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Abstract

An exciting frontier in quantum information science is the integration of otherwise “simple” quantum ele-
ments into complex quantum networks. The laboratory realization of even small quantum networks enables
the exploration of physical systems that have not heretofore existed in the natural world. Within this con-
text, there is active research to achieve nanoscale quantum optical circuits, for which atoms are trapped near
nano-scopic dielectric structures and “wired” together by photons propagating through the circuit elements.
Single atoms and atomic ensembles endow quantum functionality for otherwise linear optical circuits and
thereby enable the capability of building quantum networks component by component. Toward these goals,
we have experimentally investigated three different systems, from conventional to rather exotic systems :
free-space atomic ensembles, optical nano fibers, and photonics crystal waveguides. First, we demonstrate
measurement-induced quadripartite entanglement among four quantum memories. Next, following the land-
mark realization of a nanofiber trap, we demonstrate the implementation of a state-insensitive, compensated
nanofiber trap. Finally, we reach more exotic systems based on photonics crystal devices. Beyond conven-
tional topologies of resonators and waveguides, new opportunities emerge from the powerful capabilities of
dispersion and modal engineering in photonic crystal waveguides. We have implemented an integrated op-
tical circuit with a photonics crystal waveguide capable of both trapping and interfacing atoms with guided
photons, and have observed the collective effect, superradiance, mediated by the guided photons. These
advances provide an important capability for engineered light-matter interactions, enabling explorations of

novel quantum transport and quantum many-body phenomena.
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Chapter 1

Introduction

1.1 Quantum networks

In quantum information science, quantum networks provide a broad frontier of scientific opportunities [1],
including quantum computation [2, 3], communication [4], and metrology [5]. Quantum networks are com-
posed of quantum nodes where quantum information is generated, processed and stored locally, and these
nodes are linked by quantum channels to transfer the quantum information. From a different point of view,
a quantum network can be viewed as a quantum ‘simulator’, enabling one to investigate the evolution of
quantum many-body systems arising from interactions among the nodes mediated by the channels [6, 7].
The physical realization of quantum networks requires dynamical systems capable of generating and storing
entangled states among multiple quantum memories, and efficiently transferring stored entanglement into
quantum channels with high fidelity for distribution across the networks.

While photons are ideal carriers for transporting quantum information faithfully over long distances as
flying qubits, atoms can be used to process and store quantum information as stationary qubits. The major
challenge of distributing quantum states across a quantum network is to reversibly map quantum states be-
tween photons and atoms. The coherent control of the atom-photon interaction at the single-photon level
provides a basis for quantum networks, which leads to successful operation of many quantum information
protocols, including entanglement generation and swapping between two distant atoms, and implementation
of elementary quantum gates. In order to create such efficient quantum interfaces, the realization of strong

atom-photon interaction is a long-standing goal of both fundamental and technological significance.
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Figure 1.1: Schematics of cavity QED with a single atom and of the DLCZ protocol with an atomic
ensemble. (a) A two-level atom with ground state |g) and excited state |¢) couples to the high finesse cavity
with a coupling rate g. The condition for the observation of coherent dynamics reads g > (x,I"), where
the decay rate out of the cavity « and the atomic decay rate I'. (b) A schematic of DLCZ building block.
Initially, all the atoms are prepared in the ground state |g). A weak ‘write’ pulse induces spontaneous Raman
transitions to the metastable state |s), resulting in the emission of a photon ‘field 1” together with the storage
of a collective excitation. After a programmable delay, a strong ‘read’ pulse retrieves the single excitation to
another photonic mode ‘field 2” with high efficiency due to the collective interaction.

1.2 Conventional strong atom-photon interaction

Strong atom-photon interaction is essential for successful operation of quantum information protocols [8].
However, a single atom does not interact with photons easily in free space due to the diffraction of a tightly
focused beam. There are two well-known approaches to enhance the atom-photon coupling rate: (i) cavity-

enhanced interaction and (ii) collectively enhanced interaction of an atomic ensemble.

1.2.1 Cavity QED with a single atom

One approach for enhancing the atom-photon coupling is to use a high finesse cavity where the photon is
spatially confined and trapped [9—-11]. The atom-photon coupling is enhanced by the number of bounces the
photon makes between the two mirrors before being lost from the cavity. The “strong-coupling” regime of
cavity QED is achieved when the coupling rate g of absorption or emission of a single photon by the atom

is larger than both the decay rate  out of the cavity and the atomic decay rate I', typically characterized by

a single-atom cooperativity parameter C' = (225); > 1. The optical nonlinearity arises from the saturation
of atomic absorption since the single atom can absorb or emit only one photon at a given time. A large
cooperativity C' > 1 ensures that even a single photon can modify the response of a single atom inside
the cavity. Such single-atom cavity QED systems have been used to demonstrate a variety of nonlinear

effects (i.e., nonlinear phase shifts with single photons [12, 13] and generation of non-classical state of light

[14]) and their application to elementary quantum networking between two quantum nodes [15]. In the
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microwave regime, significant progress has been made by using Rydberg atoms in high-Q cavities [16], and

superconducting circuits as artificial atoms [17].

1.2.2 Collective atom-photon coupling with atomic ensembles

An alternative approach is to prepare a collective state of N atoms (i.e., Dicke state or superradiant state
[18]) that exhibits enhanced coupling to a single electromagnetic mode. As illustrated in Fig. 1.1(b), for
three-level atoms with two stable ground states |g) , |s), the collective state |5, ) \/iﬁ Zfil lg---si--g), can
be viewed as a spin wave, where a single excitation is shared among N atoms. This single excitation can
be efficiently converted into a propagating photon by applying a strong phase-matched beam. A remarkable
protocol for scalable quantum networks, the so-called “DLCZ” protocol, provides a new avenue for entan-
glement distribution by way of quantum-repeater architecture [4]. The DLCZ protocol is a probabilistic but
heralded scheme based on entanglement generation among atomic ensembles via detection events of single
photons in which the sources are intrinsically indistinguishable. Furthermore, the protocol is designed to be
robust against experimental imperfections, including losses in propagation and detection, and detector dark
counts. Indeed, the scheme functions with “built-in entanglement purification” and enables entanglement to
be extended beyond the separation of two ensembles in an efficient and scalable fashion.

Based on the DLCZ protocol, remarkable experimental progresses has been achieved in demonstration
of single-photon sources [19, 20], storage and retrieval of single photon [21-23], entanglement generation
between two atomic ensembles [24, 25], and deterministic mapping of photonic entanglement into and out of
atomic ensembles [26]. Later, the storage time of the quantum memory for single excitations is significantly
improved to 2 1 s by suppressing the dephasing induced by the atomic motion [27-30]. These progresses
are important steps towards the realization of long-distance quantum networks.

Despite its inherently multipartite nature, entanglement has been studied primarily for bipartite systems
[2]. Beyond diverse bipartite systems, multipartite W states with a single photon shared among four optical
modes has been unambiguously verified [31, 32]. Based on this entanglement verification technique, we have
demonstrated measurement-induced entanglement of spin waves among four quantum memories, which is a

promising advance towards multipartite quantum networks (Chapter 2) [33].
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1.3 Integration of atoms and nanophotonics

An exciting frontier in quantum information science is the integration of otherwise “simple” quantum ele-
ments into complex quantum networks. Despite the remarkable advances in both cavity-QED-based networks
and networks implemented using the DLCZ protocol, free-space approaches are unfavorable for large-scale
quantum networks due to the technical complexities. Therefore, the laboratory realization of even small
quantum networks enables the exploration of physical systems that have not heretofore existed in the natu-
ral world. Within this context, there is active research to achieve lithographic quantum optical circuits, for
which atoms are trapped near micro- and nano-scopic dielectric structures and “wired” together by photons

propagating through the circuit elements.

1.3.1 Cavity QED with micro- and nanoscopic cavities

Nano- and microscale optical systems have shown great progress towards realizing efficient and scalable
quantum interfaces through enhanced atom-field coupling in cavity QED systems, including microtroidal and
microsphere resonators [34—36], bottle micro-resonators [37], fiber cavities [38, 39], and photonic crystal
cavities [40]. Most recently, the Lukin group demonstrated a photonics phase gate by using a single trapped
atom evanescently coupled to the photonics crystal cavity with precise control of the position of the atom
[41, 42]. Instead of using atoms, which have a drawback of finite trap lifetime in the cavity, it is also possible
to use “artificial atoms” in a solid-state system, such as quantum dots [43—45] and nitrogen vacancy centers
in diamond [46—48]. Such artificial atoms consist of effective two-level systems that have been used to

demonstrate a variety of nonlinear effects similar to the “real” atom cavity QED systems [43-45, 49, 50].

