Stability Enhancement of Atomic Timekeeping

Using Raman Adiabatic Rapid Passage
by
Nancy Y. Wu
B.S., Applied Physics
California Institute of Technology (2014)

Submitted to the Department of Aeronautics and Astronautics
in partial fulfillment of the requirements for the degree of
Master of Science in Aeronautics and Astronautics
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2017
© Nancy Y. Wu, MMXVII. All rights reserved.

The author hereby grants to MIT and The Charles Stark Draper
Laboratory, Inc. permission to reproduce and to distribute publicly
paper and electronic copies of this thesis document in whole or in any
part medium now known or hereafter created.

Signature redacted
Author.................... '~ ...

Department of Aeronautics and Astronautics

May 25, 2017
Certified by..... Slgnature redaCted ..................

/ Richard E. Stoner
Laboratory Technical Staff, C.S. Draper Laboratory

S | g N atu re red acted Thesis Supervisor
Certified by..... e
S Paulo C. Lozano

R.L. Bisplinghoff Professor of Aeronautics and Astronautics

Signature redacted Thesis Supervisor

Accepted by ....- B
MASSAGHUSETTS INSTITUTE]| Youssef M. Marzouk
OF TECHNOLOGY Associate Professor of Aeronautics and Astronautics
JUN 28 2018 Chair, Graduate Program Committee
LIBRARIES

ARCHIVES






Stability Enhancement of Atomic Timekeeping Using Raman
Adiabatic Rapid Passage
by
Nancy Y. Wu

Submitted to the Department of Aeronautics and Astronautics
on May 25, 2017, in partial fulfillment of the
requirements for the degree of
Master of Science in Aeronautics and Astronautics

Abstract

Current state-of-the-art atomic clocks span the range from large accurate fountain
clocks such as the NIST-F2 to relatively small inaccurate chip scale clocks. Small
clocks with higher accuracy could greatly expand the range of applications for preci-
sion timekeeping, and enable cheaper implementation of existing applications. This
type of clock may be realized by use of optical Raman interferometry based on pulsed
interrogation of cold atoms. However, this method suffers from serious systematic
error sources, e.g., AC Stark shift and Zeeman shift, which alter the atomic reso-
nance frequency. A new method based on adiabatic rapid passage (ARP) has been
recently demonstrated at Draper which has significantly reduced phase sensitivity to
differential AC Stark shift. It is found that compared to standard Raman, use of
ARP enhances timekeeping stability by a factor of three with stability of 2 x 10712 at
100 seconds. Increasing data rate may also improve short term stability. With all of
the above improvements, ARP enhances short term fractional stability to 7 x 10712
at one second.
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Chapter 1

Introduction

A clock is composed of an oscillator and a counter, telling time by counting the cycles
of an oscillator such as a swinging pendulum. Over the past centuries, the search
for stable and precise oscillators has advanced from pendulums to quartz crystals
to atoms. No two pendulums or quartz crystals are exactly identical due to their
inherent material differences, which translates to timekeeping differences. In contrast,
all the atoms of a specific element and isotope are the same, which translates to
more accurate, reproducible timing. For reference, the timekeeping uncertainty in an
interval of 24 hours is about 10 seconds for a pendulum, 10 microseconds for a quartz
crystal, and 1 nanosecond for a atomic cesium beam clock [2]. Thus, atomic clocks
are the main focus of this thesis.

Quartz crystal clocks are sufficient for daily life and many laboratory instruments.
However, several applications require the precision and stability of atomic clocks.
These include navigation, the global positioning system, distributed networks, com-

munication systems, and laboratory instruments.

1.1 Atomic Clocks and Motivation

A typical atomic clock consists of an atomic oscillator, a local oscillator, and a control
loop (Figure 1-1). The principle underlying the atomic oscillator is that all the atoms

of a specific element and isotope are identical; these atoms emit or absorb electro-
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magnetic waves of the same frequency when they shift between two energy levels.
This frequency is called the resonance frequency, which is intrinsic to the atoms and
independent of space or time. The relationship between the resonance frequency wy

and atomic energy levels is expressed as

 E-E

- (1.1)

Vo

Where E; and FE; represent two energy levels of the atom, and h is Planck’s
constant.

Traditionally, alkali metals such as rubidium and cesium are chosen for atomic
timekeeping, since they have a relatively simple atomic energy level structure, with
only one valence electron. Their ground state is split into two hyperfine levels which
are separated by a microwave frequency. This frequency is used as the oscillator

frequency in atomic clocks.

Atomic » Interrogation
Oscillator
Error Local =3 Clock Output
signal Oscillator
Control T
Tuning

Figure 1-1: Block diagram showing the principal components of an atomic clock:
local oscillator, atomic oscillator and control loop. The local oscillator is periodically
calibrated by atomic oscillator through control loop. The time output reflects the
accuracy and stability of atomic oscillator instead of local oscillator.

For clocks based on alkali ground state transitions, the local oscillator is generally
a quartz crystal, and a microwave frequency is synthesized from it to interrogate
the atoms. If the synthesized microwave frequency is not the same as the atomic
resonance frequency, an error signal is generated, and the controller will correct the

local oscillator to match the resonance frequency of the atoms. Thus, the timekeeping

16



output from the local oscillator is determined by the atoms, not by the quartz crystal
local oscillator. There is another class of clocks in which the hyperfine states of the
atoms are interrogated with optical rather than microwave frequencies, which will be

discussed in chapter 2.

There are several varieties of atomic clocks with different stability characteris-
tics and size, weight, and power (SWaP). The international time standard is realized
by cold atom fountain clocks such as NIST-F2. These atomic clocks are room-sized
devices in environmentally controlled laboratories. They are highly accurate and sta-
ble, and the NIST-F2 only drifts by one second in 0.44 x 10'® seconds' [3]. Fountain
clocks achieve their high timing accuracy by launching a large number of cold atoms
upwards in a cavity (1.5 m high in the NIST-F2). This increases the amount of time
that may be used to interrogate the atoms, which in turn improves the precision
with which the resonance frequency can be measured. In NIST-F2, the resonance

frequency is probed with microwaves.

Chip-scale atomic clocks (CSACs) are the most compact atomic clocks. The
commercially available CSAC, the Microsemi Quantum” SA .45s, has a volume of
17 cm®. Alkali metal vapor is placed in a high-pressure nitrogen buffer gas and probed
with laser pulses. The high pressure gas immobilizes the atoms to realize the relatively
long time of interrogation, but the pressure (and thus the measured atomic resonance)
is highly dependent on ambient temperature variations. These atomic clocks have a
fractional frequency stability of 3 x 107!° at 1 second, [4], which is insufficient for

primary references. As a result, CSAC clocks serve as secondary references.

There is a vast application space for atomic clocks that are relatively small in
size, with better stability than the CSAC, éble to operate in dynamic environments
beyond the laboratory. Probing atoms with microwaves requires a bulky microwave
cavity, which constrains the size reduction of clocks. A promising solution is to probe
the atoms using optical rather than microwave frequencies. However, the large fre-

quency shift due to the collision of alkali atoms with high-pressure buffer gases means

! About 14 million years. For reference, the age of the universe is 4.25 x 107 seconds or 14 billion
years.
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the CSAC is fundamentally too inaccurate for use as a primary reference. Instead of
a buffer gas, laser cooling under ultra high vacuum can be used. The resulting cold
atoms facilitate longer atomic coherence times, which is ideal for accurate timekeep-
ing (coherence time is the duration over which an ensemble of atoms synchronously
oscillate). In addition, the isolation of atoms from the environment and buffer colli-
sions reduces temperature sensitivity. This is the approach taken in this thesis for a
compact atomic clock that may be used as a primary reference.

In the apparatus, ultra high vacuum (~ 10~ Torr) was achieved in a miniature
vacuum cell of 80 cm3. Cesium atoms were vaporized into the vacuum cell and
cooled down to microkelvin temperatures in a 3D magneto-optical trap (details in
Chapter 3). The cesium atoms were prepared into the requisite ground state and

then interrogated with a sequence of laser pulses.

1.2 Atomic Accelerometer

The atomic timekeeping system in this thesis can also be used as a high-precision
atomic accelerometer. The principle of an atomic accelerometer can be understood
through the kinematic equation of acceleration. The kinematic measurement of ac-
celeration is performed by tracking the position of a moving object at fixed time
intervals. For instance, if three positions of the object (z;, 22, 23) are measured with
time T" between them, then the finite difference estimate of acceleration is expressed

as

o (23—z2);2(z2—z1) (1.2)

Similarly, if an atom undergoes acceleration due to gravity or other inertial input,
the atom’s displacement can be recorded in terms of phase by atomic interferometry.
The phase ¢;1, qgg, and q§3 may be used to find the three positions (z;, 22, 23; Figure

1-2), and the equation of acceleration is as follows (see Chapter 2 for details):
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Figure 1-2: An atom with a downward acceleration. Its t}}ree~ positions (21, 22, 23) are
tracked with laser pulses and recorded as three phases (¢, ¢, and ¢3).

(93 — ¢2) — (¢2 — ¢1)
kos ;T2

a =

(1.3)

Where ks is the effective wavevector of the interferometer laser beams and T' is

the time interval between the measurements.

1.3 Interrogation of Atoms with Laser Pulses

Two approaches to interrogating atoms with lasers for atomic timekeeping are co-
herent population trapping [5] and stimulated Raman transitions [6]. For coherent
population trapping, two lasers are coupled to a three-level quantum system with
ground states |g) and |e) and excited state |7) (Figure 1-3). When the frequency

difference between the two lasers exactly matches the resonance frequency between

19



two hyperfine levels, a population of atoms in a coherent superposition principally
comprising two lower states |e) and |g) is obtained; this is known as the two-photon
resonance. This resonance is manifested by a narrow peak in the optical transparency
of the atomic sample. We call this the coherent superposition of ground states the
“dark state” because its interaction with the laser is suppressed. The dark state only
occurs at a very narrow range of differential resonance frequencies, which enables
high precision measurements; the CSAC exploits a dark state resonance as its atomic

reference.

€ 9

Figure 1-3: Schematic diagram showing the coupling of lasers and atomic states for
coherent population trapping scheme. The |g) and |e) represent two hyperfine ground
states, and [i) is the excited state. Double red arrows are two laser beams.

The stimulated Raman scheme differs from coherent population trapping by a
large detuning of both lasers from the excited state (Figure 1-4). This detuning
is between 2 to 4 GHz, and suppresses spontaneous emission as well as coherent
population trapping. Stimulated Raman transitions also require that the frequency
difference between the two lasers matches the atomic resonance frequency between
two hyperfine ground states. Raman transitions shift an atom in ground state |g) to
le) by having the atom simultaneously absorb a photon of momentum Ak, and emit
a photon of momentum hk;. The emitted photon has the same phase, frequency,
polarization and travel direction as the incident k; photon. In contrast, photons from
spontaneous emission travel in random directions and may have a different frequency.

