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This thesis presents the development and uncertainty evaluation of a transportable
ytterbium optical lattice clock, achieving a total systematic uncertainty level of 3.7 x 107,
Built into a compact rack-mounted design, this clock combines portability with high accu-
racy, suitable for a range of scientific applications. A detailed examination of the clock’s
construction and operational mechanisms is provided, highlighting the integration of tech-
nologies that facilitate its transportability without compromising accuracy and providing
guidance to future users. The uncertainty budget is emphasized, describing the details
of each measurement needed to characterize the systematic shifts on the clock frequency.
In addition, this thesis encompasses a field test conducted at the US Naval Observatory,
demonstrating the system’s robustness and reliability in transportation and operation un-
der varied conditions. This work not only sets a new standard in portable optical lattice
clock technology, but also demonstrates the clock’s utility in advancing global timekeeping
and geodetic measurements with near-centimeter resolution, significantly contributing to the

fields of relativistic geodesy and the potential redefinition of the SI second.
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Chapter 1

Clocks with 18-Digit Accuracy Enable Interesting and Useful Applications

This thesis is aimed at technical users wishing to build and operate a portable lattice
clock with eighteen digits of accuracy. Therefore, this introduction will be brief, and fluency
in the basic ideas of time-keeping such as stability and precision measurement will be as-
sumed. For more background, the optical clocks review article by Ludlow et al. [2] discusses
the field of optical timekeeping and the previous thesis on the portable clock by R. J. Fasano
[3] discusses clock stability and accuracy design goals of the NIST portable Yb optical lattice
clock.

Transportable optical lattice clocks, with their high accuracy and stability, are nearing
technological readiness to advance several scientific fields [4, [5]. In relativistic geodesy, these
clocks will facilitate chronometric leveling with unprecedented precision. A portable clock
with 1 x 107! accuracy is capable of resolving 1 cm height differences due to gravitational
redshift, thus improving geodetic measurements and aiding earthquake prediction research [6),
7, 18, @, 10, [11].

Notably, transportable strontium optical lattice clocks (OLCs) and single ion clocks
have reported uncertainties in the mid 10~ decade [12, 13| 14} [15], 16], 17]. These technolog-
ical strides in transportable optical clocks are pivotal for a range of applications, including
the redefinition of the SI second [I8§], searches for new physics and gravitational phenom-
ena [19, 20} 2], 22, 23] 24], 25| 26, 27], enhancements to terrestrial and ultimately spaceborne

Very Long Baseline Interferometry [28], and geodetic measurements [6, [7, 8, [0, 11]. These



clocks have been deployed in proof of concept measurement campaigns, demonstrating their
prospects for utility in both chronometric leveling [29, 30}, [10] and tests of general relativ-
ity [31].

State-of-the-art laboratory optical clocks have reached systematic uncertainties and
reproducibilities at or below the 1 x 107 ®level [32] 33} 34, 135 36, 137, 38, [39]. While trans-
portable lattice clocks have not matched their laboratory-based peers in systematic uncer-
tainty, continued efforts to reach low 18-digit accuracies will enable practical applications
and fundamental measurements; in particular, this accuracy is required for advancements in
geodesy beyond classical techniques.

The potential redefinition of the SI second hinges critically on the advancements in op-
tical clock technology. The Consultative Committee for Time and Frequency stipulates that
for a successful redefinition, multiple comparisons of optical clocks—both of the same atomic
species and frequency ratios of different species—at various metrological institutions are es-
sential, with verified uncertainty budgets below 5 x 10718 [I8, 40, 41]. These comparisons
not only validate the performance of individual clocks, but also ensure the consistency and
reliability of the frequency standards across different platforms and locations, a prerequisite
for the global acceptance of a new definition for the second.

Currently, time and frequency transfer techniques, such as fiber networks and free-
space transfer methods, have shown the capability to transfer average frequencies well below
1 x 107, Fiber links, for instance, have demonstrated high precision in frequency trans-
fer over considerable distances [42], [43], [44] 45| [46, 47, [48]. Similarly, free-space links have
been employed for optical frequency transfer with promising results demonstrating robust fre-
quency transfer capabilities well below the 1078 level [49, 50, 511,52, 53, 54} 55, 56]. However,
these methods are not yet suited for the intercontinental transfer necessary for the redefi-
nition of the SI second, although important work towards that goal continues. In contrast,
Two-Way Satellite Time and Frequency Transfer (TWSTFEFT) and Very Long Baseline In-

terferometry (VLBI) techniques, operating over global baselines, have not yet demonstrated



the ability to average down to the low eighteen digit level, which is essential for redefinition
goals and global-scale applications [57, [58] 59, 60, 61]. Uniquely, transportable clocks offer a
platform capable of making intercontinental frequency comparisons at the required level for
redefining the SI second.

In VLBI, the improved stability of these clocks is useful for enhancing resolution, par-
ticularly in the development of future space-borne VLBI systems [28, 62, [63]. Furthermore,
the deployment of these clocks in diverse geographical locations, and later in space, offers
significant potential for probing dark matter, testing variations in fundamental constants, or
searching for gravitational waves, thereby contributing to our understanding of new physics
and gravitational phenomena [19, 20, 21], 22} 23, 24, 25| 26}, 27, 64, [65], 66].

Building on advancements in optical lattice clocks, we demonstrate for the first time
a portable ytterbium optical lattice clock system. This system represents a step in techno-
logical readiness towards the aforementioned scientific goals and has demonstrated remote
deployment at a location 2700 km away from its home lab [67]. Our clock system is char-
acterized by its rack-mounted, modular design, high uptime, and 18-digit accuracy, making
it a viable tool for both laboratory experiments and field deployments. In this thesis, we

report a 3.7 x 1078 uncertainty evaluation.



Chapter 2

The Experimental Apparatus

2.1 Overview

The atomic system described here is modular like other transportable clock designs [68),
69, [13], [70, [7T] and is built into two 24U 19” rack units. The apparatus is shown in Figure
2.1} Details of the layout of the racks are shown in Figure 2.2l These racks contain all of
the lasers for atom cooling, trapping, and state preparation excluding the clock laser. They
also contain the computer and central control system. In addition to the atomic system,
we employ an optical frequency comb from Menlo Systems that may be phase locked to the
clock laser. Three of the four trapping and state preparation lasers may then be phase-locked
to this comb. Prior to locking with the comb, we used a multi-color cavity to lock these
lasers with the Pound-Drever-Hall (PDH) technique. For our previous deployment [67], we
developed an ultrastable clock laser system; however, for the measurements described in
our uncertainty budget, we used a laboratory clock laser system. Many particular products
will be mentioned in this chapter; they are named for specificity and do not constitute an
endorsement by NIST.

Discussion in this chapter will be in two primary sections describing separately the
physics package and the laser systems 2.3 Both sections will be arranged to describe
components in approximate operational order for a clock operation sequence: in-vacuum
atomic beam generation, 399 nm laser MOT cooling, 556 nm laser MOT cooling, 759 nm laser

lattice trapping, quenched sideband cooling with the 1388 nm repump laser and 578 nm clock



Figure 2.1: A pair of 19” server racks houses the atomic trapping and control infrastructure.
Specific components are detail in Figure 2.2l More recent additions include laser curtains
around the physics package and lattice laser module that are both for laser safety and
shielding the atoms from room temperature changes or resonant light sources. The Keithley
digital multimeter for temperature readout is also not included in this picture. This view is
from the “front.”




Figure 2.2: Layout of the racks. Yellow boxes indicate general infrastructure for the system
such as electrical power and control interfaces. Blue boxes indicate hardware for controlling
the physics package. Lavender boxes indicate hardware for the 399 nm laser system. Green
boxes indicate space occupied by the 556 nm laser system. Red boxes indicate space occupied
759 nm laser hardware. Orange boxes indicate space occupied by the 1388 nm repump laser
system. About 20% of the racks are empty space, reduction of which presents one of the most
straightforward ways to reduce system size and weight. Additional low-hanging targets for
SWAP reduction are bloated control electronics packages for the 759 nm and 399 nm laser
systems and omission of ion gauges.
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3 .
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15
Empt 16
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Lattice laser controller Thermistor patch panel 17
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lon pump cont., beam thermistors 19
shutter cont., DC supply Empty 20 1388 laser module
AC I I 21 C t
Oven controller i ;.)fme — S
Power conditioner 22 DC for coil driver General DC Supply
. 23 USB panel S
lon gauge controller Double conversion UPS Coil Driver
24 AC supply panel
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laser, spin polarization, clock spectroscopy, and state readout. The physics package section
will give the majority of details related to clock operation and only supporting descriptions
of the lasers will be provided in those sections. Some aspects of the physics package and
laser systems have already been described in the previous thesis on this project [3]. To avoid
redundancy, relevant sections of that thesis will be pointed to for its hardware descriptions;
this thesis will then focus on hardware changes and key operational details that have been
learned since then. For example, the system was largely spread across optical tables rather
than in racks at that time. Also new are most details of both the transportable clock laser
system and the control scheme for the lab clock laser system that are unique to the portable
system. Minor operational details such as alignment and detailed schematics of the laser
systems will be covered in the appendices for operation [A] and construction of the system [B]
The next subsection will discuss some details of the rack infrastructure that might be skipped

by the reader more interested in physics.

2.1.1 Rack Infrastructure

The two racks (C2F194236BK1, Hammond Manufacturing) are 1.25 m tall x 0.58 m
wide x 0.91 m long occupying a combined volume of 1.37 m®. They are estimated to each
have a mass between 100 and 120 kg. The racks have both caster wheels for movement
and leveling feet for reduced vibration operation (in practice, we usually only lower the feet
on the physics rack). The square holes support mounting our control PC and a choice of
square nut mounting components. It is our strong recommendation in portable systems for
1) the use of heavy gauge screws to reduce the risk of failure or seizing from transportation
stresses and, 2) the use of a thread locking adhesive to prevent screws from backing out in
transportation. In particular, M6 screws are the heaviest gauge common rack screws and
medium strength thread locker in glue-stick packaging works well with these screws. No
manufacturer currently makes what we consider to be the ideal rack mounting hardware

which would be; a G-style cage nut for 14 gauge sheet and M6 screws with: a dog-point, a



large pan head, a deformable lock washer to mate with the square hole, and a modern anti-
cam out drive. We presently use screw-cage nut hardware from Startech (CABSCREWMBG6)
where the cage nuts are placed with a specialty tool (106-7566, RackSolutions).

The atomic system is powered with a single 20 Amp AC input. The power first goes
through a power conditioner (P-8 PRO C, Furman) for protection from both sustained
and transient over-voltage conditions. The power from the conditioner is fed directly into a
double conversion uninterruptible power supply (UPS) (9PX2000RT-L, Eaton). The double-
conversion UPS topology where power is always supplied from battery DC-AC conversion
provides greater protection from changes to line voltage conditions and also suppresses
ground loop noise by setting the AC neutral to the clean battery low voltage. Prior ex-
perience with moving the system has shown that “away” labs may have lower quality AC
power than the home lab and that plugging the system components into several wall outlets
can create significant ground-loop issues. From the UPS, AC power is radiated in a star
pattern to different components in the physics package and a single cable takes power from
the physics package UPS to the AC distribution in the laser rack. Key vacuum components
in the physics rack are connected to the high priority bank of the UPS. With all other com-
ponents off, the UPS can provide these components with power for over two hours. Both
racks have copper ground bus bars connected to earth ground and all units with chassis
ground connections are bonded to the bus bar with heavy gauge wires to ensure electrical
safety. Most DC power originates from a home-builffl] 1U switching power supply that feeds
regulators in the laser modules with several DC voltages: typically 5 V, £12 V, and 15 V.
The physics rack has relatively high demand for £12 V and 24 V so it has compact additional
power modules for these voltages. The total power demand for the system in operation is
typically 700 W as read from the UPS panel.

The operational sequence of the system is orchestrated from the M-Labs Artiq field

programmable gate array (FPGA) hardware. A rack-mounted PC programs Artiq with a

! by the NIST Phase Noise Metrology Group’s Marco Pomponio and Craig Nelson



control sequence and communicates with the hardware for data-acquisition and executing
real-time updates to the control sequence. This communication is managed by home-made
control code called “Argent.” Most details about Argent can be found in the associated
Git repositoryE] and in [3], section 2.11. In brief, Artiq is capable of executing a sequence
with nanosecond timing precision of transistor-transistor logic (TTL) trigger pulses, radio
frequency (RF) frequency and amplitude modulation for acousto-optic modulator (AOM)
devices, digital-to-analog (DAC) signals for voltage control of electronics, and analog-to-
digital (ADC) sampling for voltage measurements. Subsequent timing diagrams shown are
based on the relevant parts of the Argent graphical user interface. More recently, we have
added an oven-controlled crystal oscillator (OCXO) unitﬁ] to the Artiq box that may be
phased locked to an external 10 MHz reference (a timescale maser when at NIST). The
OCXO has outputs at 10 MHz, 100 MHz, and 1 GHz, of which, we use the 100 MHz to
reference the Artiq direct digital synthesizers (DDS) for accurate frequency generation to

the clock laser AOM(s).

2.2 Physics Package

The physics package, shown in Figure [2.3 is built on top of a custom aluminum
breadboard to reference the optics to the chamber geometry. This section will first describe
the vacuum chamber and then describe the physics of the operational sequence in order to

describe the components of the physics package.

2.2.1 Vacuum Chamber

The vacuum chamber is divided into an oven section and a spectroscopy chamber
separated by a differential pumping aperture, a layout similar to other transportable clock

vacuum systems [72, [73, [74]. The entire vacuum chamber is 59 cm long and fabricated

2 https://github.com/robertfasano/argent
3 made by the NIST Phase Noise Metrology Group’s Craig Nelson and Marco Pomponio
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Figure 2.3: The optical and vacuum layout around the spectroscopy chamber was designed
for both low volume and ease of alignment. The labelling color scheme follows that of Figure
2.2, with the change that yellow now refers to the 578 nm (yellow) clock laser.
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from several custom parts mated together using CF flanges. Each section is pumped by
a combination ion-non evaporable getter (NEG) pump (Z-100, NexTorr). The ion gauge
(BAGOODYE, Instrutech) on the spectroscopy chamber measures an X-ray-limited pressure
5 x 1071% Torr which was reached at the end of the chamber bakeout while the spectroscopy
chamber was at 130 C, down from a maximum of 150 C. The ion gauge is not normally on
during clock operation due to thermal outgassing. The oven side of the chamber originally
had an ion gauge, but it was found to have a small atmospheric leak during the first bakeout
and was replaced with a blank CF flange. The ion pump on the oven side of the chamber
typically reads 2 x 1072 Torr during clock operation, but will fall to its reading limit if the
oven temperature is turned down. The spectroscopy chamber-side ion pump typically reads
1.2 x 107! Torr during clock operation, a value that is lower than it should be trusted at
due to leakage currents. At these low pressures, the ion pumps sometimes will not start their
sputtering currents. T'wo useful techniques to get them started are 1) to increase the pressure
by degassing the ion gauge or (briefly) starting the NEG activation sequence, 2) setting the
ion pump controller to a thirty second “Hi-Pot” start at 7 kV which uses higher voltage to
start the current flow. Banging on the ion pumps is not a good method for anything but
denting the metal in our experience.

The vacuum chamber is initially pumped down with a turbomolecular pump backed
by a dry scroll pump. At the end of the bakeout, the pressure is below 1 x 107! Torr as
measured by the larger pumping station ion gauge. Residual gas analysis indicates that
hydrogen gas dominates the background gas spectrum by a factor of 100, an important
detail for the background gas systematic shift which assumes a hydrogen-dominated vacuum
atmosphere. The chamber is sealed off from the pumping station with a pair of 3/4” OD
copper pinch-off tubes with a compressive cold-welding device. Further details of vacuum
techniques used to reach these low pressures and to successfully use large diameter pinch-off
tubes are contained in the appendix [B]

An oven loaded with 20 g of sublimed dendritic ytterbium metal supplies an atomic
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vapor to the spectroscopy chamber. The oven is divided into two zones, the main crucible
is usually operated at 465 C and the tip of the oven is kept at 515 C to prevent clogging.
In other experiments where the oven temperature is varied, the tip is always kept 50 C
hotter than main crucible. A solenoid-driven wobblestick shutters the atoms during clock
spectroscopy. Both the physical stops of the wobblestick and electronic control stops are
calibrated to ensure the wobblestick consistently moves to a completely open and completely
closed position. When taking accurate data, these stops should be recalibrated every few
weeks to ensure blocking of both the ytterbium beam and oven blackbody radiation (BBR)
which cause systematic shifts. The solenoid (191995-030, Ledex) wears out every 6 months
(it gets “sticky”) and it is prudent to keep a stock of replacements on hand. A differential
pumping aperture is built into the atom chamber to suppress the excess pressure from the
oven. The narrow differential pumping aperture also limits the solid angle of BBR emitting
surfaces far from the spectroscopy chamber where temperatures are carefully measured.
The spectroscopy chamber, shown in Figure [2.4] was manufactured from titanium with
a BBR aperture-limiting geometry inspired by the design of our laboratory lattice clock [75].
The spectroscopy chamber was designed to be compact (25 mm x 55 mm x 55 mm), which
helps to reduce the power consumption of the MOT coils and, in turn, reduce coil-generated
BBR inhomogeneities. The interior of the spectroscopy chamber was coated with a high
emissivity electrically conductive material (MLS-SB-85-C, AZ Technology) to homogenize
the blackbody radiation (BBR) shift. The 14 mm diameter N-BK7 viewports are anti-
reflection coated for our laser wavelengths on both sides. The inner faces of the viewports
are coated with indium tin oxide (ITO) and attached to the chamber with a low-temperature
brazing technique that forms a Faraday shield around the atoms. The ability to attach the
viewports with a low temperature process is an important consideration because the thin
ITO coating is not rated for temperatures above 200 C. Our original chamber, which was
the one used in the deployment to the US Naval Observatory, had viewports bonded with a

vacuum-compatible epoxy (H77T, Epoxy Technology). The epoxy seals also could be made
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with low temperatures. The epoxy seals also had the desirable feature of letting the ITO
coatings be used as electrodes accessible with electrical feedthroughs in the epoxy. Howeverm
the epoxy was susceptible to gaseous diffusion. The epoxy-sealed chamber originally pumped
down to a 5 x 1071 Torr pressure, but climbed to a pressure of 2.2 x 10~® Torr over several

months.

Figure 2.4: The compact spectroscopy chamber was fabricated from titanium which one of
vendors claimed was most suitable for a low-temperature brazing technique to attach the
windows. Thermistors for BBR evaluation are secured in the drilled holes or the window
braze ring grooves. The high-emissivity “black” coating for homogenizing the BBR can be
seen inside the chamber. The differential pumping tube towards the oven can be seen on the
far side of the chamber. The top viewport might be noted to have a slight tilt (2°) which
was designed on all of the viewports to prevent optical etalons around the atoms.

The spectroscopy chamber has eight viewports providing optical access for the MOT,
lattice, clock, and state preparation lasers. Additional optical access is available on the
atomic beam axis by reflection off of an in-vacuum mirror opposite the atomic beam oven.
The mirror is aluminum coated and was designed to have the capability of being heated to
400 C to purge ytterbium buildup in-situ. A later test, however found that the some trace
metal in the 6061 aluminum mirror mount outgassed at these temperatures, and sputtered

onto the window. This effect reduced the slowing window transmission to nearly zero.

Early work on the portable system included testing a grating MOT (GMOT) [76], 3, [77]
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for use in the spectroscopy chamber. We were not able to capture an adequate number of
atoms in the first stage of cooling of the side-loaded GMOT for advancing towards clock
spectroscopy. While, future transportable lattice clocks might benefit from the simplicity
and robustness of a single beam GMO'T, this work will not further consider this design.

The quadrupole coils are designed to minimize their potential to create an inhomo-
geneous thermal environment around the spectroscopy chamber. An important physical
principle in low power coil design is that: for a coil occupying a fixed volume and wound
from a wire of constant cross-sectional area, A, (with perfect packing efficiency) the power
dissipated by the coil to generate a fired magnetic field some distance away is independent of
A. That is, your choice of wire geometry cannot improve power dissipation through purely
electrical considerations. This principle restricts our choices of methods to manage heat in a
passively-cooled design. However, we can design the coils to 1) reduce the distance between
the coils and the atoms since magnetic field strength is proportional to 1/73, 2) increase the
packing efficiency of the wire, and 3) use wire geometry to improve thermal conduction away
from the area we want to avoid heating.

The chamber and quadrupole coils were designed together such that the quadrupole
coils have a 28 mm spacing between their surfaces. The coils are made from 1 mm x 7 mm
rectangular wire (040X289 HPM, S & W Wire) to maximize wire packing efficiency and
improve thermal conduction to the coil heat sink by having the long axis of the rectangular
profile lead between chamber and heat sink. The design is similar to much higher power
coils used to access Feshbach resonances [7§]. In operation, the coils draw 20 A to produce
a 4.5 mT/cm trapping field and at a typical 8% duty cycle use a cycle-averaged power of
0.35 W. This power is within 5% of the design power as calculated from integrating the Biot-
Savart law over the coil volume. While this calculation is computationally straightforward,
a useful trick is that since only calculation of a field gradient is required for trapping, one
may apply the fundamental theorem of calculus and cancel the most difficult integral. A

rigid polypropylene shield (a low thermal conductivity printable plastic) separates the coils
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from the chamber and mates with both the chamber and coils for precision alignment. When
the experiment is set up for accurate performance, the temperature gradient throughout the
chamber does not exceed 35 mK.

Figure 2.5: The low power trapping coils are made with rectangular wire bonded to a

convective heat sink with a thermally conductive epoxy. The techniques of fabricating these
coils are described in appendix [B}

Three pairs of bias coils are used to control the magnetic field during spectroscopy
and state preparation. All four of the coil pairs are supplied by a home—madeﬁ coil control
system capable of switching even the quadrupole coil fields in less than 1 ms. The coil control
system additionally has temperature controlled current sense resistors for stable long-term
reproducibility of the bias fields. The maximum fields of the X and Y bias coils are 12 G
and the maximum field of the Z bias coil is 2 G. In normal operation, the sum of the X and

Y fields points towards the photomultiplier tube and the Z field points upwards.

4 by the NIST Phase Noise Metrology Group’s Marco Pomponio and Craig Nelson
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2.2.2 Cooling and trapping

To capture atoms in a lattice at < 10 uK starting with a 465 C atomic beam, several
stages of laser cooling on two different atomic transitions are used. The full cooling sequence
is shown in Figure For all sequence diagrams described in this and the following sections,
the following notations are used. TTL “high” (5 V) is marked by green boxes and TTL “low”
(0 V) is marked by red boxes. Optical powers are usually notated by dB of attenuation
relative to the highest power. For some optical power control, an intensity servo is not
used and only Artiq control of RF power, these are marked with asterisks to note that the
dB attenuation is applied to the RF power and may not reflect the exact optical power
due to nonlinear AOM effects. Optical frequencies are usually notated as detunings from
the unperturbed atomic transition in natural linewidth units(for the 399 nm transition, the
natural linewidth I' = 27 x 29 MHz, and for the 556 nm transition I' = 27 x 180 kHz).
When arrows connect two quantities in the same cell, Artiq implements a linear digital
ramp between those quantities. Usually the ramp has ten steps unless smoother ramping is
desired as is the case for adiabatic lattice ramps. When an arrow is alone in a cell, the control
implemented in the previous cell is maintained until either another change is performed or
the sequence begins again.

Atoms are initially captured in the chamber by a six beam 399 nm magneto-optical trap
(MOT). Both of the 399 nm beams and 556 nm MOT beams are launched from a distribution
module where the two MOT beams are overlapped. A slowing beam six atomic linewidths
red-detuned assists the first-stage MOT and is directed from the in-vacuum mirror [79].
The slowing and probe beams are launched from the same distribution module where they
are overlapped and sent down the atomic beam axis of the chamber. The fiber launch
modules include polarization cleanup optics and photodiode pick-offs for intensity control or
monitoring.

The strong dipole allowed 1Sy — P, transition at 399 nm supplies the force necessary
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to cool and trap atoms from the oven’s thermal beam. Details about the physics of the
first stage MOT in the portable clock may be found in [3] Section 2.2. For reference, we
include the level diagram for '7Yb, in Figure 2.7} which determines much of the important
physics in the clock. The 399 nm MOT is loaded for 80 ms in the high accuracy operational
mode. More atoms may be captured with longer loading times, up to 300 ms, but comes
with the drawback that the quadrupole coils generate more heat and subsequently decrease
the homogeneity of the BBR environment. Atom number in the 399 nm MOT is difficult
to quantify with high accuracy due to the 399 nm probe beam diameter’s optimization for
interrogating the lattice at a high saturation intensity, which results in undersampling the
MOT volume. However, based on the radiant intensity of the MOT, we expect that the
80 ms MOT traps ~ 100,000 atoms. The Doppler limit is given by the formula kg7 = hl'/2
and for the 399 nm MOT is 7" = 700 pK [80]. Since this temperature is too hot to load
atoms at accessible lattice depths in the portable system, we must further cool the atoms on
a transition with a narrow linewidth.

The spectrally narrower (I' = 27 x 180 kHz) 1Sy — 3P, transition at 556 nm provides
the next stage of cooling. In the last two years, details of the 556 nm MOT have been more
heavily optimized both for increasing final lattice trapped atom number and so that we have
the benefit of a reliable sequence when setting up the clock in a remote location. Most of the
optimization was performed with Artiq using two-dimensional sweeps on pairs of correlated
variables to optimize final lattice trapped atom number. Prior to having a reliable sequence,
setting up in a new location required multi-step optimization of this MOT to have adequate
lattice-trapped atom numbers and potentially required time-of-flight imaging to ensure an
adequately cold atomic cloud before attempting to trap atoms in the lattice. When we
went to USNO, we instead only needed to optimize the ‘global green’ frequency offset and
alignment of the MOT. Now, with the upgrade of a comb-referenced lock for the 556 nm
laser, we should only require alignment optimization. Methods for aligning this MOT may

be found in appendix [A]
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Figure 2.7: The level diagram for '"'Yb. The first stage of cooling occurs on the dipole
allowed 1Sy —! P, transition that is strong enough to cool atoms from a thermal beam. The
second stage cooling occurs on the 'Sy — 3P inter combination transition that permits
cooling to the single uK level. The 1Sy — 3Py clock transition is “doubly forbidden” since
it violates both the spin selection rule (S = 0 — S’ = 1, while total spin cannot change
for electric dipole transitions) and the angular momentum selection rule (J =0 — J =0,
which cannot occur since photons carry angular momentum). Therefore the clock transition
can only be weakly excited and results in its exceptionally narrow linewidth. The 759 nm
wavelength is not a transition, but the magic wavelength which perturbs both clock states
equally. The 2Py — 3D transition is used for pumping out of the metastable 3P, state.
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The 556 nm MOT beams are already on at maximum power and red-detuned by -
26 I' during the 399 nm MOT. This assistance to the 399 nm MOT was found to increase
the final atom number by =~ 5%. The transfer can be performed with > 90% efficiency by
instantaneous AOM shuttering of the 399 nm beams, but we’ve found that a more controlled
hand off technique permits transfer efficiencies indistinguishable from 100% (assessed by
fluorescence from flickering the 399 nm MOT beams). In this technique, two 1 ms steps are
used. In the first, the slowing beam is shuttered immediately, the RF power to the 399 MOT
AOM is dropped by 15 dB, and the magnetic field gradient is approximately halved. In the
second, the RF power to the 399 MOT AOM is dropped by another 7 dB, the magnetic field
gradient is taken to a level one seventh that of the 399 nm MOT, and the 556 nm detuning
is decreased to -15 I'. The centers of the 399 nm and 556 nm MOTSs are spatially dislocated
and we expect that the benefit of this technique comes from more gradual transport of the
atoms between these locations.

Now that the atoms are in a purely 556 nm MOT, they begin a process of cooling
and compressing their phase-space density. The first “transfer” stage of the 556 nm MOT
thermalizes the atoms in a high intensity 556 nm MOT and begins the process of gently
closing the atomic beam shutter which is completed before the lattice transfer. In the second
“cooling” step, the laser intensity servo is activated and detuning of the laser is ramped to
-6 I'. The following two “compression” steps have the laser intensity and detuning dropped
even further while the magnetic field gradient is stepped up to half the value used in the
399 nm MOT. The goal of this process is to match the size and temperature of the MOT
to the spatial and temperature modes of the lattice [8I]. Some of the parameters in this
sequence have relatively narrow tolerable ranges to work optimally, such as detuning and
gradient. Other parameters such as intensity work over relatively large ranges; step length
is especially insensitive to changes so we erred on the side of short step lengths to suppress
Dick effect.

In the final step of the lattice loading process, 556 nm laser parameters are maintained
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from the compression sequence and resonant clock light is turned on from the sideband port
at a relatively low power. This technique has been found to boost the final atom number
by 10-15%. We expect that in the cold dense final MOT, atoms scatter photons that may
interact with other atoms. Scattered photons will no longer have the correct polarization
and detuning properties to cool and will instead heat the sample [80]. The clock light then
selectively shelves the coldest atoms that are already lattice trapped. Only lattice trapped
atoms will interact with the clock light since untrapped atoms will witness clock laser light
that has been Doppler-broadened by many kHz, suppressing the transition. The shelving
then prevents the coldest atoms from being heated out of the lattice by scattered photons.
Using either time of flight measurements [3] or spectroscopic measurements described in
the next section, we find that atoms are at 10(2)uK after completion of the 556 nm MOT
sequence. This temperature is above the Doppler limit of the 556 nm transition, but is

consistent with temperatures observed in the lab clocks.

2.2.3 State preparation

In preparation for clock spectroscopy, the lattice trapped atoms are 1) cooled to the
motional ground state in the axial direction of the lattice, 2) polarized into a single mp =
+1/2 magnetic sublevel, and 3) adiabatically ramped to a lower trap depth where the shifts
from lattice light and collisions are smaller. This state preparation sequence is shown in
Figure 2.8 This section will also contain some description of the physics of lattice trapping
in preparation for further discussion related to uncertainty characterization in chapter

The 759 nm lattice laser, the 578 nm sideband cooling/spectroscopy laser, and the
1388 nm repump laser are launched near-coaxially from the upper mezzanine breadboard
with dichroic mirrors to overlap the beams. The beams are focused with a 225 mm lens, and
descend through the atom chamber at a 15°angle relative to gravity. The beams are then
re-collimated with a second 225 mm lens and then retroreflected from a mirror that acts as

the clock laser phase reference. The other beams are intentionally slightly askew so that
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they do not retroreflect and form standing waves in the spectroscopy chamber. Because the
clock laser input for narrow-line spectroscopy has a 99.8% reflective mirror for fiber phase
noise cancellation, the sideband spectroscopy input permits a much higher clock laser optical
intensity than the narrow-line clock laser input. This high power is useful for performing
resolved sideband spectroscopy, which is the experimental basis for the following discussion
of the lattice trap depth.

Lattice trapping is fundamentally important to the lattice clock architecture: it permits
Doppler-free spectroscopy of the atoms. In the lattice, atoms are confined to quantized
motional states and no longer have the Doppler spectrum of a free gas, which even at the
low temperatures in the MOT would result in a prohibitively large linewidth (several kHz)
for high-resolution spectroscopy. Moreover, the recoil from atomic absorption of clock laser
photons would create a large shift on the transition. In the Lamb-Dicke regime [82], the
strong confinement of the lattice absorbs these recoils, preventing impact on the interactions
between atoms and clock photons.

The lattice laser creates a spatial potential confining the atoms in the axial direction

(2) and the radial directions (p* = z? + y?)

