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ABSTRACT

Ring laser gyroscope (RLG)-based inertial navigation systems (INS) form the
basis of navigation systems. While RLG-based systems have an improvement in accuracy
and reliability over their traditional mechanical gyroscope-based forebearers, they suffer
inaccuracies and drift in detecting acceleration and rotation that lead to errors. INS
compute their current position by integrating equations of motion from their last position,
and therefore any error can quickly compound. Atomic beam gyroscopes offer a major
advantage over current ring laser-based systems in that they can have a potential
increased accuracy of several orders of magnitude, which results in far more accurate
navigation over time while in operation. By linking gyroscope parameters to atomic
parameters (which, by definition, do not change over time), atomic gyroscopes have low
drift. The test bed at Naval Postgraduate School uses one atomic beam that can detect but
cannot distinguish between rotation and acceleration. This research involves the addition
of a second anti-parallel beam path to the apparatus with enhanced optical characteristics
and changes to the detection and state lasers to allow the apparatus to distinguish between
the two forms of motion. The velocity, divergence, and optimal power settings of the
second atomic beam are characterized, and the changes to the detection and state lasers to

allow for simultaneous bi-directional measurement are discussed.
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Executive Summary

Atomic gyroscopes represent a generational leap in inertial measurement unit design. Building on
the ring laser gyro based systems that came before, atomic gyros can provide an ultra low drift
solution to inertial measurement. By taking advantage of atomic properties the drift rate has the
potential to be much lower than currently field RLG units. This allows for extended navigation in
areas where the Global positioning system is actively denied or simply unavailable (for instance a

submarine operating submerged).

Although atomic gyroscope technologies are still in their relative infancy, NPS has constructed
a quantum gyroscope apparatus that has a single unidirectional atomic beam. This includes a single
functioning two-dimensional magneto optical trap (2D-MOT). This paper will build on the work
previously done within the Quantum Group and augment the current apparatus with the addition
of a second anti-parallel beam. This addition will allow the apparatus to measure and distinguish
between rotation and acceleration. The beam addition will require the construction of an entirely
new cage assembly for the creation of a second 2D-MOT. Several new design elements will be
incorporated into the cage design, allowing for increased functionality and more efficient MOT
design, leading to a stronger atomic beam and higher signal levels. Key challenges in bi-direction

detection will also be examined and discussed.

Atomic beam gyroscopes show great promise and can fundamentally change the way we navi-
gate. By reducing or even functionally eliminating the need for GPS, atomic beam based INS
systems offer a an interesting way forward for military navigation and, by extension, many uses in
the civilian world as well. In much the same way that GPS wrought systemic changes in the United
States military in the middle of the 20th century, quantum INS technologies have the potential to

fundamentally change the way we navigate.
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CHAPTER 1:
Introduction

In this chapter, I will review the background information motivating reasons for developing an
atomic gyroscope, and lay out the challenges in the development of this technology. Starting
with the development of the Global Positioning System (GPS) in the 1980s, through competing
technological advancements in inertial navigation systems from the 1960s, to our current ring laser
gyro systems (RLG), I will cover the advantages and disadvantages of our current systems and why

the atomic gyroscope is such an exciting and promising future sensor.

1.1 Global Position System

First started as a Department of Defense Project in the 1970s, the Global Positioning System (GPS)
is a constellation of 31 satellites in Earth’s orbit that transmit navigational information with global
coverage. On a basic and fundamental level, the system operates by each satellite knowing its own
position to a high degree of accuracy, as well as having access to highly accurate atomic clocks. By
transmitting their location and a timestamp to a handheld or vehicle mounted receiver, the receiver
is able to triangulate its position with an accuracy of a few meters to a few centimetres, depending

on coverage and number of satellites received [1].

Opened to civilian use in the 1980s, GPS accuracy for civilian users was initially deliberately
reduced. Since the year 2000, however, full accuracy has been made available to all, leading
to a significant number of uses and users across all facets of industry and society. While GPS
was the first system available, since its launch, several countries have initiated their own similar
constellations, including Russian’s GLONASS, China’s BeiDou, and the European Union’s Galileo
positioning system [2]. Each has its own unique features, but all operate using the same principles.

The mass adoption of these systems and their ease of use, combined with high accuracy, revolu-
tionized warfare. Suddenly, aircraft, ships, tanks, and even soldiers in the field could have real
time, extremely low error positional information. This capability allowed for a measure of pre-
cision and planning in warfare that had not previously been possible. From strike missiles being
launched from a submarine with an accurately known position underwater, to using GPS to conduct
counter-battery artillery fire, over the past four decades, this technology has revolutionized military
capability and planning. Additionally, GPS technology has become so ubiquitous in daily civilian

life—for example in cellular phones, and passenger vehicles—that it is hardly given much thought.
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However, in a military environment, GPS is not infallible. Due to the low power and distance to
the satellites, GPS signals are weak and can be easily jammed with relatively common equipment
such as a simple microwave oven. Recent conflicts, such as the insurgency in Ukraine and conflicts
in the Middle East have shown that relying on GPS as one’s sole method of navigation could
have disastrous consequences when against a technologically adept adversary with GPS denial

capability [3].

It was these drawbacks that saw an increased interest in developing and improving existing navi-
gation technologies in the 2000s that would work with, and more importantly, work independently

from, GPS should the system fail or be jammed during a future conflict.

1.2 Imertial Navigation Systems

Inertial navigation systems (INS) are the solution to the systemic issues with GPS. Unlike GPS,
they do not require an outside signal to work, as they are a black box solution—once they are fed
with an initial position, they compute the position using a navigation technique known as dead
reckoning. By starting with a known position and measuring a platforms rotation and acceleration,
the system can infer a later position without the need for a GPS signal. The system does not require

an external signal so there is nothing to jam or disrupt.

1.2.1 Mechanical Gyroscopes

Inertial navigation systems are not new. Developed for missiles during World War 11, their use
was widespread prior to the roll-out of GPS among ships and submarines that required a relatively
accurate position whilst away from land, where there were no landmarks from which to navigate.
These early systems were based on mechanical gyroscopes. They were large, heavy, and prone to
mechanical failure. They were also very susceptible to navigational erro—known as drift—and

the longer they operated the more the error compounded.

These first INS systems took advantage of the properties of mechanical gyroscopes to provide
a reference for rotation, as a gyroscope that is spun up will try and remain pointed in the same
direction while spinning. Combined with measurement units for linear acceleration, these INS
systems had all the necessary sensors to accurately determine motion over time and could be made
exceedingly accurate. That said, the mechanical gyroscopes used in the first INS systems had a
huge drawback: friction [S]. This friction caused a significant source of drift and wear on the

equipment, and would eventually lead to mechanical failure. These drawbacks were known early
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Figure 1.1. A diagram of some commonly used INS systems, grouped cost/-
complexity on the vertical axis and accuracy over time on the horizontal.
Source: [4]

on, and throughout the mid-20th century there were many attempts at building a better system.

This eventually led to the development of ring laser gyroscope-based systems.

1.2.2 Ring Laser Gyroscopes

The Ring laser gyroscope (RLG) was developed to improve on many of the shortcomings of the
earlier mechanical systems. In an RLG, mechanical gyroscopes are replaced by an optical setup
where one beam of light is split into two beams that then travel the same path but in opposite
directions. At the end of their path, the beams are split off into a specialized detector that measures
the fringing of the interference between the two. If the system is under rotation, light following
one path will “chase the mirrors” thereby traveling farther than light traveling along the other path.
The change in path lengths causes a shift in the phase of the fringe pattern which can be correlated
back to the rotation rate. If the system is not rotating, then no phase shift in the interference path
will be observed. This is known as the Sagnac effect, and is the fundamental theory behind RLG

operation.

Ring laser gyroscopes were first deployed in the late 1980s and saw widespread adoption in armed
forces and civilian industries (such as commercial airliners) around the world by the turn of the
century. They boast several advantages over their mechanical forebears. Few moving parts means
no friction, which cuts down a significant source of drift. It also means lower power requirements,

reduced size footprint, and far less maintenance required [4].
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Figure 1.2. A typical RLG Setup using the Sagnac effect. Source: [6].