1.3.2 Waveguide QED

Recently, there has been great effort to achieve the “strong coupling” regime in 1D waveguide systems,

meaning that the Purcell factor P = FllP is larger than unity, where the decay rate into the guided mode I'1p

and into all the other channels I, as illustrated in Fig. 1.2. Waveguide-QED systems benefit from the sub-
wavelength confinement of light field inside the 1D waveguide, which couples to nearby atoms or embedded

artificial atoms. Compared to cavity-QED systems, the key difference in the waveguide QED system is that



Figure 1.2: A schematic of a single atom coupled to a 1D waveguide. (a) A single atom couples to a
waveguide mode with a coupling rate I'1p, while it also emits photons into all the other channels with a decay

rate I”. The “strong coupling” regime in waveguide QED is categorized by the Purcell factor P = FIlP > 1.

the atoms couple to a continuum of guided modes. This relaxes the restriction of working with a narrow cavity
bandwidth and avoids the complex tuning to match the cavity and the atomic resonances. 1D waveguide-QED
systems are emerging as promising candidates for quantum information processing, motivated by tremendous
experimental progress in a wide variety of systems, including plasmonic nanowires [51], hollow core fibers
[52, 53], tapered nanofibres [54], quantum dot or diamond nanowires [55-57], and 1D open superconduting
transmission lines [58—60].

In 2010, Rauschenbeutel group has demonstrated trapping and interfacing ~ 2000 atoms by using a
tapered nanofiber [61, 62], which has opened a new field of waveguide-QED with cold atomic ensembles.
Following this landmark realization of the nanofiber trap, we switched our gear from free-space ensembles
to fiber-coupled atomic ensembles. We have proposed and implemented a state-insensitive and compensated
trap, with an optical depth per atom d; ~ 0.08, improved by a factor of > 10 (Chapter 4 and 5)[63-65]
compared to the pioneering work [61, 62]. However, due to the surface potential, it is practically difficult
to trap atoms closer to the nanofiber, resulting in a small single-atom coupling rate I'yp /T” ~ 0.04 < 1.
Despite the small coupling rate, there have been many advances, including directional spontaneous emission
into the guided mode [66] and detection of a sub-Poissonian atom number distribution [67], with the help of

a large number of trapped atoms coupled to the guided mode.

1.4 New avenue with photonic crystal waveguides

Around 2012, we began to collaborate with Painter’s group to achieve both single-atom “strong coupling”

P > 1 and interfacing ensembles of atoms by using lithographically patterned photonic crystal waveguides
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(PCWs). Beyond conventional topologies of resonators and waveguides, powerful capabilities for disper-
sion and modal engineering in photonic crystal waveguides provide new opportunities to study nonlinear
interactions between the atoms and the 1D guided mode. For example, the edge of a photonic band gap
aligned near an atomic transition strongly enhances single atom emission into the one-dimensional PCW due
to a van-Hove singularity at the band edge, i.e., a slow-light effect, which has been intensively studied in
quantum-dot systems [68—70]. Because the Bloch function for a guided mode near the band edge approaches
a standing-wave, symmetric optical excitations can be induced in an array of trapped atoms, resulting in su-
perradiant emission. Finally, we made a rudimentary but crucial advance toward scalable quantum networks
and quantum phases of light and matter by trapping and interfacing multiple atoms and observing cooperative

emission mediated by the guided mode (Chapter 7).

1.4.1 Many-body physics with strongly interacting photons

Over the past few years, a single atom strongly coupled to a 1D waveguide has been studied extensively in
theory [71-77]. Based on the strong nonlinear interactions between the atom and the guided mode, there have
been many interesting proposals, including photon-photon bound states [72, 73], single-photon switches [74—
76], and generation of long-distance entanglement [77]. Most proposals envision to generate single photons
and control interactions between individual photons by controlling individual atoms, enabling one to generate
highly correlated states of light.

On the other hand, correlated states can emerge from the simultaneous interaction among multiple atoms
mediated by guided photons [8]. Early proposals considered an array of interacting cavities containing the
atoms [78-80]. The competition between the tunneling interaction of photons between cavities and the on-
site interaction of photons occupying the same cavity is predicted to induce quantum phase transitions, i.e.,
superfluid-to-Mott-insulator transition. Recent works study transport properties of photons along 1D cold
atomic gas, where the photon-photon interactions are induced using single-atom nonlinearities [81] or strong
interactions between atoms in Rydberg states [82, 83].

In the PCWs, remarkable phenomena arise when atomic frequencies can be tuned into photonic band

gaps, including the ability to control the range, strength, and functional form of optical interactions between
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atoms [84-86]. For example, atoms trapped near perfect photonic crystal structures can act as dielectric
defects that seed atom-induced cavities [87] and thereby allow atomic excitations to be exchanged with prox-
imal atoms [85]. The atom-induced cavities can be dynamically controlled with external lasers, enabling
the realization of nearly arbitrary long-range spin Hamiltonians and spatial interactions (such as an effective
Coulomb potential mediated by PCW photons) [87], which is a promising tool to perform quantum simula-
tions. Furthermore, control over PCW dispersion is also expected to facilitate novel atomic traps based upon

quantum vacuum forces [88].

1.5 Thesis outline

The work in this thesis begins with free-space quantum interfaces where we have demonstrated measurement-
induced entanglement among four atomic ensembles, and then transitions into the development and imple-
mentation of interfacing atoms with optical nanofibers. The recent work with a 1D photonic crystal waveguide
has focused on enhancing single-atom coupling rate to study photon-mediated interaction between multiple

atoms. Below, we briefly summarize topics covered in each chapter:

e In Chapter 2, we describe a systematic study of the generation and storage of quadripartite entangled
states of spin-waves among four atomic ensembles, as well as of the coherent transfer of the entangled
components of the atomic state into individual photonic channels. We observe transitions from fully

quadripartite entangled to unentangled via controlled spin-wave statistics of the atomic memories.

o In Chapter 3, we discuss the underlying physics of of atom-photon interactions along a 1D waveguide.
First, we describe photon transport properties in the presence of a single atom, including reflection and
transmission spectra, saturation behavior, and photon correlation. Then, we consider the cooperative

effects that emerge with multiple atoms coupled to the guided mode.

e In Chapter 4, we propose a robust method of trapping single Cesium atoms with a two-color state-
insensitive evanescent wave around a dielectric nanofiber. Specifically, we show that vector light shifts
induced by the inherent ellipticity of the forward-propagating evanescent wave can be effectively sup-

pressed by a backward-propagating evanescent wave. Furthermore, by operating the trapping lasers at
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the magic wavelengths, we remove the differential scalar light shift between ground and excited states,

thereby allowing for resonant driving of the optical D4 transition.

In Chapter 5, we describe the experimental realization of an optical trap that localizes single Cs atoms ~
215 nm from surface of a dielectric nanofiber. By operating at magic wavelengths for pairs of counter-
propagating red- and blue-detuned trapping beams, differential scalar light shifts are eliminated, and
vector shifts are suppressed by ~ 250. We thereby measure an absorption linewidth I'/27 = 5.7 £ 0.1
MHz for the Cs 65, /5, F' = 4 — 6P3,5, F' = 5 transition, where I'g /27 = 5.2 MHz in free space.

Optical depth d ~ 66 is observed, corresponding to an optical depth per atom d; ~ 0.08.

In Chapter 6, we present the development of an integrated optical circuit with a photonic crystal capable
of both localizing and interfacing atoms with guided photons. From reflection spectra measured with
average atom number N = 1.1 £ 0.4, we infer that atoms are localized within the PCW by optical
dipole forces. The fraction of single-atom radiative decay into the PCW is T';p /T ~ (0.32 £ 0.08),

where I'1p is the rate of emission into the guided mode and T is the decay rate into all other channels.

In Chapter 7, we discuss our observations of superradiance for atoms trapped in the near field of a PCW.
By fabricating the PCW with a band edge near the D, transition of cesium, we observe a superradiant
emission rate scaling as I'sg oc N - I'1p for average atom number 0.19 < N < 2.6 atoms, where the

peak single-atom decay rate I'yp/T'g = 1.1 £+ 0.1.

In Chapter 8, we discuss the outlook of our experiment to integrate ultracold atoms and nanophotonic

waveguide and cavities.



Chapter 2

Entanglement of spin waves among four
quantum memories

2.1 Introduction

Diverse applications in quantum information science require coherent control of the generation, storage,
and transfer of entanglement among spatially separated physical systems [1-4, 6, 7]. Despite its inherently
multipartite nature, entanglement has been studied primarily for bipartite systems [2], where remarkable
progress has been made in harnessing physical processes to generate ‘push-button’ [89, 90] and ‘heralded’
entanglement [24, 25, 91, 92], as well as to map entangled states to and from atoms, photons, and phonons
[26, 93].

For multipartite systems, the ‘size’ of a physical state, described by the system’s density matrix py,
grows exponentially with the number of subsystems /N and makes the entangled states exceedingly difficult
to represent with classical information. Importantly, this complexity for py increases the potential utility of
multipartite entanglement in quantum information science, including for quantum algorithms [2, 3] and sim-
ulation [6]. Redundant encoding of quantum information into multipartite entangled states enables quantum
error correction and fault-tolerant computation [2, 3]. Intricate long-range correlation of many-body systems
is intimately intertwined with the behavior of multipartite entanglement [94, 95]. In addition, mobilizing
multipartite entanglement across quantum networks could lead to novel quantum phase transitions for the

network [7].