E? —2p? 2Ty 2
Vo(z,p) = —Toozm(l/L)exp ( 5 ) cos® < L ) (2.1)
w§ c

where FEj is the electric field of the lattice, wy is the waist of lattice at the beam focus
(1/€* radius of intensity), and ag;(vy) is the electric dipole (E1) polarizibility at the lattice
frequency, nuy [83]. As discussed in more detail later , the lattice wavelength is chosen so
that polarizabilities of the ground and excited states are the same, a condition that defines
the “magic wavelength.” Both the Gaussian terms and the cos? terms may be approximated
as quadratics for the potential at sufficiently high trap depth, hence we may consider the
atomic motional states to be like those of quantum simple harmonic oscillator. Our lattice

achieves a maximum operational depth of 160 E,. where recoil units are defined by the relation

h2
T OmA

(2.2)
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where h is Planck’s constant, A is the lattice laser wavelength and m is the mass of a
YD atom. We will maintain the notation U to refer to the trap depth of a lattice in
recoil units, and Vj to refer to the spatial potential of the lattice throughout discussion of
the lattice. This trap depth may be measured with resolved sideband spectroscopy which
probes the transitions between motional states with the clock laser. The clock laser excites
the transition 'Sy,n, = n — 3P;,n. = n £+ 1 which occurs at a detuning from the clock

transition frequency less than the axial trap frequency

UE,
2

v, =2

(2.3)

[84]. For lattice depths usable in the portable clock, these frequencies range from 30 kHz to
52 kHz. Figure [2.9) shows examples of sideband spectroscopy on atoms trapped at a similar
trap depth both with and without additional stages of cooling. The corner frequencies, v,,
at 50 kHZ indicate these measurements were made near 150 E,.

Likewise, the radial trap frequency is given by

U . A
- Wn = =
mr?wg TN

Vp =

(2.4)

which gives a spectroscopic means to measure the trap waist. We used the main clock laser
to measure the radial sideband frequencies as shown in [2.10, These corner frequencies were
found to be 165 Hz at 130 E, corresponding to a 1/e? intensity radius of 50 ym. This
value closely agrees with a calculation of 47.5 pum using lens equations, however due to
uncertainty about the lattice delivery fiber’s wavelength-dependent numerical aperture, we
use the spectroscopically derived quantity. The trap waist then characterizes the length scale
for radial trapping in equation [2.1]

With atoms trapped in this lattice potential, we cool them even further with quenched
sideband cooling. This process benefits clock operation by permitting lower operational trap
depths which reduces the shifts from both the lattice light and cold-collisions. In the first step

of sideband cooling, the clock light is tuned to the peak of the red-detuned axial sideband
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Figure 2.9: Both figures show resolved axial sideband spectroscopy of the lattice trapped
atoms. (a) is an older spectrum showing a sample that has not been subject to further
sideband cooling. The excitation on the red-detuned side is from the transition 'Sy, n, =
n — 3Py, n, =n — 1 and therefore was in an excited motional band prior to the transition.
The excitation on the blue-detuned side is from the transition 'Sy, n, =n — 3Py,n, = n+1.
The center line is the carrier transition 'Sg,n, = n — 3Py,n, = n. The sharp edges of
the sideband spectrum at +50 kHz define the corner frequencies of the spectrum and are
determined by the trap depth [84]. (b) shows a sample that has been sideband cooled and
filtered at a lower trap depth. As a result, no atoms are available in excited motional bands
for the red-detuned transition. Additionally, the filtering reduced the radial temperature
of the sample resulting in a narrower range of available radial excitations and a decreased
width of the blue-detuned sideband. We use the fitted line [84] to extract a trap depth,
axial temperature, and radial temperature. A useful alignment technique is to use the atom
population in the blue side of the blue sideband to align the lattice retroreflector mirror.
The number of excited atoms is a sensitive signal with which to optimize the trap depth.
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Figure 2.10: Measurement of the radial sideband corner frequencies. The primary clock laser
is used for these measurements because of the high resolution required. Since the clock laser
is coaxial to the lattice, it only weakly couples to these modes. We misaligned the clock
laser by translating its positions relative to the lattice on the retroreflector so that it would
hit the atoms slightly off-axis and be able to excite these motional modes. Even so, the
coupling was weak enough (Rabi frequency low enough) that a 5 s spectroscopy time under
high intensity conditions was required to excite a sufficient population in the sidebands to
make a measurement. We measured the corner frequency to be 165 Hz.
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at 45 kHz and a low intensity repump beam is turned on. The quenching repump laser is
tuned to the 6s6p*Py — 5d6s*Dy, F = 3/2 transition. While repumping to the F = 1/2
(3.05 GHz higher frequency [85]) state works nearly as well, we observe that it requires a
slightly higher optical power and has less stable final atom numbers. We suspect this is due
to greater magnetic broadening of the F' = 3/2 transition and that the repump laser has the
broadest linewidth (= 1 MHz) of any of our lasers. From the 3D, state, the atom decays
back to the ground state where it may undergo another cycle of cooling. The level diagram
for sideband cooling is shown in M(a). In the second step, the quench is maintained and
the sideband laser frequency is tuned across the entire sideband line shape in order to cool
atoms in other radial modes. Additionally, the optical pumping light is turned on. The
historical reason for a two-step sideband cooling scheme is not due to more efficient cooling,
but due to reproducibility in the > 25 ms switching time for the micro-electromechanical
system (MEMS) switch that transitions the 556 nm laser between the MOT and optical
pumping outputs. The effect of sideband cooling is to increase the population of atoms after
reducing the trap depth to 70 E, by 50%. This effect is shown in (b) for a lattice servo
setpoint at 0.55 V.

Optical pumping is the process of purifying the atoms into a single ground state mag-
netic sublevel. High spin purity is desirable both because it doubles the signal-to-noise ratio
from clock spectroscopy and because it suppresses collisional shifts from distinguishable par-
ticles. The 556 nm optical pumping beam is delivered to the chamber along the magnetic
field quantization axis. A 6 Gauss bias field separates the magnetic sublevels of the 3P; state
by =~ 10 MHz, which the optical pumping beam may separately address. The directions of
the strong pumping bias field and weaker spectroscopy are the same and chosen to define
the quantization axis for clock spectroscopy. The quantization axis is orthogonal to both the
atomic beam axis and gravity is matched to the direction of the lattice laser electric field
polarization. The pumping beam is tuned to one of the two 1Sy, mp = +£1/2 — 3P, F1/2

transitions and empties the population in the targeted ground state magnetic sublevel. Fig-
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Figure 2.11: (a) Shows the energy level diagram relevant to quenched sideband cooling.
Atoms in the state 1Sy, n, = n are sent 3Py, n, = n — 1 with the clock laser on continuous
high power ~ 2 mW. The atoms in the excited clock state are then sent to the 3D; state
with the 1388 nm repump laser continuously on low power ~ 80 yW. From the short-lived
3D, state the atoms spontaneously decay back to the ground state. Although the atoms
may acquire a quantum of motion in their decay from the excited state, the continuous
application of the sideband cooling scheme ensures that the atoms undergo many cycles of
cooling and ultimately ends up in the motional ground state. (b) shows the main value of
sideband cooling, more atoms are available at lower trap depths. The x-axis is the lattice
laser intensity servo setpoint; 1.2 V corresponds to about 150 E, and 0.55 V corresponds to
70 E,.. At lower trap depths, the lattice light shift and cold collision shift are both reduced,
along with their uncertainties.

QD
w
A

3p,—

n-1

1 SO_

]

b Atom survival after ramping to lower trap depth

$ sideband cooled
1750 No sideband cooling

ﬂ&a@gﬁfﬁi

1500

1250 I
1000 ﬁlﬁ?
750 - 'PII ; $.2 :

- Ellﬁmi 3

E =
20
250 1 .

o

0.2 0.4 0.6 0.8 1.0
lattice_setpoint

atom_number




29

ure 2.12)(a) shows the atomic levels addressed in this process. As measured in section [1.3.2]
we achieve a very high level of spin purity (> 99.9%) during our state preparation in order
to suppress otherwise large collisional shifts. For operational efficiency, we perform optical
pumping at the same time as sideband cooling as in [86], which results in atoms migrating
to the doubly dark state at the ground motional state and target ground magnetic state.
We do not, however, use the technique of [86] where the repumping laser is set to address
3D, magnetic levels that also have favorable branching ratios to the target ground magnetic
state.

Previous estimates of attainable spin purity suggested the lowest impurity that could
be reached with this simple technique is only 1% [87]. However, this estimate used a very
conservative value for laser polarization purity at 1% which sets the achievable spin purity.
Our polarizing beam splitter is rated for a transmission purity at 2200:1 which permits a
greater final purity by forbidding the 7 transitions. Additionally, a key aspect of our spin-
polarizing scheme is that the two opposite o transitions are highly resolved in energy. We
optically pump for a comparatively long time (75 ms), at very low powers (an ND=4.0 is
in the beam path, in addition to AOM RF attenuation), and with a larger bias field (6
Gauss). All of this combined suppresses off-resonant pumping of the opposite o transition
by increasing the detuning between the peaks and suppressing power broadening.

After the main sideband cooling and optical pumping steps, a brief “repumping” step
ensures that no atoms are remaining in the 3P, state, which would contaminate clock spec-
troscopy measurements.

After preparing the atoms in the targeted spin state and ground axial motional mode,
we adiabatically ramp the lattice down to a 70 E,. trap depth. Adiabatic ramping main-
tains atoms in the same quantum harmonic modes as in the higher depth while the lattice
intensity is decreased. We tried using a discontinuous decrease in lattice intensity and found
that this increased the atomic temperature and lost more atoms. The adiabatic ramp is

made smoothly linear with additional steps in the Artiq control sequence over 25 ms and a
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Figure 2.12: (a) shows the Zeeman-separated level diagram of the optical pumping scheme.
Linearly polarized light is used to drive the o transitions: 'Sy, mp = +1/2 — 3P, F1/2.
The branching ratio of the decaying excited state favors decay into the same mpg state. Atoms
that decay back to the same mp state they started in are pumped again. This process is
repeated until high single my state purity is obtained. The 'Sy, mp + 1/2 states are nearly
degenerate under the fields we apply; since they are in a J = 0 state, they only experience
an energy difference proportional to the nuclear magneton rather than the Bohr magneton.
Therefore, high polarization purity is required to prevent de-pumping the targeted mp state
from 7 transitions. (b) shows the transitions spectroscopically where the y-axis is the atom
fraction excited by 'Sp,mp = —1/2 — 3By, mpr = —1/2 clock transition. Note that the
transitions to mrp = £3/2 primarily change sample spin purity by heating atoms out of the
trap rather than flipping their spins. A process of decreasing the pumping optical power
with ND filters and narrower resolution spectroscopy on the pumping transition is used to
optimize these frequencies for clock operation. The magnetic field applied for this figure is
less than in current operation.
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capacitive filter on the voltage control input of the lattice intensity servo. For making lattice
Stark comparisons at different trap depths, the atoms are held at the low depth for 5 ms
and then ramped up to a higher target depth. In normal operational mode, they are simply
held for 30 ms. The bias magnetic fields are switched to a 1.2 Gauss field at the beginning of
the ramp step. The 55 ms of time during the ramping and hold steps ensures that transient
magnetic fields decay before clock spectroscopy begins.

As shown previously, we can use sideband spectroscopy to characterize the temper-
atures of lattice trapped atoms. These temperatures also play an important role in the
systematic shifts on the clock transition frequency. We characterize the atomic tempera-
tures before any significant clock transition measurement. Measurements of the axial and
radial temperatures from datasets for lattice Stark shift evaluation are shown in Figure [2.13]
The data shows that the process of sideband cooling and filtering the atoms results in a
sample that is much colder than maximum temperature that a lattice at that depth can
trap. Our typical operational lattice depth is 70 FE,, and with sideband cooling and adia-
batic lattice ramping, the atomic sample at this depth has an axial temperature of 0.4(2) uK
and a radial temperature of 3.0(5) pK.

The thermal ensemble of atoms in the lattice can then be characterized by the mean
quantum motional state that it occupies. The mean motional mode in the i-direction can

be calculated from the Maxwell-Boltzmann distribution in the classical limit
1
exp ( kh;fTJ -1

where w; and T are the trap angular frequency and atomic temperature in the i-direction [88].

(n;) = (2.5)

A plot for this calculation from the lattice Stark dataset is shown in Figure This data

will later be used in the calculation of scaling for the lattice light and cold-collision shifts.



32

Figure 2.13: The axial (blue squares) and radial temperatures (orange diamonds) of the
atoms as a function of trap depth. The error bars are statistical only. Also displayed in
gray is the maximum temperature atoms that a lattice at the same depth can trap. The
axial temperatures are much colder as a result of quenched sideband cooling. Both linear
and radical fits accurately capture the temperature changes as a function of trap depth with
reduced x? < 0.3 although the radical fit is better justified on physical principles since the
final trap depth is reached from an adiabatic ramp from 70 FE,.
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Figure 2.14: The mean occupied lattice motional mode as a function of trap depth according
to given measured temperatures. (a) shows the axial motional mode occupation and
demonstrates that our resolved sideband cooling process effectively cools atoms down to the
motional ground state of the lattice. (b) shows the radial motional mode occupation which
is not further cooled after the 556 nm MOT, however, the hottest atoms are filtered away
at a 70 E, trap depth. Both have constant uncertainty-weighted fits as a function of trap
depth since adiabatic ramping is expected to maintain consistent mode occupation numbers.
The mean (n.) value is 0.005(3) that fits with a reduced x? value of 0.18 and the mean (n,)
value is 395(7) that fits with a reduced x? value of 0.11.
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2.2.4 Spectroscopy and state readout

The final part of the control sequence is Rabi spectroscopy and the normalized excited
state detection that gives high-signal-to noise clock performance. This state preparation
sequence is shown in Figure [2.15]

The 578 nm clock laser uses the lattice retro-reflector as the phase reference mirror [89),
which fixes the clock laser phase to the atomic reference frame. This mirror is 99.8% re-
flective at 578 nm which means most light is used for fiber phase noise cancellation (PNC)
and only a sub-uW power reaches the atoms ensuring a low Rabi frequency. The clock light
passes through a Faraday rotator immediately after collimation to enforce polarization dis-
crimination that helps achieve high signal to background for fiber phase noise cancellation.
A 5-axis kinematic mount (Polaris K1XY, Thorlabs) for the clock laser collimator has all of
the necessary degrees of freedom for optimal alignment. First, angular alignment is used to
achieve a large retroreflection signal from the phase reference mirror, since for both optimal
lattice retroreflection and clock PNC retroreflection, the beams must be exactly orthogonal
to the reference surface. Second, translational alignment is used to center the clock beam
inside the lattice beam for alignment to the atoms. The collimation diameter of the clock
laser beam is much tighter than the lattice beam (< 1/5 diameter) since the clock beam
will then be less tightly focused at the atoms which suppresses effects from inhomogeneous
atomic sampling of the clock laser.

The atomic fluorescence probe beam enters the chamber near-coaxially with the slowing
beam to measure successively the ground state population, a background light level, and the
excited state population. Atomic fluorescence is detected with a photomultiplier tube (PMT)
(H10723-210, Hamamatsu [90]) that receives light from a 2f-2f imaging lens 50.8 mm from
the atomic sample. A 10 nm bandpass filter (FBH400-10, Thorlabs) transmits 93.0(5)% of
the 399 nm light collected from the chamber. The filter has been characterized on a rotation

mount and found to have a nearly flat transmission between +15.25° while the maximum
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angle of photons from the imaging setup should be within £13.8°. The PMT signal is
electronically integrated with a home-built circuit’|and then read by the Artiq sampler. More
useful details about the atom number calibration and background subtraction technique may
be found in [3] sections 2.2.1 and 2.5.1. Some of the exact values of coefficients in the PMT
calibration have changed since then however.

As part of high accuracy measurement, we calibrate our PMT setup on a daily basis.
This involves first, measuring the time-dependent PMT and signal integrator electronic off-
sets for the three pulses, which are at the single mV level. Second, the gain of the integrator
is calibrated by comparing the average integrated measurement to an average oscilloscope
trace of the atomic fluorescence. Third, the saturation parameter of the probe beam is
measured. An example of such a calibration is shown in Figure where the probe beam
power is modulated and the integrated PMT signal collected. The calibration has stayed at
the 315(10) atoms/volt level for the last year. This value is added as an Artiq variable and

atom numbers are recorded directly with clock data.

2.3 Laser Modules

The atomic state preparation laser modules have been discussed previously in [3] so
these lasers will be discussed in overview and updates since then. Operational details in-
tended for users of these modules will be provided in the appendix [A] Our clock lasers and

comb laser, on the other hand, will be discussed in more detail here.

2.3.1 Cooling and state preparation lasers

The 399 nm laser module occupies a 2U free-space breadboard as described in [3]
section 2.2.2. A 120 mW external cavity diode laser (ECDL) at 399 nm is offset locked to
the '"Yb 1Sy — P, transition with modulation transfer spectroscopy through a hollow

cathode lamp [91] with an FPGA control loop developed at NIST [92]. There are three

5 by the NIST Phase Noise Metrology Group’s Marco Pomponio and Craig Nelson
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Figure 2.16: Calibrating the the probe saturation parameter. The probe power is normally
at 1 V as measured by the probe photodiode pick off. This value translates to a saturation
parameter of 13(1), relatively deep into saturation which helps make the fluorescence insen-
sitive to exact values of probe beam power. The fluorescence rate calculation in [3], sections
2.2.1, is fit to the data to measure the saturation parameter at the operational intensity.
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independent beam paths for slowing, MOT cooling, and probe detection; each path has
separate acousto-optic modulators (AOMs) and shutters for timing, detuning, and intensity
control. Since 2022, we have made the update of swapping the MEMS mirrors for dielectric
mirrors since the 10% loss from the MEMS was deemed unacceptable. Additionally, we
replaced the fiber optic cables (PMC-360Si-3-18E, Schafter-Kirchoff) which appeared to lose
their polarization-maintaining quality over time, perhaps from either ultraviolet solarization
or abuse by transportation. More details on this module are in appendix [A.4]

The 556 nm laser module is entirely fiber-based and occupies a 2U sliding drawer as
described in [3] section 2.3.2. An 1112 nm Yb:fiber laser (Koheras Basik Y10, NKT) seeds
a fiber amplifier (Mantaray OEM, Cybel) and is locked to the optical frequency comb with
a < 10 Hz in-loop beat linewidth. This narrow lock is achieved with fast AOM and slow
piezo feedback from the comb. The 1112 nm light is doubled in a single-pass periodically-
poled lithium niobate waveguide and then sent to an AOM for frequency and intensity
control. A series of fiber switches permit shuttering the light, and switching between MOT,
optical pumping, and a “blowaway” beam (useful for quickly aligning the lattice after each
deployment). The optical and electronic layout of this module are available in appendix .

The magic-wavelength-optical lattice laser at 759 nm uses a free-space ECDL to seed a
tapered amplifier as described in [3], section 2.4.1. The seed is locked to the optical frequency
comb and the amplified laser is filtered by reflection from a 10 GHz bandpass volume Bragg
grating to reduce the unwanted amplified spontaneous emission of the tapered amplifier [93].
The light is intensity controlled and delivered to the atoms via a photonic crystal fiber
which eliminates stimulated-Brillouin scattering at high laser powers in-fiber. The optical
and electronic layout of this module are available in appendix [A.7]

The 1388 nm laser is used to depopulate the 3P, clock state after spectroscopy, [3],
section 2.6. The laser is an 8 mW distributed feedback (DFB) diode laser (QDFBLD-1390-
10, QPhotonics). This module is also entirely fiber-based and occupies a 1U sliding drawer.

Intensity control with an AOM and MEMS shutter permit > 125 dB of extinction to prevent
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stray light shifts on the clock transition. The optical and electronic layout of this module

are available in appendix [A.0]

2.3.2 Lab clock laser

Measurements for the uncertainty budget used light stabilized by a laboratory optical
cavity with 2 x 10716 stability at 1 s [94]. Since details of this cavity system have been
discussed elsewhere [94] [33], 41], we will focus on the portable branch of this system. Stable
laser light is generated from a commercial ECDL at 1156 nm and amplified by a tapered
amplifier. Light is separated for cavity locking, stable light distribution, and frequency
doubling in a single-pass waveguide. About 110 mW of 578 nm light are generated, of which
the majority is distributed to the lab clocks. The portable branch receives 7 mW of 578 nm
light that passes through an optical isolator to prevent reflections from interfering with lab
clock operation.

The portable distribution branch is shown in Figure [2.17] The laser light is split with
a polarizing beam-splitter cube (PBS) in a Michelson type interferometer with 2 mW in
the short reference arm and the remainder collected into fiber for distribution to the atoms.
An AOM shutters the light and controls the optical frequency with a nominal 99 MHz
tone applied to achieve resonance with the 'S, — 3P, clock transition. A fiber-based
MEMS switch directs the light towards either the sideband cooling and sideband spectroscopy
port or the clock spectroscopy port. In sideband mode, a relatively large optical power of
clock can be delivered to the the atoms for driving the weak sideband transition. In clock
spectroscopy mode, a photodiode pick off in the physics module collects light for intensity
servo stabilization to maintain a consistent 7 pulse. Additionally, the lattice retroreflector
surface directs most of the 578 nm light back into fiber where it picks up a second frequency
shift. The returning clock spectroscopy light is overlapped with the reference arm light in
the PBS. The interfering waves are then collapsed into the same polarization state with a

PBS tilted at 45° and focused onto a high speed photodiode for collecting the approximately
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198 MHz interference frequency. Since the light returning into interferometer from the fiber-
distribution will have acquired twice the phase of a single transmission, half of this phase
may be subtracted with the AOM to provide phase-stable light [89].

Most of the control scheme complication for this system comes from switching between
high-power unstabilized operation for sideband cooling and low-power phase-stable operation
for clock spectroscopy. Artiq itself switches between a near 99 MHz DDS frequency for
directly driving the AOM during sideband interrogation and a near 198 MHz reference
frequency for clock spectrosocpy. The reference frequency is mixed with the phase noise
photodiode frequency to generate an error signal. The error signal is propagated through
a 5 MHz bandwidth PI loop filter (P1200, Koheron) and provides feedback control for a
synthesizer (E4400B, HP) at 99 MHz that feeds the AOM. More details are discussed in
appendix [A]

Before our deployment to the United States Naval Observatory (USNO), we assessed
the stability of the portable clock system in comparison to laboratory clock Ybl. A great
benefit of using the lab light is the ease of atomic frequency comparison. The lab clocks can
provide global laser frequency correction and the portable clock simply needs to record the
frequency offset applied to the light it is supplied. As shown in Figure [2.18] we averaged
down to 3 x 107 in 10,000 s. This comparison was done before we had evaluated our
uncertainty budget or started to control our time-varying systematics. The frequency offset
between the clocks was 2 x 1071¢ which we found acceptable since no attempts to control the
portable clock uncertainty had yet been made. This offset is easily within the possible range
for uncorrected BBR and magnetic shifts. Additionally, it was taken before our more recent
round of upgrades that resulted in improved vacuum lifetime, colder atoms from sideband
cooling, and the use of the optical frequency comb as an absolute frequency reference for the
lattice laser. Nonetheless, this comparison showed that the portable clock was ready for its
scientific goals at USNO of comparing with a rubidium fountain at the 1 x 1071 instability

level.
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Figure 2.17: The optical and electrical schematic of the 578 nm clock laser distribution in
1G106. Artiq sends an RF tone at (approximately) either 99 MHz or 198 MHz. A pair of
switches determine whether that tone is distributed for directly driving an AOM or is used
for fiber noise cancellation. When using the 99 MHz RF tone the switches direct it straight
to the AOM where the RF controls sideband cooling and sideband spectroscopy without
fiber noise cancellation; the direct AOM drive enables a greater frequency scanning range
and optical power availability. When using the 198 MHz RF tone, the first switch directs the
tone to a mixer with the fiber noise cancellation photodiode signal to generate a frequency
error signal. The frequency error signal is fed to a PI filter that then controls a synthesizer’s
near 99 MHz tone that is directed to the AOM through the second RF switch for phase

stable optical contro

1.

i Pellicl
1G106 -1G108 Fiber PNC N
198 MHz Refrence Arm N Y Swnch W E ‘
o A
6.5 mW 578 nm in 2. 5 mW v i ﬂ}ﬂmﬁ Sideband cooling
power ~1 mW
% l:l N@ y Optional ‘
“PNC Test | WV atten
L ZX73-2500 RF switch
RF switch RF switch HP E4400B 578 pulse on/off

225 MHz  Amplifier Lower level Upper level 99 MHz Gold color
Artiq RF Lowpass ZFL-500LN ZASWA-2 ZASWA-2 -8 dBm (up to +7dBm) ZASWA-2
99 MHz for SBC RN < LA LA
198 Mhz for Clock i wom - ] oz R ourt i ourz
0dBm l ; f l i } 50 Ohm } !

. . N
™ "o ZXB0-33LNR e i
50 oHMS \ . 50 Ous 5 ons 50 oHs 50 Ohus A s £ ojuus
md 41 R
"new TTL sbs" L2 P> "Artiq TTL"
N
v Tunable Bandpass
A stigr FFE- Beatnote in i Monitor
Pl 200 EXT1 From 1G108 @‘i >—§E“Stge£71 Spectrum
Photodiode @ Ammplifier ““" Analyzer
Fastout Error SetPt IN ZFL-500LN
50 Ohm 6dB ZFM-4 ><R
Attenuator LO

HP E4400B
EXT 2

1MHz Lowpass

16108 @

-

578 nm R=99.9% T=0.1%

759 L attice retro
Spectroscopy Beam

power mW



42

Figure 2.18: Direct frequency comparison to Yb1 laboratory clock using the same clock laser.
The instability averages down to 3 x 1078 at 10,000 s.
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2.3.3 Portable clock laser

This section describes the preliminary version of the transportable clock laser that
was developed to meet our scientific goals at USNO. We will discuss first, the optical cavity,
and second, the laser system. Planned upgrades will be discussed in chapter

We developed a prototype optical cavity for the deployed system, shown in Figure
2.19(a). The cavity serves as the phase-coherent local oscillator (LO) of the transportable
clock. The cavity, based on a cubic design [95], realizes an extended cuboid design with
cut vertices and vent holes designed to minimize acceleration sensitivity [3]. Prior work on
the cavity design used FEA simulation [06] to analyze a configuration that has the force
insensitivity of the design in [95] while obtaining the stability benefits of a longer cavity
without the volume increase of a cubic cavity. The details of this work can be found in [3]
Chapter 4. The 10 cm long cavity is built with ultra-low expansion (ULE) glass and uses
crystalline mirrors for reduced thermal noise [97), O8] 99]. The cavity is rigidly held within
an FeNI36 (“Invar”) cage via four vacuum-compatible plastic balls on fine-adjusting screws,
enabling robust transport.

Acceleration sensitivities at the mid 107 /g (fractional frequency per standard grav-
ity) were found in an earlier version of the cavity, data shown in [2.19(b). The acceleration
sensitivity was determined by repeated flip tests of the cavity that was enabled by its rela-
tively compact size and rigid mounting. In a flip test, the cavity vacuum chamber is inverted
and the cavity frequency is compared between +g and —g [100]. Repeated measurements
of the acceleration sensitivity of the cavity after re-mounting in the FeNi36 cage found de-
graded acceleration sensitivity. This variation in acceleration sensitivity, suspected to arise
from imbalanced forces in mounting, is currently under investigation. We are hopeful that
experiments to improve the repeatability of mounting conditions with the aid of precision-
made parts will permit reliable low acceleration sensitivity operation. The version deployed

to USNO was found to have an acceleration sensitivity at the mid 1071%/g level.
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Figure 2.19: (a)Image of the prototype optical cavity in the commercial vacuum chamber.
For early testing, tape ensured contamination was unable to enter the cavity vent holes and
compromise finesse. (b) The measured cavity acceleration from repeated flip tests.
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For rapid development of our prototype cavity we used a commercial vacuum chamber
(P108245, Ideal Vacuum). The vacuum chamber was sealed with FKM elastomer (“Viton”)
gaskets and (with effort) achieved a final pressure of 7 x 10~7 Torr. This chamber had no
in-vacuum thermal shielding which we aim to rectify with the new vacuum chambers that we
have since built. The ULE cavity was found to have a zero-crossing of thermal expansion near
22 C, necessitating temperature control using peltier heating and cooling. Despite operation
at the zero-crossing, we found the thermal control of the cavity to be the limiting systematic
for stability, well explained by the prototype’s lack of in-vacuum thermal shielding that low
pass filters ambient temperature effects [101].

While the prototype cavity performance is insufficient for long term optical comparison
goals, it sufficed for a first deployment and testing of the improved stability of the Rb fountain
operation at USNO. As shown in Figure[2.20] the cavity supported 35 ms Rabi 7-pulses and
regularly exhibited instabilities in the low to mid 107!° level at timescales relevant for clock

operation.

Figure 2.20: a) Rabi line shape for a 35 ms m-pulse with no drift cancellation. Data was
taken at USNO after shipping. b) Modified Allan deviations of the optical cavity stability
before and after shipping, as well as full Yb transportable OLC as measured by laboratory
based clocks at NIST.
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The full cavity assembly and the clock laser were combined into a single module. The
schematic for the clock laser system is shown in and a picture of the system is shown in
2.22(a). 1 W of optical power at 1156 nm is generated by a tapered amplifier laser system
(TA Pro, Toptica) and distributed between the optical reference cavity, a fiber phase noise
cancelled [89] output to the optical frequency comb, and a second harmonic generation unit
to create the 578 nm light used for clock spectroscopy. A low noise frequency servo with 10
MHz bandwidth (D2-125, Vescent Photonics) locks the laser to the cavity reference. This
module has hydraulic feet that permit raising the system up to roll a scissor lift beneath
the module for placing into its shipping crate. When at its destination, the feet can be fully
retracted so that the assembly is on the ground reducing vibration pick-up of the cavity
system.

This version of the clock laser provided basic capabilities for clock spectrosocpy, but
did not have the fully capabilities of either the lab-based clock laser system or the new clock
laser system that we are building. An AOM in the 578 nm light path applies both phase noise
cancellation and frequency offsets for clock spectroscopy in a manner substantially similar
to the lab clock laser setup. This module did not support the capability to sideband cool the
atoms which was added to the lab clock laser system in our round of upgrades following the
deployment to USNO. To perform sideband spectrosocpy, the lattice retroreflector had to be
switched to a mirror that was more transmissive at 578 nm. The lab clock system cancels
cavity drift with a continuously ramping frequency to an offset AOM. In this deployable
system, we instead used the Artiq control to apply drift cancellation from direct atomic
measurement of the clock transition. This configuration was functional, but experimentally
inconvenient since the experimenter was required to keep track of the current drift offset and
rate while performing preliminary measurements.

Before deployment the full Yb transportable OLC system was tested against the lab-
based Yb OLCs at NIST [33], 04]. The optical cavity, with performance as indicated in

Figure [2.20[b), was steered by the atomic error signal, realizing a fully independent system
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Figure 2.21: Schematic diagram for the portable clock laser system. Light is distributed
between the cavity reference, the optical frequency comb for comparisons, and a second-
harmonic generation unit for atomic interrogation. Phase stabilization and intensity servos
were run on-board Moglabs DDS units that tended to have negative effects system up time.
This diagram does not exactly reflect the final deployed system due to changes in the two
weeks before shipping the system to USNO.
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to compare against the laboratory Yb OLC. Comparison with the lab based Yb OLC showed
a frequency instability of 9.5 x 1071°/,/7, a factor of 10 lower instability compared with the
USNO Rb fountain. We note that we anticipate improved instability from forthcoming

upgrades to the optical cavity.

2.3.4 Optical frequency comb

We use an optical frequency comb, pictured in [2.22] for comparisons to clocks that do
not share the same clock laser. The comb repetition rate may be locked to stable 1156 nm
(or 1550 nm light) from our optical clock. Comb light is generated with the commercial
“Figure 9” design for sub-Hz comb lines when locked to our stable light source [102]. Several
low phase noise branches permit high stability comparisons at 1156 nm, 698 nm (Sr optical
lattice clock, 'Sy — *F,), and 871 nm (Yb ion clock, S /2 — 2D3/) [103]. Additionally, the
comb has 10 GHz photonic microwave output to permit comparison with either microwave
clocks or with other optical clocks having microwave outputs [I04]. The microwave output
was used for the comparison at USNO.

Recently, we began using the comb for locking several of the atomic trapping and state
preparation lasers. These highly robust frequency locks have contributed to the high up

times that have helped measure our uncertainty budget at the low 18-digit level.
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Figure 2.22: (a)Image of the clock laser module at USNO. (b)Image of the optical frequency
comb from Menlo Systems.