However, complications may arise from the use of stimulated Raman transitions.
The interaction between laser pulses and cesium atoms may change the atomic reso-

nance frequency through the AC Stark effect. The presence of magnetic fields splits
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i)
A =2-4GHz

ko k1

e 9)

Figure 1-4: Schematic diagram showing the configuration of two lasers and atomic
states for stimulated Raman transition. The |g) and |e) represent two hyperfine
ground states, and |i) is the excited state. The two laser beams are indicated by k;
and ks.

the hyperfine levels further into several magnetically sensitive sublevels due to the
Zeeman effect. In addition to field effects, fast-moving atoms are also subject to
the Doppler effect, which causes the atoms to see a higher or lower laser frequency

depending on their travel direction.

In order to suppress the above effects and other undesirable factors, various opti-
mized schemes have been proposed to interrogate the atoms. Raman adiabatic rapid
passage (ARP) for the purpose of timekeeping was recently developed at Draper
Laboratory [7]. It has been shown that Raman ARP can significantly suppress the
Ramsey phase sensitivity to the AC Stark shift in comparison with the standard

Raman transition.

The first aim of this thesis is to further investigate the stability of atomic time-
keeping using Raman ARP in comparison with the standard Raman transition. The
second objective is to explore the ARP stability improvement with magnetic shielding
because the original study of Raman ARP was not magnetically shielded [8]. The
third goal is to enhance the stability through other approaches such as increasing the

data-rate.
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1.4 Thesis Contribution

Significant amount of time was spent on design, construction, characterization, opti-
mization, and trouble-shooting of the apparatus. Several contributions are summa-

rized as follows:

1. The stability of Raman pulse-based atomic timekeeping was enhanced by a

factor of ~ 3 by using ARP instead of the standard Raman transitions.
2. Magnetic shielding improved the ARP stability by a factor of 2 to 3.

3. Increasing the data rate also enhances stability. The experimental results show
that adopting a high data rate of 6.25 Hz enhanced stability by a factor of about

1.5 in comparison with a data rate of 3.2 Hz.

4. The Allan deviation (see section 4.1.3) of our timing apparatus is about 7x107?
at 1 second and 2 x 107'2 at 100 seconds, which are more than one order of
magnitude better than the stability (about 3 x 1071° at 1 second and 3 x 101
at 100 seconds) of CSAC clocks [4]. Our result is five times better than that
of a cold atom double-A coherent population trapping clock, which has Allan

deviation of 4 x 107! at 1 second and 4 x 107! at 100 seconds [9].

1.5 Thesis Outline

This thesis is mainly focused on the stability enhancement of compact atomic time-
keeping for a primary reference. Chapter 2 reviews the theory and principles, which
include cesium energy levels, standard and ARP Raman transitions, and Ramsey in-
terferometry. Chapter 3 describes the major components of the apparatus and their
functions, especially the magneto-optical trap system, optical system, and magnetic
shielding. Chapter 4 presents experimental stability results when using ARP, stan-
dard Raman, magnetic shielding, and high data rates. Chapter 5 summarizes the

results and suggests future work.
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Chapter 2

Principles and Theory

Cesium has well-defined hyperfine structure, which makes it popular for atomic time-
keeping and other atomic optics. First, the fine and hyperfine structures of cesium are
outlined briefly. Then, Raman transitions are discussed, as well as Raman Adiabatic
Rapid Passage. Finally, these are placed in the context of atom interferometry for

the purpose of atomic timekeeping and accelerometry.

2.1 Cesium Fine and Hyperfine Structure

Cesium has only one electron in the outermost 6.5 shell; its other shells are full up to
5P ([Xe] 6s!). The energy level structure of cesium is shown in figure 2-1. Energy
levels 625, /2, 62 Py /2, and 6% Py, are further split by hyperfine structure and magnetic
sublevels. [10]. The transition 625, /2 = 62P, /2 is the so-called D, line transition, and
62S1/2 — 6%P;)2 is the Ds line transition. The frequencies corresponding to the D,
and Ds line transitions are 335 THz and 352 THz, respectively.

The fine structure energy is specified by the total electron angular momentum J.
J=L+S8 (2.1)
where L is its orbital angular momentum and S is its spin angular momentum.

Usage of J is preferred due to spin-orbit (E and g)coupling. The values of J are
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Figure 2-1: Energy level structure of cesium, fine and hyperfine structure and Zeeman
splitting. The energy level splittings are not drawn to scale.
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defined as follows

IL-S|<J<L+S§ (2.2)

Standard notation denotes the quantum numbers for a state as N2°t!'L;. For
the cesium ground state (6°Sij2), L =0, S = 1/2, J = 1/2. For the excited states
(6°Pyy2,6°Ps2), L=1,8S=1/2,] = 1/2 or 3/2.

Based on the total atomic angular momentum F', the cesium fine structure levels

are split into multiple hyperfine structure levels of ground states F and excited states
F7

Y,
[
1 |
+
~
o
&
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Where I is the total nuclear angular momentum, and J is the total electron angular

momentum. The values of F are as follows

[-J|<F<I+J (2.4)

Cesium has a nuclear angular momentum of 7/2. For the ground state 625, /2, F
= 3 or 4. For the excited state 6°P, /2, F7 = 3 or 4, and for the excited state 62P3/2,
' =23, 4, or 5 (Figure 2-1).

In the presence of magnetic fields, each hyperfine level splits into several magnetic
sublevels due to the Zeeman Effect. In the limit of low magnetic field, the number
of magnetic sublevels is equal to 2F + 1, e.g., for the F = 4 ground state, there are
9 sublevels (mp = £4,4+3,4+2 +1 and 0). These sublevels are degenerate if external
magnetic fields are absent. However, the degeneracy is lifted if a magnetic field is

applied. Experiments in this thesis were conducted in the low field limit.

The hyperfine ground states of cesium are of central importance for atomic time-
keeping. The current definition of the SI second is “the duration of 9 192 631 770
periods of the radiation corresponding to the transition between the two hyperfine

levels of the ground state of the cesium 133 atom” [2].

Although all alkali metals have a fairly simple electronic structure with only one
electron in the outer shell, the cesium ground states (F = 3 and F = 4) have the
largest separation, which tends to yield better stability. The performance figure of
merit for timekeeping is fractional frequency stability Av/v: for a given timekeeping
modality, systematic errors and noise processes tend to be comparable in magnitude
for different alkali species, so a larger transition frequency tends to improve factional
stability. Cesium has an additional advantage as a heavier alkali metal. In systems
using cold atoms, heavier atoms have lower thermal velocities at a given temperature,

which allows for longer coherence times.
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2.2 Stimulated Raman Transition

In order to drive transitions between the two hyperfine ground states (F = 3 or |g),
and F = 4 or |e)) spaced by microwave frequency wyps, one approach is to directly
apply microwaves to the atoms; however, microwave interrogation requires relatively
large cavities that can significantly increase the apparatus size. An alternative method
is to use laser pulses to realize the above transition; stimulated Raman pulses and

Raman adiabatic rapid passage pulses were explored in this thesis.

Stimulated Raman transitions use two lasers to irradiate a three-level quantum
system. In the case of cesium, the three-level system consists of two ground states

(lg) and |e)) and excited state |i) (Figure 2-2).

*
*

62 P 2 o
L

351.725 718 50(11) THz

62S §
/2§ " wyps/2% = 9.192 631 770 GHz
*

" F=3 |

Figure 2-2: Stimulated Raman transition of cesium atoms on the Dy line. Two Raman
lasers with frequencies w; and wy are detuned from the intermediate excited state |4)
by -2 to -4 GHz. The difference between the hyperfine frequency wgyps and the Raman
laser frequency offset (w; — ws) is called the Raman detuning 4.
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To suppress spontaneous emission, both Raman laser frequencies are detuned from
the intermediate state |i) by a frequency A = —2 to —4 GHz. The A values should be
much larger than the 625;, to 6° Py, transition linewidth of 5.2 MHz in cesium [10].
However, it must also avoid the hyperfine splitting frequency of 9.2 GHz, otherwise
single-photon processes may occur. For example, if the Raman laser with frequency
wy is detuned from |i) by 9.2 GHz, then it would excite the |e) atoms into state |7)
and trigger spontaneous emission (Figure 2-2).

When the frequency difference between the two lasers matches or is very close
to the atomic resonance frequency between two hyperfine ground states, the cesium
atom in ground state |g) transits into ground state |e) after absorbing a k; photon
and emitting a ke photon identical to the incident k; photon.

Stimulated Raman transitions are cyclic (i.e, Rabi cycling); the probability of an
atomic transition between |g) and |e) oscillates in a sinusoidal manner at Rabi rate
2 (Figure 2-3). If all the cesium atoms are prepared in the ground state |g), the
application of a Raman pulse for the duration of a half-cycle transfers atoms into the
ground state |e); this pulse is often called 7 pulse. If the Raman pulse duration is a
quarter-cycle, the atoms have equal probability of being in |g) and |e). This pulse is
usually referred to as a m/2 pulse. A 7 pulse serves as an atom mirror, while a /2

pulse works as an atom beamsplitter.

- Rab_i_El_opping -

—

Transition Probability
=] (=] o (=]

0 21 an
Pulse Duration (Rabi Cycles)
Figure 2-3: Schematic diagram of Rabi cycling (i.e., flopping). The probability of an

atomic transition oscillates between |g) and |e) in a sinusoidal manner with increasing
pulse duration.
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The effective Rabi rate 2.5y of a Raman transition is related to the single-photon

Rabi rates £2; and s, as well as single-photon detuning A, by the equation

Qlﬂg
2A

Qesy = (2-5)

where Q; and €, are the complex Rabi rates of two Raman laser fields that couple

the ground states to the excited state, respectively.

The Raman detuning 6 (Figure 2-2) is a critical quantity in Raman timekeep-
ing. It is equal to the difference in frequency between the atom transition frequency
and the local oscillator being tuned to the atomic reference, so that atomic phase
evolution during a measurement is proportional to . The detuning also affects the
interaction of the Raman optical pulse with the atoms in producing the superposition
of ground states. The application of Raman interferometry to atomic timekeeping
will be discussed in Section 2.4.

One advantage of stimulated Raman transition for atomic timekeeping is the com-
pact size of the apparatus when compared with microwave interrogation. The disad-
vantage is that the interaction between Raman lasers and cesium atoms can cause
AC Stark shift (or light shift), which perturbs the energy of hyperfine ground states.
However, the differential AC Stark shift can be cancelled or suppressed if the intensity
ratio of two Raman lasers is adjusted properly [1,11].

