Figure 4.15.
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Figure 4.14. Figure (a) shows co-propagating spin echo, figure (b) depicts
a loss of signal resulting from adding a A/4 waveplate to circularize the
polarization, and figure (c) is the reappearance of spin echo in the counter-
propagating configuration once | removed the beam block. Scans were taken

using 4x averaging.
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Figure 4.15. Co-propagating spin echo interference averaged 8x for a 400 us
ramp dwell time.
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CHAPTER 5:

Conclusions

In this thesis, I covered the theory, setup and characterization, and experimental results
of a continuous atom beam interferometer. In Chapter 2, I discussed the theory behind
atom interferometers, cooling and trapping atoms, and how the atoms optics are created
through the Raman process. I discussed simulations that included the effects of atom beam
divergence and velocity averaging. The results of the simulations showed that the co-
propagating configurations of Raman, Ramsey, and spin echo are not affected much by the
divergence of the atom beam, but are affected by the velocity averaging. The simulations
also revealed that in the counter-propagating configurations both atom beam divergence and

velocity averaging significantly affect the interference spectra.

In Chapter 3, I discussed the design and optimization of the apparatus, the characterization
of the atom beam, and how the Raman fields were prepared for interferometry. These topics
showed how I improved the SNR of the detection laser, how I measured and calculated the
divergence and most probable velocity of the atoms, and how I prepared the Raman fields
and associated spectra for interferometry. I also discussed the design of an optical molasses

to potentially reduce atomic beam divergence.

In Chapter 4, I presented the results of the experiments. I showed how the addition of
a second optical molasses could reduce the divergence of the atom beam and potentially
increase the amplitude of counter-propagating interference patterns. I demonstrated how
I determined the optimal scan parameters for producing results with the greatest contrast
in the most efficient amount of time. Lastly, I demonstrated the potential for interference

measurements with the current setup.

Although not discussed in detail, significant work was done to better stabilize the system
for long term measurements, as was required by the experiments I discussed. The locking
frequency of several lasers was shifted to more stable locations with the addition of single
and dual pass AOMs (discussed in Section 3.3.1. The Raman fields were low on power until
an amplifier was added. The use of masks and a single large area Raman field setup, instead

of pulsed or multiple lasers, also provided more consistent results.
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Due to their setups, the laser preparations are well characterized and found to be good
candidates for scaling down in size in future designs. The vacuum chamber is prepared to
add a second atom beam, but needs more development for inclusion of the quantum state
preparation and detection beams. Also, adding two more sets of windows would provide the
space for a full dual atom beam interferometer/gyroscope. While I did not meet the initial
goal of taking inertial measurements, that experiment is fully prepared to begin with minor

adjustments.

Future experiments should replicate our counter-propagating results adding the second
atomic beam and attempt to measure the earth’s rotation. The apparatus has also been
proposed to be placed on a rotation stage to measure imparted rotations as a prelude to
measuring the earths rotation [16]. Further work will also need to address the divergence
of the atom beam, and the long terms stability of the apparatus. There is also room for
improving the setup for inertial measurements beyond the earth via a rotation stage that had

previously been proposed.
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