Chapter 3

Deployment to US Naval Observatory

3.1 Preparation for the deployment

In March of 2023 the system was shipped nearly 3,000 km from NIST in Boulder,
Colorado to the United States Naval Observatory in Washington DC. At this time, the
atomic apparatus was split across three racks including a multicolor cavity from Stable
Laser Systems used for locking atom preparation lasers.

To prepare for this deployment, the atomic physics package was moved on a number
of “training” missions. These training runs evolved from moving the system around NIST,
to shipping the system on a 50 mile round trip straight back to NIST, and shipping the
system to the nearby CU Boulder campus and setting it up in an available lab space. In
this process, we learned 1) what components need to be made more robust for shipment, 2)
best practices for shipping the system, and 3) how to quickly get the system operating after
moving it.

A number of system components failed as a result of shipping in both practice runs and
on the deployment to USNO. Some of the more dramatic failures are shown in Figure [3.1]
Other components that failed include a second harmonic generation crystal that cracked, free
space optical alignments that severely drifted, an EOM tank circuit whose resonant frequency
drifted by several factors of its full width at half maximum, an integrated circuit on a servo
board that melted on startup, and multiple fiber optic cables that stopped transmitting.

While we are sure interesting new problems will present themselves on future deploy-
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Figure 3.1: Some of the issues we have encountered with transit (a) We shipped the cavity
module for the first time on the deployment to USNO. Screws supporting the upper bread-
board backed out and sheared under stress. (b) Another significant issue at USNO was that
our commercial multicolor had an in-vacuum wire that came loose and blocked the TEMOO
cavity mode. We locked the 556 nm and 759 nm lasers to the TEM11 modes instead which
went ‘around’ the wire. The 1388 nm laser was locked with the wavemeter. (c¢) When mov-
ing the clock laser module at NIST the caster wheels failed. We switched to a method of
raising the module on its hydraulic feet and moving it with a scissor jack instead.
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ments, we have made a number of upgrades to improve these issues. As discussed in section
[2.1.1] thread locking adhesive is invaluable on rack mount screws to prevent them from back-
ing out. Thread locker is also useful on other key infrastructure such as free space optical
assemblies and assembled modules like the clock laser system. “Squishy” kinematic optical
mounts should be replaced or tightened if possible. Irises, other alignment marks, and beam
cameras make it much easier to align systems repeatably. We now only use metal-jacketed
fiber optic cables for any cable that crosses between modules. Power conditioning and a turn
on procedure protects electronics.

To move the system components, we used custom-made wooden shipping crates. Some
details of the crates are shown in Figure 3.2l Good crates are easy to load and damp
vibrations well. Another shipped lattice clock experienced up to 4g accelerations in a short
distance of truck transportation [13]. Before packaging the system up we gradually turn down
the temperature of hot components such as the atomic beam oven and gracefully shut down
all electronics except the ion pumps which remain powered by the UPS battery. Then we
wrap each of the atomic physics racks in anti-static cling film to prevent dust contamination
from reaching the optics or electronics. The racks are wheeled into the crates and the UPS
extension cord is routed through a hole for power later. The racks are wedged in tightly in all
dimensions with stiff foam and the crates are securely closed with four 5/16” bolts. Crates
are moved with a scissor jack. Ideally, the shipping point has its own elevating platform for
getting the crates on to the shipping truck. After arriving, if time permits, then it is best
practice to let the crates reach thermal equilibrium in their new environment before opening
them. Racks are plugged in to the wall outlets to ground them before removing the cling
film. Major electronic systems are turned on one-by-one and the electronics that control
temperature servos are monitored as they are turned on to prevent servo railing.

Once the system is in a new location, it must be brought into full operation. Most
details of operation and alignment are contained in appendix [A] Many steps in resuming

operation require practice and a strong conceptual understanding of the goals to be done
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Figure 3.2: Shipping crates and components thereof. (a) The interior of one of the three
shipping crates for the atomic clock system. On the far wall are foam pads that correspond
spatially to the “bumpers” on the front of the rack systems, see Figure 2.1} The racks have
soft foam pads attached to them on the crate door side. On the sides and top of the crate
are adhered stiff foam rails. Additional foam “spears” are jammed in tightly to secure the
rack in place and prevent motion within the crate. A layer of rubber “horse trailer matting,”
an inexpensive material for damping vibrations [105], is glued to the floor of the crate. (b)
Ramps made with beams having long mitered cuts work very well. (c¢) Ramps with cross
studs and hinges are harder to maneuver heavy equipment on. (d) The cavity rack had foam
feet for the scissor jack which is another possible tool for vibration damping.
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efficiently, but generally the only “hard” steps are loading atoms into the lattice and diag-
nosing anything that broke. Since the polarizations, frequencies, and intensities have already
been optimized, MOT alignment is usually rapid. Fiber coupling of the 399 nm and 759 nm
lasers may be tedious if the misalignment is severe, but is not usually difficult. The worst
misalignments of these systems after transport were likely (my) user error that resulted in
premature adjustment of mirrors far upstream in the system. Magnetic field zeroing and
optical pumping alignment can take time, but are uncomplicated. A good method of mak-
ing the field zeroing simpler is to use a compass several feet from the chamber (to avoid ion
pump fields) and align the chamber to Earth’s field in a consistent way when unpacking the

clock. The magnetic quantization axis of the chamber is presently facing northwest £5°.

3.2 Comparison at the US Naval Observatory

Following the previous preparations for deployment and characterization of the trans-
portable clock laser module, the entire clock system (3 atomic racks, frequency comb, and
comb module) were shipped to USNO. The full truck is shown in Figure 3.3} During the
nearly 3,000 km journey to USNO, power was lost during a rain storm owing to water caus-
ing an electrical short. This power loss resulted in the cavity vacuum chamber needing to be
turbo-pumped upon arrival to restart the ion pump. Further, the full clock laser assembly
suffered several structural failures arising from vibrations loosening screws during shipping,
see Figure (a). Despite these complications, the ultrastable cavity and optics remained
fully aligned. Within 1 day of arrival all repairs were made and the cavity was found to
still be fully aligned to the TEMOO mode, requiring no realignment. The cavity stability
against the USNO ultrastable laser was shown previously in Figure M(b), demonstrating
consistent performance before and after shipping.

The physics packages arrived mostly free of harm, with the exception of the multicolor
cavity which had an in-vacuum wire come loose, blocking the cavity mode. We found with

the 556 nm laser that what was most likely the TEM11 spatial mode transmitted around
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Figure 3.3: The full portable Yb OLC system prepared for shipment within a commercial
shipping truck. Each apparatus component is individually stored in a custom wooden crate,
with additional boxes for general lab supplies. Battery power within crates enabled move-
ment of the system with uninterrupted power to vacuum pumps and heaters. The truck was
supposed to supply electrical power throughout the journey, but an intense rainstorm caused
a breaker-flipping short that resulted in the loss of power for over an hour.
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the wire tolerably well, and that the laser could be locked to this mode. Using the atoms
as a frequency reference, we adjusted the frequency of the cavity offset PDH lock so that
the laser could be used for cooling. We used the same offset frequency correction for the
759 nm laser so that its frequency was expected to be within 1 MHz of the magic wavelength.
A wavemeter verified the frequency of the lattice laser to be within 50 MHz of the magic
wavelength. The 759 nm laser’s lock was tenuous throughout the deployment and much of
the technical effort on the atom machine was spent on optimizing this lock. The 1388 nm
laser was locked with feedback from the wavemeter instead of the cavity, which was adequate
for its operation. Otherwise, most operations went smoothly and atoms were trapped in the
lattice within several hours of arrival.

Within two days, the entire transportable Yb OLC was fully operational. Clock spec-
troscopy measured the optical cavity resonance to have shifted approximately 200 kHz over
8 days, largely explained by the cavity drift rate. This provided a critical verification of the
transportable cavity architecture, demonstrating standard broadband clock spectroscopy was
easily capable of finding the clock cavity mode, supporting the potential of comb free oper-
ation during deployments. The clock was locked using Rabi m-pulse times ranging from 8
to 35 ms, observing similar excitation performance and locking abilities as before shipping.
We referenced the transportable comb to the spectroscopically stabilized light to carry out
comparisons at 10 GHz between the transportable comb and a similar lab-based model at
USNO. Frequency stability comparisons between the Yb system and the USNO Rb foun-
tain [106] [107] were then performed in the microwave domain. Figure shows a schematic
of this comparison.

Prior to its arrival, the Rb fountain was set up to use the USNO ultrastable laser as
a local oscillator (LO) to reduce short-term instability. A key objective of the deployment
was to assess the enhanced performance of the Rb fountain using the portable Yb OLC.
Several data runs were conducted to enhance both the clock uptime and the integrated Rb

fountain /optical LO system. The deployment culminated with a nearly day long comparison,
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Figure 3.4: The microwave frequency clock comparison at USNO. The USNO clock system
had a central optical frequency comb that was locked to an optical cavity reference for
stability at short times and received steering from a Rb fountain clock for long term stability.
The 10 GHz photonic microwave outputs of both the USNO comb and transportable comb
were mixed and sent to a phase noise analyzer (53100A, Microchip) for assessing the relative
stability of the clocks. Edited version of a diagram supplied by USNO personnel.
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as depicted in Figure [3.5] achieving almost a full day of uninterrupted operation. This
highlights the high uptime capability of the portable Yb OLC, which is essential for future
frequency comparisons. The comparison between Yb OLC and Rb found an instability of
8.8 x 107'/,/7, indicating the enhanced stability of the combined Rb fountain/optical LO
system. This deployment validated the atomic physics package design, proving its ability to

conduct frequency comparisons even after being transported over 3,000 km.

Figure 3.5: a) 80,000 s long frequency comparison between the transportable Yb OLC and
the USNO Rb fountain. Data was collected from a continuous run. b) Modified Allan
deviation in fractional frequency units for the comparison data. The transportable Yb OLC
resolved the long term instability of the Rb fountain to be at 8.8 x 10714/,/7, reaching the
high 1076 level after 10* s of averaging.
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Chapter 4

The Uncertainty Budget

4.1 Overview

Systematic shifts are necessarily present in lattice clocks because the clock laser is
locked to an atomic transition perturbed by the lattice trap and the clock laser itself. How-
ever, to make a universal frequency standard that is independent of the particular machine
or observer, we want to extrapolate from the clock laser frequency to the unperturbed tran-
sition frequency. If we can measure the sum total of all systematic shifts, then we can
successfully perform this extrapolation by making these corrections in either real-time or
post-measurement analysis.

These systematic shifts are either measured with the clock system itself or by measuring
the environment of the atomic sample. Measurements that can be orthogonalized from
other clock systematics are performed by modulating one parameter that causes a systematic
shift. Then a frequency shift is measured by interleaved comparison between two modulation
setpoints of that parameter. The shift as a function of the modulated parameter can then
be used compute the shift at operational conditions. For example, the cold collision shift is
linear in atom number so a comparison can be made between high and low atom number
samples to extrapolate a frequency shift per atom and, therefore, the resulting frequency
shift at any operational atom number. Most of the major systematics in this thesis were
measured in this manner. For some shifts that are not expected to be experiment dependent,

we made use of existing measurements of atomic coefficients. We then only need to measure
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the corresponding environmental parameters. For example, the blackbody radiation (BBR)
shift requires careful measurement of the thermal parameters of the spectroscopy chamber,
while the atomic coefficients of response to BBR have been measured previously. Systematic
uncertainty for these shifts is then a result of both the ability to control environmental
conditions and the uncertainties in atomic coefficients from previous measurements.

Long measurements with high uptime and a stable clock laser enabled us to average fre-
quency uncertainty to a low level. We were able to take advantage of the system’s robustness,
making many of the measurements overnight or for multiple days of lightly-monitored op-
eration. The lab clock laser was used for these measurements to benefit from its additional
stability resulting in reduced frequency uncertainty. Interleaved self-comparison measure-
ments in this chapter typically had an instability of 6 x 107¢/\/7. Statistical uncertainty
of the measurements was determined at at Tyax/2 by a fit of white-FM noise to the Allan
deviation of the clock frequency for 7 > 500 s.

Our uncertainty budget is presented in Table .1 The table and the following subsec-
tions are grouped by the physics of the considered shifts. Frequency uncertainty from local
geopotential is considered separately in the table since it does not represent an intrinsic
systematic effect for the transportable clock, but rather an independent relativistic effect for
measurements. This presentation of the uncertainty budget will also pay particular attention
to some of the scaling laws that could adversely affect a portable clock, such as those related
to a less stable local oscillator. Note that the measurements in support of this uncertainty

budget were made with a clock laser locked to an ultrastable laboratory cavity.

4.2 Electromagnetic Field Systematics

A fundamental advantage of using atoms for clocks is that the internal electric field
of an atom is very large compared to external fields. As a result, the energy levels of the
bound states depend almost entirely on the internal structure of the atom. Nevertheless,

when building a device that attempts to sense the difference in energy levels of an atom with
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Transportable Stationary

Shift Section corr. unc. corr. unc.
Electromagnetic fields |E|

Lattice light 4.2.3 -3.0 3.2 —1.5 0.8
Traveling wave 4.2.4 0 0.1 0 <0.1
Lattice spectral purity 4.2.5 0 0.05 0 <0.05
BBR 4.2.6| —2462 1.7 —2361.2 0.9
DC Stark 4.2.7 0 <0.1 0 <0.07
Probe Stark 4.2.8 0.02 0.01 0.02 0.01
2"_order Zeeman 4.2.9] —199.1 0.2 —118.1 0.2
Two body shifts IE'

Cold collisions 4.3.1  —3.3 0.6 —0.21  0.07
Spin polarization 4.3.2 0 0.4 0 <0.3
Background gas collisions 4.3.3 —2.0 0.3 —5.5 0.5
Doppler Iﬂ'

Doppler, clock delivery 4.4.1 0 0.21 0 <0.02
Tunneling 4.4.2 0 0.005 0 <0.001
Frequency control IE'

Optical frequency synthesis 4.5.1 0 <0.1 0 <0.1
Servo Error 4.5.3 0 <0.05 0.03 0.05
Line pulling 4.5.4] 0 <0.01 0 <0.1
Total —2663.4 3.7 —2486.5 1.4
Geopotential

Absolute geopotential at NIST 180736 6 180819 6
Relative geopotential at NIST —40.1 0.4

Table 4.1: Summary of clock frequency corrections applied to both the transportable and
stationary lattice clocks used in this work. Units are in parts of 10718 of fractional frequency.
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eighteen digits of accuracy, even very small shifts to these energy levels are relevant. Indeed,
some of the shifts from external fields like the BBR shift are tiny effects on an absolute scale

at 2 x 10715, but large on the scale of the clock’s uncertainty target.

4.2.1 Electric dipole couplings

First, we will consider the shift from electromagnetic fields due to the strong electric
dipole (F1) coupling to external fields. When an atom is exposed to an electric field, E, an
electric dipole moment p o< F is induced. That is, the wave function of the outer, unshielded
electrons, becomes stretched into alignment with the electric field. This polarization effect is
both desirable in that it is responsible for the ultimate ability to trap and interrogate atoms
and undesirable in that it is the source of the largest systematic shifts on the clock transition.
In general, electric fields may be at some frequency w, hence E(r,t) = E(r,w)e '], where
j is an arbitrary unit vector and F(r,w) is the electric field strength at some position and
electromagnetic frequency. Likewise, p(w) = «a(w)E where a(w) is the atom’s complex

polarizability. The change to the electronic potential is then given by,

Re(a(w))|E(r, w)|*
2 )

AU(w) = (WleB i) = —3 (pE) = - (4.1)

where the angle brackets indicate the time average over the oscillating electric fields and
the factor of 1/2 comes from the fact that the dipole moment is an impermanent induced
dipole [I0§]. For the rest of this discussion, we will only consider the real part of polarizability.
In a clock, we are interested in the differential effect of this induced potential on the clock
states, the ground, 6s? 1Sy, and excited, 6s6p 2Py, states. The induced potential difference

is then,

Achlock transition (w) == AUve (CU) - AUQ (Cd)

_ _M(ae(w) — a.(w))
_ _E““’TWA@(W), (4.2)
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where we have defined the differential electric dipole polarizability, Aa(w), between the clock
states. The electric dipole polarizability of an individual clock state n from an electric field

at some off resonant frequency w/27 is

2 ’ Wn'n
an(w) = o7 > [@||Dn)?

n'#n

(4.3)

w2, —w?’
where D is the electric dipole matrix operator for 1'Yb and w,, /27 is the frequency of an
electric dipole transition between states n and n’. As shown in Figure[4.1], the polarizability of
the atoms, and therefore the induced shift, becomes dependent on the frequency beginning
at low frequency in the near infrared spectrum. Fortunately, this means the problem of
computing and correcting the shift from stray fields is largely decomposable into static
(low frequency) and dynamic (high frequency) effects. Discussion will proceed describing
the effects of: near-static electric fields, single optical frequency electric fields, and broad
frequency spectrum electric fields.

Static (DC) fields and radiation at frequencies below ~ 50 THz, like BBR, perturb
the clock transition almost entirely through the differential static polarizability of the clock
states,

etoak(0) = e (0) — a.(0) = 36.2612(7)kHz (kV/cm) 2. (4.4)

This value was previously carefully characterized in another optical lattice clock by measuring
the shift to the clock transition frequency by applying a large static electric field to the atoms
from electrodes at a known potential and distance to the atoms [I09]. The differential static
polarizability then determines that the maximum static voltage that atoms may witness
with a < 1 x 107 shift is 0.12 V. This constraint then determines the required accuracy
in the modeling of the shielding factor needed in our grounded metallic vacuum chamber
to suppress shifts from stray static fields. Likewise, the differential static polarizability will
contribute the bulk of the BBR correction since BBR is predominately a low frequency effect
that cannot be eliminated in a room temperature chamber.

Perturbations from laser electric fields detuned from resonances can be treated like
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Figure 4.1: The physical origins of the magic wavelength and the BBR shift. The blue and
orange lines are the polarizabilities of the ground and clock states of the atom, respectively,
with their axes on the left. The poles of these polarizabilities occur at the frequencies
of electric dipole transitions, where electric fields interact most strongly with the atoms.
The wizards’ staffs mark the “magic wavelengths” where the differential polarizability of
the ground and clock state vanish. We operate at the lowest frequency magic wavelength.
The gray line shows the spectral density of electromagnetic energy from a 300 K blackbody
source as dictated by the Planck radiation law distribution with its axis on the right. The
vast majority of the spectral content of the BBR is far red-detuned from the transitions
available to the ground and clock states. Consequently, the BBR shift is mostly a result of
the DC differential polarizability of the relevant states. However, accounting for the spectral
content near the 3Py — 3D, transition where the differential polarizabilities are dramatically
different is the source of the dynamic correction coefficients. Note that the magic wavelength
near 540 THz requires a 3D lattice since the negative polarizability means that it has an
anti-trapping force.
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a static field shift in the simplest approximation since the laser frequency is effectively a
delta function on the scale of the differential polarizability’s response to frequency. Note
that resonant lasers can impose enormous systematic shifts if not properly shuttered during
operation. For example, prior to installation of a shutter in the 1388 nm module we witnessed
time-varying shifts on the several Hz scale when comparing the portable clock to Ybl due
to inadequate extinction from the AOM alone. However, we are primarily concerned with
the large off-resonant electric field from the lattice laser. Recalling equation [4.1] a trapping
potential can be generated with a laser’s electric field. Substituting the laser field intensity,

I = 2¢oc| E(r,w)|?, we derive the force from the laser field.

F‘lattice(fr’) = _VUlattice(r) = La(w)V[(r,w). (45)

2600

The importance of the optical lattice is then illustrated, a standing wave field will have a
non-zero gradient in three dimensions which is required for localizing atoms in the trap [108].

Naively, one might think that the light shift will necessarily be large since the potential
needed to trap a thermal sample of atoms is also an energy level shift on the atomic ground
state. However, owing to the different transitions available to ground and excited state atoms,
their polarizabilities as expressed in equation have unique responses to optical frequency
electric fields. In particular, there exists a point, shown in Figure [4.1} at 759 nm where the
electric dipole polarizabilities of the ground and excited states are identical, which is called
the magic wavelength. As seen in Figure there is more than one magic wavelength
available for Yb. We use the magic wavelength at 759 nm because it is relatively convenient
to generate the high optical powers needed for dipole trapping at this near-infrared color.
Potential high power laser systems include diode lasers and tapered amplifiers as used in
the portable system or with optically pump Ti:Sapphire lasers as used in the laboratory
clocks. This magic wavelength additionally benefits from a comparatively low slope for the
differential polarizability which requires less precise laser frequency control and less accurate

magic wavelength characterization.
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While operating the lattice at the magic wavelength cancels the majority of the induced
light shift, higher order effects in optical intensity frustrate this cancellation. In the high
intensity laser field, the quadratic hyperpolarizability effect along with electric quadrupole
(E2) and magnetic dipole (M1) interactions can be a dominant source of systematic un-
certainty unless carefully quantified [I10]. Revisiting equation for the spatial lattice

potential Vy(z, p), we can expand the lattice potential to include higher order effects

Vi) = V(o) 22 4 Vol + A/, ) 1 2o, )
E1l
+O(V5'(z,0) + +OV5 (= + AL/4.p)) (4.6)

where ap; is the electric dipole polarizability, asige is the combined M1 and E2 polariz-
abilities whose contribution to the potential are out of phase with the FE'1 polarizability by
1/4 of the lattice wavelength, Ay, since they are strongest where the electric field gradient
peaks, and [ is the quadratic hyperpolarizability coefficient. Since the potential acts differ-
entially on the two clock states, we can define additional terms to quantify these effects on

the transition frequency

AO&ElE
Adly, = . 4.7
£ (09051 (Vmagic)hyclock ( )

Aayn g By

Ao/ = 4.8
M1E2 (07251 (Vmagic)hfyclock ( )

ABE?
Ap' = — BE; , (4.9)

'y (Vmagic)hljclock

where each term is the dimensionless differential effect of the E'1 polarizability, M1E2 po-
larizability, and hyperpolarizability respectively.

Then the fractional frequency shift of the clock transition, v, is given by,

A cloc
Yelock U Aoy, X — UN )y, Yo — URAB Zn (4.10)

Velock

where U is the trap depth in recoil units, and Aagi, Aaynge, AB are the differential polar-

izability effects between clock states [I10]. These differential polarizabilities are dependent
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on the lattice frequency. X,, Y,, and Z, are expectation values of the spatial portion of
the trapping potential for atoms in total motional state n. These expectation values must
be approximated. The strategy we follow from [I10] I11] is to treat the frequency shift as
a first order perturbation from the motional states in the simple harmonic oscillator mo-
tional basis. Note, however, that more sophisticated treatments are possible, such as a
Born-Oppenheimer-like approximation [I12]. Whereas the Born-Oppenheimer approxima-
tion separates electronic and nuclear degrees of freedom to describe the quantum states of
molecules, this approximation separates the radial and longitudinal motional states since
their energy scale also typically differs by orders of magnitude.

In this perturbative treatment, we may then apply the dimensionless lattice spa-
tial potential operator, U(z,p) = Vi(z,p)/(—apiEE/4) equation R.1] to the simple har-
monic oscillator motional states |n) to calculate the expectation values. Hence, in forms
suggested by equation [1.6), X, = (n|U(z,p)|n), Yo = (0UU(z + \./4,p)|n), and Z, =
(n|(U(z, p))?In) [110]. The lattice light shift then is determined in part by temperature
since atoms at different temperatures sample the lattice light to different degrees. In section
4.2.3] we will apply a thermal model to compute these expectation values and reduce the
lattice Stark shift to a form that can be fit with data from the portable experiment.

Broadband sources of radiation such as BBR cannot be precisely cancelled like the
dipole lattice light shift and can require more care to minimize their effects. The energy
shift on a particular clock state from dipole coupling to broadband radiation is the Cauchy

principal value from evaluating
AE, = —27r/ u(w) o (w)dw, (4.11)
0

where u(w) is the spectral energy density of the source and «,, comes from equation [T13].
For a BBR emitter, the spectral energy density function, u(w), is given by Planck’s law
and the time-averaged electric field intensity at Ty is (E?)r ~ (8.3193V /cm)?(T'/T,)* [114].

Wien’s Displacement Law states that the BBR frequency with the greatest intensity varies
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linearly with temperature, 7', as wppr, max(1)/27 = T'/c x 2.89 mm/K. Since at room
temperature, Ty = 300 K, all of the transition frequencies in ytterbium are much higher
than wppr, max(70), the integral may be approximated as a Taylor expansion in T'/T;, [75].

Taking the difference between the expansions at the two clock states yields the equation

T\? T\*
1 + ndyn, 2 T() + ndyn, 4 T()

where it may be seen that the BBR shift is predominately a static Stark shift from the thermal

1 Aa(0
Avppr = __£<E2>T

4.12
= SENCRC)

electric field with a small dynamic correction (= 2%) for the frequency dependence of
polarizability. Determination of the dynamic correction then depends on careful evaluation of
the 3Py — 3D, dipole matrix element which dominates the strength of additional interaction
for high frequency BBR [113, 32]. In ''Yb the dynamic corrections are 74y, 2 = 0.0173(5)
and 7ayn, 4 = .00059(1) [I13], where these values were assessed after careful measurement
of the 3D, state lifetime. With this model for the clock shift and another model for the

temperature experienced at the atoms, the BBR shift may be accurately characterized.

4.2.2 Magnetic dipole couplings

Shifts due to magnetic fields through the magnetic dipole (M1) coupling are also
important systematic effects in clocks. The clock states in most alkaline earth lattice clocks
are both J = 0 which makes them insensitive to magnetic fields. However, for the fermionic
isotopes used in most lattice clocks, the clock states must be labeled by their total angular
momentum F = J + I where I is the nuclear spin quantum number. The clock states
then have 21 + 1 substates. For '™'Yb where I = 1/2, there are then only two substates,
mp = +1/2. While the clock states do not have the zero magnetic sensitivity of a clock based
on a bosonic isotope, the shifts from magnetic fields are scaled by the nuclear magneton, uy,
as opposed to the Bohr magneton, up ~ 1836 x py which would be the case for transitions

between states with J # 0. The 1Sy ground state is only sensitive to external magnetic fields
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through its nuclear magnetic moment and experiences a shift of
AEig,B - _gI]z,uNBm (413)

where B, is the magnitude of the magnetic field in the Z direction, uy is the nuclear magne-
ton, and g; = 0.4919un/(Iup) ~ 5.4 x 10~* is the nuclear g-factor for "'Yb [115, 116}, 87].
In contrast, the 3P, state has an additional contribution to the magnetic energy shift arising

from the hyperfine state mixing g-factor, resulting in a shift of

AE.p = —(91 + gurs) L B-, (4.14)

where, gnrs = 2.73(10) x 10™* [87]. Since we use the 7 transitions for spectroscopy, |mp =
+1/2) = |mlp = +1/2) and |mp = —1/2) — |mlr = —1/2) and J = 0, the nuclear g-factors

cancel and the measured frequency shift is

gurs UnDB.
.

3 (4.15)

AVZeeman =m

Since the shift is linearly dependent on mpg, we make use of a simple scheme to cancel
the resulting shift by interleaving spectroscopy between the +m-transitions and taking the
unperturbed frequency as the mean frequency of the two transitions.

This technique however, has the trade off that there is a resulting second-order Zeeman
shift (sometimes called quadratic Zeeman) that is uncancelled by the interleaved interroga-
tion due to its opposite symmetry. This trade off is a good one, however, because the
second-order Zeeman shift is orders of magnitude smaller and made manageable by making
use of the frequency difference between 7 transitions from the first-order Zeeman shift to
accurately measure the local magnetic field. Since the clock states are J = 0, they have no
hyperfine structure. Hence, the physical origin of the second order Zeeman shift is from the
20.5 THz fine-structure splitting between the Py and 3P states [116] (the 'Sy ground state
has neither fine nor hyperfine structure couplings). For alkaline-earth-like lattice clocks, this

is yet another advantage over alkali microwave clocks which have second-order Zeeman ef-
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fects from the coupling of clock states to other hyperfine levels. The stronger second-order
Zeeman couplings in these clocks result in this shift requiring more care to manage [117].

Like shifts from the electric field, magnetic field shifts also depend on the frequency of
magnetic fields as determined by the frequency dependent magnetic polarizability. In section
4.2.3] we treat the frequency dependent magnetic dipole shift from the lattice trapping
optical frequency together with the F2 polarizability, since they have the same symmetry
and dependence on trap depth. In general, ions must treat the AC Zeeman shift from the RF
trapping potential more carefully [I18]. For example, the heralded thorium-2292/3+ nuclear
clock transition may, in particular, be vulnerable to parasitic magnetic fields in the RF
trap [119].

The broadband radiation from BBR might potentially interact with the atoms in a
frequency dependent manner through magnetic couplings [120]. This effect should be largely
suppressed by the relative strength of the magnetic field. The magnetic field, By, of a
photon is related to its electric field, Fy, by By = Ey/c. The potential that a photon’s
magnetic field exerts on a particle through induced polarization scales as 1/c* compared
to the electric field’s effect. The only magnetic transition available to either clock state is
the fine-structure transition between the 3Py and 3P; states as permitted by the even-parity
magnetic dipole operator, p [I21]. By analogy to both the integration of BBR over the electric
dipole polarizability in equation |4.11] and the frequency dependent dipole polarizability in
equation [4.3] a similar integral for the magnetic BBR shift can be constructed. A previous
calculation evaluates this is as a 107 correction to Ndyn, 2 iN equation m [121]. Since
this correction is more than an order of magnitude below the uncertainty of the dynamic
correction coefficient from knowledge of the electric dipole matrix element, this shift is a

negligible component of the BBR uncertainty:.
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4.2.3 Lattice Light

In order to optically trap atoms, the atoms must be placed in a highly perturbing
environment to create a deep potential well. When the lattice wavelength, A7, is at the magic
wavelength, \., the differential energy shift between the ground and excited clock states is
zero and the unperturbed atomic frequency can be recovered [122, 123, 124]. However,
couplings beyond the electric dipole approximation complicate this cancellation [T10] 125,
I11]. Continuing from the perturbative treatment in equation , we can calculate the
expectation values of the positional states in the lattice to order z*, p*, and 2%p?. Then, the

fractional frequency shift of the clock transition is

5Vclock

/
=n5 A1 o
Vclock

N[

+ [(n1 + n2)AO‘§91 - nlAO‘?MlEz]U

— [AO‘jEl + (713 + ng + 4n5)AB’]U

nlw

+ [2A08'(ny + n2)|U
—4AB'U? (4.16)

and the values of n; are linear and quadratic functions of the axial and radial motional

quantum numbers, n, and n, given by [110], [126]
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where k is the lattice wave number, and wy is the 1/e? intensity radius (waist) of the lattice.

The value of expressing the light shift in this way is that for a thermal atomic sample the
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expectation values of the positional states for all atoms (n;) scale with the trap depth, U.

As we observed previously in Figure the temperature of the atoms in our trap
is indistinguishable from linear variation with trap depth. The mean occupation modes are
determined by temperature, and in the approximation of a linear temperature fit, (n.), (n,) o
Uz. This approximation then has the effect that (ny), (ns) o< Uz and (ng), (n4), (ns) o U.
Previous work in our group also found a linear relationship between temperature and trap
depth, with a small quadratic correction that can be measured when accessing very high trap
depths (> 1000E,) [I10]. Since the portable clock cannot access those high trap depths, we
will discard this aspect of the model (the y*U? term of [126]) while otherwise following the
prior treatment. Uncertainty contributions from the linear temperature approximation will
be discussed later as “model error.” Given linear temperature dependence on trap depth,
equation may be reduced to the form

p*

81/L

5Vclock Ba*

= ——— (VL — Vyero)U — (

Vclock aI/L

(VL — Viero) + 5*) U?, (4.17)

where da*/dvy, is the thermally averaged linear sensitivity to lattice depth, which includes
the contributions of E'1, M1, and E2 polarizabilities and the §* terms are the thermally
averaged sensitivity to hyperpolarizability. v, is the lattice optical frequency and v,e, is the
frequency where the effects linear in trap depth cancel. Since the magic wavelength frequency
is defined as the frequency where the differential E'1 polarizability is zero, v,q, is different
from the magic wavelength and depends on the lattice waist and atomic temperature unlike
the magic wavelength which is a purely atomic parameter.