Based on the above discussion, one can ask about the need for atomic gyroscopes? Despite all the
advantages, a modern RLG based INS can still drift up to one nautical mile every 24 hours under
normal use and still be considered within specification [7]. Additionally, they require some moving
parts, specifically, a dithering motor in order to help resist frequency locking—a form of error to
which RLG’s are prone in low rotation rate environments. In a frequency locking condition, the
two frequencies of the counter rotating beams become almost identical and locked together. This
locking leads to the standing wave getting locked to one frequency, and thus rotation will not be
observed as the fringing pattern will not be altered. As with mechanical systems, errors in RLG
measurement of rotation rate are compounded the longer the system is run without GPS input to
“reset” the error, and can be particularly significant in submarines operating without GPS for weeks

at a time.

However, RLG-based systems have seen significant upgrades since the late 1980s. Several nations



are now fielding a new subset of RLG-based systems using fiber optics, which eliminates the need
for dithering and thus creates a true solid state sensor [8]. Even with these new developments, RLG
are all fundamentally limited by the property of their particle of measure - in this case, the photon.
The effective mass of the photon is one of the fundamental limits of RLG sensitivity. Thus, there
exists a requirement to move into the next phase in navigation system design that shows massive
potential for a true generational leap in reducing drift while still retaining all the advantages of the
RLG system that preceded them. Atomic gyroscopes are a promising technology that can satisfy

this requirement.

1.3 Atomic Gyroscopes

Atomic gyroscopes were first developed in the early 1990s. Following the first published papers
in 1991 [9], [10], [11] and 1992 [12], there has been a large interest in this developing field due
to the inherent sensitivity benefits of using atoms. Atomic interferometry has since been used for
determining the fine constant [13] and measuring gravity [14]. In 2006, the first uses of atomic
interferometry in inertial measurement took place [15], [16], [17], [18], showing the advantages in

overall sensitivity when using atoms instead of photons.

The fundamental difference between an atomic gyroscope and an optical gyroscope is that instead
of a beam of photons for the measurement, heavier atoms are used. This change flips the design of
the traditional RLG-based INS, in that it uses light to capture and prepare atoms in a specific state
whose interference patterns can be very accurately measured. By replacing photons with heavier
atoms, sensitivity increases. This increase becomes clear when one notes that what the INS actually

measures is a phase shift

A¢ = 79,«0; . A (11)

where here m is the effective mass of our particle, €,,; is a the rotation vector, 7 is the reduced

Planck’s constant, and A is the area of the interferometer [19].

Re-writing the above equation in terms of the minimum detectable rotation we see that €2,,;,, The

minimum detectable rotation

Qmin - (12)




is proportional to the effective mass of the atom of photon. Thus, by changing from the mass-less
(that have very light effective mass) photons to the much heavier atoms we can see a corresponding
increase in sensitivity. Indeed, as the mass of an atom being on average 10* MeV compared to
the 1 eV effective mass of a photon, we can see that there is a potential decrease in the minimum

detectable rotation rate of increase of:

Adarom _ Matom
A@photon - ny
_ 10% % 10%V (1.3)
leV
A¢atom — 1010
A photon

Although we see a 10! mass increase (and corresponding potential sensitivity increase) over a
photon based RLG, in practice due to real world limitations in design, most atomic gyroscopes
‘only’ see a 3-4 order of magnitude increase in sensitivity [20]. This more modest increase still

represents a massive potential gain in the real world and is certainly worth pursuing.

1.3.1 The NPS Atomic Interferometer

The atomic gyroscope apparatus at NPS was designed by Dr. Frank Narducci and built by Com-
mander Michael Manicchia (USN) between 2017-2020, and was a part of CDR Manicchia’s PhD
dissertation while at NPS [19]. Although designed from the beginning to be a dual beam gyroscope,
time constraints prevented the assembly of the second atomic beam. Nonetheless, the apparatus is

still novel in the realm of atomic interferometry due to its use of continuous light beams.

The majority of previous work in atomic interferometry has been done using pulsed light [9]. Light
pulse atom interferometry allows for precise measurement of the atoms with the major advantage
being the ability to distinguish between the two anti-parallel beams by adjusting the timing. The
primary downside to this approach is that there are times when there is no measurement taking place
(between pulses), resulting in a dead time where no rotation or acceleration is measured. Because
of these dead times, this setup is not ideal for use in inertial navigation, where continuous updates
are required. Therefore, the NPS apparatus was designed around an alternative method that uses
continuous atomic and optical beams [20]. While continuous beam atom interferometers have been

designed before [21], the NPS apparatus uses a number of novel approaches in design, including its



cooling and optical pumping setup (discussed in Chapter 2), as well as using rubidium-835, selected
due to the fact that its transition frequencies match the operating frequency of common, inexpensive
lasers [20].

Cooling
— Amplifier
Laser P
Repump
Laser
Detection
Laser
MOT || || MOT
1
Vacuum Chamber
|
1
1
1
1
1
1
Raman Detection
Laser Assembly
| Optical - Amplifier
Pump

Figure 1.3. The block diagram of the current apparatus. Existing laser optics
denoted by red lines. New laser optics created for this thesis denoted by green
lines.

The NPS apparatus is functional but incomplete, lacking a second atomic beam. Without this beam,
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the unit cannot distinguish between rotation and acceleration, which limits its use as a gyroscope.
The objective of this research is to build upon the work already done on the NPS apparatus [19]
by adding an anti-parallel atomic beam to allow for discrimination in rotation and acceleration, as
well as improving the already existing design to improve efficiency. In this work, I will also discuss

the challenges and potential solutions to bi-directional simultaneous measurement.

The summary of the rest of this paper is as follows. In Chapter 2, I discuss the background and
theory behind the atomic gyroscope design and the decisions that lead to the current design of
our apparatus. I will cover the construction and upgrades to the cage assembly and the associated
optics in Chapter 3. In Chapter 4, I will present results of measurements I made demonstrating the
improved performance. Finally, in Chapter 5, I will present my conclusions as well as discuss the

work that remains for the future.



CHAPTER 2:
Background and Theory

This chapter will explain the foundation upon which my improvements to the apparatus are based,
as it is important to understand how the system functions prior to any attempts at upgrades or
changes. In this chapter, I will cover the background theory behind atomic interferometry, focusing
on the design of the two-dimensional magneto optical traps that cool and trap atoms, which is the
foundation of the research in this thesis. For completeness, I will also include a primer on state

preparation and the theory behind detection and interferometry.

2.1 The Magneto Optical Trap

Atomic interferometry requires a stream of available cooled atoms in a well-defined state. The first
step in the design of the apparatus is therefore the creation of this atomic beam. The solution lies
in the two-dimensional magneto optical trap (2D-MOT), an assembly that uses lasers to cool and

trap atoms in a known state and is key to our atomic interferometer design [19].

2.1.1 Laser Cooling

In order to understand the function of the 2D-MOT, we start with a simple two level atom. This
atomic model has two energy levels that are referred to as the ground (G) and excited (E) state,
with an energy difference between them (AE). We know from the Planck-Einstein relation that this
energy difference can be expressed as a frequency, given by the equation AE = fiw,. Given this
relationship, we can imagine a laser with a frequency w;, which is less than w, and the difference
between the two is referred to as 0, (w; — w, = 0). This difference between the two frequencies is
known as detuning, or specifically where 6 < 0 red-detuned, and it is critical in the cooling of the
atoms [22].

When this laser is applied to the atoms with zero velocity, there is a probability (given by Equation
2.1) that an incident photon will be absorbed by the atom and the atom will be promoted to the
higher state.



iCnlP’
1Q2/B% +1+62/p2

2.1)

€:

Here, P, is the probability of excitation, 8 is one-half the spontaneous rate of emission, ¢ is the
detuning frequency, and € is the Rabi frequency. The Rabi frequency is the rate at which the atom
cycles between states, and it depends on both the property of the laser used as well as the atom

itself, given by the equation below:

_ 2 ae

Q
h

(2.2)
where i is the atomic dipole moment, €; is the laser polarization vector and ¢ is the laser electron
field amplitude. This process of changes in energy state through the absorption of photons is
relevant for atomic cooling due to conservation of momentum. As we know from conservation of
momentum, every time a photon is absorbed or emitted from an atom there is a corresponding gain
or loss of momentum. When a photon is absorbed, the energy state changes and the atom gains a

small kick of momentum, given

P =hk = h(2—n) = for (2.3)

A c
Here, P is our momentum, A is the wavelength of the transition, with associated wave number k
and c is the speed of light. From this formula, we can see that the momentum transferred by an
individual photon is tiny. It is the cumulative effect of millions of these photons due to the fact that
atoms can spontaneously emit photons at a rate of 28 which in the case of rubidium (for example)
is 2 - 2n(3Mhz). This has a pronounced effect on the atoms, imparting a significant momentum

change.

