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Oscillators used in timing standards aim to provide a universal, well defined frequency output
with minimal random fluctuations. The stability (precision) of an oscillator is highlighted by its
quality factor @ = vy/dv, where vy is the output frequency with a frequency linewidth of dv. To
achieve a high timekeeping precision, an oscillator can operate at high frequency, allowing each
partition of time, defined by one oscillation, to be short in duration and thus highly precise. In
a similar fashion, because oscillator linewidth determines resolution of the output frequency, a
narrow linewidth will yield a highly precise measure of time or frequency. High quality factors are
advantageous for two reasons: i) frequency stability sets a fundamental limit to the consistency a
clock can partition units of time and ii) measurement precision aids in the the study of physical
effects that shift the clock frequency, leading to improved oscillator output control. In the pursuit
of high quality factors, state-of-the-art microwave clocks match microwave oscillators to narrow
atomic transitions achieving starting oscillator quality factors approaching @ ~ 10'°. Exploiting
their starting quality factor in tandem with atomic transition properties allows microwave standards

0'6 after a month of averaging.

to reach a clock frequency uncertainty and precision of a few parts in 1
Indeed, with this level of timekeeping, microwave clocks now define the SI second and play central
roles in network synchronization, global positioning systems, and tests of fundamental physics.
Naturally, a direct approach to better timekeeping is forming oscillators with higher quality
factors, partitioning time into finer intervals. This is realized in the next generation of atomic clocks,
based on ultra-narrow optical transitions in an atom, capable of reaching quality factors of () > 4 x
10'°. Optical clock quality factors allow operation of frequency standards in a measurement regime

unobtainable by microwave standards, promising orders of magnitude improvement in frequency

metrology. This thesis describes the design and realization of an optical frequency standard based



iv
on an ensemble of optically trapped, laser-cooled '"Yb atoms. The frequency stability between
two 1"1Yb clock systems is presented here, demonstrating the first realized 107! level measurement
precision reaching 1.6 x 107!® after 25,000 s of averaging, a 100 fold improvement over state-of-
the-art microwave sources. Leveraging a much improved measurement precision allows a detailed
investigation of key physical phenomena that shift the atomic transition frequency. An in-depth
study of these systematic shifts is discussed in detail here, with a focus on blackbody radiation
shift and trap light induced frequency shifts. This study results in a total fractional uncertainty
in the ytterbium clock transition frequency of 2.1 x 1078, Finally, the robust operation of "'Yb

clock systems at the 107'8 fractional level is discussed in detail here.
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Chapter 1

The Atomic Clock

Periodic physical systems are the basis we use to establish standards of time and frequency.
Our unit of time, both conceptual and realized, provides the foundation for our base International
System of Units and plays a central role in network synchronization, global positioning systems,
and tests of fundamental physics. The next generation of timekeeping at 1 part in 10'® permits new
timing applications in relativistic geodesy, enhanced Earth- and space-based navigation, telescopy,
and new tests of physics beyond the Standard Model. This thesis details the experimental inves-
tigation and operation of two spin 1/2 ytterbium optical lattice clocks with timekeeping ability at
the 107'® level. This includes: i) A detailed description of the realized operation of a ytterbium
optical lattice clock. ii) An experimental examination of optical clock noise characteristics and

measurement precision. iii) A Careful study of all physical mechanisms responsible for systematic

shifts of the clock frequency, with an emphasis on blackbody radiation and lattice light shifts.

1.1 Short history of timekeeping

Since antiquity we have incorporated the notion of time to order events in the past, present,
and future, and exploited natural bodies to provide fully adequate timekeeping. The beginning of
maritime travel represented the first widespread desire for ultra-precise and highly accurate man-
made timekeepers [119]. Specifically, a ship’s latitude could be obtained from angle referencing
celestial objects; however, longitude required knowledge of local ‘ship’ time relative to starting

location time [119]. To push the limits of chronography, clockmakers connected a robust periodic



mechanical oscillating mechanism to a counter, setting the ground work for timing instrument
construction and the concept of clock performance. That is, the practical realization of a timing
system must adequately divide time (be precise), it must order events into the past, present and
future (be accurate) and it must perform the latter measurements promptly so they are of value.

Oddly, transportation by sea is responsible for some of the best mechanical oscillators ever CreatedE

The conception of Quantum Mechanics at the onset of the 20th century provided the next
great leap in timing innovation. Now the natural properties of atoms could be utilized in man-
made timekeeping devices. Atomic transitions are beautifully suited for timekeeping: they “tick” at
high and well-defined transition frequencies, they are isolatable, immune to environmental effects,
and exist in abundant identical copies. By 1967 the second was redefined in terms of an energy
oscillation in the cesium atom rather than the Earth’s motion. The second is now: “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 caesium-133 atom”[91]. This definition exploits the fast cesium
microwave transition oscillation (~9 billion times a second) and provides a highly precise measure
of time or frequency. With over 50 years of development, microwave clocks have provided immense
insight into the physical mechanisms that modify transition frequencies in cesium and cesium-like
atoms. Uncertainties (accuracies) of state of the art cesium standards now reach a few parts in
10%6 [53]. Derivatives of this effort include: Timekeeping and timing transfer at the 10716 level,
International Atomic Time (TAI), Coordinated Universal Time (UTC), direct verification of general
relativity, GPS navigation, definition of geoid potential, the leap second, etc.[77), [78, 128 [25]

A natural progression to higher timekeeping performance is the use of higher frequency (op-
tical) transition oscillators. Indeed the finer we divide time, the more precisely we can order events.