With this thermally averaged model, we can collect data to determine v, and da* /Jvy,
in our lattice. While other measurements of these parameters for "' Yb have been made, these
measurements are not wholly universal atomic parameters. These parameters depend on the
temperature of the sample and the details of the lattice such as waist size, beam quality, and
spectral purity. The value da*/0vy should be particularly sensitive to atomic temperature

and could be used as an alternative thermometric probe since it is easy to measure this value
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alone by detuning the lattice far from the magic wavelength. Unfortunately, the portable
lattice laser system has very little optical power overhead to measure the 5* terms that are
quadratic in U.

To ensure that trap-induced light shifts are controlled near the 10718 level, we decided
on a procedure to measure consistency with previous data on these coefficients. We first
made lattice light shift measurements far- and near- detuned from the magic wavelength
to constrain da*/dvy, for the portable system. This measurement is shown in Figure .
Second, we made high accuracy measurements of the lattice Stark shift at different lattice
depths and detunings near the magic wavelength to replicate the methodology of [I10] over
a more limited data range. Then, we fit the entire collection of data leaving the magic
wavelength and da*/Jvy, as free parameters. The parameters 5* and 95* /v, would be fixed
to model-adjusted values matching our temperatures from the measured values in [126] for
sideband cooled atoms. This scheme would let us extract an independent measure of v, for
the portable system allowing comparison to previous determinations from laboratory clocks.

Lattice light shifts were measured by interleaved self-comparison between a reference
trap depth of 70 E, and a test lattice depth, both with approximately 300 atoms. Taking
advantage of the portable clock’s high uptime and access to a stable clock laser, many of
these self-comparisons had a statistical uncertainty of 2 x 107!8. The samples were prepared
by loading and sideband cooling in a consistent 150 F, trap and adiabatically ramping
down to 70 E, before adiabatically ramping up to the target trap depth [127]. Sideband
cooling suppresses M1 and E2 effects from atomic displacement from the lattice intensity
maximum as seen in equation [4.6] Likewise, the temperature filtering process ensures both
consistent temperature and a reduced radial atomic temperature. Sideband spectroscopy [84]
was performed before each measurement to verify temperature and trap depth consistency.
Cold collision shifts (section and second order Zeeman shifts corrections from the
vector Stark perturbation (section were subtracted and their errors added to the

measurement error [125]. The lattice frequency, being locked to our clock laser-stabilized
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Figure 4.2: We directly measured the first-order differential polarizability coefficient,
da* /vy, in our trap. We detuned the lattice 125 MHz from the expected operationally magic
wavelength and compared the shift between 70 E, and 150 E, lattices [I10]. Fitting the slope
between this case and the same depth comparisons at lattice frequencies close to the oper-
ational magic wavelength measured the parameter da*/0vy, at 3.80(6) x 1072 MHz 'Et.
The point errorbars are smaller than the markers and the reduced x? was 0.6. This mea-
sured value of da*/0dvy is 20% higher than a previous measurement for sideband cooled
samples [126], which we attribute to the colder radial atomic temperatures reached in the
lattice filtering step. This simple slope method results in over-fitting the four points closer to
the magic wavelength since they are used in the main fit to determine the magic wavelength.
In the global fitting method, we measured da*/0v;, = 3.90(6) x 10720 MHz 'E .
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frequency comb, was always known with accuracy better than 100 Hz. These measurements
were taken over a two month campaign.

We fit the measured frequency shifts at a range of depths and detunings to the model
of equation .17 The fit was used to determine the laser detuning where the linear shift
crossed zero, Ve, With an uncertainty of 500 kHz. However, the resulting fit value differed
from that found in [126] by 960 kHz, a difference of 0.90, which we took as the dominant
uncertainty on v,,. This uncertainty was added in quadrature with the uncertainty from
both the portable and lab clock measurements of v,.,. The complete set of parameters put
into this model and extracted from it are shown in Table .2

We also consider uncertainty from the model error of using a temperature fit linear in
U as opposed to a fit proportional to v/U which is better motivated by adiabatic ramping.
In this case, (n,) and (n,) are constant with respect to trap depth. The full model for
the thermally averaged shifts in equation then reveals shifts scaling with U 2 and Us.
We sought to avoid the full model because Ay, g, is not known with high accuracy, there
are disagreements in the literature about the value of AS’, and due to the simplicity of a
polynomial model. Instead, to determine the model error, we compute the degree that U 3
and U2 terms mix in to the polynomial fit given the near linear temperature fit over our range
of accessible trap depths. In this way, our model will not strongly depend on precise values
of Aay; 5, and AB'. We take the absolute values of the normalized differences between /U
and U in Figure and compute the mean. The difference between the two models is then
12% for the axial temperatures and 1.6% for the radial temperatures. Following the model
error calculations in [I10, [33] that use a Boltzmann distribution to fill in n, and n, states
that differ from the model temperatures, we assess a model error of 3 x 107,

One potential hurdle for SI adoption of a lattice clock second is not only agreement
about the unperturbed clock frequency as assessed through clock comparison, but agreement
on the key values of atomic parameters used in uncertainty budgets. Determination of all

relevant lattice light shifts for a clock by using only universal polarizability coefficients and
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experiment-dependent temperature and lattice waist parameters would be very desirable for
the next generation of time-keeping lattice clocks. Lattice Stark evaluations are currently
one of the most time-consuming systematic shifts to evaluate since they depend heavily on
the details of the experiment. Unfortunately, measurements of the higher order polarizability
coefficients have not yet converged for Yb clocks [110,[125]. Presently, the NIST Yb lab clocks
are working on a high accuracy measurement of the Ao/}, o and Ap’ parameters. After this
measurement is completed, we plan to reevaluate the lattice Stark shift by a direct fit to
equation [4.16) given measured values of (n.) and (n,). This change of analysis would reduce
our dissatisfaction with using a linear approximation of temperature with lattice depth since
the T oc U2 model is better physically motivated. This change would also deemphasize
difference from v, as a source of error, since v,¢,, should be different for clocks with atoms
at different temperatures. Instead, the analysis would make use of a more sophisticated

calculation of model error for a fit only to equation [£.16]

Referenced parameter

3* -6.149(123) x 10722

& -7.28(46)x1072* MHz ' E!
Measured parameter

Vyero 394,798,264.86(46) MHz
oo 3.90(6)x 10720 MHz ' E*
Voperational magic 394,798,267.10(124) MHz
Shift at Voperational magic | -3-0(34)x 10718

Table 4.2: Parameters used in the model for determining the portable magic wavelength.
Note that v, includes only model error from the portable fit, whereas Vperationally magic also
includes errors propagated from discrepancy with the lab clock measured value of the magic
wavelength.

We do not operate the clock at v,e, or the magic frequency. We operate at the
operational magic frequency, a condition that makes the lattice light shift insensitive to
intensity noise. This frequency is found by setting the derivative of the right-hand side of
equation with respect to trap depth, U, to zero and solving for the lattice frequency.

At 70 E, for the parameters in our light shift model, the operational magic wavelength is
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Figure 4.3: We fit the measured light shifts to the model in [I10] using the high order
parameters measured in [126] and leaving the magic wavelength frequency, vy, and da*/0v,
as free parameters in the fit. Individual points represent 14 to 62 hours of averaging and
there errorbars come from the white-FM fits to the Allan deviation at 7/2. Cold collision
and vector Stark effects have been subtracted from the data.
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2.2 MHz blue-detuned form the magic wavelength. We note that at the test frequency blue-
detuned by 1.4 MHz from the operationally magic wavelength, comparisons between 70 E,
and all other test trap depths were consistent with a zero shift between the samples at the
statistical error level (2-3 x107!8). At an operational trap depth of 70 E,, the light shift is
assessed to be -3.0(34) x107!8. The uncertainties that combine to give this value are shown

in Table 4.3

Uncertainty source Uncertainty in ve, | Shift Unc. (x107181;)
Prior determination of v,q., 0.49 MHz 1.3

This determination of v,qp, 0.46 MHz 1.3

Differences between v,er0 1.04 MHz 2.8

This 2% 0.09

vy,
Model error 0.3
Total lattice Stark uncertainty 3.4

Table 4.3: Lattice light shift uncertainty table for transportable Yb clock. Shift uncertainties
are given in fractional frequency units for the clock transition.

4.2.4 Lattice Travelling Wave

Due to non-unity transmissions of both the chamber windows and non-unity reflection
of the lattice retro-reflection mirror, the lattice has some degree of intensity imbalance. This
imbalance adds an additional shift from the forwards-propagating beam that is not treated
in the standing-wave model of the lattice. We measured the lattice intensity transmission
coefficient for the round trip from atoms to atoms with a germanium photodiode optical
power meter (S132C, Thorlabs). The lattice optical power was reduced with the tapered
amplifier current and servoed at a lower value for a stable reference during the measurement.
Multiple experimenters measured the power to compute the mean and standard deviation
of the powers at each point to account for spatial and angular variation of the power meter.

We directly measured the losses between optics compromising the retroreflection path

to compute the relevant transmission coefficients as shown in Table We measured the
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transmission coefficient T, for the round trip back to the atoms at 90% =4 2%. Since we
align the retroreflector to maximize the lattice depth as discussed in section [2.2.3] we do not
consider further effects to effective transmission from mismatched focusing. We follow the
treatment in [126], where the transmission coefficient permits calculating the electric field
mismatch parameter, ¢ = v/2 —T — 1 = 0.05(1), which is the fraction greater than unity
of the forward propagating beam compared to the backward propagating beam. The small
light shift on the atoms from this mismatched intensity at the operational magic wavelength

is then given by

AVtrav

= U (5.5 x 1071) — 2U*(2 x 1072 — ¢'U?(1 x 10721, (4.18)

o
where U is the lattice depth in recoil units. The coefficients are upper bounds on the
computed ratios of the differential multipolar polarizabilities and the magic wavelength po-
larizability [126, T10]. We assess a shift uncertainty at 1 x 107! for our operational trap

depth, where we consider the entire travelling wave shift to be an uncertainty.

4.2.5 Spectral purity of the lattice

Previous discussion of the lattice assumed that the frequency distribution of the lattice
is a delta function at v;. This assumption is not true for real lasers. Fortunately, the
differential polarizability has a low enough frequency dependence that a laser detuned <

350 kHz from the magic wavelength will have less than a 1 x 1078 shift. This frequency

Location Measured optical power (mW) | Transmission coefficient
Before chamber power 41.9(4) -

After chamber power 40.9(8) -

Before retroreflector power 39.3(1) -

Retroreflector reflection (spec) | - 0.998(2)

Single window transmission - 0.99(1)

Chamber to retro transmission | - 0.96(2)

Atom to atom transmission - 0.90(2)

Table 4.4: Measurement of transmission coefficients between optical surfaces.
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dependence imposes only a weak linewidth constraint on the lattice laser. Since our lattice
laser has a < 10 Hz in-loop beat note when locked to the frequency comb, this is a non-issue
in our system.

However, early work on the portable project focused heavily on the ensuring adequate
spectral purity of the lattice laser for magic wavelength trapping. For size reasons, we
built the portable system with a diode-seeded tapered amplifier laser in contrast to the
lab clocks which typically use a large Ti:Sapphire laser for the lattice. Continuous wave
Ti:Sapphire lasers have high spectral purity, but tapered amplifiers are known to generate
a large amplified spontaneous emission (ASE) background. This ASE background could be
several THz away from the magic wavelength and create a large shift on the atoms even
with trace spectral power density. To suppress this potential shift, we use a volume Bragg
grating (VBG) with a 10 GHz passband to reject the vast majority of the ASE background.
As described in detail elsewhere [93] [3], we measured the spectrum of our VBG filtered laser
over 8 decades of frequency space from the magic wavelength to demonstrate suppression
of the ASE. From this measurement, we estimated an uncertainty from residual ASE at
5 x 107%°. Additionally, we interleaved between trapping with the filtered tapered amplifier
laser and the Ti:Sapphire laser in one of the laboratory clocks and measured a shift consistent

with zero at the 1 x 10718 level.

4.2.6 Blackbody Radiation

The frequency shift from the long wavelength electric field of the vacuum chamber
BBR environment is the largest uncancelled systematic frequency correction and one of the
largest sources of systematic uncertainty in both laboratory and transportable OLCs [34] [33],
12, 13, 32]. Our table detailing all of the considerations in our BBR uncertainty calculation
is presented in Table [£.5] This section is organized in subsections following the table. This
organization is roughly chronological in that environmental control motivated early chamber

design before we could measure realized temperatures on the chamber and then consider mi-
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nor environmental effects or values of atomic parameters measured elsewhere. An additional
clarification is that although the thermal model for the spectroscopy chamber is developed
in the first subsection, the thermistor-measured thermal gradient is treated in the second

subsection.

4.2.6.1 Temperature inhomogeneity

To limit uncertainty, we constrain BBR effects with a vacuum chamber that incorpo-
rates strategies from the in-vacuum BBR shield technique [75], [128], such as high-emissivity
coatings, a mesh of temperature sensors, finite element thermal modeling, and chamber ge-
ometry with reduced sensitivity to thermal apertures. Inserting coefficients into equation

[4.12, the BBR shift from a uniform thermal field at temperature, T', with T = 300 K, is

T\* TN\ T\ ® 7\ 10
Avppr = 14 (ﬂ) + 6 (?0) + 18 (ﬂ) +0 (ﬂ) . (4.19)

vy = —1.254871(24) Hz is the product of the differential static polarizability between the

given by:

clock states and the mean-squared electric field of thermal radiation, and v = —21.98(48) mHz
and vg = —744(20) pHz are the dynamic corrections for the frequency dependence of po-
larizability [75]. At 300 K, 0Avppr/dT = —171.1894(4) mHz/K, therefore a 1 x 1078
uncertainty requires knowledge of the thermal environment at the 30 mK level.

As in [75] [34], 128] 129], we characterized the BBR environment of our chamber with
thermal modeling and thermometry. Assisted by finite element analysis (FEA) [96, [130], we

eff

7 )

determined the effective solid angles, Q" of each surface element, i, in the chamber [75].
Knowledge of each element’s effective solid angle and its respective temperature, T}, can be

used to calculate the the effective BBR temperature
4 -
Te= E T 4.20
eff i 4 ¢ ( )

where T is the effective BBR temperature sampled by the atoms [75]. In a spherical

chamber, the effective solid angle of the surface would be reduced to the product of the
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Table 4.5: BBR shift uncertainty table for transportable Yb clock at normal operating
temperatures (T = 26.8 C = 299.9 K). Shift uncertainties are given in fractional frequencies
units of (x107).

Section Temperature Unc. Shift Unc.
[. Temperature Inhomogeneity

Spectroscopy Chamber 35 mK 12
N-BK7 Windows 100 mK 4.5
Entry Aperture / Oven Shutter 10 K 5.0
Exit Aperture 5K 2.3
IT. Thermistor Accuracy

Calibration 6.0 mK 2.0
Post Calibration Fidelity 0.5 mK 0.2
Digital Multimeter (2 wire) 1.0 mK 0.3
Self-Heating 0.6 mK 0.2
Parasitic Conduction 0.0 mK 0.0
[TI. Minor Environmental Effects

Application of T.g in Dynamic Correction 0.01
Residual Transmission via Windows 0.05
Atomic Position / Dimensional Tolerance 0.7
BBR Anisotropy (Non-scalar Stark) 0.01
IV. Atomic Response to BBR

Differential Static Polarizability 0.46
Dynamic Correction with 7 9.2
Dynamic Correction with T° 0.38
BBR Zeeman (M1) Factor 0.1
Total BBR Environment 14.1
Total Atomic Response 9.2

Total 16.8
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solid angle of the element to the atoms and the emissivity of the element normalized by the
condition >, Q¢ = 4.

By design, the total geometric solid angle of the entry and exit apertures for the atomic
beam was constrained below 2%, since the surfaces beyond these apertures have relatively
uncontrolled and uncharacterized temperatures. Likewise, these apertures had no lines-of-
sight to any potentially reflective window surfaces. FEA found that if the chamber walls had
an emissivity > 0.8, then the effective solid angle of the apertures was maintained below 2%
with vanishing sensitivity to the emissivity of the chamber windows. As shown in Table [4.6]
this meant that we did not need to carefully measure the emissivities of the windows to

constrain the effective solid angle of the apertures.

Element Temperature Geometric Effective solid | Environmental
(K) solid angle, | angle, Q°" /47 | uncertainty
Qeeom /A (x10719)
Entry aperture | 303(10) 0.0017 0.00150(3) 5.0
Exit aperture | 293(5) 0.015 0.0145(15) 2.3
Windows 293.0(1) 0.19 0.15(10) 4.5

Table 4.6: Environmental uncertainty budget for blackbody radiation shifts is calculated
using Monte Carlo analysis. The effective solid angle ranges are derived from sampling the
emissivities over a uniform distribution by assuming that the chamber has an emissivity
greater than 0.8 and the window has an emissivity greater than 0.2. The effective solid
angle of the chamber is adjusted accordingly to meet the normalization constraint. Table
reproduced from [3].

We used a Monte Carlo method to estimate the effect of emissivity and temperature
variations on the uncertainty of the BBR shift. The model drew temperatures from a nor-
mal distribution, where the entry aperture, exit aperture, and windows had 10 K, 5 K,
and 100 mK ranges respectively, which we considered to be worse than our expected ability
to control temperatures on these surfaces. The model also drew emissivities from a box
distribution where we conservatively assumed the chamber emissivity was > 0.8 and the
N-BK7 window emissivity was merely > 0.2. This computation found a 7.2 x 107! environ-

mental uncertainty floor from the uncertainty of temperature and effective solid angles of
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the apertures and windows [3]. The environmental uncertainty contribution from individual
components is shown in Table [.6] In operation, however, the environmental uncertainty is
limited by the ability to control gradients on the high emissivity chamber which dominates
the effective solid angle.

We characterized possible thermal gradients in the windows with infrared imaging
thermometry to ensure uncertainties consistent with the Monte Carlo model. We imaged
accessible chamber windows with a thermal camera during an operational sequence with
five times the normal coil duty cycle (40%) to amplify possible air-cooling gradients in
the windows. We averaged 75 images to generate a composite image, an example averaged
thermal image is shown in Figure (a). We then fit a quadratic polynomial to the horizontal
and vertical cross sections of the windows, as shown in Figure (b) We observed an edges-
to-center parabolic gradient of 22(5) mK. Even under the enhanced condition, this gradient

is less than the window temperature uncertainty used in our Monte Carlo model.

4.2.6.2 Thermistor accuracy

We measure the chamber temperature during the clock sequence with nine thermistors
(30 k2 at 25 C) distributed evenly around the chamber including on the edges of the win-
dows thermistor placement is shown in Figure [4.5[a). The thermistors were secured with a
hardening boron nitride thermal paste overlaid with kapton tape. The boron nitride paste
is not recommended in the future; although it hardens and bonds to the chamber, the dry
paste is friable and could degrade during transportation.

For the sake of rapidly building our chamber, we calibrated the thermistors in two
stages. In the first, we immersed twelve thermistors in an isothermal bath, a hole in an alu-
minum block filled with mineral oil and wrapped with insulation and aluminum foil. Then
we slowly varied the room temperature to calibrate the thermistors against each other. We
reserved three ‘reference’ thermistors from this ensemble and attached the other thermistors

to the chamber. Several months later, we rebuilt the isothermal bath, using instead a tem-



85

Figure 4.4: Characterization of the BBR uncertainty from the windows in a temperature
enhanced condition. (a) Shows the composite image of one of the vertical viewports averaged
from 75 images of the viewport. The brazing rings and titanium surfaces at the edge of the
window can be seen due to their different surface emissivities. Likewise, shadowing and
reflection effects can be seen on the window since it has less than unit emissivity (optical
glasses like N-BK7 typically have emissivities between 0.6 and 0.8 in the mid-infrared) [I31].
Data for this particular measurement was collected on the line between the two yellow
points where we were careful to avoid reflection effects. (b) The data from that image, after
subtracting the mean value, is displayed as orange points and the quadratic fit is displayed
as a blue line. Even after averaging, the dispersion of the data points is large relative to
the signal. However we were still able to extract a meaningful quadratic coefficient from
the data indicating the presence of a center-cooling effect due to the windows’ access to air
currents. The linear coefficient was disregarded since this measurement was taken before we
installed the counter heater to suppress the gradient on the oven-slowing axis.
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Figure 4.5: (a) shows the locations of the thermistors on the chamber, some are placed
in pre-machined holes intended for temperature sensing and others are placed inside the
window braze rings. (b) shows the the residuals of the thermistors during a 14 hour clock
measurement while we setup the oven counter-heater. At about 1300 hours, we adjusted
the servo setpoint which decreased the dispersion between slowing side thermistors (2, 3,
and 9) and the oven side thermistors (6, 10, 11, 12). Thermistor 13 on the top viewport
is suspected of having relatively worse thermal contact with the chamber since it sees more
severe air current noise. (c) shows the mean (left) and the scale parameter (right) of the
chamber temperature distribution. Prior to the servo adjustment the mean temperature

was range-bound within 30 mK, indicating a stability of the uncorrected BBR shift at the
1 x 10718 level.
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perature servoed heating and cooling plate, and calibrated the three reference thermistors
with a set of three Pt100 resistance thermal detectors. The Pt100 manufacturer quoted a
4 mK accuracy for these devices. We then were capable of measuring exact Steinhart-Hart
coefficients for the reference thermistors using the Pt100 temperature data. This calibration
is shown in Figure [4.6{a) for an example reference thermistor. Over the fitting model range
of interest for our chamber’s expected temperature, the error is < 200 K. Additionally, the
residuals of the Pt100s against their mean was < 300 pK near the chamber’s operating tem-
perature. Using the reference thermistors as a source of temperature truth in the older data,
we were able to also update the Steinhart-Hart coefficients of the installed thermistors [132].
Fits for three example thermistors are shown in Figure (b) Unfortunately, for that earlier
data we had not realized that the chamber would reach nearly 27 C in operation and the
calibration only covers 19-24 C. The model error is therefore larger in this measurement at
1.5 mK, since it involves extrapolation. Nevertheless, even taking the simple sum of these
two model errors with Pt100 manufacturing tolerance and residuals, the thermistor accuracy
contributes only a 6 mK error to the BBR environment.

We also considered other effects that may degrade the accuracy of our thermistors. The
Pt100 measurements used a 4 wire configuration and the thermistor measurements generally
used a two wire configuration, benefiting from their much greater resistance. We assessed
the error from using two wire measurements on the chamber with one reference thermistor
by interleaving between a four wire measurement and two wire measurement. We measured
a temperature difference consistent with zero with 1 mK error. We additionally assessed a
self-heating error at 0.65 mK = (10 pA)? x 26,0009 x 1/4K/mW where the the electronic
terms come from our sense current and thermistor resistance at the operational temper-
ature and the dissipation is a reasonable estimate for a thermistor thermally bonded to a
metal structure [I33]. We performed an additional test several months later when calibrating
new thermistors for an upgraded chamber. We included the same three reserved thermis-

tors using their measured coefficients and compared against the Pt100s finding a maximum
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Figure 4.6: (a) shows the fitting of one of the reference thermistors to the mean temperature
of the PT100s. The temperature of the Pt100s is shown in blue on the left axis and model
error of the fit is shown in orange on the right axis. The error bars of the data are much
smaller than the points with standard deviation of the thermistor resistance below 25 €2
and the Pt100 temperature below 100 K over the 304 minutes each point was collected.
(b) shows the fitting of three chamber thermistors to the reference thermistors. Because
this data (overlapping blue squares) was taken prior to full construction of the chamber, it
did not include the final operating temperature of the chamber. The fits (thin blue lines),

therefore have a larger model uncertainty (orange lines) at the operating temperature of the
chamber.
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discrepancy of 0.5 mK in the expected operating temperature range, which we assessed as
post-calibration fidelity error. In-vacuum temperature shields consider the parasitic conduc-
tance of the thermistor leads to the vacuum electrical feed through. Even in these systems,
the conductance is considered a sub-100 pK effect [75]. Given that the thermistor leads
are taped to the chamber and out of vacuum, we consider this negligible for our thermistor
accuracy.

On the chamber, the thermistors sense thermal gradients that arise from heat propa-
gation from the atomic oven and from the MOT quadrupole coils. The gradient originating
from coil heat dissipation was mitigated by coil design and 399 nm MOT loading sufficiently
efficient to permit a low duty cycle. Additionally, the atomic oven conducts a temperature
gradient down the chamber; this effect can be seen in Figure (b) We counterbalance
the temperature gradient using a temperature-servoed heater on the side of the chamber
opposite the oven and suppress it below the level of other residual gradients. The remaining
gradient appears to be cylindrically symmetric radially outwards from the atomic beam axis,
likely as a result of the oven and counterbalance heat sources being effectively on the axis.
Future efforts to mitigate this effect will include water cooling the oven and coils so that the
chamber is at room temperature and building a box around the physics package to servo the
air temperature.

We use Student’s ¢t-distribution [134] to analyze the uncertainty of the thermal ensemble
with the degrees of freedom parameter set at N — 1, where N is the number of temperature
sensors. Some other statistical analyses that experimenters have used in their analysis of an
ensemble of temperature sensors have included: simply divide the full range by two, the box
distribution (divide the range by \/ﬁ), and the normal distribution. The ¢-distribution leads
to a more conservative estimate than the box and normal distribution since it makes a less
strong claim about the underlying potential temperature distribution that the atoms might
experience as a result of the finite number of temperature probes. It also has the intuitively

desirable property that increasing the number of probes decreases the uncertainty of the
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temperature which is not true of the other distributions. That said, the difference between
the temperature uncertainties from the different distributions when applied to our thermistor
collection is only about 10 mK.

Over several hours of experimental data, the t-distribution of the thermistor ensemble
varies from 28-35 mK, as shown in Figure [£.5c). This temperature uncertainty is consistent
with a 0.9 — 1.2 x 107 BBR uncertainty from the environmental contribution of the high
emissivity chamber. Furthermore, the mean of the ensemble varies at a 25 mK level indicating

a stability of the uncorrected BBR shift just below the 1 x 10718 level.

4.2.6.3 Minor environmental effects

We additionally considered several minor effects on the calculation of the BBR shift.
First, we consider the effects of the difference between the experimentally realizable mea-
surement of the mean temperature which we consider to be the effective temperature and the
exact temperature given from integrating all of the solid angle elements and their respective
temperatures by their area. The effective temperature is applied to equation under a

nearly isothermal assumption. However, we may consider a calculation of the shift as [135]
Avggr = va(T") + v6(T°) + v5(T%) + O (T"0), (4.21)

where (T™) is the n-th power of the surface temperature of the spectroscopy chamber aver-

aged over the effective solid angles of the thermal surface

(") = % / T (%) dA. (4.22)

The assumption of our thermal model [I30] is that these values have an identity relationship
where (T*) = T, but that assumption does not generally hold for higher powers, n.
The unpublished reference [I35] makes the argument that the individual contribution

terms of may be written as

Un(14+ &)1 (4.23)
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where the parameters &, are given by

<T4> n(n - 2) Tmax - Tmin 2
&, = i~ 1< 5 X T T ) (4.24)

We use twice the values of the residuals from the measurements from the maximum and min-
imum values of our thermistors in Figure [4.5|in case we are undersampling a peak gradient.
We find the high order temperature corrections & = 8.5 x 1077 and & = 1.7 x 107%. These
values are several orders of magnitude less than the fractional uncertainties of v4 and vg, and
we assess a < 1 x 1072 contribution to the BBR uncertainty from the effective temperature
assessment.

Next, we consider residual BBR transmission through the vacuum chamber viewports.
N-BKT7 glass has strong optical-phonon interaction beginning at colors infrared of a 2.5 ym
wavelength that shields the atoms from most BBR external to the chamber. However, there
is still some residual transmission at higher frequencies which might interact with the atoms
in the spectral vicinity of the 3Py — 3D; transition as previously seen in Figure The
transmitting BBR is at a different characteristic temperature from the chamber BBR since
the coil and oven-warmed chamber is at &~ 27 C and the environment when the chamber
is “boxed” up is at &~ 20 C. Our group has previously been interested in this calculation
since it may be a more significant effect in the BBR shift for clocks that have cryogenic
vacuum envelopes with windows to room-temperature surfaces [136, 137, 138]. As shown in
Figure 4.7, we compute the the effective spectral difference from the model by calculating the
difference BBR spectrum between the two temperatures, applying a measured filter function
for N-BK7 glass, and multiply by the geometric sold angle of the viewports. The integral
of the product of this spectrum and the differential polarizability of the atoms then is a
shift correction. The correction is computed to be 5 x 1072! which we take to be additional
uncertainty on the BBR shift.

Additionally, we consider the effect of the lattice position on the effective temperatures

witnessed by the atoms. Our thermal model assumed that the lattice standing wave is in
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Figure 4.7: (a) shows in blue on the left axis the wavelength dependent transmission of N-BK7
as compiled from the maximum values of [139, 140}, T41]. The major transmissive feature of N-
BKT7 is the vanishing transmission above 2.5 ym which is somewhat obscured by measurement
technique changes in the combined transmission data. The right axis shows in orange the
fractional change in total BBR spectrum after accounting for the temperature difference
between the viewports and chamber exterior, the viewport transmission, and the geometric
solid angle of the viewports. (b) shows the computed fractional frequency shift per Hz of
BBR spectrum after multiplying the spectral difference by the differential polarizabilities of
the clock states. The integrated value is 5 x 1072,
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the geometric center of the chamber, but in practice, the lattice is aligned to the final stage
of the 556 nm MOT whose location of formation is dictated by local magnetic fields. In
several deployment locations, the MOT has always formed within 0.5 mm of the center
along the atom beam axis, as assessed by diffuse reflection of the lattice beam off the top
and bottom viewport after alignment. (There is a tiny scratch on the upper viewport which,
for better or worse, is a useful alignment reference since the lattice always aligns closely
to it.) The location along the atom beam axis dominates the uncertainty from this term
since that determines changes to how the atoms sample temperature from the entry and exit
apertures which have relatively uncontrolled temperatures. For the entry (exit) aperture,
0.5 mm greater proximity increases the geometric solid angle to 0.00177/47 (0.0155/4)
and contributes a maximum 4% (30%) increase to the environmental uncertainty from this
surface. The additional environmental uncertainty is then 7 x 10720,

Finally, we consider the effects of an anisotropic BBR environment which might interact
with the atoms through non-scalar Stark terms. Since the clock states are both J = 0 any
such effect would be highly suppressed since the electron cloud is nearly spherically symmetric
up to the contribution of hyperfine mixing in the excited clock state of "Yb. The most

extreme possible anisotropy in our chamber is (T2, — T2, )/T2 .. < .001 where half of the

max min
chamber is at the max thermistor temperature and half is at the low temperature. The
maximum sensitivity to anisotropy is given by previous analysis of the vector polarizability

of '™Yb as 4 x 10™* the scalar polarizability [142, 143]. With a maximum correction at

4 x 1077 of the BBR shift, we assess the uncertainty from this source as < 1 x 1072L.

4.2.6.4 Atomic response to BBR

The leading room-temperature laboratory optical lattice clocks [32] [33] are limited in
their uncertainties by knowledge of the dynamic correction coefficients. Future progress in
the lowest uncertainty clocks will involve spectroscopy chambers cooled to 200 K or below

to suppress the wavelength dependent effects of BBR [138, [137, [13]. While the portable Yb
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clock does not yet perform at this level, it is not far from this target. This work made no
effort to improve the measurements of the coefficients involved in these corrections and so
will only report the uncertainty contributions from knowledge of the corrections. Operating
at a slightly higher temperature than the lab clocks we report greater uncertainty for the
atomic corrections. Following equation [£.19] the BBR correction from the differential static
polarizability term associated with vy, is —2424.1(5) x 1078, the second order dynamic cor-
rection term associated with v, is —42.3(9) x 10718, and the fourth order dynamic correction
term associated with vg, is —1.4(4) x 107!, Additionally, as described in section , there

is a correction for magnetic interaction with the BBR field assessed at 1(1) x 10720,

4.2.6.5 BBR summary

The quadrature sum of all of the uncertainties discussed so far, results in a total error
of 1.7 x 1078, Since the uncertainty is dominated by the measured temperature gradient on
the spectroscopy chamber, this uncertainty is not static and will need to be tracked for the
duration of each clock measurement.