The one-dimensional force imparted due to this momentum change is found by taking Equation 2.1
which gives the probability of excitation and multiplying by the momentum imparted per photon
and the number of “kicks” per second controlled by the spontaneous emission rate, resulting in the

following equation:

F = —(hk)(2p) (2.4)

/B
1Q2/p2 +1+ 6%/ B2
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The minus sign in front of the equation denotes that the force is opposite to the direction of the

laser propagation.

This equation is only valid for stationary atoms. In our real-world experiment, the atoms are moving
with some velocity distribution, and to account for this in our equation we must include a Doppler
shift associated with atomic motion by modifying our frequency w; by kv. A second laser cooling
beam is used to to provide a Doppler shift in the opposite direction of the first. The resulting

equation is:

iQZ/BZ

F=-00) 1o 2 1+ - ko2

192 2
102 /R2 : L 2 2)] (2.5)
Q2B+ 1+ (6 +kv)*/p

which in the cases of small velocity v can be reduced to [22]:

>

Because the repulsive force F is proportional to v, this effect has been termed ‘optical molasses’ .

F = —(hk)(2pB)

ké/ﬁz v (2.6)
192/ +1+62/32 '

While the above accurately describes the force imparted on the atoms by our cooling laser, it does
not describe the process of cooling itself. To begin, we go back to the difference in energy between
our excited state 7iw, and the energy imparted by our cooling laser /iw;. As we noted above, when
the laser is red-detuned, w; — w, is negative. In other words, after every absorption cycle the net
energy gained by the atom is negative, and due to the conservation of energy that means the atom
loses velocity / thermal energy. This combination of repulsive force and cooling results in the laser

acting as a viscous medium for the atoms, creating the condition for optical molasses [22].

So far, we have described the cooling aspect but not the trapping aspect of a MOT. We will now

discuss trapping of atoms.

2.1.2 Magnetic Trapping

The second primary function of a MOT is to localize (trap) atoms in a given region. This comes
from permanent magnets arranged in an anti-Helmholtz configuration around the optical molasses,
which cause the lasers to exert a force on the atoms that is proportional to position, rather than

velocity (as we saw with the laser cooling) hence, the atoms become trapped.
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The mechanism through which the magnetic fields accomplish trapping is the Zeeman shift of the
magnetically sensitive sub-levels of the atom. This force is directly proportional to the distance of
an atom from the “center” of the trap. For this process to work correctly, it is important that the
optical cooling light is circularly polarized with either right or left handed circular polarization.
Due to selection rules [19], the left handed light, ot will couple to the Amp = +1 sublevel and the
right handed, o~ couples to the Amp = —1 sublevel. The magnetic field has a linear profile near the
center of the trap due to the anti-Helmholtz coils, as a result, the further ‘off’ an atom is from the
center of our trap, the greater the Zeeman shift, and the resonance shifts closer to the red-detuned
laser. Atoms to the right of center are shifted more into resonance with o~ light, and further away
from resonance with the o+ light, resulting in a strong force pushing atoms back towards center.
For atoms to the left of center, the reverse argument is true. The effect is the same on both sides—a

force directing the atom back towards the center of the trap.

Figure 2.1 shows a graphical depiction of the process. One can see that the net effect of the cooling
laser and opto-magnetic trap creates small region in which atoms will be concentrated into a smaller

region.

Energy Energy mpr = +1
F=1 F'=1 mp =0
6
N =
1 mpgr = —
1
1
w, w, 4*—
0" Beam
F=0 F=0
Atom Center Position Center  Atom Position

of MOT of MOT

Figure 2.1. The force acting on the atom due to the right or left polarized
light. Source: [19].

Mathematically, this can be included in a harmonic equation, by adding a resistive force Kx, where
K is given by [22]:

2hk\ (Q2 5
k= (7) (F) ((1 +52//32)2) &P

The resulting harmonic equation becomes:
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mi+bx+Kx=0 (2.8)

2.1.3 Optical Pumping / Re-Pumping

When discussing the cooling, we used a simple two level atomic model; however, the level structure
in rubidium-85 (3> Rb) used in the apparatus is a lot more complex. Our levels used are the 55, /2
and 5P3/, (See Figure 2.2). The transition between these two states is known as the D2 transition,

which was selected as is corresponds to the wavelength of our laser used.

—— F =4
52P3/2 F=3
F=2
Cooling F=1
Transition Repump
— ; Transition
| - F=3
|
5251/2 __303GHz
~ F=2

Fine Structure ' Hyperfine Structure

Figure 2.2. A view of the fine and hyper-fine structures of the rubidium 85
atom. Adapted from [19].

The “fine structure”, J, corresponds to the orbital angular momentum L and the spin angular

momentum S, whereas the “hyper-fine structure” adds the total nuclear angular momentum /.

Fine=J=S+L 2.9)

“Hyper — Fine” =F = J +1 (2.10)

Our apparatus operates on the cooling transition between F = 3 and F’ = 4 (the prime indicates an
excited state). Due to the relative proximity of the F* =4 and F’ = 3, there is a nonzero possibility of

the atom being excited to F’ = 3 instead of F = 4. The actual probability comes from Equation 2.1,
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where § = 2n(121MH?z), 28 = 2x(6.07M Hz) [23], and Q/8 = 5 (determined experimentally [19])

As Q/B << ¢/B, Equation 2.1 then reduces to:

1
Pp (F" =3) = 25
~ ! (2.11)
(2r(121MHz)2/(2n(6.07TMHz))?
1
~ 1600

The result of this equation is that our apparatus has a 1/1600th chance of mistakenly exciting our
85Rb atoms to the F” = 3 state instead of the correct F* = 4. While a 1/1600 change may not seem
significant, given the number of cycles in this experiment it can drastically disrupt the process. The
difference between F’ =4 and F’ = 3 that makes it so damaging to our experiment is that while
selection rules prohibit F’ = 4 from falling back into F = 2 (As AF mustbe O or 1), F’ =3 isa
different matter and there is about a 50/50 chance [19] of an atom in the F’ = 3 state falling back
into the F = 2, from which our system is out of resonance and has no method of further cooling.
With no solution to this issue, the cooling would stop at around 1600 cycles, and there would be

no further cooling

A common solution is to add another laser, known as a re-pump laser, that is specifically tuned to
the F =2 to F’ = 3 transition. This allows for another 50/50 chance at falling back into the correct
F = 3 state. The atom has now been “re-pumped” back into the right level and the cooling process

continues.

Once proper cooling is achieved, there is one final process in order to get our atomic beam into
the vacuum chamber where we may conduct experiments. The cooled atoms in our atomic beam
must all be in the correct F = 2 state when they enter the vacuum chamber. Placing the atoms into
the F = 2 ground state involves another laser, known as the optical pump tuned to the F = 3 to
F’= 2 transition. This transition was selected experimentally and due to advantageous branching
ratios the decay from F’ = 2 to F = 2 is four times more likely that F = 3 (see the full derivation in
Appendix A).
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2.2 Atomic Beam Interferometry

At this point, we have described the function and theory behind the 2D-MOT in our apparatus.
The end result is an atomic beam of cooled atoms in the F = 2 state heading into our vacuum
chamber. The next step in the apparatus is the atomic interferometry—that is the process in
which Raman lasers act as both beam splitters and mirrors for the atomic beam. This method
(known also as Mach-Zehnder type interferometer) has been used successfully with dual atomic
beam interferometers using both temporally and spatially separated beams [12], [24]. This section
describes the theory behind the single atomic beam interferometry and output detection of the
apparatus. The challenges of simultaneous measurement when adding a second atomic beam path

will be discussed in Chapter 3.

q) g[)k F=3

Tkeff @ ? @ﬁ/ (Detection)

CR}otation
L ]

Atomic
beam

/2 b /2

Figure 2.3. This figure shows a single beam model of atomic interferometry
with the three Raman pulses indicated and the associated energy states of the
atoms. Adapted from [24].

2.2.1 Stimulated Raman Transitions

A Raman process is one by which an atom starts in one state and then ends up in another. In this
apparatus our Raman process is a stimulated one, where two lasers are stimulating the transition
between the states. This process is used because it facilitates the transition between two atomic

states with no spontaneous incoherent emissions, as will be explained below.

