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Abstract

Underlying matter and light are their building blocks of tiny atoms and photons. The ability to
control and utilize matter-light interactions down to the elementary single atom and photon level
at the nano-scale opens up exciting studies at the frontiers of science with applications in medicine,
energy, and information technology. Of these, an intriguing front is the development of quantum net-
works where N > 1 single-atom nodes are coherently linked by single photons, forming a collective
quantum entity potentially capable of performing quantum computations and simulations. Here, a
promising approach is to use optical cavities within the setting of cavity quantum electrodynamics
(QED). However, since its first realization in 1992 by Kimble et al., current proof-of-principle exper-
iments have involved just one or two conventional cavities. To move beyond to N > 1 nodes, in this
thesis we investigate a platform born from the marriage of cavity QED and nanophotonics, where
single atoms at ~ 100 nm near the surfaces of lithographically fabricated dielectric photonic devices
can strongly interact with single photons, on a chip. Particularly, we experimentally investigate
three main types of devices: microtoroidal optical cavities, optical nanofibers, and nanophotonic
crystal based structures. With a microtoroidal cavity, we realized a robust and efficient photon
router where single photons are extracted from an incident coherent state of light and redirected
to a separate output with high efficiency. We achieved strong single atom-photon coupling with
atoms located ~ 100 nm near the surface of a microtoroid, which revealed important aspects in the
atom dynamics and QED of these systems including atom-surface interaction effects. We present a
method to achieve state-insensitive atom trapping near optical nanofibers, critical in nanophotonic
systems where electromagnetic fields are tightly confined. We developed a system that fabricates
high quality nanofibers with high controllability, with which we experimentally demonstrate a state-
insensitive atom trap. We present initial investigations on nanophotonic crystal based structures
as a platform for strong atom-photon interactions. The experimental advances and theoretical in-
vestigations carried out in this thesis provide a framework for and open the door to strong single

atom-photon interactions using nanophotonics for chip-integrated quantum networks.
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1.1

2.1

Top: Optics and photonics applications in medicine, information technology and en-
ergy, sorted by the number of photons along the radial axis, for radio/microwave (la-
belled in green), visible/infrared (black), and x-ray (red) photons. The number labels
are ordered in increasing optical power, which correspond to Table 1.1. Center: Sin-
gle atom and photon as the building block for elementary quantum matter-light in-
teractions gives insights into future nanophotonics applications and powerful quantum
technologies beyond the classical realm (bottom section), as predicted by celebrated

physicist and Nobel laureate Richard Feynman in 1959. . . . . .. ... .. ... ...

Overview of atom-photon interaction. a) Two level atom interacting with a
single photonic mode a,, at rate g. b) Dressed atom energy levels Ej,, where j = g,e
for ground, excited states (dashed lines: absent atom-photon coupling). c¢) Excited
atom decay rate into the photonic mode a, (e.g., waveguide mode, intracavity mode),
I'p, and decay (loss) rate to the environment, I'y. The coupling rate between the mode
ap and detector is k, which is equal to I'y, in direct detection, but may be different
than T', for a cavity system. d) Probability P, of an initially excited atom to be in
the excited state after a time g;,t where g;, = 105M Hz. (i) Atom free-space decay
rate I'g/2m = 5.2 MHz. (ii) Enhanced decay rate I', = 2T'y. (iii) With g/27 = 105
MHz, /2 = 20 MHz, I'g/2r = 5.2 MHz (Cesium D2 line) [5]. e) Atom-photon
interaction strengths parametrized by x = I', /Ty for waveguides 1. to 3. and cavities
4. to 8. Limits are discussed in main text. Inset: Some data points showing x
realized in various experiments, la-1b: Nanofiber trap in [248] and [91], also with the
corresponding cooperativity parameter C for cavity QED systems with Fabry-Perot

(5a) [33], Microtoroid (7a-7b) [9] and [5]. . . . . . . ... ...
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Xiv
Atom-photon interaction without a cavity. a,c,e,f) Atom interacting with pho-
tonic mode a,, E(wp) is the oscillating electric field at optical frequency w,; o~ and
dge are atomic lowering operator and electric dipole moment; Hjy¢: atom-photon inter-
action Hamiltonian; Py, Pg, Pr: input, reflected, transmitted optical power; I', and
Ty are decay rate into photonic mode a, and decay (loss) rate into the environment
respectively; Ao and o are photonic effective area and atomic scattering cross-section
respectively. ¢) f: focal length of the pair of lenses; wi,: input Gaussian beam waist
(radius) size. b) Cesium D2 line energy levels/manifolds. d,g,h) T, R: transmittance
and reflectance; Rs. = o0o/Aesr, atom scattering rate, where o¢ is the atomic reso-
nant scattering cross-section. d) Results for strongly focused light; y: full model; x':
paraxial approximation; u = wi,/f, focusing strength; (i): Experimental result for T
of [233]. Top g) Comparison between our approximate model (solid curves) and full
results of [126] (dashed curves). Bottom g) Results using our model for parameters
in [248] (fiber radius 250 nm) and [91] (fiber radius 215 nm) with measurements of
(1 —T) shown by (i) and (ii) respectively. The variable d is the atom to fiber’s surface
distance. h) Contour plot of x. Points (i) and (ii) correspond to parameters in [248]
and [91] respectively. g,h) As evident in g), the prediction model agrees with [91],

point (ii), but this is not the case for [248], point (i). This is discussed further in the
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XV
Atom-photon interaction within a cavity. a,b,c,d) Q: cavity quality factor,
Vim: cavity mode volume; P, Pr, Pr: input, reflected, transmitted optical powers;
g: atom-photon coupling rate; r;: intrinsic cavity loss; Kex: extrinsic input/output
coupling rate; Fnya.x and E(7,) are the maximum electric field and the electric field
at atom’s position 7; I'py: atom’s decay rate into cavity photonic mode; I'p: atom’s
decay rate into the environment. e,f) C: cooperativity parameter; x = I',/To; d =
atom-to-surface distance. a) Fabry-Perot cavity; labels in e) and f): al, experimental
parameters of [33], a2, ultimate limit [33]. b) Microtoroidal cavity; labels in e) and
f): bl and b2, experimental parameters of [9] and [5], b3 and b4, projected limits
[224, 131]. ¢) Atomic mirror cavity (formed by 2 Ny, atoms): cl, prediction from [41]
with |E|/|Emax| = 0.33, ¢2, with |E|/|Emax| = 1. d) Photonic crystal cavity: d1-d4
for currently realizable @Q/Vy, value to the projected limit [147], with |E|/|Emax| = 0.5,
d5-d8 for same range of Q/Vy, but with |E|/|Emax| = 1 and an enhancement factor of
10 in atom’s decay rate into the photonic mode that may be gained by utilization of
photonic crystal band structure effect. Note: al, a2, d5-d8 indicate values of x (with
Ty = 70, the free-space decay rate), they are not functions of d. The horizontal lines

serve as visual guides for comparison with other curves. . . . . . . . .. .. ... ...

Microtoroid cavity QED schematic. (a) Optical input/output coupling enabled
by a tapered fiber (diameter D¢) positioned at a small fiber/toroid surface-to-surface
gap zg < A. Spatial cylindrical coordinates {p, ¢,z} with origin at toroid center.
The toroid geometry can be described by its major (Dyp), minor (D,,), and principal
(Dp) diameters. On the toroid’s cross-sectional minor circle plane, @ describes the
latitudinal angle, and d = d(p, z) is the atom-to-surface distance. (b) Tapered fiber
optical input/output fields {ain, aout, bin, bout} coupled at rate kex to toroid counter-
propagating intracavity fields {a, b}, coupled by internal scatterers at a rate h, suffering
intrinsic loss at rate ;. A nearby atom located at 7is coupled to the cavity at rate g(7),
and has a free space spontaneous emission rate v. (c) i-iv): normalized electric field | E]|
profiles and the components {E?, Eg, Eg} (where 6 indicates the optical phase), with
B = 1.00|E[™, B2 = 0.086| E|™, P = 0.118| E[™**; v-vii) shows the lowest-
order mode function f(p,z) for a toroid with {D,, Dy} = {24,3} pm, m = 118 and
A = 852 nm, and the cross-sections along d and z. (d) SEM images of two fabricated

mictoroids with D, ~ 18 pm and D, ~24 pum. . . . . . . ... ... L.