If the portable clock were to operate with a less stable local oscillator in the future, these
shifts are likely to scale unfavorably. One of the contributors to thermal gradients on the
chamber is the the high power dissipated in the quadrupole MOT coils. If the spectroscopy
time were decreased, but the rest of the clock cycle were unchanged, then the duty cycle
of the MOT coils would necessarily increase. While no scaling law can be derived a priori,
we have seen peak-to-peak thermistor values as high as 200 mK while setting up the system
with spectroscopy times < 100 ms. If the gradient determined by the ¢-distribution is only

100 mK, the uncertainty from BBR could reach 4 x 1078,

4.2.7 DC Stark

Our atomic chamber is designed as a Faraday cage with a conductive ITO coating on

the windows and a conductive high emissivity coating on metal surfaces [144] 145]. The
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surface closest to the atoms without a conductive connection to ground is the in-vacuum
slowing mirror > 20 c¢m from the atoms. The mirror is a UV-enhanced aluminum type
which has a thin dielectric layer over the aluminum reflector on a 5 mm glass substrate. The
dielectric surface is electrically contacted to the mount with a screw holding the mirror in
place. The mount is electrically isolated from the chamber with an electrical feed through
and can be externally connected to an arbitrary potential up to 8 kV. However, we typically
ground the mount to discharge any potential build up on it. The mirror surface is well
shielded by the vacuum chamber and a finite element analysis shows that even a 1 MV
potential applied would exert a < 1 x 10~'® shift on the atoms which makes it infeasible to
probe the DC field from this surface. Moreover, with only the thin dielectric coating capable
of accumulating charge, we expect that the breakdown voltage to the mount is < 10 kV.
Even if the mirror were maximally charged, the shift from it would be below the 1 x 1072
level.

We considered the potential failure of the ITO coating, which is temperature sensitive,
during the brazing process. Prior to brazing the viewports to the chamber, we used a padded
resistance probe to verify electrical contact from the window surfaces to the brazing rings.
If the ITO coating were damaged in a thin annulus adjacent to the brazing ring on one of
the vertical windows, which are nearest to the atoms, the electric potential build-up on the
annulus could create a shift on the atoms. We simulated this potential build up with finite
element analysis [96] to calculate the shielding factor of the chamber to this annulus, as shown
in Figure (b) We found that the shielding factor is large enough that a 100 V potential
on the annulus would create a 1 x 1078 shift. External-to-the-chamber measurements of
the uncoated sides of the viewports with a standoff voltmeter found an electric potential of
0+1V at a 2.4 cm distance. Replicating the model in Figure [£.8(b) but for an external
field to the chamber found that a 30 V charge on the annulus would be required to generate
a 1 V measurement by the standoff voltmeter.

We assessed the possibility that dust on the windows resulted in many small points
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Figure 4.8: a. Shows a COMSOL model with the most conservative model of a charged
window where the voltage source is uniformly distributed. In this model, a 1 x 10~!® shift on
the atoms requires an 11 V potential on the window which generates a 0.07 V potential at
the atoms. We use this model in calculating the possible shift from dispersed dust masking
the ITO coating. b. Shows a more probable mode of failure where the ITO coating near
the edges of the windows fails in the brazing process and voltage is accumulated in a thin
annulus. This annulus would need to be charged to 100 V potential to effect a 1 x 1078
shift on the atoms.
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of ITO failure or that later additions of charged dust partially masked the ITO coating.
This failure mode would result in a relatively uniform potential build up on the window as
shown in (a). From reference [146], we use the value of ¢ = 50 e~ um™2 as a worst-case
scenario for charge build-up on in-vacuum glass. Small patch charges on a grounded plane
give dipole-like potentials, from which it is straightforward to compute the potential at the

atoms as a function of compromised glass area,

1 oA
—47T80D2

(4.25)

where D is the diameter of the dust-based patch charge, A is the compromised area, and
o is the permittivity of free space. Given the window diameter, 14 mm, and the shielding
factor of the chamber, we calculated the percentage of area of the window that would need to
be compromised to result in a 1 x 107'® DC Stark shift. Figure |4.9shows the results of this
calculation along with an empirically-derived curve for the aerosol density of different dust
sizes in the western United States. Due to the strong shielding effect of the grounded plane,
small aerosol dust contamination would have to be catastrophic (> 10%) to create a DC
Stark shift. However, macroscopic dusts at the near-millimeter scale with maximal charge
could potentially pose a DC Stark problem. We observed the windows on the assembled
chamber under illumination and did not observe any visible contamination of the surfaces,
assuring that large dust contamination was not potentially compromising the electric field

environment. We assess the DC Stark uncertainty at < 1 x 1079,

4.2.8 Probe Stark

The clock laser itself causes a shift on the clock transition as a result of differential
polarizability of the ground and excited states. In fermionic ytterbium, hyperfine mixing
causes the 'S, — 3P, transition to be less forbidden than in the bosonic nuclear spin
zero case. Hence, the weakly allowed clock transition may be driven with sub-puW levels of

optical power and the AC Stark shift from the clock light is much smaller than in bosonic
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Figure 4.9: Computation of the fraction of the nearest window to the atoms that would need
to be compromised with dust-masking that results in charged glass surfaces for a 1 x 10718
shift. Above a few percent, the grounded plane assumption is certainly violated, but the plot
is illustrative of the fact that small particle contamination is strongly shielded. The data for
local dust aerosols came from [147].
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species [148]. Since for clock lasers of similar spectral purity and identical spectrosocpy
times, the shift should not be experiment dependent, we use the shift and uncertainty values
reported in [33]. Moreover, for the purposes of comparison with the lab clock, the shift will
cancel in common mode since we are using the same laser.

In the future, as we develop an independent clock laser system, we will measure the
probe Stark shift with that laser. We will use the technique in [149, B3] where the clock
laser is detuned several MHz from resonance with the AOM and a low power tone at the
detuning frequency is applied to an EOM to modulate the clock laser so that there are weak
sidebands resonant with the atoms. The detuned carrier light will then cause a Stark shift
on the atoms that can be measured by interleaving with normal operation. A linear fit to
the intensity of the off resonant light can then be used to compute the shift from probe light
at normal operational powers. Since the probe Stark shift scales with the intensity, I, of
the clock laser while the 7 pulse time scales with 1/+/7, this effect should only reach the
1 x 10718 level if the portable clock laser system is limited in stability to supporting < 56 ms

interrogation times.

4.2.9 Second-order Zeeman

We set the bias field to 130 uT during spectroscopy to separate each of the two 7 tran-
sitions by 260 Hz from center with the first-order Zeeman shift. We will call the separation
from the center frequency the magnetic correction, dmag. As shown in Fig. , during a
typical run > 100,000 s, the Allan deviation of the magnetic correction random walks to
20 mHz at 30,000 s, which we take as the statistical error of the magnetic correction, be-
fore beginning to average down as white-FM. Since this Allan deviation peak occurs at the
same time interval as observed in Figure which is expected to occur as result of room
temperature fluctuation, a reasonable guess for the source of magnetic noise is temperature
changes to the nearby ion pump magnets.

Residual polarization impurity in the lattice results in a vector Stark shift that varies
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Figure 4.10: An overlapping Allan deviation from an individual cold collision shift com-
parison where the magnetic correction is plotted in Hz. The magnetic correction exhibits
bounded random walk behavior where it wanders for 20,000 s before beginning to average
down like white-FM noise. We do not currently use any passive or active techniques to
stabilize the magnetic field. All long datasets where we plotted the Allan deviation of the
magnetic correction showed a characteristic turn in the noise at 20,000 to 40,000 seconds
indicating an approximately half day cycle in magnetic field. The last point is at 7 and
should be ignored.
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the magnetic correction linearly with trap depth. As shown in Figure [4.11] we measured
the slope of the vector Stark magnetic correction as a function of trap depth to be Ayg =

5.1(4) mHz/E,. Theoretically, the vector Stark shift is given by

m 1 2
AVVS - _ﬁAaVS (§Elattice) (426)
Sy L - (4.27)

" 2hF Qg e (Wmagic)

where A is the circularity of the lattice polarization defined on an interval between -1 and
+1, ays is the vector polarizability, oy e(Wmagic) is the scalar polarizability at the magic
wavelength (by definition the same for the ground and excited states), Ey is the lattice
electric field, and Vj is the lattice trap depth [87] [83]. Since the vector Stark shift depends
on the magnetic quantum number, mp, it can be thought of as a pseudomagnetic field in the
direction of the lattice k-vector. For this reason, the vector Stark shift is cancelled by our
alternating interrogation of transitions from mpg+1/2 ground states. While the vector Stark
shift is not a direct error on the transition frequency, it is an error on the magnetic correction
that adds uncertainty to the computation of the second-order Zeeman shift. By design, we
suppress the effect of the vector Stark shift on this uncertainty by setting the magnetic
quantization axis in the same direction as the lattice polarization such that the effective
fields add in quadrature while the real magnetic field is much larger. We can find the level
of circular polarization of our lattice for "'Yb given the measurement of Ayg. Two useful
relations are the polarizability ratio avs/og e(Wmagic) = 0.08a.u./187a.u. = 1,/2340 [142] [143]
and the conversion between magic wavelength trap depth in '™'Yb and SI energy units is
1.34 x 1073°J/E,.. Then, rearranging equation and accounting for measurement of the
magnetic correction as a splitting from center with a factor of two we find the level of circular
polarization to be

A = 2310E, mHz 'Ayg = 1.18%. (4.28)

The lattice light is presently polarized with a polarizing beam splitter cube that has a

1043:1 extinction ratio at 759 nm so it is likely that circular impurities are a result of
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birefringence in the vacuum viewports, focusing lenses, or a longpass dichroic mirror. It
is possible that we could use a waveplate to cancel the vector Stark shift further by pre-
correcting for birefringence, but there is not currently an available location to place this
optic in the setup that does not affect other beams.

For calculating the Zeeman corrections, we used the first order Zeeman coefficient,
Z; = 199.516(2) Hz/G, and the second order Zeeman coefficient, Zo = —0.06095(7) Hz/G?

measured in [33]. Then the total correction from the zero-magnetic field state is given by,

Z
AI/Zeeman = ﬁ(dmag - AVS[])2 (429)

where U is the trap depth in recoil units. We calculate a second order Zeeman shift of
—1.9913(25) x 107% from the zero magnetic field state, where we propagated the uncer-
tainties from the second order Zeeman coefficient and from the statistical and vector Stark
uncertainties of the magnetic correction.

A greater magnetic correction is needed to separate the two 7 transitions if the linewidths
are large due to short interrogation times, however a larger magnetic splitting will incur a
greater uncertainty from applying the Zeeman coefficients. The magnetic correction we use
was already chosen in anticipation of a potentially less stable local oscillator that only sup-
ports shorter 7 pulse times. No adverse scaling of this uncertainty is expected outside the
lab, however the stability of the local magnetic field may be worse. Most likely, all that
would be required to counteract greater field instability is adjusting the gain of the Artiq

software loop filter that tracks the magnetic correction.

4.3 Two Body Systematics

Interactions between atoms and other quantum particles causes shifts from the inter-
actions of their potentials. These interactions can arise both from other cold atoms in the
clock sample and background gas molecules in the vacuum chamber. This section details our

calculations related to both types of collisional shifts, however this introduction primarily
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Figure 4.11: The fit of the vector Stark correction to trap depth difference is shown as an
orange line and the data is shown as blue squares with small error bars. We used the data
from evaluating the lattice AC Stark shift to measure the relative effect of trap depth on the
magnetic correction term. The error bars come from the Allan deviation of the two clock
magnetic correction difference and were then scale up by a factor of five to reach a reduced
chi squared value of one.
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motivates the theory of cold-collisions between atoms in the spectroscopic sample.

A key advantage of optical lattice clocks is that their high atom number lets them
operate with a greatly reduced quantum projection noise. Clocks with fewer quantum energy
references recover less information about frequency per cycle and suffer an instability from
this quantum projection noise ogpx oc 1/v/N [I50]. A trade-off that optical lattice clocks
make against optical ion clocks is that for greater experimental complexity in trapping a
cold atom sample (more cooling lasers and more frequent loading), lattice clocks get a far
higher atom number to suppress this noise source. However, they also pay a price in that the
greater the number of atoms in the sample, the greater their interaction rate, and therefore
their systematic shift from atom number will be increased. A simple strategy in handling
this second trade-off is to operate with an atom number just high enough that Dick Effect-
limited clock stability dominates the noise performance instead of quantum projection noise
(QPN). This shift is not unique to lattice clocks, the most accurate cesium and rubidium
fountain clocks also must carefully account for density effects [117, [T5T] 107].

Since '"Yb atoms have half-integer nuclear spin, they are fermions obeying Fermi-Dirac
statistics. An atomic sample that is spin-polarized into a single mpr = +1/2 state should then
have no distinguishable particles and as a result, should have strongly suppressed interactions
due to the Pauli exclusion principle. However, when targeting 108 levels of performance,
even weak interactions can be troublesome. In general, elastic two-body collisions in a cold,
dilute quantum gas can be described with a wave function in the center of mass frame

eikr

b(r) ~ % + f(k,0) (4.30)

r

where the first term is an incident plane wave and the second term is the scattered spherical
wave [152] [153]. The scattering amplitude, f(k,8) depends on the particles and their states.
The wave function and scattering amplitude can be expanded in spherical harmonic ‘partial
waves’ in the standard way [I54]. As a result, cold atom collisions can be classified by

the angular momentum of the interaction channel with s-wave collisions (I = 0), p-wave
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collisions (I = 1), d-wave collisions (I = 2), etc. Higher angular momentum collisions (I > 0)
are suppressed by centrifugal barriers between the atoms when sufficiently cold. In '"'Yb this
p-wave “freeze out” temperature was calculated to be 30 pK [155]. Thus in the early history
of optical lattice clocks the most emphasis was made on measuring the contribution of s-wave
collisions [156, 157, 158, 159 160]. However, more recent measurements have shown that
s-wave collisional shifts, while large if there are distinguishable particles in the spectroscopic
sample, can be nearly eliminated with high purity of indistinguishable particles. In contrast,
p-wave collisions can linger even for indistinguishable particles [161), 87 [162] 163].

We prepare our sample with > 99.9% spin-purity, where the measurement is detailed in
4.3.2 This technique lets us operate in a regime with negligible s-wave collisions from spin-
impure atoms, since there is, on average, less than one spin-impure atom per sample of 300
atoms. We achieve this high purity with a long and low power spin-polarizing step as detailed
in [2.2.3] While spin-impurity is the dominant source of distinguishable particles, there are
several others. Atoms in the 3P, state, as could occur due to branching from 3D; from
repumping during the sideband cooling process could contaminate the sample. However,
prior measurements show that due to negative polarizability at the magic wavelength, 3P,
is anti-trapped by the lattice. Atoms in neighboring lattice sites are distinguishable by site
during clock excitation due to differential sampling of the clock laser phase. If the tunnelling
rate is high enough, these atoms could participate in off-site s-wave collisions. However,
this effect is only a significant concern in very low-trap depth lattices [162]. Finally, due
to excitation inhomogeneities of atoms at slightly different temperatures, they will evolve
from ground to excited clock states at slightly different Rabi frequencies. In this way, atoms
become distinguishable during the spectroscopy pulse.

Assuming a mean-field-like interaction of spin-identical particles at root-mean-square

temperature Trys (to average over the three dimensions) and mass m, the collisional shifts
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for both s-wave and p-wave interactions may be written as

2h

Avs = S G (ps = p) (4.31)
2rk
Av, = ; B (np)TrMs [agel)e — agg,og + ai’g(pg — Pe)} 7 (4.32)

where py() is the population fraction in the ground (excited) state [83, 88, 87, [157]. The
s and p wave scattering lengths are a and b where the subscripts indicate the states of the
interacting pair, with s-wave interactions only occurring between distinguishable particles.
G®@ is the two-body correlation function which varies between 0 for identical particles and 1
for distinguishable particles. (np) is the mean number density per lattice site. The number

density in a particular lattice site is

Nsite

"D BRI L,

(4.33)

where N is the number of particles in that site. The effective trapping lengths, L; for

particles in the lattice’s simple harmonic oscillator potential are

P LICIR ) (4.34)

mw;
w; is the trap frequency in the ¢ direction and the mean quantum harmonic oscillator level
in that direction is given in equation 2.5 We can use these relations to analyze our mea-
surements and determine useful scaling relationships. In our collection of data for AC Stark
and cold-collision shift evaluations, we measured the temperature and trap depths before
each clock measurement run with resolved sideband spectroscopy which let us determine
the mean occupied lattice motional mode as shown in Figure 2.14, We can then use that
information with equations and to calculate the inverse volume of the lattice sites
as shown in Figure [1.12] (a).

Using equation, [4.32] we can estimate the density shift from p-wave collisions from
the calculated lattice site volumes. We can make this estimate with the interaction length

coeflicients in [161], b, = —T4ag, bee = —34ay, and by, ~ 0 where qq is the Bohr radius, but
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Figure 4.12: (a) shows the scaling of the reciprocal effective lattice site volume as a function
of trap depth based on our measurements of temperature. The temperature determines the
spatial extent of the atomic motional wavefunctions. The reciprocal lattice site volume is
proportional to the number density of the atoms, while the number density could in principle
be observed directly with a good camera, we do not have that capability. (b) shows how
the size of the cold collision shift should scale as a function of trap depth. We fit the data
to a power law aU® and measured b to be 1.23(34) consistent with the expected scaling for
sideband cooled atoms in [4.36, This data is only an estimate and not the measured value of
density shift discussed in the next section.
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note that the coefficients are not known accurately. We compute the expected density shift
for our atomic ensemble with trap depth as shown in Figure M(b) The measured scaling
at U?3 matches the theoretical scaling in [88], which gives the cold-collision shift scaling

with trap depth for a sideband-cooled sample and a thermal sample as

AVsidebamd cooled X NU5/4 (435>
NU3/?
VT &

The density shift that we measure in the next section turns out to be significantly lower than

(4.36)

AVthermal X

the estimate in Figure [4.12b). This difference is not concerning to us, however, because of
the low accuracy of the interaction length coefficients and the dependence of the shift on
details of the distribution of motional states that the atoms occupy. However, the measured

density shift can be fit to a similar power law.

4.3.1 Cold Collisions

To reduce our quantum projection noise limited clock stability below the level of our
clock laser noise, we operate our clock with a sample of at least 300 atoms. However, the two-
body p-wave interactions that result from populating lattice sites with multiple atoms create
density-dependent clock frequency shifts [163], 161], 164, [156] [165]. We measure this shift by
interleaving between a high and low atom number sample, and measuring the clock transition
frequency difference between the two samples. We vary the atom number by analog control of
the servo setpoint of the slowing laser intensity. This control scheme permits modulating the
final atomic number density in the lattice. Importantly, modulating only the slowing beam
is unlikely to introduce other systematic shifts between measurements. Varying the 556 nm
MOT parameters might change the temperature of the lattice trapped atoms and varying
the 399 nm MOT loading times between the two measurements might result in differential
effects from AOM or coil thermalization. However, for all cold collision shift measurements

we operate with a 300 ms 399 nm MOT loading time to maximize our lever arm from atom
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Figure 4.13: Detail of an individual cold collision shift measurement at 70 E,. (a) shows
the atom number over time in both the high and low atom cases. (b) shows the OADEV of
the measurement on the left axis and the OADEV of the atom number ratio on the right
axis. The white-FM fit at 7/2 was used to determine the uncertainty on all individual cold
collision shift measurements. This particular measurement found a 9.7(30) x 107'® shift

between high and low, or a 3.5(11) x 107'® shift when scaled to 300 atoms.
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number comparison. While we don’t operate the clock in “accuracy mode” with long loading
times because the coil heating introduces BBR gradients, this effect is cancelled in common
mode for the interleaved measurement. After comparing the frequency difference between
high and low atom numbers, we then extrapolate the shift at 300 atoms with a linear model
of density-dependent shift. An example of an individual cold collision measurement is shown
in Figure [4.13

Since the apparent atomic density in the lattice for a fixed atom number can be changed
in principle by subtle variations in experimental parameters, we repeatedly measured the
density shift over several months as shown in Figure 4.15 These variations could include
temperature changes from alignment, intensity, or polarization of the laser cooling system;
overlap and beam quality of the lattice beam in both directions; and alignment of the
atomic fluorescence detection beam or PMT and collection lens. The repeated measurement
demonstrated that the shift at 70 £, and 150 E, is stable at the 1 x 1078 level. Additionally,
the atom number typically averages down to a 4% flicker floor during most measurement
runs indicating high in-measurement stability of the density shift. From the uncertainty
weighted average of our data at 70 £, we can conclude that the cold collision shift at that
depth is —3.3(0.6) x 10718,

We evaluated the cold collision shift at multiple trap depths for subsequent subtraction
of the shift from measurements of the lattice AC Stark shift. These measurements are
shown in Figure We first fit our data to a model with the form a + b x U4, where
U represents the trap depth as suggested by the trap depth scaling laws presented in the
previous section. However, this fit required a 4.5(1.3) x 1078 offset to fit well (forcing the
offset to zero resulted in reduced chi-squared of 87). While a several 107'® offset like this
is not impossible to physically explain, it is unexpected based on previous measurements
in ytterbium clocks [33]. In fact, the work in [162] makes use of a smaller offset from the
positively signed off-site s wave effect to find a zero-crossing in the total cold collision shift.

Nonetheless, for analyzing AC Stark data we chose the conservative option of using no fit
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Figure 4.14: We evaluated the linearity of the density shift by comparing between a 300
atom sample and a varied higher atom number sample. Then we normalized the shift to the
number of atoms in the high atom number sample. We found the expected linear scaling
with atom number, indicating that many body interactions do not play a significant role in
the collision shift.
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Figure 4.15: Cold collision shift measurements were performed over four months at the same
target trap conditions. The shift at 70 £, is shown with blue squares, and the weighted
mean with combined uncertainty is shown by the solid blue line which fits the data with a
reduced chi-squared of 0.46. The shift at 150 E,. is shown with orange diamonds, and the
weighted mean with combined uncertainty is shown by the dashed orange line with a reduced
chi-squared of 1.10. Since the measurements at 150 Er have more atoms, they have a larger
available lever arm in scaling to 300 atoms which helps to reduce the errorbars without multi
day measurements as in Figure [4.13]
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and only directly correcting the AC Stark data with measured trap depth dependent cold
collision shifts. In the future, we hope to leverage improved laser cooling to reach lower trap

depths and explore this shift’s depth dependence further.

4.3.2 Spin Polarization

Spin-distinguishable atoms interact with the spectroscopic sample with strongly per-
turbing s-wave collisions. The fractional frequency shift at our operational 300 atom sample
size scales with 7, the proportion of atoms remaining in the unwanted spin state mp = j:%
after optically pumping to the target state mp = :F%. As shown in Figure m(a), we mea-
sured a shift in our system of [5.31(14) x 107%]p. This value of the shift scaling is greater
on a per atom basis than previous measurements [33]. There are several reasons this shift is
enhanced in our trap, all originating in greater atom density: our lattice waist is smaller at
50 pm compared to 70 pm, we use a compressive magnetic field to assist the MOT to lattice
transfer, and both sideband spectra and measurements of the temperature-sensitive da* /dv,
coefficient indicate a colder atomic sample. Similarly, our p-wave dominated cold collision
shift is several times higher per atom as well. Measurements at different trap depths, shown
in Figure [1.17(b), determined that the s-wave collision shift was nearly insensitive to trap
depth in our usable range. Trap depth insensitivity of the spin-impure shift is a surprising
result that requires further investigation. Measurements without sideband-cooling and adia-
batic filtering determined and that 1 halved at higher atomic sample temperatures, 4.5(5)uK
axial and radial, which is expected. Additional measurements are shown in Table 4.7 Un-
able to reduce the large coefficient of the s-wave dependent shift, spin purity requirements
in our system were more stringent.

We developed a technique of continuously probing the spin purity to measure the purity
with very high accuracy. The clock laser is kept locked to the atomic transition with a normal
clock operation sequence of four steps probing both sides of the two 7 transitions to generate

an error signal. These steps are interleaved with four other steps to resonantly probe the



114

Figure 4.16: (a) shows the cold collision shift corrections and uncertainties as a function of
trap depth that were applied to the lattice Stark data. These corrections are entirely the
empirical results that we measured. (b) shows the raw collision shift data fit to a scaling
law of the form a + b x U%*. The orange dashed fit line has a shaded region around it
representing the uncertainty as computed from correlated error propagation. We did not use
this fit in correcting the lattice Stark data due to uncertainty in interpretation of the offset
term. A scaling law of a x U? fits the data well without an offset term, however, there is no
physical basis for a squared law.
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Figure 4.17: (a) shows a measurement of the linear spin-purity coefficient that determines
the shift with some quantity of impure atoms 77. These measurements were performed with
the normal method for measuring a cold-collision shift (Figure at different levels of spin
purity. 50% purity was obtained by blocking the optical pumping beam and 25% impurity
was obtained with an additional neutral density filter to further weaken the optical pumping
beam. (b) shows that the shift with a 50% pure sample was nearly insensitive to trap depth,
in contrast to the cold collision shift of polarized atoms (Figure [4.16).
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Spin impurity | 70 Er Lattice, Cold | 150 Er Lattice, Cold | 150 Er Lattice, Hot
< 0.5% -3.3(6)x 10718 -1.5(1)x 10717 -2.0(8)x 10717
25% + 1% 1.4(2)x1071° 1.7(2)x1071¢ 5.4(1)x10717
50% 2.6(2)x10716 2.5(1)x10716 1.0(1)x1071°
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Table 4.7: Shifts given in the table are in fractional frequency units. The “cold” samples
were sideband cooled and filtered at 70 E,., while the “hot” samples had no additional cooling
after the 556 nm MOT. The s-wave shift has almost no apparent dependence on trap depth,
but is halved without the sideband cooling and filtering. One interesting aspect of this data
is that the sign of the p-wave dominated shifts in the high purity cases are opposite of s-wave
dominated shifts. In principle, this sign-flip means there is a “magic spin purity” where the
s and p-wave collisions cancel which is &~ 1% impurity for 70 E, and ~ 2% impurity for the
cold 150 E, samples. This purity could be prepared at high fidelity with a fractional 7= pulse
of the clock laser. However, this scheme may suffer from accuracy or stability issues with
control of the lattice intensity or atomic temperature.
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four combinations of 7% transitions from mp = i% ground states. In principle, those four
probe steps will measure a maximum excitation fraction when the mp state corresponds to
the probed 7 transition and zero excitation when the atoms are in the “wrong” mpg state for
the probed 7 transition. An additional step measures a background level with the clock light
far-detuned (-5 kHz) from resonance. A short measurement with this technique to > 99.5%
purity is a common diagnostic that we run before making other measurements. However, for
our error table we made a long measurement with this technique averaging down over 42,000
seconds of this operation. The results of this measurement are shown in Fig. |4.18 where the
overlapping Allan deviation for the impurity in both spin states separately and together are
plotted. We measured spin impurities, 7, of —0.00009(89) in mp = +3 and —0.00047(94)
in mp = —% where the error bars come from the fit to the Allan deviation of the measured
spin purity at Tmax/2. With a worst-case impurity of 0.00094, we assess the uncertainty of

the shift from the residual spin impurity at 5 x 107,

4.3.3 Background Gas Collisions

Collisions with background gases can have two effects: they may either eject atoms
from the lattice or differentially alter the energy levels of the ground and excited states,
the latter leading to a measurable frequency shift [166]. This frequency shift is linearly
proportional to the pressure of the background gases, which is predominantly hydrogen
gas in ultra-high vacuum environments, as documented in previous measurements of this
shift [33]. To quantify these collisions, we can measure the lifetime of the atoms in the lattice.
Then, with previously measured coefficients [33] that lifetime can be used to compute the
interaction rate and therefore the frequency shift caused by background gases. However, the
background gas shift of this model depends on the vast majority of the gas being hydrogen,
since other gases will have different interaction stengths and therefore different frequency
shift scalings with pressure. As we will see, the close proximity of the oven to the atomic

trapping chamber results in the vacuum lifetime depending on the oven temperature, due
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Figure 4.18: The OADEV of the spin-state preparation purity over 42,000 seconds. The
mp = —i—(—)% purity is shown with blue squares (orange diamonds) and the white-FM fit is
shown with a blue solid line (orange dashed line). The combined data averages down with
the expected /2 improvement to 1 = —0.00028(67) as shown with the gray circles and gray
dotted line for the white-FM fit.
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to hydrogen outgassing of the oven materials. Our in-vacuum shutter fully blocks the beam
of thermal atoms from the spectroscopy chamber during spectroscopy, so thermal ytterbium
collisions are not considered.

We measured the ground state lifetime in the lattice for different oven temperatures
(450-480 C in 5 C increments) and trap depths (50, 70, and 150 E,). As shown in Figure
4.20(a), we simply varied the holding time in the lattice before probing to measure the
remaining atoms and then fit an exponential decay coefficient to the data. We found an
exponential dependence of lifetime, A on oven temperature, 7(T) = 79exp (—.004T"), for
the high depth lattice, indicating that at high depths the lifetime was vacuum-limited by
outgassing from the oven.

Surprisingly, we also found that at low trap depths the lifetimes were diminished com-
pared to the high depths and had a weaker dependence on oven temperature. One hypothesis
for lower lifetimes at lower trap depths is lattice heating from frequency or intensity noise
that is near the lattice sideband frequencies for low trap depths, but not for high trap
depths. We assessed this hypothesis with sideband spectroscopy both immediately after
sample preparation and after holding the atoms for three seconds. We measured no observ-
able increase in either the axial or radial temperatures of the atoms, as shown in Figure [£.19
With a sideband-cooled sample, even a small change in the axial temperature should have
been readily observable as the re-emergence of a red-detuned sideband feature. While we
did not observe radial heating, the signal to noise was degraded for the radial temperature
since there were fewer atoms remaining to resolve the wide and shallow band structure. We
also made measurements of the trap lifetime separately without frequency stabilization and
without intensity stabilization of the lattice laser. In neither case, did we observe increased
lifetime indicating that feedback-driven oscillations are not a source of atom heating in the
low depth trap.

Another hypothesis is that atoms are slowly tunneling out of the lattice since the lattice

is tilted at 15 degrees relative to gravity. The main effect of adiabatically ramping the lattice
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Figure 4.19: Sideband spectroscopy to assess the possibility of in-lattice heating. A sample
at 70 E, was prepared in the usual way and the sidebands were measured either immediately
or after a three second delay. Neither the axial nor radial temperature increased after the
delay. In fact, the radial temperature decreased by 20% which is statistically significant.
Note that the signal to noise is worse after the delay because of the atom loss. A similar
measurement was performed at 150 E, and no statistically significant temperature change
was observed in either dimension.
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depth lower should be the immediate loss of atoms in untrapped n, states, but it is possible
that atoms below that threshold are leaking out more slowly. However, the peak radial force
in a lattice is Fj,, = —2UE,/+/ew, while gravity exerts a force on the radially trapped
atoms of F, , = mgsin 15°. For our lattice with a waist radius w = 45 pum, a minimum trap
depth of 20 E,. to counterbalance the radial gravitational force. Previous work in a 15 degree
tilted lattice with w = 70 pm [125] found atom numbers were only acceptable above 60 E,,
however no mention is made of this being a lifetime effect. At present, this hypothesis is still
plausible and worth further exploration since vacuum and lattice heating effects have been
largely ruled out.