A simplified version of the process can be envisioned as involving three level atom with two ground
states and one excited state and also involves two lasers, one of which has a frequency w; and
excites from one ground state (]1> which corresponds to F = 2) to an excited state ( |[3> or F*). The
other laser is tuned to w> and excites the second ground state ( [2> or F = 3) to that same excited
state (|3>).

Figure 2.4 depicts this interaction of a three level atom in a Lambda Configuration, named for its
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shape [20]. Here, the individual laser detuning from their respective transitions are represented by
01 and 95, and the difference between our ground states |1> and |2> is represented by A, and is also

called Ground-State Hyperfine Splitting.

Recalling our Rabi frequency Equation 2.2, with two lasers we end up with two Rabi frequencies,

corresponding to:

_ 2(”;3 - €)e

Q -

(2.12)

and

_ 2(”;3 ° 62)82

(9)) -

(2.13)
where 13(u23) is the dipole moment of the 1 — 3(2 — 3) transition, €;(e;) is the first (second)
laser polarization and &1 (&) is the first (second) laser amplitude, associated with the lasers driving

from [1> to |3> and from |2> to |3>, respectively.

To achieve a stimulated Raman process, each laser is detuned from the excited state such that
01 = w; — w13 and 07 = wy — wy3. 01 and I, are chosen such that 61 — 9, — A = 0. This will put
the system close to two photon resonance. However, 61 and ¢, are each individually chosen to be

large.
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Figure 2.4. A three level atom in a lambda configuration. Source: [19].

The end result is a Raman process, where the transition from the |1> to |2> state takes two photons
in a two-step transition using |3> as an intermediate state. As the atoms spend very little time in
the |3> state, effectively we have a virtual transition back and forth between |1> and |2>, the two
ground states, with no spontaneous emissions to worry about. As a result, we can consider our
|I> state a ground state (denoted |g>) and our |2> state our new excited state (denoted |e>). The

interaction between these states is what forms the basis of our interferometry measurements.

In a Mach-Zehnder interferometer design, there are three laser injection regions used, each with its
own Raman pulse. These Raman pulses are described as either (7/2) or (xr) pulses depending on
their use. The first injection region is the first (7r/2) pulse, which acts as a beam splitter, creating
a superposition of F =2 and F = 3 ground states. The beam then passes through a () pulse, also
called an atomic mirror, exchanging the atomic states and deflecting the trajectories back towards
each other. The final region is another (7/2) pulse, which combines the beam into one coherent

output beam. See Figure 2.3 for a view of this process.

Rotation is observed by noting a phase shift between the two paths, due to the Sagnac effect, similar
to the RLGs in Figure 1.1. This effect will be discussed further in Section 2.3.
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2.2.2 Detection

Detection of the final state of the atoms in the beam is handled by a detection laser tuned to the F =
3 to F’ =4 transition. Any atom in the F = 3 state will interact with this laser, exciting to the F* =4
state before decaying back into the F = 3 state and this florescence can be detected and measured.
Any atom that is not in the F = 3 state will pass through this laser without interaction. Thus, the
ability to detect rotation and acceleration by the apparatus depends on the ability to measure all the

atoms in the F = 3 state.

However, the cooling and re-pumping process leaves all almost all the atoms leaving the cell in
the F = 3 state. This means that leaving them in this state means we are unable to measure any
meaningful interactions between path lengths, and we will be unable to perform any experiments.
The solution to this issue is to put the atoms back into the F = 2 ground state prior to leaving the cell
and entering the vacuum chamber, which is the function of the optical pumping laser as described

in Section 2.1.3.

2.3 Dual Beam Theory and Distinguishing between Rotation
and Acceleration

The resulting fundamental output from our system as described so far is a measurement of the
number of atoms in an excited state. With a single atomic beam system, the interferometer will

acquire a phase shift, either due to acceleration or rotation or a combination of both [20], [24].

A phase shift due to acceleration is given by

Adgce = keffa’T2 (2.14)
where « is the acceleration, T is the time between light pulses, and k. 7 is the effective laser wave

number.

A phase shift due to rotation is in the form:

2
Adyor = 7’"29 A (2.15)

where Q is the rotation vector. An abbreviated derivation for both of the above terms can be found

in Appendix B.
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The total phase shift will be a combination of these two individual phase shifts.

Adror = Adror + A(lsacc (2.16)

With a single beam based system, there is no way to distinguish the individual contributions of
rotation and acceleration towards the total phase shift. Unless one has external knowledge of the
motion of the system, there is no way to separate a rotation based phase shift from an acceleration

based one and one is instead left with only the ambiguous total phase shift.

The solution to this problem is to add a second, anti-parallel beam to the system. The addition
of such a beam results in two interferometers with two area vectors, A, where each will have a
direction given by the direction of the atom’ travel crossed with the laser wave vector of our Raman
laser (v X k). The area vectors of the two beams will be then nearly identical, and only differ by a

sign for the same direction of rotation.

With all else being equal in the formula, when we add the total phase shifts for each interferometer,
the combinations due to rotations will cancel out, resulting in a phase shift due to acceleration only.

Furthermore, when we subtract the total phase shifts, we end up with the pure rotation result

A¢beaml + A¢beam2 = A¢accl + A(lsrotl + A¢acc2 + A¢rot2
= A(fsaccl + A¢accl + A(brotl + A¢r0t2

2 2
= kopraT? + kepral? + 7’”29 LA+ 7’"29 . A

:keffaT2+keffaT2+27m2Q.j(1 _ 2%29'?(1 (2.17)
= keppaT? + kosraT?

=2k, s raT?

= 2Aqgce
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A(bbeaml - A¢beam2 = A¢acc1 + A¢rt)l‘1 - A¢acc2 - A¢r012

= A¢accl - A¢accl + A¢rot1 - A¢r0[2

2 2
= keypaT® — kepraT? + 7’"29 LA - 2220 A,

7]
2m 2m
= 72£2-j{1+72§2-?11 (2.18)

Therefore, it is the addition of the second anti-parallel beam path that allows for the creation
of an atomic gyroscope, and allows the accurate and separate measurement of both rotation and

acceleration that is required for any inertial navigation system.
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CHAPTER 3:
Design and Construction of Second 2D-MOT Laser Optics
Cage Assembly

In this chapter, I will cover the design and construction of the second 2D-MOT cage assembly,
which allows for the anti-parallel atom beam generation. This cage assembly generates a second
atomic beam anti-parallel to the first, bringing with it the capability to distinguish between rotation
and acceleration to the apparatus. I will also address functional design considerations, including
upgrades over the original baseline cage assembly. As the system was only set up for one atomic
beam, I will discuss the required splitting of the optical pump and detection laser assemblies to

allow for bi-directional measurement.

3.1 Existing Cage Assembly
Prior to the construction of the second cage assembly, the apparatus consisted of a single cage
assembly to house the MOT laser optics and create the MOT, a rubidium cell, connected via a

pinhole aperture to a 9-inch long vacuum chamber, typically kept at 1.9X107° torr.

The vacuum chamber has 12, 2.75 inch ConFlat’” windows (three per each of the top, bottom,
front, and back sides of the vacuum chamber) that are used or blocked off as required to subject the
atomic beams within to the various types of light required to perform a given experiment. On each
side of the vacuum chamber is a rubidium cell. For ease of description going forward, the existing
cage assembly side will be arbitrarily referred to as the “left side” of the apparatus, while the new

cell assembly will be referred to as the “right side”.

While the atomic interferometer apparatus was conceived and designed to allow for two anti-
parallel atomic beams, time constraints in the original construction allowed for only one of the cage
assemblies, and therefore beam, to be set up. The existing cage assembly was constructed around

a 30mm standard cage size, allowing for 1 inch (25.3mm) optics throughout.

3.1.1 Components
The existing cage assembly is composed of four basic components: 1) fiber couplers; 2) half wave

plates; 3) quarter wave plates; and 4) polarizing beam splitters. Each component is described
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Figure 3.1. Commented photograph of the apparatus and dual cage assemblies

briefly below.

3.1.2 Fiber Coupler
The fiber coupler component holds the output side of a fiber containing laser light. As the output
from the fiber terminal is not focused or collimated, in the existing cage assembly it is followed by

a lens assembly that provides focusing and collimation.