Consequently, the invention of the laser in 1960 represents an important milestone shaping time-

! This was serious business as incorrect perception of ship location could mean life or death on an open body of
water.



keeping today [110]. Still under development, laser technology in the visible spectrum is providing
gains in frequency metrology, laser cooling, ultra-narrow atomic spectroscopy, quantum manipula-
tion of atoms, and frequency comb metrology [107, 120, 65 14, [137]. As optical technology matures,
the next generation of timekeepers based on optical oscillators matched to atomic transitions will
subdivide the second into quadrillions of pieces giving an even more precise measure of time. The
ability for an optical clock to measure mHz shifts in its optical frequency or 1 part in 10'®, ushers in

the next generation of timing, enabling new and exciting applications for precision measurements.

1.2 Oscillator measurement precision and accuracy

As described above, two qualities determine the nature of a frequency standard: timing
accuracy and timing precision. The former results from a combination of systematic uncertainty
(effects that alter the standard’s periodicity from its natural, unperturbed state), and statistical
uncertainty from repeated measures. The latter describes our ability to subdivide time set by
oscillator instability or how the ticking fluctuates over a measurement periodE] To illustrate these
essential properties, imagine a pendulum clock. The periodicity of the pendulum swing provides the
clock timebase. With ample measurements, the correct value of period or frequency is determined by
the pendulum design, with deviations resulting from systematics (e.g., slow changes in temperature
and air pressure which affect the pendulum clock). How the pendulum period or frequency changes
over time limits the consistency we can partition units of time, setting the measurement precision.

Oscillator instability and uncertainty form a symbiotic relationship: we use instability to
study systematic effects, and knowledge and control of systematic effects gives better oscillator
instability. However, no time or frequency standard can make a timing measurement better than
the statistical precision set by its instability. Further, the systematic uncertainty of an oscillator’s
frequency is often constrained by its long term instability. Therefore, although accuracy is essential

for completely characterizing a frequency oscillator, the instability may be the most important (and

2 This will also have a statistical uncertainty set by the measurement taken.



limiting) property of an atomic standard.

1.3 Optical atomic quantum oscillators

In the pursuit of exquisite timekeeping, we turn our attention to optical quantum oscillators,
exploiting ultra-fast optical transition oscillations as a periodic pendulum. An optical atomic clock
in its most basic sense is a local oscillator (laser) whose frequency is stabilized relative to an atomic
transition, usually in a collection of neutral atoms or a single trapped ion. Ticking ~ 10° times faster
than microwave systems, optical clocks divide the second into finer intervals, allowing a more precise
measure of time. To illustrate this, we consider the starting stability (precision) of a frequency
standard, given by the product of the resonance quality factor, Q, and the measurement signal-to-
noise ratio (S/N). For an optical source, Q is determined by the transition frequency divided by the
transition linewidth, typically 10™. In many optical atomic clocks, the clock transition is detected
using an electron shelving technique with a typical S/N of up to ~100. Therefore, with a single
clock measurement (about 1 s) a fractional precision of 10716 can be achieved; a level of precision
reached by cesium microwave frequency standards only after a month of operation [53].

To enjoy the potential stability of a universal optical quantum oscillator we must account for
all systematics that modify the natural transition frequency. Exploiting high optical measurement
stability to characterize systematics can produce optical clocks with uncertainties superior to those
of the best microwave atomic clocks. Of course, further reduction and control of a system’s uncer-
tainties will likely offer improved instability. Consequently, both oscillator stability and uncertainty
play a role in realizing the true potential of a high frequency quantum oscillator, thereby unlocking

measurements unobtainable by microwave standards: timekeeping at 1078 and beyond.

1.4 Alkaline earth and alkaline earth-like atoms

Ideal quantum oscillators in an atomic clock would possess a means to achieve high S/N

measure of an optical transition, easy quantum control, ultra-narrow atomic resonance (giving



a high Q value), and limited sensitivity to systematic effects. Fortunately alkaline earth and
alkaline earth-like atoms, which are characterized by an atomic structure with two outer electrons,
have these qualities freely provided by nature through the interaction of two valence electrons
and internuclear structure. These atoms have ground state electrons in the S orbital and optical
transitions to a low lying P orbital. The combination of two spin 1/2 particles divides the electronic
spin structure, S, into a singlet spin state (electronic spin configuration S = 0) and triplet spin
states (electronic spin configuration S = 1). Considering only the dipole interactions, transitions
would be forbidden between spin singlet and spin triplet states [116]. As a consequence, 3Pj triplet
manifold lifetimes can be extremely long (few thousand years), that is to say, they can posses a
vanishingly narrow atomic transition linewidth (Q that is effectively infinity). However, beautiful
atomic structure develops when these two electron systems are naturally or artificially perturbed
from the idealﬂ In the perturbed case the 3Pj manifold lifetimes become quenched, broadening
their transition linewidths and shortening state lifetimes. This can produce a quantum system
adaptable for collection, cooling, and spin-polarizing of atoms [101]. States with limited angular
momentum grant reduced sensitivity to light field polarization effects [64]. Strong dipole transitions
out of the 1Sy ground state facilitate fast photon scattering for high S/N detection of long lived,
ultra-narrow atomic transitions. The combined properties of alkaline earth and alkaline earth-
like atoms provide quantum systems favorable for a high-performance clock: adaptability for the
collection and isolation of atoms, high S/N detection, high but realistic Qs, and potentially low

sensitivity to external environments.