48
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3.3
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Microtoroid-nanofiber optical coupling. a) Nanofiber (radius a) and micro-
toroidal cavity (principal radius rp, minor radius r, = 1.5 pm) interacting over an
effective interaction length Lg, with gap x¢, modeled as two parallel cylindrical waveg-
uides. b) Transverse cross-section of a pair of generic waveguides (a, b), with electric
fields (Fa, Eb), individual (one waveguide) refractive index profiles (n,, np), and com-
posite (two waveguides) refractive index profile n., along a spatial coordinate r. c)
Dispersion curves near phase-matching frequency wq; Ba, Bp: no coupling; 1, v2: lowest
order odd and even supermodes; ¢: phase-matching coefficient. d) Fiber V-parameter,
V = kay/n? —n2,, where k = 21r/\, n = 1.452 (SiO3), 1, = 1; (i) fiber radius a ~ 300
nm, (ii) @ = 215 nm; single-mode (V' < 2.405) shaded. e,f,h) Curves i-v: fiber radius
a = 215 nm and toroid principal diameter D, = 12, 12.3, 12.6, 12.9, 13.2 um (dashed
red curves: ¢ = 300 nm, D, = 12 um). e) tl, t2, t3: toroid whispering-gallery-mode
with azimuthal mode numbers 117, 118, 119 respectively, kg = 27/A, A = 852 nm.
f) Transmittance T' (zg is fiber-toroid gap). g) Oscillatory term Peg. of fiber-toroid
coupling strength (fiber radius 215 nm (blue), 300 nm (red)). h) Transmittance T' vs
0Ly, the deviation from Lg value that maximizes Pygc, at critical coupling. . . . . . .
Atom-toroid eigenenergy and spectrum. (a) Imaginary part of the eigenvalues
A; of the linearized systems as a function of detuning A.;, = w. — w, for a Cs atom
at ¢ = w/4 and gy /27 = 60 MHz critically coupled to a cavity with parameters
{ki,h}/2m = {8,0} MHz (Egs. (3.15)). (b) Normalized transmission (red), T, and
reflection (green), R, spectra as a function of cavity-atom detuning A, for g, = 0

and g /27 = 60 MHz (0 = 7/4) at critical coupling. . . . . . . ... .. ... .. ...
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Microtoroid cavity QED experiment setup. a) Schematic showing two ultra-
high-vacuum chambers connected by a differential vacuum tube, where a magneto-
optically trapped atom cloud is formed in the source chamber (left), loaded into an
optical conveyor belt dipole trap formed by counter-propagating red-detuned beams
A1, A2 whose relative frequency is chirped, transporting the atom cloud to the science
chamber where a microtoroid and nanofiber is located, mounted on top of nanoposi-
tioners. b) CCD camera images of atom cloud fluorescence, showing source atom cloud
(top left), cloud being transported to the toroid chip visible as a bright point (top right)
and final position at ~ 800 pum above the toroid chip (bottom panel). ¢) Top view.
d) SEM images of a microtoroid and tapered fiber. e) Fresh (blank) optical table in
2007, showing parts to be used to build the setup from scratch. f~-h) Completed setup
where the experiments [10] and [5] were conducted, showing the main two-chamber
setup in (f), various external cavity diode lasers, optical devices and optics supporting
the experiment in (g), and Ti:Sapph laser (for optical conveyor belt) and home-built
tapered amplifier units, with toroid characterization setup in the background (h).

Tapered optical nanofiber. a) Schematic of a tapered nanofiber, showing fiber
jacket (diameter Dj), buffer (diameter Dg), tapering region (total end-to-end length
Lt), nanofiber region (Lf) with uniform waist radius ¢ = D¢/2, and fiber cladding
(diameter D¢y) and core (diameter D¢y). Bottom: Two pair of blue- and red-detuned
z-polarized beams form atom trapping potential as shown in b) and z-polarized probe
beam shown by the gray arrow. c¢) Normalized electric field |E| profiles and the compo-
nents {EY, ES, EY} (where 6 indicates the optical phase and location along the z-axis.
Eg,0=0+ 2=0,0 =7/2 < z = \/4) for the nanofiber fundamental HE;; mode po-
larized along x, with E** = 0.892| |, B = 0.224| B[, B = (0.453| ™.
d) Theoretical prediction and experimental data of tapered fiber radius (r) profile along
the fiber axis (z), measured from hundreds of SEM images taken from seven fabricated
tapered fiber samples, such as the one shown in (iii). . . . . . ... ... .. ... ...
Electric field, E(z, y, z,t) of a single propagating beam in the plane y = 0. The input
beam is z-polarized. The electric field Re[E(x, y, 2,t)], with E(z,y, 2,t) defined as in
Eq. 3.27, is shown by the blue arrows. The red arrow indicates the beam propagation

direction. The field is shown for a) wt =0, b) wt=7/2, and c) wt=m. . . . . . . ..
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Total electric field, E(x, y, z, t) for two counter-propagating beams in the plane y = 0.
The input beams are z-polarized. The electric field Re[E(z,y, z,t)] is shown by the
blue arrows. The red arrows indicate the beams’ propagation directions. The electric
field is shown for a) wt = 0, b) wt = 7/4, and ¢) wt = 7. As opposed to Fig. 3.6,
the polarization of the electric field is linear at any point |r| > a (i.e., the polarization
vector has no ellipticity and E does not rotate in time at a given position r as in 3.6).
Electric field amplitude after interference, E(®t) = E(fwd) L E(owd) of two X =
937 nm beams (2-polarized inputs with ¢o = 0) with é¢, =0, at ¢t = 0 and r = a..
The fields are normalized to the intensity Iy at r = ay, ¢ =0, z = 0. a) Axial direction
z (at ¢ = 0). b) Azimuthal direction ¢ (at z = 0). In particular, Et°") has a fixed
linear polarization at any given point r which rotates as r is varied. . . . .. ... ..
Nanofiber mode effective area. Contour and cross-sectional plots of A2 /Aesr show-
ing atom-photon interaction strength profile, for a nanofiber HE;; mode, z-polarized in
(a) and circularly-polarized in (b). The contour plot corresponds to nanofiber radius a
= 215 nm. For the cross-sectional plots, the curves colored in red, blue, green, magenta
correspond to @ = aopy = 0.23\ = 196 nm (the optimum fiber radius that holds for any
A; here we choose A = 852 nm), a = 215 nm, a = 250 nm, a = 150 nm respectively.

Tapered nanofiber fabrication and experiment overview. a) Schematic showing
a nanofiber mounted on an aluminium holder inside an UHV chamber, with three pairs
of counter-propagating magneto-optical trapping and cooling beams forming cold atom
cloud overlapped with the nanofiber. b) Photograph of the vacuum chamber, with
arrow pointing towards the red-glowing nanofiber. ¢, e€) Close-up and environment
pictures of our old taper-pulling setup. d, f) Close-up and clean-hood environment
pictures of our improved taper-pulling setup used to fabricate tapered nanofibers for

our nanofiber atom trap experiment. . . . . . . . ... ... L.
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Xix
Nanophotonic beam and mirror. a) Schematic of a nanobeam device showing
optical fiber to silicon nitride waveguide butt-coupling, adiabatic adapter to nanobeam
mode (z1-z6), a nanobeam waveguide with width w and height h, followed by a pho-
tonic crystal mirror (z8-z9). The dimensions are discussed in the text. b) SEM
images of a fabricated device (courtesy of Painter group), showing a sample struc-
ture with ~ mm size thru-hole in (i), fiber butt coupling (ii), nanobeam waveguide
with electric field profile (iii), and photonic crystal mirror at the end (iv). c¢) Nor-
malized electric field |E| profiles and the components {EY, ES E?} (where 6 indi-
cates the optical phase and location along the z-axis). E.g., 8§ = 0 < z = 0,0 =
7/2 <> z = A\/4) for the nanobeam fundamental HE;; mode polarized along z, with
B = 0.840| B, B = 0.340| B[, B = 0.560(E[™*. .. ..o oo
Single nanobeam mode effective area. Contour and cross-sectional plots of A\?/Acg
showing atom-photon interaction strength profile, for a single nanobeam fundamental
a-polarized mode. a) The contour plot corresponds to nanobeam with width w = 300
nm and height A = 200 nm. b) For the cross-sectional plots, the curves colored in red,
blue, green, magenta, brown, cyan, and orange correspond to single nanobeam with
height h = 200 nm and width w = 100, 150, 200, 250, 300, 350, 400 respectively. Each
row in (b) show the same curves, over a different domain. In the first column, the
behavior close to the surface is more clearly shown while in the second column, the

behavior far from the surface is more clearly displayed. . . . . .. ... .. ... ...



