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Photos depicting the transportation of the cavity carrier, with or without a cavity.
a, the cavity carrier platform being transported from the loadlock chamber to the
science chamber. b, the cavity carrier platform transported to the center of the
science chamber. c, a cavity on the carrier platform being transported from the
loadlock chamber to the science chamber. d, the cavity on the carrier platform
transported to the center of the science chamber. Note that the orientation of
the in-vacuum MOT setup was corrected before the cavity was installed.

Schematic of the loadlock vacuum apparatus. The system consists of two vacuum
chambers: a loadlock chamber separated from a science chamber by a gate valve.
The science chamber is kept at UHV by an ion pump, and is designed to have
maximal optical access. An in-vacuum MOT setup stays in the science chamber.
A translator moves the carrier structure supporting an optical cavity and atomic
dispensers across the two chambers. The apparatus is depicted in two configura-
tions: a, science mode, where the cavity is extended into the science chamber, and

b, installation mode, where the cavity is retracted back in the loadlock chamber.

Photographs of the loadlock vacuum apparatus. The apparatus has dimensions
3.5'x4’x2.5" (107 cmx122 ¢cmx76 cm), and comfortably fits atop a standard
4'x8 (122 ecmx244 cm) vibration isolated optical table. Space is available under
and around the vacuum chamber to conveniently set up optical breadboards. The
viewports of the main chamber are AR coated to transmit multiple wavelengths
of interest. The gate valve is manually actuated. . . . . . . . .. .. ... .. ..
A graphical display of components of the loadlock vacuum apparatus. . . . . . .
Snapshots for Stage I, assembly of the vacuum chamber with the translator tem-
porarily replaced by a blank flange. a, delivery of vacuum system components.
b, ¢, and d, progress during Stage 1. e, and f, near-completion of Stage I, lacking
one ‘leg’ of the vacuum chamber. g and h, completion of Stage I. . . . . . . ..
Snapshots for Stage II, integration of the translator and the feedthrough system
to the vacuum chamber. Vacuum tasks on the translator were initially conducted
on a desk covered in aluminum foil before the neighboring office became a lab
space. i, original, now obsolete, translator setup with bad utility hat assembly. j,
foil packets containing cleaned vacuum components. k and 1, replaced translator
setup. m, arms wrapped in aluminum foil to prevent contamination. n, vacuum
system relocated to the lab space. o, completion of translator installation in
Stage II. . . . . L o
Snapshots for Stage 11, integration of the translator and the feedthrough system to
the vacuum chamber (cont’ed). p, V-stand installation. g, routing of feedthrough
connectors. r, cavity carrier installation. s, integration of the cavity carrier with
the feedthrough connectors. t, completion of Stage II. . . . . . . ... ... ..

12.10Snapshots for Stage I11, installation of the in-vacuum MOT setup. u and v, initial

attempt at setup installation with incorrect orientation. w, corrected orientation
of the in-vacuum MOT setup. x, attachment of the feedthrough flange. y and
z, completion of Stage III—construction of the entire vacuum chamber without a
cavity. . .. e e
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12.11Assembly procedure for Stage I. a, the cross and the 4.5” CF viewport were as-

sembled. b, the science ion pump was attached to the Cross assembly, supported

on two angle brackets. c, the science chamber was attached to the top of the

half-assembly. d, the gate valve was attached to the half-assembly (continued on

NEXL PAGE).  « v v v e e e e e e e 122
12.12Assembly procedure for Stage I (cont’d). e, the loadlock chamber and the tee

were assembled together, inversely assembled due to weight distribution. f, the

loadlock half was connected to the gate valve, supported by a lab jack. g, the ion

gauge was attached to the loadlock chamber. h, the loadlock half was supported

from below by two angle brackets, attached to the loadlock ion pump, and the

turbo pump. . . . ... 123
12.13The vacuum chamber setup before the neighboring office was renovated to be a lab

space. a, the vacuum chamber, lacking the translator, assembled, pumped, and

baked on a mobile steel cart situated in the preparation room. Meanwhile, the

neighboring office space was transferred into a temporary clean area for meticulous

vacuum tasks, such as routing the feedthrough setup through the translator. b

and c, to maintain stringent cleanliness standards, the office carpet was shielded

with fabric and aluminum foil to prevent any carpet debris from contaminating

the air in contact with the vacuum environment. Additionally, layers of aluminum

foil were applied to the office tables to ensure cleanliness for direct contact with

vacuum components. . . . ... ..ol 125
12.14The conversion of the neighboring office into a lab space, overseen by our building

manager, Bentley. a, the removal of previous furnishings and the installation of

a ceiling rack positioned above the optical table area. b, a contractor’s tool cart

used for drilling electrical holes into the wall. c1 and ¢2, markup locations for

drilled holes in the wall for routing cooling water pipes and Ethernet wires. d1

and d2, previous office desks were dismantled and replaced by lab countertops.

e, the transportation of the vacuum chamber atop an optical breadboard using a

CTATIE. .« . v v e i e e e e 126
12.15The transformation of the newly renovated lab space. a, the vacuum chamber

shielded for dust protection while being transported from the preparation room

to the lab space. b, the vacuum chamber subsequently unveiled in its new loca-

tion. c, the optical table accommodating the vacuum chamber, prepared for the

installation of vacuum equipment and the attachment of the translator. d, the

side optical table designated for vacuum and optical setups. . . . . . . . .. .. 127
12.16The copper hats served to evenly distribute heat across viewport flanges, mit-

igating the risk of damaging thermal gradients during vacuum bakeouts. a, a

small copper hat being crafted by cutting copper sheet metal with scissors. b, a

finished large copper hat. c, an array of finished small copper hats. ¢, the copper

hats covering the viewports on the main chamber. . . . . . . . . ... ... .. 129
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cavity, recorded by the ion pumps. . . . . ... ..o

Cavity carrier. a, b, Looking from above, this structure carries an optical cavity
above, and is secured to the end of the translator. Four dowel pins and four
silver-plated screws are used to precisely align and secure the optical cavity with
the carrier plate. Four pairs of PEEK connectors deliver electrical connections to
the optical cavity through Kapton-coated feedthrough wires bundled inside the
translator tube. ¢, d, Below the cavity carrier reside four Rb dispensers which are
independently controlled and easily replaceable, and each has line-of-sight access
to the position of the MOT, but no line-of-sight access to the optical cavity above
that can cause atom deposition on the optical surfaces. A Macor plate is used
as an electrical insulator to set a voltage difference across the dispensers. Silver-
plated vented screws and spring washers are used to sandwich the dispensers
between two layers of copper blocks, and gold pins are pressed from the side of
the copper block to make secure electrical connections, in a way that the electrical
connections can withstand thermal cycles of the vacuum bakeouts. . . . . . . . .
Obsolete feedthrough assembly. This feedthrough assembly is now obsolete due
to its default setup with the translator, which led to potential electrical shorts
between the voltage-carrying pins and the chamber walls, thus consequently re-
placed. a, the utility feedthrough hat assembly. Failed examples feedthrough
connectors with short and long pins in b and c, respectively. d, a feedthrough
connector with shortened pins. e, the obsolete feedthrough assembly. . . . . . .
Assembly of the five-way cross. a, components of a feedthrough connector barrel,
including an insulating spacer, a retaining ring, and contacts. b, properly seated
contacts inside the connector barrel. c¢, Kapton-coated copper wires crimped
onto the contacts, with the contacts positioned between the connector barrel and
a retaining ring inserted for tensioning. d, completed feedthrough connector with
attached Kapton-coated copper wires. e, top view of the five-way cross. . . . . .
Components of the translator. a, triple flange used for attaching the five-way
cross, replacing the original utility hat. b, base flange of the translator, equipped
with three gliding wheels with vacuum-grade grease applied to support the trans-
lator tube. c, the V-stand with two sliding wheels, designed to guide and support
the translator tube at the close coupler between the loadlock and the science
chamber, preventing sagging. . . . . . . . . . .. ..o
Assembly of the cavity plate, top view. a, feedthrough wires routed through the
translator tube and the female PEEK connectors, organized and crimped onto
contacts. b, three opened bottom female PEEK connectors fastened to the steel
cavity plate, alongside a closed female PEEK connector. ¢, gold-plated contacts
being seated between two halves of a female PEEK connector. d, a male PEEK
connector for the dispenser setup. e, the cavity carrier installed inside the vacuum
chamber. f, the cavity carrier plate inside the vacuum chamber during operation
mode. . ... e
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Assembly of the cavity plate, bottom view. a, the bottom copper blocks, Macor
plate, spacers (hidden), and steel cavity plate assembled together. b, Kapton-
coated wires stripped and crimped to contacts. c, the stripped side of a Kapton-
coated wire crimped to a contact, then electrically connected to a copper block
by the tension of a silver-plated vented set screw. d, four dispensers electrically
connected to the copper blocks by spring washers and silver-plated vented screws
tensioning the top and bottom copper blocks. e, finished bottom view of the
cavity plate. . . . . . .
Cleaning of copper blocks. a, oxidized copper. b, the copper blocks being soni-
cated in hydrofluoric acid. c, the copper blocks with restored salmon color after
chemical cleaning. . . . . . . . . . . ..
Tools used for vacuum assembly Stage II. a, tools undergoing partial sonication
(top) or chemical wiping (bottom). b and c, levels for ensuring precise leveling
of optical table and chamber components, respectively. d, tool tips subjected to
sonication.e, a positioner utilized for crimping feedthrough contacts. . . . . . .
Feedthrough pinout. a, in-vacuum PEEK connectors, as seen from the perspec-
tive of the cavity plate. Note the asymmetry of the connectors. b, air-side
feedthrough flanges on the five-way cross. . . . . . . .. . ... ... ... ...

13.10Assembly and integration of the translator to the vacuum system. A stuck flange

on the five way cross in a was made unstuck by a hammer in b. ¢, the translator
to be integrated with the cavity carrier and the feedthrough system. d, lab
jacks for supporting the translator during assembly. e, V-stand, translator and
feedthrough connectors installed in the vacuum chamber. f, the translator being
serviced. g, blank replacement flange removed from the vacuum chamber. h, the
translator installed to the vacuum chamber. . . . . . . . .. ... ...

13.11Vibration simulation of the vacuum loadlock apparatus. The results of a modal

14.1

frequency analysis indicate that the dominant modes that couple to the cavity
length and position should be below 500 Hz. . . . . . . .. ... ... ... ...

In-vacuum MOT setup. The setup, depicted schematically in a, and by pho-
tograph in b, consists of a pair of MOT coils for trapping atoms, and MOT
optics for cooling atoms. The in-vacuum MOT coils are made of several lay-
ers of Kapton-insulated copper wires tightly wrapped around two steel holders
spaced 17 (2.54 cm) apart. The in-vacuum geometry allows the coils to generate a
large magnetic field gradient (about 20 G/cm) with only 3 A of current. The in-
vacuum design speeds up the experimental sequence by preventing eddy currents
from being generated in the copper gaskets. The in-vacuum MOT optics are an
assembly of steel structures holding directional mirrors and quarter waveplates
necessary to achieve a MOT. All three parallel beams entering through a single
viewport intersect orthogonally at the MOT location, which is below the center
of the science chamber to maximize available space for the cavity structure. . . .
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14.2

14.3

14.4

14.5

14.6

14.7

14.8

14.9

Simulation of the in-vacuum MOT coil setup. Each coil has 9 turns per layer,
with 4 layers in total, and an outer radius minus inner radius of approximately
Smm. The top layer lies slightly inward of the outer radius. The coils are wound
with 18 AWG Kapton-coated wires. . . . . . . . . . .. ... ... .......
Assembly of the in-vacuum MOT setup. a, cleaned elliptical mirror mounts
with properly seated elliptical mirrors. b, cleaned circular mirror mounts with
properly seated circular mirrors and retaining rings. c, a finished MOT coil
with Kapton-coated copper wires wound around and glued to the coil mount.
d, completed in-vacuum MOT optics setup. e, four-terminal sensing setup for
resistance measurement of the in-vacuum MOT coils. f, completed in-vacuum
MOT optics and MOT coils setup installed in the science chamber. . . . . . ..
Schematic of the outside-vacuum MOT setup. A reference laser is locked to the
atomic transition line of the Rb vapor cell via Saturation Absorption spectroscopy
(SAS). The MOT and repumper lasers are frequency-locked to this reference laser,
amplified, and mixed to generate cooling beams. . . . . . . ... ... ...
Schematic of launching optics for interfacing the outside-vacuum and in-vacuum
MOT setup. The combined MOT and repumper beams were expanded to approx-
imately 1 cm, split, aligned, redirected into the vacuum chamber, intercepted, and
back-reflected. . . . . . . .
Lasers utilized in the MOT setup. a, reference laser diode housed within a control
box. b, reference laser connected with current and temperature controllers. c,
MOT and repumper lasers, fast current feedback circuit boards, and a metal
block for heatsink and positional stability. d, side-view of the MOT laser. . . . .
Tapered amplifier utilized in the MOT setup. a, fiber-coupled tapered amplifier
housed in a butterfly mount. b, housing of the tapered amplifier with space for
applying heat paste. c, tapered amplifier setup in operation, with the incoming
fiber strain relieved. . . . . .. . ..
Outside-vacuum optics for the MOT setup. a, optical breadboard for generating
reference beam, amplified MOT beam, and repumper beam. b, area designated
for MOT seed laser and beatnote locking electronics. c, area designated for the
repumper laser and the tapered amplifier for the MOT beam. d, entrance optics
for directing the amplified MOT beam and the repumper beam into the vacuum
chamber. . . . . . . .
Simulation of the magnetic field generated with a pair of bias coils. The two coils
are spaced 9 inches apart, each wrapped around an 8-inch diameter window with
100 windings. Each coil carries 1.5 A, causing a 2 V drop per coil, totaling 4 V in
series, generating a 2.5 Gauss field at the center. The coils use 20 AWG enameled
magnet Wire. . . . . ... L L. L e e e

14.100utside-vacuum magnetic coils for zeroing the Earth field. a, breakout board for

controlling three independent coil currents in the six spools of wires. b, tool used
for winding the bias coils. ¢, zoomed in view of a bias coil wrapped around the
top science chamber viewport. d, top view of three pairs of bias coils wrapped
around the science chamber. . . . . . . . ... L Lo
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14.14Electronics for the MOT setup. The high-current controllers housed in a for the
in-vacuum MOT coils and outside-vacuum bias coils, with internal views in b
and ¢, and an external view in d, water-cooled by a chiller in e. f, frequency
offset generation for beatnote locking. g, electronics for beatnote locking. h,
frequency-locked lasers. i, AOM drivers. . . . . . . . ... ... ... .. ....
14.11Schematics of the laser frequency stabilization circuit. The circuit processes
the photodiode signal, generate an error signal, and use this error signal in a
proportional-integral (PI) feedback loop to stabilize the laser frequency. . . . . .
14.12Schematics of the fast current control circuit for each laser diode. . . . . . . ..
14.13Schematics of the coil driver circuit. The circuit drive one spool of magnetic
coil by regulating the current through it. It is used for both in-vacuum MOT
quadrupole coils, and outside-vacuum bias coils. . . . . . . ... ... L.
14.15Fluorescent imaging of the atomic cloud. Fluorescence imaging of the atomic
cloud, side views in a and b, and a top view in ¢. Expansion of the atomic cloud,
with weak magnetic field gradient in d and strong magnetic field gradient in e. .
14.16Characterization of the atom source. a, Upon achieving a good vacuum quality,
we have cooled and trapped a 8"Rb MOT using polarization gradient cooling,
and performed a time-of-flight expansion measurement based on atom florescence.
These images are captured by a camera situated on an optical breadboard to the
opposite side of the ion pump attached to the science chamber, angled horizontally
such that it has direct line-of-sight access to the atomic cloud, without being
blocked by the MOT structures. b, The spot size of the MOT vs. expansion
time was plotted to extract the post-PGC temperature of the atomic cloud to be
less than 10 pK in both axes of the imaging plane. The different temperatures
measured along the two axes likely result from a combination of imperfect MOT
beam wavefronts, imbalanced MOT beam powers, and imperfect magnetic field
gradients during PGC. . . . . . . .. ..

15.1 Atomic transport system. This system transports cold trapped Rb atoms from
the position of the MOT upwards into the center of the optical cavity, for a total
distance of about 4” (10.2 cm). It consists of two counter-propagating 785 nm
beams, each delivering 120 mW from above or below the science chamber. The
beams are frequency-shifted via two AOMs to have a relative offset up to 2 MHz
(corresponding to ~ 0.8 m/s maximum transport speed). They are focused at
the center of the transport path to create a 120 pm waist (lattice depth about

38 1K), and path-length balanced to minimize phase-noise induced atom heating.

15.2 Schematics of the lattice conveyor belt. The lattice laser was interlocked, am-
plified, split into top and bottom beams, and frequency-shifted by two AOMs
in a double-pass configuration to generate a 20 (several MHz) frequency offset
for transporting the atoms. Beam launching optics in the bottom panel were
path-length balanced to minimize phase-noise induced atom heating. . . . . . .
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15.3

15.4

15.5

Al

A2

A3

A4

A5

A6

Laser and tapered amplifier used in the optical conveyor belt setup. a, tapered
amplifier for the lattice beam. b, tapered amplifier housed in its heatsink. ¢, char-
acterization of beam shape after amplification. d, interlock circuit implemented
for safety measures. . . . . . ...
Optics of the optical conveyor belt setup. a, generation and amplification of the
lattice beam. b, double-pass AOM setup for shifting the beam frequency. c,
top-arm beam launch. d, bottom-arm beam launch. . . . . . . .. ... ... ..
Characterization of the atomic transport system. The following data are taken by
transporting cold Rb atoms towards the cavity center and then back by a certain
transport distance, and measuring their fluorescence after varying hold times. We
then fit the trend to an exponential curve to extract the lifetime parameter. a,
10.0 cm transport, showing a lattice lifetime of 396 ms. b, We have measured the
temperature of the cold atoms being transported, by performing an expansion
measurement in both transverse directions as summarized in each point on the
graph, and repeat this process for various transport distances ranging from 0 mm
to 100 mm. We have observed no effect of the transport distance on the lattice
temperature. . . . . .. 0L oL L

All-metal gate valve for separating the science chamber and the loadlock chamber.
It was designed by VAT, and we selected the manual actuation option to avoid
any electromagnetic interference to the atoms. It can be baked to 200 C if the
valve is closed. . . . . . . ..
The translator for moving the cavity horizontally between the science chamber
and the loadlock chamber. It was designed by Thermionics Northwest, and we
again selected the manual actuation option. The base flange was mounted to a
flange on the loadlock chamber. The cavity was attached to the end of the tube.
The V-stand with two wheels was used to support and guide the tube across two
chambers, and was attached to a close coupler of the chamber through two groove
grabbers. During the installation process, we have found that the feedthrough
connectors on the utility hat were inappropriately sized, so we have replaced it
with a larger 5-way cross with feedthrough flanges. . . . . . . . .. ... .. ..
An anti-reducing tee for attaching the loadlock chamber to two mechanical sup-
port flanges below. This needed to be custom-made because our side flanges (6”)
are smaller than the base flange (8”), which is not a typical configuration. . . . .
Stainless steel base plate for holding in-vacuum MOT components, including two
magnetic coil mounts, a back mirror mount, two bottom mirror mounts, and two

205

elliptical mirror mounts. It is attached to the chamber through two groove grabbers.206

Stainless steel mounts for winding the MOT quadrupole coils around. A venting
hole was later drilled to the base of each of the coil mount, so any trapped air
pocket could be outgassed, preventing virtual leaks. Two holes for guiding the

outgoing Kapton wires were chamfered to avoid stripping and shorting the wires.

Stainless steel mount for the back reflecting mirror and the quarter waveplate,
separated by a vented ring spacer. . . . . . . . ...

207



A.7 Stainless steel mount for the bottom redirecting mirror and the quarter waveplate,

separated by a vented ring spacer. . . . . .. .. ...
A.8 Stainless steel mount for the redirecting elliptical mirror. . . . . . . . . . . . ..
A.9 Stainless steel baseplate for mounting the cavity, four PEEK connectors, and four

dispensers. It is connected to the end of the translator tube through an L-bracket.209

A.10 Macor plate for mounting four dispensers below via the copper clamps, and pro-
viding electrical insulation across the positive and ground terminals. The 2-56
screw holes are recessed to reduce the vertical space the structure takes up. . . .

A.11 Aluminum top plate for mating and aligning the cavity to the stainless baseplate.
The four smaller holes are for 4-40 screws, and the four bigger holes are for dowel
alignment pins. . . . . .. L

A.12 Copper blocks for clamping a Rb dispenser in between. The bottom piece is
screwed to the Macor plate from below via 2-56 countersunk screws, and the top
piece is screwed to the bottom piece with a dispenser in the middle via 2-56 hex
head screws. Spring washers are used to add a clamping force so that vacuum
bakeouts do not cause faulty electrical connections. A small hole on the side is
designated for inserting the current-carrying gold pin into, and a set screw comes
in from another side to make good electrical contact between the copper block
and the gold pin. . . . . . . ..

A.13 Stainless steel L-bracket for attaching the cavity baseplate to the end of the
translator tube. It is reinforced with two diagonal bars. . . . . . . . . .. .. ..
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CHAPTER 1
OVERVIEW OF THE THESIS

This PhD thesis presents the design, development, and implementation of a loadlock plat-
form tailored for next-generation quantum optics experiments. Quantum optics, a field at
the forefront of both fundamental research and technological innovation, relies heavily on
precise control over light-matter interactions. To advance this field, the thesis provides a com-
prehensive exploration of the theoretical and experimental foundations of quantum optics,
followed by a detailed examination of the loadlock platform’s role in enhancing experimental
capabilities. The thesis is structured into several key parts:

Part I: Theory of Classical Optics. This part of the thesis provides a comprehen-
sive exploration of classical optics, starting with the fundamental principles of ray optics
(Chp. 2). The concept of paraxial rays is introduced (Sec. 2.1), which simplifies the analysis
of optical systems by assuming small angles of incidence. This is followed by the ABCD
matrix formalism (Sec. 2.2), which offers a powerful tool for analyzing the propagation of
light through a sequence of optical elements. The study then progresses to Gaussian beams
(Chp. 3), where the paraxial wave equation is derived (Sec. 3.1) as the foundation for un-
derstanding Gaussian beam propagation. The properties of Gaussian beams are studied
(Sec. 3.2), highlighting their importance in optical systems. The ABCD law is revisited
(Sec. 3.3), specifically applied to Gaussian beams, bridging the gap between ray optics and
wave optics. The part concludes with an in-depth analysis of Fabry-Perot cavities (Chp. 4),
covering key aspects such as the resonance condition (Sec. 4.1), finesse (Sec. 4.2), and cavity
transmission (Sec. 4.3). The stability of optical resonators is discussed (Sec. 4.4), followed
by an examination of Gaussian modes (Sec. 4.5) and Hermite-Gaussian modes (Sec. 4.6),
which are critical for understanding the behavior of light within these cavities.

Part II: Theory of Atom Optics. This part shifts focus to the interaction between

atoms and light, a central theme in atom optics. It begins with a detailed analysis of the
1



two-level atom (Chp. 5), which serves as a model for understanding atom—field interactions.
The fundamental interaction between atoms and electromagnetic fields is explored (Sec. 5.1),
leading to phenomena such as Rabi flopping (Sec. 5.2), which is crucial for understanding
coherent dynamics in atom optics. The concept of dressed states is introduced (Sec. 5.3),
providing deeper insight into the energy structure of atoms in the presence of light fields.
The theoretical foundation laid in Chp. 5 is then extended to specific forces in atom op-
tics (Chp. 6). The dipole force (Sec. 6.1) and the radiation pressure (Sec. 6.2), two key
concepts of atom cooling and trapping, are both explored. Practical applications of these
theoretical concepts are explored (Chp. 7), where examples such as dipole traps (Sec. 7.1),
magneto-optical traps (MOTs) (Sec. 7.2), and saturation absorption spectroscopy (Sec. 7.3)
are presented. These examples illustrate the real-world applications of atom optics theory,
demonstrating how light can be used to control and manipulate atomic systems.

Part I1I: Theory of Quantum Optics. This part of the thesis delves into the quantum
mechanical aspects of light-matter interactions, particularly within the framework of cavity
quantum electrodynamics (cQED) (Chp. 8). The Jaynes—Cummings model is a cornerstone
of cQED (Sec. 8.1), providing a quantum description of the interaction between a single
atom and a single mode of the electromagnetic field. Various modifications to this model
are discussed (Sec. 8.2), accommodating more complex physical situations and extending
the applicability of cQED theory. The Purcell effect (Sec. 8.3), is another crucial concept,
illustrating how the spontaneous emission rate of an atom can be significantly enhanced by
the presence of a resonant cavity. The study of spontaneous emission continues (Chp. 9),
beginning with Fermi’s golden rule (Sec. 9.1), which governs the transition rates in quantum
systems. The density of states (Sec. 9.2) is discussed, a concept that plays a pivotal role in
determining the emission characteristics of quantum systems. Finally, a detailed analysis of
the spontaneous emission rate (Sec. 9.3) is presented, tying together the quantum mechanical

principles that govern light emission in these systems. This part of the thesis integrates the



classical and atom optics foundations established in the earlier parts, offering a cohesive
understanding of quantum optics and its applications in modern physics.

Part IV: Experimental Quantum Optics. This part focuses on the practical real-
ization of advanced quantum optics experiments, with an emphasis on innovative techniques
and setups. It begins with two feasibility assessment projects I undertook during my first
year, which, despite yielding results that fell short of our expectations, provided critical in-
sights and laid the groundwork for the design of high-NA and confocal cavities. The first
project involves a detailed exploration of methods to suppress spontaneous emission using a
high-NA cavity (Chp. 10), addressing a key challenge in quantum optics. The second project
investigates the enhancement of Rydberg coupling using a confocal cavity (Chp. 11), examin-
ing how this configuration can strengthen interactions between Rydberg atoms, an essential
component in quantum information processing. Both chapters discuss the experimental de-
sign, setup, and outcomes, highlighting both the potential and limitations in achieving the
scientific objectives.

The centerpiece of this part is the development of a loadlock platform designed for next-
generation quantum optics experiments (Chp. 12). The chapter begins with an overview of
the research landscape involving cavities in vacuum and introduces the challenges of inte-
grating and testing exotic cavity geometries with cold atoms (Sec. 12.1), which underscores
the need for a loadlock apparatus to optimize turnaround time for cold atom cavity QED ex-
periments. The innovative loadlock technique is then introduced (Sec. 12.2), detailing how
it enables efficient loading and unloading of samples while maintaining vacuum integrity.
This is followed by a high-level description of the ultra-high vacuum (UHV) system and its
components (Sec. 12.3). The assembly and integration of the entire UHV system with the
loadlock are outlined (Sec. 12.4), including a step-by-step account of assembling the bare
UHV system (Sec. 12.5), and its operation and maintenance (Sec. 12.6). Finally, the perfor-

mance of the UHV system with the loadlock is evaluated (Sec. 12.7), focusing on its stability



and suitability for quantum optics experiments.