1.5 Ytterbium characteristics

Ytterbium, an alkaline earth-like atom from the lanthanide series, offers seven stable isotopes
from which one can select the perfect quantum oscillator specimen. Of particular interest is the

fermionic isotope 171 Yb because it enjoys hyperfine interaction from its simple nuclear spin (I =1/2)

3 From LS coupling, a nonzero nuclear spin, and an external magnetic fields



and possesses the qualities described above for a high-performance clock [136]. The hyperfine
interaction mixes a small amount of the 'P; and 3P; states into ®Py. The result is an ultra-narrow,
laser accessible, limited sensitivity, transition at 578 nm with a natural linewidth of Av~10 mHz.
The hyperfine interaction with a J = 0 — J = 0 states produces two energy levels, £1/2mp in
the ground and excited sates with opposite magnetic sensitivity that can be averaged to eliminate
first order magnetic effects shifting the clock frequency. Furthermore, the So-'P; and 1Sy-3P;
transitions provide a way to cool and collect 17'Yb, first using the strong dipole transition at
399 nm (Av~30 MHz) and then the weaker intercombination transition at 556 nm (Av~180 kHz),
respectively. Atomic population can be shuffled to one of the mp = £1/2 ground states by applying
circularly polarized light, resonant with P;. Additionally, because the Syp-'P; transition has a fast
scattering rate, it can be used for a high S/N detection of ground state atom population. Combined,
the properties of !"'Yb make this atom an ideal optical quantum oscillator: high S/N detection,
a high (but realistic) Q with limited magnetic sensitivity (J = 0), straight forward laser cooling
systems, and quantum control on the 'Sy-3P; transition. Moreover, the 3Pj manifold transitions
are easily accessible with robust laser systems, advantageous for continuous clock operation. An

energy level diagram and relevant electronic states of '"1Yb are given in Figure

1.6 Interrogation of free space atoms

To this point we have only considered ideal quantum oscillators free from motion. However,
in nature a collection of gaseous atoms will have a characteristic temperature, with a corresponding
velocity distribution given by the Maxwell-Boltzmann law. Additionally, a single atom moving in

a laser field will experience a detuned field frequency relative to an atom at rest of

W= wp (1$%) (1.1)
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Figure 1.1: Relevant Yb atomic energy levels and transitions, including laser cooling transitions
(399 and 556 nm), and the clock transition (578 nm). Resonant 556 nm circularly polarized light
moves atomic population to one of the ground mp states through the 3P; hyperfine manifold, spin
polarizing the atomic sample. The two clock transitions are averaged, exploiting opposite magnetic
sensitivity of mp = +1/2 vs. mp = —1/2. Py provides a closed, fast, cycling transition for high
S/N detection of ground state occupation.



where v is the velocity component parallel to the source, w is the transition frequency (in radians
per second), and ¢ is the speed of light [23]E| This phenomenon is commonly known as the Doppler
effect. At finite temperature, T', our collection of clock atoms will have a Gaussian distribution of
velocities with a cumulative effect of broadening a transition spectrum beyond the natural linewidth,

with full width at half maximum (FWHM) of

8kpT1In(2)

mc?

AVFWHM = 140 (13)

where kp is Boltzmann’s constant, 1 is the natural transition frequency (in Hz), and m is the
mass of the atom [23]. Consequently, the Doppler width of our clock transition at room temper-
ature is ~488 MHz or 9.5 x 1077 in fractional frequency (Av/vp). Indeed the most direct way
to limit Avpw s is reducing the gas temperature. Commonly this is done via Doppler cooling,
where red detuned lasers cool the atomic sample by exploiting the presence of a Doppler shift to
preferentially absorb a photon momentum opposite the motion of an atom [30, 97]. Excited atoms
spontaneously decay, re-emitting photons in all directions, resulting in net kinetic energy removal
from the ytterbium gas, lowering its characteristic temperature. As this process requires the re-
peated preferential photon absorption (cooling) followed by re-emission in all directions (heating),
atom-photon momentum exchange reaches thermal equilibrium with final atomic temperature on
the order of

TDoppler = (1 4)

2kp’
where T" is the natural linewidth of the resonance (in radians per second) [86]. In our ytterbium

system we cool atoms on the 'Sy-3P; intercombination transition at 556 nm, with a linewidth of

~ 180 kHz, reaching temperatures of several micro-Kelvin. Assuming a final atomic temperature

4 This Doppler shift equation is only accurate to first order in v/c. Expanding the relativistic Doppler formula as

a power series in v/c will give
v+1v2 (1.2)
w=w -+ =-=... .
o\FeT2a

where the linear term is the first order Doppler effect and the quadratic term yields the second order Doppler effect.
See chapter 6 for more details.



of 6 uK, the Doppler broadening is limited to ~70 kHz or 1.3 x 1070 fractionally, some 8 orders
of magnitude above our desired level of performance.