3.13

3.14

XX
Double nanophotonic beam and mirror. a, ¢) Schematic of a double nanobeam
device showing optical fiber to silicon nitride waveguide butt-coupling, adiabatic adapter
to nanobeam mode, a Y-junction single-to-double beam mode converter, a double
nanobeam waveguide with width w, height h, separated by a gap, followed by a
photonic crystal mirror. The dimensions are discussed in the text. b) Dispersion
curves showing effective refractive index neg = (/k where 8 = propagation constant
of the guided mode, & = 27/\ = free-space wave number, & = 200 nm and n =
2.0, of the first lowest order supermodes, for symmetric (even) modes: z-polarized
(i) and y-polarized (ii), and anti-symmetric (odd) modes: x-polarized (iii) and y-
polarized (iv). Higher-order modes start to appear beyond V ~ 3 in the shaded
region. c¢) Double nanobeam waveguide. d) Normalized electric field |E| profiles
and the components {EgEg,Ef} (where 6 indicates the optical phase and location
along the z-axis. E.g., 8 = 0 < z = 0,0 = 7/2 < z = A/4) for the double
nanobeam (w = 300 nm, h = 200 nm, gap = 200 nm) four lowest order modes polar-
ized along x. For (i), E** = 0.920|E|™a, B = 0.440| B[, E7& = 0.429| B[,
For (ii), B = 0.454|E|™m® FRe = 0.895|E[M™, E1™ = 0.469|E[™**. For (iii),
ER® = 0.863|E[", B = 0.445|E|™ex, EPex = 0.572|E[™**. For (iv), EF*™ =
0.498| B[, B = 0.910| B[, P = 0.446|B[™™. . . ..o
Double nanobeam mode effective area. Plots of \?/A.g showing atom-photon
interaction strength profile, for a double nanobeam lowest-order z-polarized (even)
mode. a) Contour plot corresponds to nanobeam with width w = 300 nm, height h =
200 nm and gap = 200 nm. b) Plot of A\?/A.g at {z,y} = {0,0} as a function of varying
gap parameter. The curves colored in red, blue, green, magenta, orange correspond to
double nanobeam with height A = 200 nm and width w = 150, 200, 250, 300, 350 nm
respectively. c-d) Cross-sectional plots for double nanobeam structure with height h
= 200 nm, varying widths w as labeled in each panel. For each panel, the gap size is
scanned from gap = 100 nm (lightest blue) to gap = 500 nm (darkest blue) in steps of

50 nm. In c), the plots are along z-axis (y = 0), and in d), the plots are along y-axis
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Nanophotonic beams and cavities experiment setup. a) Schematic of exper-
imental setup showing two chambers separated by 70 cm connected by a differential
pumping tube, where a magneto-optically trapped atom cloud is formed in the first
chamber (i), pierced through by a near-resonant push beam (green arrow) that forms a
jet of atoms, to be captured by a second magneto-optical trap in the science chamber
(vi) formed by three pairs of counter-propagating beams shown by the red arrows, and
in b). Following this stage, the cloud of atoms in the science chamber is transported
and recaptured by a mini-magneto-optical trap inside the chip’s thru-hole over the
nanophotonic devices, formed by three pairs of small counter-propagating cooling and
trapping beams shown in b). The setup is designed with multiple vacuum valves (ii),
(iii), (iv) allowing frequent loading/unloading of nanophotonic device chip mounted on
a multiplexer (vii) and translation stage (viii). ¢) Fluorescence image showing atom
cloud transport from science chamber large MOT to mini-MOT inside the chip, taken
with CCD camera with viewing direction shown by the cyan arrow in a) and b), also

shown on the right panel of b). d) Setup built for our experiment. . . . . .. ... ..

(a) Simple depiction of one atom coupled to a toroidal cavity, together with fiber taper
and relevant field modes, with rates (giw, Kex, %1, 1) as defined in the text. (b-d) Theo-
retical plots for the parameters of our experiment, (giw, Kex, Ki, 1) /27 = (50, 300, 20, 10)
MHz, with wa = wc. (b, ¢) Transmission and reflection spectra T'(A), R(A) for
Gout, bout as functions of probe detuning A = we — w, with and without the atom. (d)
Theoretical intensity correlation functions versus A for the transmitted (gg? )(T =0))
and reflected (gg) (1 =0)) fields. (e) Schematic of our experiment. . ... ... ...
(a,b) Average atom transit signals for (a) transmission 7o(¢) and (b) reflection R (%)
of the probe field. As shown in the inset in (a), the transit selection criteria are set
to be Cy, = 4,5,6, where in all cases, Atatom = 4us. (c,d) The intensity correlation
functions gr(ﬁ )R(T) for the transmitted field a,y,: and the reflected field by,;. For (a-
d), 7 = 0.093 photons. Solid lines are a theoretical calculation using the parameters

(Gtw Kex, ki, 1) /2 = (50,300, 20, 10) MHz. Dashed lines are the same calculation with

4% background counts. . . .. ..o
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xxil
(a) False detection ratio F, (b) transmitted signal To(t = 0) at the center of an atomic
transit, and (c,d) intensity correlation functions g(T27 )R(T = 0) at zero time delay for the
transmitted T and reflected R light as functions of the threshold Cyy, for the selection
of atom transits. In all cases, Atatom = 4us and . =0.093. . . . ... ... ... ...
(a) Transmitted signal To(t = 0) at the center of an atomic transit and (b) intensity
correlation function 91(12 ) (7 = 0) at zero time delay for the reflected light for various
values of intracavity photon number 7. Points are experimental data averaged over indi-

vidual transit events. Solid lines are from a theoretical calculation with the parameters

(gmin gmaz k.« ki, h)/2m = (35,65, 300,20, 10) MHz where instead of a single value of

i

Jew WE USe an average over gio far

" to gie®. Dashed lines are the same calculation, but

with the assumption of background counts of 4% of the signal. . . . . . ... ... ..

Radiative interactions and optical potentials for an atom near the surface
of a toroidal resonator. (a) Simple overview of the experiment showing a cloud
of cold cesium atoms released so that a few atoms fall within the evanescent field of
a microtoroidal resonator. Light in a tapered optical fiber excites the resonator with
input power P, at frequency wy, leading to transmitted and reflected outputs Pr, Pgr.
(b) Cross section of the microtoroid at ¢ = 0 showing the coherent coupling coefficient
lg () = g(p, z,¢)| for a TE polarized whispering-gallery mode. The microtoroid has
principal and minor diameters (D, Dy,) = (24, 3) pm, respectively. (c) (i) Coherent
coupling |g(d, z,¢)| for the external evanescent field as a function of distance d =
p— Dy /2 from the toroid’s surface for (z, ¢) = (0,0). (ii) The effective dipole potentials

Uq for resonant wy, = w§0)7 red wp < w§°>

and blue wy, > w§0) free-space detunings of the
probe P, (intracavity photon number ~ 0.1, circulating power ~ 100 nW, circulating
field intensity at surface ~ 0.01 gW/um?). The Casimir-Polder surface potential U
for the ground state of atomic Cs is also shown. (iii) The atomic decay rate v(d) as a
function of distance d from the toroid’s surface for TE () and TM (1) modes. All
rates in this figure are scaled to the decay rate in free space for the amplitude of the Cs