The thesis then delves into critical components, such as the cavity carrier, feedthrough,
and translator (Chp. 13). The design and components of the cavity carrier is described
(Sec. 13.2), followed by the assembly and integration of the translator with the cavity carrier
(Sec. 13.3). The feedthrough system’s design is covered (Sec. 13.4), followed by its integration
into the UHV system (Sec. 13.5), and an assessment of the system’s stability (Sec. 13.6).

The magneto-optical trap (MOT) setup is then discussed (Chp. 14). The chapter starts
with the in-vacuum MOT design (Sec. 14.2) and the integration of the science chamber
with this setup (Sec. 14.3). The generation of cooling beams using outside-vacuum optics
(Sec. 14.4) and the use of outside-vacuum bias magnetic coils for field correction (Sec. 14.5)
are then described. The optimization and electronics control of the MOT system are then
detailed (Sec. 14.6), including the laser lockbox, fast laser feedback, and coil driver. The
characterization of the atom source is presented (Sec. 14.7), which serves as a benchmark
that the MOT system operates successfully.

The final chapter in this part (Chp. 15) introduces the concept of an atomic conveyor
belt, a novel mechanism for transporting atoms within the experimental setup. The de-
sign and construction of this conveyor belt is covered (Sec. 15.2), followed by its physical
implementation within the broader experimental framework (Sec. 15.3). The performance
and characterization of the atomic conveyor belt are discussed (Sec. 15.4), highlighting its
effectiveness in manipulating atomic positions with precision.

Appendices. This part provides supplementary materials, including mechanical draw-
ings and technical specifications that support the experimental work described in the thesis.

This thesis not only advances the technical infrastructure for quantum optics experiments
but also contributes to the broader understanding of light-matter interactions, paving the

way for new discoveries and applications in the field.



Part 1

Theory of Classical Optics



CHAPTER 2
RAY OPTICS

Ray optics, also known as geometrical optics, is the simplest theory of optics. The
fundamental assumption behind ray optics is that light travels in the form of rays. This
theory simplifies the understanding of how light interacts with objects and materials. In most
situations—where the wavelength of light is much smaller than the objects involved—ray
optics describes the behavior of light accurately. In other situations—where the wave-like
behavior of light manifests itself more strongly, and therefore would be better described by
the theory of wave optics—ray optics still provides good intuitions for the more complex
behavior of optical waves [1].

We assume that the optical media the optical rays propagate in are lossless, and can be
completely characterized by their index of refraction n. The effect of the refractive index
is that it changes the speed of light to cy/n, where ¢ is the vacuum speed of light. For most
media existed in nature, n is strictly greater than 1.

The fundamental principle of ray optics is the Fermat’s Principle, also referred to as
the “Principle of Least Time”, which states that optical rays traverse paths that minimize

the optical path length functional /, such that the variation of [ is zero:
ol=0 (2.1)
And the optical path length is defined as:

d
] = /0 n(r) ds (2.2)

where r(s) is a path inside an optical medium parameterized by the variable s, between two
endpoints corresponding to r(0) and r(d).

By applying Fermat’s principle under the proper mathematical framework, the calculus
6



of variations, we arrive at the following familiar results:
1. In a Homogeneous Medium, light travels in a straight line.

2. At a plane mirror, light bounces off the mirror such that the incident angle 6, and
the reflective angle 6, are equal,

which is the Law of Reflection.

3. At a planar interface between two optical media of different indices of refraction ny
and nsg,

n1 sinf] = ng sin fy (2.4)

which is the Snell’s Law. If ny > ng, there is a critical angle 6. given by

" Sing, =1 (2.5)
n9

such that if 81 > 6. there is no transmitted ray, causing total internal reflection.
4. A Spherical Mirror focuses rays from an object at the center back to itself.
5. An Elliptical Mirror images an object at a focus A to the other focus A’.

6. A Parabolic Mirror collimates all rays starting at the focus A to be outgoing parallel
rays. And reversely, it focuses all incoming parallel rays orthogonal to the directrix to

the focus A.

2.1 Paraxial Rays

In the ray optics paradigm, a ray can be specified completely by a vector containing the

displacement y from, and the direction 6 relative to the optical axis—the reference axis

7



for optical propagation. If both the displacement y and the angle # are small, the angle 0 is

approximately equivalent to the slope 3/’ of the ray:

Q

(2.6)

We can regard an optical system as a transformation of ray vectors, from input vector (y1, y’l)

to output vector (o, yé), via a function f that characterizes the optical system,

=f (2.7)

Assume that y and v/ are small, then we can Taylor-expand the function to lowest order in

y1 and yi:
0 0
y2 = fily1, 1) = a—fl y1+ 3—f/1 Y1 +0(2) (2.8)
Y lyri=y;=0 Y11y =y =0
0 0
h=hlv) =2 g 5 L+ o) (2.9)
Y lyr1=y;=0 Y11y =y =0

where O(2) represents all higher-order terms in yq, y'l

In the paraxial approximation, we will ignore the quadratic terms and above, and
model the optical system using only linear transformations. The transformation function
can be collected as a matrix of derivatives, called the transfer matrix, that represents the
optical system in the paraxial approximation, as detailed in the following section. The higher

order corrections are treated in aberration theory.



2.2 ABCD Matrix

The general linear transformation of a two-dimensional ray in the paraxial approximation is

a 2 X 2 matrix,

9 A B 1
21 _ Y (2.10)

Yh C D| |y}

The matrix representing the optical system is called the “ABCD matrix”. Below are a few

fundamental matrices that can be derived from first principles.

1. Free-Space Propagation. The free-space propagation matrix is given by

M = (2.11)

where d is the distance of propagation.

2. Thin Lens. The ABCD matrix for a thin lens is given by

<
[

(2.12)

=

where f is the focal length, and f > 0 for a convex lens, f < 0 for a concave lens.

3. Plane Mirror. The ABCD matrix for a plane mirror is given by

M = (2.13)



4. Spherical Mirror. The ABCD matrix for a spherical mirror is given by

! (2.14)
) .
2

where R is the radius of the spherical mirror. Note that in the paraxial approximation,
a spherical mirror is equivalent to a thin lens with a focal length f = —R/2.
5. Planar Refractive Interface. The ABCD matrix for a planar refractive interface is given

by

1 0
M = (2.15)

0 ny/ng
where the ray travels from a medium with index of refraction nq to that of ns.

6. Spherical Refractive Interface. The ABCD matrix for a thin lens is given by

1 0

M = (2.16)
_ngmn; m
na R no

where the ray travels from a medium with index of refraction ny, through a refractive

interface with radius R, into another medium with index of refraction no.

A composite optical system consists of more basic optical elements. The transfer matrix

of a composite system is the product of individual transfer matrices,

Mcomposite = MnpMy.1..M2M; (2-17)

where M acts first on the input ray first.
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CHAPTER 3
GAUSSIAN BEAMS

A Gaussian beam is the simplest model of a directed beam that satisfies Maxwell’s equations.

Simpler waves exist, such as the plane wave of the form, or spherical wave of the form, albeit

trivial and somewhat unrealistic. The Gaussian beams are seen commonly in lasers or the

outputs of spherical resonators.

3.1 Paraxial Wave Equation

A paraxial wave is a simplified version of a general wave. For a paraxial wave, the curves

normal to the wave fronts are paraxial, and the wave itself stays close to the optical axis z.

So, we can rewrite the scalar electric field as,

where 9 is the envelope and exp(ikz) is the carrier wave.

Plugging it into the wave equation, (V2 + k2)E = 0, where V2 =

o 02
(VT—l—z?k:a o 2>¢:o

2 2
where V2, = % + 88? is the transverse Laplacian.

(3.1)

2
—g—l—%—l——g,have

(3.2)

We can make a slowly varying envelope approximation if ¢/ varies slowly on the

scale of \, in which case 91/9z < 1)/ ~ ki, and 9% /022 < k O1p/dz, so we can drop the

second order term and get the following paraxial wave equation:

0
2 1 — =

11
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3.2 (Gaussian Beams
The Gaussian beam satisfies the paraxial wave equation, and takes the form of,

w

W% exp {_wg—l)} exp {@kz —itan™! (i)} exp {z’k:2 };?z)} (3.4)

which is the Gaussian, or TEM( beam, where the transverse radial position is r =

V22 + y2. The beam waist parameter wy is,

/\ZR

The Rayleigh range zp is,
ER = —V (3.6)

The beam waist w(z) along the optical axis is,

w(z) == wor |1 + (i)z (3.7)

“R

Evidently, the beam waist w(z) forms a parabolic curve in z, achieving its minimum value
wq at the focus at z = 0. Further dividing into two regimes, the near field and the far field,

separated by the Rayleigh range zp, we have

w(z) ~ wy for |z| < zp

w(z) ~ (wo/zR)z for |z| > zp (3.8)

12



In the far field, the beam propagates in a cone of half angle 6y, where tanfy := wqy/zr. So,

in the paraxial regime, the far-field divergence half-angle is,

A
g~ 20— A (3.9)
2R TW
Beam Waist

—— near field w(z)l=wo/ 1 + (2/zr)>

---- far field w2 =22 - z

Figure 3.1: Beam waist as a function of propagation distance, in near-field exact form and
far-field approximation.

The wave front radius of curvature is,

1+ (i)zl (3.10)

13



Breaking down the Gaussian beam solution term-by-term,

wo 2
w(z) {‘uﬂ—m]
X exp [zkz —itan ! (i)}

X exp [zk 2}7;2)] (3.11)

e The amplitude factor, Ey(r)—% exp [_E%] , describes the intensity profile of the

Gaussian beam, whereas the other two oscillating factors make no contribution on this

front. The intensity profile of a Gaussian beam I(r, z) is therefore

I(r,2) = I [%}2@([} {— 2r° } (3.12)

which scales as the inverse square of the beam waist, and the profile in the radial direc-
tion follows a Gaussian function. Incidentally, we define the beam waist as the “1/e?
radius” of the beam. The total power of the Gaussian beam is given by integrating

the intensity over the transverse plane at any z,
> lp, o
P= / I(r,2)2nrdr = 5(7””0) (3.13)
0

And we can rewrite the intensity profile as

Ir,2) = —L o {— 27“2} (3.14)

Tw2(z)

For example, a circle of radius R = w(z) contains (e? — 1)/e? fraction of the total

power of a Gaussian beam.

e The longitudinal phase factor, exp |ikz — i tan ™1 <ZL)}, includes the phase of a
R
plane wave in the first term ¢kr, and the Guoy phase shift in the second term

14



itan~1 (%) It represents a phase retardation relative to the plane wave, as in the

generic case of focusing-beam-type solutions to the wave equation.

2 2
The radial phase factor, exp [zk‘#(z)], where R(z) = z {1 + <%> ], represents
how the radius of curvature changes with z for a Gaussian beam. Compare the phase
2
of a Gaussian wave exp [ikz + zk#(z)} without the Guoy phase shift, to the phase of
a spherical wave exp [ikR], where R = |r| = V72 + 22. In the paraxial regime r < z,

have

phasespherical = exp [ik R

= exp [zk \/m}

r2
=exp |ik[z[\[1+ =
z

3 2
exp zk:|z] (1 + 2—2)}

= exp zk|z|+2k | J

Q

A exp zk‘|z| + zk ] phasecaussian (3.15)
Furthermore, examining at the near field and the far field,

R(z) ~ B for |2| < zp (3.16)

R(z) ~ 2z for |z| > zp (3.17)

the Gaussian beam approaches a spherical wave in the far field.
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3.3 ABCD Law

The ABCD Law is a simple method for propagating Gaussian beams, related to the geometric
optics ABCD matrix for the optical system. Define a complex q parameter for a Gaussian

beam by
q(z) ==z —izp (3.18)

Since q specifies both the spot size and the radius of curvature at a given location z, ¢

completely specifies the Gaussian beam geometry. The inverse of ¢ is computed to be

(3.19)

where wy = \/Azp/m, w(z) = wo\/1 + (2/2R)?, and R(z) = z [1 + (z/zR)2]. The Gaussian

beam can be rewritten in a simplified form,

ikr?

2q(2)

E(r) = qu—oexp [

e } exp(ikz) (3.20)

Let ¢q1 and g9 be the ¢ parameters before and after an optical system specified by the

geometrical optics ABCD matrix, respectively, then the ABCD Law is,

Aql—i—B

= — 3.21
©2= G D (3.21)
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CHAPTER 4
FABRY-PEROT CAVITIES

A Fabry-Perot cavity is a resonator consisting of two mirrors. The wave nature of light
leads to interference between the incoming wave and the waves resonating within the cavity,

resulting in a range of intriguing optical phenomena.

4.1 Resonance Condition

In a planar Fabry-Perot cavity of length d with ideal reflecting mirrors, a plane wave can
only exist in the cavity if it returns to exactly the same phase after one round trip, leading

to constructively interference with itself. This implies that,
2kd = 2mm (4.1)

The allowed stationary waves, or modes, of the cavity must have wave numbers that

satisfy
km = — (4.2)

Equivalently, the wavelength and frequencies must satisfy

2d cm Tem
., _dn
m’ " 2d] d

The free spectral range (FSR) is the frequency spacing between allowed modes:

c

= 4.4
2d  2nd (44)

FSR :=vp41 —vm =
where n is the index of refraction of the medium filling the cavity.
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4.2 Finesse

However, a real cavity is imperfect and “leaky”, with some loss of light on each round trip that

dampens the amplitude of the electric field within the cavity. This loss can result from mirror

transmission, aperture limitations due to finite-sized mirrors, scattering, heating, and other

factors. Consequently, the resonances broaden, similar to a driven mechanical oscillator.
Suppose the amplitude of the wave is reduced by r after one round trip,

Er(:r)l = rei%dE?gﬂ (4.5)

The total wave inside the cavity comprises the initial wave transmitted through the first
mirror E(()—i—)7 and all subsequent waves reflected off the two cavity mirrors. The phase change

of a plane wave after one round trip is A¢ = 2kd. Summing up all these contributions,
) E(()+) JrE§+) +E§+) = (()+) 14 pei2kd 4 (T6i2kd>2 R (4.6)

The total intensity inside the cavity is therefore

I
' e
_ Io
~ (1= rei2hd) (1 — pe—i2kd)
_ Io
1472 — 2rcos(2kd)
Iy

_ 4.7

(1 —7)2 + 47 sin?(kd) (4.7
where I = %60|E(+)|2C is the initial intensity inside the cavity before any round trip is
made. The maximum intensity is identified to be

Iy
Imax == m

18
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Define finesse as a parameter that characterizes the loss of the cavity,

F = T

1—7’

(4.9)

then we can rewrite the resonator intensity to be

I I
I= e = 5 : (4.10)

1+ (2‘?7:>QSin2(/€d) - 1+ (2-?7:> sin2 (%)

To calculate the full width at half maximum (FWHM) of the resonances, we identify the
frequencies where the intensity drops to Imax/2. This corresponds to the denominator of

Eq. 4.10 being equal to 2, i.e.

2F\? .9 [ TV

(7) sin <FSR) ~1 (4.11)
FSR | m

v==% ——sin <T7:> (4.12)

In the limit of large finesse, where the resonances are well resolved, the small angle approx-
imation applies. Thus, the full width at half maximum of the resonance can be expressed

as:

FSR
OVEWHM =~ (4.13)

4.3 Cavity Transmission

How does a Fabry-Perot cavity allow nearly all laser power to transmit through a nearly
perfectly reflecting mirror by placing a second mirror at the right distance behind it? The
answer lies in interference.

Suppose a Fabry-Perot cavity is made of a mirror (M7) on the left and a mirror (M)

on the right. Our previous discussion only concerned the light intensity inside the cavity,
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whether it is the initial intensity Iy, or the total circulating intensity /. Now, denote the
input intensity incident to the cavity as I;;,, and the output intensity emitted from the cavity
as Ioyt. Denote the field reflection and transmission coefficients for the two mirrors to be
r1,t1 for My and ro,to for Msy, respectively.

The output (transmitted) intensity is related to the intra-cavity intensity by
Tous = |ta|*1, (4.14)
and the input (incident) intensity is related to the initial intensity by
Iy = |t1]* Iin. (4.15)
Thus, we can define the cavity intensity transmission coefficient T;,, by

I out Tcav,max

I
Teay = = |t1t2\25: 2 , (4.16)
" 1+ (%) sin? ()

where

[t1ta?
Teav,max = m (4.17)

For a symmetrical cavity with identical mirrors, r1 = r9 = r and t; = t9 = ¢, then the
maximum cavity transmission becomes
[

Teay,max = m =1 (4.18)

where the last equality comes from identifying 72+t = 1 for a given mirror. In other words,
a resonant symmetrical Fabry-Perot cavity transmits all the input light, independent of the

transmission of each mirror.
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4.4 Resonator Stability

To see whether a cavity is stable, is equivalent in asking if the resonator is able to confine

the ray. Consider the ray after n round trips in the cavity,

n
y A B| |y
"= 0 (4.19)
Yn C D| |y
In general, the characteristic polynomial for a 2 x 2 matrix can be written as,
A2 — Tr(M)A + det(M) = 0 (4.20)

Since the matrix describes one round trip, the input and output are exactly at the same

place, we also have,

det(M) = 1 (4.21)

The eigenvalues of M are solutions of this polynomial, given by

M =08+4/82 -1 (4.22)

where = Tr(M)/2 = (A+ D)/2, and det(M) = A;A_. The eigenvectors of M satisfies

m m
M — Ay (4.23)
Yl Yy

O | e | (4.24)
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So, after n passes in the cavity,

Y Yo Y+ Y-
" =Mn — a A Fa A\ (4.25)
vh v v s

Consider only the position y;,, have

Un = (qpy )N + (a—y— )\ (4.26)

There are two distinct possibilities: either |3| < 1 or |§| > 1. First consider the case
where |5| > 1, then according to Eq. 4.22, the eigenvectors A+ are real, in fact [Ay| > 1
and |[A_| < 1. So according to the solution Eq. 4.26, the first term of y;, is exponentially
growing, and the second term of y;, is exponentially damping, therefore altogether g, ~ A
which is not bounded by above. This is the unstable case.

Now consider the case where |3| < 1, then according to Eq. 4.22, the eigenvectors A+ are

At = BEiy/1— 32 (4.27)

Furthermore, both eigenvalues have unit modulus,

Aef? = (Mi@) (ﬁwﬂ) _R(1- =1 (429)

Define ¢ = cos™! 8, have 8 = cos ¢, \/1 — 32 = sin ¢, and Ay = exp(Fie), T = exp(Eing),
thus,

complex,

Yn = (Oé-i-y-i-)emd) + (a_y_)e_m¢ = Ymax Sin(n¢ + ¢p) (4.29)

for some constants ymax and ¢g. This is the stable case.

Thus, the stability condition for the ray to be bounded by the resonator in the long
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term is simply |5| < 1, or equivalently,

ITe(M)| := |A + D| < 2 (4.30)

To analyze the stability condition more explicitly, consider a resonator composed of two
concave spherical mirrors of spherical curvature R1 and Ry separated by a distance d. This
is equivalent to a thin lens system with focal lengths f; = |R1/2| and fo = |Ro/2|. The

cavity round-trip matrix is the product of two free propagation and two mirror reflections,

A B 1 ol |1 dl |1 ofl1d
M= - 1 1
_ —+ 1o 1| [-% 1] o1
1-4 d(2-4
- 72 (2-%) (4.31)

Fi-htan (A 0-4) -4

According to Eq. 4.30,

A+ D+2
0 ST < (4.32)
Plugging in expressions from Eq. 4.31,
d d
0<(l——)(1—-—=—) <1 4.33
(-35) (-27) (49
The stability parameters g1, go are conventionally defined as,
d d
g2:=1|1- —) = (1 + —) 4.34
( 2f1,2 Ry (4.34)

and the stability condition can be rewritten as,

0<g192 <1 (4.35)
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Below are some of the most important types of resonators, and their stability parameters,

illustrated in Fig. 4.1.
1. Planar resonator. R{ = R9 = 00. g1 = g2 = 1.

2. Confocal resonator. The foci of the two spherical concave mirrors overlap, and the

geometric center of each mirror is on the surface of the other one. R; = Ry = —d.

g1 =92 =0.

3. Concentric resonator. The geometric centers of the two spherical concave mirrors

overlap at the middle of the spacing. Ry = Ry = —d/2. g1 = go = —1.

4. Confocal-planar resonator. Rj = —d, R9 = 00. g1 = 0,99 = 1.

Resonator Stability Diagram
82

unstable
lanar
|, P
stable
. confocal -
‘1 1 gl
concentric +-1

Figure 4.1: Beam stability diagram.
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For a symmetrical cavity, the mirror curvatures are equal, and g; = go = g. The focus
occurs at the center of the cavity. The corresponding beam waist at the focus, and the beam

waists at the mirrors (Eq. 4.41) can be rewritten as:

w2 oM [ty
0727V 1—yg
Ad 1
2 _ 9
= = 4.36
i RV (4.36)

The dependence of beam waists on g, as it varies from -1 (concentric) to +1 (planar), is

plotted in Fig. 4.2.

Waist Size for Symmetrical Cavities

2.0

1.5

Waist Size
5

0.5

_— Wip,W

0.0 T
-1 0 1

g

Figure 4.2: Beam waist w, as well as the beam waists wy, wo at the mirror locations, as
functions of g, for symmetrical cavities.

For a confocal cavity, the foci of the two mirrors overlap at the center of the cavity, and the
geometric center of each mirror is not on the surface of the other one. With Ry = Ry = —d,
g1 = g2 = 0, we have w; = wg = v2wy. In fact, it can be shown that the confocal cavity

has the smallest average waist size along its length compared to any other stable cavity.
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Additionally, zp = d/2, meaning each mirror is at a distance zp from the focus. Tilting
either mirror still leaves the center of curvature located on the other mirror’s surface, merely
displacing the optical axis of the cavity by a small amount. The confocal cavity is thus
advantageous for optical designs where misalignment needs to be tolerated or leveraged, as

we will see in later parts of this thesis.

4.5 Gaussian Modes

As dictated by Maxwell’s equations, the electric field must vanish at the mirror boundaries.
For a cavity composed of spherical mirrors, this requirement implies that the supported
waves must have spherical wavefronts, making Gaussian beams a natural choice for cavity
modes.

Consider a cavity consisting of mirror M; on the left with curvature R; and mirror My
on the right with curvature Rs, separated by a distance d. A Gaussian mode is supported
within the cavity. Let wg be the minimum waist size of the Gaussian beam at z = 0, and
let wy and w9 be the waist sizes at the two mirrors located at z1 and z9, respectively. Since
the curvature of the Gaussian beam must match with the curvature of the mirrors, following

Eq. 3.10, we have

R(z3) = —Ro (4.37)

where the negative sign arises from a discrepancy between the ray-optics convention of radius
of curvature and the Gaussian-beam convention of wavefront curvature. In the ray-optics
convention, the radius of curvature is positive for a concave lens and a convex mirror, and
vice versa. In contrast, in the Gaussian-beam convention, the wavefront curvature is positive

to the right of the beam waist and negative to the left. So far, we have not made any
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assumptions regarding the concavity of the two mirrors.

Solving the following system of equations

o
21 |1+ <ﬂ> =Ry
ZR
29\ 2
2o |1+ <—> =—Ry

Z9 — 21 = (4.38)

for unknowns zp, 21, 29, we arrive at the following solutions:

d(Rs + d)
"Ry +Ry+2d
vy = d(Ry +d)
R1+ Ro + 2d
d(Ry +d)(R2 +d)(R1 + Ro + d)

2
22 _ 4.39
R (R1+ Ro + 2d)2 ( )

21 =

For a symmetrical concave cavity, the mirror curvatures are equal Ry = Ry = —R where

R > 0. Then the above equations are simplified to:

d
Zl——E
L d
, =2
2
d [2R
z§:§ — -1 (4.40)

Using Eq. 3.5 to relate the beam waist parameter wgy to the Rayleigh range wg, and using

the beam propagation formula (Eq. 3.7) to relate the beam waists at the mirrors wy, wy to
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beam waist parameter wg, we arrive at

S N (4.41)

4.5.1 Resonance Frequencies

The total phase of a Gaussian beam, as given by Eq. 3.4, comprises two components: the
phase associated with wavefront curvature and the longitudinal phase. Having previously ex-
amined phase matching with the mirror radius of curvature, we now focus on the longitudinal
phase, which determines the resonance frequencies of the cavity.

z 72
¢(r,z) = kz — tan™ ! (£> + km (4.42)

Consider the on-axis Guoy phase ¢(0, z),

$(0,2) = kz — tan~ ! (i) (4.43)

“R

Suppose in a cavity of length d, the minimum waist size wg occurs at z = 0, and the
waist sizes at the two mirrors located at 21, z9 are wq, wo, respectively. The round-trip phase

can be expressed as

et = 2[0(0, 29) — $(0, 21)] = 2k(z9 — 21) — 2 [tan_l (ﬂ) —tan™! (ﬂ)} (4.44)

%R %R

For the field within the cavity to build up through constructive interference, the total phase

accumulated over a round trip must satisfy ¢yt = 2mq, where ¢ is an integer. Using the
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relations that vy = 27ky/c and FSR = ¢/2d, the resonance frequencies are

vy = FSR {q - % [tan—l (j—;) — tan ! (j—;)} } (4.45)

Plugging in expressions of z1, 29 and zp in Eq. 4.39, the expression can be simplified to:
Lo 1
vg=FSR | q+ — cos V9192 (4.46)

4.6 Hermite-Gaussian Modes

If axial symmetry is not assumed, a complete set of properly normalized high-order solu-
tions to the paraxial equation can be obtained, namely the Hermite-Gaussian modes,
also known as TEM; ,,, modes. These beams are mathematically equivalent to the eigen-
functions of the quantum harmonic oscillator, forming a complete set. Consequently, any
beam can be represented as a linear combination of Hermite-Gaussian modes.

The general form of the Hermite-Gaussian mode can be written in terms of a simple
Gaussian beam, with key differences including the presence of Hermite polynomials Hy,(z),
a normalization factor ensuring convergence and consistent total beam power for any com-
bination of [ and m, and a factor of (1 + [ + m) in the Guoy phase.