If the AC Stark shift of ground state |g) is 24, and the AC Stark shift of ground
state |e) is QAC, then the differential AC Stark shift §4¢ is

02— Q2

_ OAC AC __
bac =027 - )¢ = 2

(2.6)

where QA = 422; Qg‘c = %.

The differential AC Stark shift (d4¢) is a function of the intensity ratio of two
Raman lasers. For a fixed single-photon detuning A, the d4¢ value monotonically
increases from negative to positive with the increase of intensity ratios. There is a

desired ratio Rg at which d4¢ is exactly zero.

Another possible approach to compensate for the differential AC Stark shift might
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be to adjust the Raman detuning §; however, this method is not viable. The AC Stark
shift is proportional to the intensity of the applied field. Since the Raman beam has
a Gaussian spatial intensity profile, the AC Stark shift of a particular atom depends
on its location within the beam. Thus, application of a fixed Raman detuning to all
the atoms cannot compensate for the Stark shift of the atoms as a whole. However,
if the Raman beams are transmitted in the same optical fiber with constant intensity
ratio, then suppression of AC Stark shift can be more effective and accurate. Further,
Kotru et al. found that use of Adiabatic Rapid Passage (discussed in 2.3) suppresses
phase sensitivity to AC Stark shifts [7].

2.2.1 General Analytical Theory

The mechanism of stimulated two-photon (Raman) transitions in cesium is described
here. The folloWing derivation closely follows [1]. The effect of spontaneous emission
is excluded, since the natural linewidth is much less than the single-photon detuning
' <A

The system comprises three levels, as shown on the right side of figure 2-2: two
ground states |g) and |e), and an intermediate state |i). Two fields are applied to
the atoms: one of frequency w; nearly resonant with the transition between lg) and
i), and other of frequency w, nearly resonant with the transition between |e) and |i).
The energy origin is set to the average of |g) and |e), and the reference frame is that
of the ground state |g). The Hamiltonian H for the three-level system then includes

free and interaction parts

H=Hy+H;
@ips () Q 0 Hp 0 27
=0 w 0 |+|H, 0 H
0 0 wues 0 Hpnp 0

where w; corresponds to the splitting between the energy origin and |¢). The matrix

elements of the interaction Hamiltonian are defined as
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h Ny
H[1 = §|Ql|6wl(t) (28&)

Hpy = -’2?|92|ei¢'2<t> (2.8b)

with Q; = —q(gl€7 - 7l¢) and Qp = —q(e|éz - 7]i) as the Rabi frequencies associated
with w; and ws, where €; and e, are the amplitudes of our applied fields. The phases

(;;1 and qzz account for the applied field and momentum recoil from ke} F= k_i — kg:

b= [ ()~ - 2(0)2) dt 4 pro — i 2(0): (2.99)

—

da(t) = /0 (wz(t') —ky- hi‘;f ! k- z(:&’)s) dt' + ¢o0 — kz - 2(0)2 (2.9b)

The equations of motion arise from the Schrodinger equation, where we may

substitute the expressions for the Hamiltonian:

ih |0, | =H |, (2.10)
\I)Q \Ijg

The ¥; may be eliminated by taking ¥; = 0, which is reasonable provided A >

Qcpy. This simplifies the three level system to an effective two level system as also

seen in [12].

Ce(t) i oz |ce(?)
g

2.11
&(t) 2 cg(t) 21D

Where & is the Pauli spin matrix operator (o;,0y,0;), and the generalized Rabi

rate is

Q= \/ngf + (6ac — 0")% (cos 8,2 + sin 0;(cos ;& + sin 0,;9)) (2.12)
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with

Q.0
= 2.13
Qesr = 54 (2.13)
, hkgff -~
6 = wl(t) - w2(t) — | wgrs + om + kesy - z(t)z (2.14)
|0* + |0
=12= " Pl 2.15
dac A (2.15)
The state vector is defined as
U, (t) = e20aclt=tic, (4) (2.16)

An atom starting in pure state U = (0,1), where |g) = (0,1) and |e) = (1,0),

evolves as follows

| (t)) = [cos (%) + ¢5A°’Q_ ¥ sin (%)] lg) — ie—w&g{f' sin (?) le) (2.17)

Where ¢ = ¢1’0 — (]52’() — k‘e_}f . Z(O)ﬁ
For Raman resonant fields (i.e., 64c — ¢ =0, and 2 = Q,sy), the above equation

is simplified into

8(0) — cos (6 ) Ig) — e (2522 j (218)

Equations 2.17 and 2.18 show the sinusoidal oscillations characteristic of Rabi

flopping.

2.2.2 Bloch Sphere Representation

As discussed earlier, the stimulated Raman transition with a large single-photon
detuning A could be simplified into a two-level system, which can be intuitively

visualized on the Bloch sphere. This is strongly suggested from the form of Q in
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Equation 2.12, which represents the applied field driving the atomic transition. The
polar angle 6 is defined by

cosf = 5?;"
(2.19)
sinf = Loy
Q

where 6.5 = dac — ¢'. The atomic state is represented as a pseudospin vector on

the Bloch sphere by projecting the density matrix for ground states |g) and |e)

p(t) = [¥) (Y| (2-20)

onto Pauli spin matrices:

P;(t) = Tr[p(t) - 0]

Pa: 2%[png (221)
P(t) = Pyl = [ —2S(pe9]
Pz Pee — Pgg

These relationships may be visualized in Figure 2-4, where P= P is a unit vector
residing on the surface of the Bloch sphere. The equation of motion for this vector is
d —

az13(t) +P#)x Q=0 (2.22)

The equation of motion is of the same form as that used in nuclear magnetic reso-
nance, in which nuclear spin precesses around a magnetic field (~ Larmor precession).

With the above discussion, the action of a Raman pulse can be easily visualized
on the Bloch sphere (Figure 2-5). The first scenario is of a resonant drive field (i.e.,
effective Raman detuning .5y = 0, or § = 7/2). Suppose an atom is prepared in state
le), so that atomic population vector p initially points straight up and is aligned with
the positive z axis. The application of a resonant Raman pulse rotates p from the

positive z axis to the positive x axis when the Raman pulse duration is t = (7/2)/2
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Figure 2-4: Bloch sphere representation of two-level system with p as pseudospin
vector representing the atomic population and €2 representing the applied field driving
Raman transitions. 6 and ¢ are the polar and azimuthal angles, respectively. d.;; is
the effective Raman detuning and Q. is the effective Rabi rate. Vector p is a unit
vector from the origin to the surface of the Bloch sphere; when it is (anti)parallel
to the z-axis, the atomic population is in pure state (|g))|e). Otherwise, the atomic
population is in a superposition of these states.
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(a) (b)

Figure 2-5: Rotation of atomic population vector p under Raman drive field Q on
resonance (a) (i.e., effective Raman detuning d.;; = 0) and nearly resonant (b) with
derr # 0. Detuning is exaggerated for clarity.

(a “m/2” pulse), or to the negative z axis when the Raman pulse duration is 7/5) (a
“r” pulse), and so on. The pseudospin vector p rotates in a circular trajectory on the
x-z plane as long as it is driven by §2; i.e., it performs Rabi oscillations.

The second scenario is of a nearly resonant driving field with nonzero Raman de-
tuning d.s¢, which is exaggerated for clarity in Figure 2-5. In contrast to the resonant
Raman pulse, the drive field is slightly tilted away from y axis. The population vector
rotates out of the x-z plane in a cone about the drive vector, and cannot exactly attain
pure state |g) from starting state |e). In this case as well, p rotates at generalized
Rabi rate Q0 = | /Q?., + 02;, about the drive field vector. The detuned 7/2 pulse
adds a systematic shift of atomic phase A¢, depicted between the Bloch vector and

the x axis.

2.3 Raman Adiabatic Rapid Passage

As discussed previously, a resonant Raman 7 pulse flips an atom from ground state
le) exactly into |g). In reality, lasers are neither flawless nor monochromatic and
their outputs vary in frequency and intensity. As a result, it is hard to produce

a perfect resonant pulse. To circumvent these issues, a solution is the approach of
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adiabatic passage, which slowly sweeps the Raman laser frequency across the atomic
resonance (i.e., from off-resonance through resonance to off-resonance). The adiabatic
passage 7 pulse efficiently transfers the atom between the ground state |e) and |g).
The following discussion is closely based on the description in “Quantum and Atom
Optics” [12].

“Dressed” states may be used to explain adiabatic passage. On a two-level atomic
system with “bare” states |g) and |e), the phenomenon of Rabi flopping suggests
that one may find new eigenstates that incorporate both the atom and the field. For
clarity, this two-level atom with states |g) and |e) (with detuning J) is used as an

example. The free and interaction Hamiltonians in the rotating frame are

H=Hy+H;=h

o w2

(2.23)

Sl

where €2 is the Rabi rate. Using HV = EWV, the eigenenergies F. and dressed

eigenstates | L) are

/O2 2
E, = —%‘5 + w;_a (2.24)

+ cosf siné
_ g (2.25)
- —sinf@ cosf| |e

where 6 € [0,7/2) is defined as tan(20) = —£.
As seen in Figure 2-6, eigenenergies of bare states |g) and |e) are 0 and —hd,

respectively, which means the two states are degenerate at & = 0. In contrast, the

eigenenergies of the dressed states have a splitting of A2 at § = 0.

For a large detuning —0d, the dressed state |—) is the equivalent of bare state |g).
Slowly (adiabatically) sweeping the frequency past resonance guarantees the atom
remains in dressed state |—) for the entire process. When the sweeping ends at large
detuning +9, the dressed state |—) converges to bare state |e). Therefore, an adiabatic

passage 7 pulse induces a transition from |g) to |e). Similarly, adiabatic passage may
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Figure 2-6: Energy levels of dressed states and bare states with avoided crossing.
Red lines are the energy eigenvalues of dressed states |+) and |—). The blue lines
indicate the energy eigenvalues of bare states |¢g) and |e). At very large detuning 4,
the dressed states are approximately the same as the bare states, as indicated by the
convergence of blue and red lines.

induce a transition from |e) to |g) by remaining in |+).
How slowly must the frequency change? The probability that an atom will tunnel
to a different eigenstate can be calculated as

02

-Ptunnel = e 2B:4 (226)

This implies that the adiabatic condition is

@2 |25
drr

J ‘ (2.27)
In this case, because the population vector precesses about the drive field vector at
rate €2, p circles Q) much more quickly than the frequency changes. But, the frequency
cannot be changed slower than the lifetime of the excited state. So, the change must
be more “rapid” than this lifetime.
An adiabatic rapid passage 7 pulse can also be simply visualized on the Bloch
sphere for a two-level system (Figure 2-7).