Nevertheless, we needed to recover a background gas lifetime in order to properly
account for the effect of this shift. We used the pressure as measured by the oven-side ion
pump as a proxy for the pressure in the spectroscopy chamber. We did not use the ion gauge
to measure pressure since the hot gauge’s outgassing negatively effects the vacuum lifetime.
Additionally, the pressures measured by spectroscopy-side ion pump were consistently low
enough that they could not be considered reliable since the current that the pressure is
calculated from would be dominated by leakage currents. Then, we fit the following equation,

T(p):< L, p/w )_1 (4.37)

Tattice Tvacuum

to fit the collection of data as shown in Figure M(b) Tiattice 1S the lattice lifetime for
a particular trap depth, Tyacuum 1S the vacuum lifetime for a particular pressure, p is the
measured oven-side pressure, and py is the reference pressure at our oven’s typical operating
temperature of 465 C. From this dataset, we measured a trap depth independent vacuum
lifetime of 8.2(8) s with a 465 C oven. Lattice lifetimes at the different trap depths are shown
in Table [£.8] Higher temperatures result in more atoms in the initial lattice trapped sample
and this temperature gives a good compromise of vacuum lifetime to trapped atoms. Using
the previously measured coefficients from [33], we compute a —2.0(3) x 107!® shift from

background gases.
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Figure 4.20: (a) shows an individual lifetime measurement with the conditions of a 150 E,
trap depth and a 470 C atomic beam oven temperature. In these conditions, the measured
lifetime was 5.9(2) s. (b) shows data taken across a range of oven temperatures with trap
depths at 50, 70, and 150 E,. We fit this data to a combined vacuum and lattice lifetime
model to extract a trap depth independent vacuum lifetime of 8.2(8) s. The error bars on
this data were scaled up by a factor of 4 to get a reduced x? of 1, however, it is more likely
that there are x-axis errors from using the oven side pressure as measured by the ion pump
current as a proxy for spectroscopy chamber background pressure.
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Trap depth, E, Lattice lifetime, s
150 50(30)

70 6.1(9)

50 1.4(3)

Oven temperature, C | Vacuum lifetime, s
450 13(1)

455 11(1)

460 9.0(9)

465 8.2(8)

470 5.9(6)

475 5.2(5)

480 4.2(4)

Table 4.8: Lattice lifetimes at varied trap depths as assessed from the fit in Figure m
At high trap depths the lattice lifetime cannot be accurately determined due to the much
greater influence of vacuum lifetime. We would like to operate at a trap depth of 50 FE, or
lower to suppress the lattice Stark shift, but the low lattice lifetime at this depth makes this
unlikely in the near future.
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4.3.4 Optimal strategies for measuring cold collision shift

Measurement of the cold collision shift can be difficult in a system with a relatively
low number of atoms like ours. Our original epoxy-sealed chamber suffered from a short
vacuum lifetime (= 400 ms) and our titanium chamber observed > 5 s vacuum lifetimes,
but at < 100E, trap depths suffered from diminished lattice lifetimes (= 1.5 s at 50F).). For
this reason, we calculated optimal experimental parameters to reduce the uncertainty of the
density shift when the experiment is suffering from atom lifetime limitations. In the low
lifetime regime, the quantum projection noise (QPN) from a small atom number sample will
dominate the uncertainty of the cold collision shift. Therefore, both the spectroscopy time
which causes more atom loss and the ratio between the high and low atom number samples
must be optimized.

After a 7 pulse, the vacuum (or lattice) lifetime-limited sample of atoms, N remaining
is

N = Nypaxe ™™, (4.38)
where 7, is the 7 pulse time and 7, is the vacuum lifetime. Cold collision shift measurements
are made as comparisons between a high atom number Ng; sample and a low atom number
N, = 6Ny; sample, where § is the ratio between high and low atom numbers, a value
between zero and one. The linear coefficient of frequency shift per atom, D for density, is
then measured from the frequency difference, Avy; . 10, between the interleaved high and low

atom number samples,

Avyi 1o
NHi - NLO
VHi — VLo

= (4.39)

D —

vy and vr, are the absolute frequencies that samples at the high and low atom condition
would have although the absolute frequencies are not experimentally accessible. The atom

number difference is given by AN = Npax(1 — 6)e ™/,
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Now we want to calculate the uncertainty on the determination of the shift per atom,
D, and then find measurement techniques to minimize the uncertainty. We suppose that
the technical noise on measuring the relative atom number is small compared to frequency

noise. The QPN-limited measurement uncertainty of vy, is

1
V NLOTﬂ' 7

and similar for vy [I50]. The uncertainty of D after a measurement for some arbitrary

(VL) o (4.40)

length of time is the quadrature sum of the QPN-limited uncertainties from the individual

s(D) o(vio) 2+ o(vm)\’

Vclock N AN AN
(3/2)(r /Tv) _

_e 1+ (1 5)5’ (4.41)
N3/2 172 (1—=24)6

Max '™

frequencies

where the frequencies, Veoa / Vi & Vro, Were simplified since they will agree at the 1 x 10715
level or better. The uncertainty for D is now in two independent terms: the 7, term and 9
term which will simplify optimization.

The optimal 7 pulse time in the low lifetime limit is then given by the minimization of

the uncertainty in D

do(D)/veroe 31— 1,)e3/D(r/m)
%/Vlk _g= BT 252 , (4.42)
Tr 21271,
which simplifies to the useful rule
e = % (4.43)

This rule corresponds to our experimental observation in the epoxy-sealed chamber that we
obtained the best early cold collision shift measurements at about a 140 ms spectroscopy
time. Likewise, the rule indicates that we should be just able to attain useful density shift
data in the 50 E, trap with our normal 560 ms spectroscopy time, given the 1.5 s lattice

lifetime at that depth.
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Conventional clock wisdom says that best cold collision shift measurements have a large
lever arm between high and low atom number since the uncertainty will be divided down by
that much. While that is true for the case where QPN is not a factor in the measurement, or
is only beginning to be a factor for the low atom number measurement, it is not true when
QPN is adversely effecting both measurements. The optimal atom number fraction, ¢, in

the low atom number sample is computed in the same way as
1
0= — 4.44
: (4.44)

indicating the importance of maximizing clock stability when severely atom-starved. This
result might also be useful for clocks with excellent reference cavities where even at higher

atom numbers the quantum projection noise limits the stability of the clock.

4.4 Doppler Systematics

One of the greatest attractions of the lattice clock architecture is its potential to be
virtually Doppler free. Atoms trapped in the lattice have quantized motion, and by phase
locking the clock laser to the lattice reference surface, the atom motional frame and clock laser
field can be made phase coherent. Other high-accuracy clocks can suppress Doppler shifts to
a high degree, but it is difficult to make them fully Doppler free. Fountain clocks suppress
Doppler shifts by interrogating atoms moving with equal and opposite vertical velocities as
they travel through the microwave cavity. However, the freely expanding atom cloud can
sample imperfections in the cavity resonator leading to what is called the distributed cavity
phase shift [167, 168]. Optical ion clocks use an ion trapped in a quantum ground state
of motion and phase-lock the clock laser to a nearby optical surface reference to eliminate
fiber phase noise. Small static electric fields on the RF trap surfaces, however, can push the
atoms out of the trap center which causes them to have low amplitude oscillations in the
trap. This excess oscillation is called micromotion and leads to a second order Doppler shift

that is the leading shift uncertainty in many ion clock uncertainty budgets [169] 170, 171].
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Interestingly, both of these uncertainties are results of the clocks ultimately being man-made
artifacts. While lattice clocks can be Doppler free by design, elimination of Doppler shifts is
only possible to the extent that the clock laser can be phase locked to the lattice reference

surface and that residual motional effects can be controlled.

4.4.1 Doppler shift from clock light delivery

We evaluate the residual Doppler frequency shift arising from imperfect delivery of the
578 nm clock light to the atomic reference frame during the clock cycle [89]. Clock light is
delivered to the atoms via fiber and a small length of free space before the phase reference
mirror. As is conventional, we detect and actively correct for accumulated phase noise from
optical propagation via an AOM. We measured the uncancelled phase noise throughout
the entire optical propagation length by interleaving a clock measurement between a cycle
providing phase noise cancellation feedback to the clock AOM and a cycle without feedback.
The Allan deviation of this measurement is shown in Figure [£.2I] The resulting cycle-
correlated Doppler noise yielded a 9.90(16) x 1077 shift.

We measured the phase noise suppression capability of the fiber phase noise cancellation
(PNC) feedback loop. We inserted an electro-optic modulator (EOM) into the optical path
before fiber coupling to apply intentional phase chirp to the clock light. The clock light
polarization must be identical in both directions through the EOM crystal to avoid violating
the assumption of reciprocal phase noise in the fiber phase noise cancellation scheme, since
the EOM’s applied phase is polarization dependent. This optical arrangement is shown with
the chapter 2 discussion of the clock laser system with Fig. where the additional EOM
and polarization optics are inside a labelled box.

We compared three cases. Case one: serrodyne phase modulation on the EOM was
applied over the entire spectroscopy time and the phase noise was left uncancelled. Case two:
identical EOM phase modulation was applied as in case one, and AOM phase noise correction

was applied to cancel the introduced phase chirp. Case three: no EOM phase modulation
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Figure 4.21: The overlapping Allan deviation from the comparison between the use of fiber
phase noise cancellation and without cancellation. At 235,121 seconds, this is the longest
dataset we took while building our uncertainty budget, using the brute force method to
meaningfully measure the shift. The long servo attack time and bumps on the ADEV are
most likely signatures of room-temperature oscillation in 1G106 and 1G108. Also of note is
that the mean excitation without PNC compared to with PNC dropped to about 35% from
48%. Presumably, this happened because frequency broadening and drift of the clock probe
during spectroscopy lowered the effective Rabi frequency. If during setup of the clock, it is
noticed that the Rabi rate has dropped unexpectedly, checking the PNC quality is prudent.
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was applied and AOM phase noise correction was applied. Interleaving cases one and three,
we measure the applied frequency offset as a result of the phase ramp. Interleaving cases two
and three, we measure the residual frequency shift that the PNC fails to cancel from the phase
ramp. Figure shows these three cases as applied to a single swept 7 transition. The
serrodyne modulation was generated by a TTL controlled synthesizer feeding a high voltage
amplifier. We found the optimal serrodyne tone for a high effective Doppler speed without
unlocking the PNC started with a ramp from 0 V to +180 V and then ramped from -180 V
to +180 V two more times over the 560 ms spectroscopy time. Using the half-wave voltage
at 578 nm from the EOM’s data sheet and the details of the serrodyne phase modulation,
we can compute an effective Doppler velocity that this modulation imparts on the light as
8 pm/s. Then, we expect to measure an imposed Doppler shift of v/c = 2.7 x 10714,

With cases one and three, we measured an applied frequency offset of 2.79(4) x 107,
consistent with the expected Doppler shift. With cases two and three, we measured the
residual frequency shift at —5.95(39) x 10717, demonstrating a factor of 470 suppression in
applied frequency shift. The PNC loop’s suppression factor on frequency shift is less than
that of frequency noise which is approximately 2000 for averaging times greater than 500
seconds. We believe that the residual frequency shift was limited by our ability to obtain
identical polarizations through the EOM in both directions, which also explains the change
in sign. Nevertheless, applying this lower bound suppression of 470 to the cycle-correlated
noise gives a 2.1 x 107 phase noise shift uncertainty, where the unsuppressed shift and
measurement error have been added in quadrature.

We performed additional tests to measure cycle-correlated acoustic noise that might
create a Doppler shift. In one test, we interleaved between our normal clock sequence and
the same clock sequence with a delay between state preparation and beginning clock spec-
troscopy. This delay permits us to probe if there is a cycle-correlated Doppler shift, perhaps
as a consequence of vibration from the atomic beam shutter or the switching magnetic fields.

Over two decades of delay, we measured no significant change in the measured frequency at
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Figure 4.22: The three cases we compared for the Doppler shift measurement are shown here
as scans over the spectroscopic feature. Here, the green “Stage 2.0” corresponds to case one
where the phase ramp displaces the spectroscopic feature by 14 Hz and the lack of PNC
additionally causes broadening and diminished contrast of the feature. The blue “Stage 0.0”
corresponds to case three, where the PNC loop is enabled and no phase ramp is applied to
the EOM. The orange “Stage 1.0” corresponds to case two, and shows how the PNC loop
is capable of suppressing the effect of the phase ramp. Note that in both cases with noise
suppression a high quality sinc? line shape is observed.
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Figure 4.23: Lattice hold time versus frequency shift relative to zero additional hold time
clock cycle. There is no significant shift over two decades of hold time showing the suppres-
sion of any cycle-correlated Fourier components. These measurements were intended to be
quick verifications of insensitivity to cycle times rather than rigorous measurements for the
error table like the previous measurement of the phase noise suppression.
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the low 1077 level, as shown in Figure [4.23|

Another direct test of the cycle-correlated noise was to place accelerometers in different
locations and orientations on the physics package. These measurements, shown in Figure
demonstrate that there is an acceleration frequency component at the clock cycle fre-
quency. The acceleration at this frequency is strongest on the mezzanine breadboard which
should be relatively unsampled by the clock light which is on the base plate as is the phase
reference mirror. Considering the non-zero offset in the first measurement we made compar-
ing with and without PNC, it is reasonable to suppose that the acceleration component at
the cycle frequency is the source of the net Doppler shift. However, because of the strong

suppression from PNC, that residual shift is safely at the low 1071 level.

4.4.2 Atomic Tunnelling

Atomic tunnelling between adjacent lattice sites could result in residual Doppler ef-
fects [172]. We suppress atomic tunneling both by operating the lattice at a relatively large
depth compared to the clock photon recoil energy and by orienting the lattice mostly along
gravity to break the degeneracy between neighboring lattice sites.

Following the analysis of [172, [173], and using measurements [33], [174] and calculations
from [32, 174], we calculate a 1540 Hz Bloch sideband frequency and a Rabi frequency
of the first order Bloch sideband that is 10~* suppressed from the Rabi frequency of the
clock transition. We estimate a possible shift at the < 1 x 1072! level for typical operating

conditions.

4.5 Frequency Control Systematics

A lattice clock is a device that stabilizes the frequency of an optical oscillator whose
frequency may be then used to measure time intervals. The set of systematics related to
frequency control assesses how well the electrical and optical techniques used in the clock can

faithfully steer the local oscillator to the atomic transition frequency. If a clock is well-built,
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Figure 4.24: Frequency dependent acceleration measurements of the physics package with the
accelerometer in different locations and orientations. The second upper mezzanine bread-
board (top plate) where the lattice laser is focused shows generally greater accelerations,
especially in the north/south direction which is orthogonal to the beam propagation direc-
tion. Notably, nearby human activity causes an order of magnitude increase in accelerations.
Much of our ADEV data shows greater stability after business hours which may be an effect
of either reduced vibrations or reduced temperature fluctuations.
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these systematics should generally be very small relative to the potential energy-level shifts
affecting the atomic transition. Nevertheless, they are fundamental to the operation and

understanding of the lattice clock architecture.

4.5.1 Optical Frequency Synthesis

The clock laser light is pulsed on the atoms with the same AOM that phase stabilizes
the light to the lattice reference surface. AOMs are useful experimental devices because they
can add or subtract radio frequencies from an optical frequency with little error. Pulsing the
AOM on however, introduces a transient phase excursion which integrates to a frequency
offset as the active phase stabilization servo engages. In our clock, when the in-loop error
signal is averaged for many cycles, the mean phase chirp reaches a maximum phase error of
0.8 rad and is suppressed within 70 us. The phase chirp is shown in Fig. where the chirp
was measured from error signal voltage and multiplied by 27/560 mV where 560 mV was
the peak-to-peak voltage when the error signal was permitted to phase wrap by disabling
the servo feedback. AOMs have another possible source of phase error from thermalization
that we were unable to detect with this method. Presumably, this error was undetectable
because thermalization happens on a timescale much longer than the servo bandwidth and
can therefore be actively corrected.

Given both the total pulse length, 7' = 560 ms, and the detuning from the excitation
peak that we use to generate an error signal, v4., = 0.8 Hz, we can compute the effect of the

measured phase chirp on the atoms. We used the phase sensitivity function,

dg(t) _ -
B 1T o) [(1 —cos€s) cos§; — (1 — cos ) cos Qo] (4.45)

in [I75], where
t
Ql =7y 1+ (2VdevT)2 X f (446)

and

T —
Qo =71/ 1+ (2ugeyT)? X T ! (4.47)
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Figure 4.25: 128 error signals were averaged on an oscilloscope while the AOM switches on
and achieves phase-lock to the heterodyne reference frequency for phase noise cancellation.
The blue solid line is the product of that error signal and a phase-voltage calibration factor
from the observed phase wrapping of the error signal. The axes for the phase error are on
the left. The orange dashed line is the time-integrated change in excitation fraction of the
atoms as a result of the phase chirp, such that the value at 85 pus is d,. The axes for the
excitation fraction change are on the right.

Phase and Excitation Change Over AOM Chirp
1':“:' ! ! ! ! !

0.75 — —
0.50 — —
025 —

0.00 —_L/ —

025 —

Phase, radians

-0.50 — —

-0.75 — —

Cumulative excitation change x107°

0 20 40 60 80
Time, microseconds

-1.00




136

to compute the average change of the excitation fraction

5, — /0 ' gb(t)d‘zl—it) dt, (4.48)

for each measurement. The phase sensitivity function is illustrated in Figure 4.26] The
net effect is a small change in excitation between the red and blue detuned probing of the
spectroscopic feature, AP = 20, Pyax, Where Py, is the maximum contrast observed for the
Rabi line shape, typically 92%. The small change in excitation between the red and blue
detuned probing results in a small bias to the observed frequency of the clock transition
AVeock = Vdev AP/ Ppax. The error from the measured phase chirp is then 7.9 x 1072,

We additionally tested whether the pulsed direct digital synthesizer output from Artiq,
that serves as the reference signal for the phase noise cancellation beat, could introduce a
systematic error. We set a second DDS referenced to the same 10 MHz maser and generated
a 198 MHz tone identical to the one expected from the pulsed DDS. We mixed the two signals
together and measured the phase excursion on an oscilloscope in a manner much like the
AOM chirp measurement. The phase mismatch averaged to zero within 10 us of the Artiq
DDS output turning on. However, in our sequence, the DDS reference signal for phase noise
cancellation turns on 30 ms before the optical pulse begins. The optical pulse is controlled
by a TTL-driven RF switch to the AOM. We consider DDS phase chirp to be a negligible

source of error.

4.5.2 Clock stability and the AOM phase chirp

Since for the portable system, we may need to use a less stable cavity in the future
and therefore will need to use a shorter spectroscopy time, we wish to determine a scaling
law for a constant phase chirp with diminished spectroscopy time. Consider some arbitrary

servo lock on the phase as a damped oscillator such that

B(t) = Ae™ cos(wt + @), (4.49)
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Figure 4.26: The sensitivity, dg(t)/dt, of the atoms to errors in phase per unit time for the
560 ms Rabi pulse used in our typical clock sequence. The atoms are most sensitive to
phase errors near at the beginning of the pulse where phase errors occur as the fiber noise
cancellation scheme achieves phase lock.
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where A is the amplitude of the phase oscillation, A is the damping rate of the servo, w is the
phase oscillation that the servo damps out, and ¢ is a phase offset. This model is a reasonable
one given both our own slightly underdamped servo data in Figure[£.25]and the underdamped
servo oscillation that was carefully fitted to a function with the form of equation[4.49)in [175].
The optimal detuning for error signal sensitivity is V4o, = 0.3999343 /T = §*/T as calculated
in [I76]. Given this value, we will also redefine the constants v = (2v4,,7)? = 0.6398 and
v = W\/W ~ 4.022. Making the appropriate substitutions into equation , we then

have

b, = % /OT e~ M cos(wt + @) lcos (%) — cos (@)} dt. (4.50)

Assuming that the servo attack time is acceptable and that oscillations are short relative
to spectroscopy time, e " — 0 and Tw,TA > ¥, we can then evaluate and simplify the

definite integral as follows

Ars* L (T A .
(Sp——mSln (5) m()\COSQS—WSIHQﬁ)

A :
R~ —2.507m (Acos¢p —wsin ). (4.51)

Following the previous arguments, we can apply the change in excitation fraction to deter-

mine a change in measured frequency and also combine trigonometric terms

A w
Algou & —2.005——~ ( tan~! (——)). 4.52
Velock TQ\/mCOS ¢ + tan 3 ( )

Fitting the prior experimental data in Figure[4.25] we recover A = 0.51 x 7, A = 27 x 6.0 kHz,
w = 2 x 14 kHz, and ¢ = —0.64 x 7. Computed with equation [4.52] the error from phase
chirp is 8.0 x 1072 demonstrating negligible error compared to the measured result.

We can gain further understanding of this equation, by remembering that the damping
of the oscillation is the result of control by a two-pole PI loop and applying the techniques of
control theory. The simplest controlled system to behave as a damped oscillator is a second

order system with complex poles. Therefore, the poles are st = A + w = Cw, & w,/C2 — 1
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where the natural frequency of the oscillator, w,, and the dimensionless damping ratio, (,
are defined by w = w,+/1 — (% and A = (w, [I77]. The gain of the transfer function at
complex frequency s is then

G(s) = T 95t TR (4.53)

Applying these definitions to equation 4.52, we find the frequency shift is
G() G0

wy, T2 w, T2

Aok ~ —2 cos¢g as ( — 1, (4.54)

where s’ are the solutions of (s’ — s§)(s’ — sy ) = w2/ cos (¢ + cos™(¢)). The limit assumes
that the servo is close to critically damping the oscillation. Equation shows that there
is a limit to the ability to servo out the phase oscillation based on the natural frequency of
the resonance and the DC loop gain required to perform adequate phase noise cancellation.
For the experimental data, G(0) = 1.6, w, = 27 x 15 kHz, and ¢ = 0.39. Despite the poor
fit of ¢ to the critical damping limit, equation still accurately recovers a phase error of
8.4 x 1072,

Since the phase error is not static, it will add instability to the clock servo in the form
of white-FM. We can compute the maximum contributed fractional instability, ocec, as the
standard error with the assumption that the initial phase error is drawn randomly from

between —7 and , finding that

1
Vclock V Rx1s

_,G(0) 1 i T 2
= anT2 N ST X \//_Wcos%bdqﬁ— (/_ﬂcos¢d¢)

a(0) 1
=2 ,
ﬁwnTz Velock V Rx1s

where R is the clock cycle rate (about 1 Hz for the portable clock). Therefore, the additional

\/<(AVclock)2> — (Alcloek)?

Oclock &t 1 8=

(4.55)

instability introduced is only a potential issue for clocks where the uncertainty from the
AOM phase chirp is of the same order as the local oscillator (LO) instability. For a poorly
performing LLO, this is a possibility since short spectroscopy times will greatly exacerbate

the phase chirp uncertainty leading to an instability compounding effect.
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For completeness, we give the same treatment as above to Ramsey spectroscopy with
an interaction time ¢; and dark time 7. The phase sensitivity for Ramsey spectroscopy may

be written as [I75] [170]

/

7= COS (%tti) for 0 <t < t,,

)0 for t;, <t <t + Ty, (4.56)

o Sin (%”;—Td» for ¢, + Ty <t <Ty+2t;.
\ 1 1

Only the first element of the piece-wise function is sensitive to transient phase chirps at the

beginning of the pulse. Assuming a damped oscillation as in and performing the same

sort of integration as in [4.50, we recover a fractional frequency change of

Algioek R —0.3136W% cos (¢ +tan™! (-;))

- - 0.3136th(0) cosp as ( — 1 (4.57)
nbild

where in the second step, we followed an identical control theory analysis as for Rabi spec-
troscopy. Ramsey spectroscopy then has a lower coefficient of sensitivity than Rabi spec-
troscopy exhibits in but since T, > t; this shift can be expected to scale more adversely
than in Rabi spectroscopy. Likewise, we can calculate the instability from AOM phase chirp

in Ramsey spectroscopy to be

G(0) 1
cdock = 0.3136 .
O clock ﬁwntde Velock V Rx1s

A reasonable Ramsey spectroscopy sequence for the portable clock with a 5 ms interaction

(4.58)

time and 560 ms dark time would have eighteen times higher instability and inaccuracy from
phase chirp, putting this uncertainty term above the 1 x 107!8 level. This contribution to
uncertainty and instability from short pulses is a factor that makes Ramsey spectroscopy in
optical lattice clocks relatively more difficult than Rabi spectroscopy; as a result the majority
of operational lattice clocks use Rabi spectroscopy.

Equation demonstrates a scaling law that heavily penalizes short spectroscopy

times with high uncertainties from the phase chirp. The 8 ms pulse we used at the US
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Naval Observatory for our long dataset would have contributed a 4 x 1076 uncertainty and
1.2 x 1071 instability at 1 s (half of the LO noise!) if the phase chirp profile were the same
as observed here. The uncertainty scaling might also impose a significant technical challenge
for reaching < 1 x 107! uncertainties in optical clocks with comparatively short excited state
lifetimes such as neutral thulium (7 = 112 ms) [I78] and indium ions (7 = 195 ms) [179].
If we need to operate with a shorter spectroscopy time in the future, equation [4.54]
shows that the most straightforward way to improve the systematic is servo optimization.
However, if this capability has been taken to its limit, several methods are available that
could suppress both the uncertainty and instability from this effect. The method used by
the lab clocks is to prestabilize the light before tuning it to resonance. They turn on the
clock light several hundred kHz from resonance to let the servo engage before a rapid linear
frequency ramp to the target frequency. This technique trades phase chirp for a very small
amount of frequency chirp as the laser-atom interaction turns on while being brought into
resonance. If the spectroscopy time available to us with a future portable cavity is low, then
we may need to use this approach. An important caveat though, is that the Artiq control
system does not permit smooth frequency ramps since the DDS outputs at a quantized
frequency and has some finite update rate. The trick, then, will be to find a sweep rate
and number of steps such that the phase servo does not unlock from an excessive step size.
Another possible technique to suppress the effect of the phase chirp is to turn the clock
light on low power and wait for it to phase-stabilize before turning it up to full power. This
technique is inferior to frequency ramping because the signal for the servo scales linearly with
optical power while Rabi frequency scales with the square root of optical power. The result
is that one will run out of signal to operate the phase lock long before the phase chirp is
significantly suppressed. Additionally, the servo gain, scaling with input signal will be time-
varying absent some additional correction. For clocks that only permit sub-millisecond pulse
times such as the proposed cesium lattice clock [180] [181], more sophisticated techniques

may be required such as continuously supplying far-detuned clock light with high bandwidth
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phase noise suppression that is then turned on resonance with a fast out-of-loop EOM for
lock-in detection. Alternative “hyper Ramsey” interrogation sequences that lead to phase
chirp cancellation are also a possibility for full cancellation of the phase chirp effect and are
discussed in [I75]. Yet another technique to cancel the phase chirp is to record the error
signal from the first half of the Rabi pulse and play that error, time-reversed, into the loop

bias during the second half of the pulse where the atomic response has the opposite sign.

4.5.3 Servo Error

The local oscillator drifts in a way that is largely linear on the timescale of a typical
measurement run. This drift could potentially cause a frequency offset since sequential
probing of the different detunings required to generate an error signal gives the local oscillator
frequency time to evolve relative to the atomic transition. We use several methods to suppress
the potential frequency offset. First, we use an AOM and a direct digital synthesizer with
uHz resolution to provide feed-forward cancellation of the drift below 500 pHz s~!. When
using the laboratory local oscillator, this is done by updating the “Drifty” program in 1G104.
Second, we probe the points used to generate the error signal alternately in ascending and
descending frequency order. If there is an offset from linear drift we are alternately adding
and subtracting the offset as we probe the points in the opposite directions. Third, we use
a digital I? lock to the atomic transition in the Artiq FPGA which suppresses linear drifts.
It is known that the cavity has quadratic and long period drifts in it’s frequency, but these
effects are on long time scales relative to typical measurements and are much smaller than
the linear drift. While an I? loop is not an optimal Kalman filter to eliminate offsets from
higher order and cyclical effects, these effects are nearly negligible [182].

The in-loop error signal from the atomic excitation can also be used to measure the
ability of the loop to subtract frequency offsets. First, the error signal must be converted
into a detuning error, deror, which will be treated in frequency units. At the 7 pulse time,

when the laser frequency detuning from resonance, ¢, is swept, then the excitation fraction,
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P, traces out the Rabi line shape

2
1 [ V2 +4r262n
P((S) = PmaXQZ (m) (Sln ( QQ >> (459)

where () is the Rabi frequency in angular frequency units and P, is the maximum con-
trast [I83]. For a 7 pulse, Q = 7/T, and we typically operate with a T' = 560 ms spectroscopy
time. From here I will develop two different approaches to recovering a frequency correc-
tion from excitation difference and then show that they are numerically equivalent with the
example of our experimental parameters.

At this point, we need to separate the detuning from frequency error due to local
oscillator noise or drift, deror, and the intentional detuning from probing on opposite sides
of the Rabi line shape for error signal generation that we call, dqey Or “dev” in our control
program. We will consider derivatives with respect to 0 = deor to find the response to
frequency error, but evaluate these derivatives at § = dqe, Where we have the set clock laser

for probing. The derivative of the response of the excitation fraction to detuning noise is

T/ &T 2 T/ &T 2
dP((S ) 29(_1 _I_COS <w>) ﬂ-Sln <%
dev

déerror

= 2P0 YS) ) (4.60)

+02)2 T (47252

dev

(47262

dev

+ Q2)3/2

when measured at dg0,. The first order frequency correction, 5§%20r, from probing both sides

of the line shape is then
AP

dP(ddev)
2 X dderror

)

error(AP) = (4.61)

where AP is the measured difference in excitation fraction between both sides of the line
shape, which is the natural linear gain from spectroscopy. While the gain is dominated by
the linear term as should be the case for a simple feedback servo, the Rabi line shape has
curvature and higher order terms should be considered. Since the line shape is a symmetric
function, the error signal from it will only include antisymmetric terms. Moreover, since the

value of AP is constrained to the domain between — P, and Pp.y, the effects of terms at
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O(AP)? and beyond is relatively small. The next term is the cubic correction, which takes

the form
3
3) _ (AP)
Oerror (AP) = 3 % PPla) (4.62)
B

error

where computing the third derivative of P(d4e,) is left to computational tools. Then, the
frequency error is

Serror = O AP 4 603)

ttor X (AP)? + O(AP)? (4.63)
where I have redefined 6{3o; as coefficients. Additional terms can be calculated in the same
pattern as the third order term but add frequency correction contributions of < 0.2% in the
excitation difference region |AP| < 30% that our stability normally keeps the system.
Another method, which may be more computationally feasible in certain software ap-
plications, involves determining the coefficients for the frequency error by approximating the

function using a power series expansion based on the measured excitation difference. The

Taylor expansion of the Rabi line shape is given by

4

42 s
P(a)%PmaXX 1_W62+@

(16 — 7*)5* + O° (4.64)
where taking more terms would increase the accuracy of later computations. The difference
between the excitation fractions, AP = P(derror + ddev) — P(derror — ddev ), 18 again the quantity
we use to compute the frequency correction. The similarity of this expression to the limit
definition of the derivative underlies why this approximate method will give the same result
as the previous derivative method. AP will be an expression in odd powers of deppor Since
only the cross terms from (Jerror (5dev)2N will not be subtracted out. Since AP is also
power series, it can be inverted to a power series representation of deror = X;a;(AP)? with

coefficients a; using the Lagrange inversion theorem [184]. Using only the first two terms in

the prior expansion of P(4), the series representation of the frequency error is

—(O4
rror — AP
‘ 8 max OdevT " )|T0 ¢ —16) + 2 %
5 P 5 2 25?[61) 2 QZ
2 _ 16)012
- (x” — 16) X (AP)® + O(APY (4.65)
(512 Przflax 53@1}) [7-(3(7-(2 - 16)5c2lev + QWQQ]
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Figure 4.27: The solid blue line shows the linear term of frequency correction as a func-
tion of excitation difference for a single peak when probed with Rabi spectroscopy for our
spectroscopy conditions. The linear term is dominant throughout the range for which the
correction is defined. The frequency correction including the third order term is shown as
a dashed orange line and its inclusion slightly improves the ability of the servo error Allan
deviation to average down at long times. Without inclusion of this term the Allan deviation
in Fig. [£.28 would more clearly shift to averaging as white-FM at the 3 x 107 level. In-
clusion of the fifth order term, —0.019 x (AP)%, shown as the gray dotted line, makes nearly
no change to the frequency correction.
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however, more terms (usually to §%) from the first expansion, as could be supplied in com-
putational software, are required for convergence with the derivative result.
When our operational values are used in both representations of the frequency correc-

tion, we obtain the numerical formula
Oerror = (—0.528AP + 0.118(AP)?) Hz (4.66)

which can then be applied to the measured excitations in a dataset to convert them to
frequencies. Note that since we use a four point lock with the two Zeeman sublevels, this
gain will need to be divided by a further factor of two when applied to the composite
error signal. We demonstrate this by analyzing the in-loop atomic excitation error signal
during a 220,000 s measurement. This example measurement was from a lattice stark shift
comparison. This overlapping Allan deviation measurement is shown in Fig. where the
noise averages like white phase noise for the first 10,000 s. The error signal was consistent

with zero at the < 5 x 107%° level which we take as the uncertainty from servo error.