Finally, even considering an ideal case of a single photon absorbed by a stationary atom,
conservation of momentum and energy requires the atom to recoil, shifting the perceived transition
frequency. Although this recoil energy is small, it has the consequence of an emitted photon (from
a stationary atom) having incorrect energy for absorption for the exact same transition by another
identical motionless atom. If our clock uncertainty was limited by the recoil energy of the emitted

photon,

h

DA (15)

AVrecoil =

that would correspond to a linewidth of ~3.5 kHz or 6.7 x 10712 fractionally. Consequently, Doppler-
free, and recoil free techniques are required if performance reaching microwave standards and

beyond is desired.

1.7 Spectroscopy of ultra-narrow optical transitions at the Hz level

An atom interrogated in free-space requires the conservation of both energy and momentum
giving rise to recoil and Doppler effects. However, a quantum oscillator confined to a dimension
less than a transition wavelength (known as the Lamb-Dicke regime) experiences no Doppler or
recoil shifts, rather, its motional characteristics are dictated by the trapping potential [36]. We
can explain this behavior semi-classically by considering an atom confined to a quantum harmonic
potential, submerged in a large (relative to harmonic confinement) electromagnetic wave. As the
atom oscillates within the trap, it experiences a corresponding phase oscillation of the electromag-
netic wave at the trap frequency. Because the phase oscillation amplitude is < 27 and sinusoidal,
the atom enjoys a time averaged atomic velocity of zero, with sideband features at the motional
frequency. Additionally, in the limit of tight atomic confinement in the harmonic potential, the
recoil shift is absent as well because the net momentum change relative to the trapping energy is

minimal. The light momentum is not lost, but simply transfers to the atom-harmonic potential
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‘structure’ with minimal system momentum change.

To eliminate Doppler related broadening using the Lamb-Dicke suppression, we engineer an
off resonant, conservative dipole light trap, or optical lattice, spatially confining our ytterbium
atoms in a harmonic oscillator-like potential. The extent of confinement is quantified by the Lamb-
Dicke parameter, n, which gives the relative spacial confinement of the atomic wave function, Az,

to the clock transition laser wavelength,

h w
= kAz = ky/ =,/ 1.6
" . 2mwy wo ( )

where wy is vibrational frequency of the harmonic potential, and w, is the recoil shift (in radians

per second). Operating in the Lamb-Dicke regime (7 << 1), we can make two types of transitions:
carrier transitions where the internal quantum state changes but not the atomic motion and side-
band transitions when the atomic motional state is changed along with its quantum state. The
Hamiltonian of the combined atom- and quantum harmonic oscillator- system interacting with a
electromagnetic plane wave has solutions to the time-dependent Schrodinger equation analogous
to the Rabi flopping solution of a two level system. The Rabi flopping frequencies between ground

and excited states in motional state, n, can be expressed as [134] [72):

Qn,n—l = 77\/7590

O = Q (1.7)

)

Qn,n-‘y—l = nvn+ 1Q0

where €, ,—1, Oy, and £, 11 are the Rabi rates for the first order red sideband, carrier, and first
order blue sideband respectively, and ) is the Rabi flopping frequency of the atom-electromagnetic
wave interaction. The relative strength of sideband transitions to the carrier is proportional to 72,
consequently as 7 — 0, red and blue sideband intensities become greatly reduced [72]. This has
added effects of suppressing sideband line pulling of the (natural) carrier frequency and promoting
homogenous excitation of the clock transition in large atomic populations as the dominant Rabi

rate, {2, », remains independent from motional state occupation.
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The optical lattice is generated by interfering counter-propagating laser beams of the same
frequency that result in an optical standing wave with periodic electric field potentials every A/2.
Using a Gaussian beam, counter-propagating wave interference creates a spatially periodic array
of 2-D pancake shaped potentials, confined radially by the Gaussian parameters. Atom trapping is
a consequence of the atomic electronic polarizability interacting with the spatial gradients of the
electric field. Additional laser beam interference can create multi-dimensional (1-D, 2-D and 3-D)
confinement of arbitrary construction. Ultimately we can adjust four components when engineering
an optical lattice: laser frequency, polarization, electric field intensity (potential depth), and optical
wave interference via laser alignment.

Aligning the clock interrogation laser along the direction of tight lattice confinement elimi-
nates Doppler and motional effects while probing the ultra-narrowband electronic ‘clock’ transition.
With the clock transition well resolved, we match our optical local oscillator to the atomic frequency,
creating our clock timebase. Although the optical lattice induces a Stark shift on the atoms’ elec-
tronic states, the net effect can be nearly canceled by operation at the so-called ‘magic’ wavelength,
Am, Where both electronic states of the clock transition are shifted equally [64]. A key advantage of
the optical lattice is that many (103 to 10%) atoms are isolated and confined in the lattice potential.
All of these atoms are interrogated simultaneously, thereby improving the atomic detection signal-
to-noise and thus the instability beyond that of a single quantum oscillator. Assuming a starting
ytterbium transition of ~ 1 Hz, and a S/N of 100, we find our beginning fractional measurement
precision at 1 s to (theoretically) be ~ 2 x 10_17E| where atomic noise properties allow enhancement
of measurement precision via averaging of frequency information. As lattice clocks combine high
S/N with an ultra-narrow optical transition, many have anticipated these clocks realizing the goal

of 10718 fractional time and frequency measurement precision and accuracy.