6P/ — 6519 transition, vo/27 = 2.6 MHz. The approximate distance scale probed

in our experiment is 0 <d <300 nm. . . . . .. ..o
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xxiii
Observation (a) and simulation (b-e) of atomic transits within the evanes-
cent field of the micro-toroidal resonator for A, = A,, = 0. a) Observed
cavity transmission Tp(t) versus time t following a triggering event at ¢ = 0, with
approximately 5 x 10* triggered transits included. The data are fit to the sum of an
exponential (I) and a Gaussian (IT) (green curve), with time constants §t; = 0.78+0.02
us and dtrp = 3.75+0.09 us, with each component shown by the dotted lines. (b) Sim-
ulation result for 1000 triggered atoms for the cavity transmission T](;) (t) versus time
t (points) from an ensemble of triggered trajectories. The green curve is a fit to the
sum of an exponential and Gaussian with time constants 5t§s) = 0.69 us, 515%15) =4.0
us while the dotted lines represent the individual fit components. c-e Probability den-
sities p;(d), pi(g),pi(0.) for the distance d, coupling g, and transition frequency shift
0o = wa(d) — w” from the same simulation set as for (b). {d,g,0.} are averaged over
the first 500 ns following the trigger. For these results, the trajectories are divided
into two classes based on simulated detection events for photon tranmission, ¢ = {I,II}
corresponding to the two time constants 5t§s) (blue shaded curve) and 515%?) (red shaded
curve) in (b). This is a stochastic division and hence the distributions and trajectory
characteristics show some overlap between sets I and II. Note: Intracavity photon num-

ber ~ 0.1, circulating power ~ 100 nW, circulating field intensity at surface ~ 0.01
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xxiv
Dynamics and trajectories for strongly coupled atoms moving in surface
and dipole potentials {Us,U}. (a) Transmission T(¢) for Ac,/2r = —40 MHz
(left) and +40 MHz (right) measured after an atom trigger at ¢ = 0. In each panel,
the circles are data for 2 x 10% trigger events; the lines are simulations of T'(t) for the
full model (blue), for Us = 0 (magenta), and for U; = Ug = 0 (green). Exponential
fits to the data give time constants dt,.q = 0.11 £ 0.01 and dtpie = 0.53 £ 0.03 us,
while fits to the full simulation yield time constants 5t£;)j =0.19+£0.02 ps and 5t£811)4e =
0.59 £ 0.06 us, where quantitative differences are attributed to simplifications inherent
in the simulation model (see SI). (b) Representative atomic trajectories projected onto
the p — z plane for simulations in panel (a), with the TE mode intensity plotted on
a gray scale. The upper panels are for Ag,/2m = —40 MHz while the lower panels
are for Ac,/2m = +40 MHz. The color bars at the top of the panels match the colors
of the curves in (a). For each panel, orange lines are untriggered trajectories, while
triggered trajectories are represented by blue lines which turn red after a trigger at
t = 0. (c¢) Simulations showing trajectories from a full 3D simulation with Us, Uy, as
well as a two-color dipole potential (FORT) triggered “on” by atom detection at ¢ = 0.
Aca/2m = +40 MHz in correspondence to (a), (b). Blue lines represent falling atoms
with the FORT beams “off” (¢t < 0), while red lines are trajectories after the FORT is
triggered “on” and an atom begins to orbit the toroid. To illustrate the timescale, the
trajectories are colored pink for ¢ > 50 us. Note: intracavity photon number ~ 0.1,

circulating power ~ 100 nW, circulating field intensity at surface ~ 0.01 yW/um?.
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Transmission T'(w,) and reflection R(w;,) spectra for single atoms coupled to a
microtoroidal resonator. (a) cQED eigenvalues A1 o for {h, g}/2m = {10,40} MHz
as a function of atom-cavity detuning A.,. The dashed lines indicate the detunings for
the spectra in the following panels. (b) T;(wp) for Ac,/2m = +60 MHz for the empty
cavity ¢ = NA (red) and with atoms ¢ = A (blue) calculated from a simple average
for falling atoms over the distribution pg.(g) (inset) absent cavity and surface forces.
Awpeaks is computed from the frequency difference for the peaks indicated by arrows.
(c-d) Experimental reflection R;(A,,) and transmission T;(Ap,) spectra with the peaks
used for Aweyp indicated. Curves are results of the full Monte Carlo simulation and the
color scheme is the same as in panel b. e Difference spectra AR = R (Apa) —Rna(Apa)
and AT = Tx (Apa) — Tiva(Apa) for A, /27 = +60 (1,ii), +40 (iii,iv), —40 MHz (v,vi).
Green lines are simulation results for U, = Uq = 0, while blue lines are from the
complete simulation. Error bars are estimated from photon counting statistics and
systematic uncertainties. . . . . . . . ... Lo L Lo
Photon statistics for localized atoms with A., = 0,A,, = 0. Cross-correlation
Ci2(7) (blue circles) computed from the records of photoelectric counts at detectors
Dy, D5 from the forward flux Pr from a sum over many atom trajectories showing
photon antibunching around 7 = 0, with C'15(7) obtained from the product of averages
of the recorded counts at each detector for comparison (black circles). The red curve is
a calculation for the two-time second-order correlation function from the full simulation
scaled by a single parameter to match Cy2(7) at 7 = £40 ns. (i) Expanded view of
C12(7) and C1o(7) over full range of 7, with the long decay time of ~ 2 us originating

from the atom transit times (Fig. 2a) and the classical variance between transits. . . .
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Schematic of microtoroidal cQED system. (a) A microtoroidal resonator sup-
ports counter-propagating travelling wave modes {a,b} coupled at a rate h. The cir-
culating fields decay at a rate K = K; + Kex Where k; is the resonator intrinsic loss
rate and Kex = \/m is the coupling rate between the cavity and a tapered fiber
at critical coupling. An optical switch controlled by an FPGA selects a driving field
conditioned upon detection of an atom coupled to the cavity normal modes at a rate
g. The all-in-fiber switch and beam splitter network delivers a power P, to the mi-
crotoroid. Transmitted power Pr and reflected power Pg are detected by four single
photon counting modules (SPCMs) and digitally recorded by a counter card. (b) A
cloud of cesium atoms from a separate ‘MOT chamber’ is transferred via a differen-
tial pumping tube by an optical conveyor belt into the ‘science chamber’ and released
800 pm above a microtoroid. . . . . . ... oL Lo
Real time detection of single atom transits. (a) Normalized transmission spectra
T(Apa) as a function of probe detuning A, for ¢ = 0 and g/27 = 50 MHz (6 = 0
and @ = 7/4) at critical coupling. The spectrum for § = 7/2 is the mirror image of
the 6 = 0 case about the Ap, = 0 axis. (b) Transmitted photon flux as a function of
g for A, = 0. An atom trajectory with increasing g (say from g = 0 to g/2m = 50
MHz) results in increased Pr illustrated by the cyan arrow. (¢) Experimental counts
C1(t) + Co(t) for 1501 transits from 596 atom drops with 4% false detection rate where
the triggers are aligned at ¢ = 0. (d) The same data aligned by redefining ¢ = 0 to
be the mean photon arrival time for each individual transit (blue). This alignment
removes selection biasing seen in panel (a) and allows plotting of the distribution of
trigger times relative to the transit center (red). Most triggers occur just prior to the
peak of transmission of atom transits. The data in (c¢) and (d) have been smoothed for
clarity, which artificially broadens the selection biasing effects in (c¢). In (b), (c¢) and
(d) the maximum off-resonant transmitted photon flux is Pr = 18 MCts/s ~ 4 pW.

Sample distributions p(g) calculated for (a) A.,/27 =0 and (b) A../27 = +60
MHz. The analytic model is shown in red while the equivalent distribution from the
Monte Carlo model with Uq = U = 0 is shown in blue. The distribution from the full
Monte Carlo simulation with all potentials is shown in black for comparison. In both

cases, the additional forces pull the distribution toward lower g. . . . . . ... .. ..
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Calculated atom-surface potential U for a Cesium atom at distance d from
a SiO, surface with radius of curvature R = D,,,/2 = 1.5 um (red) and R — oo
(blue). The limiting cases for R — oo are shown as dotted lines. In the region where
surface forces are important, the cylindrical correction provides an accurate expression
for the CP potentials. For d > R, the cylindrical correction formula is no longer valid.
Experimental spectral data for various cavity detuning cases: (a) A.,/27 =
+40 MHz. (b) Aca/2m = —40 MHz. (c) Aca/27 = +60 MHz. In each difference
spectrum, we plot the simulation for the full model (blue), Uq = 0 (cyan), and Us = 0
(magenta), and Ug = Us = 0 (green). The full simulation and Uyq = Us = 0 cases also