4.5.4 Line Pulling

Off resonant excitation of the radial sidebands, oy transitions, and 7 transitions (from
the spin-impure population) produces a systematic shift from line-pulling. First, we consider
the fraction of the excited state population driven by off-resonant excitation. This fraction
has a distorting effecting on the error signal from the near-resonant Rabi line shape. Using
equations and its derivative [£.60) we compute the fractional frequency error dor from

off-resonant excitation

POR(VOR — Velock) POR7 max» QOR)
dP R(VR—Velock,S2R) ’
dl’clock

5OR(Vclock> - (467)

where v o is the clock laser frequency, vog is the frequency where the Rabi maximum of
the off resonant excitation occurs, Por, max i the maximum excitation probability of the

off-resonant excitation, and 2or is the Rabi frequency of the off-resonant peak, vy is the
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Figure 4.28: An Allan deviation from an individual lattice light shift comparison where the
two clock measurement is shown as blue squares which has a white-FM fit shown as a blue
line and the in-loop error signal is shown as orange diamonds which has a white-PM fit
shown as a dashed orange line. This measurement exemplifies the ability of the clock to run
for long periods (221,000 s) without operator intervention.

OADEV of a two clock comparison and in-loop error signal
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frequency where the Rabi maximum of the intended resonant excitation occurs, and {2y is the
Rabi frequency of the resonant excitation. Off-resonant excitations are suppressed not only
by their detuning but also by the low amplitudes and Rabi frequencies of the off-resonant
transitions. Spin-pure state preparation suppresses the amplitudes of the nearest 7 and o
transitions. Alignment of the clock laser to the lattice couples the clock laser only weakly to
radial motion and lowers the Rabi frequency of this nearby transition.

The radial and axial sidebands, which have inhomogeneously broadened linewidths,
Tor, have their shift enhanced by a factor of (Vor — Veok)?/THr. Symmetry will nearly
eliminate the shift from radial sidebands, however we conservatively assume there is only
one radial sideband to maximize this shift. For the antisymmetric cases of off-resonant 7
and o transitions, the shift will be reduced mostly to a magnetic correction at the 50 nHz
level which does not significantly affect the second order Zeeman correction. However, these
transitions could create a frequency shift if the contrast of the two peaks were imbalanced.
Therefore, we multiply the single line shift of the 7 transition by a worst case estimate of
the line contrast at 5% (usually it is < 1%) between the two 7 transitions. We also consider
the effect of the Fourier component of the clock light since it is driven for a finite amount of
time. This calculation will not be treated in detail here, because it results in a shift ~ 1073
of the primary line pulling shift at our spectroscopy time.

We measured the detunings, amplitudes, and Rabi frequencies of the off-resonant exci-
tations and calculated their contributions to line-pulling. The results of the calculations with
the above considerations are shown in Table [£.9] The more closely detuned radial sidebands
dominate the line-pulling shift. However, parallel alignment of the clock laser to the lattice
was measured to suppress the Rabi frequency of the radial sideband to be < 3 x 1073 of
the Rabi frequency of the clock transition. An alignment technique that interleaves between
resonant clock excitation to keep the clock Rabi frequency high and resonant radial sideband
excitation to suppress this excitation might be expected to suppress this effect even further.

The residual shift from line-pulling is conservatively assessed to have a maximum value of
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1x 1072, This effect will scale adversely with shorter 7 pulse times, likely with 1/7? scaling
since the linewidths of both the targeted and off resonant transitions will scale with spec-

troscopy time, but we have not worked out the details of that calculation since this shift is

very small.
Spectral feature | Detuning, Hz %L:’ % Line pulling | Fourier pulling
Radial sidebands | 120 <3x1073 | .5 4% 10723 6 x 1072
Axial sideband 30,000 < 0.1 5 5x 10724 5x 10726
Opposite mp 560 1 < .01 3 x 10~ 7 x 10777
Same mp o 1800 1 1 4 x107% 3 x 1072
Opposite mp o 1250 1 < .01 1x 1072 1x107%

Table 4.9: Calculated effects of line pulling and the line pulling from an off-resonant Fourier
component of the pulsed clock laser electric field. Both line pulling shifts are in fractional
frequency units of the clock frequency. The off resonant Rabi frequencies are in proportion
to the resonant 7 transition Rabi frequency that we are intentionally exciting. Similarly, the
amplitudes og the off resonant excitation given by the probability maxima are in proportion
to the contrast of the resonant 7 transition.

4.6 Relative Geopotential

For comparisons of distant clocks, the gravitational redshift can be the largest measure-
ment shift, whereas in relative comparisons of nearby clocks the redshift is largely subtracted
in common-mode. For the lab clock, Ybl, previous spirit-leveling measurements found a
height difference of 743.3(2) cm from the NIST Ybl in-lab geodetic marker (811G104) rela-
tive to USGS marker Q407. The height of Yb1 from the lab marker was 142.0(2) cm [33].
The geodetic marker of the nearby transportable clock lab (811G108) was recently surveyed
to be at a height of 742.4(2) cm relative to Q407 [I85]. We verified independently with a
laser leveling device that the nearby labs have a ~ 1 cm drop between them. The same laser
level was used to measure the height of the center line of the portable clock’s spectroscopy
chamber relative to the marker at 106.15(20) cm, and a camera verified that the lattice

fluoresced in the vertical center of the chamber. The total gravitational redshift of the trans-
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portable clock system at NIST relative to the International Terrestrial Reference Frame was
180, 736(6) x 1078, However, the relative geopotential redshift of the transportable system
relative to Yb1 was constrained to —40.1(4) x 107!® since the proximity of Ybl enabled
measuring that its atomic sample is higher than the portable clock’s sample by 36.8(4) cm.
To our great regret, we do not account for the either the effects of super-galactic gravita-
tional structure which accounts for a roughly 3 x 107 fractional frequency redshift [I86]
(about 5000 times greater than the total redshift from Earth on its surface) or the special
relativistic effect of the sun’s rotation about the galaxy core at 10~*c resulting in a 1077

shift. Development of a Universal timescale with 107® accuracy will have to wait.

4.7 Uncertainty Conclusion

Combining all of the previous uncertainties in quadrature, we claim a final uncertainty
evaluation of 3.7 x 1078, a new record for portable clock performance. At this level of accu-
racy, the NIST portable Yb OLC is capable of making comparative measurements necessary
towards redefinition of the SI second. This level of accuracy is not quite at the level needed
to outperform the best classical geodetic techniques, but it is close and we hope that with
the improvements discussed in the next chapter, the clock will reach that level of perfor-
mance. Given generous assumptions about possible up times for the clock, we present a
time deviation plot (TDEV) detailing the performance of the NIST transportable Yb OLC
compared to other timekeeping systems in Figure [4.29]

The total shift from the prior uncertainty budget is —2663.4 x 10~!® indicating our
ability to measure and control the systematic shifts on the clock transition at the part per
thousand level. This is not the exact shift that will subtracted from the clock in operation.
The BBR, second order Zeeman, and cold collision shifts are based on parameters that
are comparatively unstable (temperature, local magnetic field, and atom number) which
necessitates their correction. Generally, this correction is done in post-processing for a

comparison. However, with the capabilities of our Artiq control unit, we could potentially
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compute these corrections in real time for a continuously high-accuracy time base. Geodetic

effects will have to be corrected every time the clock is moved.
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Figure 4.29: The TDEV of the NIST portable Yb optical lattice clock and many other clocks.
The legend is in descending order of TDEV at one second.
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Chapter 5

Outlook

The outlook for the NIST transportable Yb lattice clock will be divided in two sec-
tions: upgrades to the clock system to further improve accuracy and stability and future

experimental goals using the mobility and accuracy of the clock.

5.1 Upgrades

The primary focus of our next round of improvements to the transportable clock system
will be focused on the clock laser module. These upgrades will be focused on both the clock
laser itself and the ultrastable reference cavity. One design goal is to develop an all-fiber
clock laser system to avoid having another bulky free space tapered amplifier laser. We are
in the process of testing an 1156 nm Yb:Fiber DFB laser with 10 mW output for suitability
as a clock laser. If it is found to have acceptable phase noise performance, then a full
clock laser system will be built around it. The DFB seed laser will be configured to have
the option to either be PDH locked to a local cavity reference or offset phase-locked to a
remote stable laser. The DFB laser will seed a semiconductor optical amplifier and will be
frequency doubled to 578 nm. The 578 nm clock light will be controlled by Artiq and capable
of being switched between off, to a high power sideband cooling/spectroscopy arm, and to a
phase-stabilized path to the lattice retroreflector with a fiber-coupled AOM and switch. The
entire clock light generation system will be inside a temperature-stabilized box with acoustic

isolation to suppress phase noise.
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The cavity will receive upgrades both in the vacuum chamber and mounting. Figure
5.1{(b) shows a test set up of precision machined plastic spacers that are hoped will improve
the reproducibility of the cavity acceleration sensitivity. Tests will be done with a depth
micrometer to confirm repeatable mounting of the cavity within the positional tolerances of
the model used to design the cavity [3]. Additional tests on an improved flip table structure
will measure the acceleration sensitivity of the cavity. We have also received a new aluminum
vacuum chamber, Figure (c), with three layers of in-vacuum thermal shields to suppress
the effects of temperature fluctuations on the cavity. Active random amplitude modulation
(RAM) suppression will also be added to the PDH configuration. We hope that between
these upgrades, the cavity can perform closer to its design thermal noise floor at 2 x 1071¢
at 1s.

Upgrades for the atomic system will seek to suppress the dominant systematic shift
uncertainties even further. We plan to implement features such as Sisyphus cooling with the
clock transition to cool the atomic sample to below the 1Sy — 3P, Doppler limit [174] 187,
188]. Atomic temperatures at < 500 nK in both axial and radial directions will allow clock
operation at even lower trap depths, which is the most straightforward way to suppress the
lattice Stark shift. Switching to a completely vertically oriented lattice might also further
increase the range of usable trap depths. Additionally, operating the portable clock in
an identical atomic temperature regime as the NIST Ybl and Yb2 lab clocks, which use
enhanced cooling methods, will enable us to better use their precise characterizations of
the lattice Stark shift. To reduce the BBR shift, we are building a second vacuum chamber
apparatus with water cooling to actively stabilize the oven and quadrupole coils. Suppression
of temperature gradients on the chamber to below the 15 mK level will further constrain the
uncertainty of the BBR environment to the dynamic correction uncertainty limit which is
just below the 10718 level. Various atomic means of improving other systematics are under

consideration [189, [190].
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Figure 5.1: Upgrades in progress for the portable clock. (a) A set of water-cooled quadrupole
coils on a test rig with a second titanium chamber. Water cools a copper plate that sits
between the coils and the chamber setting a thermal boundary condition to suppress coil
driven gradients on the chamber. The coils themselves are adhered to a second water cooled
plate with a conductive epoxy for extracting most of the heat that the coils generate. (b)
A metal dummy cavity is used to test precision mounting pieces so that the cavity can be
secured in a repeatable manner. (c) The full cavity vacuum chamber includes three layers
of thermal shields to suppress the effect of room temperature fluctuations on the cavity.

a
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5.2 Future Experiments

In the next few months, we intend to validate the uncertainty budget presented here
with a measurement campaign comparing the portable clock to one or both of the laboratory
clocks. We will use the shared light from the laboratory ultrastable cavity for a direct
comparison. Electrical connections have already been made for synchronous comparison
which reduces averaging time by making the clock laser noise common mode to the atomic
systems. Multiple comparisons will be made to demonstrate the reproducibility of the clock.

Next, we will validate the performance of the clock when operated remotely. We will
ship the atomic system to CU Boulder in the same way as described in chapter [3] 200 pW
of cavity-stabilized light will be delivered from the NIST clock laser system by phase-noise
cancelled optical fiber to a lab at CU Boulder. This light will be used to phase-lock the
new transportable all-fiber clock light generation system. We will check for consistency of
the cold-collision shift at CU in traps at both 70 E, and 150 E,, since this shift can be
sensitive to the details of the temperature and alignment to the lattice. We will then make
another direct comparison between the clock frequencies with the aim of demonstrating a
shift consistent with the difference in geopotential between the locations.

Contributions to international timekeeping would also further the portable clock’s goals
of contributing to the redefinition of the SI second. The portable clock’s high uptime makes it
suitable for comparison to international atomic time (TAI) through NIST’s exiting TWSTFT
infrastructure. Other comparisons to frequency standards, either regionally or internation-
ally, are also likely in the future as part of our SI redefinition efforts.

The experiment that we most eagerly anticipate is a geodetic measurement with the
portable clock at the top of Mt Blue Sky, one of the 14,000 foot peaks of Colorado. In this
collaboration with the groups of Diddams, Sinclair, and Van Westrum, we will use optical
free space time and frequency transfer techniques [50}, 56, 52] to compare the frequencies of

the lab and portable clocks. As shown in the clock will be based in an astronomical
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observatory and use a two-way composite frequency link that switches between free space
and fiber frequency transfer. This measurement will be a difficult one to make, requiring
robustness of all systems at high altitude and high uptime of every component to permit

averaging down to the low 107!® level during the windows of cooperative weather conditions.

Figure 5.2: A major experimental goal is to compare the portable clock to the lab-based
clocks from the top of Mt Blue Sky in Colorado. Comparing clocks with a nearly 3000 m
height difference will result in a 3 x 107*2 shift from geopotential. A clock with < 2 x 107!8
uncertainty would be capable of resolving the height difference more accurately than classical
geodetic techniques. Image from the Blue Sky collaboration.
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This thesis demonstrates both the high accuracy of the NIST transportable optical
lattice clock system and the robustness of our system in transport. These two key qualities

enable the clock to move 10718 timekeeping outside of the lab.
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Appendix A

Partial Manual of Operations

This manual will describe some of the operational concepts and techniques used to
operate the clock that are not otherwise covered in the folder portable/Operators Manual. Tt
will be organized in the manner of general startup and transportation procedures, individual
laser modules, and the physics package. Some notable omissions from this manual are:
software, operation of the multicolor cavity which was updated recently by other users,
operation of the Menlo frequency comb which is either proprietary information or contained
in our notes on the control laptop, and details of the portable clock laser setup sent to USNO
which is now defunct. It is hoped that current users of the system retain good documentation

on this hardware.

Al Startup and shutdown

First, we will describe day-to-day startup and shutdown operations for the clock, as

opposed to before and after shipment preparations.

A.l.1 Startup

1. The atomic beam oven takes the longest to warmup so begin by setting the oven to
its current operational parameters. At the time of writing the main section is set to 465 C

and the tip is set to 515 C.
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2. Turn on the 399 nm laser, its hollow cathode lamp, the 759 nm laser, and the atomic
beam shutter driver with their front panel buttons.

3. Open the following software in Desktop/Software Time director:, in this order:
InfluxDB (must be started before Argent), Argent, NuView, NKT Control, Cybel Cyworks,
and Jupyter. Connect to the wavemeter with TCP/IP in NuView and run the calibrate
command.

4. Turn on the 1112 nm NKT laser.. Turn on the Cybel amplifier in Cyworks. The
seed must always be turned on before the amplifier.

5. Lock the comb’s repetition rate to the laboratory stable laser.

6. Lock the 1112 nm laser to the frequency comb, the wavemeter should read
269,695.215(15) GHz and the 3 dB linewidth on a spectrum analyzer should be < 10 Hz if
observed closely. Adjust the frequency offset in the NKT control program to center the slow
output from the comb at 2-5 V.

7. Lock the 759 nm laser to the frequency comb, the wavemeter should read
394,798.267(15) GHz, assuming no changes have been made to the operational magic condi-
tion from either recomputation or changed trap depth. The 3 dB linewidth on a spectrum
analyzer should also be < 10 Hz if observed closely and there should be minimal noise spurs
above the noise floor out to 60 kHz.Adjust the piezo knob on the laser to center the slow
output from the comb at 0 V.

8. We usually do not turn the 1388 nm laser on and off. Lock the 1388 nm laser to
the frequency comb with the wavemeter reading 431,738.12(2) GHz (the F=3/2 transition
after frequency doubling into the wavemeter’s measurement band). The linewidth is between
100 kHZ and 1 MHz. The slow output controls the diode temperature and usually is near
300-450 mV. The slow control can be centered with the temperature trimpot on the diode
controller board, but this is rearely necessary.

9. Lock the 399 nm laser to the hollow cathode lamp for the 1"'Yb transition. In your

web browser navigate to the 399 nm Alpha 250 control panel (the IP address is 192.168.0.2).
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Disable the integrator (by clicking the uppermost “1/s” button, it should turn yellow). Use

the piezo knob to tune to 751,527.32(3) GHz on the wavemeter. Re-enable the integrator.
10. Now the system should be ready to run sequences with the Argent GUI and take

commands in Jupyter notebook. The daily Jupyter notebook has more checks to run such

as for adequate optical powers.

A.1.2 Shutdown

1. End the current Argent sequence.

2. Turn down the atomic beam oven. Historically, we used 375 C main and 400 C tip,
but given recent experiences with ytterbium buildup, we should use a lower setpoint.

3. It is best practice to turn off all frequency servos to prevent integrator wind-up
while the laser is off, but not strictly necessary.

4. Turn off the 399 nm laser, hollow cathode lamp, the 759 nm laser, and the atomic
beam shutter driver with their front panel buttons. It’s ideal for the beam shutter to fully
block the aperture so if the sequence ended with it in the closed state, you might leave it on.
Future software updates might have Argent automatically set the beam shutter to closed
when turned off much like the coil driver is automatically set to low.

5. Turn off the Cybel 1112 nm amplifier and the NKT seed laser.

A.2 Transportation

A.2.1 Preparation for transport

Following the daily shutdown sequence, more systems are turned off in a controlled
manner.

1. Turn down the atomic beam oven. First set both filaments to 150 C. After they
reach this temperature switch to “MANual” mode and drop the power in three roughly equal

increments of current squared. When the temperatures are below 40 C, the oven controller
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can be fully shutdown with the button in the back.

2. On a high level, you want to turn off everything that plugs into a DC regulator board
that is easily switched before unpowering the entire regulator supply box. This procedure
is due to paranoia that some items that broke during prior moves may have been from a
voltage spike. Unplug the power connection to the PMT integrator module and save the
cord in a labelled box. Turn off Alpha 250’s. Turn off SHG temperature controllers. Turn
off photodiodes in 759 nm and 1156 nm modules. Disconnect the 556 nm and 1388 nm laser
from their supplies. Now, you can turn off the big regulator box.

3.Power down everything remaining in the laser rack. Turn off the Toptica control
boxes with the rear buttons. Turn off the Acopian DC supply for the coil control box
and the wavemeter. Unplug the Artiq supply. Gracefully shut down the computer. When
everything else is off, turn off the AC supply panels.

4. Shutdown everything in the physics rack other than the ion pumps. Toggle off all
of the photodiodes on the physics package. Turn off the ion gauge controller, atomic beam
shutter controller, and the Keithley multimeter. The UPS should now read on its panel that
you have at least two hours of battery at the current consumption rate.

5. Decabling the fiber optic cables that go between racks. Have lots of protective
caps on hand; in particular, I use both the plastic sliding and metal external thread tips
to double protect cables, while I use plastic internal thread tips to protect female mating
surfaces. Usually, I leave the 399 nm cables plugged in on the input side, coil them up, and
tape them down securely onto the top of the Artiq box. Might not be the best for cable
longevity, but it saves a lot of alignment time on arrival. The 1388 nm and 556 nm cables
should be completely unplugged the physics-side alignment will not benefit from leaving them
in). The 759 nm cables to the wavemeter and comb should also be completely unplugged.
Coil the cables nicely and store in a labelled box. Disconnect the clock laser fiber from the
switch box.

6. Unplug the large cables that supply the DC regulator boxes on both ends (possible
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exception for the 556 nm input end which is a pain since it requires carefully loosening the
regulator board). Check to make sure they still have their labels since they have different
lengths and some cables work better with different modules. Store in a big labelled box.
Bring extras since some are starting to degrade at the connector insertion.

7. Unplug all of the SMA cables that run between racks. Have a label maker ready to
refresh any failing labels. It helps to use a velcro strap to strain relieve the cables against
the rack so you are not also fighting tension.

8. Unplug all of the remaining connections between racks such as USB and ethernet.
Store in labelled boxes. At this point, the only cable connection external to the racks should
be to an AC outlet from the physics rack and the AC connection from the laser rack to the
physics rack.

9. Tighten up all of the bumper connections. The metal half inch post pieces on the
fron of the racks and the soft foam pieces on the rear of the racks.

10. Raise up any lowered feet on the racks as high as you can so that they do not catch
on the crates.

11. Attach the metal side panels to the racks. The internal threadings are not great
and tend to chew through screws, so be selective and toss out bad 10-32 screws.

12. Wrap the racks in anti-static cling wrap to protect the optics from dust. Form a
crossed “roof” on the top of the rack and then wrap all around it.

13. Unplug the two AC cables and coil them up. We did this disconnection last so
that the racks would be grounded while cling wrapping them in case of residual static.

14. The shipping crates are currently stored behind the big black mysterious Area 51
bag in the NIST attic. Fach rack goes with a particular crate (the control rack crate is
defunct). Wheel the racks into their respective crates with the hard bumper side towards
the back. Push them all the way in. Pull the AC power cord for the physics rack out of
the hole and keep it powered. Then jam the foam “spears” into the left side between the

rack and crate with one above and the other below the foam bumper. Then jam the other
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spears into the top between the guiding foam grooves. The rack should now feel firmly held
in place. Shut the crate and cinch the bolts tightly. The atom apparatus is now ready to
ship.

15. The frequency comb can be wheeled into its box where it fits fairly tightly on the
sides. There is some additional foam around to wedge in the sides. The big bag of packing
peanuts is thrown on top.

16. Previously we were required to put down a trail of fiber boards to transport the
crates to the shipping elevator. Since the floor is now of much worse quality, I would ignore
this time consuming step.

17. Have a plan for putting the crates into the shipping truck and getting access to

AC power. It is not difficult to draw out what you need on graph paper.

A.2.2 Setting up after transport

1. If possible, let the crates equilibrate at the new room temperature before opening.

2. Open the crates, remove packing foam, and roll the racks to the desired position. Use
a magnetic compass to point the quantization axis of the physics rack in a similar direction
as the previous setup if possible.

3. Get the physics rack on AC power and daisy chain the laser rack to the physics
rack UPS. If adequate current available, then plug both the portable laser and comb into
the same AC source so as to reduce ground loops. This is done early for static discharge
protection.

4. Lower the feet on the physics rack.

5. Remove the cling wrap.

6. Reconnect all cables.

7. Turn everything on in the opposite order of the shutdown.

8. Turn up the oven starting in manual mode with a few current bumps and then

switch to automatic mode once the temperatures are above 150 C.
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9. Be ready for new and interesting problems.

A3 Common electronics in the laser modules

A.3.1 Intensity servo boards

These homemade boards are common throughout the project as a means to servo the
laser intensity with AOMs. They support about 50 kHZ of bandwidth making them useful
for power control for everything but probe pulses. The circuit diagram can be found in
portable/DipTrace PCB projects/Intensity Servo V2/intensity servo v2.pdf.

The board is powered with a +15 V cable. The boards have the following SMA
connections: photodiode signal in, photodiode monitor, setpoint select (all of our boards
have a grounding cap here), setpoint in (called DAQ), setpoint monitor, auxiliary input, and
control signal out. The most common mode of operation is to have Artiq send in a setpoint
through the DAQ and use the servo to have the intensity follow the control signal. The
board also has the option to use one of two fixed setpoint modes where the setpoints are set
either by analog trimpots or digital trimpots. In the fixed setpoint mode an external trigger
to the setpoint select terminal switches the servo between two setpoints of the same type.
The fixed setpoint modes are selected with the use of jumpers.

The board also supports inverting the gain signal (with a jumper) which is useful when
using the AOM zero-order mode for intensity control instead of the first-order mode as is
more common. When inverting the gain, diode D1 should be de-soldered. If digital trimmer
U10 is clamping negative voltages too much, it can also be desoldered and replaced with an
appropriate analog trimpot.

Here’s the standard procedure for tuning the board with the front switches. First
disable the integrator with switch S3 (red knob, far right). Put the photodiode monitor on
an oscilloscope. Then use switch S5 (black knob, third from right) to tune the offset. Hold

the switch down to clear the digital trimmer it is connected to. Then tap the switch up
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until the photodiode signal reaches a maximum value and tune it back down one click. If the
intensity will be moved around by Artiq, then turn on the desired sequence. Now use the gain
switch S4 (black knob, second from right) to tune the servo gain. Tightly following the input
without oscillating is usually good enough operation. For some servos that we want higher
performance from (such as the clock and lattice lasers) it can be useful to separately tune
the proportional and integral gain of the servo. This operation is performed by re-soldering
resistor R7 and capacitor C44.

Here are some other useful possible changes. Altering the value of capacitor C1 permits
more or less aggressive filtering of the setpoint input. The lattice servo had this done to
improve the smoothness of the adiabatic ramp and reject kHz frequency noise. The 556 nm
intensity servo makes use of the auxiliary input which overrides the servo signal output so
that you can directly control the intensity. That board does this to have option to rail the
board to high power. The auxiliary input is connected to the board +15 V and a TTL input

from Artiq to Out Select turns on the rail high function during the 399 nm MOT.

A.3.2 Koheron Alpha 250

The Alpha 250 with the daughter board made by NIST’s Marco Pomponio is a very
powerful tool for laser control. It features a suite of tools for generating and demodulating
RF tones and for reading and writing slower analog voltages. This board is a Swiss army
knife of capability for solving laser control problems. Much more detail is possible here,
but most will be left to individual sections that use this FPGA board. We will note that
whenever using the demodulation it is very important to exactly match the modulation
frequency. One of the more interesting problems that we debugged was error signal inversion
with a one day period that occurred because of a floating point level of frequency difference

between modulation and demodulation frequencies.
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Figure A.1: Shown is a generic Alpha 250 configuration for offset PDH locking to a cavity
reference. The EOM RF generates a fundamental frequency for the offset lock that is itself
modulated with another RF frequency for generating PDH sidebands. The reflection pho-
todiode signal is then taken into INO and demodulated with same frequency as the PDH
modulation. A first PID loop then provides fast feedback (for even higher bandwidth feed-
back this could have been done on the other channel and made use of the RF output). The

output of the first PID loop is then piggybacked to a second PID loop which provides slower
feedback.
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A4 399nm module

A.4.0.1 Turn on procedure

1. Set the Toptica DL Pro to emit.

2. Turn on the spectroscopy lamp with the SRS high voltage supply. It should supply
1.5bmA at about 156 V.

3. On the computer, open NuView to view the wavemeter and FOSC to set the
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wavemeter to channel 1. Calibrate the wavemeter.

4. Open the Alpha250 control interface at 192.168.0.2. Disable the integrator (the 1/s
button) on channel 0 by clicking so that it appears yellow.

5. Assuming the current is unchanged from last operation, use the DL Pro to tune the
piezo until the wavemeter reads 751527.30(3) GHz.

6. Re-enable the integrator; the integrator button will appear white. If the lock is

functioning correctly, then the wavemeter will still read 751527.30(3) GHz.

A.4.0.2 Typical frequency lock operating conditions

The laser is locked to the atomic transition using modulation transfer spectroscopy.
The RF modulation necessary for this frequency servo is performed on an Alpha 250 FPGA

board. Typical operating conditions are shown in Figure [A.2]
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Figure A.2: A high speed photodiode input goes into IN1 on the FPGA board. The fast
EOM sideband modulation is demodulated in the first step and then routed to INO with
internal logic. The square wave AM modulation is then demodulated to create an error
signal. Finally, PID gain is applied for feedback to the laser piezo. This diagram shows a
proposed change to the current setup in which the Alpha 250 generates and chops the 70
MHz AOM drive. The current system uses an external DDS and RF switch with the Alpha
250 only generating a 50 kHz square wave. This small upgrade would save some SWAP and

eliminate the need for -5 V from the RF board regulator.
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A.4.0.3 Checking the error signal

Open the Alpha250 control interface at 192.168.0.2. Disable the channel 0 integrator
and enable the channel 0 ramp. Usually, it is sufficient to click the rotation knob directly
beneath the PID sum. If the system has been configured otherwise, then open the ramp box
in channel 0 and set it to “Enable”, sawtooth, with ramp time 200ms, start at -0.5V, and
stop at +0.5V.

Connect a scope to the SMB knob that is teed off from the front of the Toptica, on
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Fast In 3. This signal is the ramp. Set the scope to trigger off this channel at 0V, falling
edge and set the time spacing to view one sweep.

Connect a scope to the SMB knob labeled “Error Signal” coming from the front panel
of the 399 RF breadboard.

You should be able to visualize an error signal like the one from Wen-Li Wang et al
2011 Chinese Phys. B 20 013201. Note that the lock point is the zero crossing on the right
side of the 171 peak. With the +/- 0.5 V sweep centered on the lock point, you should
only see the large 173/172 peak and the three smaller peaks to the right. Current signal
gain settings result in the 173/172 peak saturating the demodulation out, but this is not a

problem for the lower signal 171 error signal.

A.4.04 Optimizing intensity

For somewhat degraded intensity, just use a normal clock type sequence. For very poor
intensity, setup a sequence that runs only the first step with the cooling and slowing beams
on constantly (or a sequence with the probe on continuously). Make sure to protect the
quad coil driver from excess heating by disabling the control input in its GUI console.

Disable the slowing and cooling intensity servos. Usually, I just reach in from the side
and toggle the on/off switches, the cooling servo is the second from the front and the slowing
is the third from the front. The probe servo is the most forwards, but it responds too slowly
and is never on. The on/off switch is the red toggle furthest to the left on all of the boards.

Optimize the half-wave plate angle at the fiber output for each beam. In practice,
there is almost never a benefit to using the waveplate before the fiber to align to the PM
axis—it is well optimized and does not change.

Try re-engaging the intensity servos. If at any point in this optimization process, the
intensity waveform has a 1ms peak before dropping down to the servo value, then you are
done. You can also check the PDs section of the optical powers table below to verify that

you are getting enough power a the photodiodes.
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Attempt a 1D walk of the beams onto the fiber with the mirror nearest the fiber.

Attempt a 2D walk of the beams with two mirrors nearest to the fiber.

If at this point, the intensity servo is still unable to grab on, try tapping on the fibers
near point where they join the bundle on the 399 module. They may need a little Kapton
tape to hold them in the right way to optimize their bend radii.

- As a last resort, you can use a wand photodetector and the scope to optimize the
efficiency of the AOM.

- If you started with a constant power sequence, make sure to go back to the clock

sequence to reoptimize, since the AOM pointing is temperature sensitive.

A.4.0.5 Optical powers table

Probe PD Typical 930 mV
Probe PD gain 20 dB
Probe Servo Setpoint n/a
MOT PD Max 508 mV
MOT PD gain 20 dB
MOT Servo Setpoint 410 mV
MOT Servo Power 984 mV
Slowing PD Max 308 mV
Slowing PD gain 20 dB
Slowing Servo Setpoint 240 mV
Slowing Servo Power 576 mV




A.4.0.6 RF powers table
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Probe Artiq Atten 4 dB
Probe RF Power at AOM 24.1 dBm
Cooling Artiq Atten 1dB
Cooling RF Power at AOM 26.1 dBm
Slowing Artiq Atten 4 dB
Slowing RF Power at AOM 26.5 dBm

Spectroscopy AOM Pickoff

-11.1 dBm @ 223.5 MHZ, Switching
disabled = 32 dB nominal

Spectroscopy EOM Pickoff

-32 dBm @19.97MHz = 23 dB nominal
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A41 Optical layout diagram

Figure A.3: Shown here is an ambitious early optical schematic. The schematic is entirely
accurate even for current operation with the exception that the MEMS mirrors and second
clock path have been removed. The MEMS proved themselves to be delicate and costly to

optical power.
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A.4.2

RF board layout diagram
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Figure A.4: Shown here is the layout of the RF control board for the four AOMs, one EOM,

and frequency lock of the laser.
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The laser is slowly drifting/degrading. Visualize the error signal on an oscilloscope.