Hermite polynomials are n-degree polynomials with n zeros on the real axis. For example,
Hy(z) =1, Hi(2) = 2z, Ha(z) = 2(222 — 1), just to name a few. The explicit formula for
the Hermite polynomial is

Hy(z) = (=1)"* —e~ (4.47)

For [ = m = 0, the Hermite-Gaussian beam reduces to the Gaussian beam, also known
as the TEMg,g beam. The intensity pattern of TEM; ,, modes features [ dark bands across

the x-direction and m dark bands across the y-direction, or a grid of (I + 1) bright spots in
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the x-direction and (m + 1) in the y-direction.

woy | 1 V2w V2
El(,—rtg(r) = E(g+)w(2) 2l+ml!m[Hl [w(z) mn [Wj]

X exp [—wg—;)l exp {ikz —i(1+1+m)tan "t <i>} exp {ikQ;?z)} (4.48)

Using the complex q parameter as before, the field in one transverse direction can also

be expressed as follows:

1/4 1/2 2
(+) _ qoq V2 L ka
Brns) =8 V oo\ a0 L ] (w(z))eXp[ sral

(4.49)

The two expressions are equivalent and can be converted into one another using Euler’s

formula € = cos# + isin 6, and identifying tanf = z/zp.
When considering higher-order modes, the effective beam waist at the waist (i.e., at

z = 0) is modified by the mode numbers | and m:

Weg = woV1+1+m (4.50)

Hermite-Gaussian beams maintain their intensity patterns during propagation, similar to
Gaussian beams, and exhibit the same far-field divergence characteristics. Higher-order
modes are wider for the same wg. Hermite-Gaussian beams also adhere to the same trans-
formation rules, including the ABCD law. The beam intensity profile of the lowest few
Hermite-Gaussian modes is plotted in Fig. 4.3, and an example higher-order mode of [ = 100

is plotted in Fig. 4.4. The beam width as a function of mode number are plotted in Fig. 4.5.
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Hermite-Gaussian Mode Intensity

NN

X

Figure 4.3: Hermite-Gaussian mode intensity as a function of transverse location, for the

lowest order modes.

Hermite-Gaussian Mode Intensity for 1=100

0.25 — l=100
0.20
£ 0.15-
wn
=
[«5]
+—
5 0.10
0.05
0.00 T
T T T T T T T
-15 -10 -5 0o 5 10 15
b

Figure 4.4: Hermite-Gaussian mode intensity as a function of transverse location, for mode
[ = 100.
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Waist Size vs. Mode Number
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Figure 4.5: Effective waist size as a function of mode number for Hermite-Gaussian modes.

4.6.1 Resonance Frequencies

The total phase of a higher-order Hermite-Gaussian mode, is similar to that of a Gaussian
mode, with an extra factor in front of the Guoy term. The on-axis Guoy phase ¢; ,, (0, 2) is
given by

G1m(0,2) = kz— (1+1+m)tan™?! (i) (4.51)
; ‘R

The resonance frequencies are given by

1
Vimg = (FSR) (q +—(1+1+m) cos™! \/9192) (4.52)

As shown above, the cavity modes must be labeled by three indices. The terminology
distinguishes between longitudinal and transverse modes. Modes corresponding to different ¢
values are the longitudinal modes, which are structurally similar to plane-wave resonances.
Modes corresponding to different [ and m values are the transverse modes, characterized
by different transverse intensity patterns. Due to the axial symmetry of the resonator, there

are several degeneracies among these modes. For example, Im = 01 mode is degenerate with
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Im = 10 mode, and Im = 02,11, 20 modes are all degenerate with each other. The trans-

verse mode frequencies for near-planar, confocal, and near-concentric cavities are plotted in

Fig. 4.6.
Transverse Mode Frequencies
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Figure 4.6: Transverse mode frequencies for different cavity types, e.g. near-planar, confocal,
and near-concentric cavities. The longitudinal modes are indexed by ¢, and the transverse
modes are color-coded, with the relative intensities indicated by their heights.

For a confocal cavity, g = g2 = 0, and therefore gjgo = 0 and cos™! /g1 = /2.

Then, the expression for resonance frequencies in Eq. 4.52 becomes much simpler:

1
YI,m,q (confocal) = (FSR) <q + 5(1 +1+ m)) (4.53)
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Alternatively, we can define an effective index s such that

Vs (confocal) = (FSRconfocal) - s (4.54)

where s = 2g + 1 + [ + m is a positive integer, and

FSR c
FSReonfocal == T = @ (4-55)

is the effective free spectral range for the confocal cavity. This results in a spectrum similar
to a planar cavity but with an effective length of 2d. The confocal cavity’s trajectory involves
4 passes per round trip, effectively doubling its length compared to a planar cavity, causing
off-axis modes to travel twice as far before repeating. Therefore, the modes of confocal
cavities fall into two frequency resonance series based on whether s is even or odd, as shown
in the middle panel of Fig. 4.6.

This analysis holds only if several transverse modes are excited by the input source.
If only the Im = 00 mode is present, the free spectral range reverts to its original value,
FSR, instead of FSR . nfocal- As we will discuss in later experimental chapters, to achieve
confocality, the input beam to a confocal cavity is typically slightly misaligned so the cavity
is operating in the “ring mode”. When the input beam is adjusted to populate only the
Im = 00 mode, all even modes become degenerate and overlap, while all odd modes become
degenerate and disappear, restoring the original free spectral range. However, in ring mode,
the finesse changes because the line width remains the same while the free spectral range is

halved, resulting in Feonfocal = F /2.
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Part 11

Theory of Atom Optics
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CHAPTER 5
TWO-LEVEL ATOM

The interaction of a two-level atom with a classical field is a fundamental model in quantum
optics. This model treats the atom quantum mechanically, accounting for quantum coherence
between the two levels. Quantum coherence, a fundamental property of a quantum system
in a superposition of states, ensures that there are well-defined relative phases between the

different states in the superposition [2].

5.1 Atom-—Field Interaction

The electric field E(t) generated by a monochromatic laser with angular frequency w can be

described as:

E(t) = éEqcos(wt) (5.1)

where Ej is the amplitude of the electric field and ¢ is the phase. We can decompose the
electric field E(t) into its positive- and negative-rotating components using the trigonometric
identity:

cos(wt) = % (em + efm> (5.2)

Thus, the electric field E(t) can be written as:
<€iwt + 6—iwt> - E(()—l—)e—iwt + E(()—)eiwt (5.3)

In reality, an atom has infinitely many bound states, so the two-level approximation (|g)
for the ground state and |e) for the excited state) simplifies the analysis. The resonant
frequency is wq, and the detuning of the laser field from this resonance is A = w —wq. This
approximation is valid for near-resonant interactions, where A < wq, making transitions to

other levels negligible.
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The total Hamiltonian for the two-level system in the presence of the classical field,

taking into account the quantum coherence between the two levels, can then be written as:

H = Hp + Hpp (5.4)

where Hp is the unperturbed Hamiltonian of the two-level atom and Hap represents the
atom-field interaction which accounts for the quantum coherence.

Given the application of the dipole approximation, we neglect the spatial variation
of the field and consider only its value at the location of the atom. This approximation is
justified because the optical wavelengths involved (several hundred nanometers) are much
larger than the atomic scale (angstroms). Under the dipole approximation, the atom-field

interaction Hamiltonian can be expressed as:

Hyp=-d-E (5.5)

where d is the atomic dipole operator given in terms of the atomic electron position re and
the electron charge e as:

The atomic Hamiltonian is

Hy = hawle) (e| (5.7)

By using a parity argument when evaluating the wave function integral for the position
operator, we find that (a|re|b) = 0. Consequently, the diagonal matrix elements of the dipole

operator d must vanish:

{gldlg) = (eld|e) =0 (5.8)

However, the off-diagonal elements (g|d|e) can be non-zero if the states |g) and |e) have
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opposite parity. Therefore, the dipole operator d can be written as:
d = (gld[e)(o + o) (5.9)

where o := |g)(e| is the atomic lowering operator, and o = |e)(g| is the atomic raising

operator. The total atom-field Hamiltonian is then:
H = Hy + Hap = hwyolo — (g|dle) - E( + o) (5.10)

We can similarly decompose the dipole operator into positive- and negative-rotating
parts: d = (g|d|e)(o+oT) =dF) +d(-), where d(*) ~ ¢ and d(~) ~ of. This is because &
a time dependence of e~™0t, Including the same decomposition of the field, the atom-field
Hamiltonian shows that the rapidly oscillating terms with a time dependence of e~ iHwotw)t
can be neglected using the rotating-wave approximation (RWA, to be distinguished from
rotating-frame approximation which will be discussed later), focusing on the slowly varying
terms. The RWA is valid under the condition that the detuning is much smaller than the
optical frequency, |w — wp| < w + wy.

The atom-field interaction Hamiltonian in the RWA is:

= (aTefm + Uem) (5.11)

where we defined the Rabi frequency as

TRy I,
.o MBS e iy _
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Thus far, we can express the total Hamiltonian of a two-level atom in a classical light

field in matrix form, in the basis |g) and |e), in units of A:

0 Qeit /2
H=| (5.13)
Qe wt/2

The atomic state evolution is governed by the Schrédinger equation:

ihoy ) = H|b) (5.14)

We express the atomic state as |¢)) = cg|g) + cele), where ¢g and ce account for the time de-
pendence of the state. Plugging in the atomic Hamiltonian H 4 (Eq. 5.7) and the interaction

Hamiltonian H4p (Eq. 5.11), the Schrodinger equation becomes:

— 1wt

Orcg|g) + Orcele) = —iwpcele) — de’wtce|g> —i—e cele) (5.15)

2

By projecting with (g| and (e|, we obtain the coupled differential equations for the atomic
evolution:
t

Opcg = —igceeiw

0 .
Opce = —iwpce — igcge_m (5.16)

We now proceed with another method to simplify the equations of motion, known as the
rotating-frame transformation. At resonance, the oscillatory terms can be eliminated

by transforming to a corotating frame, leading to a slowly varying excited-state amplitude

Co i= coe™". (5.17)
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The equations of motion can then be expressed as:

Q.
Orcg = —i5Ce
0
OpCo = 1ACe — 5 (5.18)

The rotating frame approximation is equivalent to having an atomic Hamiltonian of
Hy = —hAe) (e (5.19)
and an interaction Hamiltonian H p (Eq. 5.11) of

Hyp = —d®) . EC) — ) g®)
0

where the the eigenvalues or eigenvectors for the two systems are the same.

Finally, we can express the total Hamiltonian in matrix form in the basis |g) and |e) and

in units of h as:

0 Q2
H = (5.21)
Q/2 —A

5.2 Rabi Flopping

We proceed with solving the equations of motion (Eq. 5.18) to gain insight for temporal

evolution, in the following two limits: resonance- and near-resonance interaction.
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5.2.1 Resonance

At resonance, A = 0, the coupled equations reduce to:

Q

ath - _Zgée
Q

Decoupling these by differentiation and substitution yields:

2
atZCg - — (%) Cg

2
0260 = — (9) Co (5.23)

indicating a harmonic oscillator with frequency /2. The general solution for the two am-

plitudes in terms of the initial conditions cg(0) and ce(0) are:

a(t) = c(0) cos (%Qt) — i2e(0) sin<%Qt>
Golt) = Go(0) cos(%m) — icg(0) sin<%§2t> (5.24)

If an atom is initially in the ground state, then cg(0) = 1 and é¢(0) = 0. The general

solution (Eq. 5.24) then becomes

olt) = cos(%m>

Golt) = —isin (%Qt) (5.25)
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The populations of the ground and excited states are:

Py(t) = |eg(t)|* = cos? (%t) = —(1+ cos Qt)

Pu(t) = les(t)|? = sin? (%t) _

i R

(1 —cost) (5.26)

which is plotted in Fig. 5.1. These population oscillations between the ground and excited

states at the angular frequency {2 are known as Rabi flopping.

Rabi Flopping

---Excited State
—— Ground State

Population P

Time Q¢

Figure 5.1: Ilustration of Rabi flopping. At resonance, the populations of the ground and
excited states oscillate at an angular frequency of €2, the Rabi frequency.
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5.2.2 Near-Resonance

Near resonance, again decoupling the equations of motion by differentiation and substitution

yields:
QQ
<(9t2 — 1A + Z) cg =0
5 0\
Of — 1A + T e =0 (5.27)
or

A0 A Q)
(3,5 —ig + 15) (8,5 —ig Z§> e =0 (5.28)

where ) is the generalized Rabi frequency
Q=02+ A2 (5.29)

The general solution for the two amplitudes in terms of the initial conditions cg(0) and ¢e(0)

are:

o) = 2 [Cg(o) cos (%Qt) _ é [Acg(0) + Qce(0)] sin (%Qt)} (5.30)

() = 02 {56(0) cos(%flt) + é [Aze(0) — Qcg(0)] sin(%@t)} (5.31)

Rabi oscillations now occur at an amplitude of 1/Q2/(Q2 + A2) and a frequency of VQ2 + A2/2.

If an atom is initially in the ground state, then cg(0) = 1 and ¢e(0) = 0. The general solution
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(Eq. 5.31) then becomes
: 1~ A 1~
cg(t) = A2 |:COS (§Qt> - 25 sin (§Qt>}
. 0 1~
Ce(t) = —ieZAt/26 sin(éﬂt) (5.32)
The populations of the ground and excited states are:

Pe(t) = |ca(t)]* = sin® <gt) = %(1 — cos )

Py(t) =1 — Pe(t) (5.33)

which is plotted in Fig. 5.2.

Generalized Rabi Flopping
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Figure 5.2: Illustration of Rabi flopping with detuning as in the general case. Rabi oscilla-
tions occur at a reduced amplitude of 1/Q%/(02 4+ A2) and a frequency of vVQ2 + A2/2.
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5.3 Dressed States

When an interaction Hamiltonian is included, the previous eigenstates |g) and |g) are no
longer eigenstates of the new system. Diagonalizing the rotating-frame Hamiltonian, where

A = w — wyq is the detuning of the laser field from the atomic resonance,

0 Q)2
H= (5.34)
Q2 —A

the eigenvalues are
A Q) —AEVO2 4 A2

Fo—_— 42 .
tT T T 2 (5.35)

with eigenvectors

|+) = sinf |g) + cos O |e)

|—) = cosf|g) —sind |e) (5.36)
where 6 is the Stiickelberg angle defined as

Q s
= —— < — )
tan 20 <0 <0< 2) (5.37)

Alternatively, the eigenvectors can be written as

A+ V2 + A2
14) = (5.38)

Q

These are the dressed states of the atom.
Energies of the ground and excited states are plotted against laser detuning in the absence

and in the presence of light-atom interactions. In the uncoupled case, the bare states have
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energies 0 and —hA, crossing when A = 0. However, coupling lifts the degeneracy, creating
a hyperbolic avoided crossing, as shown in Fig.5.3. This phenomenon mixes the states

near resonance and shifts their energies, resulting in ac Stark shifts or Lamb shifts.

Avoided Crossing

Q/2 1

Energy £

—Q/2 -

0
Detuning A

Figure 5.3: Illustration of the avoided crossing: In the presence of coupling between light

and atoms, the energy levels of the dressed states are altered, lifting the degeneracy of the
bare states at zero detuning.

In the limit of resonance interaction A = 0, the eigenvalues reduce to

By =iz (5.39)

and the eigenvectors reduce to

1 [£1

+) = 1 (5.40)

In the limit of far detuning A > |Q|, the eigenvalues reduce to

N T 4A (541)



and the eigenvectors reduce to

(5.42)

which gives rise to the dipole force.
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CHAPTER 6
ATOM OPTICS: THEORY

We will describe the interaction between light and atoms using models of increasing com-
plexity. All models are wrong, some are useful, as they say. The point, however, is less
on arriving at a perfectly accurate model as it does not realistically exist (move on), but
more on working with a sufficiently intricate model which can produce useful results with
high predictability. Indeed, we shall see that on multiple occasions, a simpler, more classical
model, can yield similar results to a more sophisticated, or more quantum, model.

An atom can be modeled in the following ways, to start with. At its Spherical Cow
form, an atom is as simple a point with defined position and velocity. In Dalton’s Atomic
Theory, atoms are indivisible small particles that are constituents of some chemical element,
neither created or destroyed, and that all atoms of the same chemical element are the same,
whereas atoms of different chemical elements are different. In Thomson’s Plum Pudding
Model, an atom is a uniform, positively charged sphere with negatively charged electrons
embedded within, just like plums in a pudding. In the Bohr Model, an atom contains a
positively charged nucleus at the center of the atom, and electrons orbiting the nucleus in
circular orbits with quantized energy levels—an electron can jump between energy levels
by absorbing or emitting a photon whose frequency matches the energy difference between
the two levels. In the Wave Mechanical Model, developed by Heisenberg, de Broglie, and
Schrodinger, The Uncertainty Principle was taken into account, stating that position and
velocity of an electron cannot be simultaneously known to infinite accuracy.

In the field of atom optics, which deals with optics involving matter (de Broglie) waves,
we focus on how to trap and cool atoms using laser light through the classical Lorentz model
of the atom. There are two main types of mechanical forces exerted by light on atoms. The
first is the dipole force, which is associated with the potential energy of the induced dipole

in the electric field, will be described in Sec. 6.1. The second is radiation pressure, which
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results from the absorption and re-emission of incident light, will be described in Sec. 6.2.

6.1 Dipole Force

6.1.1 Dipole Potential

A dipole trap or far-off resonance trap (FORT) is a device used to trap atoms by the dipole
force. First realized by [3], later observed by [4], the dipole trap has become a standard
experimental routine to confine atomic ensembles in the trapping regime. Given an atom

with polarizability «, an external field E, an induced dipole d = aE, the dipole potential is

d-E_ dE

Vdipole:_ 5~ o (6.1)

It is convenient to define an intensity scale known as the saturation intensity. For an atom
with resonant frequency wg, resonant cross section og, and damping rate I', the saturation

intensity is
hwol’
200

[Sat = (6.2)

In particular, for 87Rb on the Dy transition (780 nm), the saturation intensity is Igat =
1.67 mW/ cm?. Taking into account of all transitions and incorporating the saturation in-

tensity, the dipole potential is rewritten to be
hwj()F? wJQ-O — w2 I(r)

Viipole = — E
pole 2 2 .
; 4 (wjo — w?)2 +Fjw2 Lsat,

In the far-off resonance regime, this expression can be simplified

h2 r
Vdipole = Z 8j ( ! = ) (r) (6.4)

; w—wjo  wWHwjo/ Isatj

The first term represents the Stark shift due to the atomic resonances. The second term
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is weaker in comparison, and accounts for partially of the Bloch—Siegert shift, the Lamb
shift, and the Casimir—Polder effect. If one resonance is dominant, as in the case of the laser
being tune far away from resonance, but much closer to one resonance than all the others,

the dipole potential is
A2 I(r)
Vdipole = S_A oot

(6.5)

6.1.2 Photon Scattering Rate

When photons scatter off atoms, momentum is being transferred. The total radiated

power in terms of the polarizability is

w?a(w)]”

Pg= 1 (6.6)

2.4
67reoc

The photon scattering rate is the radiated power divided by the photon energy hw

3/2 2
Py = Liad _ 3 W32 ) ! (6.7)
hew 1 /2w ij-O —w?— iljw \ Lsat,j

If the system is dominated by a single resonance, such as in the near-detuning regime,

the photon scattering rate is

o W
Tse = ——Imlall(r) (6.8)
Close to a single resonance, the scattering rate is

T/2)3 1

o —
S¢ AQ + (F/2)2 Isat

(6.9)

If the system is far away from the dominant resonance (JA| > I'), but still close enough for
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the resonance to dominate, the photon scattering rate is

s I r

Toe & ——s— = — Vs
sc SAZ Tat A dipole

(6.10)

In designing an optical dipole trap, we must consider two crucial competing factors. The
dipole potential Viipole, as described in Eq. 6.5, represents the trapping force. The photon
scattering rate Rgc, as described in Eq. 6.10, represents heating of the atoms. Fortunately,
the scaling of these two factors works in our favor, leading to the possibility of realizing an

optical dipole trap.

6.2 Radiation Pressure

Next, we will examine the forces resulting from the absorption and reemission of incident
light. Each photon carries a momentum of Ak. Therefore, the photon scattering rate
(Eq. 6.10) determines the rate of momentum transfer, resulting in a radiation pressure force
given by

Froq = hkRsce (6.11)

Close to a single resonance, using the scattering rate from Eq. 6.9, the force due to

radiation pressure is then
hko(T'/2)3 T

F..g= 6.12
rad AQ + (F/2)2 Isat ( )

The recoil velocity v,, defined as the velocity corresponding to one photon recoil mo-

mentum Ak, is computed to be

vp = —. (6.13)
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CHAPTER 7
ATOM OPTICS: EXAMPLES

7.1 Dipole Trap

7.1.1  Trap Depth

Recall from Sec. 5.3 that the interaction between light and two-level atoms modifies the bare
states to dressed states, shifting the ground- and excited-state energies. In the case of a
red-detuned laser, it creates an attractive potential for the atoms since E_ < 0; conversely,
a blue-detuned laser forms a repulsive potential. The square of the Rabi frequency is pro-
portional to the laser intensity. Fig. 7.1 illustrates the dipole trap potential as a function of

atomic position relative to the laser beam waist.

Dipole Trap Potential

—— Red-detuned Laser
—— Blue-detuned Laser

Trap Potential V

0
Position x

Figure 7.1: Ilustration of dipole trap potential: attractive when the laser is red-detuned
from the atomic transition and repulsive when blue-detuned.

We perform a quick calculation of the dipole trap discussed later. The dipole trap is
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composed of two counter-propagating beams, each with a power of 120 mW and a wavelength
of 785 nm. Each beam is focused at the center of the transport path to a waist of 120 pm.

Then, the detuning of the laser beam is:

C C 12
= — =—2.448 x 10"“H 1
785nm  780nm 8 107 H (7-1)
The intensity I of each laser beams at the focus is:
2P 2x120x 1073 W
[= 5 =2 S~ 5.31 x 100 W/m? (7.2)

Ty 7 (120 x 10~6 m)

The electric field amplitude Ej of each laser beam can be calculated using the formula:

2P 2 x 120 x 1073 5
Fo= | —— — ~ 1414 x 100V 7.3
07\ €ped \/8.854 X 10712 X 3 x 105 x 452 x 10~ jm (73)

The Rabi frequency 2 can be calculated using the formula, where deg = 3.584 x 10729C-m

is the dipole moment of the 8’Rb Ds line:

degEp 3584 x 10729 x 1.414 x 10°

~ 10 ~ 9
- o [0 ~ 481 x 100 rad/s ~ 7.66 x 10°Hz  (7.4)

Q

The dipole potential U includes contributions from the Stark shifts (as described in Eq. 5.35)

of both beams, and is given by:

0?2 9 587 x 10 ’
Vdipole:4xmzxzm%—2.39xlo Hz ~ 27 x 6 MHz

The slight discrepancy in the last step can be resolved through a more careful treatment of

the atomic states by considering a more comprehensive set of dipole moments.
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7.1.2  Scattering Rate

The scattering rate can be calculated using Eq. 6.9 in the far-detuned limit A >> I":

I v B 21 X 6 MHz
RA - dipole = 5 e 1012 Hy,

Ise &~

27 x 6 MHz ~ 580 Hz (7.5)

7.1.3 Trap Frequency

The trap oscillation frequency can be calculated by modeling the dipole trap as a classical

harmonic oscillator in both axial and transverse directions:

PP 1 545 1

1
H= o + MWz + §mwyy2 + §mw§z2 (7.6)
For the transverse directions,
2Vdipolex2 N 1 2 9
0
4V
muwg

For the axial direction,

2.2
Vdipolek Z 1 92 9
— & MWz

2 2

Vi k2
w, = |/~ 110 kHz (7.10)
m

7.2 Magneto-Optical Trap (MOT)

A magneto-optical trap (MOT) is a device used to cool and trap neutral atoms to very
low temperatures using laser cooling and magnetic trapping. First demonstrated by [5], the
MOT has become a standard experimental routine to produce atomic ensembles in the micro

kelvin regime.
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Creating a MOT is akin to crafting cotton candy. Omne heats up the flavored sugar
(salty Rb atoms), liquefying the particles (atoms in the dispensers) to fill the bowl. Slower
atoms condense around the stick, forming a sweet (salty) cloud of actual molasses (optical
molasses). To make the salty Rb cotton candy more appetizing to the scientific community,

please visit the amusement park below with no surcharge.

7.2.1 Laser Cooling

As discussed above (Eq. 6.12), the force due to radiation pressure is

hko(T/2)3 I

= 7.11
rad A2 n (F/2)2 Toat ( )

The mechanism of using the radiation-pressure force to cool atoms is the following. Consider
an atom moving with velocity v, exposed to identical but counter-propagating laser fields
along the velocity axis. The radiation-pressure force on the atom due to the two fields

is, depicted in Fig. 7.2,

B 5 1 - 1 I
Fra = RME/2) <A§ P22 A3+ <r/2>2> o (712

For small velocity v < max(|A|,I')/k, we can expand the lowest order in v to obtain the
damping force
hk2T3 A I
v

Frad = (7-13)

For red-detuning A < 0, this force leads to overdamped motion for trapped atoms, and this

light configuration is called optical molasses.
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Figure 7.2: Doppler force due to counter-propagating lasers.

7.2.2  Limitations and Challenges

While naively it might seem like the atomic velocity may be damped away completely, this

is not the case in reality, as we have only thus far considered the average cooling force.

The fluctuations of the cooling force, however, sets a lower temperature limit known as the

Doppler limit. By examining the variance of the velocity distribution in steady state, and

invoking a thermodynamics argument, we can see that the temperature is minimized for the

detuning A = —I'/2, arriving at the Doppler temperature T

hl

o6

(7.14)




This temperature is the theoretical limit for Doppler cooling, which for 87Rb at 780 nm is
Tp = 146uK.

7.2.3  Polarization gradient cooling (PGC)

Sub-Doppler cooling, first observed by [6], subsequently by [7], allows atoms to be cooled

below the Doppler limit. The theoretical treatment of this phenomenon is provided by |[§].

7.3 Saturation Absorption Spectroscopy

Saturated Absorption Spectroscopy (SAS) is a technique used to obtain high-resolution spec-
tra of atoms by eliminating Doppler broadening effects. This method involves using two
counter-propagating laser beams: a strong pump beam and a weaker probe beam, both
of which directed through the same sample of atoms.

The pump beam, which is tuned to a specific frequency, passes through the sample,
causing saturation of the absorption transition for atoms that are stationary or moving
slowly relative to the beam direction. These atoms or molecules become less likely to absorb
additional photons due to depletion of ground-state atoms.

Simultaneously, the probe beam, which is weaker, also passes through the sample. It can
be absorbed by atoms that have not been saturated by the pump beam.

When the pump and probe beams interact with atoms moving at the same velocity (thus
experiencing the same Doppler shift), the absorption of the probe beam decreases because
those atoms or molecules are already saturated by the pump beam. This results in a dip
in the absorption signal of the probe beam, known as a Lamb dip, which appears at the
frequency corresponding to the exact transition of the stationary or slow-moving atoms. For
counter-propagating pump and probe beams, this happens for stationary or slow-moving
atoms.