appear in Fig.5.4. . . . . oL Lo

Variations of the dipole decay rate 75(d) for a dipole oriented parallel (||) and
perpendicular (L) to the surface normal as a function of distance d from a
semi-infinite region of SiO,. The decay rate is in units of the vacuum decay rate
Yo and the wavelength of the transition is A=852nm.. . . . . .. ... ... ... ..
Dispersive response functions for SiO; and cesium atoms. (a) The dielectric
function €(i§) for SiOq evaluated for frequency ¢ along the imaginary axis. (b) Total
atomic polarizability «(i€) evaluated for frequency £ along the imaginary axis for the
651 /2 ground state (red) and the 6P;/, excited state (blue) of cesium calculated as
described in 6.2.6. . . . . ...
Atom-surface potentials Ug (red) and US* (blue) for a cesium atom at dis-
tance d from an SiOy surface. The solid lines are for a planar surface whereas
the dashed lines are for a curved surface with radius of curvature R = D,,/2 = 1.5
pm. The limiting regimes for U with a planar surface are shown as dotted lines, each
calculated from analytic expressions not using the Lifshitz formalism. The cylindri-
cal surface correction weakens the potential, which is noticeable in the retarded and
thermal regimes. . . . . . . .. e
Plots of T(gtw,0,P) for (a) Ac./2m = 0 MHz, and (b) A../27 = 60 MHz,
calculated numerically from (3.13). Atoms with higher g, generally have higher
T and a larger probability for detection. The variation of T" with € is evident, with a

different periodicity for the two cavity detunings. . . . . . .. .. ... .. ... ...
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Distributions p;—o(g) of coupling constants calculated for (a) A.,/27 =0 and
(b) Aca/2m = +60 MHz. Distributions from the analytic model (red), semiclassical
trajectory simulation with no dipole or surface forces (blue), and the simulation with
all forces (black) are shown for comparison. (¢) Experimental cQED spectra data for
cavity detuning Ac,/27 = 60 MHz (blue points) from [5] plotted with model spectra
calculated from the distributions p;—o(g) in panel (b). The red is the analytic model
of Section 6.2.7 and black is the semiclassical simulation. . . . ... ... ... .. ..
Probability distribution p;—o(f) of atomic azimuthal angle § = m¢mod 27 at
transit detection time ¢t = 0 presented as histograms of simulation runs.
Shown are the cases for cavity detunings (a) Ac, = 0 (green) and (b) Acy/2m = +40
MHz (blue) and Ac,/27m = —40 MHz (red, semi-transparent). Normalization is such
that the sum across all @ isunity. . . . . . . . . . . . ... ... ...
Simulated trajectories for model parameters P; 2 (Ac./27 = 40 MHz) plotted
for four models of radiative forces: the full semiclassical model, U; = 0,
Ug =0, and Ugs = Ug = 0. For the full model, a three-dimensional representation
is shown, while trajectories are projected onto the two-dimensional p — z plane for all
conditions. Magenta trajectories represent un-triggered atoms, blue paths are detected
atoms for t < 0 and red paths represent atom trajectories after the trigger for ¢t > 0. .
(a) The trapping potential U; along the z = 0 axis with the CP potential included.
Also shown are the red and blue evanescent potentials of the two trapping modes, Uy,
respectively. (b) The mode function used in Uy for the 898 nm mode with m = 106.
(¢) Simulated trajectories for trapping simulations with an eFORT Uy triggered “on”
by atom detection at ¢ = 0 with A., = 0. Falling atoms with the FORT beams
“off” (t < 0) are colored blue, whereas trajectories after the trap is triggered are red.
Trajectories are colored pink for ¢ > 50 us to illustrate the timescale. Roughly 25% of
the triggered trajectories become trapped. (d) Same as (¢) showing only the trapped
trajectories and a clearer view of atom orbits in the evanescent trap. Note: this figure

appears in [228]. . . . ... L
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Whispering gallery modes of a microtoroid. a) Transverse cross-sectional plots
showing electric field amplitude |E| for the first six modes of a silica microtoroid with
principal diameter D, = 24 pm and minor diameter D,, = 3 pm, for z-polarized
(unprimed labels) and p-polarized (primed labels) modes. b) Plots of azimuthal mode
number m as a function of toroid’s resonance frequencies f, showing a ‘forest’ of modes
in the spectrum, for m = 117 (red), m = 118 (blue), and m = 119 (green). The plots
in a) corresponds to m = 118. ¢) Sensitivity of resonant frequency for m = 118, z-
polarized mode (the mode used in the experiment described in Chapter 5) as a function
of principal diameter Dy, (for minor diameter Dy, = 3 pm) and temperature change 6T
inKelvin. . . . . 0o 0 e
Nanofiber atom trap and microtoroid cavity scheme. a) Top view of experimen-
tal setup for atom trapping next to a microtoroidal cavity using a tapered nanofiber.
Right diagram: Atom cloud transported by a free-space optical conveyor belt (one-
dimensional dipole trap lattice) formed by counter-propagating red-detuned beams
(red arrows), which is loaded into a nanofiber trap (formed by two pairs of red- and
blue-detuned beams using our magic-compensated scheme described in Chapter 7, red
and blue arrows) as it is cooled by polarization-gradient cooling beams (green arrows),
and transported along the fiber by another optical conveyor belt to the toroid. The gold
mirror provides reflections of the cooling beams (green arrows) in the vertical plane,
and the copper plate provides thermal conductivity for cavity temperature control. b)
Photon counts measured at the output of the fiber coming from fluorescence of atom
cloud in the conveyor belt trap at the science chamber (overlaped with tapered fiber).
The y-axis is the ratio of photon counts with atom and without atom, Catom/Choatom-
A resonant pumping beam that illuminates the atom cloud and nanofiber in the cooling

beam direction labeled (i) is turned on at ¢ = 0.04 ms, and turned off at ¢ = 0.9 ms. .
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Trapping atoms near a nanofiber and a microtoroid. a) Schematic of a micro-
toroidal cavity and a nanofiber for trapping atoms in the evanescent field of the toroid’s
whispering gallery mode. b) Dipole trap potential U around the nanofiber far away
from the toroid, using the fundamental HE;; mode of the nanofiber (radius a = 215
nm) is shown by curve (i) in a) and b). The left end of the plot is at 2 = x1 = 215 nm
(the fiber’s surface), while = x6 is the toroid’s surface for the trap potential curve (ii)
in b) and a), which takes into account the even and odd supermodes as equal superposi-
tions. The almost vertical line at © = x2 represents the Casimir-Polder potential ‘cliff’
that diverges to —oo at the nanofiber surface. c) Electric field amplitude |E| profiles
for the lowest order even and odd supermodes for A = 687 nm and 937 nm, treating the
nanofiber and toroid as two silica parallel cylindrical waveguides with diameters 430
nm and 3 pm respectively. d) Trap potentials, U, at the closest approach plane (ii)
in a), for F'=4 ground state (thick colored curves), F=3 ground states (black dashed
curves), and F'=4 excited states (thin colored curves). The same set of red curves are
shown in b) and d). The orange curve in d) shows the atom-toroid coupling rate g,
with g/27 = 20, 30, 45 MHz at x3, x4, x5 respectively. A typical experimental value
for the total cavity decay rate achieved for the toroid geometry considered as described

in Chapter 5is k/2r =20 MHz. . . . . . . .. ... L

Nanofiber atom trap scheme. a) Schematic of our magic-compensated nanofiber
trap scheme, consisting of two pairs of red- and blue-detuned counter-propagating x-
polarized beams. b) Electric field profiles for z-polarized Ayeq = 937 nm red-detuned
(first row) and Apjye = 687 nm blue-detuned (second row) beams on the x — y plane
(second column) and x — z plane (third column), with 3D cartoon illustration in first
column. c¢) Other schemes utilizing pair of red-detuned beams and a single blue-detuned
beam, with orthogonal and parallel polarizations in (i) and (ii) respectively. d) Ground
state (cesium 65 /o, F' = 4) trap potential for the scheme shown in a) with Ajeq = 937

nm, Peq = 2% 0.4 mW, Apue = 687 nm, Ppye = 2Xx 5 mW, nanofiber radius a = 215

nm, with a simple Casimir-Polder potential Ucp ~ —1/r% near the surface of nanofiber. 170
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Effectiveness of the magic-compensated trapping scheme. a) (i) Nanofiber
trap scheme of [248] (orange color code); (ii) Our magic-compensated trap scheme
(cyan color code), with magic wavelengths for the 65,5, F = 4 — 6P55, F' = 4
transition of the Cs Dy line shown in (iii) and (iv). The light shifts U5 are for a
linearly polarized beam with constant intensity 2.9 x 10° W m ™2 around (iii) the blue-
detuned magic wavelength at Apjye ~ 684.9 nm and (iv) red-detuned magic wavelength
at Areda =~ 935.3 nm. b) Atom energy levels for the configuration shown in (i) of a),
orange color code, using parameters of [248]. Trap minimum is located at ryap — @
= 230 nm from the fiber surface, where the fiber radius is ¢ = 250 nm. c) Atom
energy levels for the magic-compensated scheme shown in (ii) of a), cyan color code,
using the parameters Ajeq = 935.3 nm, Peq = 2X 0.95 mW and Apjue = 684.9 nm,
Polwe = 2x 16 mW. Trap minimum is located at 7¢ap —a = 200 nm from the fiber
surface, where the fiber radius is a = 250 nm. b-c) The energy sublevels of the ground
states F' = 3 and F' = 4 of 65} /o are shown as solid green and dashed black curves, and
the F' = 4 sublevels of the electronically excited state (6P;,2) are shown as red dashed
curves. In the first column are radial trap potentials (¢ = z = 0); second column,
axial trap potentials (r = ryap, = 0); and third column, azimuthal trap potentials
(r = Trap, 2 = 0). In c), the compensation configuration leads to suppression of energy
level splitting spreads due to vector shifts of the blue-detuned beams, and the use of
magic wavelengths minimizes differential energy shifts between the ground and excited

states. . . . . e e e e e e e e
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XXx1i