Assume that an atom begins in state |e) and thus the population vector is aligned
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Figure 2-7: Rotation of population vector by a drive field 2 associated with Raman
adiabatic passage. The Bloch vector p follows 2 under the adiabatic condition.

with the positive z axis. When the drive field Q is initially applied with a large de-
tuning and thus small 8, p precesses rapidly about the drive field with little change
in direction (about 26). When the drive field slowly moves under the adiabatic con-
dition, Bloch vector p always adiabatically follows drive field (). Once the drive field

reaches the negative z axis, the atom is in state |g).

There are several optimized adiabatic passage schemes. Raman ARP was devel-
oped recently by Draper Laboratory [7,8] and was adopted in this thesis. Work by
Kotru demonstrated that standard Raman pulses were about 75 times more sensitive
to AC Stark shift as opposed to these ARP pulses (Figure 2-9), a significant result.
Thus, ARP is the focus of this thesis. Raman ARP uses a combination of frequency
and intensity modulations for efficient adiabatic transfer. A nonlinear sweep rapidly

changes frequency and amplitude at the beginning as well as at the end of the ARP
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Figure 2-8: Frequency sweep and intensity modulation of Raman ARP, with rapid
frequency chirps and low optical intensities at the beginning or the end of the pulse.

pulse (Figure 2-8). The ARP pulse chosen for this work has a frequency sqeep given

by the equation

d(t) = Qurp tan {a (% — 1)} ,t €0, 7] (2.28)

™
where T is the total sweep duration, {2, is the sweep rate, and o = arctan(6maz/Sarp),
where 6,4, is the maximum detuning. This frequency sweep is simultaneously com-

bined with an intensity modulation /()

2 e

I(t) = Itanh {5 (1 -

where [ is maximum intensity, and 3 is a parameter describing the extent of modu-
lation deviation from a square shape.

Similar to the stimulated Raman pulses, Raman ARP also provides 7 (mirror) and
w/2 (beamsplitter) pulses. An ARP 7 pulse starts with a large negative detuning,

passes through resonance, and ends with a large positive detuning (Figure 2-8). An
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Figure 2-9: Clock phase shift data showing 75 times more sensitivity to AC Stark shift
when using standard Raman as opposed to ARP. Black indicates standard Raman,
red and blue indicate ARP with different frequency sweep times. Reproduced from [8].

ARP 7/2 pulse can be the first half of the ARP 7 pulse, beginning with a large
negative detuning and finishing on resonance. When the ARP 7/2 pulse acts on a
state of equal superposition, it is the equivalent of the second half of the ARP 7 pulse,

from resonance to a large positive detuning.

2.4 Ramsey Interferometry and Atomic

Timekeeping

Stimulated Raman and Raman ARP can drive the coherent population transfer be-
tween the two hyperfine ground states of cesium. In order to accurately compare the
hyperfine frequency with that of the field, a long interaction time between the atom
and field is required, as indicated by the time-frequency uncertainty [13]. The long in-
teraction period entails many technical difficulties, creates enormous Stark shift, and
may require a very large apparatus. However, Ramsey interferometry or Ramsey’s

method of separated oscillatory fields provides an excellent solution to this issue.
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(a) First 7/2 pulse (b) Dwell time (¢) Second 7/2 pulse

Figure 2-10: Two Raman 7/2 pulses separated by a long dwell time. (a) In the first
pulse, Q = Q.rr > ¢. (b) During the dwell time, the population vector rotates about
the z-axis and accrues phase ® due to preserved phase coherence with 2 = 4. (c)
The second pulse is identical to the first, and rotates the population vector into a
superposition of |e) and |g).

2.4.1 Ramsey Fringes

The idea of Ramsey’s separated oscillatory fields is to apply laser or microwave field
for a short time initially, followed by a relatively long dwell time with no applied
field, and then the initial field again for a short time [14]. The beauty of this method
is that phase coherence of the atoms is still preserved during the dwell time, thus
equivalently increasing the interaction time. A Ramsey sequence is easily visualized
on the Bloch sphere. Consider two Raman /2 pulses separated by a long dwell time
(Figure 2-10), with the frequency of the drive field very close to the atomic resonance
(Q &~ Qepp or & < Qsr). Assume the atom starts in the ground state |e) and the
population vector is thus aligned with the positive z axis. The first 7/2 pulse rotates
the population vector nearly to the x-y plane. During the dwell time, the phase ®
accrues due to the small remaining detuning, and the differential AC Stark shift is
zero because the Raman fields are off.

If @ is an even-integer multiple of 7 after the dwell time, then the second /2
pulse flips the atomic vector to the state |g). If the @ is an odd-integer multiple of 7
after the dwell time, then the second 7/2 pulse returns the atom to its initial state |e).
For other ®, the second 7/2 pulse rotates the population vector into a superposition

of |e) and |g), and the transition probability from |e) to |g) varies in a sinusoidally
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with ®. This sinusoidal relation is called Ramsey fringes or interferogram.
The phase ® is determined by Raman detuning ¢ and the duration of dwell time
T. During the dwell time, the population vector is rotating around the z axis at rate

0, and the accumulated phase is

b = 6T (2.30)

If the Raman field is on resonance (§ = 0), equation 2.30 shows that ® is zero,
and the two-pulse Ramsey sequence is equivalent to that of ® = 2nm,n € Z. The
first /2 pulse rotates the population vector to the x-y plane from the initial state

le), and the second 7/2 pulse torques the atom to the state |g) from the x-y plane.

Ramsey Fringes
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Figure 2-11: Ramsey fringes, showing the transition probability of an atom initiallly

prepared in |e) defined as P_f:?‘ The transition probability varies in a sinusoidal
etig

manner due to the shifts of phase ®. The full width half maximum (FWHM) of these
fringes is the linewidth . Contrast is defined as the peak-to-trough distance.

Ramsey fringes can be obtained by varying § or T. When the dwell time T is
constant, the shifts in Raman detuning change the phase ® and correspondingly the
transition probability of ground state |e) as well (Figure 2-11).

The transition probability varies between 0 and 1, and can be written as P, =
cos? (3) = 3 + =2, Experimentally, taking into account contrast C and background

B, the transition probability can be expressed as

1
Pg=§+%cos(l>+B (2.31)
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Additionally, the phase sensitivity to population change (or vice versa) may be

- determined by taking the derivative d®/dP

do 2
— = 2.32
dP C\/l _ (—2322219—1)2 ( )
Assuming B = 0 and P = 0.5, we get
do = EdP (2.33)
=7 ,

The linewidth of the Ramsey fringe is determined by the interrogation time (i.e.,
dwell time). It is defined as the full width half maximum and is shown in Figure 2-11.

The relation between linewidth v and Ramsey interrogation time T is through

v = QLT (2.34)

A longer interrogation time results in narrower linewidth, and vice versa. For
instance, the fringe linewidth is 50 Hz for a short interrogation time of 10 ms, and
is improved to 1 Hz for a longer interrogation time of 500 ms. A narrower linewidth
is desired to more precisely match the applied Raman field to the hyperfine splitting
frequency. Cesium fountain clocks use long interrogation times facilitated by a tall
cavity in which the atoms are thrown upwards and fall back down during the interro-
gation time. However, this cavity is large, e.g., about 1.5 meters tall in the NIST-F2

fountain clock [3]. For compact atomic timekeeping, short interrogation times are

used at the expense of some accuracy.

2.4.2 Atomic Timekeeping

Atomic timekeeping in this thesis uses a simple two-pulse Ramsey sequence (i.e.,
/2 — 7/2) as discussed in section 2.4.1. The pulses are either stimulated Raman
pulses or Raman ARP pulses. Both Raman beams are co-propagating (Figure 2-12),
and the atom receives a negligible momentum kick after absorbing k; photon and

emitting k; photon.
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Figure 2-12: Co-propagating Raman beams with wavevectors Ky and ks give the atom
a very small momentum kick, which still imposes a limit on interrogation time but is
about five orders of magnitude less than if the beams were counter-propagating and
is thus negligible [1].

h k,

ke}f’:h( - ‘k}D ~ 0 (2.35)

Operation of the interferometer for timekeeping is set at the midpoint of the
interference fringe, called the “r/2” point. This point (Figure 2-13) has the steepest
slope, and is thus most sensitive to phase fluctuations. That is, if the phase shifts
slightly in either direction, the atoms will report this shift by a corresponding change
in transition probability. Comparatively, operation at resonance or ® = nmw,n € Z,

where slope is zero, yields the least sensitivity to phase shift.

2.5 Atomic Accelerometer

An atomic accelerometer uses two counter-propagating Raman beams (Figure 2-14) to
manipulate the quantum state of the atoms. These beams impart a total momentum

kick of ~ 2hk; to the atom after absorbing a k; photon and emitting a k» photon.
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Figure 2-13: The midpoint of the fringe (“7/2”) is most sensitive to shifts in phase
® = §T. Raman lasers are slightly detuned to such a § value that keeps the transition
probability at 0.5, while dwell time T is constant.

hEeff=h kq ~ 2h k_;

4+ ‘k;

(2.36)

An atomic accelerometer may be realized with a Mach-Zehnder three-pulse se-
quence m/2 — m — w/2. First, the atom trajectory is analyzed for the case of no
acceleration (Figure 2-15 top). The cesium atoms are initially prepared in ground
state |g,p = 0). The first /2 beamsplitter pulse divides the atom wavepackets in
two arms: the lower arm remains the original state |g,0), whereas the upper arm
experiences a state transition and momentum change |e,2hk;). The two arms are
spatially separated due to this momentum change. A subsequent 7 pulse deflects the
two wavepackets back toward each other, acting as a mirror to change the lower arm
into |e, 2hk;) and upper arm into |g,0). The final 7/2 pulse combines the wavepack-
ets to create interference, after which detection of ground state and excited state

populations may occur.

In the case of downward acceleration, the atom trajectory is different from that

of no acceleration (Figure 2-15 bottom).

The phase shift between the upper and lower arms is expressed as [15, 16]

A¢ = ¢)upper = leower = ¢';T = 2¢~T T ggO (237)
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Figure 2-14: Counter-propagating Raman beams with wavevectors k; and k; give the
atom a momentum kick of & ’k_i‘ + ’k;‘ ~ 2h ‘k_i‘

Where gg is the Raman-imprinted phase on atoms, which is equal to the phase
difference between the two Raman beams. Subscripts 2T, T and 0 indicate the time
of Raman pulse.