By scanning the frequency of the pump beam and recording the absorption of the probe
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beam, a high-resolution spectrum is obtained. The sharp features in this spectrum cor-

respond to the natural linewidth of the atomic transitions, free from Doppler broadening

effects.
Simulated Unsaturated Spectrum of 8’Rb and ®Rb D,
8Rb, F=3 - F’
1.0 x
=
= 0.8
5
o)
E 0.6
: 8Rb, F=2 — F
.S
2,0.41
—
@)
a
< 0.2
8Rb, F1 — F
0.0

N I
Frequency (GHz) (Offsetted by 384.230 THz)

Figure 7.3: Simulated unsaturated spectrum of 87Rb and %°Rb with Doppler broadened

resonance peaks. The D2 lines for the elements are displayed, where the 87RD lines are

spaced 6.8 GHz apart, and the 8°Rb lines are spaced 3.0 GHz apart. Absorption intensity
is in arbitrary units, and relative heights are for illustration purposes only.
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CHAPTER 8
CAVITY QUANTUM ELECTRODYNAMICS (CQED)

8.1 The Jaynes—Cummings Model

Having explored a model in which a two-level atom interacts with a classical field, we now
turn to a quantum-mechanical treatment of the light field. The Jaynes—Cummings model
serves as a fundamental quantum framework for describing the interaction between a two-
level atom and a single mode of the electromagnetic field.
The uncoupled Hamiltonian for a two-level atom and a single optical cavity mode is given
by:
HA+Hﬁ:hm#Md+ﬁw(ﬂa+%) (8.1)

where wq is the atomic transition frequency and w is the cavity resonance frequency.

The dipole interaction Hamiltonian is:
Hyap=—-d-E (8.2)
with the atomic dipole operator defined as:
d :=dge(c + o) (8.3)

Let f(r) be the normalized spatial mode profile. We can define a cavity QED coupling

constant that sets the energy scale for the atom-field coupling:

g(r) = -/ %dge () (8.4)
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The interaction Hamiltonian becomes, n the rotating-wave approximation (RWA):
Hyp = hg(aTa + O'CLT) (8.5)

The total Hamiltonian, neglecting vacuum field energy and any loss channel, and

assuming the atom is fixed, is given by:
H=Hj+Hp+ Hap = hwyo'o + hwala + hg(oTa + oal) (8.6)

This is the Jaynes—Cummings model [9], which describes the dynamics of a two-level

atom interacting with a single near-resonant cavity mode, without any dissipation.

8.2 Modifications to the Model

A few modifications can be made to the Jaynes—Cummings model to better reflect reality.

The inclusion of atomic spontaneous emission and cavity decay alters the dynamics described

by the master equation in the semi-classical treatment. The interaction of the atom with

other modes, especially those outside the cavity, results in atomic spontaneous emission,

represented by the free-space decay rate I'. Additionally, the cavity’s intensity diminishes

due to transmission and mirror losses, which are characterized by the cavity decay rate .
These effects can be incorporated into the master equation as follows:

o0 _

57 = —ilH,p] + TDlolp+ kDlalp (8.7)

by attaching the Lindblad superoperator defined as:

Dlo]p = opo’ — % (aTap + pO'TO'> (8.8)
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Dld]p = apa’ — % (aTap + paTa> (8.9)

This model exhibits the same dynamics as a classical damped oscillator.

Equivalently, to include the atomic spontaneous emission, we can modify the Hamiltonian

from Eq. 5.34 to be:

0 Q)2
H= (8.10)
Q)2 —A+il/2

In the limit of a weak drive, as {2 — 0, the eigenvalue for the ground state is given by:

02 1. (Q/2)?

EFE. =—+-i—5—7—+——— 8.11
A T AT TR (8.11)
with the associated eigenvector:
1
|—) = 02 (8.12)
“A—T/2
Define the scattering rate I'y. as
(2/2)?
= 8.13
A2 (T)2)2 (8.13)
In the far-detuning limit, the scattering rate reduces to
102
[ge = =—T 8.14
SC 2A2 ( )
In the on-resonance limit, the scattering rate reduces to
102
Dye ~ iT (8.15)

For the Jaynes—Cummings model to accurately reflect true dynamics, the system must

operate in the strong coupling regime, where g > x,I". In this regime, dissipation is
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slow, and atomic emission primarily occurs into the cavity mode.

8.3 Purcell Effect

The Purcell effect ([10] [11]) describes the enhancement or suppression of the spontaneous
emission rate of an atom due to its interaction with a resonant cavity. Purcell enhance-
ment is more familiar to the quantum optics community, which refers to the increase in the
spontaneous emission rate of an atom when placed inside a resonant cavity that modifies the
local density of optical states. Purcell suppression is a similar concept, which involves
reducing the spontaneous emission rate by engineering an off-resonant optical environment
around the atom.

Both effects can be quantified using the Purcell factor F'p, which depends on the quality
factor and mode volume of the cavity. Purcell factor is the ratio of the modified spontaneous
emission rate to the natural emission rate. It depends on the quality factor (@) of the cavity
and the mode volume (V') as follows:

3 /AN\?0

Various techniques can be employed to achieve a high Purcell factor. High-Q cavities,
constructed from materials and structures that minimize energy loss, can attain a high
quality factor ). Additionally, cavities with small mode volumes can enhance V', further
improving the Purcell factor.

High-NA cavities can capture spontaneous emission light over a wider angle. By tuning
the cavity sufficiently far from the atomic resonance, these cavities have the potential to

significantly alter the spontaneous emission rate.
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CHAPTER 9
SPONTANEOUS EMISSION

For spontaneous emission, the rate is derived using Fermi’s Golden Rule. This involves
calculating the interaction Hamiltonian, determining the matrix element for the transition,

and evaluating the final density of states.

9.1 Fermi’s Golden Rule

Fermi’s golden rule is used to calculate the transition rate between quantum states due
to a perturbation. The transition rate I';_, z from an initial state |¢) to a final state |f) due

to an perturbation Hjy is given by:

27'(' . 2
Pinse = — (il Hin [ H)p(Ef) (9.1)
where p(Ey) is the density of final states at the energy Ff.
For an atom interacting with the electromagnetic field, the interaction Hamiltonian can

be written as:

Hyy = —d-E (9.2)

where d is the electric dipole moment of the atom and E is the electric field of the emitted
photon.
Assuming the electric field is in the form of a plane wave E = Ege’ ™, the matrix element

becomes:

(i Hing| f) = —(ild - E[f) = —d - Eg (9.3)
The electric field amplitude Eq of a single photon in a volume V' is:

hw

Eol* =
[Eol 2¢0V
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9.2 Density of States

9.2.1 Photons in a Vacuum

We derive the density of states for photons in a vacuum, which describes the number of
available photon states per unit volume per unit energy interval.
Consider photons confined in a cubic volume V = L3 with side length L. The boundary

conditions impose that the wavevector components ky, ky, k, are quantized:

2 .
k; = 7;”2, for i=ux,y,z (9.5)

where n; are integers.
The set of all states with energy less than E corresponds to the set of all states in k-space
within a radius of k = E//hc from k = 0. The number of states is the volume of a sphere with

this radius divided by (27)3/V and then multiply by 2 to account for the two independent

polarizations:
ATk3 B3V

E)=2 = 9.6
n(E) 3 (213 3n2(he)3 (9.6)

The density of states is:

dn BV

By =" = 9.7
P(E) = 5 72(he)3 (9.7)

Since the photon energy E is related to its frequency w by E = hAw, we can also express the

density of states for photons in a vacuum in terms of w:

w2

plw) = 7.3 (9.8)

9.2.2  Photons in an Optical Cavity

The density of states in an optical cavity differs from that in free space due to the boundary

conditions imposed by the cavity. These boundary conditions lead to discrete modes rather
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than a continuous spectrum.
Consider a simple Fabry-Pérot cavity with length L. The boundary conditions require
that the electromagnetic field has nodes or antinodes at the cavity mirrors, leading to quan-

tized wavevectors. For a one-dimensional cavity, the wavevector k is quantized as:

with the corresponding resonant frequency wj, given by:
wp = ck (9.10)
The density of states for photons in an optical cavity in terms of w is thus:

p(w) =0(w —wp) (9.11)

9.3 Spontaneous Emission Rate

Substituting the matrix element and the density of states for photons in a vacuum into

Fermi’s golden rule, we have:

2 Vw? 2 | hw C 3|d|?

™ o Vw ™ w w
Ioyp=—|d-Eg|"55=—1(d- = 9.12
=Ty | ol 23 h ( 260V> n2c¢3  3meghcd ( )

Redefining the absolute value of the dipole moment for the transition as dge, we get the

spontaneous emission rate into a vacuum:

372
wdge

I yp=—"7=% 9.13
i—f 37T€0h03 ( )
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For the Rubidium D2 line, A = 780 nm, dge ~ 3.58 10729 C m:

3 2
2 d
f= () e 0:19)
__( o )3 (3.58 x 10729 C m)>2 (0.15)
780nm ) 37 x 8.85 x 10712 C2/(N m?) x 1.055 x 10734 J s '

~ 21 x 6 MHz (9.16)
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CHAPTER 10
SUPPRESSING SPONTANEOUS EMISSION WITH A HIGH-NA
CAVITY

10.1 Introduction

Atomic spontaneous emission is a fundamental quantum mechanical process where an ex-
cited atom spontaneously releases a photon and transitions to a lower energy state. Unlike
stimulated emission, which is driven by an external field as in lasers, spontaneous emission
occurs without external influence and is governed by Fermi’s Golden Rule (Eq. 9.1). Ac-
cording to this rule, the decay rate of spontaneous emission is the product of the interaction
Hamiltonian between the atom and the light field, and the density of photon states. For
photons decaying into free space, the density of states leads to a well-known expression for
the decay rate (Eq. 9.13) .

However, spontaneous emission is often undesirable in quantum systems due to its detri-
mental effects. It introduces decoherence, causing a loss of quantum information, which is
critical for high-fidelity quantum computing. In optical cavities, spontaneous emission can
result in unwanted photon loss, reducing the efficiency of quantum devices. Two significant
studies have explored the disadvantages of spontaneous emission, particularly in the context
of quantum Rabi oscillation and atom-cavity microscopy [12, 13].

Control over spontaneous emission is therefore a central goal in quantum optics. One
well-known approach involves the use of photonic crystals, which create photonic bandgaps—
ranges of frequencies where light cannot propagate. When light emitters are embedded within
these crystals, spontaneous emission is suppressed if the emission frequency falls within the
photonic bandgap, effectively inhibiting the emission. Additionally, introducing defects in
photonic crystals forms photonic nanocavities with high quality factors and small mode

volumes, enabling significant modification of spontaneous emission rates (Purcell effect) and
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strong coupling, as demonstrated in studies involving semiconductor quantum dots in inverse
opal photonic crystals [14, 15].

Our proposed approach also seeks to engineer the final density of states to suppress spon-
taneous emission. In free space, the final photon states form a continuum, supporting all
frequencies, making the spontaneous emission decay rate constant. However, if the atom
is enclosed in a cavity, the spontaneous emission rate can be dramatically altered. When
the cavity is on-resonance, the spontaneous emission rate along the cavity axis is enhanced,
whereas the rate away from the cavity axis is suppressed, by a factor known as the Purcell
factor or cooperativity, which is crucial for efficient quantum information exchange between
the atom and the cavity field. When the cavity is off-resonant, the behavior changes signifi-
cantly.

To suppress the spontaneous emission rate, we propose enclosing the atom in a sufficiently
detuned off-resonance cavity, which can significantly alter the final density of states [16]. This
suppression is maximized by the numerical aperture (NA) of the cavity, expressed in solid

angle, divided by the spontaneous emission rate in free space:

F=1--2 (10.1)

where F' is the suppression factor. Specifically, designing an off-resonant cavity with a high
numerical aperture using localized quarter-wave phase coatings can suppress spontaneous
emission in all directions while enhancing emission along the cavity axis. This approach
aims to mitigate the loss of quantum information to spontaneous emission and improve
the cooperativity of the system, thereby enhancing the computational power of quantum
computers.

While high-NA cavities offer significant advantages, they also present several practical
challenges. Theoretical limitations arise due to the breakdown of the paraxial approximation

in high NA systems. The paraxial approximation assumes that light rays are close and
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nearly parallel to the optical axis, which simplifies the analysis. However, at high NA, this
approximation no longer holds, leading to more complex diffraction effects and potentially
limiting the accuracy of theoretical models used for designing these cavities [17].

On the experimental front, surface fabrication imperfections can have a considerable
impact on the performance of high-NA cavities [18]. Any deviations or irregularities in the
surface of the mirrors or other components can disrupt the precise alignment required for
optimal cavity performance. Such imperfections can lead to losses in cavity efficiency and
affect the quality of the light confinement. Addressing these challenges involves meticulous
fabrication processes and rigorous quality control to ensure that the practical implementation

aligns with theoretical expectations and achieves the desired results.

10.2 Experimental Methods

The high-NA cavity design summarized in Tab. 10.2 and illustrated in Fig. 10.1 features a
compact configuration with a cavity length d of 4 mm and mirrors that each have a radius
of curvature (ROC) of 10 mm. The mirrors, with a diameter of 7.75 mm, are designed to
accommodate a beam waist parameter wg of 31.5 ym. The cavity’s free spectral range (FSR)
is 37.5 GHz, and the Rayleigh range zp is 4.0 mm.

The setup for testing the high-NA cavity is summarized in Fig. 10.2. Light is focused
using a 100 mm focal length achromatic doublet lens (Thorlabs, PN: AC254-100-B) and a 6.2
mm aspheric lens for fiber coupling (Thorlabs, PN: C171TMD-B). A 50:50 non-polarizing
beamsplitter cube (Thorlabs, PN: BS011) divides the light path. The setup also includes a
camera and a photodiode (Thorlabs, PN: PDA100A) for alignment and detection, ensuring
optimal performance of the system. The setup includes two mirrors that control the angle
and position of the incident beam. The mirror closer to the cavity primarily adjusts the
angle, while the mirror further from the cavity mainly adjusts the transverse position. In

this experiment, we predominantly utilize the outer mirror to offset the beam.
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The beam waist parameter w, according to Eq. 4.41, is calculated from

X V4 =31.5 pm (10.2)

2R 1_\/780nm><4mm
d B 2

The highest mode number N achievable within this geometric setup occurs when the
edge of the mode touches the rim of the mirror. By definition, this represents the maxi-
mum confinement of the beam within the cavity dimensions, allowing the system to have a

theoretically possible highest mode number N of

2
wg \ 2 31.5 pym
N=(—) = =772 10.

<)\n> (780 nm x 1.4537 7 (103)

The numerical aperture (NA) of the cavity is defined to be
NA =nsinf (10.4)

where 6 is the largest angle subtend in the cavity. The NA can be estimated using the
diffraction formula applied to the smallest observable feature. This approach allows us to
quantify the NA based on the system’s ability to focus light and resolve fine details within
the optical cavity. Let x be the size of the smallest observed feature, n = 1.4537 be the

index of refraction of the substrate, then according to the diffraction formula,
zsinf = nA (10.5)

0 = arcsin (A—"x/ﬁ) (10.6)

wo
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| High-NA Cavity | Supplier | PN | Qty |
Cavity Mirror: fused silica pl-concave, | Layertec obsolete 2
diameter ®=7.75 mm, ROC = 10 mm,
AR coated, reflectivity R=99.9%
Lens: f = 100.0 mm, & =1” Achromatic | Thorlabs AC254-100-B 1
Doublet, ARC: 650 - 1050 nm
Asphere: for fiber coupling, f = 6.2 mm | Thorlabs C171TMD-B 1
Beam Splitter: 50:50 Non-Polarizing | Thorlabs BSO11 1
Beamsplitter Cube
Photodiode Thorlabs PDA100A 1

Table 10.1: Breakdown of high-NA cavity setup components.

’ High-NA Cavity \ Symbol \ Detail
Cavity Length d 4 mm
Radius of Curvature ROC 10 mm
Mirror Diameter P 7.75 mm
Free Spectral Range FSR 37.5 GHz
Waist Size wy 31.5 pm
Rayleigh Range ZR 4.0 mm
Highest Mode Number N 278
Highest NA NA 0.67 rad
Finesse F 3140 (expected)

Table 10.2: Summary of the high-NA cavity setup.

mput

d

d

Figure 10.1: Schematic of the high-NA cavity design. The cavity consists of two mirrors with
a radius of curvature (ROC) of 10 mm, positioned 4 mm apart, forming the cavity length
(d). The mirrors have a diameter of 7.75 mm, accommodating a waist size (wq) of 31.5 um.
Left, The beam waist parameter is shown when the cavity is in TEMyg mode. Right, the
cavity excites a higher-order mode N with a minimum diffraction feature of size x.
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Figure 10.2: Schematic of the High-NA Cavity Setup: The cavity laser beam is collimated
and mode-matched to the high-NA cavity. Initially coupled to the 00 mode, the input beam
is laterally displaced to excite higher-order modes. The resulting output from the cavity is
monitored using both a camera and a photodiode.
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10.3 Results and Discussion

Camera images of the cavity output are captured (Fig. 10.3), revealing fringes along the
axis of the offset as the mode number increases. Following image processing, we slice the
mode along the axis to extract a 1D intensity profile, and employ a peak-finding software
to count the number of fringes, which allows us to deduce the mode number (Fig. 10.4). As
anticipated from the behavior of Hermite-Gaussian modes (Sec. 4.6), the mode size increases
with mode number as v/N and the fringe size decreases with mode number as 1/v/N. More-
over, a threshold offset appears to exist beyond which the quality of the mode deteriorates
significantly; at this point, the mode becomes uneven, exhibiting bending and splitting.

The design achieves a highest mode number N of 278. The smallest feature observed is

VNwy  3L5 um
N 278

= 1.89 pm (10.7)

r =

This corresponds to a numerical aperture half angle 6 of

1.4
6 = arcsin &\/N = arcsin 780 nm x 14537 V278 | = 0.67 rad = 38.57° (10.8)
wo 31.5 pm

The solid angle €2 subtended by both forward and backward direction is:
Q=4r(1 —cosf) = 47(0.2167) ~ 47 x 0.2167 ~ 2.723 steradians (10.9)

Since we only block 22% of the spontaneous emission angle, this setup is insufficient for
enhancing cooperativity. To put this into perspective, achieving 99% suppression of sponta-
neous emission—comparable to the performance of medium-finesse mirrors—would require
a half-angle of 82 degrees.

Access to higher-order modes may be constrained by several factors. One significant

issue could be the strain on the mirrors along an axis, which might impede our ability to
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efficiently couple to Hermite-Gaussian (HG) modes. Additionally, the non-normal incidence
on the mirror coatings results in large AOI, particularly given the small diffraction features
involved, which can dramatically reduce reflectivity. We reverse-engineered the mirror coat-
ing modeling function provided by the supplier, transforming the reflectivity data from an
AOQOI of 0 degrees to an AOI of 10 degrees, and then extrapolated the reflectivity at an AOI
of 40 degrees (Fig. 10.5). The results indicate that the reflectivity at this angle would be
significantly low at our wavelength of interest. Furthermore, the presence of spherical aber-
ration, due to the mirrors not being perfectly parabolic, adds complexity to the coupling

efficiency.
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Figure 10.3: High-NA cavity output images. al-a7, Evolution of cavity modes as the input
beam is progressively offset in one transverse direction. b, Degradation in beam quality
due to excessive transverse offset, potentially caused by mirror aberrations or losses. cl-
c2, Superposition of various Hermite-Gaussian modes, resulting in distinctive and intriguing
patterns. d1-d2, Cavity tuning to nearly excite the pure 01 and 00 modes, respectively.
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Figure 10.4: Sequence for data analysis of high-NA cavity output images. a, The original
output image captured by the camera, where white fringes indicate areas of higher intensity.
b, The inverted image with adjusted contrast to enhance visibility. ¢, The processed image,
sliced along a chosen axis, is then analyzed by a mode counter to determine the number of

peaks along that axis. In this instance, 287 fringes were identified, corresponding to mode
[ = 287.
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Mirror Coating Modeling
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Figure 10.5: Reverse-engineering the mirror coating modeling function provided by the sup-
plier. Reflectivity data was transformed from 0 degrees to 10 degrees and then extrapolated
to predict the reflectivity at 40 degrees. The predictions for 10 degrees closely match the
provided data, validating our model and indicating that reflectivity at 40 degrees would be

significantly low at our wavelength of interest.
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10.4 Conclusion

Our design achieved a highest mode number of 278, corresponding to a numerical aperture
half-angle of 38 degrees. This setup only managed to suppress 22% of the emission, which is
insufficient for significantly enhancing cooperativity. As we moved further in the transverse
direction, we noticed a deterioration in mode shape and fainter intensity, likely due to factors
such as spherical aberration, mirror imperfections, strain, and issues with high AOI mirror
coatings. However, with advancements in mirror coating technology, this project could

become viable again in the future.
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CHAPTER 11
ENHANCING RYDBERG COUPLING WITH CONFOCAL
CAVITY

11.1 Introduction

Rydberg atoms are atoms with one of their electrons excited to a very high principal quantum
number, giving them unique properties such as large size, long lifetimes, strong interactions
(including blockade effects [19]), and high sensitivity to external fields. These distinctive
characteristics make Rydberg atoms crucial in various applications, including quantum infor-
mation processing [20-22], the simulation of many-body quantum physics 23], and precision
metrology.

To maximize the benefits of Rydberg physics, it is often necessary to enhance the coupling
between the Rydberg state and other atomic states, typically requiring a blue build-up cavity.
Ideally, such a cavity should allow precise alignment with the atom without the need for in-
vacuum adjustment knobs, which can complicate the experimental setup. This is where a
confocal cavity becomes particularly advantageous. A confocal cavity, where the focal points
of the two mirrors overlap at the cavity’s center, is less sensitive to misalignment and allows
for easier positional adjustments compared to standard cavities.

In a typical cavity, misalignment can significantly diminish the atom-cavity interaction.
However, the unique geometry of a confocal cavity ensures that even if one mirror is tilted,
the center of curvature remains on the surface of the opposite mirror, only slightly shifting
the optical axis. This property makes the confocal cavity highly beneficial for optical designs
where some degree of misalignment is inevitable or even desirable.

Confocal optical cavities are essential tools in the study of light-matter interactions,
particularly in areas such as quantum optics and laser physics. These cavities, characterized

by their equal-radius mirrors spaced at their radius of curvature, offer unique advantages
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including a large mode volume and insensitivity to misalignment. The confocal configuration
ensures that the optical modes are highly degenerate, simplifying the analysis and utilization
of these modes for various applications. This chapter provides an overview of the principles
and experimental considerations in the study of confocal cavities, emphasizing the practical
techniques employed to achieve and maintain confocal alignment and the significance of these

cavities in advancing our understanding of optical phenomena.

11.2 Experimental Methods

In the confocal cavity setup (Fig. 11.1), the cavity laser is collimated, phase-shifted, and
directed into the confocal cavity. An optical window is positioned just before the confocal
cavity, enabling horizontal or vertical displacement of the beam from the optical axis without
altering the angle of incidence. This setup facilitates the excitation of higher-order modes
within the confocal cavity. The output from the cavity is divided by a beam splitter, directing
part of the beam to a photodiode path and the other part to a camera path.

Key components of the confocal cavity setup are summarized in Tab. 11.1. The confocal
cavity is made of two fused silica plano-concave mirrors (Layertec, PN: 144220) each with an
ROC of 50 mm, a diameter of 12.7 mm, and 99.86% reflectivity. A 2-inch N-BK7 broadband
precision window (Thorlabs, PN: WG12012-B) ensures that the incoming beam be displaced
laterally without tilt. Light is focused using a 50.0 mm focal length achromatic doublet lens
(Thorlabs, PN: AC254-050-B) and a 3.1 mm aspheric lens for fiber coupling (Thorlabs, PN:
C330TMD-B). A 50:50 non-polarizing beamsplitter cube (Thorlabs, PN: BS011) divides the
light path. The setup also includes a camera and a photodiode (Thorlabs, PN: PDA100A)
for alignment and detection, ensuring optimal performance of the system.

The beam waist parameter wq, according to Eq. 4.41, is

Ad @_1_\/780nm><50mm

x1="78.8 um (11.1)
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For a confocal cavity the spot sizes at the mirrors are /2 times the waist size at the cavity
center, so

wy, wy = V2wy = 111 pm (11.2)
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Figure 11.1: Schematic of the confocal cavity setup. An optical window is employed to shift
the beam laterally upon entering the confocal cavity without altering the angle of incidence,
to excite higher-order modes. The resulting output from the cavity is monitored using a
camera and a photodiode.

Confocal Cavity \ Supplier \ PN \ Qty ‘

Cavity Mirror: fused silica pl-concave, | Layertec 144220 2
diameter ®=12.7 mm, ROC = 50 mm,
AR coated, reflectivity R=99.86%
Window: &=2" N-BK7 Broadband Pre- | Thorlabs WG12012-B 1
cision Window, AR Coated: 650 - 1050
nm, t = 12 mm

Lens: f = 50.0 mm, ® =17 Achromatic | Thorlabs AC254-050-B 1
Doublet, ARC: 650 - 1050 nm

Asphere: for fiber coupling, f = 3.1 mm | Thorlabs C330TMD-B 1
Beam Splitter: 50:50 Non-Polarizing | Thorlabs BSO011 1
Beamsplitter Cube

Mirror Mount: for ®=2" optics Thorlabs KM200 1
Photodiode Thorlabs PDA100A 1

Table 11.1: Breakdown of confocal cavity setup components.
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Confocal Cavity \ Symbol \ Detail

Cavity Length d 50 mm
Radius of Curvature ROC 50 mm
Mirror Diameter d 12.7 mm
Free Spectral Range FSR 3 GHz
Waist Size w 78.8 pm
Rayleigh Range ZR 25 mm
Finesse F 620
Odd/Even Purity 1:40
Maximum Transmission | Tyax 20%

Table 11.2: Summary of the confocal cavity setup.

11.3 Results and Discussion

The beam is laterally displaced without tilt by rotating a thick optical window on a rotational
mount. Initially, the position of the incident beam was recorded by correlating the number
of knob rotations using a specific formula. As shown in Fig. 11.2, let ¢ represent the thickness
of the optical window, 6 the incident angle to the window, #9 the refractive angle, [ the path
length inside the window, and d the lateral beam displacement. Then we have the following

relationship:

d=lsin(f] —b9) = sin(61 — 62) (11.3)

cos By

where 01 = 0.00505 rad - rev.

However, the required rotation angles eventually exceeded the limits of the rotational
mount. To address this, we developed a method to linearly calibrate the number of rotations
to the cavity output position observed on the camera. This allows us to deduce the incident
beam position from the camera data. An example of calibration procedure is included in
Fig. 11.4.

We have experimentally observed confocality. On the camera, when the incident beam
goes through the center of the cavity, only one output beam with significant power is ob-

served. However, when the incident beam is offset, both the original beam location and its
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parity partner show significant power and move together symmetrically. On the photodiode,
when the incident beam goes through the center of the cavity, the transmission is at its
highest, with only one peak per free spectral range (FSR), corresponding to the degenerate
even modes. When the incident beam is offset, transmission quickly reduces by about half,
and odd modes appear in the middle of the FSR between the even modes. All even modes
remain degenerate, as do all odd modes.