This chapter is largely based on Ref. [33].
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Counterposed to these opportunities, the complex structure of multipartite entanglement presents serious
challenges both for its formal characterization and physical realization [2, 95-97]. Indeed, there are relatively
few examples of laboratory systems that have successfully generated multipartite entanglement [32, 98—102].
Most works have considered the entanglement for spin systems, notably trapped ions [98, 99], which are
applicable to the matter nodes of quantum networks. But the methodologies for verifying multipartite entan-
glement are problematic for infinite-dimensional bosonic systems of the quantum channels (e.g., multipartite
quadrature [100, 101] and number-state [32] entanglement for optical modes). A posteriori multipartite en-
tanglement has been inferred from a small subset of preferred detection events of photons from parametric
downconversion [102].

In addition to the characterization of multipartite entanglement, an important capability for quantum
networks is provided by quantum interfaces capable of generating, storing, and dynamically allocating the
entanglement of matter nodes into photonic channels (see ref. [103] and references therein). As illustrated in
Fig. 2.1a, we introduce here such a quantum interface for quadripartite entangled states based upon coherent,
collective emission from matter to light. We present a systematic study of the generation and storage of
quadripartite entangled states of spin-waves in a set of four nodes of atomic memories, as well as of the
coherent transfer of the entangled components of the material state into individual photonic channels. We
observe transitions of M to (M — 1)-partite entangled states via controlled spin-wave statistics of the atomic
memories, as well as the dynamic evolution of multipartite entanglement in a dissipative environment, from

fully quadripartite entangled to unentangled.

2.2 Generation and characterization of 11/ -state

2.2.1 Experimental procedure

) of four atomic ensem-

Our experiment proceeds in four steps. First, in step (1) an entangled state p},‘é
bles is generated by quantum interference in a quantum measurement show in Fig. 2.1b [4, 24]. Given a

photoelectric detection event at Dy, the conditional atomic state is ideally a quadripartite entangled state
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Figure 2.1: Overview of the experiment. a, Quantum interfaces for multipartite quantum networks. Inset i, a fluores-
cence image of the laser-cooled atomic ensembles {a, b, ¢, d} that become entangled (see details in Section 2.5.2). b,
Entanglement generation. A weak write laser is split into four components to excite the atomic ensembles via parametric
interactions mee, leading to Raman scattered fields 1 = {a1, b1, c1,d1} emitted by the ensembles. Entangled state
/35,/;) for four atomic ensembles € = {a, b, c,d} in Eq. (2.1) is heralded by a projective measurement 11, at detector
Dy, derived from quantum interference of four fields 7, in the heralding interferometer. ¢, Quantum-state exchange and
entanglement verification. Read lasers are applied to the ensembles to coherently transform the atomic entangled state
,5( ) into quadripartite entangled beams of light py; 57 in Eq. (2.2) via quantum-state transfers, Uread, with each beam prop-
agating through quantum channels v2 = {a2, b2, ¢z, d2}. (U) Upper panel for y.-measurement — The quantum statistics
{qijr1} for the individual modes of p("’) with ¢, 7, k, 1 € {0, 1} photons are measured with projectors {ﬁ?’} at detectors
Dy p,c,qa. (L) Lower panel for A-measurement — Mutual coherences for ﬁé{j ) are accessed with projectors {ﬁ£c>} from
detection statistics {pi;xi } at Da,p,c,q. Further details are given in Section 2.5.4.

~(A .
Py = W), (W] with

(W), = 31150 T, Ger Ga) + € [0 56, G Ga)) + €22 (190> Ty Ses Ga) + €9%(G 0 Ty Ge» )]

@2.1)
whose single quantum spin-wave |[3.) is coherently shared among four ensembles € = {a,b,c,d}. These

entangled states are known as TW-states, comprised of atomic ground states |g.) = |g---¢g)e and single

. . _ Na. . .
collective excitations |S.) = \/7 Sy $i -+ g)e, Wwhere N4 . is the number of atoms in ensemble

A()

After the heralding event, step (2) consists of storage of py;,’ in the ensembles for a user-controlled time

7. At the end of this interval, step (3) is initiated with read beams to coherently transfer the entangled atomic

components of ngv) into a quadripartite entangled state of light py;; 5 = = |W). (W] via cooperative emissions
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[4] (Fig. 2.1c), where
1 - - »
W)~ = 5[(11000) + €*1]0100)) + €2 (|0010) + €'%[0001))]. 2.2)

This photonic state is a mode-entangled W -state [32, 104], which shares a single delocalized photon among

four spatially separated optical modes 2 = {az, bz, ¢, d2}.

Finally, in step (4) we characterize the heralded entanglement for [)(vg) from complementary measurements

of photon statistics and coherence shown in Fig. 2.1c [32, 104]. In particular, we consider a reduced density

matrix p, = popo + p1p1 + p>2p>2 containing up to one photon per mode, which leads to a lower bound for

the entanglement of the actual physical states { ﬁ%‘ ), [)E,"}) }. Here, {po, p1,p>2} are the probabilities for 0 and

1-photon py 1, and higher-order subspaces p>2, which can be populated for any realistic system. As illustrated

in the upper panel of Fig. 2.1c, we characterize the statistical contamination for [)g/;ﬁ) due to {po, p>2} witha

normalized measure [104], namely y. = %p 2p22P °, ranging from y. = 0 for a single excitation to y. = 1 for
1

balanced coherent states, by detecting the photon statistics g;;x; of -2 at the output faces of the ensembles.

We also quantify the mutual coherences for ,5%;}) by measuring photon probabilities {p1000, Po100, P0010,
Pooo1 } at the outputs of the verification (v) interferometer. We determine the sum uncertainty A = Zf\f{l
<(ﬁ£c))2 - (ﬁgc)>2> for the variables {ﬂgc)} = {|W;),(W;|}, which project p,. onto a set of four orthonor-
mal W-states {|W;), } with phases {/31, 82, 83}, selected by the actively stabilized paths in the verification
interferometer (see details in Section 2.5.1). Hence, for the ideal TW-state in Eq. (2.2) with 8; = ¢}, we have
A = 0 associated with p1ggp = 1 and pp100 = Poo1o0 = Pooo1 = 0, as observed in the bar plots of the lower
panel of Fig. 2.1c for y. = 0.04 £ 0.01. In contrast, mixed states with no phase coherences would result in
balanced probabilities (1000 = Po100 = Poo1o = Pooor = 1/4) and A = 0.75.

The pair {A, y.} thereby defines the parameter space for the multipartite entanglement employed in our
experiment, with the entanglement parameters { A, y. } serving as a nonlocal, nonlinear entanglement witness
[104]. Our criterion for ‘genuine’ M -partite entanglement takes the most stringent form of non-separability

[96] and excludes all weaker forms of entanglement. Specifically, for a given value of y., we determine

the boundary Al()M*l) for the minimal uncertainty possible for all states containing at most (M — 1)-mode
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entanglement and their mixtures (see details in Section 2.5.4). For our quadripartite states with N = 4,
we derive {A1(73)> AZEQ), Al()l)} for tripartite, bipartite entangled, and fully separable states, as functions of y..

Thus, a measurement of quantum statistics y. and the associated coherence A with A < A{()LZS)

manifestly
confirms the presence of genuine M = 4 partite entanglement [32, 104]. Furthermore, we can unambiguously

distinguish genuine M and (M — 1)-partite entangled states for any M < N by observing A below Az()M_l).

2.2.2 1V -state among four atomic ensembles

Figure 2.2 presents our results for quadripartite entanglement for storage time 79 = 0.2 ps. We first inves-
tigate off-diagonal coherence for the purportedly entangled atomic and photonic states, { ,/3%,;1 ), [)%) }, in Fig.
2.2a. As the bipartite phase (5 is varied, we observe interferences in {p1000, 0100, P0010, Pooo1 }» and hence
a variation in A that results from the coherence between the bipartite entangled components of ﬁ%) for the
modes {ag,bs} and {co, ds}. Furthermore, for optimal settings of 32, the observed values of A fall below
the bounds {Af’), Al(,2)7 Agl)} (red, green, purple bands) for y. = 0.06 & 0.02, and signal the generation
of a fully quadripartite entangled state. The observed quadripartite entanglement arises from the intrinsic
indistinguishability of probability amplitudes for one collective excitation |S.) among the four ensembles.

~(A)

We also present results from a control experiment with a ‘crossed’ state p; ~ (orange points) that consists of

an incoherent mixture of entangled pairs {a, b} and {c, d} (see details in Section 2.5.5).