The above phase shift due to the three pulses can also be written as

Aright = G0 — Dupper,T — Dlower,T + Por (2.38)

The relationship between the acceleration and the phase shift A¢ is as follows

__A9¢
a= W (239)

Note the scale factor for the acceleration is |k.ss|7?, implying that precision can
be enhanced by either transferring more momentum to the atoms or increasing the

interrogation time.
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Figure 2-15: Atom interferometer set up with 7/2 — = — 7/2 pulse sequence. X-axis
displays time, while y-axis displays position. The top graph shows an interferometer
under no acceleration, with atom trajectory and state |E,p) in black. Red dotted
lines denote applied Raman pulses, which act as atom optics in the interferometer
to split, reflect, and recombine the wavepackets for eventual state detection. The
bottom diagram shows the same interferometer under acceleration in black, with
non-accelerated atom trajectory in gray for comparison.
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Chapter 3

Apparatus

3.1 Vacuum System

Atom interferometry requires a long coherence time (up to 1000 ms) to achieve high
sensitivity. Collisions between the cesium and other background atoms may lead to
spurious phase shifts in the interferometer and should be avoided. Therefore, ultra-
high vacuum is needed to perform Ramsey interferometry. The vacuum cell used
(about 80 cm?®) is made of quartz in an octagonal shape (Figure 3-1), with seven
1-inch and two 2.3-inch diameter optical flats as windows permitting light beams to
enter the cell. The quartz cell is initially vacuumed using a turbo pump and baked at
150°C. Then, getter and ion pumps are switched on while the turbo pump is switched
off. These pumps are attached to the cell by metal flanges. The getter pump removes
non-noble gases; the ion pump eliminates helium that permeates quartz. Eventually
a vacuum of ~ 107° Torr is achieved and maintained in the cell.

The shape of the quartz cell allows for excellent laser access, including magneto-
optical trap (MOT), Raman, pushing, and state preparation beams (Figure 3-2). The
large 2.3-inch windows also enable the fluorescence detector to be placed closer to the
atoms.

Cesium atoms in the quartz cell are sourced by a current-driven metal dispenser,
which is placed in the neck of the cell, so that cesium vapor may enter the center of

the cell which is the trap region.
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Cesium Source

Getter Pump  Ion Pump

Figure 3-1: Configuration of quartz vacuum cell, turbo pump, getter pump and ion
pump. Cesium source can be seen inside cell neck.

Figure 3-2: The octagonal shape of the quartz vacuum cell allows easy placement of
magneto-optical trap (MOT), Raman, and pushing beams. Cesium source is visible
inside the cell neck.
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3.2 Magneto-Optical Trap

Laser cooling and trapping of atoms [17, 18] are critical to atomic timekeeping. Cool-
ing can significantly reduce the kinetic energy of atoms, which goes as mv?/2. At
room temperature, cesium atoms move on the order of ~ 100 m/s. After they are
cooled down to a few microKelvins, their velocity is reduced to the order of ~ 1 cm/s.
Laser trapping is capable of confining cesium atoms into a small volume at sufficiently
high density for interrogation. A combination of both techniques allows for longer
interrogation times via Ramsey interferometry for high sensitivity, and significantly

reduces the Doppler effect for fast-moving atoms.

Laser cooling is largely based on two principles: The Doppler effect and momen-
tum conservation. Consider a laser beam tuned slightly below the atomic resonance
frequency. The atoms moving along the laser propagation direction will see a fre-
quency farther below resonance, and absorption is less likely to occur. The atoms
moving against the laser propagation direction will see a frequency closer to resonance,
making them more likely to absorb photons. When the atom absorbs a photon, the
excited atom receives a momentum transfer in the direction of laser propagation and
then emits a photon in a random direction (Figure 3-3). After absorbing numerous
photons, the atom gains sufficient momentum in the direction opposite its initial ve-
locity and slows. The slower atom will see a laser frequency farther from resonance,
making it less likely to absorb more photons. The recoil momentum from emission of
photons in random directions will average to zero. This effect is known as “optical

molasses”.

Laser trapping is based on the Zeeman Effect and is realized by the application
of an inhomogeneous magnetic field. A one-dimensional trap is shown in Figure 3-
4. Two anti-Helmholtz magnetic coils are placed on each side of atoms, creating a
magnetic field that changes linearly with a minimum in the center, negative magnetic
values on left and positive magnetic values on right. The corresponding Zeeman
splitting induced in the atoms will be position-dependent; those at the center will

have no Zeeman splitting whereas the atoms away from the center have a larger
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Figure 3-3: An atom (gray) has velocity in the direction opposite to that of incoming
photons (red), which are tuned slightly below resonant frequency. Due to the Doppler
effect, the atom sees incoming photons as resonant. These photons excite and impart
momentum in their travel direction on the atom when absorbed. The atom then
emits photons (green) in random directions, its velocity decreasing.
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Figure 3-4: A one-dimensional magneto-optical trap (MOT) consists of anti-
Helmholtz magnetic coils with two circularly polarized laser beams (0%, 07). F indi-
cates ground state, and F’ excited state. Zeeman splitting of magnetically sensitive
states (mp = —1;mp = 0;mp = +1) increases away from the z = 0. Gray dots
represent atoms, with gray arrows showing directions of the restoring force caused by
the MOT. B is the magnetic field produced by the anti-Helmholtz magnetic coils.

splitting between magnetically sensitive states mp = —1,0,4+1. Note mp = +1 has

the lowest energy on left side, whereas mpr = —1 has the lowest energy on right side.

Two circularly polarized laser beams (6", 07) are counter-propagated and tuned
slightly below the zero field atomic resonance. The ¢~ photons induce transition
to the mp = —1 state, and similarly with ¢* photons and the mr = +1 state.
Therefore, the left-propagating photons are closer to resonance with the |F,mp =
0) — |F',mp = —1) transition on the z > 0 side but far below it on the z < 0

side. So, atoms at z > 0 are more likely to absorb ¢~ photons and gain momentum
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Figure 3-5: A three-dimensional magneto-optical trap consists of an anti-Helmholtz
coil pair along the z-axis with opposing circularly polarized laser beams ¢ and o~
along each of the three orthogonal directions.

towards the origin. Similarly, the ¢ photons are closer to resonance with |F, mp =
0) = |F',mp = +1) for z < 0 and will push the atoms rightwards toward the origin.

In three dimensions, there are instead three pairs of circularly polarized laser
beams counter-propagating along three orthogonal axes. These are tuned to drive
the cesium atoms cyclically between F = 4 and F’ = 5. Atoms initially in F = 3 are

3

moved to F = 4 via a “repump” beam (details in section 3.3) so that they too may
be trapped. The anti-Helmholtz magnetic coils are placed along the z-axis (Figure
3-5), creating a quadrupolar magnetic field with minimum magnitude of zero at the
center of the MOT [17]. Usually, 10° — 107 atoms are trapped and cooled to ~ 20uK

in about 500-600ms.

3.3 Optical System

Three Toptica laser systems are used to provide cooling/trapping, state preparation,

readout, repump and Raman beams. Toptica generates a laser beam of frequency
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Figure 3-6: Laser frequencies used are shown on the Cesium Dy hyperfine structure.
Probe, trapping, and state prep beams are generated from an F = 4 to 4/5 cross laser
(red), repump frequency is generated from an F = 3 to 3/4 cross laser (green) and
Raman frequencies are generated from a Raman master offset-locked to F = 3 to 3/4
cross (blue). This diagram is not drawn to scale.
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852nm (352 THz), which is roughly equal to the cesium D, transition from ground
states to excited states. With acousto-optic modulators (AOMs), the laser beams
are finely modulated on the order of MHz to satisfy the requirements of different
transitions such as F =3 — F' =4 or FF =4 — F’' = 5. These AOMs are controlled
with a LabVIEW program that can adjust their frequency and turn them on/off
with precise timing. The cooling/trapping, state preparation, readout, repump and
Raman beams are illustrated in Figure 3-6 in the context of the cesium atom hyperfine

structure.

The first Toptica unit (F = 4 laser system) is locked by saturation absorption
spectroscopy [19] to the FF = 4 — F’ = 4/5 crossover frequency, mainly providing
cooling, readout and state prep lasers. The readout laser is offset +125 MHz from this
locked frequency, and the cooling laser is offset by +125 MHz - a where o = 2I" is 10-15
MHz; the cesium state prep laser is offset -125 MHz from this locked frequency (Figure
3-6). The second Toptica (F = 3 laser system) is locked to the FF =3 — F' = 3/4
crossover frequenéy, providing a repump laser frequency which is offset +99 MHz from
it. The third Toptica is for Raman laser generation, and the Raman Master laser is
detuned 2 to 4 GHz from the F’ = 3/4 crossover frequency.

The optics of the F = 4 laser system are shown in Figure 3-7, and is composed
mainly of acousto-optic modulators (AOM), wave plates, polarizing beam splitter
(PBS) cubes, tapered diode amplifiers (TA), and collimators.

An AOM modulates frequencies at MHz scale, and also works as a very fast shutter
switching off in about 10-100 ns. The input light frequency can be shifted up or down
as desired, e.g., +125 MHz or -125 MHz. An AOM can be single passed or double
passed, shifting the frequency once or twice.

A combination of polarizing beam splitters and half-wave plates is used to tune
the linear polarization of the light. Quarter wave plates turn plane-polarized light
into circularly polarized light, and vice-versa. Used with a mirror, it will make sure
the reflected light has orthogonal polarization to incident light. A PBS may then be

used to direct the reflected light in a direction orthogonal to the incoming light.

The light from the F' = 4 laser starts from the Toptica Pro tunable diode laser
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Figure 3-7: Diagram of F = 4 laser used for atom cooling/trapping, state preparation,
and readout of atom population. This is a simplified form of the actual optical
setup which excludes extraneous components due to real-life spatial constraints (e.g.,
mirrors and optical fibers).



A2 Waveplate m—

Collimator Y]

Laser

Sat. Spec
Locking PBS N

Laser

Figure 3-8: Diagram of F = 3 laser optics used to generate light for repump laser.

unit, and passes through a half wave-plate (A/2) to control the polarization such that
a small amount of the light goes to locking the laser frequency to the F = 4 — F’
= 4/5 crossover by saturated absorption spectroscopy. The rest of the light passes
through an AOM that shifts some of the light by -125 MHz. The unmodulated light
goes through another AOM with a frequency modulation of +125 MHz, and is used
for the readout (probe) laser. The modulated light double passes another AOM where
its frequency is modulated twice by +125 MHz (4250 MHz in total). This light is
amplified with a tapered amplifier (TA) from 8 mW to 100 mW of optical power.
Ninety percent of this laser is used for cooling/trapping, and will be combined with
repump light from the F = 3 board to be delivered to the atoms. The other 10%
double passes an AOM with a frequency shift of -250 MHz and becomes cesium state
prep light.

The optics of F = 3 laser system is shown in Figure 3-8. The F = 3 Toptica
Pro laser is similarly locked to the F=3 — F’=3/4 crossover frequency. The light
then passes through an AOM that shifts the light by +99 MHz. This laser becomes
repump light, and is combined with cooling/trapping light from the F = 4 board to

be delivered to the atoms.
Raman light is generated by another Toptica Pro laser (Figure 3-9). To reduce

spontaneous emission, the Raman master light at frequency wgy is first detuned by
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Figure 3-9: Diagram of Raman laser optics used to generate the two Raman frequen-
cies. The Raman laser is offset locked to —A = 2-4 GHz from resonance.