Cavity transmission is plotted against lateral displacements for both experimental rounds
in Figs. 11.5-11.8. A “pedestal” structure is observed in which the cavity transmission
decreases to a fraction of its initial value as the beam is laterally displaced from the center.
The theory for the confocal cavity is described in Sec. 4.6 and illustrated below in Fig. 11.3.
When the optical beam is precisely aligned with the center of the cavity, the dominant mode
excited is the fundamental TEMq mode, which is degenerate with all even modes. This mode
is characterized by a single, well-defined peak at the center of the beam profile, leading to
a higher transmission peak due to efficient excitation by the incident beam. As the beam
is laterally displaced from the central axis, higher-order modes become more prominently
excited. In a confocal cavity, this can be thought of as resonantly exciting a “ring” or
“bowtie” mode, which traverses the cavity twice before retracing its path. This mode has
two lobes that strike the mirrors at four different locations, two on the input side and two
on the output side. In this scenario, the excitation is asymmetric, with only one lobe being
effectively excited. This results in an impedance mismatch and a fourfold reduction in the
transmission profile, forming the “pedestal” structure.

Cavity transmission can be optimized by adjusting the cavity length to restore confo-
cality. As the beam is displaced laterally along an axis, the effective radius of curvature
(ROC) decreases in the other transverse direction as the beam moves outward. Unoptimized
and optimized transmissions are plotted against the transverse displacement of the incident

beam, showing a consistent improvement in transmission when the cavity length is properly
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compensated. We have experimentally observed that the transmission remains above 5% for
approximately four waist sizes before it begins to deteriorate further.

In principle, transmitted peak intensity could be 100%, but the actual intensity is around
20% at its highest. Considering only the mirror losses inside the cavity, according to Eq. 4.9,

we should still expect a finesse of about 2000 or more if the cavity is well-aligned,

F_ /T m/99.86%
C1—r  1-—99.86%

= 2242 (11.4)

The discrepancy between the observed and predicted finesse and transmission height arises
from the imperfect degeneracy of higher-order modes, which prevents all the even or odd
modes from constructively interfering with one another, ultimately resulting in lower trans-

mission and finesse values.

‘
.
.
v
h .
.
.

Figure 11.2: Diagram illustrating the relationship between the beam displacement and the
incident angle, which corresponds to the rotational angle of the optical window.
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Figure 11.3: Diagram illustrating the origin of the pedestal structure in transmission vs.
displacement plots. Top, When only the TEMO0O0 mode is excited, the input beam efficiently
couples to the confocal cavity mode. Middle, When the beam is displaced laterally, the
cavity is in a ring or bowtie mode. However, the input beam only effectively excites one of
the two input ports, leading to a fourfold reduction in transmission. Bottom, the confocal
cavity in ring mode can be thought of as a four-mirror bowtie cavity.
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Calibration of Incident Beam Displacement
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Figure 11.4: Calibration plot of input window rotation versus beam displacement, aiding in
precise beam alignment with the confocal cavity.
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Figure 11.5: Transmission profile of a confocal cavity with vertical beam displacement,

showing higher transmission after confocality optimization. The pedestal shape reflects the

confocal cavity’s expected behavior.
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Figure 11.6: Transmission profile of a confocal cavity with horizontal beam displacement,
showing higher transmission after confocality optimization. The pedestal shape reflects the
confocal cavity’s expected behavior.
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Figure 11.7: Transmission profile of a confocal cavity with vertical beam displacement,
showing higher transmission after confocality optimization. The pedestal shape reflects the
confocal cavity’s expected behavior.

89



Transmission for Horizontal Displacements, Second
e  Optimized

0.12 1 ® . e  Unoptimized

0.10 )
0.08 1

0.06 1 ° o

Transmission Ratio
e

0.041 .

0.02 1 ® L] e® © PY ° °

0.00 - - - - ; : ; ; .
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Incident Horizontal Offset (mm)

Figure 11.8: Transmission profile of a confocal cavity with horizontal beam displacement,
showing higher transmission after confocality optimization. The pedestal shape reflects the
confocal cavity’s expected behavior.
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Figure 11.9: A finesse sideband measurement records a finesse of 620.
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11.4 Future Directions

A hybrid setup containing both IR and UV optics was designed and built. The UV laser
was constructed from scratch by phase-locking a 532 nm green laser. This setup has been
preliminarily analyzed, although promising data has not yet been obtained.

In the UV/IR hybrid confocal cavity setup, outlined in Tab. 11.3, both IR and UV lasers
are introduced into the beam path via a dichroic beamsplitter and are precisely aligned
using irises. Once the cavity is locked to a specific mode, introducing UV power from the
backside of the mirror would cause localized heating and deformation of the mirror coating,
leading to a change in the effective cavity length and resonant frequencies. This would allow
for effective use of UV laser-induced mirror deformation alongside IR optical measurements,
providing a versatile and precise setup for advanced optical experiments.

The setup includes a harmonic beamsplitter (Thorlabs, PN: HBSY0534) that reflects
UV wavelengths (266 nm, 355 nm) and transmits IR wavelengths (532 nm, 1064 nm). A
bandpass filter (Semrock, PN: LL01-785-12.5) is positioned in the beam path at an angle to
filter the IR light, ensuring it predominantly contains the 780 nm wavelength. UV optics
are used for beam focusing and redirecting.

Second-harmonic generation requires photons to obey conservation of energy and mo-
mentum: wi + wg = wg and nqwy + nowo = nsws. These conditions can be achieved with
a birefringent material, where the refractive indices for the ordinary (n,) and extraordinary
rays (ne) differ. By conservation of momentum:

sinZ 0 L cos2 1
n2(2w)  n3(2w)  ni(w)

(11.5)

Equivalently,

0= (15~ ) (e~ ) (118
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For BBO crystal specifically,

.9 1 1 1 1
o= (1.6752 1.75712) / (1.61392 1.75712> (1L7)
0 = 47.40° (11.8)
is our phase-matching angle.
’ UV/IR Hybrid Confocal Setup \ Supplier \ PN \ Qty ‘
UV Laser: broken - DC30H-266 1
BBO Crystal: 5 mm x 5 mm x 5 mm, | Eksma Optics BBO-0423-07 1
0 =47.7°, ¢ = 90°
Short Bandpass Filter: 300 nm block- | Semrock FF01-300 1
ing edge short-pass filter
Thermal Sensor Ophir 30A-BB-18 1
Harmonic Beamsplitter: & = 1/2”, | Thorlabs HBSY0534 1
Reflects 266 nm and 355 nm, Transmits
532 nm and 1064 nm
Filter: bandpass filter, & = 12.5 mm Semrock LLO1-785-12.5 1
UV Mirror: &= 17 Nd:YAG Mirror, 262 | Thorlabs NB1-K04 2
- 266 nm, 0° to 45° AOI
UV Lens: f = 50.0 mm, = 1” UV Fused | Thorlabs LA4148-UV 1
Silica Plano-Convex Lens, AR Coating:
245-400 nm
Asphere: for fiber coupling, f = 3.1 mm | Thorlabs C330TMD-B 1
Beam Splitter: 50:50 Non-Polarizing | Thorlabs BS011 1
Beamsplitter Cube
Mirror Mount: for ®=2" optics Thorlabs KM?200 1
Photodiode Thorlabs PDA100A 1

Table 11.3: Breakdown of hybrid confocal cavity setup’s additional components.
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Figure 11.10: Schematic of the confocal cavity setup: Both infrared (IR) and ultraviolet
(UV) lasers are introduced into the beam path via a dichroic beamsplitter and are precisely
aligned using irises. Once the cavity is locked to a specific mode, introducing UV power
from the backside of the mirror would cause localized heating and deformation of the mirror
coating, leading to a change in the effective cavity length and resonant frequencies.
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Figure 11.11: The UV laser setup. a, Original laser box, with the top right displaying
green 532 nm beam generation, and the bottom left showing second harmonic generation
to produce the UV 266 nm beam from the 532 nm beam. b, Laser box in its enclosure.
¢, Expanded green laser setup for power measurement or beam profiling. d, UV beam
successfully generated, as seen on the fluorescence business card showing ultraviolet light.
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Figure 11.12: New components to fix the UV laser. al, The new BBO crystal. a2-a3, Angle
diagrams for the BBO crystal, displaying birefringence. b1-b2, New copper holders to house
the newly introduced BBO crystal. ¢, New housing for the laser module.
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Figure 11.13: Schematic for second-harmonic generation of the UV laser. A new BBO crystal
is used to generate the second-harmonic beam. A Pellin-Broca prism spatially separates the
residual green beam from the generated UV beam while rotating the entire beam by 90
degrees. A spectrometer is placed after a short-pass filter to measure the UV power.
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11.5 Conclusion

Our experiments have successfully demonstrated the confocality of the cavity system. When
the incident beam is aligned through the center of the cavity, the camera captures a single
output beam with significant power. However, when the incident beam is offset, we observe
that both the original beam location and its parity partner exhibit substantial power, moving
symmetrically together.

The relationship between cavity transmission and lateral beam displacement has been
analyzed, revealing a characteristic pedestal structure. As the beam is laterally displaced
from the center, the cavity transmission decreases to a fraction of its initial value. The highest
recorded transmission was 20%, and our measurements show that transmission remains above
5% for approximately four waist sizes before deteriorating further. However, this region of
high transmission is not sufficiently wide for our purposes. Ideally, the atoms should be
displaced far enough from the cavity’s center to avoid strong blue power buildup due to
interference, which is undesirable for the experiment’s goals. This limitation indicates the

need for further refinement in the cavity design to achieve optimal performance.
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CHAPTER 12
ULTRA-HIGH VACUUM APPARATUS WITH INNOVATIVE
LOADLOCK TECHNIQUE

12.1 Introduction

Cavity QED is useful for studying fundamental aspects of quantum mechanics such as deco-
herence, entanglement, and measurement [24, 25]. Over the past decade, the AMO commu-
nity has made substantial advances on exerting control over individual trapped atoms [26-28|,
ensemble of atoms [29-31], ultra-cold atoms in the BEC state [32, 33|, and atoms trapped
in tweezer arrays [34-36]. This has interesting prospects for quantum information process-
ing [37, 38|, secure communication [39], simulation of quantum systems [40-42|, and precision
sensing [43].

Using cavities in vacuum enriches the scientific efforts of generating entangled states [44],
studying decoherence [45], computing with Rydberg arrays [46], and building robust quantum
networks [47-49|. Different applications have motivated a great variety of cavity designs,
including twisted cavities [50, 51|, near concentric cavities [52, 53|, fiber cavities [54, 55], off-
axis parabolic cavities [56], and lens cavities [57] have been demonstrated, but there remain
exciting opportunities to explore new geometries, aberration corrected cavities [57], coupled
cavities [58] for atomic physics and quantum information applications.

Integrating and testing exotic cavity geometries with cold atoms is challenging because
achieving sufficient vacuum is a months-long process requiring removal of external optics,
replacement of in-vacuum optics, baking of the chamber, and re-alignment of external op-
tics. One way around this is cryo-pumping as demonstrated in recent microwave/mmwave
to optical transduction experiments [59, 60| and cryogenic cavity optomechanics [61, 62|,
where all material-constraints are relaxed and bakes are obviated by cryo-pumping. Other

methods include putting the cavity outside of the vacuum chamber [63, 64| to remove the
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need for in-vacuum optics all-together, and using loadlocks [65-68| for rapid cycling. The
first option has limitations such as requiring much space for cryogenic technical supplies,
needing vibration isolation schemes, differential contraction of materials, and poor piezo
performance. The second option limits the cavity geometry to be larger than the vacuum
system, increasing the mode waist & reducing the finesse, and thus limiting the achievable
single-atom cooperativity [69].

We present a loadlock apparatus designed to optimize the turnaround time for cold
atom cavity QED experiments. Our apparatus consists of a science chamber and a loadlock
chamber separated by a gate valve, featuring in-vacuum MOT optics, 87RD dispensers, and
a cavity carrier attached to a position manipulator. It supports a sizable cavity structure
with maximal optical access to the atoms and exterior laser beams, and rapid cycling when
introducing a new cavity.

We characterize its performance by loading and transporting cold ensembles of 87Rb
atoms at temperatures below 10pK, over 4”7 (~ 10 cm), in 30 ms. The apparatus offers
a 4”"x4"x3” (~ 10 ecmx10 cmx8 cm) volume for custom cavity structures, with 40 elec-
trical feedthroughs on plug-and-go connectors for cavity electrodes, MOT quadrupole coils,
dispensers, and heating wires.

In this chapter, Sec. 12.2 introduces the innovative loadlock technique. Sec. 12.3 de-
scribes the design and components of the UHV System. Sec. 12.4 outlines the assembly and
integration procedure of the entire UHV system, and Sec. 12.5 details the assembly of the
bare UHV system. Sec. 12.6 describes the operation and maintenance of the UHV system.
Sec. 12.7 evaluates the performance of the UHV system.

In the following chapters, we will describe other distinctive elements of the vacuum sys-
tem, including a cavity carrier platform, an in-vacuum MOT setup, and an atom delivery

system.
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12.2 Innovative Loadlock Technique
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Figure 12.1: The loadlock procedure. A typical cycle of loading a new cavity into an UHV
environment requires the following steps: a. Manipulate the translator to retract the cavity
into the loadlock chamber, close the gate valve. b. Vent only the loadlock chamber through
the angle valve, open two flanges of the loadlock chamber, install a new cavity. c. Close
up the loadlock chamber, pump and bake only the loadlock chamber. d. Shut the angle
valve, cool down the loadlock chamber. e. Open the gate valve, manipulate the translator
to extend the cavity into the science chamber. The whole process takes about a week.

The loadlock vacuum architecture employs two chambers separated by a gate valve, so vent-
ing the auxiliary chamber to air for sample installation need not disrupt the UHV environ-
ment of-or optical alignment to—the main chamber. It is a powerful approach used broadly

across chemistry such as molecular beam epitaxy [70], scanning electron microscopes, and
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Figure 12.2: Benefits of employing a loadlock technique. Traditionally, the workflow of
readying a new cavity for the UHV environment involves the following labor-intensive stages
a, before switching the cavity. b, during normal operation. c, after switching the cavity.

’ Position Manipulation \ Supplier \ PN \ Qty ‘
Translator: 7Z manipulator, 16” stroke | Nor-cal 7Z-B450C-T275T-1.53-16 | 1
Groove Grabber: 8’ CF, split axial | Kimball MCF800-GrvGrb-C01 1
clamping Physics
Support Tube: 2.75” CF Nor-cal Custom: appx. A.2 1
Probe Support: vacuum-grease glid- | Nor-cal Custom: appx. A.2 1
ing mechanism

Table 12.1: Breakdown of position manipulation components.

cold atom experiments |71], for getting a sample from atmosphere into UHV quickly. While
the system in [71]| supports a quantum gas experiment setup for BEC applications, our sys-
tem emphasizes a higher repetition rate by putting the MOT quadrupole coils in the vacuum
chamber. The loadlock architecture introduces substantial added complexity in the form of
additional space taken by the loadlock chamber and a translator used for moving samples
around, and trickier wire management, but provides otherwise seamless integration with
standard cold atom technologies.

The workflow for readying a new cavity having been exposed to air into the UHV-clean
science chamber to interface with cold trapped atoms follows the steps shown in Fig. 12.1.
We first manipulate the translator to retract the old cavity into the loadlock chamber, and
close the gate valve to isolate the two chambers. We then vent only the loadlock chamber
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through the angle valve, open two flanges of the loadlock chamber, switch in a new cavity.
We then close up the loadlock chamber, pump only the loadlock chamber with the turbo
pump and an ion pump, while baking it to 110° C limited by in-vacuum Torr Seal epoxy.
Torr Seal epoxy is employed to allow rapid, room-temperature attachment of in-vacuum
mirrors, lenses, and piezos to their mounts, as well as securement of Kapton-insulated wires
to the quadrupole coils in the science chamber. The cavity structure is radiatively heated
by the vacuum chamber walls, which are themselves directly heated by externally wrapped
heater-tapes. While we do not directly measure the cavity system’s temperature, we have
verified that a week-long bake is sufficient to achieve our requisite pressure of 4 x 10~10 Torr
at room temperature. Once the loadlock pressure at high temperature is satisfactory, we then
shut the angle valve, cool down the loadlock chamber to room temperature. If the loadlock
pressure at room temperature is satisfactory, we open the gate valve, and manipulate the
translator to extend the cavity into the science chamber. To achieve a room temperature
pressure of 4 x 10710 Torr, we rely upon the heuristic of associating a 40 ° C decrease in the
baking temperature with a decade of drop in the vacuum pressure, indicating that we will
need a pressure of ~ 1 x 10~8 Torr at 110° C—this has been born out by our experimental
results. Finally, we fire the titanium sublimation pump inside the ion pump attached to the
science chamber, once the system has cooled down to the room temperature and reaches

below 1 x 10~9 Torr vacuum pressure.
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Figure 12.3: Photos depicting the transportation of the cavity carrier, with or without a
cavity. a, the cavity carrier platform being transported from the loadlock chamber to the
science chamber. b, the cavity carrier platform transported to the center of the science
chamber. c, a cavity on the carrier platform being transported from the loadlock chamber
to the science chamber. d, the cavity on the carrier platform transported to the center of
the science chamber. Note that the orientation of the in-vacuum MOT setup was corrected
before the cavity was installed.
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12.3 Design and Components of the UHV System

a Loadlock chamber Science chamber
lon gauge

Cavity

MOT structure
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Figure 12.4: Schematic of the loadlock vacuum apparatus. The system consists of two
vacuum chambers: a loadlock chamber separated from a science chamber by a gate valve.
The science chamber is kept at UHV by an ion pump, and is designed to have maximal
optical access. An in-vacuum MOT setup stays in the science chamber. A translator moves
the carrier structure supporting an optical cavity and atomic dispensers across the two
chambers. The apparatus is depicted in two configurations: a, science mode, where the
cavity is extended into the science chamber, and b, installation mode, where the cavity is
retracted back in the loadlock chamber.

To minimize disruptions caused by cavity replacement during experiments, we utilize a two-

chamber architecture separated by a gate valve: a primary “science" chamber housing the
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Figure 12.5: Photographs of the loadlock vacuum apparatus. The apparatus has dimensions
3.5'x4’x2.5” (107 cmx122 cmx 76 c¢cm), and comfortably fits atop a standard 4’x8’ (122
cm x 244 cm) vibration isolated optical table. Space is available under and around the vacuum
chamber to conveniently set up optical breadboards. The viewports of the main chamber
are AR coated to transmit multiple wavelengths of interest. The gate valve is manually
actuated.

UHV-clean setup for cold trapped atoms, and an auxiliary “loadlock" chamber where an
initially unbaked cavity is installed and independently cleaned by baking. Schematics and
photos illustrating this setup are provided in Fig. 12.4 and Fig. 12.5 respectively. A z-
manipulator with a 60” (152 cm) throw moves the cleaned cavity-under-test between the
loadlock chamber (refer to Fig. 12.4b) and the science chamber (refer to Fig. 12.4a).

To maintain a continuous UHV-clean environment in the science chamber, an ion pump is
attached through a vacuum cross at the bottom. For the loadlock chamber, which undergoes
frequent pumping and baking cycles from atmospheric pressure to UHV, a turbo pump and
an ion pump are attached via a vacuum tee at the bottom, with an ion gauge positioned at

the top to monitor pressure.
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Fig. 12.6 graphically displays components of the loadlock vacuum apparatus. Tab. 12.2
outlines permanently installed vacuum hardware components, Tab. 12.3 outlines consumable
vacuum hardware components, and Tab. 12.5 outlines the optical viewport components. In
the upcoming section, we will introduce the innovative loadlock technique.

Our vacuum is limited in two ways by the Torr Seal in-vacuum epoxy. Firstly because it
outgasses, and secondly because it limits the maximum permissible temperature during the
bakeout to ~ 110° C. While the achieved pressure of 4 x 10710 Torr is more than sufficient
for our science goals, moving to glue-less mounting technologies (Appendix A3 of [60]) would
resolve this limitation. The remaining unanswered question is the extent to which the large
surface area of the in-vacuum coils would limit the achievable pressure.

Thanks to the loadlock architecture and the gate valve in particular, the entire process
above does not expose the UHV-clean science chamber to air, and therefore there is no need
to remove the optics surrounding the science chamber. The downtime required to ready the
first cavity after the initial bake establishing a baseline pressure measurement, and any new
cavity in general, is drastically reduced to about a week, since the cavity carrier, not the
cavity itself, was pre-baked once before during the initial bake.

The thermal gradient across the gate valve between the load lock chamber and the science
chamber does not present an issue; it is, however, critical that the valve not be operated in the
presence of this thermal gradient. This iterative process is further simplified and expedited by
our decisions to: 1) use metal flanges without viewports on the loadlock chamber to tolerate
large thermal gradients, 2) apply more aggressive temperature ramps during bakeouts, 3)
attach heating tapes and aluminum foil to the bottom of the loadlock chamber permanently,
4) route electrical feedthrough wires inside the tube of the translator in an organized manner,
and 5) design the cavity-carrying platform to be plug-and-go style.

Fig. 12.2 graphically displays the potential benefits of employing a loadlock technique.

Fig. 12.3 illustrates the transportation of the cavity carrier, both in the absence and presence
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of an optical cavity. Tab. 12.1 outlines position manipulation components. In the upcoming

section, we will describe the assembly and integration of the UHV system with loadlock.
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Figure 12.6: A graphical display of components of the loadlock vacuum apparatus.
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’ Vacuum Hardware: permanent \ Supplier \ PN \ Qty ‘
Spherical Cube: loadlock cham- | Kimball Physics | MCF800-SphCube-G6CS8 | 1
ber, six 8 CF, eight 2.75” CF
Spherical Cube: science cham- | Kimball Physics | MCF800-SphCube-G6CS8 | 1
ber, six 8 CF, eight 2.75” CF
Cross: 4-way, reducing, 8 CF x | MDC Vacuum | 405050 1
6" CF
Tee: anti-reducing, 8” CF on two | Lesker Custom: appx. A.3 1
6" CF
Close Coupler: rotatable, two 6”7 | Kimball Physics | MCF800-ClsCplr-G1rl 2
CF
Reducing Flange: zero-length, | Lesker RF800X450 1
8" CF to 4.5” CF
Reducing Flange: zero-length, | Lesker RF600X450 1
6” CF to 4.5” CF
Blank Flange: 8" CF Lesker F0800X000N 4
Blank Flange: 6" CF Lesker F0600X000N 1
Blank Flange: 2.75” CF Lesker F0275X000N 8
Nipple: 2.75” CF, for ion gauge MDC 402002 1
External Bracket: 67 CF Kimball Physics | MCF600-ExtBrkt-LS 4
Mounting Flange: double-sided, | Kimball Physics | MCF600-MtgFlg-F2 4
two 6”7 CF
Angle Bracket Thorlabs AP90RL 4
Pillar Post: 1/47-20 thread, 6” | McMaster-Carr | 93322A446 8
long, for pump support
Swivel Mount: 1/47-20 threaded | McMaster-Carr | 6111K46 8
stud, 1-1/4” long, for pump sup-
port
Optical Breadboard: imperial | Thorlabs B3048F 1

307" x487x2.4” breadboard

Table 12.2: Breakdown of vacuum hardware components, permanently installed.
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’ Vacuum Hardware: consumable \ Supplier \ PN \ Qty ‘
Copper Gasket: 8 CF, 10-pack Lesker GA-0800 4
Copper Gasket: 67 CF, 10-pack | Lesker GA-0600 3
Copper Gasket: 4.5” CF, 10-pack | Lesker GA-0450 1
Copper Gasket: 2.75” CF, 10- | Lesker GA-0275 3
pack
Copper Gasket: 8" CF, fully an- | Lesker VZCUA150 6
nealed, 10-pack
Copper Gasket: 67 CF, fully an- | Lesker VZCUA100 4
nealed, 10-pack
Copper Gasket: 4.5”7 CF, fully an- | Lesker VZCUAG64 2
nealed, 10-pack
Copper Gasket: 2.75” CF, fully | Lesker VZCUA38 6
annealed, 10-pack
Silver-Plated Bolt: for 6” CF or | Kimball Physics | MCF 5/16-24 x 1 1/4 | 10
8” CF through-hole flanges, 25-pack
Silver-Plated Bolt: for 6” CF or | Kimball Physics | MCF 5/16-24 x 3/4 4
8” CF tapped flanges, 25-pack
Silver-Plated Bolt: for 2.75” CF | Kimball Physics | MCF 1/4-28 x 7/8 5
tapped flanges, 25-pack
Silver-Plated Bolt: for 67 CF or | Duniway Stock- | SFBN-24-225 1
8” CF through-hole flanges, 25-pack | room Corp
Silver-Plated Bolt: for 4.5” CF or | Duniway Stock- | SBX-24-125 2
6” CF tapped flanges, 25-pack room Corp
Silver-Plated Bolt: 5/16-24 x 17, | U-C ~ Compo- | TWP-3116-NA 25
for triple flange nents
Stainless Threaded Rod: 5/16"- | McMaster-Carr | 98750A455 ~ 50
24 x 47, for triple flanges
Stainless Nut: hex, 1/4-20 x | McMaster-Carr | 95505A601 ~ 50
1.25”

Stainless Screw: hex, 1/4-20 x | McMaster-Carr | 92196A544 ~ 50
1.257

Silver-Plated Nut: for 6 CF or | Duniway Stock- | SN-5/16 6

8" CF through-hole flanges, through | room Corp

hole, 25-pack

Table 12.3: Breakdown of vacuum hardware components, consumable.
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’ Pressure Manipulation \ Supplier \ PN \ Qty ‘
Roughing Pump: in Turbo Pump | Pfeiffer Vacuum PM 025 016 AT 1
station
Turbo Pump station: HiCube 80 Eco | Pfeiffer Vacuum PM 025 016 AT 1
Ion Pump: DI element, for loadlock | Gamma Vacuum | 100LDI6SSCIN 1
Ion Pump: CV element, for science Gamma Vacuum | 100LDI6DSC1T 1
Titanium  Sublimation  Pump | Gamma Vacuum | 100LDI6DSCI1T 1
(TSP): inside the science Ion Pump
Ion Pump & TSP Controller Gamma Vacuum | DIGITEL QPC 1
Ion Gauge: nude, dual filament, | Stanford Research | NR-F-UHV 1
closed cage grid Systems
Ion Gauge Controller Stanford Research | IGC100 1

Systems
Gate Valve: all-metal, 67 CF, hand- | VAT 10844-UE01-0004 | 1
wheel manual drive
Angle Valve: all-metal, hand-wheel | Pfeiffer Vacuum 420VEC063.A 1
manual drive
Leak Detector Adixen ASM 142 1
Table 12.4: Breakdown of pressure manipulation components.

] Viewport \ Supplier \ PN \ Qty ‘
Viewport: UV Fused Silica, 8 CF Lesker VPZL-800Q 4
Viewport: UV Fused Silica, 2.75” CF | Lesker VPZL-275Q 7
Viewport: UV Fused Silica, 4.5” CF | Lesker VPZL-450Q 1
Coating: both sides R<0.5% @ | Spectrum Thin Films | Custom 1
480nm, 780nm, 1010nm, 1560nm

Table 12.5: Breakdown of viewport components.
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12.4 Assembly and Integration of UHV System with Loadlock

The UHV system was assembled in stages in for simplicity and isolation during troubleshoot-
ing.