Next, we characterize ﬁ%) (and ﬁ%{,‘ )) over the full parameter space {A, y.}. In a regime of weak excita-

tion (£ < 1) for the ensemble-field pairs {e, v }, the heralded state ﬁ%) is approximately

A (r = 0) = (1= 38) W), (W] + 3¢5 + 0(&), 23)

where ﬁ(>AQ) includes uncorrelated spin-waves with two or more quanta in the set of four ensembles due to

atomic noise. For £ — 0, a heralding event at Dy, leads to a state with high fidelity to |[W) , stored in the four

ensembles. However, for increasing &, ﬁ(;;) becomes important, leading to modifications of the spin-wave

statistics for ,55{,‘ ) and thereby to the entanglement parameters {A™, yM}. Hence, by varying ¢ via the overall

intensity for the write beam, we adjust the quantum statistics y. and coherence A of the entangled states
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Figure 2.2: Quadripartite entanglement among four atomic ensembles. a, Quantum interference between the bi-
partite entangled pairs of the full quadripartite state (black points) as a function of bipartite phase 32. b, Exploring the
entanglement space {A, y. } for quadripartite states. By controlling the spin-wave statistics, we observe transitions from
quadripartite, to tripartite, to bipartite entangled states, and to fully separable states (black points). We also display our
results for the ‘crossed’ quantum state ﬁ(XA) (orange points), as further described in Section 2.5.5. Inset, expanded view
of entanglement parameters {A, y.}. Results for entanglement thermalization {A(T), ygT)} of the spin systems [)(GH)
(ﬁ(GLMG)) are shown by the red dashed (blue dash-dotted) line. The red, green, and purple bands represent the minimum
uncertainties for 3-mode (A,(JB)) and 2-mode entanglement (A,(f)), and for fully separable states (AIED), with thicknesses

of the bands from the central lines corresponding to £1-s.d. of the bounds {AéS), A£2)7 Al()l)}. In all cases, error bars
for the data reflect the statistical and systematic uncertainties.

P o)
This procedure is employed in Fig. 2.2b to parametrically increase {A,y.} in tandem. As y, is raised
from y. ~ 0 in the quantum domain to the classical regime with y. ~ 1, we observe transitions of the
directly measured photonic states [)g&) (black points) from fully quadripartite entangled (A < AI()S)) to tripar-

tite entangled (Az(;3) <A< Aéz)), to bipartite entangled (A,(jz) <A< Al(,l)), and finally to fully separable

states (Aél) < A). As shown by the curves, our observations correspond well to a theoretical model for
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entanglement generation, transfer, and verification. In comparison to the former work on coherent splitting
of a photon [32], the heralded atomic and photonic TV -states { [)%‘ ), ﬁgy} offer qualitatively richer statistical
passages through the entanglement spaces delineated by {A, y.}. Here, the quantum coherence A is intrin-
sically linked to the statistical character y. due to quantum correlations between the heralding fields v, and
the excitation statistics of the ensembles.

For £ < 1, the coherent contribution /SE;A) of the delocalized single quantum strongly dominates over any

other processes for the full quadripartite state [75,{,4 ) in Eq. (2.3). With a heralding probability p;, ~ 3 x 10~*

(¢ ~ 5 x 1073), we achieve the smallest entanglement parameters A™" = 0.0770-05 and y™ = 0.038 +
0.006 for the generated quadripartite entangled states. These parameters are suppressed below the closest 3-
mode boundary AZ()?’) by ten standard deviations. Furthermore, because the local mapping of quantum states

from matter to light cannot increase entanglement [24], our measurements of p”w unambiguously provide

a lower bound of the quadripartite entanglement stored in pA(mé). Therefore, the observed strong violation
of the uncertainty relations for { A™" y™in} categorically certifies for the creation of measurement-induced
entanglement of spin-waves among four quantum memories, as well as for the coherent transfer of the stored
quadripartite entangled states to an entangled state of four propagating electromagnetic fields.

In terms of state fidelity, our approach for heralded multipartite entanglement generation compares favor-
ably to matter systems utilizing local interactions (e.g., trapped ions [98, 99]). Despite the intrinsically low
preparation probability, the resulting quadripartite entangled state ﬁ%,é ) stored in the four ensembles has high
fidelity with the ideal W-state, namely F() = , (W |p{;’|W) 4. As discussed in Section 2.5.7, we estimate
a lower bound for the unconditional entanglement fidelity £(4) > 0.9 + 0.1, as compared to the theoretical
fidelity FéiA) = (.98 derived for the parameters in our experiment.

Apart from the creation of novel multipartite entangled spin-waves, an important benchmark of a quantum
interface is the transfer efficiency A of multipartite entanglement from matter to light [26]. Since no known
measure applies to our case, we tentatively define the entanglement transfer A = F'(?) /F(4) with physical
fidelity FO) = (W] ﬁ%)\WH for the photonic state ﬁ%). In particular for ¢ < 1, we obtain F[E?) ~

nreadFélA), which thereby gives Ay = 7ead = 38 £ 4% dictated by the retrieval efficiency 7..q. While fidelity

is an often used measure, we emphasize that F®) cannot be used to set a threshold for entanglement, since
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Figure 2.3: Dissipative dynamics of atomic entanglement. a, Dynamic evolution of entanglement parameters
{A(7), yc(7)} for the multipartite quantum state. We observe crossing of the boundaries defined by 3-mode (red surface,
Al(f)), 2-mode (green surface, Al(f)) entangled states, and separable states (purple surface, A,(]l)). We indicate various
entanglement orders for quadripartite (black), tripartite (red), bipartite entangled (green) states, and fully separable states
(purple) for the data points and the curve. The projections of the data points into the planes (y.,7) and (A, 7) display
the individual passages of {A(7), yc(7)}. b, Projection of entanglement dynamics onto the (A, y.) plane. The curves in
a and b are from a theoretical model including motional dephasing. Error bars for the data represent the statistical and
systematic uncertainties.

[3%) can exhibit multipartite entanglement for any F(*) > 0.

2.3 Dissipative dynamics of atomic entanglement

To investigate the dynamical behavior of the observed quadripartite entangled states, we study the tempo-
ral evolution of multipartite entanglement stored in the atomic ensembles as a function of a storage time 7.
Decoherence for the atomic W -state is governed by motional dephasing of spin-waves [105], in which the
imprinted atomic phases in |3.) evolve independently due to thermal motion, thereby transforming the initial
collective state into a subradiant state uncorrelated with the heralding fields ;. The net effect is an increase
of both entanglement parameters {A, y.} with a time-scale 7,,, ~ 17 pus (see details in Section 2.5.3). Even-
tually, the growth in {A(7), y.(7)} leads to time-dependent losses of entanglement, marked by successive
crossings of the boundaries set by {Agg), A,()2)7 Agl)}.

We examine the dissipative dynamics of multipartite entanglement for the quantum memories of four
ensembles via the evolution of both {A, y.} in Fig. 2.3a. We observe the passage of the initial quadripartite
entangled state ,6%,’3) (10) at 9 = 0.2 us through various domains, progressively evolving from M -partite

entanglement to (M — 1)-partite entanglement at memory times 7 = M= \yith the final state ﬁ%)(Tf)
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measured at 7y = 36.2 ps. The crossings of the bounds {Al()?’), Al(f), Agl)} occur at 7 = 15 s, 2 =21
ws, and T»r(r} ) = 24 us, respectively. In addition, the measured entanglement parameters evolve in qualita-
tive agreement to the simulated dynamics derived for ,5%,{?)(7') from our theoretical model (solid line), with
deviations (especially for Ay,). Fig. 2.3b displays the parametric losses of entanglement via {A(7),y.(7)}.

Finally, an interesting extension is to relate the characterization of multipartite entanglement via {A, y..}
to the relaxations of entanglement in quantum many-body systems [94, 95]. We consider two ferromagnetic
spin models (Heisenberg-like and Lipkin-Meshkov-Glick Hamiltonians Hy, Hiyg) as well as their thermal
entanglement {A(T), ygT)}. Results of our analysis are shown in the inset of Fig. 2.2b by the red dashed
(blue dash-dotted) lines for the Gibbs thermal equilibrium states ﬁ(GH) (ﬁgLMG)) of Hy (Hymc). The statistical
character of ﬁg/{;‘ ) for our system of four ensembles follows the thermalization of ﬁ(GH) (ﬁ(GLMG)) for y. < 0.2,
whereby /3(;2) is thermally populated. This comparison suggests that our method for entanglement character-

ization could be applied to access the link between off-diagonal long-range order and multipartite entangled

spin-waves in thermalized quantum magnets [94, 95].

2.4 Conclusion and outlook

In conclusion, our measurements explicitly demonstrate a coherent matter-light quantum interface for mul-
tipartite entanglement by way of the operational metric of quantum uncertainty relations [32, 104, 106].
High-fidelity entangled spin-waves are generated in four spatially separated atomic ensembles and coherently
transferred to quadripartite entangled beams of light. The quantum memories are individually addressable
and can be readily read-out at different times for conditional control of entanglement [4]. With recent ad-
vances by other groups, the short memory times obtained in Fig. 2.3 could be improved beyond 1 s (see
details in Section 2.5.8).