—A = 2 to 4 GHz using an electro-optic modulator. This détuned light is adjusted to
the F=3 — F’=3/4 crossover frequency ws_s,4 via saturated absorption spectroscopy,
which then locks the Raman laser to output light at this fixed detuning wgry =
w3_g/4 + A as seen in Figure 3-6. The Raman laser light then passes through a +80
MHz AOM which acts as a fast shutter.

To generate a pair of lasers for stimulated Raman transition, the Raman master
light is passed through another EOM, which creates +sidebands (Figure 3-10) that
are spaced from the Raman master frequency by 9.2 GHz (i.e., wyrs). A tapered
amplifier (TA) follows the second EOM and increases the Raman optical power to
40 mW. Then, the light passes through a cesium vapor cell to minimize amplified
spontaneous emission due to the TA, before it is polarized and sent to the atoms.

Theoretically, any two lasers that are spaced by wypg are able to stimulate a Ra-
man transition; however, the carrier (wgps) and -1 sideband frequencies are chosen as
the Raman pair, which drive the dominant Raman transition. The other frequency
pair pictured, Raman Master and +1 sideband, generates much weaker Raman tran-
sitions due to its large frequency offsets from the F = 3 D, transitions and F = 4 D,
transitions.

Similarly to the Zeeman effect with magnetic fields, an applied electric field causes

shifts in the energy levels of cesium. This is called the Stark shift. The Raman lasers
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Figure 3-10: The spectrum of frequencies generated by the second Raman EOM
is shown in black. The -1 sideband and carrier frequency are both detuned by A
(green) from the |4) and |3) transitions to |¢) which is the 3/4 crossover frequency
in this case. It is also possible to use the +1 sideband and carrier frequency to
generate Raman transitions, with detuning A (red). Because the detuning is larger,
this Raman transition is weaker.

apply an oscillating electric field because they are electromagnetic waves, inducing a
so-called AC Stark shift, discussed in 2.2. Due to the different intensities of the two
Raman lasers, they each induce their own AC Stark shift in the two ground states of
cesium. This differential AC Stark shift between the two lasers perturbs the hyperfine

frequency wpyps.

The accuracy of timekeeping with cesium depends on the constancy of the hyper-
fine frequency. Thus, in experiments, it is desirable to adjust the intensity ratio of
the two Raman lasers so that they each induce the same AC Stark shift in the F =

3 and F' = 4 states and wyps remains constant.

The phase-shifting and Raman frequency sweeping are controlled by the microwave
signals that drive the EOM. Figure 3-11 provides a simplified diagram of the RF
circuitry for Raman EOM and AOM signals. A single-sideband mixer (Polyphase
Microwave SSB90110A) combines the dynamic 30 MHz signal from the AWG (Agi-
lent N8241A) with a constant 9.163 GHz signal (Agilent E&257D). The Raman laser
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Figure 3-11: Block diagram of radio frequency (RF) circuit used to generate the 9.2
GHz frequency for the Raman EOM. Attenuators, amplifiers, and high pass filter
ensure the output is power- and frequency-appropriate.

frequency difference is given by

lwi — wa| = VEsasrp + Vns2414(t) (3.1)

Interferograms are generated by scanning the relative phase between the two
lasers. The transition probability at each phase is measured multiple times and

averaged.

3.4 Cesium Ground State Preparation

The cold cesium atoms are prepared in a ground state of |F = 3,mp = 0) before
Raman beams are applied to them. Atoms are sensitive to spatially and temporally-
varying magnetic fields, as seen when they are trapped. To reduce interferometer
sensitivity to spurious magnetic fields, the atoms are prepared in mp = 0.

State preparation starts with the application of a magnetic bias field created by
two Helmholtz coils (Figure 3-12). Then linearly polarized light resonant with the F
= 4 — F’ = 4 transition, called “state prep” light (Figure 3-6), is applied along the
magnetic field axis to optically pump the atoms into a magnetically insensitive state.
Repump light was simultaneously applied to excite F = 3 atoms to I’ = 4, preventing

accumulation of atoms in the F = 3 hyperfine ground state. This process transfers
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Bias Coils Raman Beam

Figure 3-12: Coil placements relative to cell are shown. MOT coils (gray) create a
magnetic quadrupole field parallel to the z-axis. Bias coils (vellow) create a uniform
field parallel to the Raman beams (green).

most atoms into the |4,0) dark state. The final step is an application of resonant
microwave 7 pulse, which flips the atoms from [4,0) into |3,0). The microwave signal

is supplied by an RF signal generator (IFR 2042).

3.5 Cesium Ground State Detection

Laser-induced fluorescence is used to detect the state of atoms at the end of the
interferometer. As discussed previously, this state is a superposition of F = 3 and F
= 4 hyperfine ground states, and the probability of finding an atom in either state is
related to the interferometer phase.

The readout sequence starts with a 500 ps probe beam, which is tuned to the F =
4 — F’ = 5 transition. The fluorescence generated by atoms that decay back to I' = 4
is measured with a photodetector (Thorlabs PDA36A). The integrated photodetector
voltage signal Vjy corresponds to atoms found in F = 4. After measuring the F =
4 population, the readout beam is used again to push the F = 4 atoms out of the
interaction region. Then, a repump light is applied to move the remaining atoms

from F = 3 to F = 4. Then a second 500 ps probe beam is applied, which should
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now generate fluorescence corresponding to atoms initially found in F = 3. The
photodetector measures this voltage signal as V3.

This reading is then adjusted by subtracting light and atom background signals.
Scattered light background is taken without the MOT coils on before readout, and
atom background is taken with MOT coils on. Interferometer pulses are included in

neither sequence. The adjusted populations are

.P4 = VF4 - AtomBG’4 - (nghtBG4)(I4) (32)
P3 = VF3 - AtO?’TLBG;g - (LZghtBG;g)(Ig) (33)

where AtomBG,, is the atom background measured for the integrated nth fluo-
rescence pulse, Light BG,, is the average scattered light per integrated probe power
from the nth pulse, and I, is the integrated probe power from the nth pulse.

Then, the normalized transition probability to F = 4 is 524

An alternative measurement of normalized F = 4 population is without blowing
away F = 4 atoms before repumping the F = 3 atoms, so the final fluorescence voltage
will reflect the total population of both F = 4 and F = 3. However, this procedure is

not as accurate as the former one, because some F = 4 atoms may be scattered out

of the interaction region by the first readout pulse.

3.6 Magnetic Shielding

The clock state Zeeman shift has a quadratic dependence on field strength, so stray
magnetic fields or field fluctuations may shift the hyperfine splitting frequency, which
reduces the stability of atomic timekeeping. Therefore, magnetic shielding is added
to reduce the influence of stray magnetic fields.

The efficiency of magnetic shielding is determined by the permeability of the
material, thickness of the shield, shape and size of the shield, and the number of

shield layers [20]. Shielding factor is a ratio of the magnetic field strength outside of
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Figure 3-13: Readout fluorescence signal captured by photodetector at the end of the
interferometer, lasting about 4 ms. Integrating the first feature gives the population
of atoms found in F = 4, Vpy. The second feature is the pushing pulse, to remove
these atoms from the interaction region. The third is a repump pulse, to transfer F
= 3 atoms into F' = 4 so they can be read by the final probe pulse as V3.

shield over that of the inside of shield.

Bout
Bin

g (3.4)

Where S is the shielding factor, B,,; is the magnetic field strength on the outside
of the shield, and B;, is the magnetic field strength on the insidé of shield.

For a single layer, spherical shield, the shielding factor can be written as

5 =g [en+ D+ -2(5) (=17 (3.5)

where v and V' are the volumes encompassed by the inner and outer walls of the
shield, respectively. It can be assumed that permeability p of the material is > 1.
For the Mu-metal used in this experiment, this is reasonable because p ~ 10°. It can

also be assumed that our walls are thin. In that case, this equation reduces to

S=1+-2 (3.6)
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Figure 3-14: Two layers of magnetic shielding enclose the experiment to protect it
from stray magnetic fields.

for a sphere, where ¢ is the shield thickness, and R is the shield radius. For a

cube, the shielding factor can be written [21]

4 ut
Gl b (3.7)
5a

where a is the length of the cube side.

The above equations show that shield factor is linearly proportional to the thick-
ness of shield; however, it can be seen from equation 3.5 that a single-layer shield has a
maximum potential shield factor of S = (2/9)u for an infinitely thick shield. A multi-
layer thin-walled shield is much more effective than a single-layer thick-walled shield.
The multi-layered shielding factor S, is proportional to the products of individual

shielding factors S;

(3.8)

n—1 D k
Stot = SnHS'i [1 - ( E)H)

i=1
where n is the total number of layers, k is a geometry factor (e.g., k = 3 for
sphere), and D is the average diameter of the i" layer of shielding.
Mu-metal has high permeability and is used to fabricate double-nested rectangular
prisms covering the MOT system (Figure 3-14). Each shield layer consists of a shallow

base and a top that can snugly fit in the base.
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A spacer plate is placed between the two bases to ensure optimal separation be-
tween the two shield layers, and to physically mount the shield bases. In addition,
the shield bases have clearance holes that enable the system to be mounted directly
to a breadboard rather than to the shield bases. Otherwise, the stress on the shields

from the weight of system would distort them and reduce their efficacy.

3.7 Apparatus Size Reduction

One of the goals for atomic timekeeping is compactness, and size reduction of the
system is still underway. The first system has a volume of 18" x 18" x 15" = 4860
in3.! The second system is cylindrical, with a diameter of 8.35” and a height of 7.45”.
So, the new model takes only 8.4% the volume of the previous one. Although most
of the experiments in this thesis were carried out on the first system, the writer was
heavily involved in the design and build of this new model, named the Compact Laser
Atom Sensor Prototype (CLASP).

The quartz vacuum cell, collimators, and optical fibers have remained the same
between the systems for risk mitigation, and impose the minimum size constraint of
the second system. One main change has been elimination of the large .rectangular
nulling coils outside of the MOT and bias coils in favor of cylindrical cosine windings
to cancel ambient fields. The cylindrical cosine windings also allow the two layers of
shielding to become cylindrical. Another main change is the advent of a copper pinch-
off tube in the second system to replace the seldom-used valve to the turbo pump
in the first system. Other changes are more minor, such as reduction of fluorescence

photodetector size, and custom-made mounts for optical components.