During Stage I, the vacuum chamber was constructed from scratch on an optical bread-
board atop a mobile cart, with the translator temporarily replaced by a blank metal flange.
It was subsequently pumped and baked to achieve UHV level.

During Stage II, the translator system was separately assembled, where the feedthrough
wires were routed through the translator tube, and the feedthrough connectors were made
in contacts with the cavity carrier and the feedthrough flange, then attached to the vacuum
system. Unfortunately, through the process, we discovered that the geometry of the original
feedthrough flanges that came with the translator’s utility hat assembly was too tight for
the contact pins, and would cause dangerous electrical shorts between the high voltage to
the nearby conducting chamber walls. Therefore, the original smaller utility hat (1.33” CF)
was replaced with a larger five-way cross (2.75” CF). This procedure is detailed in Ch. 13.

During Stage III, the in-vacuum MOT setup was separately assembled, then installed
into the science chamber. This procedure is detailed in Ch. 14.

During Stage IV, a small waist cavity was separately assembled, then inserted into the
loadlock chamber.

Fig. 12.7 depicts Stage I assembly process, Fig. 12.8 and Fig. 12.9 depict Stage II assembly
process with a focus on the feedthrough and cavity carrier respectively, and Fig. 12.10 depicts
Stage III assembly process. In the upcoming section, we will describe the operation and

maintenance of the UHV system.
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Figure 12.7: Snapshots for Stage I, assembly of the vacuum chamber with the translator
temporarily replaced by a blank flange. a, delivery of vacuum system components. b, c,
and d, progress during Stage 1. e, and f, near-completion of Stage I, lacking one ‘leg’ of the
vacuum chamber. g and h, completion of Stage I.
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Figure 12.8: Snapshots for Stage II, integration of the translator and the feedthrough system
to the vacuum chamber. Vacuum tasks on the translator were initially conducted on a desk
covered in aluminum foil before the neighboring office became a lab space. i, original, now
obsolete, translator setup with bad utility hat assembly. j, foil packets containing cleaned
vacuum components. k and 1, replaced translator setup. m, arms wrapped in aluminum foil
to prevent contamination. n, vacuum system relocated to the lab space. o, completion of
translator installation in Stage II.
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Figure 12.9: Snapshots for Stage II, integration of the translator and the feedthrough system
to the vacuum chamber (cont’ed). p, V-stand installation. q, routing of feedthrough connec-
tors. r, cavity carrier installation. s, integration of the cavity carrier with the feedthrough
connectors. t, completion of Stage II.
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Figure 12.10: Snapshots for Stage III, installation of the in-vacuum MOT setup. u and v,
initial attempt at setup installation with incorrect orientation. w, corrected orientation of
the in-vacuum MOT setup. x, attachment of the feedthrough flange. y and z, completion
of Stage III-construction of the entire vacuum chamber without a cavity.
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12.5 Assembly of the Bare UHV System (Stage I)

During Stage I, the vacuum chamber assembly took place, temporarily replacing the trans-
lator with a blank flange. Fig. 12.11 and Fig. 12.12 depict the Stage I assembly proce-
dure. Tab. 12.6 documents tools used during the process. Concurrently, the conversion of a
neighboring office into a lab space significantly impacted the vacuum workflow. Fig. 12.13
illustrates vacuum workflow before lab renovation, Fig. 12.14 documents the ongoing lab
renovation process, and Fig. 12.15 captures the state post-renovation.

Here are a few considerations for maintaining cleanliness and efficiency during the vacuum
assembly process. Always protect the knife edge from damage. Use good copper gaskets
between flanges to ensure a proper seal. Tighten bolts with a torque wrench as recommended,
but avoid tightening them flush metal-to-metal, as flanges may need further tightening during
the helium leak checking process. Use silver-plated bolts/nuts to prevent seizing during
bakeouts. Wear powderless gloves when handling in-vacuum components, including copper
gaskets, and keep track of their usage to avoid contamination. For holding a copper gasket
vertically in place, consider using gasket clips if the flange has a convenient leak-checking
slot. Otherwise, carefully tape kapton tapes outside the knife edge. When leaving a clean
vacuum part in the air, cover it with aluminum foil to prevent contamination. Utilize the
leveling laser for aligning vacuum components, as it has proven to be very useful in ensuring
proper alignment.

Prepare the setup. Prepare a clean and leveled optical breadboard.

Attach the bottom viewport. Keep the cross protected in its plastic covering to
safeguard the knife edge. Connect the reducing flange to the cross. Attach the bottom
viewport to the reducing flange. Position the assembly with the viewport facing down and
resting on bolts, supported by a lab jack for adjustable height.

Construct and integrate the first ‘leg’ of the vacuum chamber opposite to the

science ion pump. Connect a mounting flange to a mounting bracket and fasten them to
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an angle bracket. Secure the ‘leg’ in a suitable position on the breadboard. Place a copper
gasket between the mounting flange and the cross. Align the cross to the ‘leg’, and close the
gap between them to recess the copper gasket appropriately. Insert stainless studs through
the assembly and add silver-plated nuts from the cross’ side. Prepare a blank flange. Place
a copper gasket between the mounting flange and the blank flange. Attach the blank flange.
Add silver-plated nuts from the blank flange’s side. Begin by hand-tightening the nuts, then
use a torque wrench and a tight-clearance wrench to tighten each pair of nuts against each
other in a star pattern overall.

Construct and integrate the second ‘leg’ of the vacuum chamber adjacent to
the science ion pump. Connect a mounting flange to a mounting bracket and fasten
them to an angle bracket. Place a copper gasket between the mounting flange and the cross.
Align the ‘leg’ to the cross, and close the gap between them to recess the copper gasket
appropriately. Insert stainless studs through the assembly and add silver-plated nuts from
the cross’ side. Support the science ion pump on a lab jack and align it vertically to the
cross. Place a copper gasket between the mounting flange and the science ion pump. Align
the science ion pump atop the lab jack to the ‘leg’, and close the gap between them to recess
the copper gasket appropriately. Add silver-plated nuts from the science ion pump’ side.
Begin by hand-tightening the nuts, then use a torque wrench and a tight-clearance wrench
to tighten each pair of nuts against each other in a star pattern overall. Add swivel mounts
to support the science ion pump, raise them to the appropriate level, and remove the lab
jack. Fully tighten the nuts of the triple flanges on both the first and second ‘leg’ of the
vacuum chamber.

Assemble and attach the science chamber. Keep a spherical cube protected in
its plastic covering to safeguard the knife edge. Attach seven small viewports and a small
blank flange (to be replaced later by a feedthrough flange) to the spherical cube. Attach

four large viewports to the spherical cube. Attach the assembled spherical cube, i.e. the
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science chamber, to the cross from the top. For all sealing tasks mentioned in this step,
ensure proper positioning of copper gaskets, and fully tighten the silver-plated bolts to the
threaded holes on the spherical cube.

Attach the gate valve. Attach a close coupler to the science chamber, ensuring good
rotational orientation. Support the gate valve on two custom-made blocks on top of two
pillar posts. Place a copper gasket between the gate valve and the close coupler. Align and
attach the gate valve to the close coupler. Place another copper gasket on other side of the
gate valve. Attach another close coupler to the gate valve.

Assemble and attach the loadlock chamber and tee. Keep a spherical cube pro-
tected in its plastic covering to safeguard the knife edge. Attach eight small blank flanges to
the spherical cube. Attach four large blank flanges to the spherical cube. Attach the tee to
the assembled spherical cube, i.e. the loadlock chamber. Support the loadlock assembly on
a lab jack from the bottom of the tee. Place a copper gasket between the close coupler and
the loadlock chamber. Align the loadlock chamber to the close coupler with a leveling laser,
and close the gap between them to recess the copper gasket appropriately. Fully tighten
bolts of the close couplers.

Construct and integrate the third ‘leg’ of the vacuum chamber adjacent to
the turbo pump. Connect a mounting flange to a mounting bracket and fasten them to
an angle bracket. Place a copper gasket between the mounting flange and the tee. Align the
‘leg’ to the tee, and close the gap between them to recess the copper gasket appropriately.
Insert stainless studs through the assembly and add silver-plated nuts from the tee’ side.
Prepare a reducing flange for the turbo pump. Place a copper gasket between the mounting
flange and the reducing flange. Attach the reducing flange. Add silver-plated nuts from the
reducing flange’s side. Begin by hand-tightening the nuts, then use a torque wrench and
a tight-clearance wrench to tighten each pair of nuts against each other in a star pattern

overall. For the alignment tasks mentioned in this step, use the leveling laser and the lab
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jack to finely adjust for the mechanical deflection of the chamber built so far.

Attach the ion gauge. Prepare the ion gauge. Attach the ion gauge to the loadlock
chamber.

Attach the feedthrough flange. Prepare the feedthrough flange for in-vacuum MOT
setup. Attach the feedthrough flange to the science chamber.

Attach the turbo pump. Prepare the turbo pump. Place a copper gasket between
the turbo pump and the mounting flange. Attach the turbo pump to the mounting flange.

Construct and integrate the fourth ‘leg’ of the vacuum chamber adjacent to
the loadlock ion pump. Connect a mounting flange to a mounting bracket and fasten
them to an angle bracket. Place a copper gasket between the mounting flange and the
tee. Align the ‘leg’ to the tee, and close the gap between them to recess the copper gasket
appropriately. Insert stainless studs through the assembly and add silver-plated nuts from
the tee’ side. Support the loadlock ion pump on a lab jack and align it vertically to the tee.
Place a copper gasket between the mounting flange and the loadlock ion pump. Align the
loadlock ion pump atop the lab jack to the ‘leg’, and close the gap between them to recess
the copper gasket appropriately. Add silver-plated nuts from the loadlock ion pump’ side.
Begin by hand-tightening the nuts, then use a torque wrench and a tight-clearance wrench
to tighten each pair of nuts against each other in a star pattern overall. Add swivel mounts
to support the loadlock ion pump, raise them to the appropriate level, and remove the lab
jack. For the alignment tasks mentioned in this step, use the leveling laser and the lab jack
to finely adjust for the mechanical deflection of the chamber built so far. Fully tighten the
nuts of the triple flanges on both the third and fourth ‘leg’ of the vacuum chamber.

Attach the bellow. Attach the CF-KF adaptor to the turbo pump. Attach the bellow

to the KF adaptor. This completes the first stage of the vacuum chamber assembly.
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Figure 12.11: Assembly procedure for Stage 1. a, the cross and the 4.5” CF viewport were
assembled. b, the science ion pump was attached to the Cross assembly, supported on two
angle brackets. c, the science chamber was attached to the top of the half-assembly. d, the
gate valve was attached to the half-assembly (continued on next page).
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Figure 12.12: Assembly procedure for Stage I (cont’d). e, the loadlock chamber and the tee
were assembled together, inversely assembled due to weight distribution. f, the loadlock half
was connected to the gate valve, supported by a lab jack. g, the ion gauge was attached to
the loadlock chamber. h, the loadlock half was supported from below by two angle brackets,
attached to the loadlock ion pump, and the turbo pump.
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’ Vacuum Assembly: tooling \ Supplier \ PN \ Qty
Heavy Duty Table: 347x487x30” | McMaster-Carr | 52061742 1
rolling table
Leveling Laser: red cross-hair line McMaster-Carr | 4098T26 1
Tubular Level: surface mount McMaster-Carr | 2160A4 1
Thread Die: stainless, 5-40 UHC | McMaster-Carr | 2576A135 1
thread, for machining brass dowel pins
Hex Nut: stainless, 5-40 UHC thread, | McMaster-Carr | 91841A006 4
for machining the brass dowel pins
Lab Jack: 10”7 x 107, height-adjustable | McMaster-Carr | 9967155 2
Lab Jack: 8" x 87, height-adjustable McMaster-Carr | 9967144 1
Lab Jack: 67 x 6”7, height-adjustable McMaster-Carr | 9967143 1
Torque Wrench: adjustable, ratcheting | McMaster-Carr | 85555A311 1
12-Point Socket: 1/4” size McMaster-Carr | 5544A26 2
12-Point Socket: 5/16” size McMaster-Carr | 5544A27 2
6-Point Socket: 1/27 size, 1-1/8” long | McMaster-Carr | 5544A16 2
6-Point Socket: 1/2” size, 7/8” long McMaster-Carr | 5544A106 2
Hex Bit Socket: 9/64” size, 1-5/8” long | McMaster-Carr | 5570A65 1
Hex Bit Socket: 6 mm size, 2-3/4” long | McMaster-Carr | 8367A24 1
Offset Socket: for tight-clearance, 1/2” | McMaster-Carr | 5844A13 1
size, 1-1/2” long
Gasket Clip Lesker VGC0275S ~ 10
Wire Stripper: for 20-30 AWG Kapton- | Accu-Glass 100192 1
insulated wire Products
Crimp Tool: for 20-32 AWG wire, used | DMC AFMS 1
with a positioner
Positioner: for type-1 contacts DMC K155 1
Positioner: for type-2 contacts DMC K13-1 1
Nitrile Gloves: powder-free, non-sterile | N/A N/A ~ 100
Torr Seal Epoxy: low outgassing char- | Lesker N/A 2
acteristics, flash point 175° C
Pillar Post: male-female, 12” McMaster-Carr | 94033A460 20
Pillar Post: male-female, 10” McMaster-Carr | 94033A455 8
Pillar Post: male-female, 8" McMaster-Carr | 94033A453 8
Pillar Post: female, 12”7 McMaster-Carr | 93322A460 3
Pillar Post: female, 4” McMaster-Carr | 93322A430 2
Pillar Post: female, 1-1/2” McMaster-Carr | 93322A416 1
Wedge: 5”7 x 17, for moving McMaster-Carr | 5081A2 1
Wedge: 6”7 x 1-1/4” for moving McMaster-Carr | 5081A3 1
Wedge: 8 x 1-5/8”, for moving McMaster-Carr | 5081A4 1

Table 12.6: Breakdown of vacuum assembly components.
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Figure 12.13: The vacuum chamber setup before the neighboring office was renovated to be a
lab space. a, the vacuum chamber, lacking the translator, assembled, pumped, and baked on
a mobile steel cart situated in the preparation room. Meanwhile, the neighboring office space
was transferred into a temporary clean area for meticulous vacuum tasks, such as routing
the feedthrough setup through the translator. b and c, to maintain stringent cleanliness
standards, the office carpet was shielded with fabric and aluminum foil to prevent any carpet
debris from contaminating the air in contact with the vacuum environment. Additionally,
layers of aluminum foil were applied to the office tables to ensure cleanliness for direct contact
with vacuum components.
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Figure 12.14: The conversion of the neighboring office into a lab space, overseen by our
building manager, Bentley. a, the removal of previous furnishings and the installation of
a ceiling rack positioned above the optical table area. b, a contractor’s tool cart used for
drilling electrical holes into the wall. ¢1 and ¢2, markup locations for drilled holes in the wall
for routing cooling water pipes and Ethernet wires. d1 and d2, previous office desks were
dismantled and replaced by lab countertops. e, the transportation of the vacuum chamber
atop an optical breadboard using a crane.
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Figure 12.15: The transformation of the newly renovated lab space. a, the vacuum chamber
shielded for dust protection while being transported from the preparation room to the lab
space. b, the vacuum chamber subsequently unveiled in its new location. c, the optical table
accommodating the vacuum chamber, prepared for the installation of vacuum equipment and
the attachment of the translator. d, the side optical table designated for vacuum and optical
setups.
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12.6 Operation and Maintenance of the UHV System

The operation and maintenance of the UHV system are crucial for maintaining its function-
ality and ensuring optimal experimental conditions. This section discusses key practices and
equipment used in the operation and maintenance processes.

Bakeout procedures are crucial for preparing the vacuum chamber by eliminating ad-
sorbed gases and contaminants. Copper hats (Fig. 12.16) are used to distribute heat evenly
across viewport flanges, reducing the risk of damaging thermal gradients during bakeouts.
Heating tapes and pads (Fig. 12.17 and Fig. 12.18) are strategically applied throughout the
vacuum chamber to regulate temperatures. These fiberglass heating tapes and flexible heat-
ing pads are carefully wrapped around or affixed to critical components such as the turbo
pump, ion pumps, translator, gate valve, and flanges to ensure uniform heating. Power con-
trol during heating is managed using Variacs. Tab. 12.7 provides a detailed breakdown of
components used for vacuum bakeout.

Effective temperature monitoring is critical during bakeouts and normal operation to en-
sure stability and safety. Fig. 12.19 illustrates thermocouple wires strategically placed at var-
ious locations within the vacuum chamber. These thermocouples provide real-time feedback
to regulate heating elements and achieve uniform temperature distribution. Tab. 12.8 de-
tails the designation of temperature delivery components across the bakeout areas. Tab. 12.9
details the designation of temperature measurement components across the bakeout areas.

Maintaining stable temperatures within the vacuum chamber is enhanced by heat reten-
tion techniques. Aluminum foil is wrapped around the vacuum chamber to improve heat re-
tention during bakeouts, minimize heat loss and maintain consistent temperatures, as shown
in Fig. 12.20 and Fig. 12.20, before and after the translator was introduced, respectively.

After the initial construction & bakeout the pressure of the science chamber was found
to be 3 x 10710 Torr. After we exposed the loadlock to air, re-baked it, and transported the

cavity carrier into the science chamber, the pressure of the science chamber was 4 x 10~10
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Torr, and the final loadlock pressure was 4 x 1

Figure 12.16: The copper hats served to evenly distribute heat across viewport flanges,
mitigating the risk of damaging thermal gradients during vacuum bakeouts. a, a small
copper hat being crafted by cutting copper sheet metal with scissors. b, a finished large
copper hat. c, an array of finished small copper hats. c, the copper hats covering the
viewports on the main chamber.
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Figure 12.17: Heating tapes and heating pads applied strategically around the vacuum
chamber, lacking the translator. Heat tapes wrapped around the loadlock chamber in a, the
turbo pump in b, the gate valve in c, the triple flange in d, the vacuum tee in e, the ion
pump in f. Heating tapes attached to the viewports of the science chamber in g.
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Figure 12.18: Heat tapes and heat pads applied strategically around the vacuum chamber,
with the translator, for temperature control. a, the loadlock chamber and the science cham-
ber observed from the perspective of the gate valve. b, a view of the science chamber. c,
the wrapping of the five-way cross. d, the wrapping of the translator arm.
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Figure 12.19: Thermocouple wires attached to various spots on the vacuum chamber for
temperature control. The bakeout before the lab renovation: a, from the science chamber’s
perspective, and b, from the gate valve’s perspective. The bakeout after the lab renovation:
¢, from the translator’s perspective, and d, from the science chamber’s perspective.
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Figure 12.20: Aluminum foil wrapped around the vacuum chamber, lacking the translator, for
improved heat retention during bakeout. a, a single from the loadlock chamber’s perspective.
b, multiple layers from the science chamber’s perspective. ¢, the turbo pump station. d, the
ion gauge with exposed pins. e, the ion gauge carefully foiled to prevent electrical shorts.
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Figure 12.21: Aluminum foil wrapped around the vacuum chamber, with the translator. a,
from the translator and the loadlock chamber’s perspective. b, from the science chamber’s
perspective. c, the ion gauge. d, the Ti-sub pump connection. e, the ion pump connection.
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’ Vacuum Bakeout: components \ Supplier \ PN \ Qty
Variac: for power control N/A N/A ~ 30
Thermal Couple: ready-made, glass | Omega 5SRTC-TT-K-20-72 | ~ 10
braid insulated, 72”

Thermal Couple: ready-made, glass | Omega 5SRTC-GG-K-20-36 | ~ 10
braid insulated, 36”

Thermal Couple: ready-made, glass | Omega 5SRTC-GG-K-20-72 | ~ 10
braid insulated, 72”

Silicon Heater: flexible heating pad, | Omega SRFGA-303/10-P 8
rectangular 3”7 x 3”

Silicon Heater: flexible heating pad, | Omega SRFGA-3/10 2
round 3”7 diameter

Silicon Heater: flexible heating pad, | Omega SRFGA-205/2-P 2
rectangular 27 x 5”

Heating Tape: high-temp, 4’ long Omega DHT051040LD 3
Heating Tape: high-temp, 6’ long Omega DHT051060LD 3
Heating Tape: high-temp, 8’ long Omega DHT051080LD 3
High-Temperature Wire: Mica, | Bryne N/A 4
450°C rated, 10’ long, AWG 16

High-Temperature Wire: Mica, | Bryne N/A 8
450°C rated, 10’ long, AWG 18

Aluminum Foil: 200 square-foot Reynolds Wrap | N/A ~ 10
Copper Sheet: to spread heat across | McMaster-Carr | 2545T11 5
viewports, 127 x 12”7 x 0.02”

Copper Sheet: to spread heat across | McMaster-Carr | 8963K203 3
viewports, 47 x 247 x 0.02”

Copper Sheet: to spread heat across | McMaster-Carr | 8963K204 2
viewports, 67 x 6”7 x 0.02”

Sheet Metal Cutter McMaster-Carr | 38805A74 1

Table 12.7: Breakdown of vacuum bakeout components.
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] Vacuum Bakeout: control \ Label \ Bakeout Area

Heating Tape HT1 Loadlock chamber

Heating Tape HT?2 Loadlock tee

Heating Tape HTS3 Loadlock ion pump

Heating Tape HT4 Loadlock triple flange, ion pump side
Heating Tape HT5 Loadlock triple flange, turbo pump side
Heating Tape HT6 Gate valve and close couplers

Heating Tape HT7 Science chamber

Heating Tape HTS Science cross

Heating Tape HT9 Science ion pump

Heating Tape HT10 Science triple flange, ion pump side
Heating Tape HT11 Science triple flange, blank flange side
Heating Tape HT12 Ion gauge

Heating Tape HT13 Turbo pump angle valve

Heating Tape HT14 Turbo pump bellow

Heating Pad HP1 Science chamber viewport, top

Heating Pad HP2 Science chamber viewport, bottom
Heating Pad HP3 Science chamber viewport, front
Heating Pad HP4 Science chamber viewport, ion pump side
Heating Pad HP5 Science chamber viewport, blank flange side
Heating Pad HP6 Loadlock chamber blank flange, top

Table 12.8: Temperature control for vacuum bakeout, temperature delivery. A combination
of heating tapes and heating pads, controlled by variacs, were utilized for precise temperature
delivery while maintaining independence among different bakeout areas.
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’ Vacuum Bakeout: control \ Label

\ Bakeout Area

Thermal Couple TC1 Loadlock chamber flange, top

Thermal Couple TC2 Loadlock chamber flange, ion pump side
Thermal Couple TC3 Loadlock chamber flange, turbo pump side
Thermal Couple TC4 Loadlock chamber flange, translator side
Thermal Couple TCH Loadlock tee

Thermal Couple TC6 Loadlock ion pump

Thermal Couple TCT Loadlock triple flange, ion pump side
Thermal Couple TC8 Loadlock triple flange, turbo pump side
Thermal Couple TC9 Science chamber viewport, top

Thermal Couple TC10 Science chamber viewport, ion pump side
Thermal Couple TC11 Science chamber viewport, blank flange side
Thermal Couple TC12 Science chamber viewport, MOT side
Thermal Couple TC13 Science chamber viewport, bottom
Thermal Couple TC14 Science chamber viewport, small diagonal 1
Thermal Couple TC15 Science chamber viewport, small diagonal 2
Thermal Couple TC16 Science chamber viewport, small diagonal 3
Thermal Couple TC17 Science chamber viewport, small diagonal 4
Thermal Couple TC18 Science chamber viewport, small diagonal 5
Thermal Couple TC19 Science chamber viewport, small diagonal 6
Thermal Couple TC20 Science chamber viewport, small diagonal 7
Thermal Couple TC21 Science chamber viewport, small diagonal 8
Thermal Couple TC22 Science cross

Thermal Couple TC23 Science ion pump

Thermal Couple TC24 Science triple flange, ion pump side
Thermal Couple TC25 Science triple flange, blank flange pump side
Thermal Couple TC26 Ion gauge

Thermal Couple TC27 Turbo pump angle valve

Thermal Couple TC28 Turbo pump bellow

Table 12.9: Temperature control for vacuum bakeout, temperature measurement. Thermal
couples, with readings displayed by a homemade breakout panel, were utilized for precise
temperature measurements of various bakeout areas.
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12.7 Performance of the UHV System

The ultra-high vacuum (UHV) system’s performance was evaluated through a series of bake-
outs and pressure measurements, both in the absence and presence of a cavity. The purpose
of these experiments was to establish a baseline for temperature and pressure behavior and

to ensure the system’s integrity and performance for subsequent experimental procedures.

12.7.1 Initial Bakeout in the Absence of a Cavity

During the initial vacuum bakeout, temperature measurements were recorded by thermal
couples, and the results are shown in Figure 12.22. The corresponding pressure measure-
ments, recorded by the ion pumps, are presented in Figure 12.23. These measurements
indicate the outgassing rate and the efficiency of the ion pumps in maintaining the desired
vacuum level. Additionally, the relationship between pressure and temperature during this
bakeout was analyzed, as shown in Figure 12.24. This relationship is crucial for understand-
ing the dynamics of the vacuum system and ensuring that the bakeout process effectively

reduces the pressure to UHV levels, thus serves as a reference for future bakeouts.
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Temperatures, First Bakeout
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Figure 12.22: Temperature measurements during the initial vacuum bakeout, in the absence
of a cavity, recorded by the thermal couples.

Ion Pump Pressures, First Bakeout
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Figure 12.23: Pressure measurements during the initial vacuum bakeout, in the absence of
a cavity, recorded by the ion pumps.
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Le-06 Pressure vs. Temperature, First Bakeout
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Figure 12.24: Pressure vs temperature measurements during the initial vacuum bakeout, to
establish a baseline relationship between the two.

12.7.2  Second Bakeout in the Absence of a Cavity

A second vacuum bakeout was performed to further refine the vacuum conditions. During
this bakeout, a leak was detected and subsequently fixed. The temperature and pressure
measurements, recorded by the thermal couples and ion pumps respectively, are shown in
Figures 12.25 and 12.26. The relationship between pressure and temperature during this

bakeout was analyzed, as shown in Figure 12.27.
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Temperatures, Second Bakeout
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Figure 12.25: Temperature measurements during the second vacuum bakeout, in the absence
of a cavity, recorded by the thermal couples. A leak was detected and subsequently fixed.

Ion Pump Pressures, Second Bakeout
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Figure 12.26: Pressure measurements during the second vacuum bakeout, in the absence of a

cavity, recorded by the ion pumps and the ion gauge. A leak was detected and subsequently
fixed.
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Pressure vs. Temperature, Second Bakeout

1e-06 [4 i)
—_
=
S 1e-071
P
o0
o
—
t?
S 1e-08
H
A
)
—
=
7
1€-00 -
;sﬁ €-09 Ion Gauge
Loadlock
- Science
1e-10 = T T

20.0 40.0 60.0 80.0 100.0 120.0
Bakeout Temperature (Celsius)

Figure 12.27: Pressure vs temperature measurements during the second vacuum bakeout.