Further possibilities include the creation of yet larger multipartite entangled states with efficient scal-
ing [4] for the realization of multipartite quantum networks. For example, quadripartite entangled states
of ensemble sets {a, b, c,d} and {a’,¥’,c,d'} could be extended by swapping between {a,a’} to prepare

a hexapartite entangled state for {b,b’,¢,c’,d,d’'}. Generalization of such processes will prepare a single



18
macroscopic entangled state for observing entanglement percolation [7] and extreme non-locality of W -states
[107], as well as for studying phase transitions in strongly-correlated systems [94, 95]. Finally, the entangled
spin-waves can be applied for quantum metrology to detect a phase shift of 7 on an unknown component of

,65,‘;1 ) with efficiency beyond any separable state (see details in Section 2.5.9).

2.5 Experimental details

2.5.1 Preparation of cold atomic ensembles

The experiment consists of a 22 ms preparation stage and a 3 ms period for operating the quantum interface
in Fig. 2.1 with a repetition rate 40 Hz and a duty cycle D. = 3/25. For the preparation, we load and laser-
cool Cesium atoms (peak optical depth ~ 30) in a magneto-optical trap for 18 ms, after which the atoms
are released from the trap with dynamically compensated eddy-currents. The atoms are further cooled in an
optical molasses (T3 ~ 150 pK) for 3.8 ms, and optically pumped to |g) for 0.2 ms. During this time, a phase-
reference laser (F' = 3 +» F’ = 4/ transition) also propagates through the atomic ensembles for the active
stabilization of the verification interferometer in Fig. 2.1c via ex-sifu phase-modulation spectroscopy [32],
which does not affect the operation of the quantum interface. Concurrently, dense Cesium atoms in paraffin
coated vapor cells located at the heralding and verification ports are prepared to the respective ground states

lg) (|s)) for filtering the coherent-state lasers scattered into the quantum fields ;1 (y2).

2.5.2 Quantum interface

For the quantum interface to function during the 3 ms window, in step (1) 20-ns writing (red-detuned
d = 10 MHz from |g) — |e) transition) and 100-ns repumping (resonant with |s) — |e)) pulses are applied se-
quentially to the ensembles €, synchronized to a clock running at R. ~ 2 MHz. This process creates pairwise
correlated excitations [4] between the collective atomic modes |3.) of the ensembles ¢ and the optical fields
~1 (6 = 10 MHz below |s) — |e)). Photodetection of a single photon for the combined fields ~y; at the output
of the heralding interferometer effectively erases the which-path information for 77, and imprints the entan-

gled spin-wave /3%‘) in Eq. (2.3) onto the ensembles {a, b, ¢, d} via Tr, (LI}, U‘irneﬁéA)mee). The heralding
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event at Dy, triggers control logic in Fig. 2.1a which deactivates intensity modulators of the writing (IMyyite ),
repumping and reading lasers (IM.,q) for the quantum storage of ﬁ%,é ) in step (2). After a user-controlled
delay T, step (3) is initiated with 20-ns strong read pulses (Rabi frequency 24 MHz, resonant with |s) — |e))

that address the ensembles in Fig. 2.1c and coherently transfer the entangled atomic components {a, b, ¢, d}

of ,6%{,‘) (1) one-by-one to propagating beams v, = {as, ba, ¢2, d2 }, comprising the entangled photonic state

/35},) (7), via the operation ﬁ(vg) =Tr A(Urtad,ég,’;) read). Here, Tr4 traces over the atomic systems which are

later shelved into the ground states |g.). The retrieval efficiency nreqq is collectively enhanced for large N4
(ref. [4]), leading to 7eaq = 0.38 £ 0.06 in our experiment. The average production rate for the atomic
quadripartite entanglement with {A™" y™i"} js 7, = R.D.p; ~ 60 Hz, while the actual rate during the 3
ms operating window is r, = R.pj, ~ 500 Hz. The atomic level diagrams for entanglement generation and
quantum-state exchanges are shown as insets to Figs. 1b and lc. States |g), |s) are hyperfine ground states
F =4, F = 3 of 655 in atomic Cesium; state |e) is the hyperfine level F' = 4 of the electronic excited

state 6P3 /5.

2.5.3 Spin-wave quantum memories

The quantum information of the entangled state for Eq. (2.1) is encoded in the quantum numbers of spin-
waves (collective excitations) for the pseudo-spin of the hyperfine ground electronic levels 65,5 (F' =
3, F = 4) in atomic Cesium. The fluorescence images shown in the inset of Fig. 2.1a depict the collective
atomic modes of ensembles € = {a, b, ¢, d} for exciting the entangled spin-waves ,6%,‘3) with 1 mm separations
and 60 pum waists. The geometry of the collective excitations for the four ensembles {a, b, ¢, d} is defined by
the spread functions of the imaging systems for the fields {71,72}, consisting a cold cloud of N4 . ~ 10°
Cesium atoms. We use an off-axial configuration [108] for individually addressing each ensemble ¢ with an
angle § = 2.5° between the classical and nonclassical beams, which creates spin-waves |3.) associated with
wave-numbers 5k = Ewme — 12;;1 for each e. These spin-waves are analogous to other types of collective
excitations in many-body systems, such as magnons and plasmons, and the spin-waves can be converted to
dark-state polaritons for the coherent transfer Ureaa Of entanglement. For the phase-matching configuration

and temperature of our ensembles, the memory times {7'7(,?), 7'7(3), TT(,} )} in Fig. 2.3 are dominantly determined
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by the motional dephasing of the spin-waves |5.) (ref. [105]). With thermal velocity of v; ~ 14 cm/s, we

. . 0.85 um
estimate a memory time 7, =~ e

Trsin(0/3)0; — 17 ps. On the other hand, the ground-state dephasing due to

inhomogeneous broadening is expected to be > 50 s in our experiment, inferred from two-photon Raman

spectroscopy.

2.5.4 Quantum uncertainty relations and genuine multipartite entanglement

In order to verify the entanglement by way of {A, y.}, we first evaluate the photon statistics {po, p1, p>2}
for the y.-measurement. Operationally, this is accomplished by measuring the individual probabilities g;;x;
for i, j,k,1 € {0, 1} photons to occupy the respective optical modes vo = {ag, b2, ¢, da} at the output faces
of the ensembles via photoelectric detections {f[fg) }. For the A-measurement, we quantify the off-diagonal
coherence d of pAE,?,) by pairwise interferences of all possible sets of modes «, 5 € {az, ba, ca,d2} with the
verification interferometer. The photon probabilities {p1000, P0100, Poo10; Pooo1 } at the output modes of the
verification interferometer thereby result from the coherent interferences of the four purportedly entangled
fields -y, that depend on the phase orientations {31, 82, 83}, of {ﬂz(-c) }.

Our conclusion of genuine multipartite entanglement for the atomic and photonic states { ﬁ%‘ ), ﬁg&)} does
not rely on weaker conditions based on the non-separability along any fixed bipartition of {ﬁ%,‘é), ,6%,})}. The
genuine M -partite entangled states created from our experiment can only be represented as mixtures of pure
states that all possess M -partite entanglement, as for the case of genuine ‘k-producibility’ in multipartite spin
models [94, 95]. We take caution that our entanglement verification protocol cannot be applied for verifying

the absence of entanglement for the physical state [)%) in an infinite dimension [109]. Finally, we emphasize

that our analysis makes use of the full physical state {ﬁ(mé)’ ﬁ%,})} including the vacuum component py and

higher order terms p>o, and does not rely upon a spurious post-diction based upon a preferred set of detection

events.

2.5.5 Generation and characterization of a ‘crossed’ quantum state

As a control experiment, we reconfigure the heralding interferometer such that path-information could in

principle be revealed up to the bipartite split of the ensemble pairs {a, b} and {c, d} by analyzing the polar-
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ization state of the heralding photon ~;. In this case, the heralding measurement 11, prepares a ‘crossed’
atomic state [’)(XA) with no coherence shared between {a, b} and {c, d}. Thus, we observe an absence of inter-
ference in Fig. 2.2a (orange points). However, this modified I, preserves the bipartite entanglement within
{a,b} and {c,d}, which explains our observation of the uncertainty A reduced below the 1-mode bound

Aél) for y. = 0.07 & 0.01. Similarly, we also detect the statistical transition of the bipartite entanglement to

fully separable states for the ‘crossed’ state in Fig. 2.2b, despite the disentanglement for the bipartition (|) of

{a,b}|{c,d}.