There is most likely a mode hop near the transition of interest. Tune the current lower until

the mode hop disappears. Since tuning the current lower decreases the power, you will need

to adjust the current upwards and temperature downwards after a couple of these fixes to

restore optimal power levels.
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A.4.3.2 After transportation

Be patient here and avoid jumping to high upstream optics. Start by reloading the
saved settings on the Toptica control box. Then begin the alignment by getting the waveme-
ter back online. Since the alignment has some frequency sensitivity, the laser should be
manually tuned near resonance. Next, get the spectrometer realigned, usually this is just
topping off the error signal by improving the pump beam’s overlap to the probe. If there is
no error signal at the correct optical frequency, then check that both the AOM and EOM
are receiving RF tones. If they are, then one interesting problem we’ve seen is that the EOM
tank circuit resonance has shifted after transportation. Use a vector network analyzer to
evaluate this possibility.

Assuming the spectrometer is now locked, the optical power delivery must now be
optimized. Check the diffraction efficiency of the probe AOM. If it needs to be realigned,
optimize it, but know that everything downstream will need to be realigned. If the probe
AOM is fine, you're in luck, proceed to check the slowing and MOT AOM diffraction ef-
ficiencies. Finally, top off each fiber coupling in the usual way. Don’t forget polarization
optimization. If the fibers are severely misaligned and there is no starting photodiode signal,
then there are two options: check directly down the fiber output to increase the photon flux
(keeping enough distance between the fiber and your eyes that you don’t injure your eyesight
with the 30 mW max), or completely extract the fiber and use the dummy SM fiber and red

laser backcoupler to get an initial coupling.

A.4.3.3 Aligning the spectrometer from scratch

Start by optimizing the pump beam intensity. The EOM and AOM have already been
placed well enough that you only need to optimize the power in the -1 order. Disable the
square wave modulation temporarily to improve contrast. Put a power meter in place to

sample that order and 2D walk the mirror pair to max the power.
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Next, align the probe beam through the lamp with the lamp off and maximize the
transmission through the aperture. Then use a note card pair to optimize the pump/probe
overlap starting by aligning the pump beam to the probe beam to the probe beam spot
on the PBS that originally split them. Then align the probe beam to the pump/probe
combining PBS. Iterate until they overlap in both places. Check to make sure the probe
beam’s transmission through the spectrometer has not degraded. Then align the probe beam
visually to the photodiode.

Turn on the lamp. Continue to align the probe beam to the photodiode using the error
signal strength as a guide. The alignment is not sensitive near the maximum signal. Then

tweak the pump beam’s alignment through the spectrometer to top off the error signal.

A.434 Photodegradation

A few optics have seen noticeable degradation over time, likely due to UV solarization.
The fiber optic cables are the most notable. They exhibit reduced polarization extinction
ratio over time. When the power starts to drift too much over the course of a clock mea-
surement due to polarization effects, it is time to replace these cables. They usually last 1
to 2 years. Some of the PBS cubes have also degraded over time. Generally, this can be
avoided with the use of optically contact PBS cubes instead of epoxy-bonded (we’ve used

the “molecular fusion” cubes from Spectral Products).
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A5 556nm module

Figure A.5: Shown here is the optical and electronic layout of the 556 nm laser board.
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A.6 1388nm module

Figure A.6: Shown here is the optical and electronic layout of the 1388 nm laser board.
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A7 759nm module

Figure A.7: Shown here is the optical and electronic layout of the 759 nm laser board.
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A.8 Optical alignment of the physics package

This section will describe the complete details for optical alignment of the physics

package in the order most commonly done for setting up the system from scratch.

A.8.1 399 nm MOT alignment

A.8.1.1 Slowing-probe overlap

Polarizing plate beam splitters are deceptive optics. One might think that polarizing
plate beam splitters can be used as kinematic mirrors for s-polarized light and as windows
for p-polarized light, but this is not true. Changing the angle of a polarizing plate, even

slightly, can significantly change the optic’s interaction with polarized light. The kinematic
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plate splitter that transmits the slowing beam and reflects the probe beam can either be
set up to maximize slowing transmission or to maximize the overlap of slowing and probe,
but not both at the same time. The probe beam has been upgraded with a kinematic
collimator that diminishes, but does not eliminate, this issue. The polarizing plate combiner
has been kinematically aligned at an angle that gives the best compromise of transmission
and overlap. The present compromise is that the slowing beam is penalized by 2 to 5% in
power and the probe beam is maybe 2 or 3mm away from the slowing beam when measured
just before going into the periscope. Changing the compromise without might gain 1-2%
more slowing power or improve the slowing-probe beam overlap by a few arcminutes, but if
the overlap is functional, then there are unlikely to be significant gains from adjusting this

optic. Future designs should eliminate this unfortunate optic.

A.8.1.2 Setting up the optical alignment

Deliver the 399 nm slowing, 399 nm MOT, and 556 nm MOT light to the chamber with
steady-state intensity. Green light will initially only be used as an alignment tool. Do not
have the lattice on since you’ll be sticking cards and things in beam paths. Insert a cube-
shaped reflective optic after the first periscope and point the reflection at some far wall.
Use the the “global green” mirror (and maybe the dichroic) kinematic mount to overlap
the 556 nm MOT beam with the 399 nm MOT beam. Ensure the MOT beams are well
collimated and coaxial for many meters. The beams should also have adequate intensity to

servo at their traditional setpoints.

A.8.1.3 Setting up the camera

The camera is installed every time the MOT is set up from scratch. It just works much
better. Remove the mirror that delivers the optical pumping beam to the chamber. Use the
cage mount structure on the lattice delivery board to mount the Thorlabs Kiralux camera

and position the lens close to the chamber. The camera should have a 395-405 nm color filter
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taped on to the lens. Connect the camera’s USB 3.0 cable directly to the control computer’s
front panel (the USB breakout panel only supports USB 2.0). Then use the I/O cable and
breakout board to connect the “trigger in” to the “Camera Trigger” channel on the red SMA
bundler box. Note that the Thorlabs breakout board connection is very touchy and if you
later cannot get the camera to trigger this is the first thing to suspect.

Start Thorlabs camera software, “ThorCam,” and connect to the camera. Then, setup
the camera in an untriggerered mode. Adjust the lens so that 1) it is on the lowest f-stop
number, 2) the lens is focused roughly in between the two viewports. [F-stop is the ratio
f/D where f is the lens focal length and D is the diameter of the aperture. Setting the lens
to the minimum f-stop, 1.8 for this lens, means the iris is maximally open which increases the
number of photons the lens collects but decreases the thickness of the focal plane.] Adjust

the camera gain, exposure time, and black level in software.

A.8.1.4 Geometric alignment of the slowing beam

Align the slowing beam to go down the axis of the differential pumping tube, straight
to the oven nozzle. This alignment can be done by through the backside of the last mirror
in the slowing beam path before the chamber which is backside-polished for this purpose.
Turn off the room lights, then sight down the atomic beam axis where you should be able
to faintly see the slowing beam illuminating the chamber’s high emissivity coating. It may
helpful to illuminate the inside of the chamber with a flashlight through the top viewport
to first see the differential pumping tube. Figure shows the interior of the epoxy-sealed

chamber as seen from the in-vacuum mirror reflection viewed through the slowing viewport.
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Figure A.8: The view through the slowing viewport showing the differential pumping tube
as reflected off of the in-vacuum slowing mirror. The chamber has been illuminated with
a flashlight. This is one of the older epoxy-sealed chambers which has a ring of uncoated
aluminum around the differential pumping tube. The newer titanium chambers do not have

any masking of the high-emissivity coating, so the pumping tube is somewhat more difficult

to see.

Then use the signal from the camera to maximize fluorescence of the slowing beam on
the atoms. The camera gain will need to be very high with the room lights off to see this
fluorescence. Use the beam fluorescence to improve the lens’ focus and zoom with respect
to the atoms. Another technique to align the slowing beam to the atoms is to ramp the

399 nm laser’s detuning over the several isotopic transitions. Then, while observing the
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PMT fluorescence signal, maximize the peak-to-peak change in fluorescence from the Yb!'7™

transition (the big one) with alignment. Yet another technique is to set up a sequence that
pulses the quadrupole coils on and off at 50 Hz and optimize the atom-magnetic field-laser
interaction with the PMT. The 399 nm laser should be locked to the Yb!™ transition. Note
that because the PMT is magnetically sensitive this can produce misleading signals from

background scatter.

A.8.1.5 Geometric alignment of the MOT beams

Align the horizontal trapping beams to pass through the center of the near chamber
viewports using the mirror mounts below the periscopes. The vertical beam does not have
this degree of freedom.

Align the trapping beams to be centered on the retroreflectors using the upper periscope
mounts for the horizontal beams and the only input mount for the vertical beam. Some green
light should be visible through the backside of the retro mirrors and can be used to give a
very centered alignment onto the mirror when looking at the mirror from behind.

Use the retro mirrors to retroreflect the three MOT beams on themselves. You can
visualize the alignment with a Tiffin lens tissue and notecard beam blocks. Align one path
at a time, using notecards to block out all light going to the other paths. Then, occlude
the beam path with the lens tissue so that you can see both the forward and backward
propagating light. It is easier to start just outside the return viewport aperture and work
backwards down the beam. Use the retro mirrors to completely overlap the beam on the lens
tissue. Other lens tissues can have too much optical density for this to work. The vertical
path can be initially aligned by overlapping the green beams on the lower D-shaped mirror

and worked back further with the lens tissue.
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A.8.1.6 Getting a MOT

Lock the 399 nm laser to the Yb'™ transition and run a three-part sequence with
the anti-Helmholtz coils on for 200 ms, the coils still on and the camera triggered for 0.01-
5 ms, and the coils off for 200 ms. Camera exposure will need to be decreased as the MOT
fluorescence improves.

Observe the fluorescence on a camera using high gain and exposure time. You should
see broad fluorescence from the atomic beam, as well as a weak MOT somewhere within the
atomic beam. An example of this is state is shown in Figure If no MOT is visible,
the first thing to check is always the laser frequency. Unlock the laser and manually tune
around the resonance. If this tuning produces a MOT, but the locked laser does not, then
it may be necessary to adjust the setpoint of the lock in the Alpha250 GUI. If you still have
no MOT, try playing with slowing alignment first, and then MOT alignment. Day to day,
the number one cause of no MOT is incorrect frequency. Other potential problems are the
oven is cold, the shutter is not open, the magnetic fields are off or wrong, the vacuum is
degraded, the sequence and signal are not temporally aligned, the PMT or camera are not
powered, have closed irises, are improperly focused, or have gain or other electronic setup
errors. Form testable hypotheses and work to methodically eliminate possible issues.

You should NEVER adjust the MOT waveplates while optimizing the blue MOT if you
are returning from a configuration that previously could load a lattice. Save that adjustment
until you have atoms back in the lattice. The one exception to this rule is the final slowing
waveplate, since it does not influence 556 nm MOT temperature; the slowing waveplate,
however, has very little power to improve atom number. AGAIN, DO NOT TOUCH
POLARIZATION UNTIL ATOMS ARE BACK IN THE LATTICE. On the other
hand, when aligning a virgin MOT system and a MOT cannot be found for the first time,
the issue, as Chris Oates told me, “is always polarization.” The two beams perpendicular

to coil axis should have the same handedness of their circular polarization and the beam
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along the coil axis should have the opposite. We operate the coils with the field pointing
outwards. While it is possible to choose the correct handedness a priori, it is usually easier
just to test the two valid options given the prior constraint. When we were using the epoxy
sealed chamber finding the initial MOT was much harder because the window birefringence

resulted in sensitivity to retro waveplate angle which a good MOT system is insensitive to.

Figure A.9: A weak MOT forming within the cloud of atoms fluorescing under the influence

of the near resonant beams. Once a MOT is visualized, the camera focus can be adjusted

again to improve image clarity.
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A.8.1.7 Optimizing the 399 nm MOT

First, tweak the slowing beam alignment to enhance MOT loading. The geometric
optimum of the slowing beam always seems to be slightly off from the loading optimum,
and rapid improvements in loading can be made by aligning the slowing beam. Figure

shows the improved MOT after this first improvement.
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Figure A.10: An improved MOT after only adjusting the slowing beam. This MOT is
saturating the camera and the gain and/or the exposure time should be reduced. At this
point, it is helpful to use the cross-section tool in “ThorCam” to put a cross-hair on the
MOT which shows vertical and horizontal plots of the fluorescent intensity across the MOT.
Set the gain/exposure so that the peak intensity is around 75% and then use alignment to
get the fluorescence level off of the graph scale and repeat. A very strong MOT will be many
times brighter than the residual fluorescence from the atomic beam. When the MOT is well

optimized, and the gain and exposure have, as a result, been turned much lower, the camera

will no longer be image the thermal atomic beam.
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Now that there is a robust signal lock the 399 nm laser to the Yb'™! transition. Iterate
through alignment knobs in this order: each of the three input mirrors, each of the three retro
mirrors, slowing alignment. Repeat this several times until the fluorescence signal converges,
turning down the camera gain as necessary to avoid saturation. Now, as a final tune-up, do
a two-dimensional walk on the input/retro pair for each arm and on the pair of mirrors that
control the slowing beam. Perfection is the enemy of efficiency here. The optimal 399 nm
MOT alignment is not the same as the optimal 556 nm MOT alignment and pouring time

into pursuing the brightest possible 399 nm MOT will not be rewarded.

A.8.1.8 Aligning the probe beam

To align the probe beam, turn it on for a duration of 1 ms immediately after MOT
loading (and remember the shutter takes 4 ms to actuate). Roughly overlap it with the
slowing beam, then tweak the tip/tilt of the probe beam’s independent kinematic mirror
until a probe fluorescence signal is observed and maximized. If you are observing the MOT
on a camera, a “Zapruder trail” of atoms leaving the MOT should form in the density-center
of the MOT. If, for some reason, the probe/slowing beam-combiner were adjusted it might
not be possible to get a good probe signal and then you’ll need to go back to the first step
to find a compromise alignment. Also note, that the probe beam has a tight collimation
relative to the 399 nm MOT size and the probe fluorescence is often about half the MOT’s

fluorescence.
A.8.2 556 nm MOT alignment

A.8.2.1 Setting up the sequence

Set up the camera to trigger simultaneously with the probe so that for the next steps
you can easily switch between the camera and PMT signals.

Follow the exact Artiq cooling sequence that is already established. Figuring out the
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sequence of detunings, gradients, and intensities was the hard part with lattice loading, but
now you already have it.

Set up a sequence that ends after the first stage green MOT and is capable of discrim-
inating 556 nm trapping from 399 nm trapping. The sequence must hold the atoms in the
first stage of only 556 nm MOT for 30 ms which is sufficient for untrapped atoms to leave
the probe region. Have the sequence use the probe laser to read out the fluorescence, but

also use the camera to align for density.

A.8.2.2 Aligning with the “global green.”

First, align the probe to the baby green MOT since the MOT will move in the different
B-field. Then use the knob called “global green” to maximize the number of atoms. Global
green is the first reflective optic in the green beam path. The dichroic mirror that combines
399 nm and 556 nm is a much worse optic, avoid ever using it unless required for overlapping.
Do a small round of tweaking all the retros for atom number. Then adjust the global green
alignment one final time. NEVER TOUCH GLOBAL GREEN AGAIN UNLESS YOU
WANT TO REALIGN FROM SCRATCH.

A.8.2.3 Aligning for a MOT that optimizes lattice loading

Move directly to the full green MOT loading sequence. Run the sequence through
the lattice loading stage and immediately probe with normal 4 ms delay. Optimize the
fluorescence using all of the knobs for probe and MOT input/retro in a sequence like that
advised for the 399 MOT. If using the comb for 556 nm laser lock, there is no reason
to adjust the green frequency but it should be checked anyways to ensure you are in a
physically normal parameter regime. If locking with the multicolor cavity, 556 nm frequency
adjustment is essential to getting lattice trapped atoms. Sweep the ‘global green freq’ in
Artiq.

The signal should be near the maximum for the present preset value of ‘global_green_freq’,
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and the slope down to zero detuning from resonance should be steep. If using the cavity,
adjust the offset sideband frequency in the Alpha250 rather than ‘global_green_freq’ to op-
timize atom number. Recall that the offset sideband frequency is multiplied by 8 in the RF
chain. Since we are using a known good sequence and the polarization optics are unchanged,
this should be enough to get a cold dense sample for loading the lattice. If, after great effort
in subsequent steps, the lattice cannot be loaded, you may need to back up to here and use

time of flight analysis to make sure the atomic cloud is at < 20 uK.

A.8.3 Lattice alignment

To get the first atoms loaded into the lattice, we align first with a resonant 556 beam

to get the lattice on target with the atomic cloud.

A.8.3.1 Blowaway

Replace the the sideband spectroscopy fiber with the 556 blowaway fiber. Since the
original was 578 nm, all the optics should work just fine.

Align 556 nm beam to overlap with the lattice beam. Use a cage-type optic inserted into
the free space between the two mezzanine breadboards and pointed at the ceiling. LASER
SAFETY: Keep your head far away from optic, and look obliquely from a distance at the
back side of an index card for near field alignment. Align the 556 nm beam using both
the collimator input and the dichroic turning mirror to get near perfect alignment with the
lattice beam. Now you can turn off the lattice beam to avoid burning the chamber.

Optimize the blowaway sequence given the constraints of the switch. Probably best
to find an old sequence and copy the blowaway parameters. The shutter takes several ms
to begin closing once the TTL is delivered and has a ms or two of dark time in the middle.
More signal can be attained by: 1) leaving the AOM on in MOT mode up until the switch
begins, 2) killing the AOM drive in the intermediate state, and 3) blasting the AOM drive

with a frequency that puts the blowaway on atomic resonance. Look at the signal on the
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556 nm MOT photodiode to figure out the optimal timings.

Now with atoms in the final green MOT align the blowaway to the atoms with the
gold-plated mirror on the upper mezzanine. Simply observe the probe’s atomic fluorescence
on the scope and try to minimize it. Block the lattice retro mirror with an index card so
that you do not inadvertently align to a back reflection. Once at an optimum use either RF
power in Artiq or an ND filter between the breadboard to further attenuate the blowaway
beam. Tweaking the collimation/focus can help significantly since the collimated beam
(being smaller than the lattice) will be much larger than the lattice at the atoms (diffraction
limit). Defocusing the beam can help achieve higher powers at the atoms. Since the field
is already picked to match the MOT size to the lattice, maximizing blowaway effect is the
only goal. This process is complete when roughly 75% blowaway is achieved with maximum
artiq RF attenuation and an ND=1.0 in place, but really, just find the local minimum. The
SM fiber used for the blowaway switch is a curse and you will need to frequently optimize
the paddles to keep the green MOT intensity topped off (observe the PD directly). Check
that the blowaway signal you’re seeing is real, by blocking the blowaway beam and seeing if

the fluorescence rebounds.

A.8.3.2 Retro

Physically block the blowaway so it can’t interfere any more, leave it connected for
now though in case it is needed again. Now turn the lattice on low power. Use the lattice
retro mirror to align the light back through the chamber. You can observe the forwards light
faintly on the bottom viewport of the chamber when looking down and the retro light more
strongly. Align the retro spot exactly on top of the forwards spot. At this point, the chamber
should be safe as long you don’t turn the retro knobs wildly and the lattice can be turned up
to full power to enhance available signal. Now, dither the lattice retro knobs slightly while
observing the lattice retro PD. If needed, occasionally check the chamber viewports. Once

you get some light, it is usually very easy to maximize.
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A.8.3.3 First lattice trapped atoms

Run a sequence to lattice trapping and permit at least 20 ms for green MOT atoms to
dissipate. Use instead the 399 MOT beams to illuminate the chamber and observe the signal
on the camera with 20 ms of exposure. If using only the probe beam and PMT (worse)
permit at least 60 ms for green MOT atoms to dissipate. Other combinations of light and
signal collector do not work well. With any luck, there should be a faint linear wisp of the
lattice trapped atoms in the camera view. Verify by blocking the lattice light. Begin the
optimization with ‘global_green_freq’ hopefully with a good cavity-comb setup this will find
no difference, but with the multicolor cavity setup, this is crucial. Then, do a quick round of
tweak up with the retro alignment. With an adequately strong looking signal on the camera,
it will be time to switch to probe-PMT detection.

Top off the alignment of the probe beam to the lattice trapped sample. Now use
the lattice input lens and retro mirror as translators to 2D walk the lattice to the optimal
location in the atom cloud. This is done by using the top actuator to maximize atom number
and the bottom actuator to optimize retro PD power. The top actuator is adjusted in < 5°
increments using the width of the Sharpie mark on the knobs as a reference. Later, when
the retro mirror has been setup to reflect clock light for phase noise cancellation, you should
use the retro lens as an actuator instead so as not to disturb the PNC alignment—you can
also use the new technique of aligning for lattice depth with sideband spectroscopy once the
sideband beam is back online

After aligning the lattice to the atoms, top off the probe alignment again. Then adjust
the combos of input and retro mirrors as described previously. Improving the optical balance
can help get colder atoms. Finally. Finally. You can adjust the waveplates for the MOT.

Write down their values in the notebook before you begin tweaking them.
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A.8.4 578 Sideband alignment

Same alignment technique as aligning the 556 nm blowaway to lattice alignment, re-
member laser safety. Also fix collimation. At this point, the population in the edge of blue
sideband can be used as an error signal to align the lattice for maximum depth. Align to
bring this population up, then increase the sideband frequency and repeat. It might be wise
to walk the retro lens and mirror so that maximum depth and maximum retro signal are

coincident.

A.8.5 1388 alignment

Use an IR card, turn off the lattice, turn on the sideband beam. Unfortunately this
one cannot be overlapped exactly due to a tolerance error about transmitting through thick
optics. However, very little power is needed in this beam so it works out. Use the IR card
to align the beam so that just before the upper vertical D-mirror into the chamber the 1388
is 2 mm to the right of the sideband beam and just after the bottom turning D-mirror it
is 2mm to the left of the sideband beam. Usually, this is all the alignment that is needed.

Future breadboard versions should fix this inability to overlap.

A.8.6 578 Clock alignment

The clock light enters on a 5 axis kinematic mount. Optimize the beat note with angle
kinematics only. Optimize the alignment to the lattice beam with translation. To do so, turn
off the room lights and turn down lattice power with both amplifier and polarization, center
clock in lattice just after retro mirror and then check again between mezzanine breadboards.
It might be a possible new problem that the lattice is severely off the clock axis, in which
case the clock won’t be able to both get through the Faraday rotator and center on the
lattice beam. Walking the lattice with the top-actuated mirror and the retro mirror or lens

would rectify this.



Appendix B

Construction Details of the Clock

Here’s instructions for some of the more involved constructions.

B.1 Machining the slowing mirror thermal feed through

Part: Power Feedthrough, 8000 Volts, 300 Amps, 1 Pin, 0.38”” Copper Conductor,
1.33” Conflat Flange, PN: A0221-2-CF

Cut vacuum side of copper feedthrough to 0.844” beyond the edge of the stainless
flange. This operation should be performed on the lathe with the flange (not the copper)
chucked with tight control for axial symmetry. Choose an excellent sharp cutting tool. Select
an appropriate RPM to maintain 100-200 SFM of cutting and adjust that RPM every 1/16”
of depth to maintain the correct SFM. Feed the cutting tool very slowly. Negligence in this
process will result in a bent copper feedthrough. Kroil works best for cutting copper, but
it’s kind of gross to get it flung on you by the lathe, so coconut oil is acceptable.

Still in the lathe, on the axis of the vacuum-side copper: use a centering drill to begin
the cut and cut deep enough to make a small chamfer. Then bore a #29 (.1360) hole to a
1/2” depth beyond the chamfer.

Tap the hole with the special blind hole tap for copper. It’s a bottoming 8-32 spiral
flute with WC coating (in the machine shop Yb drawer) and use Kroil to lubricate the
cutting.

Flip the piece on the lathe to operate on the out of vacuum side. Again use a centering
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drill to make a small chamfer on axis. Then bore a #30 (.1285) hole to 1”7 (total) depth.
The current 1/8” cartridge heater we are using expands and requires low precision on this
hole ID. A previous design had an exact 1/8” cartridge heater and required boring a slightly
undersize hole followed by reaming to 1/8”.

Do any deburring required. Then clean the piece very thoroughly in the normal meth-
ods of ultrasonic cleaning for vacuum preparation. Do not expose the piece to degreaser for

overlong as this will cause the copper to oxidize.

B.2 Mounting the atomic beam shutter

Part: Wobble stick for 1.33” CF, MDC Precision, PN: 693001 Cut the wobble stick to
length on the vacuum side as measured from CAD file to reach center of atom beam + some.
The cut length does not need to be very exact, as long as the stick will not catch on bottom
of two-way port it will work but remember that the bellows will compress under vacuum.
To get the blocking bead in the center, I estimate where it should be from the CAD file and
then assemble the wobble stick into a Kimball two-way port with a 2.75” window on one
side and a center-marked 2.75” blank on the other. Then I pull 10 Torr vacuum from the
remaining 1.33” CF. Repeat the positioning until satisfied it is centered. Mark the spot that
the bead needs to go and reassemble it with a little TorrSeal as both a thread locker and

bead-stick glue.

B.3 Pinch off tubes

You'll need the CHA Industries guillotine pinch off tool and the attached Enerpack
hydraulic actuator. They are currently on the shelf in the galley behind 1G108. The %"
pinch off tubes with 1.33” CF to 2.75” CF flanges are on a higher shelf in the same area.

- Practice pinching off on sacrificial tubes several times. It’s better to over crush, but
not by much. Tubes should separate on their own or with near zero additional force, if you

must wiggle it, it’s not crushed enough. Excessive force can cause the jaws of the device to
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shatter.

- Our Enerpack leaks a little hydraulic fluid, so be careful not to make a mess. It may
need new fluid at some point. If it’s not crushing, it’s probably because you don’t have the
pressure lock engaged.

- It is critical that no dirt, oil, or oxidation of any kind get inside the pinch-off tube.
Treat it with even more care than standard vacuum components. The other most common
way for the cold-weld to fail is that the metal prematurely work-hardens and no longer flows
together under pressure. Most of the remaining tips aim to reduce work-hardening effects.

- Setup the vacuum system so that there is a valve between the turbopump and the
pinch off tubes. Use rigid mountings with vacuum components to the turbopump to prevent
bending and strain on the pinch tubes.

- Wrap the tube in UHV aluminum foil tightly and seal the edges with Kapton tape
before the bakeout to reduce oxidation of the copper. The tubes can be baked to 300C. There
is some possibility of a failure due to thermal hardening if they are baked at 250C+ for over
7 days. If your vacuum fails for some other reason during bakeout, you should assume that
tubes are compromised due to internal oxidation and require replacement.

- Polish off any oxidation with a Scotchbrite/Brillo pad after the bakeout until you
have a shiny finish.

- Lightly oil the tube and guillotine jaws with 3-in-1 oil or another light machine oil.

- Valve off the turbo pump before attempting the pinch-off so you don’t kill the turbo
if the pinch-off fails.

- Setup a pinch off device around the tube exactly in the middle of the tube and make
sure it has a very rigid mount before beginning the pinch. It is much better to over engineer
the mount to hold the bottom jaw exactly in place than to let it move around on you.

- Crush the tube completely and separate. Check the ion pump value for success. If
there’s a leak it will almost certainly put the pressure above le-6 Torr. Usually, leaks are

symmetrical so you could check a gauge on the pumping station end as well.
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- Clean off the tube with an acetone wipe and then protect the pinched edge with a
coat of TorrSeal allowed to air cure overnight. Provide additional protection by shrouding
the end with a 1”7 hot shrink-tube, heat-gunning the tube, and finger pinching it while still
hot so that it bonds together over the pinch-off.

- We've been using copper successfully, but more expensive nickel tubes are supposedly

less prone to failure although they also require higher peak pressures to cold-weld.

B.4 Forming vacuum seals with epoxy

As discussed in the main text, epoxy seals supported operation at the 1 x 107° Torr
level briefly before evolving to sustained operation at the 2 x 10~® Torr level.
Here are some procedures for applying Epotek H77 for sealing optical windows. I have

used both the regular H77 and the H77T high viscosity formulation.

B.4.1 General procedure for applying epoxy

1. Design and machine the seat that the window will sit in.

Here is the design we used when hand milling test chambers, we now use CNC milled
chambers with 14 mm windows. We created a “stepped” bore design to hold the window
and the epoxy. The 17 window sits on a lip with a 7/” ID and 17 OD. The 1”7 bore has a
depth 0.1”7 - 0.15” greater than height of the window’s chamfer. This tight tolerance region
is important for both holding the window while applying epoxy, reducing the surface area of
epoxy exposed to vacuum in case of gas flux from atmosphere, and because epoxies perform
best in the minimum bond thickness regime. This region however probably increases risk
of window breakage due to the CTE mismatch between the NBK7 windows and aluminum
chamber we use. Then there’s a 1 & 1/16” bore with 0.1” to 0.2” depth that is the epoxy
trench.

2. Prepare the surface of the seat for the epoxy.

After milling out the above design in aluminum, we hand sand the epoxy sealing surface
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with fine papers, finishing with a 30 micron grit optical sanding paper. One of the first
epoxies we tested specified a surface roughness of 1 microinch for optimal bonding, although
the H77 did not include such a spec. Then we clean the workpiece in an alconox sonic bath.
To form a clean and dense aluminum oxide finish on the vacuum and sealing surfaces we
treat them with 1 molar citric acid for 10 minutes followed by another alconox sonic bath
to remove residual smut. Then we rinse the piece successively with distilled water, acetone,
distilled water, methanol, and distilled water. We bake the piece dry at 120 C and now it is
ready for applying epoxy.

3. Mix the epoxy at manufacturer’s recommended ratio with a scale that supports
10mg measurements or better. We mix it in a glass beaker with a glass stir stick; some
plastics seem to react with the epoxy.

4. Pull the epoxy into a syringe. We use the ones available from Thorlabs. Pull in
some air, then squish out all the big bubbles.

5. Apply the epoxy into the trench surrounding the window. Fill it up and make a
small “volcano” around the window.

6. There’s some small pinprick bubbles in the epoxy leftover from the mixing and
syringing. Put the part into a beaker to keep it dry and float the beaker in a sonic bath for
5 minutes to pop some of these bubbles and work the epoxy in to the bond region.

7. Permit the epoxy to room temperature cure for long enough that a sample of
reserved epoxy from the application step no longer flows due to gravity.

8. Cure the epoxy. We put the workpiece into a sheetmetal box (if it can fit) before
putting it in the oven to reduce thermal gradients and transients. Ramp the temperature
up to 150 C at no more than 2 C/minute. Hold at 150 C for an hour. Then cool at the
same rate. There’s some goal competition here between thermal stress and final properties.
Hotter faster cures result in denser epoxies which should improve vacuum properties and
increase thermal conductivity, but they also risk breaking the windows.

8. The piece is ready for vacuum. The highest we’ve ever baked out the H77 is 180 C
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although the data sheet says it can tolerate up to 250 C continuously. We usually are very
careful with this part of the chamber and try to keep the ramp up/down to no greater than
0.5 C/minute. If you helium leak check your chamber while the epoxy is hot, you may notice
some delayed inflow through the epoxy at the 10~ Torr L/s level from the helium you put
into the room.

9. After the bakeout, the dominant gases you should see will be from the rest of your
chamber (e.g. H2 for stainless) followed by CO and CH4 at or below the 107° Torr level

which seem to be released from the epoxy.

B.4.2 Fixing a leak

We haven’t had to do this with the H77 yet, but with the other epoxy this procedure
worked to repair failed seals. During bakeout the seal sometimes failed at the 10~¢ Torr
level. Open up the foil and find the leak with the RGA and helium or the 66 AMU computer
duster. Switch the RGA to N2. Smear on more epoxy with a microbrush. When you get

the right spot N2 will plummet by a factor of 100 in 5 seconds. Resume bakeout.

B.4.3 Removing epoxy

It is likely easier just to get a new part. But if you have to, the best method we’ve
found is to start by smashing out the window. Then use a very hot soldering iron to soften
the epoxy and gently scrape it away. Dissolve/soften the rest in a 24 hour dichloromethane

bath. Scrape away the remainder with a razor. The bath might need to be repeated.
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