5 See Chapter 3 for more detail. At the time of this writing, clock performance at this level has yet to be achieved
for times < 10 s.
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1.8 Applications of atomic clocks at the 1078 level

0'® is equivalent to specifying the age of the known universe

A measurement at 1 part in 1
to a precision of less than one second or Earth’s diameter to less than the width of an atom. To
illustrate the power of this measurement capability, we first consider the gravitational redshift, a
consequence of general relativity dictating that clocks ‘tick’ more slowly in gravitational fields. This
phenomenon has long been accounted for when remotely comparing atomic clocks with gravitational
elevations differing by many meters or km. A clock measurement at the 10718 fractional level can
be used to resolve spatial and temporal fluctuations in Earth’s gravitational field equivalent to
1 cm of elevation, offering a new tool for geodesy, hydrology, geology, or perhaps even climate
change studies [112, 29] 66, 113]. Space-based implementations can probe alternative gravitational
theories, e.g., by measuring red-shift deviations from general relativity with a precision that is
three orders of magnitude higher than the present level [I13]. Additionally, although present-
day temporal and spatial variation of fundamental constants is known to be small, 10~ '®-level
clock measurements offer up to two orders of magnitude tighter constraint on these variations,
the theories predicting them, and may provide insight into dark mater [43]. Finally, timekeeping
improvements directly benefit navigation systems, telescope array synchronization (e.g., very-long-

baseline interferometry), secure communication, quantum control of atomic systems, interferometry,

and likely lead to redefining the SI second [68] [15 [43].

1.9 Thesis overview and perspective

With the realization of the first optical clocks around 2000, there was great excitement over
the potential high strides atomic clocks were poised to make. One of the first optical clock proposals,
even speculated that with a continued effort, frequency metrology at 1 part in 10'® could be possible
[64]. In a field where historically v/2 improvement was an immense achievement, we now where

faced with opportunities to advance our timekeeping abilities by 100x, 1000x, or more. Indeed, over
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the past 15 years, such strides have been realized, with each milestone opening new applications
and measurement possibilities. In this thesis I describe the first experimental realization of atomic
clocks operating at the proposed 1078 level. These results require the understanding and control
of multiple key physical effects, which will be described in detail here. As a result, we demonstrate
clocks that not only reached 10718 in terms of fractional frequency measurement precision but also
in terms of uncertainty relative to the natural ytterbium ‘clock’ transition frequency.

The experiments done to complete this study used two complex apparatus, each formally
referred to here as a ‘ytterbium optical lattice clock’. The complete study was a result of a ded-
icated research team effort, however, I was involved in virtually all aspects of the measurements
performed here. In particular, my efforts focused on the ytterbium apparatuses, primarily the first
ytterbium system, which I operated independently for multiple years. Our goal as a team was
simple: demonstrate the best measurement performance possible, then use this capability to study
physical effects altering the natural ytterbium clock transition. My efforts originally concentrated
on the construction and stabilization of laser systems used to control and manipulate ytterbium
atoms. In parallel T began working with Jeff Sherman, Nathan Lemke, and Andrew Ludlow on
measuring the differential static polarizability of the ytterbium clock transition (Chapter 4). We
continued our efforts with Kyle Beloy to measure the dynamic correction factor needed to de-
scribe blackbody radiation interaction with ytterbium. At this time, Jeff, Andrew, Nathan, and
I worked on construction of a second ytterbium system. After completing the second ytterbium
clock apparatus we began investigations of our measurement performance. This resulted in the
first demonstration of atomic clocks operating at the 107! level, and my first author publication
of our stability result in Science in 2013 [55].

After this effort I continued to work with Andrew Ludlow and Kyle Beloy on the construction
of a blackbody radiation shield as we preceded with the second part of our group goal. With the help
of Nate Phillips running the second ytterbium system we directly observed a blackbody radiation

shift in our ytterbium clock. After a long, and dedicated effort, we completed our study of the
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blackbody radiation shift at the 107! fractional level (Chapter 4 of this thesis) and resulted in my
second author publication in Physical Review Letters.

Then I started to work with Nate Phillips on the first lattice light shift measurements on the
second ytterbium clock system (Chapter 5). Work progressed to a point where lattice light shift
measurements could continue with a single system, and I began to measure other systematics on
the first ytterbium system. At this time, a visiting professor from University of Korea, Tai-Hyun
Yoon, spent a sabbatical year working in our group. With my lead, Tai and I measured a host of
systematic effects for the ytterbium optical lattice clock (Chapter 6), notably the DC stark shift
and Zeeman shift (joined later by Will McGrew on the Zeeman measurements). At this time, a
postdoc, Marco Schioppo, was making improvements to the clock laser. Marco Schioppo, Will
McGrew, and I continued to study Doppler related light shifts, and phase chirps that can develop
from delivering stabilized clock light to the ytterbium atoms.