12.7.8 First Bakeout in the Presence of a Cavity

Subsequent bakeouts were performed with the cavity installed in the vacuum chamber. The
temperature measurements recorded during the first bakeout with the cavity are shown in

Figure 12.28, and the corresponding pressure measurements are presented in Figure 12.29.
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Temperatures, First Cavity Bakeout
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Figure 12.28: Temperature measurements during the first vacuum bakeout, in the presence
of a cavity, recorded by the thermal couples.

Ion Pump Pressures, First Cavity Bakeout
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Figure 12.29: Pressure measurements during the first vacuum bakeout, in the presence of a
cavity, recorded by the ion pumps.

143



12.7.4 Second Bakeout in the Presence of a Cavity

Similarly, the second bakeout with the cavity in place was performed, with temperature and
pressure measurements shown in Figures 12.30 and 12.31. These measurements are critical
for ensuring that the cavity does not introduce additional outgassing or vacuum degradation,

thereby confirming the system’s readiness for high-precision experimental work.

Temperatures, Second Cavity Bakeout
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Figure 12.30: Temperature measurements during the second vacuum bakeout, in the presence
of a cavity, recorded by the thermal couples.
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Ion Pump Pressures, Second Cavity Bakeout
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Figure 12.31: Pressure measurements during the second vacuum bakeout, in the presence of
a cavity, recorded by the ion pumps.
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CHAPTER 13
CAVITY CARRIER, FEEDTHROUGH, AND TRANSLATOR

13.1 Introduction

The atom source consists of four Rb dispensers held below the central cavity plate facing
downwards, as shown in Fig. 13.1, so the ejected atomic vapor has line-of-sight access to the
center of the MOT assembly, but no line-of-sight access to the optical cavity above the plate;
this minimizes deposition of Rb atoms on the cavity mirrors. The dispensers are part of the
transportable setup for easy replacement, and can be individually controlled. Structurally,
the dispensers are sandwiched between copper blocks which are tensioned by silver-plated,
vented screws and spring washers!, and electrically isolated by a macor plate suspended

below the central stainless plate.

1. The spring washers are important because we have, in the past, observed that the time-varying thermal
load associated with turning the dispensers on and off can eventually loosen the screws and break electrical
contact
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13.2 Design and Components of the Cavity Carrier

b

PEEK connectors

Copper clamps
Macor plate
Rb dispensers

Ag-plated screws

Figure 13.1: Cavity carrier. a, b, Looking from above, this structure carries an optical
cavity above, and is secured to the end of the translator. Four dowel pins and four silver-
plated screws are used to precisely align and secure the optical cavity with the carrier plate.
Four pairs of PEEK connectors deliver electrical connections to the optical cavity through
Kapton-coated feedthrough wires bundled inside the translator tube. c, d, Below the cavity
carrier reside four Rb dispensers which are independently controlled and easily replaceable,
and each has line-of-sight access to the position of the MOT, but no line-of-sight access to the
optical cavity above that can cause atom deposition on the optical surfaces. A Macor plate is
used as an electrical insulator to set a voltage difference across the dispensers. Silver-plated
vented screws and spring washers are used to sandwich the dispensers between two layers of
copper blocks, and gold pins are pressed from the side of the copper block to make secure
electrical connections, in a way that the electrical connections can withstand thermal cycles
of the vacuum bakeouts.
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In-Vacuum Cavity Carrier: cavity \ Supplier \ PN \ Qty ‘

Cavity Base Plate, stainless 3ERP Custom: 1
appx. A.9

Alignment Plate: aluminum 3ERP Custom: 1
appx. A.11

Dowel Pin: machined from brass rod | McMaster-Carr 8953K101 4

with a die, 1/8” diameter x 3’

L-Bracket, stainless 3ERP Custom: 1
appx. A.13

sub-D PEEK Connector: male, with | Accu-Glass Products | 112125 2

mounting ears, 9-pin

sub-D PEEK Connector: female, 9- | Accu-Glass Products | 100440 2

socket

sub-D PEEK Connector: male, with | Accu-Glass Products | 100423 2

mounting ears, 15-pin

sub-D PEEK Connector: female, 15- | Accu-Glass Products | 100450 2

socket

Contact: gold-plated pins, male, for 20- | Accu-Glass Products | 100170 16

24 AWG, 10 pack

Contact: gold sockets, female, for 20-24 | Accu-Glass Products | 100180 16

AWG, 10 pack

Wire: Kapton-insulated, silver-plated, | Accu-Glass Products | 100680 3

22 AWG, 30 Ft.

Wire: Kapton-insulated, silver-plated, | Accu-Glass Products | 100675 3

20 AWG, 30 Ft.

Table 13.1: Breakdown of in-vacuum cavity carrier components, with an emphasis on cavity
support.

To simplify the process of moving the cavity-under-test between the two chambers, a cavity
carrier structure connected to the end plate of the translator tube is designed to support a
cavity on top with maximal flexibility (Fig. 13.1). The cavity carrier assembly consists of a
central stainless steel plate which connects to the translator and structural support. On top
of the cavity carrier, another smaller plate is mounted to mechanically support a cavity with
four screws and four dowel pins for positional accuracy. On two sides of the central stainless
plate, four female PEEK connectors are fastened below to hold a total of 40 gold pins each

individually connected to a Kapton-insulated wire, which are then bundled and fed inside
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In-Vacuum Cavity Carrier: dispenser \ Supplier \ PN \ Qty ‘

Rb Dispenser SAES Getters 5G0130 4
Macor Plate: macor 3ERP Custom: 1
appx. A.10
Spacer, stainless McMaster-Carr - 4
Dispenser Clamp: copper, bottom 3ERP Custom: 8
appx. A.12
Dispenser Clamp: copper, top 3ERP Custom: 8
appx. A.12
Vented Screw: hex, 4-40 x 3/8” U-C Components C-406-A 4
Vented Screw: hex, 4-40 x 5/8” U-C Components C-410-A 4
Vented Screw: hex, 4-40 x 1/2” U-C Components C-408-A 15
Vented Screw: hex, 2-56 x 1/4” U-C Components C-204-A 16
Vented Screw: flathead, 2-56 x 3/8” U-C Components FA-206-A 16
Vented Screw: set screw, 2-56 x 3/32” | U-C Components T-202-SVA 8
Spring Washer: for 2-56 thread McMaster-Carr 9712K52 16
Nut: hex, 4-40 thread McMaster-Carr 91841A005 15
Nut: hex, 2-56 thread McMaster-Carr 91841A003 16

Table 13.2: Breakdown of in-vacuum cavity carrier components, with an emphasis on dis-
penser support.

the translator tube to the feedthrough flange. The cavity-under-test is intended to connect

via PEEK connectors to electrodes, piezo control, heating, and other electrical components.

13.3 Assembly and Integration of Translator with Cavity Carrier

(Stage 1Ia)

To resolve the geometrical conflict with the original utility hat feedthrough setup (Fig. 13.2),
a new five-way cross was installed. This five-way cross is attached to the base flange with a
2.75” CF triple flange, providing four 2.75” CF flanges for feedthroughs. Two flanges house
6-pin MPC feedthrough connectors, one houses a 10-pin MPC feedthrough connector, and
the remaining one houses an 18-pin MPCT feedthrough connector.

Assemble the five-way cross. Clean all in-vacuum parts and tools: parts (Fig. 13.7)

as well as metal-tipped tools (e.g., tweezers, razor blades, and wire cutters) are sonicated,
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while tools with plastic parts (e.g., the Kapton wire stripper) are wiped down with IPA
(Fig. 13.8). Cut the wires to the appropriate lengths and organize them into four bundles
of 10 wires and one bundle of 6 wires. Crimp the wires to gold pins and seat the pins inside
the respective feedthrough connectors, securing them with retaining rings before closing the
connectors as per the instructions. This process is shown in Fig. 13.3.

Attach the five-way cross to the base of the translator. Remove the copper gasket
from the triple flange and slide the translator tube out. Since the copper gasket has a non-
standard inner diameter, lathe a new gasket to ensure compatibility with the translator tube
setup. Hold the assembled five-way cross, place the new copper gasket, organize the wires,
and attach it to the translator. Insert screws through the rotational base flange and tighten
them with a torque wrench. This process is shown in Fig. 13.4.

Attach the cavity plate to the translator tube. Connect the cavity plate to the
translator tube using the L-bracket and organize the bundles of wires. Strip and crimp
the wires to gold pins, seat the pins inside half of the PEEK connectors, secure them with
retaining rings, and close the PEEK connectors. Fasten the PEEK connectors to the cavity
plate, ensuring all components are securely connected and properly organized. This process

is shown in Fig. 13.5 and Fig. 13.6.
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TSR L

Figure 13.2: Obsolete feedthrough assembly. This feedthrough assembly is now obsolete
due to its default setup with the translator, which led to potential electrical shorts between
the voltage-carrying pins and the chamber walls, thus consequently replaced. a, the utility
feedthrough hat assembly. Failed examples feedthrough connectors with short and long pins
in b and c, respectively. d, a feedthrough connector with shortened pins. e, the obsolete
feedthrough assembly.
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Figure 13.3: Assembly of the five-way cross. a, components of a feedthrough connector barrel,
including an insulating spacer, a retaining ring, and contacts. b, properly seated contacts
inside the connector barrel. c, Kapton-coated copper wires crimped onto the contacts,
with the contacts positioned between the connector barrel and a retaining ring inserted for
tensioning. d, completed feedthrough connector with attached Kapton-coated copper wires.
e, top view of the five-way cross.
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Figure 13.4: Components of the translator. a, triple flange used for attaching the five-way
cross, replacing the original utility hat. b, base flange of the translator, equipped with three
gliding wheels with vacuum-grade grease applied to support the translator tube. c, the V-
stand with two sliding wheels, designed to guide and support the translator tube at the close
coupler between the loadlock and the science chamber, preventing sagging.
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Figure 13.5: Assembly of the cavity plate, top view. a, feedthrough wires routed through the
translator tube and the female PEEK connectors, organized and crimped onto contacts. b,
three opened bottom female PEEK connectors fastened to the steel cavity plate, alongside a
closed female PEEK connector. c, gold-plated contacts being seated between two halves of
a female PEEK connector. d, a male PEEK connector for the dispenser setup. e, the cavity
carrier installed inside the vacuum chamber. f, the cavity carrier plate inside the vacuum
chamber during operation mode.
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Figure 13.6: Assembly of the cavity plate, bottom view. a, the bottom copper blocks, Macor
plate, spacers (hidden), and steel cavity plate assembled together. b, Kapton-coated wires
stripped and crimped to contacts. c, the stripped side of a Kapton-coated wire crimped to a
contact, then electrically connected to a copper block by the tension of a silver-plated vented
set screw. d, four dispensers electrically connected to the copper blocks by spring washers
and silver-plated vented screws tensioning the top and bottom copper blocks. e, finished
bottom view of the cavity plate.

155



Figure 13.7: Cleaning of copper blocks. a, oxidized copper. b, the copper blocks being
sonicated in hydrofluoric acid. ¢, the copper blocks with restored salmon color after chemical
cleaning.

a

Figure 13.8: Tools used for vacuum assembly Stage II. a, tools undergoing partial sonication
(top) or chemical wiping (bottom). b and ¢, levels for ensuring precise leveling of optical table
and chamber components, respectively. d, tool tips subjected to sonication.e, a positioner
utilized for crimping feedthrough contacts.
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13.4 Design and Components of the Feedthrough System
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Figure 13.9: Feedthrough pinout. a, in-vacuum PEEK connectors, as seen from the per-
spective of the cavity plate. Note the asymmetry of the connectors. b, air-side feedthrough
flanges on the five-way cross.
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Feedthrough Pinout: purpose

\ Vacuum-side Pin \ Air-side Pin

Magnetic Coil: sensitive to noise PEEK C3 LEFT 1
Magnetic Coil: sensitive to noise PEEK C14 LEFT 2
Magnetic Coil: sensitive to noise PEEK C7 LEFT 3
Magnetic Coil: sensitive to noise PEEK C5 LEFT 4
Magnetic Coil: sensitive to noise PEEK C2 LEFT 5
Magnetic Coil: sensitive to noise PEEK C11 LEFT 6
Cavity Electrode: sensitive to noise PEEK A13 LEFT 8
Cavity Electrode: sensitive to noise PEEK A4 LEFT 9
Cavity Electrode: sensitive to noise PEEK A12 LEFT 10
Cavity Electrode: sensitive to noise PEEK Al1l LEFT 11
Cavity Electrode: sensitive to noise PEEK A5 LEFT 12
Cavity Electrode: sensitive to noise PEEK A6 LEFT 14
Cavity Electrode: sensitive to noise PEEK A3 LEFT 15
Cavity Electrode: sensitive to noise PEEK A7 LEFT 16
Cavity Electrode: sensitive to noise PEEK A14 LEFT 17
Cavity Electrode: sensitive to noise PEEK A10 LEFT 18
Dispenser: rated for 5A PEEK B4 RIGHT 1
Heating Wire: rated for 5A PEEK D1 RIGHT 2
Dispenser: rated for 5A PEEK B8 RIGHT 3
Dispenser Ground: rated for 5A PEEK B1 RIGHT 4
Dispenser: rated for 5A PEEK B7 RIGHT 7
Dispenser: rated for 5A PEEK Bb RIGHT 8
Dispenser Ground: rated for 5A PEEK B2 RIGHT 9
Heating Wire: rated for 5A PEEK D5 RIGHT 10
Piezo: noisy, rated for 1kV PEEK D8 FRONT 1
Piezo: noisy, rated for 1kV PEEK D4 FRONT 2
Piezo: noisy, rated for 1kV PEEK D2 FRONT 3
Piezo: noisy, rated for 1kV PEEK D3 FRONT 4
Piezo: noisy, rated for 1kV PEEK D6 FRONT 5
Piezo: noisy, rated for 1kV PEEK D7 FRONT 6
Piezo Actuator: noisy, rated for 100V PEEK C6 TOP 1
Piezo Actuator: noisy, rated for 100V PEEK C10 TOP 2
Piezo Actuator: noisy, rated for 100V PEEK C12 TOP 3
Piezo Actuator: noisy, rated for 100V PEEK C3 TOP 4
Piezo Actuator: noisy, rated for 100V PEEK C8 TOP 5
Piezo Actuator: noisy, rated for 100V PEEK C13 TOP 6

Table 13.3: Breakdown of UHV-air interface feedthrough pinouts. Ensure isolation.
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UHV-Air Interface Feedthrough ‘ Supplier ‘ PN

Cross: 5-way, 2.75” CF, for feedthrough | Lesker C5-0275
flange attachments
Feedthrough Flange: double-ended | Lesker IFDRGO067013

Mil-C-26482 style connector, 2.75” CF, 1
kV & 5 A rating, 6 pins

Feedthrough Flange: double-ended | Lesker IFDRG107013
Mil-C-26482 style connector, 2.75” CF, 1
kV & 5 A rating, 10 pins

Feedthrough Flange: double-ended | Lesker IFDJG181053
sub-C style connector, 2.75” CF, 500 V
& 5 A rating, 2 x 9 pins

Feedthrough Connector: Mil-C-26482 | Lesker FTACIR6V
style connector, 6 pin, vacuum-side

Feedthrough Connector: Mil-C-26482 | Lesker FTACIR6AC
style connector, 6 pin, atmosphere-side

Feedthrough Connector: Mil-C-26482 | Lesker FTACIR10V
style connector, 10 pin, vacuum-side

Feedthrough Connector: Mil-C-26482 | Lesker FTACIR10AC
style connector, 10 pin, atmosphere-side

Feedthrough Connector: sub-C style | Lesker FTACIR10V
PEEK connector, 9 pin, vacuum-side

Feedthrough Connector: sub-C style | Lesker FTACO09FA
PEEK connector, 9 pin, atmosphere-side

Contact: for sub-C connectors, 20-24 | Lesker FTACCONTF

AWG wire, 10 pack

Table 13.4: Breakdown of UHV-air interface feedthrough components.
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13.5 Assembly and Integration of UHV System with Translator

(Stage I1Ib)

Prepare the Components. Remove the reducer flange from the translator. Remove the
blank 8" flange from the loadlock chamber. Support its weight, wrap exposed knife edges
with foil, and protect the blank with a sacrificial gasket.

Attach the Translator. Clip a copper gasket in place. Ensure the translator flange
is correctly oriented (screw at 12 o’clock). Tilt the translator flange to attach it to the
chamber, seat the gasket, and run the screws in. Tighten screws finger-tight, then to 180
in-1bs with a torque wrench. Align the translator to the loadlock chamber by adjusting the
height and positioning of two lab jacks. Tighten all screws to 150 in-lbs in two rounds. This

process is shown in Fig. 13.10.
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Figure 13.10: Assembly and integration of the translator to the vacuum system. A stuck
flange on the five way cross in a was made unstuck by a hammer in b. ¢, the translator to be
integrated with the cavity carrier and the feedthrough system. d, lab jacks for supporting the
translator during assembly. e, V-stand, translator and feedthrough connectors installed in
the vacuum chamber. f, the translator being serviced. g, blank replacement flange removed
from the vacuum chamber. h, the translator installed to the vacuum chamber.
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13.6 Stability of UHV System with Translator

The cavity-under-test supported by the cavity carrier is not fixed to the MOT structure, in
the science position. The relative motion of the two should not prevent a stable delivery as far
as vibrations are maintained below the order of 100 pm. To provide a sense of scale, the size of
our atomic cloud is on the order of ~ 100 pm in each dimension, and the size of the resonator
waist is ~ 10-30 pm, we anticipate that atom transport to the cavity will be insensitive to
vibrations smaller than 100 pm rms. Indeed, even for cavity mode of 1pm or smaller, the
transport sensitivity would be set by the larger 100 pm sample size. To estimate the extent
to which the relative motion between the loadlock and the science chamber prevents a stable
delivery of atoms, we include in Fig. 13.11 results of a modal frequency analysis indicate
that the dominant modes that couple to the cavity length and position should be below 500
Hz, and thus easily suppressed by a combination of passive vibration isolation and active
feedback [72]. The study was performed in Fusion 360 and uses a slightly simplified model
of our vacuum system. The first 10 modes are pictured, and the color bar indicates local
displacement amplitudes. This study shows that the dominant vibration modes that couple

to the cavity position are below 500 Hz.
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Figure 13.11: Vibration simulation of the vacuum loadlock apparatus. The results of a modal
frequency analysis indicate that the dominant modes that couple to the cavity length and
position should be below 500 Hz.
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CHAPTER 14
MAGNETO-OPTICAL TRAP (MOT)

14.1 Introduction

To maximize optical access, the science chamber is covered with four 8” (20 cm) viewports
orthographically, one 4.5” (11 c¢cm) viewport below through a vacuum cross, and seven 2.75”
(7 cm) viewports diagonally, all of which are broadband coated (Fig. 12.4). At the bottom of
the science chamber is located an in-vacuum MO'T setup, as shown in Fig. 14.1, comprising
a structure for supporting directional optics for atom cooling (MOT optics), and a structure

for supporting quadrupole coils for atom trapping (MOT coils).
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14.2 In-Vacuum MOT Setup

a b

M4 + retro mirrors

Elliptical mirrors
Coils

Figure 14.1: In-vacuum MOT setup. The setup, depicted schematically in a, and by pho-
tograph in b, consists of a pair of MOT coils for trapping atoms, and MOT optics for
cooling atoms. The in-vacuum MOT coils are made of several layers of Kapton-insulated
copper wires tightly wrapped around two steel holders spaced 1”7 (2.54 ¢cm) apart. The in-
vacuum geometry allows the coils to generate a large magnetic field gradient (about 20 G/cm)
with only 3 A of current. The in-vacuum design speeds up the experimental sequence by
preventing eddy currents from being generated in the copper gaskets. The in-vacuum MOT
optics are an assembly of steel structures holding directional mirrors and quarter waveplates
necessary to achieve a MOT. All three parallel beams entering through a single viewport
intersect orthogonally at the MOT location, which is below the center of the science chamber
to maximize available space for the cavity structure.

The in-vacuum MOT optics (Fig. 14.1) are mounted to a steel structure supporting circular
and elliptical mirrors and quarter waveplates to direct three parallel incoming beams entering
through a single viewport to orthogonally intersect at the MOT location. The MOT is formed
2”7 (5 c¢cm) below the geometric center of the vacuum chamber to maximize the available
volume for the cavity structure, which is ultimately limited to aforementioned 4”x4”x 3" (~
10 cmx10 cmx8 cm).

The in-vacuum MOT coils (Fig. 14.1) are made of 4 layers of 9 turns of Kapton-insulated
wires tightly wrapped around two steel holders spaced by 17 (2.5 cm). Placing coils inside

vacuum minimizes eddy currents induced by coil turn on/off, increasing the experimental
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repetition rate. Additionally, since the geometry of the coils is not constrained by the
(substantial) size of the vacuum chamber, a large magnetic field gradient (20 G/cm) can be
generated with low electrical current (3 A) and minimal heat dissipation. The MOT coils
exhibit a room temperature resistance of approximately 100 m{2. When the coils are heated
to 100°C, their resistance, including the cables on the atmosphere side, increases to around
205 mf2. Magnetic field and magnetic field gradient simulations of the in-vacuum MO'T coil

setup are included in Fig. 14.2.
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Figure 14.2: Simulation of the in-vacuum MOT coil setup. Each coil has 9 turns per layer,
with 4 layers in total, and an outer radius minus inner radius of approximately 5mm. The
top layer lies slightly inward of the outer radius. The coils are wound with 18 AWG Kapton-
coated wires.
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’ In-Vacuum MOT: optics and coils ‘ Supplier PN ‘ Qty ‘
MOT Base Plate: stainless 3ERP Custom: appx. A4 |1
Groove Grabber: for holding the | Kimball MCF800-GrvGrb- 2
Base Plate inside 8” CF chamber Physics Co1
Coil: Kapton-insulated, silver-plated, | Accu-Glass 112697 6
18 AWG, 15 Ft. Products
Coil Mount: stainless SERP Custom: appx. A.5 | 2
Retaining Ring: stainless SERP Custom: appx. A.6 | 2
Circular Mirror Mount: stainless, | 3ERP Custom: appx. A.6 |1
back
Circular Mirror Mount: stainless, | 3ERP Custom: appx. A.7 | 2
bottom
Elliptical Mirror Mount: stainless, | SERP Custom: appx. A.8 |1
left
Elliptical Mirror Mount: stainless, | 3SERP Custom: appx. A.8 |1
right
Circular Mirror Thorlabs 3
Elliptical Mirror Thorlabs 2
Quarter Waveplate Thorlabs 3
Hex Nut: 4-40 thread McMaster-Carr | 91841A005 ~ 20

Table 14.1: Breakdown of in-vacuum MOT components
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14.3 Assembly and Integration of Science Chamber with

In-Vacuum MOT Setup (Stage III)

During Stage III, the in-vacuum MOT setup was separately assembled, then installed into
the science chamber. Fig. 14.3 depicts the Stage III assembly procedure.

Start by cleaning the elliptical mirror mounts and ensuring the elliptical mirrors are
properly seated. Once in place, glue and cure them. Repeat this process for the circular
mirror mounts: clean them, seat the circular mirrors along with the retaining rings, and then
glue and cure them. Attach the two elliptical mounts and the three circular mirror mounts
to the base plate. This completes the in-vacuum MOT optics setup.

Meanwhile, measure the resistance of the cleaned copper wires using the four-terminal
sensing setup. Strip the ends of the wires and temporarily crimp them onto gold pins for
accurate measurement. Once measured, tightly wind the coils around the MOT coil mounts,
ensuring that there are 9 wires per layer and that each layer lays flat. Be cautious to avoid
scraping the kapton wire against the walls of the MOT coil mount, which are chamfered to
prevent accidental shorts. Strain-relieve the wires to the mount with glue, leaving enough
extra length to connect to the chamber feedthrough port later. This completes the in-
vacuum MOT coil setup.

Once the in-vacuum MOT optics and in-vacuum MOT coil setups are securely fastened
onto the base plate, open the science chamber. Position the base plate inside the science
chamber by connecting two groove grabbers to the inside grooves of the bottom flange.
Finally, crimp gold pins onto the four ends of the MOT coils and connect them to the

feedthrough flange on the science chamber.
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Figure 14.3: Assembly of the in-vacuum MO'T setup. a, cleaned elliptical mirror mounts with
properly seated elliptical mirrors. b, cleaned circular mirror mounts with properly seated
circular mirrors and retaining rings. c, a finished MOT coil with Kapton-coated copper
wires wound around and glued to the coil mount. d, completed in-vacuum MOT optics
setup. e, four-terminal sensing setup for resistance measurement of the in-vacuum MOT
coils. f, completed in-vacuum MOT optics and MOT coils setup installed in the science
chamber.
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14.4 Outside-Vacuum Optics for Cooling Beams Generation

The outside-vacuum MOT optics system (Fig. 14.4 and Fig. 14.5) is designed to establish
a stable and efficient environment for atom cooling and trapping (theory in Chp. 7.2). It
consists of three essential branches: the reference laser, which stabilizes the frequencies
of the MOT and repumper lasers according to the atomic transition of the trapped species;
the MOT laser, responsible for primary atom cooling and trapping within the MOT by
lowering temperatures to microkelvin levels and spatially confining atoms using laser cooling
and magnetic field gradients; and the repumper laser, which prevents atoms from entering
dark states not addressed by the primary cooling transition, thus averting potential atom
loss from the cooling cycle. Each component plays a critical role in ensuring the stability,
accuracy, and effectiveness required for the precise trapping and cooling of a significant
number of atoms, as described below.

In the reference laser setup (Fig. 14.4), the frequency of the reference laser (Fig. 14.6)
is stabilized using a laser locking technique. It is locked to the 3 — 4’ transition of 8°Rb
atoms (Tab. 14.2) by utilizing the saturated absorption spectroscopy technique (detailed in
Chp. 7.3). This stabilization is crucial for ensuring that both the MOT and repumper lasers
are precisely tuned to the necessary atomic transitions. An isolator is placed immediately
after the laser diode to prevent back reflections from destabilizing the laser. A polarizing
beam splitter (PBS) and a half-wave plate are employed to distribute the majority of the
beam power into the MOT and repumper branches while directing a smaller portion of the
beam power into the vapor cell. A quarter-wave plate is used to redirect the back-reflected
beam from the vapor cell into a photodiode. The fast photodiode monitors the laser output
and provides feedback to the laser locking mechanisms, ensuring that the laser remains stable
and locked to the desired frequency. Finally, the reference laser beam is split into multiple
paths using fiber splitters, directing portions of the beam to the MOT laser and repumper

laser branches.
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The MOT laser setup involves a two-stage process. During the first stage (schematic in
Fig. 14.4, photos in Fig. 14.8a-c), the MOT laser frequency is stabilized, the beam power is
amplified, and the beam is mixed with the repumper light to generate two output signals.
During the second stage (schematic in Fig. 14.5, photo in Fig. 14.8d), these two output
signals are fiber-coupled, the beams are expanded to approximately 1 inch in diameter, and
then launched into the science chamber through a viewport. This results in three pairs
of counter-propagating, red-detuned laser beams intersecting at the cooling region inside
the vacuum chamber. These beams create a three-dimensional optical molasses, which, in
conjunction with a quadrupole magnetic field, traps and cools the atoms.