Trapping potential for nanofiber atom trap experiment with magic-compensated

scheme. a-b) Adiabatic trapping potential Uy,,p, for a state-insensitive, compensated
nanofiber trap for the 657 /3, F' = 4 states in atomic Cs outside of a cylindrical waveg-
uide of radius @ = 215 nm. Contour plots show Uy, for the ground state F' = 4 of
651 /2. For the cross-sectional plots, Urap for the substates of the ground level F' = 4
of 65,5 (excited level F' =5 of 6P3/5) are shown as black (red-dashed) curves. (a)(i)
azimuthal Uiyap (@), (ii) axial Uyap(2) and (b) radial Uyap (r — a) trapping potentials.
The trap minimum for 65 /5 is located at about 215 nm from the fiber surface. Input
polarizations for the trapping beams are denoted by the red and blue arrows in the inset
in (b). Here we utilize a pair of counter-propagating z-polarized (pg = 0) red-detuned
beams (Preqd = 2 X 0.4 mW) at A\jeq = 937.1 nm, and counter-propagating, z-polarized
blue-detuned beams (Pyiue = 2 X 5 mW) at Apiue = 686.1 nm as described in Sec. 7.4.
The resulting interference is averaged out by detuning the beams to dy, = 382 GHz.
Due to the complex polarizations of the trapping fields, the energy levels are not the
eigenstates of the angular momentum operators, but rather superposition states of the
Zeeman sublevels. Note that there were errors in our initial calculation in [142], which
led to the magic wavelength values A\eq = 937.1 nm and Apjye = 686.1 nm, used in
our experiment. The correct magic wavelength values are A\.oq = 935.3 nm and Apjyue

= 684.9 nm [64]. The plots in this figure are based on the corrected equations [64], for

the actual wavelengths used in our experiment, A\jeq = 937.1 nm and Ap),e = 686.1 nm. 182

Tapered optical nanofiber fabrication. a) Schematic of tapered fiber pulling
setup. (la-c): Motorized and manual stages for Ha-O5 torch mount. (2a-c): Hydrogen-
oxygen torch, with a 1.2 mm diameter single-orifice nozzle as shown in part ¢) (iii)
of figure. (3a-b): Computer controlled, high precision motorized linear stages. (3c):
Custom aluminium adapter blocks. (3d): Magnetic fiber clamps. (4b): Bare fiber to be
tapered. b-c) Photographs of setup and components. (5a): Precision manual transla-
tion stage used to hold experiment aluminium taper holder during gluing process. (4a):
Photodetector monitoring optical power transmission of fiber during pulling. (6a-b):
Microscope imaging and illumination. (10a-b): Hz-Os gas mass flow controllers and
filters. (7a): Air current shield used in pulling process. (8a): Class-100 cleanhood.

(9a): Flexible stainless steel braided gas hoses. (4a): Thermal fiber stripper. . . . . .
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xxxiii
Taper pulling motorized stages position and velocity trajectories. a-g) Posi-
tion and velocity trajectories programmed to the heating (i)-(ii) and pulling (iii)-(iv)
motors shown in h). a) Heating stage position, zy, as a function of time ¢, with the first
10 seconds of the sequence shown in b). c¢) Heating stage velocity, vy, as a function of
time ¢, also shown in d) for the first 10 seconds. e, g) Pulling stage position (z,) and
velocity (vp) trajectories. The insets in a) and ¢) show expanded views of the plots. In
(a,c,e,g), the time t1 corresponds to the optimized end time of the trajectory sequence
run used in our nanofiber fabrication, where in the time t = 0 — t = t1, z, moves by
zhl in the negative direction, and z, moves by zpl in the positive direction (see part
h)). To avoid abrupt motion at the turning points, the heating stage changes direction
in velocity with a sinusoidal profile over 100 ms as shown in (i) in d), expanded in f).
The computer controller takes all of the position and velocity trajectory inputs and
moves the motorized stages with high precision and smooth trajectories up to the jerk

(time derivative of acceleration). h) The motion of the stages from the start (¢ = 0) to

end (¢ = t1) pulled the fiber (v) heated by the flame (vi) from length L0 to length L1.

Tapered nanofiber shape. a) Theoretical prediction (curves) and measurement
data points of seven fabricated tapered nanofiber samples, showing the taper radius
(r) as a function of position (z) along the fiber axis. The shaded region between (i)
and (iii) shows the taper radius range where it is most critical to have a small slope
(42) to ensure adiabaticity and high taper transmission efficiency. b) The plot in
logarithmic scale, showing the exponential decay profile (linear in logarithmic scale)
and uniform waist radius at the 6 mm center nanofiber region. ¢) Expanded view
around the nanofiber waist, showing theoretical curves for heating length Ly, = 6 mm
(i) and Ly, = 5.9 mm (ii), and data points where circled data points are averaged and
shown as the sample waist radii in d). e) Data points and theory curve for one of the
seven samples. f) Hundreds of SEM images from seven samples like these make up the

data points in a-e). . . . . . .. L
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Adiabaticity condition and nanofiber transmission efficiency. a) Cross-sectional
plot showing taper radius (r) along the fiber axis (z) and the local slope 6(z) =
dr)

arctan(g- ).

v b) Histogram of N = 57 total fabricated taper samples, with number

of samples N = 41 for T > 90%, and N = 26 for T" > 95%. c) Normalized guided
mode propagation constant 8/k, k = 27 /A, A = 852 nm as a function of taper radius
(r), for core-cladding modes, HE;; (1a, blue) and HE;5 (1b, black), and cladding-air
modes, HEq; (2a, red) and HE;5 (2b, green). The expanded plot for these HEq; (2a,
red) and HEq5 (2b, green) modes are shown in d). The dashed line (ii) in ¢) and e) show
the radius where g (for HE;; core-cladding mode) is closest to § (for HEq2 cladding-air
mode), where it is most critical to suppress the slope %, to avoid excitation of the
higher-order mode HE;5 that would lead to transmission loss as it will leak out at the
small radius region where it is not supported by the waveguide (r < 0.5 um as can be
seen in panel d)). The shaded region bounded by (i) and (iii) represents the region
close to this critical radius (ii). e) Simulation of fiber profile slope g—; as a function
of z; (top) adiabaticity criterion (black) with + 3% taper radius (green) and + 10%
taper radius (red); (bottom) stochastic simulation of the slope distribution of 100 taper
pulling runs, using motorized stages with higher specification (orange) vs lower speci-
fication (blue). f) Stochastic simulation of 100 taper pulling runs result showing + 2%
nanofiber waist radius spread for the higher spec stages (i) and + 5% radius spread for
the lower spec motoroized stages (ii). Details of the motorized stages specifications are