3.1.3 Half-wave Plate

Half-wave plates (HWP), also referred to as a % plates, rotate the polarization vector of any light
that passes through it. Linearly polarized light is rotated about the major axis of the wave plate,
whereas any circularly polarized light that passes through the plate is rotated through elliptical

polarization to circular polarization of the opposite handedness. Within this assembly, the % wave
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Figure 3.2. The existing cage assembly functional diagram

plates are used to control the intensity of the light that enters the cage from both the cooling and
re-pump laser assemblies. For the cooling laser, the HWP is used to control the polarization of the
light entering a polarizing beam splitter. Since the beam splitters separate the beams of light based
on polarization, and since the HWP controls the percentage of cooling light in each polarization
state, ultimately rotating the HWP controls the cooling laser light split between the vertical and
horizontal path. In the re-pump path, by rotating the HWP, one can “block” the light by polarizing
it in a manner that will get reflected out of the assembly by the lower polarizing beam assembly,

allowing for precise control of laser re-pump laser intensity.

3.1.4 Quarter-wave Plates

Quarter-Wave Plates (QWP), also referred to as a % plates, change the polarization of any light that
passes through from linear to circular polarization or back the other way. In this apparatus the QWP
are used to convert the linearly polarized light into the correct circular polarization as required to

cool the atoms in the Rubidium cell, as discussed in Section 2.1.
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3.1.5 Polarizing Beamsplitter

The Polarizing Beamsplitter (PBS) splits any incoming laser beam into two paths: horizontally
polarized light is transmitted and vertically polarized light is reflected. Each path is based on the
polarization of the light entering. Thus, if there is a laser beam that consists of light that has
both vertical and horizontal linearly polarized components, the vertically polarized portion will be
directed to one path and the horizontally polarized component will be split off in the other. In
the apparatus, the top PBS is used to split the cooling laser into a horizontal and vertical path,
whereas the bottom PBS is used to control the intensity of the re-pump light entering the chamber

by reflecting any unwanted light out of the assembly.

3.1.6 Construction

The cage itself consists of two laser fiber inputs, one for the cooling and one for the re-pump
lasers, as discussed in the previous chapter. The light beam exiting the fibers are collimated by lens
assemblies and then pass through HWPs that allows for precise control over how much light from
each laser is transmitted through the rest of the cage. The laser light from both sources are then
combined by two polarizing beam splitters and then correctly polarized again with a QWP. The right
and left circularly polarized components then enter the cell from their respective orientations, pass
through the cell and then pass through another QWP before getting retro-reflected back towards the
cell. The functional diagram can be seen in Figure 3.2

Characteristics

The advantage of the existing MOT laser optics cage design was in its compact nature; however,
the downside was the resulting laser beam sizes were small in comparison to the rubidium cell
size. The laser beams were collimated to a size of approximately 8mm diameter which needs to be
contrasted with the cell size 20mm x 60mm. It was this downside that the new cage assembly was

designed to improve.

For a complete breakdown and characterization of the atomic beam formed by the original cage

assembly, see [19].

3.2 Design of New Cage Assembly
In planning for the new design of the cage assembly, the goal was first to incorporate a number
of design changes to improve the performance of the cage. The primary design change was

to increase the beam size of both the cooling and re-pump lasers as they entered the rubidium
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cell. The existing cage assembly relied on the natural divergence of light coming out of the fiber
connector and collimated the light with a single lens. The new cage design incorporates both a
larger collimator package as well as a telescoping lens package in both arms of the cage assembly

to achieve a much larger coverage of the cell.

The bulk of the design changes centered around the expansion of both cooling and re-pump beams
to cover a much larger portion of the rubidium cell. The first step in the beam expansion is the
collimator, which takes the output of the fiber (either cooling or re-pump), and expands the beam
to an 8mm diameter. This replaces and improves on the lens focusing assembly in the original cage
design, as the coherent laser beam that emerges is much larger and more coherent than the laser in
the original assembly, which relied only on a focusing lens to achieve the same result. This new
collimator ensures that our beam is almost as large at the collimator output as the original beam is
at the MOT cell.

The 8mm diameter collimated beam is then passed through the same HWP and PBS setup that was
found on the existing cage. However, the next design change involves a telescoping lens section,
consisting of a -25mm focal length bi-concave lens, followed by two cylindrical lenses, of S0mm
and 150mm focal lengths. The result is a beam that diverges to 16 x 50mm, which is 85% of the
area of the cell, before any other natural beam divergence effects. This also results in an oval beam
pattern that can more effectively fill the required dimensions without a major light loss outside the
bounds of the cell.

The second design change is the addition of a beam sampler to the laser line. Locating the sampler
directly after the collimator output, allows for more convenient ability to read the output laser power
without having to block the beam. This change allows for quick beam power measurements, and is

a useful addition to the cage assembly.

The cage design follows the same template as the original cage, with two fiber inputs, HWP to
control light input from the two lasers into the cage, followed by polarizing beam splitters. The

telescoping optics are then placed after the polarizing beam splitters.

3.3 Construction of New Cage Assembly

The construction of the new cage assembly was done in concert with a swap to a larger “breadboard”
work surface under the assembly. This change was motivated in part to the larger size footprint of
the newer cage assembly, as well as the increased size requirements from having to duplicate both

the detection and optical pumping laser assemblies. This change necessitated the removal of the
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Figure 3.3. The new cage assembly functional diagram

rotation stage, which granted more headroom in the apparatus by lowering the work surface.

The addition of the telescoping lenses to the cage assembly resulted in a much larger assembly then
the existing cage. The larger beam size necessitated using 2 inch optics in the cage, with 3 inch
retro-reflectors after the cage assembly. This design change resulted in the addition of a 60mm
assembly components near the laser output side of the cage assembly, and required much larger
QWPs and retro-reflectors after the cage. The larger physical size of the cage assembly can be seen
Figure 3.4. Even with the larger work surface it was a challenge to fit the cage as well as the optical
pump laser assemblies on the work surface and it resulted in a much tighter clearance to get the
new optical pump assembly aligned correctly. Once installed, clearance issues with the telescoping
lens assembly resulted in the left and right portions of the oval beam being cut off, and as a result

the beam entering the rubidium cell has a rectangular aspect ratio as seen in Figure 3.5.

3.4 Designing for Dual Atomic Beam Operation
In order to conduct dual beam simultaneous measurements, the existing optical pump and detection
laser assemblies needed to be split into two. The existing assemblies were only set up on the left

side of the cage side and provided for unidirectional measurement only.
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Figure 3.4. Annotated photograph of the new cage assembly. Includes the
new optical pump assembly in the foreground

Figure 3.5. Comparison of beam spot sizes, beam from existing left side cage
assembly on left, new beam formed by new right side cage center, and scale
on right
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3.4.1 Changes to the Detection and Optical Pump Assemblies

Both detection assemblies provide a collimated output beam sheet used to fluoresce any atoms in
the upper ground state (F = 3), but the new detection laser assembly incorporates some design
changes to improve the packing and to simplify the optical path. Reducing the physical footprint of
the detection laser apparatus better allows for both assemblies to be on at once without any physical

interference.

The new assembly consists of an integrated fiber columnator that is both smaller physically, and
a simpler optical set up, than the legacy detection laser assemblies multiple lens system. The
detection assemblies are then physically stacked, one detecting on the left side of the assembly and

the other on the right (see Figure 3.6 for physical layout).

~

Figure 3.6. Dual detection laser setup. Existing (left side) detection laser on
top, and the new (right side) assembly on bottom

The splitting of the optical pump assembly was straight-forward. A 1 to 2 fiber splitter was used
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and the existing optical pump assembly (consisting of a fiber coupler, QWP and mirrors to direct
the beam into the cage) was mirrored on the new cage side of the assembly. The only design
consideration was due to space considerations, as the mirror assembly that guides the optical pump
laser into the right hand cell was moved to the very outside of the working surface in order to fit

the smaller available footprint on the new cage assembly side.

3.4.2 Dual Beam Measurement

The end result of these changes is a system that is designed to allow for simultaneous measurement
from both atom beams. As the system uses continuous beams of atoms, as opposed to the pulsed
atom beams more common in existing atomic gyroscopes [24], the timing based measurement
systems used in other systems do not work. The challenge when conducting measurements with
both atom beams at the same time is avoiding any cross talk between beams. As the detection
lasers are continually operating, they cannot distinguish between atoms in the F=3 state that are just
leaving the aperture closest to them from those F=3 atoms that have left from the farther aperture
and have crossed the vacuum chamber. As the measurements require precise measurement of the
interference patterns in both beams simultaneously but separately, this poses a challenge with our

continuous beam operation.