1This volume does not reflect shield dimensions, which encompass a greater volume. Note also
that the size of the system does not include the laser frequency generation optics, described in section
3.3.
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Chapter 4

Experimental Results

4.1 Atomic Timekeeping

Atomic timekeeping with stimulated Raman transitions or Raman adiabatic rapid
passage must take into account the multiple sources of systematic perturbations and
random errors. As discussed in chapters 2 and 3, the interaction between the Raman
laser and atoms causes an AC Stark shift, which perturbs the energies of the hyperfine
levels. The presence of magnetic fields also affects the hyperfine levels due to the
Zeeman shift. In addition, the Doppler shift experienced by fast-moving atoms also
impacts their interrogation. The Doppler effect has been minimized by laser cooling

of cesium atoms to about 20 pK in this thesis.

4.1.1 Characterization and Cancellation of AC Stark Effect

The AC Stark effect was characterized in two different methods. One method used a
detuning scan, in which a single Raman pulse of duration ¢, = 7/ was applied, with
varying detuning 0. This detuning was swept from several hundred kHz off resonance
symmetrically through resonance over the course of several shots, and the frequency
for the peak transition probability was located. Usually, the frequency of maximum
transition probability is shifted from the nominal atomic resonance frequency due to

the AC Stark shift. The intensity ratio between the two Raman frequencies was then
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Figure 4-1: Ramsey sequences used to characterize the differential AC Stark shift are
composed of two microwave 7/2 pulses separated by a dwell time of 0.001 s. The
second sequence also includes an off-resonance Raman pulse of time ¢ between the
microwave pulses.

adjusted until this frequency coincided with the atomic resonance frequency to within
a few hundred Hz.

The second method used two Ramsey sequences and compared the Ramsey phase
differences between them. One Ramsey sequence is composed of two 7/2 microwave
pulses generated from the Symmetricom 5071A separated by a dwell time 7. The
other Ramsey sequence is identical, but also includes a far off-resonance Raman pulse
sandwiched between the two microwave pulses (Figure 4-1). This Raman pulse would
be unable to stimulate Raman transitions, so any Ramsey phase shift seen would be
almost entirely due to the differential AC Stark effect.

As addressed in chapter 2, the interferometer is run at the ®; = 7/2 point due
to its maximal sensitivity at this phase. The dwell time is set to 7Ty = 0.001 s. This
short dwell time minimizes the effects of residual light shifts in the dark or frequency
instability in the microwave circuit that may contribute to Ramsey phase shift. As

mentioned,
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o = 6T (4.1)

In this case, the Raman detuning §; = 250 Hz. The experimental result for this
detuning is 249 Hz, which is consistent with this calculation. For the microwave
Ramsey sequence with Raman pulse sandwiched between the two microwave pulses,
the Ramsey phase is ®uinramen = Po + Pac. In the sequence without Raman,
D, 0raman = Po. The difference in the Ramsey phase between the two sequences

A(I)total = (I)withRaman - (I)noRaman is (USing equation 233)

Aq%otal = (pAC (42)

2
= 271'5Act = 6—dp (43)

where d4¢ is the differential AC Stark shift in Hz, ¢ is the Raman pulse length,
and C' is the interferogram contrast. Various Raman pulse lengths were used in order
to calculate the AC Stark shift with a linear fit before experiments. An example of
this is shown in Figure 4-2.

The first method was used to cancel the AC Stark shift, and then the second
method was used to check for residual AC Stark shift. In practice, the first method

was used alone most of the time.

4.1.2 Ramsey Sequences

For stimulated Raman pulses, the Ramsey sequence is two 7/2 pulses with a dwell
time T' of more than 10 ms.

After the cancellation of differential AC Stark shift using an approximate 7 pulse,
the Rabi rate and the duration of the /2 pulse were determined from Rabi flopping.
A resonant Raman pulse was applied to the atoms, and the pulse length was incre-
mented uniformly over several shots. A sinusoidal transition probability versus the

duration of Raman pulse was mapped out (Figure 4-3), and Rabi rate and the length
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Figure 4-2: Plot of Ramsey phase difference verses Raman pulse length. The slope of
the linear fit gives the AC Stark shift.

of /2 pulse were computed from these data. Compared with the dwell time, the
Raman 7 pulse is much shorter and usually on the order of 5-10 us. Damping occurs
due to decoherence processes over the long pulse duration.

Then, standard Raman and ARP Raman pulses of length ¢,/ = %3 and 26t,/;
respectively were used in m/2 — m/2 Ramsey sequences to produce Ramsey fringes
(Figure 4-4). These data were analyzed to identify the mid-fringe phase value using
equation 2.33.

4.1.3 Magnetic Shielding

Kotru [8] pointed out that fluctuations of ambient stray magnetic fields caused Ram-
sey phase jitter, and therefore negatively affected the stability of atomic timekeeping
for both stimulated Raman and Raman adiabatic rapid passage (ARP) interferome-
ters. The magnetic field instability was the dominant noise source for measurement
times greater than about ten seconds, and was characterized by spectroscopy of the

resonance frequency between the mp = 1 magnetic sublevels of the F = 3,4 hyperfine
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Figure 4-3: Pulse length scan of Raman pulse from 0 to 31us. Rabi rate is calculated
in this instance using fit data to be 100kHz.
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Figure 4-4: Interferogram taken using two standard Raman pulses in a Ramsey se-
quence with dwell time 16.67 ms, plotted as a function of phase difference between
the two pulses. Contrast is 88%.
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states, which have a first-order sensitivity to the Zeeman shift of 700 kHz/Gauss. In
this thesis, passive magnetic shielding was used to suppress the effect of environmental
magnetic fields.

Allan deviation [22] is widely used to assess the stability of atomic clocks. Unlike
standard deviation, which measures the dispersion from the mean value of all mea-
surements, Allan deviation focuses on the difference between the consecutive mea-

surements. A low Allan deviation is an indicator of good stability.

Allan deviation o,(7) is the square root of the Allan variance, which is defined as

=

‘75(7) = 2(71__1) - (Yir1 — vi)” (4.4)

i=1

In the clock experiment, y; = (w; — wyFrs)/whrs is the ith measured fractional
frequency difference with w; as the ith measured frequency. NN is the total number of

measurements, and 7 is the time interval between consecutive measurements.

One advantage of Allan deviation over standard deviation is that various types
of noise processes can be identified by averaging adjacent values of y; for longer
time intervals 7 (e.g., 10° — 10* seconds). Allan deviation for the above grouped

measurements is expressed as

b4

-1

oy(T) = 2(_N1tT) (s — 5i)° (4.5)

i=1

I}

where g; is the average value of the ith group of measurements over time interval

Allan deviation is usually presented as a log-log plot of o,(7) versus 7. In many
cases, several types of noise processes can be identified on the plot based on the
slopes of the different plot regions, depicted in Figure 4-5. White noise is a type
of stationary noise which fluctuates around a baseline that does not change over
time. So, averaging data suffering from white noise over a longer period of time
will yield better precision, as can be seen from the -0.5 slope which characterizes it.

After a certain 7, the white noise will be fully averaged out and optimal stability is
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Figure 4-5: An Allan deviation plot can characteristic different noise types using the
slope of the plot.

achieved at the flicker floor. This is also called the “bucket” or fractional frequency
uncertainty. Over longer periods of time, random walk and drift processes begin to
dominate. These are systematic noises, which alter the baseline about which white
noise fluctuates. So, averaging data over these time scales will yield worse precision,
as seen from the 0.5 and 1 slopes characterizing random walk and drift respectively.

Another advantage of using Allan deviation over standard deviation is that when
random walk and drift noises dominate, standard deviation diverges as N — oo.
Allan deviation circumvents this divergence problem.

Raman ARP data were acquired with magnetic shielding. From the phase data,

fractional frequency difference was obtained via the relation

e 2P 1
S0 C Pt wapsT

y (4.6)

The raw frequency data are shown in Figure 4-6 before they are processed into
Allan deviation via equation 4.5 in Figure 4-7 (blue line). The stability is o, (1s) ~
7 x 107! and 0,(100s) ~ 2 x 107'2. In comparison, Raman ARP data without
magnetic shielding (8] has a stability of o,,(1s) ~ 1.5x 107! and 0,,(100s) ~ 6 x 10712,

The clock transition Zeeman shift is 427.45 Hz/G?. With a bias field of 183 mG

in the shielded data, the second order Zeeman splitting induced in the myp = 0 ground
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Figure 4-6: Fractional frequency difference plotted as a function of time over one
experiment, as deviation from median frequency.
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Figure 4-7: Allan deviations of fractional frequency measurement using Raman ARP
pulses with magnetic shielding (blue) in comparison with the ARP data trend without
magnetic shielding (green). Note both experiments have similar relatively high data
rates, 6.25 Hz and 5.0 Hz respectively. Higher data rates could be employed, and
were limited in these experiments by hardware limits on data acquisition rates.
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states would be 14 Hz. Kotru found that after 7 = 10s, clock stability is related to
magnetic field fluctuations [8]. To cause the Allan deviation at 20 seconds of 8 x 10712,
we can deduce from equation 4.5 that fluctuations of about 3 mG are required in the
non-shielded 87 mG field, if magnetic fluctuations were the sole source of noise.!

The Allan deviation bucket in the magnetically shielded data is at about o(200s) =
2 X 107!2, This corresponds to a 0.24 mG field fluctuation, which is about 0.13%.
This level of fluctuation could have been caused by, e.g., fluctuations in the power
which supplied the bias field within the shields. In magnetic coils, the magnetic field
produced is proportional to input current, and the power supply used has a current
programming accuracy of 0.15% + 20 mA [23].

Other factors could have contributed to this discrepancy. There could have been
a fluctuation of the interrogation time Ty = T'+ AT from shot to shot, which would
have had impact on the phase ® = §(7T'+ AT'). With operation close to resonance, the
O0AT term would give a very small contribution. To account for an apparent frequency
fluctuation of 2 x 10712, the fractional variance in T would have to be of order 2%, or
nearly 0.3 ms. Timing fluctuations are of order 0.1 us, so timing fluctuations cannot
account for the Allan deviation bucket.

An important limit to the 6.25 Hz data is the Symmetricom 5071A reference clock,
which has a reported stability of < 5 x 1072 at 7 = 1s [24]. The 7 x 107! at one
second of the magnetically shielded data is the combination of the ARP clock noise
and the Symmetricom reference added in quadrature. This would be observed if,
e.g., both the Symmetricom and the ARP clock data had Allan deviation of about
5 x 107!2 at one second. Thus, it can be seen that Allan deviation at small 7 is
significantly affected by reference noise, and the ARP clock actually has a short term
stability better than 7 x 107'2 at one second. This is a significant result.