2.5.6 Relationship between quantum uncertainty and off-diagonal coherences.

We derive here the general expression for the upper bound of the sum uncertainty A as a function of the

coherence d. First, we note that A is only sensitive to the 1-excitation subspace p; of j,. with

51000 dab dac dad
dy,  sot00  dpe  dba

dy, di  Sooi0  dea

* * *
dy, dap dge  Soo01

normalized such that Tr(p1) = $1000 + So100 + Soo10 + Sooor = 1. Here, the diagonal elements §; =
{51000, 50100, S0010; Sooo1 } Of p1 are related to the 1-photon probabilities ¢1 = {qg1000, 90100, 0010, Gooo1 } at
the faces of the ensembles via p1§; = ¢. By transforming 5, into the basis spanned by {|W;),}, we find
the expressions for the normalized output photon probabilities {p1000, Po100; Poo10, Pooo1 } of the verification
interferometer as functions of 57 and ds. The sum uncertainty A is then expressed as A = 2 — {(|dq| +
|deal)? + (|dac| + |dbal)? + (|dad| + |dbc|)?}. Thus, we obtain A < 2(1— 16d°). The average value of the six
unique off-diagonal elements is d = & > apldas| With0 < d < 1/4, and the effective interference visibility

is given by Vg = 4d.
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2.5.7 Derivation of entanglement fidelity

We obtain here the expression for the lower bound unconditional entanglement fidelity F'(4) = p, Fy, where

Py is the probability for a single spin-wave p{") in the heralded state p{;”, and Fy, = (W;|p{™ W) is

(A4)

the conditional fidelity for p;’. We start by noting that the projective measurement ﬁl(-c)

for A gives the

conditional fidelity F; of p, onto one of four orthonormal W -states, |W;),, = |W7),, for example,

1000) +
€#110100) + €*%2(|0010) + ¢7%3|0001)). Hence, we can define A = 1 — F2 — Y"1 _ F2 in terms of the
respective overlaps F;. Because of the orthonormality Zle F; = 1, the sum uncertainty is bounded by
A >1—Ff —(1— Fy)?% whereby we obtain F; > /(2 — A) + 1. Finally, by combining the probability
p1 for exciting one spin-wave distributed among the four ensembles, we access the lower bound fidelity

(

imbalances in the interferometer can rotate the projectors into non-orthonormal sets [104]. However, the

(A)

FA > 5( — A) + 1) obtained unconditionally for the heralded atomic state py;,’. In principle, the

D=
N[

measured losses and the beam-splitter ratios are sufficiently balanced such that any changes in F(4) due to
modified projectors are well within the uncertainties of the data, as evidenced by the close-to-unity projection
fidelity F(™) = 99.9f8: %%. In the experiment, p; and F7 are determined from the inferences of the spin-wave

statistics (via y.), and of the coherences (via A), respectively.

2.5.8 Prospects for improving memory time and matter-light transfer efficiency

By operating the clock speed at R. — 10 MHz and T,Sf ) ~ 20us, we could prepare hexapartite (M = 6) en-

tanglement with probability 327eaap? /8 &~ 1077 by connecting two quadripartite states ,6%‘ ) for {Amin pmin}
with enhancement factor z = 400 (ref. [110]), thereby giving a local production rate of r, ~ 50 — 100 Hz, or
an average rate 7, ~ 5 — 10 Hz with our current duty cycle D.. The most challenging aspect of verifying the
hexpartite entangled states is the quantification of the higher-order contamination p>2, which we estimate ~ 1
event per 10 hr. This integration rate is feasible with our current system. More generally, M; and Ms-partite
entangled states can be fused together by entanglement connection to create a M = (M; + My — 2)-partite
entangled state. However, the memory times {7'7(,5:’ ), 2 ), s )} in Fig. 2.3 and the entanglement transfer A

from matter to light limit our capability to scale the multipartite entanglement beyond M > 6 by way of

conditional control and connection of entanglement [110, 111] with our current experimental parameters.
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The prerequisite storage techniques for suppressing both the internal and motional spin-wave dephasings
can be extended for 7,,, with advances in ensemble-based quantum memories [27, 28, 112]. Recent experi-
ments with single ensembles have achieved coherence times up to 7,,, =~ 1.5 seconds in quantum degenerate
gases [29, 30] albeit with efficiencies < 1%. The transfer efficiency can also be increased to Ay, ~ 0.9 by en-
closing the ensembles with high finesse cavities [105]. System integrations by way of atom-chip technology
and waveguide coupling [61, 113] hold great potential for scalability given the strong cooperativity and the
long coherence [114]. At this level, two or more heralded processes of multipartite entanglement generations
can be made ‘on-demand’ on time scales of 7ger ~ ﬁph = 1 ms, with 7,,, > 74e (refs. [110, 111]).

Realistically, the expansion of multipartite entangled states ﬁ%) will be limited by the intrinsic degrada-
tions of the entanglement parameters {A, y. } that inevitably increase with each step of entanglement connec-
tion [111], and by the specific quantum repeater architecture implemented on ﬁ%,’é ). The latter is an extremely
rich area of research in view of the large classes of methods for connecting multipartite entangled states,
making it premature to specify a particular architecture for multipartite entanglement expansion. However,

our experiment will hopefully stimulate theoretical studies of complex repeater architectures for multipartite

systems, beyond traditional one-to-one networks [115].

2.5.9 Quantum-enhanced parameter estimation with entangled spin-waves

We describe a quantum-enhanced parameter estimation protocol whereby a phase shift on a single ensemble
¢; of the quadripartite state ¢; € {a, b, ¢, d} can be detected with efficiency beyond that for any separable state.
Specifically, we consider a m-phase shift UWM = exp(imf,) applied on an unknown spin-wave component
€ € {a,b,c,d} (R, = SJISQ) of the atomic state ﬁ%,’é), or on a spatial field mode ~yo; € {aq, ba,ca,ds}
of the photonic state pﬁﬁ) (Mg, = dim&m). Our goal is to find the 7m-phase shifted ensemble ¢; (optical
mode 79;), in a single-measurement under the condition that an average of one spin-wave is populated in
total; i.e., >, Tr(n, ﬁ%,é)) = 1 (or Y, Tr(f,, ,6%,7,)) = 1 for optical modes). As a quantum benchmark,
we consider an average success probability P, = ; >°_ Tr(ﬁﬁ?)ﬁi,eiﬁ(;)ﬁmﬂ) (failure probability Py =

1 — Py) for distinguishing the phase shifted ensemble ¢; (mode +2;) among the four possibilities {a, b, ¢, d}

({az, b, c2,da}) by way of unambiguous quantum-state discrimination {ﬁﬁ?)} (refs. [116-119]).
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First, we consider an ideal W-state |IW), = [W) 4 (or [W),,) with atomic phases ¢; € {¢1, $2, ¢3} (pho-
tonic phases ¢; € {¢!, 5, ¢5}). In this case, the 7-phase shifted entangled W -states |We,) s € {\Wéﬂ)> I

(W) 5 WEYy ¢, W™ £} can be detected deterministically, because |W.™) ; = U .,

W), forms an or-
thonormal complete set that spans the state-space p1, resulting from the underlying symmetry of |1W), with
respect to any rotation Uﬂ,ei on a generalized Bloch sphere. Operationally, we set the verification phases
Bi2 — ¢1o = 0and B3 — ¢35 = 7. Then, the 7-phase shifted ensemble ¢; can be unambiguously dis-
criminated because the otherwise balanced output photon probabilities p,, = {p1000; P0100, P0010, Po001 } =
{0.25,0.25,0.25,0.25} of the verification interferometer will be transformed to p,, = {1,0,0,0} for a -
phase induced on ensemble a, to p,, = {0,1,0,0} on ensemble b, to p,, = {0,0,1,0} on ensemble ¢, and to
P = {0,0,0, 1} on ensemble d, each with success probability Pl — 1,

For fully separable states |¥), = [0q)a|tp)b|te)c|tPa)a With [Pe,)e, = Do Ocﬁb )|n)6 , we displace
the resulting m-phase shifted state |‘I’£ﬂ)> # = Ur.e,|®), with a local unitary transformation V|, )e, =

|0).,. The overall process V,, V3 V. V4l ., maps the initial product state [¥), into V.U a[ta)a|0)5]0)c|0)a

(phase shift on ensemble a), |0>a%Uﬂ,b|wb>b\0>c|0>d (ensemble b), |O>a\0)bI7CUmC

)c|0)q (ensemble c),
and \0>a|0>b|O>CVd(Afmd|¢d>d (ensemble d), with only one €; containing (7,) > 0 excitations. Thus, we can
unambiguously identify the phase shifted ensemble ¢; given a photodetection, albeit with a failure probability
= Yedel® = 35, le(elU
(i.e., |0000)(0000]). We derive the maximum success probability P{™"*) = 1— P]Emm) and the optimal state
e =

Specifically, we find that an optimal (pure) separable state [¥)o,: = [] (1/3/4[0)¢, + 1/1/4[1);) can be

€ <0|‘7€1 Uﬂ'76i 2

we >eL

arising from inconclusive null events

T,€i

W), = |P)opr by minimizing P;

over all possible realizations of cg?) satisfying ZE (e, |10

(max)

used for the parameter estimation protocol to infer €; with Ps = 0.75. Similarly, maximum success

probability P{“"

can be derived for multimode coherent states [ [, |a,)e,, giving a classical bound of
Pl =1 - 1/e.

Finally, we consider the upper bound P(mar) for mixed separable states pg °?) with pure state de-

compositions po ep) = > Pm|¥m)o(¥m|. Generally, the transformations VE, as discussed above, do
not exist for pEfe” ), excluding the possibility of an unambiguous state discrimination. Thus, the success

probability P,(55**"’) is upper bounded by the convex combinations of {|¥,,)}, thereby P;(p5"") <
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> P Ps (V)0 (U |) < P{™a®) — 0.75. Importantly, the maximum success probability P{™*") = 0.75,
attainable for any ﬁ((fep ), is less than Ps(e"t) = 1 for entangled states |IW),. Thus, the entangled spin-waves
in the experiment can be applied for sensing an atomic phase shift beyond the limit for any unentangled state.