The solution is to set our optical pumping and detection beams as laid out in Figure 3.7. The optical
pumping lasers ensure that all the atoms that leave each cell are in the dark (F=2) state, where they
can pass through the "close" detection laser without interaction. Once they pass through the Raman
laser beam in the center window however, some atoms will be transitioned to the F=3 state, and
these atoms, still traveling away from their respective rubidium-85 cells, will then pass through the
detection laser, leading to a fluorescence that can be measured with a photo multiplier tube (PMT),
a sensor that detects fluorescence caused by atomic interaction and converts it to an electrical signal

that can be displayed on an oscilloscope. This setup has not yet been experimentally tested.
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beam and then interacting with the far detection beam.
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CHAPTER 4:
Characterization of Second Atomic Beam: Experiment

In this chapter, I will discuss the results obtained in characterizing the second atomic beam formed
by the laser optics in the new cage assembly, including experimental procedure and characteristics

obtained.

4.1 Initial MOT Set up

Once the new cage assembly construction was finished and installed on the left side, the initial
challenge was to achieve a MOT. The re-pump and cooling laser fibers were brought from the
existing (left side) to the new cage assembly on the right side, in order to characterize the new

atomic beam without any interference from the existing atomic beam.

The detection and optical pumping assemblies were duplicated as discussed in the previous chapter,

but only one side was used for the initial characterization experiments.

The initial MOT set up went quickly, leading to results on the fluorescent CCD camera (Mightex
CCE-BO013-U USB) within an hour of powering up and locking the laser frequency at the appropriate
frequency, as seen in Figure 4.1. It was theorized that the much larger beam size of the new assembly

resulted in a much larger “Sweet Spot” in the creation of a MOT than the previous assembly.

The generated MOT appeared very bright on the CCD, indicating the presence of a great number of
atoms, however, there was no signal at the PMT—indicating that the MOT was not aligned correctly
with the aperture and there was no atoms leaving the cell. After adjusting the magnets located
around the cell to move the location of the MOT within the cell, a strong signal was detected at the

PMT (shown in Figure 4.2) and the characterization of the atomic beam could begin.
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Figure 4.1. The first MOT achieved with new cage assembly.The bright
fluorescence spot indicates the presence of trapped atoms. The dark spot near
center of the cell is the aperture.

Figure 4.2. A typical picture after the MOT location was spatially aligned
with the aperture within the cell. The MOT itself is slightly more diffuse
and its location relative to the aperture was experimentally found to give the
highest signal strength.
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4.2 New Atom Beam Characterization

The key metric in determining the strength of the MOT is the fluorescence from the atomic beam.
As the atom beam travels from the aperture down the long axis of the vacuum chamber, it interacts
with the detection laser (Eagleyard EYP-DFB-0780-00080-1500-TOCO03 distributed feedback laser)
as it passes through the far window from the aperture. In our atom beam, those atoms in the F =
3 state will excite to the F’ = 4 state before the majority of the atoms will decay back to F = 3 (as
described in Section 2.2.2) giving off fluorescence that is then detected by the PMT (Hamamatsu
H6780-20). The signal received is a Lorentzian (see Figure 4.3 for a typical example), and the
intensity of the peak is correlated to the number of atoms in the beam and therefore the strength of
the MOT itself. It is from this measurement that the beam can be optimized, using a measurement

of signal above background (SAB) or signal to noise (SNR).

Fluorescence (arb. units)

560 570 580 590 600 610 620 630 640 650
Freq. (arb. units)

Figure 4.3. Typical Lorentzian signal received at the PMT. Data (in black)
shown against Lorentzian curve fit in blue

In order move towards being able to conduct dual beam experiments, the new atom beam will need
to be fully characterized. As the rubidium cell had never been used prior, we started by looking at
the performance characteristics of the cell itself, before moving towards characterizing the beam
itself, as well as looking at the performance of the updated detection laser and optical pumping

assemblies when applied to the newly created cooled rubidium beam.
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4.2.1 Rubidium Cell Optimization

In order to determine the performance of the rubidium cell used, we first achieved a functional
2D-MOT using “standard” cell current and laser power settings derived from the existing cell and
the fluorescence from a scanning detection laser was collected. The cell current was adjusted and
then varied between 2 amps to 2.6 amps. The results were plotted against SAB as shown in Figure
4.4 in order to find the optimum level of the current required to get the highest SAB before the
system reached saturation point and the degradation of the 2D-MOT signal.
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Figure 4.4. Plot of cell current versus SAB. The current can be seen to increase
our MOT efficiency until between 2.45 and 2.5 amps, where the MOT pressure
increases to the point where efficiency drops and the signal strength greatly
decreases.

In this case, it is shown that peak SAB is achieved at approximately 2.47 Amps of current through

the rubidium cell, which was set as the operating level for the remainder of the experiments.
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Figure 4.5. Atomic beam fluorescence versus cooling laser power. Plot is
used to determine optimal value of laser power without saturation.

Once the correct current was dialed into the MOT, the next step was to determine the optimal power
settings on the cooling laser for the new cell. The cooling laser power level was lowered then
increased incrementally and again the fluorescence was collected using a scanning detection laser.
The resulting fluorescence SAB was recorded. The resulting data is shown in Figure 4.5. The
results match up closely with the data taken at the existing cell [19] and the roll off after 45mW

cooling power can be observed.

4.2.2 Detection Laser Power Calibration
The aim of this experiment was to determine the optimum detection laser power for the new

detection laser assembly / atom beam configuration.

To perform this measurement, the detection laser power was varied by controlling the offset voltage
sent to the detection laser acousto-optic modulator (AOM). The AOM is a component (Isomet
1205C-2-804B) in the detection laser and optical pump assemblies that utilizes sound waves to
modulate laser frequency, intensity and diffraction. For this experiment it is the intensity modulation
property of the detection laser AOM that we are exploiting. By varying the offset voltage sent to
the AOM the detection laser power can be modulated from O to 9 mW. The corresponding MOT

signal above background was recorded at the various output power levels. The results were plotted
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in Figure 4.6.
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Figure 4.6. Detection laser power versus SAB. The roll off in SAB can be
noted after 7mw as the detection laser saturates the chamber.

As expected, SAB rises in concert with detection laser power up to around 7mw of power, at which
point the detection laser power saturates the atoms and a roll off in the SAB can be observed. Prior
to this experiment the detection laser output was set to a 1 cm transverse sheet beam with a depth of
approximately 2mm. This was found to give the optimal results when combined with correct laser
power settings to detect all the atoms from the diverging atomic beam without causing unnecessary

scattering, and was consistent with values used in the existing detection laser assembly [19].

4.2.3 Beam Divergence
The next step in characterization was to get an indication of the atom beam size and beam divergence

within the vacuum chamber. To conduct this experiment, the detection laser assembly was adjusted
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to a completely vertical orientation and set up in the chamber closest to the right hand cell aperture.
The CCD camera was relocated to face that first right hand side window and was used to get a
picture of a "slice" of the beam and saved in .bmp file to preserve information. The detection laser
was then adjusted to off resonance, and the picture taken in again in that first position. This second
picture was the background level of the laser light within the cell and could be subtracted from the

first to get an accurate indication of the beam within the chamber.
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Figure 4.7. Picture of atom beam closer to the aperture (rightmost window).

After the first set of pictures were taken, the detection laser was horizontally translated down the
long axis of the chamber to a new position, slightly offset from the first and the process repeated.
After 20-30 such pictures, the data was then combined and analyzed in MATLAB to get a clear
picture of the beam size in the first chamber

This experiment was then conducted again on the left most window (farthest window from the right
cell) in order to get an indication of beam divergence along the long axis of the chamber between
windows. Unsurprisingly, the beam at the 3rd window was larger than in the first window and

shows the divergence in the beam as it travels along the chamber.

In order to determine the strength of the atom beam vs background hot atoms (caused when

hotter/faster atoms escape being cooled in the 2D-MOT and enter the vacuum chamber), a second
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Figure 4.8. Picture of atom beam farther from the aperture (leftmost window).

picture run was then conducted in the 3rd window and partway through the experiment the cooling
laser lock was deliberately broken, resulting in a loss of the 2D-MOT and atomic beam. In Figure
4.10, we can see the effect on the picture was soon as the MOT was disrupted, leading to an
immediate loss of intensity in the beam and demonstrating that our pictures are indeed of the atom

beam and not some other phenomenon.