In the first stage of the MOT laser setup, a seed laser (Fig. 14.6) provides the initial
light for the MOT. An isolator is placed immediately after the laser diode to prevent back
reflections from destabilizing the laser. The frequency of the seed laser is stabilized relative
to the reference laser using a frequency offset lock. In this scheme, a fiber splitter combines
a portion of the stabilized reference laser beam with the sampled seed laser beam, which
are GHz apart in frequency. The combined light is directed to a photodiode, which converts
the optical signal to a microwave signal. This microwave signal is then mixed with a target
offset frequency precisely generated by a direct digital synthesizer (DDS). The output of
the mixer, filtered by a low pass filter and a helical filter to improve signal clarity, provides
feedback to stabilize the seed laser frequency.

The stabilized seed laser light is then fiber-coupled and amplified to the necessary power
levels using a tapered amplifier (TA, Fig. 14.7) to ensure sufficient laser power for effectively
cooling and trapping the atoms in the MOT. An isolator is placed immediately after the
TA to prevent back reflections from destabilizing it. An acousto-optic modulator (AOM)
provides the necessary control over the frequency and the amplitude of the MOT laser
beam. In addition, the intensity of the MOT beams can also be controlled by the PBS and

the half-wave plate. Beam intensity is crucial: excessive intensity can cause overheating,
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while insufficient intensity may not provide sufficient cooling. Thanks to the laser control
techniques, the MOT laser is typically red-detuned by a few linewidths from the 2— 3’
transition of 8’Rb atoms (Tab. 14.2). This detuning ensures that atoms moving towards the
laser light experience a Doppler shift that brings them into resonance, ultimately allowing
for effective cooling.

The repumper laser setup similarly involves a two-stage process. In the first stage, the
repumper laser frequency is stabilized, and the beam is mixed with the amplified MOT light
to generate two output signals (Fig. 14.4). In the second stage, these two output signals
are fiber-coupled, the beams are expanded to approximately 1 inch in diameter, and then
launched into the science chamber through a viewport.

In the first stage of the repumper laser setup, the frequency of the laser is stabilized
relative to the reference laser using a frequency offset lock. An isolator is placed immediately
after the laser diode to prevent back reflections from destabilizing the laser. Similar to the
MOT setup, a fiber splitter combines a portion of the stabilized reference laser beam with
the sampled repumper laser beam, which are several GHz apart in frequency. The combined
light is directed to a photodiode, which converts the optical signal to a microwave signal.
This microwave signal is then mixed with a target offset frequency precisely generated by a
DDS. The output of the mixer, filtered by a low pass filter and a helical filter to improve
signal clarity, provides feedback to stabilize the seed laser frequency.

The stabilized repumper laser light is directed to an AOM, which provides the necessary
control over the frequency and the amplitude of the repumper laser beam. In addition, the
intensity of the repumper beams can also be controlled by a PBS and a half-wave plate. Beam
intensity is crucial: excessive intensity can cause overheating, while insufficient intensity may
not effectively counteract atom loss. Thanks to the laser control techniques, the repumper
laser is typically at the 1— 2’ transition of 8'Rb atoms (Tab. 14.2). This tuning ensures

that atoms in dark states are excited back to a state where they can interact with the MOT
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laser, preventing atom loss from the cooling cycle and increasing the MO'T’s efficiency.

In the second stage of the MOT and repumper setup (Fig. 14.5), light from the two
fiber-coupled ports is expanded to approximately 1 inch in diameter using a 25x telescope.
The more powerful beam is split into two beams by a beam splitter, resulting in three beams
in total. These beams are redirected to enter the science chamber horizontally through
the front viewport. Each beam passes through a quarter-wave plate to achieve the circular
polarization required for the MOT setup.

Inside the science chamber, the three horizontal beams are redirected by mirrors fixed to
the in-vacuum MOT structure into the trapped atom region. They are then phase-shifted
and back-reflected by quarter-wave plates to form the counter-propagating beams necessary

for the MOT.
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] Reference Laser \ Setting
Transition ®Rb 3 — 4’
Laser Frequency 384229243 MHz
TC setting 13.348 k€2
Current setting 127.13 mA

’ MOT Laser \ Setting
Transition 8TRb 2 — 3’
Laser Frequency 384228115 MHz
TC setting 11.991 k2
Current setting 117.6 mA
DDS frequency 1289 MHz

Beatnote frequency

1127 MHz (on resonance)
1217 MHz (10 MHz detuned + 80 MHz AOM)

AOM Blueshifts 80 MHz
’ Repumper Laser \ Setting
Transition 8TRb 1 — 2’
Laser Frequency 384234683 MHz
TC setting 14.812 k2
Current setting 103.47 mA

DDS frequency

5436 MHz (labbrick=6500, RESoC=1064)

Beatnote frequency

5440 MHz (on resonance)
5520 MHz (80 MHz AOM)

AOM

Redshifts 80 MHz

Table 14.2: Settings for the MOT lasers.
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Figure 14.4: Schematic of the outside-vacuum MOT setup. A reference laser is locked to the
atomic transition line of the Rb vapor cell via Saturation Absorption spectroscopy (SAS).
The MOT and repumper lasers are frequency-locked to this reference laser, amplified, and
mixed to generate cooling beams.
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Figure 14.5: Schematic of launching optics for interfacing the outside-vacuum and in-vacuum
MOT setup. The combined MOT and repumper beams were expanded to approximately 1
cm, split, aligned, redirected into the vacuum chamber, intercepted, and back-reflected.

176



Figure 14.6: Lasers utilized in the MOT setup. a, reference laser diode housed within a
control box. b, reference laser connected with current and temperature controllers. ¢, MOT
and repumper lasers, fast current feedback circuit boards, and a metal block for heatsink
and positional stability. d, side-view of the MOT laser.
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Figure 14.7: Tapered amplifier utilized in the MOT setup. a, fiber-coupled tapered amplifier
housed in a butterfly mount. b, housing of the tapered amplifier with space for applying
heat paste. c, tapered amplifier setup in operation, with the incoming fiber strain relieved.
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Figure 14.8: Outside-vacuum optics for the MOT setup. a, optical breadboard for generating
reference beam, amplified MOT beam, and repumper beam. b, area designated for MOT
seed laser and beatnote locking electronics. c, area designated for the repumper laser and
the tapered amplifier for the MOT beam. d, entrance optics for directing the amplified MOT
beam and the repumper beam into the vacuum chamber.
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14.5 Outside-Vacuum Bias Magnetic Coils for Field Correction

The geometry of the bias coils consists of 100 windings per window, with 1.5 A of current
running through each coil. This configuration was expected to yield a resistance resulting in
a 2 V drop per coil, and 4 V when the coils are connected in series, generating a magnetic
field of 2.5 Gauss at the center (Fig. 14.9). The coils were wound with approximately 500
meters of 20 AWG enameled magnet wire from Remington.

To securely attach the wires to the chamber, brackets were fabricated to prevent the
wires from sliding off the windows. During the winding process, the spool was kept in the
plane of the flange to minimize twisting, and Kapton tape was applied after each layer to
hold it in place.

After completing all the coils, we found that 3 out of 6 coils had shorted to the chamber,
specifically in the North, Bottom, and Top windows. The suspected cause was the bottom
layer of coils rubbing against the brackets. To address this issue, we unwrapped the coils,
covered the brackets with tape, and then rewrapped them. The finished setup is shown in

Fig. 14.10.
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Figure 14.9: Simulation of the magnetic field generated with a pair of bias coils. The two
coils are spaced 9 inches apart, each wrapped around an 8-inch diameter window with 100
windings. Each coil carries 1.5 A, causing a 2 V drop per coil, totaling 4 V in series,
generating a 2.5 Gauss field at the center. The coils use 20 AWG enameled magnet wire.
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Figure 14.10: Outside-vacuum magnetic coils for zeroing the Earth field. a, breakout board
for controlling three independent coil currents in the six spools of wires. b, tool used for
winding the bias coils. ¢, zoomed in view of a bias coil wrapped around the top science
chamber viewport. d, top view of three pairs of bias coils wrapped around the science
chamber.
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14.6 Optimization and Control

14.6.1 Laser Lockbox

The laser lockbox circuit (Fig. 14.11) is designed to precisely stabilize the laser frequency
either to an atomic transition or an offset frequency of another laser. It begins by processing
the photodiode signal to generate an error signal, which is essential for its operation within
a proportional-integral (PI) feedback loop. The circuit’s port configuration is detailed in
Tab. 14.3, where the PROP _GAIN potentiometer controls proportional gain, while the
TOTAL GAIN potentiometer predominantly manages integral gain.

The circuit first processes the photodiode input. The photodiode detects laser intensity,
converting it to an electrical signal. This signal (PHOTODIODE) passes through an op-amp
IC2A configured as a buffer to ensure low enough output impedance, and IC2B configured
as an inverting amplifier with gain controlled by ERR__ GAIN.

The error signal is then processed through feedback loops: IC5B buffers the signal,
TOTAL _GAIN adjusts overall gain, and IC5A applies proportional gain (PROP_GAIN).

Finally, the circuit produces the output signal. The OUTPUT OFFSET potentiometer
adjusts the baseline level of the output signal, while IC5D integrates the error signal for
integral control, thereby yielding the precise output signal (OUTPUT).

Voltage regulators (IC3, 1C4) are used to provide stable +£15V for op-amps and other
components, critical for consistent circuit performance. Bypass capacitors are used to reduce

noise in the circuit.

14.6.2 Fast Laser Feedback

The fast current control feedback circuit (Fig. 14.12) is originally part of an optical phase-
locked loop (OPLL) used for stabilizing the frequency of diode lasers |73]. However, we have

repurposed this circuit for fast feedback response to correct high-frequency noise and protect
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’ Port Name \ Type \ Function

PHOTODIODE Input Receives the signal from the photodetector

DITHER IN Input Modulates the laser frequency

ERR_MOD Input Additional modulation of the error signal

ERROR_OUT Output Provides the processed error signal

OuTPUT Output Final control signal output

POWER _IN Input DC power

UNLOCK Control Switch

DITHER AMP Control Sets the amplitude of modulation of the laser
frequency

TOTAL _GAIN Control Manages integral control of PID

PROP _GAIN Control Manages proportional control of PID

OUTPUT _OFFSET Control Adjusts the output signal baseline

ERR_GAIN Control Adjusts the gain of the error signal

ERR_OFFSET Control Adjusts the baseline level of the error signal

Table 14.3: Breakdown of laser lockbox components

the laser diode.

The circuit is primarily designed to address high-frequency noise and fluctuations. The
N-junction FET, the main component used for modulating the current, is placed in parallel
with the laser diode. The FET receives a voltage signal from the feedback circuit, and if
this signal exceeds a certain threshold, the injection current for the laser diode is diverted
to flow between the drain and source of the FET, effectively bypassing the laser diode. This
setup provides a fast response to changes in the input signal, helping to stabilize the laser
diode’s current and maintain consistent laser output.

Additionally, the circuit serves a protective function by ensuring that the laser diode is
not subjected to overcurrent conditions that could cause damage. The gate of the FET is
clamped by protection diodes, which prevent the gate voltage from exceeding safe levels and

protect the FET from potential damage.
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14.6.3  Coil Driver

The coil driver circuit (schematic in Fig. 14.13, photos in Fig. 14.14a-e) is designed to drive
magnetic coils by precisely regulating the current through them. It employs an instrumen-
tation amplifier, an operational amplifier, and various passive components to achieve this
control. Specifically, two circuit boards are used to independently control the in-vacuum
MOT quadrupole coils, while three boards manage the outside-vacuum bias coils—one for
each of the x-, y-, and z-axes, with each pair of coils connected in series.

Control input processing. The control signals from the lab server are applied to the
input terminals (X1-1 and X1-2) via a BNC cable. Initially, these signals are conditioned by a
voltage divider network. The conditioned differential signal is then amplified and buffered by
an instrumentation amplifier (INA114P), with its gain set by an associated resistor network.

Current feedback loop. Current amplification is performed through a feedback loop
utilizing an LM3886 operational amplifier configured as a current amplifier. The gain of the
output stage is determined by resistors R9 and R10. The non-inverting input of the LM3886
receives the amplified signal from the instrumentation amplifier, while its inverting input is
connected to the voltage across the magnetic coil, sensed by a 0.5 Ohm sense resistor (R5) in
series with the gain resistor R10. This sense resistor provides a feedback voltage proportional
to the current flowing through the magnetic coils, enabling precise current measurement and
control.

Signal filtering. To minimize noise in the current output, the power supplies are reg-
ulated using voltage regulators (IC2, IC3), providing a stable £15V supply essential for
the op-amps and other components. The output signals are further filtered by high-voltage
capacitors and, if necessary, an optional low-pass filter network to mitigate high-frequency
oscillations due to coil inductance.

Thermal management. Given the high-current nature of the signals, the controller

box is designed with water cooling. The sense resistors are thermally adhered to a copper
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’ Port Name \ Type \ Function

+18V Input DC power
X1_1,X1_2 (CTRL IN) | Control Control signal from the lab server
X4 1,X4 2(OUTPUT) | Output Output current

Table 14.4: Breakdown of coil driver components

plate, which is attached to a cooled aluminum backplane (Fig. 14.14b-d). During initial
testing, cooling water was supplied by a standalone chiller (Fig. 14.14e) to ensure effective

thermal management.
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Figure 14.14: Electronics for the MOT setup. The high-current controllers housed in a for
the in-vacuum MOT coils and outside-vacuum bias coils, with internal views in b and c,
and an external view in d, water-cooled by a chiller in e. f, frequency offset generation for
beatnote locking. g, electronics for beatnote locking. h, frequency-locked lasers. i, AOM

drivers.
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Figure 14.11: Schematics of the laser frequency stabilization circuit. The circuit processes
the photodiode signal, generate an error signal, and use this error signal in a proportional-
integral (PI) feedback loop to stabilize the laser frequency.
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Figure 14.12: Schematics of the fast current control circuit for each laser diode.
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MUST BE NON-INDUCTIVE

R9 and R10 set the gain of the autput stage. We will typically not populate R9! GND2

R7 s to prevent ringing of the circuit when no input is connected

+18v

LM3886_NDA 11
Us1

€11,012,C13, and C14 must be good to high voltage- approximately 30V at least!

R8 and C15 are an optional low-pass filter for avoiding oscillation cue to coil inductance! TEST WITHOUT, AND THEN ADD IF NEEDED!

Figure 14.13: Schematics of the coil driver circuit. The circuit drive one spool of magnetic
coil by regulating the current through it. It is used for both in-vacuum MOT quadrupole
coils, and outside-vacuum bias coils.
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14.7 Characterization of Atom Source

As shown in Fig. 14.16, we have cooled and trapped a 8"Rb MOT with post-PGC temper-
ature of under ~10 pK. Panel (a) shows fluorescence images of the atomic cloud in time of
flight, while panel (b) shows the extracted rms cloud sizes along the two imaging axes and

corresponding fits with extracted temperatures.

a

Figure 14.15: Fluorescent imaging of the atomic cloud. Fluorescence imaging of the atomic
cloud, side views in a and b, and a top view in c¢. Expansion of the atomic cloud, with weak
magnetic field gradient in d and strong magnetic field gradient in e.

14.7.1 Atomic Temperature
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Figure 14.16: Characterization of the atom source. a, Upon achieving a good vacuum
quality, we have cooled and trapped a 8TRb MOT using polarization gradient cooling, and
performed a time-of-flight expansion measurement based on atom florescence. These images
are captured by a camera situated on an optical breadboard to the opposite side of the ion
pump attached to the science chamber, angled horizontally such that it has direct line-of-
sight access to the atomic cloud, without being blocked by the MOT structures. b, The
spot size of the MOT vs. expansion time was plotted to extract the post-PGC temperature
of the atomic cloud to be less than 10 nK in both axes of the imaging plane. The different
temperatures measured along the two axes likely result from a combination of imperfect MOT

beam wavefronts, imbalanced MOT beam powers, and imperfect magnetic field gradients
during PGC.
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CHAPTER 15
ATOMIC CONVEYOR BELT

15.1 Introduction

Once an atomic cloud is formed by the Rb dispensers (Fig. 15.1), cooled by the MOT lasers
(Fig. 14.1), and trapped by the magnetic field gradient (Fig. 14.1) at near the bottom of the
science chamber, we transport the atomic cloud upwards by 4” (10 cm) to the cavity-under-

test via an optical conveyor belt.

15.2 Design and Construction of the Atomic Conveyor Belt

The optical conveyor belt is made of two counter-propagating 120 mW, 785 nm beams
optically amplified from an Innovative Photonics Solutions laser with 100 kHz linewidth,
and with the differential optical path length balanced to minimize atom heating due to laser
phase noise [74].

The lattice is translated by inducing an adjustable frequency offset up to 2 MHz between
the beams with two double-pass acousto-optic modulators, typically reaching a maximum
atomic acceleration of 1500 m/ s2. Each beam is focused at the center of the transport path
to a waist of 120 nm, resulting in an axial trap frequency of 27w x 110 kHz and a trap depth
of 2w x 6 MHz. A quick calculation of the dipole trap is included in Sec. 7.1.

In the atomic conveyor belt setup (Fig. 15.2), a seed laser provides the initial light for
the red-detuned lattice beam. An isolator is installed immediately after the laser diode to
prevent back reflections from destabilizing the laser. The seed laser light is then amplified
to the required power levels using a tapered amplifier. An interlock circuit is situated just
upstream of the tapered amplifier to protect it from operating at high current without any
seed power. Another isolator, placed immediately after the tapered amplifier, prevents back

reflections from affecting its stability. The amplified light is subsequently divided into two
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branches by a 50:50 beam splitter. Each branch undergoes an identical double-pass AOM
setup, where it first passes through a polarizing beam splitter, experiences a frequency shift
by a variable amount from the AOM, is phase-shifted by a quarter-wave plate, reflected by an
end mirror, and then undergoes a frequency shift during its second pass through the AOM.
The double-passed beams are reflected by the polarizing beam splitters and are fiber-coupled
to form the top and bottom lattice beams directed towards the science chamber.

In the lattice launch setup, each beam is filtered through an angled 780 nm filter, its
polarization is cleaned up, and the beams are focused at the midpoint between the MOT

and the cavity region.

Lattice conveyor belt beams

Cavity carrier

MOT structure

Figure 15.1: Atomic transport system. This system transports cold trapped Rb atoms from
the position of the MOT upwards into the center of the optical cavity, for a total distance
of about 4”7 (10.2 cm). It consists of two counter-propagating 785 nm beams, each delivering
120 mW from above or below the science chamber. The beams are frequency-shifted via
two AOMs to have a relative offset up to 2 MHz (corresponding to ~ 0.8 m/s maximum
transport speed). They are focused at the center of the transport path to create a 120 pm
waist (lattice depth about 38 nK), and path-length balanced to minimize phase-noise induced
atom heating.
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Lattice Laser

Figure 15.2: Schematics of the lattice conveyor belt.

N2 Filter

Lattice, Top

Science
Chamber

\/2 Filter Lattice, Bottom

Lattice, Top

+80 MI1,
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Lattice, Bottom

The lattice laser was interlocked,

amplified, split into top and bottom beams, and frequency-shifted by two AOMs in a double-
pass configuration to generate a 2§ (several MHz) frequency offset for transporting the atoms.
Beam launching optics in the bottom panel were path-length balanced to minimize phase-
noise induced atom heating.

’ Dipole Trap

\ Symbol \ Detail

Laser Wavelength A 785 nm
Beam Power P 120 mW
Beam Waist w 120 pm
Trap Depth U 2mx 6 MHz
Trap Temperature T 38 uK

Table 15.1: Summary of the dipole trap setup.
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15.3 Implementation of the Atomic Conveyor Belt

The physical implementation of the atomic conveyor belt is illustrated in the following im-
ages. Fig. 15.3 details the construction, characterization, and protection of the tapered
amplifier, including its housing, beam shape after amplification, and safety interlock circuit.
The optics involved in the generation, amplification, and launching of the lattice beam are
shown in Fig. 15.4, highlighting the setup for beam amplification, the double-pass AOM for

frequency shifting, and the top and bottom arm beam launches.
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Figure 15.3: Laser and tapered amplifier used in the optical conveyor belt setup. a, tapered
amplifier for the lattice beam. b, tapered amplifier housed in its heatsink. c, characterization
of beam shape after amplification. d, interlock circuit implemented for safety measures.
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Figure 15.4: Optics of the optical conveyor belt setup. a, generation and amplification of
the lattice beam. b, double-pass AOM setup for shifting the beam frequency. c, top-arm
beam launch. d, bottom-arm beam launch.
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15.4 Characterization of Atomic Conveyor Belt
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Figure 15.5: Characterization of the atomic transport system. The following data are taken
by transporting cold Rb atoms towards the cavity center and then back by a certain transport
distance, and measuring their fluorescence after varying hold times. We then fit the trend
to an exponential curve to extract the lifetime parameter. a, 10.0 cm transport, showing
a lattice lifetime of 396 ms. b, We have measured the temperature of the cold atoms
being transported, by performing an expansion measurement in both transverse directions
as summarized in each point on the graph, and repeat this process for various transport
distances ranging from 0 mm to 100 mm. We have observed no effect of the transport
distance on the lattice temperature.

We have demonstrated the ability to reproducibly transport atoms from the MOT posi-
tion to the designated resonator position over a transport distance of 114 mm and a single-
trip duration of 16 ms. We load ~80% of the atoms into the lattice, limited by imper-
fect MOT /lattice overlap. Round-trip transport experiments indicate a one-way transport
efficiency of ~63%, for a total MOT to cavity transfer efficiency of ~50%. The atomic
temperature remained below 10 pK, independent of transport distance.

This is borne out by a fluorescence imaging experiment where we transferred the atoms
from the MOT up to a variable distance, ultimately reaching the designated resonator center,
and then back down (see Figure 15.5). The transport efficiency was extracted by comparing

the level of fluorescence before and after the transport. The temperature in the lattice was
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measured through time-of-flight expansion measurements of the atoms after transport. We
do not expect the sample to thermalize during the course of the experiment due to the

relatively low atomic density of the sample.
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CHAPTER 16
OUTLOOK

We have installed the first cavity into the loadlock chamber, pumped and baked and trans-
ferred to the science chamber. At the time of the transfer, the loadlock chamber’s ion
pump read 4.5 x 10719 Torr, and the science chamber’s ion pump read 4 x 10710 Torr,
which established a UHV status successfully. One open question is the extent to which the
long lever-arm of the translator will couple mechanical vibrations into the resonator. While
such vibrations should be common mode across the resonator, residual coupling can be sup-
pressed via FPGA-based pole/zero cancellation & feedback [72]. We anticipate numerous
upcoming opportunities to harness this technology to benchmark novel resonators coupled

to atoms [50, 57, 75] for many-body physics |76].
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APPENDIX A
MECHANICAL DRAWINGS

A.1 UHYV components

This chapter presents a comprehensive list of mechanical drawings of custom-made UHV
components, the in-vacuum MOT setup, the in-vacuum cavity carrier, and the small waist
cavity. For the custom-made UHV components, I am including drawings for the all-metal-
valve, the translator, and the ConFlat Tee. For the in-vacuum MOT setup, I am including
drawings for the support plane, the MOT coil mount, the back mirror mount, the bottom
mirror mount, and the elliptical mirror mount. For the cavity carrier setup, I am including
drawings for the baseplate, the Macor plate, the top cavity mating plate, the dispenser
clamps, and the L-bracket. For the small waist cavity setup, I am including drawings for the
entire setup, the horizontal flexure, the vertical flexure, the lens mount, the curved mirror

mount, and the prism mirror mount for molasses beams.
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Figure A.1: All-metal gate valve for separating the science chamber and the loadlock cham-
ber. It was designed by VAT, and we selected the manual actuation option to avoid any
electromagnetic interference to the atoms. It can be baked to 200 C if the valve is closed.
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Figure A.2: The translator for moving the cavity horizontally between the science chamber
and the loadlock chamber. It was designed by Thermionics Northwest, and we again selected
the manual actuation option. The base flange was mounted to a flange on the loadlock
chamber. The cavity was attached to the end of the tube. The V-stand with two wheels
was used to support and guide the tube across two chambers, and was attached to a close
coupler of the chamber through two groove grabbers. During the installation process, we
have found that the feedthrough connectors on the utility hat were inappropriately sized, so

we have replaced it with a larger 5-way cross with feedthrough flanges.
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Figure A.3: An anti-reducing tee for attaching the loadlock chamber to two mechanical
support flanges below. This needed to be custom-made because our side flanges (6”) are
smaller than the base flange (8”), which is not a typical configuration.

205



A.2 In-vacuum MOT setup
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Figure A.4: Stainless steel base plate for holding in-vacuum MOT components, including two

magnetic coil mounts, a back mirror mount, two bottom mirror mounts, and two elliptical
mirror mounts. It is attached to the chamber through two groove grabbers.
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Figure A.5: Stainless steel mounts for winding the MOT quadrupole coils around. A venting
hole was later drilled to the base of each of the coil mount, so any trapped air pocket could
be outgassed, preventing virtual leaks. Two holes for guiding the outgoing Kapton wires
were chamfered to avoid stripping and shorting the wires.
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Figure A.6: Stainless steel mount for the back reflecting mirror and the quarter waveplate,
separated by a vented ring spacer.
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Figure A.7: Stainless steel mount for the bottom redirecting mirror and the quarter wave-
plate, separated by a vented ring spacer.
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Figure A.8: Stainless steel mount for the redirecting elliptical mirror.
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A.3 Cavity carrier setup
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Figure A.9: Stainless steel baseplate for mounting the cavity, four PEEK connectors, and
four dispensers. It is connected to the end of the translator tube through an L-bracket.

209



D D
© o0 @0 °
C C
© 0O © 0O
B © 0O © 0O B
l o ©0 ©0 | i
Ema‘;vity carrier assembly
A “M“;corplate A
4 3 *

Figure A.10: Macor plate for mounting four dispensers below via the copper clamps, and
providing electrical insulation across the positive and ground terminals. The 2-56 screw holes
are recessed to reduce the vertical space the structure takes up.
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Figure A.11: Aluminum top plate for mating and aligning the cavity to the stainless base-
plate. The four smaller holes are for 4-40 screws, and the four bigger holes are for dowel
alignment pins.
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Figure A.12: Copper blocks for clamping a Rb dispenser in between. The bottom piece
is screwed to the Macor plate from below via 2-56 countersunk screws, and the top piece
is screwed to the bottom piece with a dispenser in the middle via 2-56 hex head screws.
Spring washers are used to add a clamping force so that vacuum bakeouts do not cause
faulty electrical connections. A small hole on the side is designated for inserting the current-
carrying gold pin into, and a set screw comes in from another side to make good electrical
contact between the copper block and the gold pin.
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Figure A.13: Stainless steel L-bracket for attaching the cavity baseplate to the end of the
translator tube. It is reinforced with two diagonal bars.
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