Parallel to this investigation, I began forming a new lattice laser system to be used by both
ytterbium apparatus. This included providing an interface with the existing second ytterbium
lattice system, and constructing a new optical system around the first ytterbium apparatus to
accommodate trapping ytterbium in a vertically oriented lattice with density shifts in the 10718
level, able to be characterized to the 107! level. This began our efforts to quantify lattice light
shifts for different lattice sources on both ytterbium systems, and complete the study of lattice light
shifts, an effort headed by a postdoc Roger Brown. With Marco Schioppo’s dedicated efforts on
the clock laser, combined efforts to characterize clock derived systematic shifts, and my vertically
oriented lattice that could transfer stabilized clock light to the atom reference frame, our group
demonstrated a clock construction with near elimination of Dick noise using Ramsey spectroscopy,
with a potential, four clock stability of 6 x 10717/,/7 with 7 in seconds of averaging [114]. My
final work involved a second investigation of the background gas shift headed by Will McGrew. We
investigated two atomic background gasses (ytterbium and hydrogen) and the measurement and

control of these shifts at the 10719 level. This completed the last systematic study needed for 10718



level clock uncertainty relative to the natural ytterbium ‘clock’ transition frequency.
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Chapter 2

Experimental Operation of the NIST Ytterbium Clock

Ytterbium is a metallic element with a bulk property appearance similar to the mineral iron
pyrite, more commonly known as fool’s gold. Realization of an atomic clock based on this quantum
oscillator requires performing high resolution spectroscopy on a single isotope of ytterbium and
matching the frequency of an optical local oscillator to its electronic resonance. Here we detail
the procedure transforming metallic ytterbium to an optical frequency timekeeper. This includes
the trapping of '"1Yb, formation of a specially designed optical lattice, constructing a high quality
local oscillator for spectroscopy on the 1S5-3Py clock transition, and a control system linking each

clock component for autonomous operation.

2.1 Laser cooling and trapping of ytterbium atoms

Our two clock apparatus, referred to here as Yb-1 and Yb-2, independently heat a solid
nugget of ytterbium in an effusive Knudsen cell (atomic oven) housed in a high vacuum (10~7
Torr) enclosure. When heated (~ 800 K) the oven produces a thermal beam of ytterbium atoms
that propagates along the axis of the vacuum chamber through a differential pumping area to a
separate ultra-high vacuum (10~ Torr) section constructed to have optical axis for laser cooling
and trapping. In the ultra-high vacuum section, Yb-1 and Yb-2 cool and collect 10 - 50 million
1Y atoms from the thermal beam utilizing the strong, closed Sp-'P; dipole-allowed transition

at 399 nm. First, a counter-propagating 10 mW, 399 nm, laser beam detuned ~ 120 MHz below
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resonance slows "1Yb atoms from the thermal beam as they approach the trapping volumeH Then,
the slowed atoms are confined and laser-cooled in a blue magneto optical trap (MOT) consisting
of three nearly-orthogonal, retro-reflected 1 mW, 399 nm beams detuned 15 MHz below resonance
and a magnetic field gradient of ~3 mT/cm, generated by a pair of anti-Helmholtz coils [104]. The
fast decay rate of the 1Sy-'P; transition ultimately limits the temperature of the 399 nm MOT to
~ 1 mK from random photon scattering. Trap loading times can rage from 30 ms to 1 s depending
on desired MOT population.

A second stage of laser cooling using the weaker 1Sy-3P; intercombination transition at 556 nm
forms a green MOT, which further reduces the atomic temperature to the uK level. We step the
magnetic field gradient and apply increasingly resonant 556 nm light in three stages to efficiently
transfer atoms from the blue MOT into the green MOT, while preparing the atomic sample for
the lattice. Typical transfer efficiencies from 399 nm MOT to 556 nm MOT are > 90%, largely
dependent on initial green MOT parameters. The first stage of green MOT cooling, initiated during
the blue MOT, applies 300 uW of 556 nm laser light red detuned by 2 MHz for ~17 ms after the
blue MOT cooling. In the second stage we step the 556 nm frequency closer to resonance by 1 MHz,
doubling the first stage green MOT field gradient to ~2 mT /cm, which compresses the atomic cloud
and ensures a better overlap with the optical lattice potential. Third-stage green MOT detuning
and optical power are reduced to <500 kHz and <30 uW respectively, both tuned to regulate the
final atomic atom number, and temperature between 4-25 uK, with a minimum largely defined by
the Doppler-cooling limit. Second- and third-stage green MOT cooling times last 20 ms and up to
50 ms respectively, depending on desired ensemble temperature. At the tens of uK level, our final
atomic sample of several million ytterbium atoms is sufficiently cold to be trapped in our lattice

potential.

! No Zeeman slower is employed
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2.2 The optical lattice

The lattice light trap is an electromagnetic standing wave formed by interfering two counter
propagating laser beams, generally of the same frequency and polarization. The lattice wavelength
is fixed at A, ~759 nm where the 'Sy and 3P states in ytterbium have equal Stark shifts [73]. We
employ a red-detuned lattice where the polarizability of 1"Yb enables dipole traps in areas of high
laser field intensityﬂ In this way, atoms are localized to a volume less then a transition wavelength
and normally large ac-Stark shifts cancel, preserving the natural 'Sy to 3Py transition frequency.
Consequently, special attention is given to lattice characteristics (spectral purity, frequency, formed

dipole trap...) so this potentially highly perturbative effect can be well controlled.