The next step in determining the beam divergence was using our beam pictures to get a "vertical
slice" of the atom beam. Two vertical slices, each from the center of their respective window were
then digitized and their respective vertical intensity profiles fit to a Gaussian curve using MATLAB.
In this fashion, we were able to find the full width half maximum (FWHM) from each of the center

window positions using the method below.

We fit the data to a Gaussian function of the form:

fx) =

(x——b)z] 4.1)

exp |—
0'\/% [ 202

where o is the standard deviation.

38



1220

1200

1180

160

Beam Intensity (arb units)

140

120

100

Figure 4.9. Picture of atom beam in leftmost window. Position of break in
lock indicated. The detection laser was swept right to left, therefore, pictures
taken after the break in lock are to the left of the dotted red line.

The constant scaling factor A can be ignored, resulting in the following equation to solve for the
FWHM

1 x — b)?
Ef(xmax) = exXp [_%] 4.2)
which when solved yields
FWHM =2VN2In20 4.3)
or
FWHM = 2.35480 4.4)

Using this FWHM value, as well as the known distance between the two positions, we can then

39



calculate the divergence of our atomic beam using Equation 4.5, where £ is the distance between
the two windows. Using the tabulated fit data in table 4.1, we found a divergence of 60.5 mrad. The

result shows a higher divergence when compared to the result of 56 mrad measured on the existing
left side beam [19].

FWHM, - FWHM,
2L

Divergence rqq) = 2 arctan

4.5)

Although the difference in divergence between left and right atom beams are close, the expected
result of the newer beam was that our divergence would be smaller due to the faster atom velocity
(Section 4.2.4), not larger. The cause of the larger divergence of the atom beam is still under
investigation, as there may be differences within the cells as well that could be factors in the larger

divergence.
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Figure 4.10. Gaussian fit of the atomic beam intensity, as taken from the
center point of both the right and left windows in the vacuum chamber. Due
to the divergence of the beam in the left window and the geometry of the CCD
camera, the entire curve was unable to be captured.

IRRY
G=by d] (4.6)

aexp [— =
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Fit Constant a b o d
Close Window | 53.67 | 13.78 | 2.51 | 7.68
Far Window 26.23 | 15.37 | 7465 | 1.1

Table 4.1. Fit data from Gaussian fit of atomic beam intensities, used to
calculate FWHM as well as beam divergence

4.2.4 Velocity Measurement

The aim of this experiment was to determine the most probable velocity of the atoms in our atomic
beam. The first step was to re-configure the optical pump laser solely for this experiment to run
longitudinally down the long axis of the vacuum chamber. In this configuration, the laser beam
enters through the far MOT cell, passing down the long axis of the vacuum chamber (anti-parallel

to the newly created atomic beam) and finally through the far cell where it exits the apparatus.
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Figure 4.11. The four data runs plotted on the same graph, results were
consistent across all runs.

In normal operation the AOM of the optical pumping laser is configured to send a mix of the zeroth
and first order—that is to say, frequency shifted—Ilight to the rubidium cell. This was experimentally
found to provide the correct mix of light for optical pumping [19]. For this experiment, the AOM

of the optical pump laser was adjusted so that only the zeroth order passed to the fiber entering
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Figure 4.12. Fluorescence data captured during the velocity trial run, shown
against the curve fit of Equation 4.7, with N = 1, L = 26 cm, and V), = 9.0 m/s

the cell—in this configuration, the optical pump acts similar to the cooling laser in that it “blocks”
the atom beam from entering the vacuum chamber, in effect acting as a plug to the atomic beam.
Controlling the AOM with a function generator, the atom beam can be switched ‘on” and ‘off” at
specific times by turning the AOM on and off, allowing for precise timing control of the atom beam.
With the detection laser locked on resonance, we then block the atom beam for some time before
abruptly switching the laser beam “off”, and observing after some time the rise in fluorescence,
then switching the beam “on” and observing the fall off as the atoms are blocked. The rise in

fluorescence can then be measured against the following approximated formula:

|1 (a2 + V)| @.7)

5| Z

where S is the normalized signal intensity, N = 1, (mapped to our florescence), a is % where L
is the length traveled by the atoms to the detection beam and t is our time in seconds, and V), is
the velocity of interest, also known as the most probable velocity. This formula assumes that that
L >> { where ¢ is the cell length. For a full derivation of the above formula including the version

without the approximation see Appendix C.

In Figure 4.12, we can see that we have a fit to a V), of 9.0 m/s. This represents an increase over
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similar measurements with the existing atomic beam [19]. This slight increase in velocity was not
unexpected, as the MOT laser beam is longer it allowed for faster atoms to be captured within the
MOT. The higher velocity is at odds with the larger divergence seen in Section 2.2.3, and the cause

of this slight discrepancy is still under investigation.
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CHAPTER 5:
Conclusion and the Way Ahead

Building on the foundation of the existing apparatus, I have constructed a second 2D-MOT laser
optics cage assembly as well as doubled the detection and optical pumping assemblies to allow for
dual beam operation of the interferometer apparatus. The new cage assembly includes a number of
design changes that improve the optical characteristics of the second 2D-MOT as well as bringing

user improvements in the form of more convenient power output measurement.

Using the new beam, I conducted experiments to determine the optimal cooling and re-pump
laser power settings, as well as the adjusting the current through the rubidium cell to produce the
strongest MOT fluorescence. Experimenting with the newly formed second atomic beam, I then
characterized the beam itself, measuring beam width and divergence, as well as atom velocity
and finally determining optimal detection laser power settings. With the exception of the beam
divergence discrepancy, all of these experiments yielded good data, consistent with both theory and
prior data taken on the existing cage assembly. This work takes a large step towards turning the
apparatus from an interferometer into a proper atomic gyroscope, capable of measuring rotation

and acceleration and forming the basis for the next generation of INS.

Work remains to complete the dual beam operation of the system. While the system is set up for
dual beam operation, procurement issues and time constraints resulted in an inability to install the
second PMT assembly. This installation is necessary before experiments with simultaneous dual
beam measurement can take place. Moving forward, after the installation of the second PMT, the
next step would be static dual beam experiments. This would allow for the comparison of the output
of both beams, which would be vital before moving on to more complicated experiments involving

Raman laser interference.

Furthermore, since this apparatus uses continuous beams which are also not spatially separated,
work will need to be done to verify our simultaneous measurements. Specifically, as we have
not yet conducted simultaneous measurements from both beams, we will need to prove that the
optical pump and detection beam set up effectively blocks any interference between beams before
continuing on to experiments involving a measurement Earth’s rotation, followed by trials using
the sum and difference between both beams to measure acceleration and rotation of the apparatus
itself. In order to conduct experiments that measure the Earth’s rotation, there may need to be a

possible re-alignment of the apparatus itself, by aligning the sensing axis of the gyroscope to the
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rotation axis of the Earth.

The long-term impact of this bold new technology has yet to be realized, however, I remain extremely
excited for the future of this project. Once hardened and miniaturized, this apparatus could form
the basis for a new type of super-accurate and stable INS that would revolutionize navigation in
traditional GPS denied environments, such as in submarines or conflict zones throughout the globe.
Once adopted, this could result in a huge improvement in dived navigation for submarines around
the world. The ability to know where you are underwater is often requires challenging contour
navigation or risking exposure to enemy aircraft or ships in raising a mast to get a GPS fix, or relying
on a very large pool of uncertainty with traditional gyros. The ability to have a highly accurate
atomic beam gyroscope based INS would massively increase the amount a time a submarine could
stay safely deeply submerged and yet still have an accurate navigable position to from which to
work. This benefit is doubly important in contested littoral zones, where tight waters and narrow

passages highlight the limits of current RLG based INS used by submarines throughout the globe.

46



APPENDIX A:
Calculation of Branching Rates for the Optical Pumping
Laser

In order to ensure the atoms are in the proper state F = 2 to perform experiments in the vacuum
chamber we used a laser as an optical pump. This laser was tuned to F = 3 to F’ = 2 transition,
where from the F’ = 2 state they will decay into F =2 and F = 3, with four times more atoms ending

up in the F = 2 state due to the following branching ratio calculations:
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Figure A.1. Squared transition dipole moments for a portion of the 3> Rb D2
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transition, in arbitrary units. Source: [19].