One way to improve measured stability is via closed-loop operation of the clock. It
is noted that so-called open loop operation can contribute to long term frequency drift.
By “open loop”, it is meant that the atoms are used passively to measure the frequency

difference between the atomic resonance and the reference oscillator. Changes in the

1For reference, the Earth has a field of 250 to 650 mG.
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mean value or contrast of the interferogram (Figure 4-4) can be mistaken for frequency
variation in open loop operation. Closed loop operation, wherein a local oscillator
is tuned to remain in resonance with the atoms, can be designed to be essentially
invariant under the slow changes in interferogram mean value or contrast. In closed
loop operation, a tunable oscillator outputs a frequency signal which is used to drive
the Raman lasers, which interrogate the atoms. Then, the atoms would report the
difference betweén the laser frequency they see and their own wgypg, which then is used
to tune the oscillator. Thé quartz crystal oscillator should have low noise, ideally in
the low 10712 range at one second. An oven-controlled quartz crystal oscillator with,

e.g., 0(1s) = 5 x 1072 may be purchased commercially [25].

4.1.4 ARP Raman Pulse vs Standard Raman Pulse

In order to effectively compare Raman ARP and standard Raman clocks, two Ramsey
sequences were interleaved in the experiment. This means that a measurement would
be made using an ARP sequence, then another using a Raman sequence, then ARP,
etc. This simultaneous scheme eliminates some undesirable effects arising from the
independent experiments of Raman ARP and standard Raman transitions, since i,
environmental magnetic field, AC Stark shift, and other factors fluctuate from day to
day.

Use of ARP in atom interferometry was recently developed at Draper Laboratory.
Compared with standard Raman pulses, using ARP Raman pulses was shown to
reduce the Ramsey phase sensitivity to the AC Stark shift by about two orders of
magnitude [7]. Further investigation of the stability of atomic timekeeping with ARP
Raman pulses as opposed to standard Raman pulses was carried out in this thesis.
Several interleaved ARP and standard Raman measurements show that stability is
superior when using ARP, shown in figure 4-8. These data were taken at 2x0.89 Hz,
though effective data rate 0.89 Hz is used to plot data for all ARP measurements, or
all standard Raman measurements. Dwell time was set to T = 16.67 s and bias field

was 183 mG.? Although stability improvement is not uniform throughout all values

2measured with Nicole Pomeroy.
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Figure 4-8: Interleaved ARP and standard Raman measurement data are plotted in

blue and red, respectively, taken with magnetic shielding. Effective data rate 1_11?8 =

0.89 Hz is that between each ARP measurement or standard Raman measurement.

Data rate between consecutive measurements is ﬁ. The relationship between data

rate and short terms stability will be further described in Section 4.1.5.

of 7, it is roughly a factor of 3 better when comparing Allan deviation values at 7 =
10 s.

The stability improvement seen when using ARP may indicate that AC Stark shift
is a limiting factor when using standard Raman. The AC Stark shift fluctuations may
come from power instabilities (~ 1% power) in the RF signal modulating the EOM.

Placing the results into a larger context, the Allan deviation of ARP Raman is
about o,(1s) = 7 x 107'% and 0,(100s) = 2 x 107'2, which is much better than the
stability of CSAC clocks (o,(ls) = 3 x 107'% and ,(100s) = 3 x 107'!) [4] and
better than that of the NIST cold atom double-A coherent population trapping clock
(0y(1s) =4 x 107! and 0,(100s) = 4 x 107'2), at a data rate of 19Hz [9].

4.1.5 High Data Rate

Short term stability is enhanced by increasing data rate. In order to explore this
possibility, Raman ARP data were acquired at high data rate of 6.25 Hz, and then a

new set of data were generated by taking every other point of the above data. The
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Allan Deviation: Interleaved T =14 msec (6.25 Hz)
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Figure 4-9: Allan deviation plots of ARP Raman data using data rates of 6.25 Hz
and 3.125 Hz. The 3.125 Hz data were obtained by taking every other point of the
6.25 Hz data.

new data set has a data rate of 3.125 Hz. The stabilities of two sets of data are shown
in Figure 4-9. Clearly, the stability improves with the high data rate when 7 is less
than 100 s, but there is no difference in stability when 7 is more than 100 s.

The improvement of stability is largely due to the dominance of white noise when
7 is less than 100 s. Allan deviation has negative slope at relative short 7 for most of
the stability measurements in this thesis, indicating that white noise is dominant at
early times.

In particular for white Gaussian noise, when 7 = n7y, the Allan deviation will

reduce by

oy(7) = %oy(a—o) @7

For this reason, white-noise limited stability at low 7 may improve by 1/4/2 if the
data rate is doubled from 3.125 Hz to 6.25 Hz. This is comparable to the undersampled
experimental result in Figure 4-9. As expected, increasing data rate has no effect on
stability at high 7 .

This effect can be seen when comparing the 0.893 Hz ARP Raman data from Fig-
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Figure 4-10: Microwave detuning scan in miniature apparatus from wyps —1 MHz to
wprs + 1 MHz. The majority of atoms are within the magnetically insensitive clock
state, closest to zero detuning.

ure 4-8 and the original 6.25 Hz data from 4-9. From the experimental data, the 0.893
Hz data has stability of 1.03 x 10~!! and the 6.25 Hz data has stability 6.3 x 10~"%at
1.7 s, which gives o, (779) = 0,(7)/1.6. The factor given by purely white-noise limited
stability would be 1/4/7 = 1/2.6. This indicates that other processes are responsible
for frequency instability at this low 7, further seen by the slope of more than -0.5
at 7 < 10s, though white-noise processes were definitely a contributing factor. At
6.3 x 107!, a significant contribution also arises from the reference clock used to
generate Raman pulses, which has a reported o(1s) < 5 x 1072 [24]. Estimating
the measured one second Allan variance of the Raman clock to be the sum of the
Raman and Symmetricom Allan variance (assumed to be 5 x 107!2 at one second) in

quadrature, the actual Allan deviation at one second would be 3.8 x 10~!2,
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4.2 Accelerometry

Accelerometry is planned for the new miniature CLASP apparatus, which is currently
in the testing and adjustment stage. So far, the vacuum system and MOT are fully

operational. Cesium atoms have been successfully cooled and trapped at the center

of the MOT.

State preparation of the atoms in this system, as in the larger test bed, manipulates
atoms into the |F = 4, mp = 0) state using lasers and then to the |F' = 3,mp =
0) state using microwaves. In order to test the efficiency of this preparation, the
microwave frequency was incremented through a wide range around resonance, shown
in Figure 4-10. The largest feature is that near zero detuning, which corresponds to
the transition from [4,0) to |3,0) driven by the microwaves. This shows that the
majority of atoms reside within the magnetically insensitive state, as desired. The
other features, spaced 230 kHz apart, correspond to transitions from magnetically
sensitive states, which have Zeeman-shifted resonance frequencies. Zeeman splitting
between adjacent magnetic sublevels of the F = 4 state is 0.35 MHz/G, which gives
a field of 660 mG based on the data [10].

After successful state preparation, the next step is interferometry. Doppler-
sensitive Raman optics have been implemented. A new Raman laser board has been
built to replace that in Figure 3-9 to facilitate Doppler-sensitive operation. A prelim-
inary interferogram was obtained, shown in Figure 4-11 [26]. The data display a low
contrast of about 11%, which indicates lack of efficiency in Raman beams driving the

atoms. These Raman lasers are currently undergoing optimization.

The miniature system will operate in both Doppler-sensitive, Doppler-insensitive,
and combined modes. This allows it to support both precision one-dimensional ac-
celerometry and timekeeping. For accelerometry, a second system would be built,
identical to the first, to enable “back-to-back” measurements—one system can per-
form interferometry to measure accelerations while the other is trapping atoms in
preparation to do so. Magnetic shields aﬁd mechanical parts were obtained for the

second system. It is desired to test CLASP in various orientations with respect to
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Figure 4-11: Interferogram obtained from CLASP system. Data are in black, and
Fourier fit is in red. Contrast is about 11%.

gravity, mounted on an indexing head, to ultimately produce a technology readiness

level (TRL) 4 or more apparatus. [27]
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Chapter 5

Conclusions and Future Work

Atomic fountain clocks for international time standards are room-sized and operated
in lab controlled environments. Compact atomic clocks such as the CSAC are not
accurate enough for primary reference and only serve as secondary timing references.
There remains an unfulfilled need for compact atomic clocks of primary reference.
This thesis explored atomic timekeeping by interrogating cold cesium atoms in a
highly vacuumed miniature cell with laser pulses.

A new laser pulse scheme, Raman ARP, was recently developed at Draper Lab-
oratory; it has been shown that Raman ARP can significantly suppress the Ramsey
phase sensitivity to AC Stark shift. This thesis further investigated the stability of
atomic timekeeping using Raman ARP in comparison with the standard Raman tran-
sition. When using ARP Raman pulses, the stability was enhanced by a factor of ~3
compared to standard Raman pulses.

Since the original study of Raman ARP at Draper Laboratory was not magneti-
cally shielded, this thesis explored the timekeeping stability improvement with mag-
netic shielding. A double layered shielding of Mu-metal improved the ARP stability
by a factor of 2 to 3.

Increasing the data rate also enhanced short term stability. The experimental
results show that adopting a data rate of 6.25 Hz improved the stability by a factor
of about 1.6 in comparison with a data rate of 0.893 Hz.

Further data rate increase may be feasible, by taking advantage of atom recapture,
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which could be as high as 85% to 95% which has been demonstrated at data rates of
50 to 330 Hz [28]. In the current system, an increase to, e.g., 31 Hz would give 16
ms for interrogation and 16 ms for MOT cooling. Within 16 ms, the MOT will fall
fractions of a millimeter, and thermally expand even less. With 10 mm MOT beams,
recapture could be feasible.

In general, the Allan deviation when using Raman ARP, magnetic shielding, and
high data rate reaches about 7 x 107!2 at 1 second and 2 x 10712 at 100 seconds,
which are more than one order of magnitude better than that of CSACs (3 x 107
at 1 second and 3 x 107! at 100 seconds). This result is slightly better than that
of the cold-atom double-A coherent population trapping clock (4 x 107! at 1 second
and 4 x 10712 at 100 seconds).

Future work should include a feedback system. The error signals from the Ramsey
phase measurements should be fed back to a local oscillator to match the resonance
frequency of the cesium atoms, preferably with a more complicated scheme such as
A-B mod. In addition, fixing optical intensity of Raman and probe lasers with a
control loop may better cancel the effects of AC Stark on clock stability. Further,
operation of the clock in closed-loop configuration would remove dependence on the
Symmetricom clock and increase stability. Although the author made an attempt at
these, they require significant improvement to be effective.

Though operation in dynamic environments necessitates high short-term stability,
long term stability may be improved in future work as well. Implementation of
this may require periodic recalibration of light background levels and temperature

controls.
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