2.2.1 Lattice light source

The optical lattice potential must be sufficiently deep to trap atom ensemble temperatures
determined by the final green MOT. Additionally, high spectral purity is required for exactly
matching the ac-Stark shifts of 1Sy and 3Py. Fortunately the common Titanium Sapphire laser
(Ti:S) offers excellent power and spectral purity at the desired lattice wavelength \,,. Each Yb
system’s lattice is derived from a distinct (Ti:S) laser; one is built with all intracavity elements tuned
to operate at 759 nm (Yb-1), and the other is injection locked by an external cavity diode laser
near 759 nm (Yb-2). Power output can range from 2 W-5 W depending on operation parameters
with a typical line-width of 50 kHz. The Ti:S output power spectrum is further filtered by an
interference Bragg grating (AX = 0.05 nm) eliminating amplified spontaneous emission away from
Am- For additional frequency stabilization, a small fraction of the output from ether lattice system
can be sent via polarization-maintaining (PM) optical fiber to a reference optical cavity, fixing the

lattice frequencyﬂ Feedback to an intra-cavity piezoelectric transducer (PZT) stabilizes the Ti:S

2 16, and 3P, Stark shift can be matched in a blue-detuned lattice where atoms are trapped in regions of low
electric field intensity
3 Reference cavity drift is < 100 kHz/day
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lattice laser frequency to a reference cavity resonanceﬁ A small fraction of lattice light is sent to

a frequency comb for an absolute frequency measurement.

2.2.2 Lattice frequency, amplitude, and polarization control

Each Ti:S output is frequency controlled by a unique acousto-optic modulator (AOM) that
shifts its respective output laser frequency to 394,798,271.1(5) MHz for confinement of ytterbium
atoms near \,,. The laser frequency difference between the Ti:S of Yb-1 and that of Yb-2 can
be directly detected in a heterodyne optical interferometer. This heterodyne beat is stabilized
to 162 MHz using an radio frequency (RF) delay line interferometer, with Yb-1’s laser frequency
chosen higher than that of Yb-2. An AOM downshifts Yb-1’s laser frequency by 82 MHz, where
another AOM upshifts Yb-2’s frequency by 80.0 MHz, ultimately leading both to 394,798,271.1(5)
MHz, before the light is sent via PM fiber to the atomic systems. We efficiently transfer up to
~2 W of optical power to the vacuum system for our lattice configurations. Feedback to AOM RF
power is used to intensity stabilize light delivered from each lattice system. For additional intensity
control at higher bandwidth, we employ an electro-optic amplitude modulator. A polarization cube
assures pure linear lattice polarization before the vacuum chamber. Additional A\/2, \/4 waveplates
following the polarization cube are tuned to minimize birefringence induced ellipticity from fused

silica vacuum viewports.

2.2.3 Optical lattice potential

Yb-1 and Yb-2 are designed to accommodate multiple lattice configurations. We adopt
two techniques that generate lattice standing waves: a simple retro-reflected lattice beam, and
an optical buildup cavity. For the retro-reflection technique, incoming light is focused and retro-
reflected from the opposite side of the vacuum chamber and mode-matched to the incoming beam,

thereby forming trap at the focus. Alternatively, we generate standing waves by locking the lattice

4 Lattice frequency control at the MHz level is routine.
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laser output to an optical buildup cavity overlapped with our green MOT atoms. The enhancement
cavity exploits lattice power buildup to form a large lattice mode volume providing greater transfer
efficiency (higher atom number) from the green MOT while limiting atom-atom interaction effects
and allows for deep trap depths.

Both Yb-1 and Yb-2 enjoy a horizontally-oriented retro-reflected lattice. In this simple and
robust technique, 500 mW to 1 W of laser power is focused to 60 um (1/e? intensity diameter)
allowing for trap depths of ~600 E,, routinely trapping 25,000 atoms. (recoil energy E,/kp =
100 nK) In later experiments, Yb-1 employed a retro-reflection lattice with different lattice param-
eters in the vertical direction. This vertical lattice possesses 400 mW to 2 W focused to 120 pm
(1/€? intensity diameter) for trap depths of ~ 400 E,., regularly trapping 100,000 atoms. Yb-2
employs an optical buildup cavity in the vertical direction by locking ~200 mW of laser power into
a Fabry-Perot buildup cavity by means of the Pound-Drever-Hall (PDH) technique [37]. The lattice
enhancement cavity has a finesse ~ 200, which increases the lattice power by ~70x and allows trap
depths of ~ 2000 E, for a focus of 320 pym. With this large trap mode volume, the Yb-2 vertical
lattice routinely traps ~1 million or more ytterbium atoms. Light transmitted through the cavity
is intensity stabilized, preventing heating of atoms from amplitude fluctuations. In general, vertical
lattice potential configurations also include potential energy differences between lattice sites due to
the presence of Earth’s gravitational ﬁeldﬂ The above lattice configurations allow trapped atoms
to range in number from several hundred to 1 million depending on final atomic temperature and

original blue MOT population.