Comprehensive analysis of our protocol including experimental imperfections (e.g., detection efficiency) as

well as other measurement strategies will be discussed elsewhere.



26

Chapter 3

Atom-light interactions: waveguide
QED

3.1 Introduction

In this chapter, we describe the underlying physics of atom-photon interactions along a 1D waveguide. First,
we describe photon transport properties in the presence of a single photon, including reflection transmission
spectra, saturation behavior, and photon correlation. Then we discuss the collective effects that emerge with
two atoms coupled to the waveguide mode. Depending on the distance between atoms, the collective effects
change from superradiance to dipole-dipole interaction. We further consider /N atom coupled to the 1D PCW,
which can separate these two collective effects across the band edge of the PCW and introduce finite-range

dipole-dipole interaction inside the band gap of the PCW.

3.2 Single atom coupled to a 1D waveguide

3.2.1 System Hamiltonian

We consider a simple system where a two-level atom, consisting of ground state |g) and excited states |e)
separated by transition frequency wy, couples to a 1D continuum waveguide mode. The corresponding Hamil-

tonian is described by a term denoting the energy levels of the atom H,on, freely propagating photons in a
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Figure 3.1: Schematic of a single atom coupled to a 1D waveguide. A two-level atom, consisting of ground
state |g) and excited state |e), couples to the 1D waveguide with a decay rate I'1p and to all the other channels
with a decay rate I".

waveguide H,},, and dipole-interaction term H, with the rotating-wave approximation as [71, 74],

Htot/h = Hatom+th+Hint (31)

WeOee + /dkwkalak + /dk;g (oegakeikx + h.c.) , (3.2)

where 0;; = |i) (j

, a is the annihilation operator for the mode with wavevector k, and the frequency wy, of
the propagating mode. While the atom couples to the waveguide mode with the dipole-coupling amplitude g,
the atom also emits photons into all the other mode (i.e. free space) with the decay rate I'V. The evolution of

the atom is described by a master equation for an atomic density operator p,
.1
p= 7 [Hyot, p) + Lp], (3.3)
where the Lindblad term is given by,
Llp] = -5 Z (0,000 + pol,ol. —20) pol,) . (34)
J

From Eq. (3.2), we obtain Heisenberg-Langevin equations for the atomic operators, which are useful for

studying photon transport properties under large coherent excitation (see details in Appendix A).

3.2.2 Basic rates of a single atom

Figure 3.1 illustrates the basic rates of a single atom coupled to the waveguide: the decay rate into the guided

mode I'1p and the decay rate into all the other modes I'. The decay rate into the guided mode is written by
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(see Appendix A),
B 4 g? 1 og

=_-_——7T 3.5
vy Zug A (3.5

T'ip

where I is a Einstein A coefficient in free space, oy is a cross section of the atom, and A, is an effective
mode area. Here, the group velocity is defined as v, = ‘g—” = n—CJ where a group index is n, ~ 1.5 of a
SiO3 nanofiber and ny ~ 2.0 of a SiN waveguide. The Purcell factor is defined as a ratio of the decay rate

into the guided mode T';p to that into all the other channels T,

I'ip

P o

(3.6)

which quantifies how the atomic excitation decays: in the limit P — oo, all the excitation will decay into
the guided mode. For a typical 1D waveguide considered here (i.e., nanofiber and double nano beam), the
decay rate into all the other channels is IV ~ T'y without significant suppression [120]. A large Purcell
factor can be achieved by enhanced I'1p via small effective mode area, A,, < g, and a small group velocity
vy < c. On resonance, the atom has a maximal scattering cross section that is proportional to the square of
the wavelength, oy ~ A2, requiring the sub-wavelength confinement A,,, < A\2. We will discuss an enhanced

group index ng > 1 via slow light effect of the PCW near the band edge in Section 3.4.

3.2.3 Coherent field transport

We consider a single atom, excited by right-going coherent state with a field amplitude, £r i = &, and
calculate the reflectivity of a single atom. The equations of motion for the operator mean values of slowly-

varying variables, sgc = (Gge) , 5. = (G-), are written by

Tt .
b = (z’A - ;) Sge + 2V3TgE0S2, (3.72)

1
$, = —Tiot (sz + 2) — V271G (EpSeg — &5 Sge) » (3.7b)
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where the total decay rate I'yo; = I'1p + I'” and the detuning A = wy, — wy with a probe frequency wy,. The

equations above can be cast into a compact and convenient form as,

s$=D-s+f, (3.8)

with a time-independent matrix D and a vector f,

Sge IA — % 0 2i€), 0
s=ls, | D= 0 —iA - Lee —2i0r |, f=1 0 |, (3.9
Sz ZQ; —ZQC _Ftot —%

where the Rabi frequency of the input field (2. = v/2mg&y. This D matrix enables us to calculate higher-
order correlation functions using the quantum regression theorem (see Section 3.2.4). Then, the steady-state
values § = s(t — co) are obtained by,

_ 2+ 4A2 _ 2A — iTyoy

— = 20)... 3.10
T YT, TAAT L RILP) T T, pAAT LR G10

Given the steady-state atomic coherence 34., one can compute the transmission and reflection by using the

input-output relation (Appendix A). The reflected (left-going) field amplitude is written by

. T'ip _
EL,out = —1 %Sge. (311)

Then, the steady-state reflectivity of a single atom is expressed as [58, 74],

- 2A
gL out I'ip 1+ ZIg
ri(A Q) = 72— =— — et | (3.12)
gR,in Tiot 1+ %‘i + %

For a resonant incident field (A = 0), a single atom is saturated at a Rabi frequency Q. ~ I'tt, suggesting
that the saturation intensity I, oc €2 is proportional to I'2.,. Figure 3.2 shows saturation dependence of

transmission 7' = |1 + 71 (A, Q.)|? and reflection spectra R = |r1(A, 2..)|? with various values of €.
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Figure 3.2: Saturation dependence of transmission and reflection spectra. The transmission (dashed)
and reflection spectra (solid curves), with Q./T'g = 0.01 (black), 0.1 (blue), 1 (green), and 10 (red), where
Iip=T"=TYy.

In the weak excitation limit 2. — 0, the reflectivity of a single atom is simplified to

I'ip

A)y=—— 1D
R e SR KASE T

(3.13)

One can easily show that the reflectivity of the single atom with incident single photon is identical to that

with the weak coherent state [71, 74].

3.2.4 Photon correlation for coherent incident field

The nonclassical properties of photons scattered by a single atom are evident in photon correlation. They are

often characterized by the normalized second-order correlation function in the steady state (t — c0),

<a’20ut (t)a’};,out (t + T)aé7OUt (t + T)af,out (t)>bb
(0} e (Dag.on ()%

9P () = : (3.14)

where ¢ = R for transmission (right-going) field and ¢ = L for reflection (left-going) field. In the weak

excitation limit, by solving Eq. (3.8) for higher-order correlation functions, the normalized second-order



Figure 3.3: Normalized second-order correlation function gf) in the weak excitation regime (/T =

0.01). (a) g(Lz) for the reflected (left-going) field as a function of normalized time I'gt, (b) gg) for the
transmitted (right-going) field, with T'yp /Tg = 0.5 (black), 1 (blue), 1.5 (green), and 2 (red), where IV = T’y

correlation functions for the reflected and transmitted fields are approximately given by,

2

g(LQ)(T) ~ e Tt (1 _ e*FtotT/z) , (3.15a)
2

95{2)(7) ~ e Tt (58 _ efl“totr/?) , (3.15b)

where &y = FrlP. As shown in Fig. 3.3 (a), g(LQ)(T) shows the anti-bunching at 7 = 0, regardless of the

magnitude of the coupling rate §, = FIEP , since the reflected field purely comes from the scattered field of the

atom [74, 77]. Figure 3.3 (b) exhibits the unique photon correlation of transmitted fields, which arises from
the quantum interference between the scattered and incident fields, as shown in Eq. (3.15b). As increasing
o at&y < 1, gg)(O) decreases further and the initial antibunching gets strongest at £, = 1. For &, > 1,
pronounced bunching is predicted at 7 = 0, where two and higher-order photon components of the coherent
state are transmitted with increased probability while the single-photon component is reflected. Then the
pronounced bunching is followed by anti-bunching at a subsequent time 79 = % [74, 77]. In the case of
two-photon transport, a two-photon bound state is predicted to pass through the single atom as a composite
photon. Thus, effective attractive or repulsive interaction between photons could be induced by the presence
of the single atom [72, 121].

Beyond the weak excitation limit, the saturation behavior is included by using the exact expression of Eq.