In order to calculate the relative branching ratios, we must sum all of the elements in the magnetic

sub-levels, which equates to summing the rows.

For F = 3:
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F = to F =3 >5_|_5 10 1 8 2 1 1 1 2 8 1 10 5+5
B B 63 189 189 189 189 63 63 21 63 63 189 189 189 189( 613)

which results in a sum of %.

For F = 2:

2toF2>7+7 ! 7+7+7+7+7+7+7+7+7 (A.2)
27 54 54 108 36 36 36 36 108 54 54 27 )

which results in a sum of %.

Taking the ratio between the two

Fl=2->F=2 35 63
= ()2 == A.
F=2->F=3 (18)(35) (&-3)

Therefore, it is % or 3.5 times more likely that an atom in the F’ = 2 state will decay into F = 2 than

F = 3, which makes this transition perfect for use as an optical pump.

In principle, we could use the cooling laser without any re-pump in order to achieve the same effect
(see Section 2.1.3), where we showed that after 1600 transitions, the atoms are left in the F = 2
state. However, this approach results in a significant momentum kick to the atomic beam which
can result in the beam being misaligned with the aperture and therefore no atomic beam in the
chamber [19].
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APPENDIX B:
Derivation of Acceleration and Rotation Terms in an
Atomic Interferometer

The following is an abbreviated version of derivations for calculating the phase terms when dealing
with an accelerating or rotating atomic beam interferometer. Full derivations including Coriolis,
centrifugal, gravitational and other effects can be found in [25]. Calculations of terms out to the

fourth power is available in [26] .

To begin, we start with the fact that the total phase difference of an atom interferometer can be

written as:

® = ¢pr0p + ¢lp + ¢split (B.1)

where the ¢, is the phase shift cause by interaction of the atoms with the light pulses the upper
and lower arms of the atomic interferometer, ¢,,,, is the phase difference due to free propagation,

and ¢y, 1s due to a mismatch in travel paths, if the interferometer does not close.

For a closed interferometer that is subject to solely a uniform linear acceleration, one can show that

& prop = dspiir = 0, and the sole term remaining is ¢;,. It can be shown that:

1
¢Zp = ?1 [/ le _/ le] (B.2)
upper lower

where Vj,, is the potential caused by the laser pulses, which can be re-written as

¢lp = _[¢p0s + ¢phase] (B.3)

which can then be written as functions of the path length

Dpos = keff [2(2T) - Zupper(T) — Ziower (T) +2(0)] (B.4)
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¢phase = ¢(2T) = 2¢(T) — ¢(0) (B.5)

Equation B.4 represents the phase acquired during atom laser interaction, and Equation B.5 rep-
resents any optical phase changes between pulses. In our experiment, we do not adjust the phase
between laser pulses, therefore ¢4 1s set to zero. Then we apply Newtonian mechanics to the

Equation B.4 to find the phase difference in terms of ¢ ,, only:

hk,
22T) = =117 4 2412 (B.6a)
m
nk 1
Zupper(T) = ’;ffT+§aT2 (B.6b)
1 2
Zlower(T) = EaT (B~6C)
2(0) =0 (B.6d)

Solving for ¢, and generalizing to three dimensions the result is:

® =K,y -al? (B.7)

which is the term for the generalized phased caused solely by acceleration used in section 2.3.

For the derivation of the rotation term in atomic interferometry, we begin by considering a rotating
frame R’ and an inertial frame R, with coordinates xl, y/, 7 and x, y, z respectively. The Lagrangian

in the inertial frame is then:

~E’(r/, v/) = %m(v/)z. (B.8)

To transform to the rotating frame, we use
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V=v+QXr (B.9)

Using the in-variance property of the Lagrangian in point transformations, we then can write for

the Lagrangian in the the rotating coordinate system

L(r,0) =L (F,0)
1
= 5m(v+9><r)2 (B.10)

1 1
= 5m02+mﬂ-(rxv)+§m(ﬂxr)2

Given that the momentum (from Lagrangian dynamics) is

0
pza—f:mv+mﬂxr (B.11)

we then end up with a term for the propagation phase

Umap =30 [ dtlr (0 xo(o)]
ta (B.12)
=220

where A is the area vector whose magnitude is the area enclosed by the interferometer, and whose
direction is given by the direction of atom propagation crossed with the direction of the momentum

kick from the Raman beams. In a purely rotating frame, we recover the term used in Section 2.3.
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APPENDIX C:
Derivation of the Velocity Measurement Function

In this section, we will derive the full equation used to find the most probable velocity of our atomic

beam in Section 4.2.3.

We start with the following geometry, where we define L as the total length of the cell plus vacuum
chamber that the atom travels until it interacts with the detection beam, and ¢ is the smaller length
of the Rb85 cell. The interaction with the detection beam is modeled as a Heaviside step function

0, and then our signal function for a single atom is [27]:

Si(v,t) =6(xg+vt — L) (C.1)
The interaction with the detection laser is modeled as a Heaviside step function, rather than a delta

function, to account for the fact that atoms are continuously emanating from the atomic source.

Where x is our initial atom position within the cell and v is the velocity.

The measured signal S(¢), is the single atom signal averaged possible values xo and v, and is given
by

S(t) = / dx()/ dv(xo + vt — L)P(x9)P(v) (C.2)

where the probability functions are:

N
P(xo) = 7 (C.3)
where N is the number of atoms in the 2D-Mot, and,

2v3e'”2/ Vb

vy

P(v) = (C4)

C.2 can be written another way:

53



S(t) =<< 81 >x>y (C.5)

<< 81>y = / 0(xo + vt — L)P(x¢)dxo
N [ (C.6)
=— / 0(xo + vt — L)dxg
¢ Jo

When solving for the above integral we end up with:

= 0(0) [(L—v1)0(vt—L)+L—L+0t)0 (£~ L+0t)+6(—L) [ (€~ L+v1)0 (vt —L+L)+L—0t]0(vt—L) (C.7)

Since 6(£) = 1 and 6(—¢) = 0 due to the properties of the Heaviside function, we can further reduce

the integral to:

< 81 >y = [(L—v)8(vt— L)+ (vt — (L — )]0t — (L - £)

(C.8)
=—(vt — L)O(vt — L) + (vt — (L - £))0(vt — (L —¢)).
This result allows the velocity integral to be divided into three regimes,
0 for v< £t
< S 0= 7 vt —(L-0) for =L <v<Ljt (C.9)
l for v> L/t.

The integral over the first regime can be discounted as its always zero, the second regime can be

calculated as follows:
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N L/t N L/t
Siddle = — vtP(v)dv— —(L - ¢) P(v)dv
C Jo—en 4 j—r
= &E/L/f v4e_”2/V12;dv - —N(L—f)ifL/t v3e_”2/V1%dv (C.10)
€ Vg L-t]/t f V; L-{/t
=[h] - [I2]
Solving the above integrals for /;
2Nt 1
L= T—Vz[e_az/‘/l% (4a> + 6aV?)
g'P p
p
(C.11

—3VaV3 erf(a/V,) — 2be™" Vs (207 + 3V2)
+3VrV, erf(b/V,),

where a and b are the limits of integration, (L — ¢)/t and (L/t), respectively, and erf(x) is the error
function.
We also have for I,

I = 2N(L -¢) lvz e_az/VI%

2 2N b V22 2
T (@4 V) =M 4 )| (C.12)

We can see that these equations are long and quite unwieldy; however, by making an approximation
that L >> ¢, the middle regime terms go to zero because limits of integration become equal to each

other, and the only regime we have to concern ourselves with is the third, where:

N [S¢]
<< S| >>0= ?/ £P(v)dv. (C.13)
L/t

when we substitute the probability function X.4 we obtain the following:

~ 2N [
S(t) = — 3¢ Vo dv (C.14)
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Solving the integral:

. 2N1
$(t) = V2 Vo (L2 + V)
vi2

(C.15)

where the result, Equation C.15, is used in Section 4.2.3 to fit our fluorescence data.

Figure C.1 shows how close the exact and approximate solutions are, using arbitrary values of
L=30cm,{=5cm,andV, = 10 m/s

Normalized Signal (arb. units)

L= |
001 002 003 004

005
Time. (s)

Figure C.1. The exact and the L >> ¢ approximation curves for §(¢). Input
values are arbitrary, chosen only to show closeness of approximation.
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