discussed in the text. . . . . . . . . e e
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Scatterers and contamination on nanofiber samples. a) Faint glow visible from
a nanofiber in a clean and good condition. b) Brighter glow as cleanliness decreases,
but the glowing from Rayleigh scattering is still uniformly distributed, suggesting ab-
sence of large scatterers. c¢) One large scatterer can be observed, associated with the
bright glowing point. One large scatterer such as this could be sufficient to induce
local heating and melting with optical guided power of 10-100 pW inside vacuum en-
vironment. The setup in the photo here is in air (not in vacuum). d) Numerous large
scatterers observed. The photos in a-d) were taken over a period of about 30-40 minutes
with /= 10 minutes interval. e) Plastic shielded area below a HEPA-filtered cleanhood
fans above our experiment setup. Here clean air current could keep a nanofiber sample
inside the space clean for multiple days. f-j) SEM images of broken (melted by guided
optical power) tapered nanofiber which had been exposed to cesium atoms inside a
vacuum chamber. . . . . . ..o L
Nanofiber atom trap setup. Schematic of the setup for a state-insensitive, com-
pensated nanofiber trap. VBG: volume Bragg grating, DM: Dichroic mirror, PBS:
polarizing beamsplitter, and APD: avalanche photodetector. The inset shows an SEM

image of the nanofiber for atom trapping. . . . . . . . ... ... oL
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XXXVi
Single nanobeam waveguide single atom transmittance and reflectance with
atom-surface induced level shifts. a) (i) Atom ground state Casimir-Polder level
shift as a function of atom-to-surface distance d. Solid curves: Uy = A x C}/d3, where
CY, is the van der Waals coefficient for cesium and silicon nitride (infinite planar) surface,
and A =1,1/2,1/3,1/4 for the black, red, green, blue curves respectively. The black
data points are a full simulation taking into account the finite nanobeam’s closest
surface height (height A = 200 nm, infinite length), calculated using finite element
differential level shift of the ground and excited state (Us = 2U,). b-c) Transmittance
(T') and reflectance (R) of a single nanobeam waveguide with a single atom located at
atom-to-surface distance along the z-axis (i.e., at y = 0), dx, for a single nanobeam with
height h = 200 nm, and width w = 100, 150, 200, 250, 300, 350, 400 nm corresponding
to the red, blue, green, magenta, brown, cyan, orange curves respectively. Part ¢) shows
the same curves as part b) but across different range to highlight the longer distance
behavior. d-e) Transmittance (7') and reflectance (R) of single nanobeam waveguide
with a single atom located at atom-to-surface distance along the y-axis (i.e., at © = 0),
dy, for a single nanobeam with height h = 200 nm, and width w = 100, 150, 200, 250,
300, 350, 400 nm corresponding to the red, blue, green, magenta, brown, cyan, orange

curves respectively. . . . ... Lo
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Cold atom cloud near a single nanobeam structure. a) Schematic of a silicon
chip with a 3 mm x 1.5 mm through-hole with five nanophotonic devices butt-coupled
to five optical fibers, and a cold atom cloud overlaping the center device, shown in
(). Part (ii) shows a close look of the center single nanobeam photonic device with
butt-coupler at one end, a photonic crystal mirror at the other end, and a cold atom
cloud centered on the uniform nanobeam waveguide section at the center. Part (iii)
shows a schematic of the single nanobeam waveguide, showing the nanobeam’s width
w, height h, and the coordinate system {z,y,z}. Part (iv) shows the fundamental -
polarized mode normalized electric field amplitude |F| for a single nanobeam of width
w = 300 nm and height h = 200 nm. The mode area in this & — y cross-sectional
plane is approximated by the rectangle of width x0 and height y0 as illustrated. An
atom nearby this silicon nitride nanobeam has an initial velocity v associated with
the thermal cloud velocity distribution for a given temperature Teiouq, several forces
acting on the atom including gravity (Fy), surface force (Fy), and optical forces (Fopy)
from the magneto-optical trapping and cooling beams. b) Number of atoms (Natoms)
that are on average in the vicinity of a single nanobeam’s evanescent field region as a
function of atom cloud density (p), located within a volume of V' = V; = 2x x0 x y0 X
L, where x0 = 100 nm, y0 = 100 nm, and L = 500 pm for the red curve (labeled (ii)).
The curves labeled (i) and (iii) in blue and green correspond to twice (V = 2V;) and
half (V' = 0.5V,) volumes respectively. ¢) Transit time (Atiansit) of an atom with an
initial rms velocity v directed downwards, which is accelerating in gravity, not taking
into account surface (Fy) nor optical (Fopy) forces. The curves labeled (i), (ii), (iii) in
blue, red, green correspond to an atom falling down over a distance y0 = 200, 100, 50

nm respectively, where Aty ansit 1 the time the atom takes over the distance yO.
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Cavity QED with a single nanobeam and cavity frequency temperature
tuning. a-b) Cooperativity parameter C as a function of the atom-to-surface distance
along the z-axis (y = 0), dx, for a cesium atom (D2 transition, A = 852 nm), for a
single nanobeam z-polarized mode, with cavity length L.,, = 500 pm and finesse .# =
100 (giving cavity FSR = 149 GHz (or 0.36 nm), quality factor Q@ = 2 x 10°, and cavity
decay rate k/2m = 4.67 GHz), with nanobeam height A = 200 nm, and width w = 100,
150, 200, 300, 400 nm for the green, magenta, black, red, blue curves respectively. c-d)
Tuning curves of wavelength and cavity resonance frequency as a function of wavelength
A, based on thermo-optic (42), thermal expansion (%) coefficients for silicon nitride,
g—% =10"° K71, % =0 and 3.2 x 1079 K~! for the blue and red curves respectively.
e) Atom-photon coupling rate g. f) Critical atom and photon numbers, Ng, and Ngp.
g-h) Atom-photon coupling rate g as a function of the y coordinate, at dx = 0 in g) and
at dx = 100 nm in h). In parts e-h), the blue (and cyan) curves correspond to a cavity
length L.,y = 500 pum and finesse & = 1000, the red (and magenta) curves L., = 250
pm and finesse . = 1000, and the black curves L¢,, = 250 pm and finesse . = 2000.
The horizontal lines show the corresponding (color-coded) total cavity decay rates k.
Note that the single nanobeam is symmetrically centered at the origin (x = y = 0) in

the x — y cross-section, with its axis going out-of-page along the z-axis, as illustrated

in Fig. 3.11. Note: Here we do not include Casimir-Polder effects. . . . . . ... ...
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Experimental setup. a-b) A magneto-optically trapped (MOT) cloud of atoms is
formed in the source chamber (a), pushed by near-resonant beam towards the science
chamber (e) through a weak differential pumping tube (b), bellow and fittings (c-d),
over a distance LL1 =~ 70 cm. The source and science chambers have background pres-
sures of ~ 1079 torr and ~ 107! torr respectively. Chamber (e) is continuously kept
at ultra-high vacuum by the ion pump (f), located at L2 = 70 cm. Atoms transported
from the source chamber are collected at the science chamber by a second MOT with
three orthogonal large (=~ 2 cm diameter) retroreflected beams. ¢) After a compression
the device is (iv) by moving the quadrupole magnetic field zero from (i) to (iv). The
atoms are then collected by a third MOT, a mini-MOT, formed by three orthogonal
small (= 1 mm diameter) retroreflected beams intersecting at the center of the chip’s
through-hole. Here, about ~ 105 atoms are collected (density ~ 1010 atoms/cm?).
d) Fluorescence image showing the second MOT in chamber (e). e) Absorption im-

ages showing atom cloud transport starting from the second MOT location (i), during
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x1
Atom trapping schemes with a single nanobeam (part 1). a-b) Trapping
potential U for magic-compensated scheme (similar to Sec. 7.2). a) and b) show the
same curves over different plot ranges. Single nanobeam width w = 400 nm, height h =
200 nm (Fig. 3.11). Red-detuned standing-wave (Areqg = 937.1 nm, power Prog = 2X 0.4
mW) and counter-propagating blue-detuned beams (Apjye = 686.1 nm and 686.7 nm).
dy: atom-to-surface gap along y-axis (x=0). Blue, red, magenta, green curves for Ppjye
= 2x {1,2,3,10} mW respectively. Thin curves: excited state (6P3/5, F'=4), thick
curves: ground state (6S;/,, F=4), black-dashed curves: ground state (6S;/2, F=3).
Orange curve (iv): normalized atom-photon coupling rate g, for a cavity length L., =
1 mm, finesse .# = 1000, FSR = 74 GHz (or 0.18 nm), Q ~ 5 x 10%, and cavity decay
rate k/2m = 234 MHz. At the surface (dy=0, x = 0), g/27 = 1.15 GHz. Dotted lines
(i), (ii), and (iii) correspond to distances (dy = 138 nm, 260 nm, 392 nm) where g =
4 X K, 2 X Kk, and k respectively. c-d) Trapping scheme using orthogonal polarizations.
c) Decay lengths L, and L, of the electric field amplitude |E|, |E| = |E|oexp(—dz/L,)
(similarly for L,), where |E|o = |E| at the surface. dx: atom-to-surface gap along
x-axis (y = 0), dy: along y-axis (z = 0). z-polarized mode (red, magenta): (i) and (ii)
for L, and L, respectively; y-polarized mode (blue, cyan): (iii) and (iv) for L, and L,
respectively. Here, nanobeam height A = 200 nm, width w. d) Trap potential U for a
red-detuned y-polarized standing wave (Avyeq = -350 GHz, power Proq = 2 X 6 pW)
and a blue-detuned z-polarized traveling wave (Avpe = +350 GHz, power Pplue =
200 W) for a nanobeam width w = 360 nm, height A = 200 nm, trapping along the
y-axis. e-f) External illumination trap scheme. Plots show electric field amplitude |E)|
of a 300 nm x 200 nm silicon nitride beam above a 700 nm x 200 nm silicon beam with
vertical surface-to-surface gap of 450 nm, where a single red-detuned (A\jeq = 937 nm)
plane-wave illumination light beam polarized in the z-axis (out of page) is propagating