2.3 Optical local oscillator

To approach the natural Q factor of the ytterbium clock transition, it is necessary to provide
additional stabilization of the stable laser source used as the optical local oscillator (LO) before

performing spectroscopy on the lattice trapped atoms. Standard practice is to pre-stabilize the clock

5 see Chapter 5
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laser to an isolated, high-finesse Fabry-Perot interferometer (optical cavity), thereby transforming
the problem of frequency stability to one of length stability. Current state-of-the-art optical cavity
performance achieves a length stability limited by thermal mechanical fluctuations of the mirror
surfaces corresponding to a thermal noise floor limited fractional frequency of ~ 1 x 10716 [90], 130,
61]E| A well-designed optical cavity will have well defined and fixed frequency resonances (high
finesse, high S/N, and limited length deviations), and be insensitive to the outside environment
(temperature, vibrations, electronic noise etc.). Current state-of-the-art optical clocks are still
limited by optical cavity noise, with notable performance advances resulting from more advanced
and higher performing optical cavities [62], 55, 89 K0l 4].

Our local oscillator starts as a tapered amplified quantum dot laser operating at 1156 nm
with a free running linewidth of 30 kHz. Using the PDH technique, we servo-lock its frequency to
a resonating mode of an isolated high-finesse, Fabry-Perot optical cavity to reduce the clock laser
linewidth from 30 kHz to < 100 mHz for ultra-high resolution spectroscopy [37, [61]. To control
the thermal expansion (i.e. the frequency) we chose ultra-low expansion (ULE) glass as the cavity
spacer material with a thermal expansion zero crossing slightly elevated from room temperature. To
minimize and control the linear drift of the ULE spacer, we use a passive thermal isolation system.
The cavity is housed in box shaped vacuum enclose at ~ 10~® Torr. Inside of the vacuum there
are 3 nested layers of box shaped polished aluminum radiation shields providing passive thermal
isolation. The vacuum enclosure has an estimated thermal time constant of 4 days, providing 7
orders of magnitude thermal low-pass attenuation to 1 h time-scale temperature fluctuations. To
regulate the external vacuum enclosure surface temperature, there are 6 in-loop and 6 out-of-loop
thermistors (1 for each side) with corresponding resistive heaters. The temperature is set slightly
elevated from room temperature and servo-locked to the thermal expansion zero crossing of the
ULE cavity spacer. Five additional layers of silica aerogel cover the heater elements to provide

thermal insulation, decoupling the temperature servo control from the surrounding environment.

6 For perspective, usual length fluctuations in high performance optical cavities are less than the width of an atom.
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After ensuring stable temperature operation at the thermal expansion zero crossing, we im-
plement a vibration insensitive cavity construction [I30, 129]. Acceleration induced deformation
of the ULE along the direction of gravity is reduced by suspending the cavity about points where
outer cavity mass slump matches inner cavity suspension contraction, preserving net cavity length.
Resting the cavity on four hemispherical Viton supports placed symmetrically about the cavity
center of mass reduces vibration insensitivity in the horizontal plane [130], 129]. With the optical
cavity now insensitive to both temperature fluctuations and mechanical vibrations we can reach
the fundamental Brownian thermal noise limit. To push the Brownian limit we employ several
room temperature strategies: (1) long ULE cavity (30 cm), (2) large beam size to average ther-
mal mechanical fluctuations of the mirror surfaces, and (3) mirror coatings and mirror substrates
with high mechanical quality factors [61, 50]. We also obtain several advantages from operating
in the near-infrared including low-loss dielectric mirrors, a more convenient wavelength for inter-
facing with frequency combs, and the potential use of crystalline mirror coatings. The stabilized
1156 nm light is sent to a periodically polled lithium niobate (PPLN) waveguide crystal that pro-
duces 20 mW of 578 nm light via second harmonic generation with a conversion efficiency of ~20%
at a phase matching temperature of ~ 36.4 C. Optical elements used in the clock laser system
are held on a breadboard suspended on an actively canceled vibration isolation platform providing
30-40 dB of isolation from noise ranging 5 Hz-100 Hz. The 578 nm light is distributed to Ybl
and Yb2 through fiber-noise-canceled optical fibers, and matched to Sy-2Py clock transition by
independently controlled AOMs. (See the Chapter 6 section of ‘Doppler shift, 15 and 274 order’

for more detail)

2.4 Spectroscopy of the ytterbium clock transition

In the lattice, the ytterbium atoms are confined to the sub-wavelength level (also known
as the Lamb-Dicke regime), thereby eliminating Doppler effects in the direction of the clock laser

propagation, allowing high resolution spectroscopy of the ultra-narrow 2P, triplet transition. Atoms
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Figure 2.1: Schematic of the NIST ytterbium optical lattice clock. All laser beams are fiber coupled
to the clock vacuum chamber platform. Not shown are the slowing, trapping and cooling 399 nm
and 556 nm laser beams, probe laser, repump 1388 nm laser, vacuum chamber structure, and optical
cavity isolation.




































































































































































































































































































