downwards. . . . . . e e e e e e
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Atom trapping schemes with a single nanobeam (part 2). Normal incident in-
coherent counter-propagating red-detuned external illumination light trapping scheme.
The single silicon nitride nanobeam has a width of w = 300 nm and height A~ = 200 nm.
The external counter-propagating illumination beams have a wavelength Aeq = 852.55
nm with a small ~ GHz relative detuning, and total intensity l,eq = 2 x 32 pW/um?
(i.e., total power of Preg = 2 X 10 mW for a beam waist radius ~ 10 gm). a) Contour
plot of trap potential U as a function of the xz-coordinate and atom-to-surface distance
along the y-axis (x = 0), dy. b) Line cut along the y-axis (z = 0) showing the trap-
ping potential. The red curves correspond to cesium excited state (6P3/5, F'=4), the
blue curves correspond to the ground state (6S; /2, F=4), and the black-dashed curves
that correspond to the ground state (6S; /2, F=3). c-d) Contour plots of electric field
amplitude |E| on the x — y cross-sectional plane, where the nanobeam’s waveguide axis
is along the z-axis (out of page). The white arrows indicate the external illumination
beams. e-f) Line cuts of |E| of the corresponding countour plots, along the y-axis
(x = 0) shown by the blue curves (i), and along the z-axis (y = 0) shown by the red

curves (). . . . . o o
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Atom trapping schemes with a single nanobeam (part 3). a-b) Counter-
propagating coherent red-detuned beams (black arrows) forms a standing wave pattern.
Single nanobeam has a width of w = 300 nm, height A~ = 200 nm, and the illumination
light has a wavelength A ~ 852 nm. Here the two light beams are phase-locked relative
to each other, and relative to the SiN nanobeam. The phase-locked standing wave is
shifted vertically along y-axis by 200 nm for plot b) relative to plot a). c-f) Hybrid
external side illumination and guided mode trapping scheme, with same SiN nanobeam
dimensions. A red-detuned side illumination beam has a wavelength of Ajeq = 852.55
nm, a power of P,q = 1 mW for a beam cross-sectional radius of 10 pm, shining
towards the +z direction, with electric field polarized in the z-axis (out-of-page); and
a blue-detuned counter-propagating z-polarized guided mode beam (wavelength Apjue
= 852.15 nm, power Py,e = 2 x 0.5 pW). ¢) Trap potential U as a function of y
coordinate and atom-to-surface distance along z-axis, dx. d) 3D plots illustrating the
trapping potential U as a function of dx and y in (i), and in (ii), for a tilted side
illumination Poynting vector, at 10° angle from the z-axis, on the  — y plane. e-f)
Line cuts of U from c), which is the same as in d) (i). Red curves: excited state
(6P3/5, F'=4), blue curves: ground state (6S;/5, F=4), black-dashed curves: ground
state (6S1/0, F=3). . . . . ...
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Atom trapping schemes with a double nanobeam (part 1). a-b) Coherent side
illumination with an auxiliary beam. Here we consider two red-detuned beams (Ayeq =
937 nm, polarized along the z-axis, out of page) shining from the —z and +x directions,
tilted by 6 = 15° from the horizontal axis as shown by the white arrows. Double beam
parameters: (each beam: width w = 300 nm, height h = 200 nm) separated by a gap
of 400 nm along the z-direction. The auxiliary SiN nanobeam (width 400 nm, height
200 nm) is 600 nm below the double nanobeam (surface-to-surface). c-h) Corrugated
double SiN nanobeam trapping scheme. Cross-sectional contour plots for a propagating
wavelength around 852 nm, calculated in 3D with periodic boundary condition. Total
periodic cell length, d1 = 1 pm, thickness, d2 = 200 nm, width of the larger beam,
d3 = 200 nm, width of the center beam, d4 = 100 nm, length of the center beam, d6
= 500 nm (centered along the periodic structure axis, i.e., along d1, z-axis), and the
surface-to-surface inner gap between the larger beams, d5 = 600 nm. The coordinate
system {x,y, z} is shown in d). c,e,g) show a y-polarized mode, where we see a local
intensity minimum in three-dimensions as shown in the y—z, x —y, x — z cross-sectional
planes in c), e), g) respectively. d,f,h) show an z-polarized mode, where here we see
a local intensity maximum in three-dimensions as shown in the y — z, x — y, z — 2

cross-sectional planes in d), f), h) respectively. . . . . ... ... oo L
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Atom trapping schemes with a double nanobeam (part 2). Scheme utilizes
red- and blue-traps in guided modes. Double SiN nanobeam parameters: each beam:
width w = 300 nm, height h = 200 nm, gap between the two along = direction is 200
nm. a-g) Trap potential U formed by a counter-propagating red-detuned a-polarized
beams (wavelength A\.q = 853 nm, power Pyoq = 2x 10 uW) providing axial (z-axis,
out-of-page) confinement; and a single (traveling wave) y-polarized blue-detuned beam
(wavelength Apjue = 851 nm, power Py, = 4 mW) for transverse confinement. Casimir-
Polder potential: U = —Cj3/d® with C§ = 1972 Hz pm? and C§* = 2899 Hz pm?, for
two (y — z) SiN planes located at £ = —100 nm and x = 100 nm. a,b) Potential U
in the x —y and = — z planes. d,f) Line cuts along z-axis (x = y = 0) and z-axis
(y = z = 0) respectively. Horizontal lines in f): U = 0. Red curves: excited state
(6P3/2, F'=4), blue curves: ground state (65,2, F=4), black-dashed curves: ground
state (6S1/2, F=3) in d-g). Part c) shows the ground state (6S;,5, F=4) potential U
line cuts along z-axis (y = z = 0) and y-axis (x = z = 0) with curves colored in red
and blue respectively. e) Potential U for the radius » = 25 nm (where r = 0 at the
origin, located at © = y = 0, the center of the gap between the two SiN nanobeams),
as a function of the azimuthal angle ¢ in the z — y plane (where ¢ = 0 for > 0,y = 0,
¢ = 45° along the line y = x for positive z and y, and ¢ = 90° for y > 0,z = 0). The
inhomogeneous broadening due to the vector shifts are largest at ¢ = 45°. g) Close-up
version of part e) for ¢ between 43° and 47°. h) Inhomogeneous broadening spread

AU for ¢ = 45° as a function of radius r. . . . . . . . ... L L
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Atom trapping schemes with a double nanobeam (part 3). Two-color RF
switching scheme. Double Si nanobeam parameters: (each: width w = 300 nm, height
h =200 nm), gap along the z-axis is 200 nm. Switching between red- and blue-detuning
for an z-polarized even mode forms a pseudo trap potential analogous to a quadrupole
Paul trap in ion trap systems. a) Illustration of sinusoidal oscillation between maximum
blue-detuned beam intensity at time tpiue, (i), with a trap along z-axis and an anti-
trap along y-axis, transition time through tyetn, (ii) to (iv), to maximum red-detuned
beam intensity (zero blue-detuned beam intensity) at time ¢y.q4, (v), followed by the
reverse cycle (arrows). In part a), the effective potential 60U corresponds to the trapping
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