(3.14). Figure 3.4 displays the saturation dependence of photon correlation gg/) 1.» which indeed approaches
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Figure 3.4: Staturation behavior of gf). (a) g(L2) for the reflected field as a function of normalized time

Tot, (b) gg) for the transmitted field, with Q./I'g = 0.01 (black), 0.1 (blue) 1 (green), and 10 (red), where
I'ip=I"=T,.

unity for the strong incident fields (2. > T'y).

3.2.5 Transfer matrix in the weak excitation limit

For a linear system, we can define a transfer matrix which relates the field amplitudes on the left-side of
an optical element to the field amplitudes on the right-side, instead of relating the outgoing modes to the
incoming ones, as illustrated in Fig. 3.5. The advantage of the transfer matrix method is that it is easy
to scale up a system: the transfer matrix of a composite system is just the product of the matrices of its
components [122].

In the weak excitation limit, where atomic saturation is ignored, the response of a single atom is linear,

enabling us to determine the transfer matrix of a single atoms. As described in Appendix A, the input-output

ER,in ERout
— Optical element —_—
gL,out 5L.,in

Figure 3.5: Diagram of a transfer matrix. A transfer matrix M relates the field amplitudes on the left-side
(ER,in> €1,0ut) of an optical element to the field amplitudes on the right-side (€, oust, €1,in)-
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relations for incident coherent fields from both sides read

. Thp _
5R,out = gR,in — U 5 Sges
2vy
. [T1p _
gL,out = 5L,in — U4 75— Sge;
2vy

and the steady-state coherence is given by,

. \V 21—‘llD'Ug

Sge =1

Trp 17— 20 (Eein ¥ &)

Thus, the input-output relation can be transformed to transfer matrix representation as,

gR,out gR,in
= atom )

8L,in gL,out

with a transfer matrix of the single atom for incident coherent fields

1+4& 1
atom — )
—i&  1—3&
where
__ & _ T _2A
$=—i s o= and §="F-

(3.16a)

(3.16b)

(3.17)

(3.18)

(3.19)

(3.20)

The transfer matrix in Eq. (3.19) is consistent with the one derived from the 1D Helmholtz equation in Ref.

[123].

3.3 Multiple atoms coupled to the 1D waveguide

Next, we study the collective effects induced by photon-mediated interactions between atoms. Depending

on the distance between the atoms, the exchange of real or virtual photons between atoms gives rise to
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Figure 3.6: Schematic energy level diagram for two atoms interacting with a 1D waveguide. (a) Two
atoms interact with a 1D waveguide at a separation ¢ = k|x; — x2|. (b) Superradiance at ¢ = 7 between
two atoms. Eg i, (red arrow) represents a weakly-exciting guided mode, which only drives the superradiant
emission via the bright state | B). The dark state | D) cannot be driven directly from the ground state |gg). (c)
Dipole-dipole interaction with ¢ = 7 /2. The energy levels of | B) and |D) states are shifted by +I'1p /2 by
exchanging virtual photons. Both | B) and |D) states are driven by the guide mode Egiy,.

superradiance or dipole-dipole interaction.

3.3.1 Interacting spin Hamiltonian

The dynamics of N atoms is equivalently described by an non-hermitian Hamiltonian in the quantum jump

description of an open system (Appendix A) [124, 125] as

Tip+IV\ _; ~ i ikxs . ~j ~j' iklzj—x
Haafh== 3 (8417055 ) L, = S0 (02,6 o) — im0 3 ol g, 62)
J J i'#i

where x; is the position of the j-th atom. To illustrate the basic properties of “waveguide QED”, we consider
two examples: (i) superradiance of two atoms separated by ¢ = k|z; — x2] = 7 and (ii) dipole-dipole
interaction between two atoms separated by ¢ = 7/2 [126-128]. For simplicity, we set x; = 0 and kxs = ¢.

We obtain more transparent form of the effective Hamiltonian by introducing the dressed-state operators,

~(1 ~(2 ~(1 ~(2
5B — ~G5e +540 ";e), 5D — 34 + 540 056)7 (3.22)

ge V2 ge V2

which decouples the dynamics of atoms into bright and dark states, as we will see in the following sections.
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3.3.1.1 Two atoms: superradiance at the separation ¢ = 7

The effective Hamiltonian at the separation ¢ = 7 is given by Hog = H, e% + A gf with

HE /R = JNIEAEU RN PV PV V29, (68 + 5B 3.23

eff/ - +1 2 Uegoge + c (Ueg + Uge) ) ( . a)
I\I

H&/h = - (A + i2) Lo, (3.23b)

where the jump operators of Hg and Hp describe the superradiance with 2I'yp + I'" and subradiance with
I, respectively. Eq. (3.23b) indicates that the dark state | D) cannot be driven directly from the ground state
lgg) by guided-mode fields. Thus, in the weak-excitation regime, atoms are driven to the bright state |B),
resulting in the superradiance, as illustrated in Fig. 3.6 (b). On the other hand, when the atoms are driven
identically (i.e., external illumination with the same phase), the driving term of the Hamiltonian is given by

Hey o (65 4 61)). leading to the excitation of the subradiant state | D).

3.3.1.2 Two atoms: dipole-dipole interaction at the separation o = /2

In the case of p = m/2, each effective Hamiltonian is written by

r Tip+ 1 .

HE/h = - (A g 1D2+ ) GBGE 1+ Q. (68 +68), (3.24a)
r Tip+ 1 .

HE/h = - <A — 5 +i 1D2+ ) GDGD + Q' (50 +60) (3.24b)

The energy levels of | B) and | D) states are shifted by £I'1p /2 due to the exchange of photons, as illustrated
in Fig. 3.6 (c). Both states are driven by the guide mode with the equal amplitude of Rabi frequency (..
While the frequency difference between |B) and | D) is I'1p, the linewidth of both states are larger, I'1p + IV,

meaning that we cannot distinguish two resonances even with large I'1p by using a guided mode.

3.3.2 Field response in the weak-excitation limit

Once we obtain the atomic response from the Heisenberg-Langevin equations, we can reconstruct the field

response via the input-output relation. In the weak excitation regime, the equation of motion for the operator
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Figure 3.7: Reflection spectra with NV = 2 atoms in the weak excitation limit. (a) the reflection spectrum
R = |ra(m)|? (red) of two atoms separated by ¢ = 7 and single atom spectrum |r;|? (blue). Here, I'ip =
IV = I'g. (b) the reflection spectrum R = |ry(7/2)|? (red) of two atoms separated by ¢ = 7/2 and single
atom spectrum (blue). Due to the destructive interference, the reflectivity of two atoms is smaller than that of
the single atom.

i — (59 ) is wri
mean value, s/, = <oge>, is written as

; r "y ; r o
5'.] . = (ZA — 1])24>) 5‘;5 _ igcelkﬂ:j _ %D Z Séeelklmjfmj/ . (3.25)
J'#]

To study the field response (i.e., reflection spectrum), we again consider the same examples: (i) two-atom
superradiance at the separation ¢ = 7 and (ii) dipole-dipole interaction at the separation ¢ = /2.
3.3.2.1 Superradiance at the separation p = 7

By using the input-output relation (Appendix A), the reflected field amplitude is given by

1D (1) | 2
EL.out = —iy | o, (sgg +e sgg) , (3.26)

where the steady-state coherence §ge = sge(t — 00). From Eq. (3.25), we obtain the steady-state coherence

5J
5l as

@ _ 290,
9¢ = oTyp + IV — 2iIA°

(3.27)

(1) _ jimg
550 = €75
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Thus, the reflectivity of two atoms at ¢ = 7 is expressed as

_ gL,out _ 2F1D
gR,in 2I'p + 1V — 2iA’

ro(m) (3.28)

where the linewidth is enhanced by the superradiance, 2I'1p + I'' shown in Fig. 3.7 (a). In the case of N
atoms, we can see the cooperative decay rate, (N — 1)I'1p, from the last term of Eq. (3.25), leading to the
total decay rate I'yoy = NT'1p +I". The reflectivity in Eq. (3.28) is consistent with the intuitive picture given

by the interacting spin Hamiltonian in Section 3.3.1.1.

3.3.2.2 Dipole-dipole interaction at the separation ¢ = 7/2

Similarly, the reflectivity of two atoms at ¢ = 7 /2 is obtained by

i I'ip _ I'ip
Tip +I7 —2i(A —T1p/2) Tip + 17— 2i(A + I1p/2)

ra(m/2) = (3.29)

The reflectivity consists of two Lorentzians with a linewidth I'yp + I'” and frequency shift :tr%. Due to the
destructive interference of these two modes, the peak reflectivity is smaller than the single atom reflectivity
shown by blue curve in Fig. 3.7. Note that one can get the same results for both ¢ = 7 and 7/2 by using
the transfer matrix method. For N > 3 at ¢ = m/2, the atomic response is a mixture of superradiance
and dipole-dipole interaction, resulting in a complicated reflection spectrum. We will discuss an alternative
approach to study dipole-dipole interaction of N > 3 atoms with the help of photonics crystal waveguides in

Section 3.4.

3.4 Photonic crystal waveguide near the band edge

In practice, the atoms must be trapped at ~ 200 nm away from the surface of the SiOy nanofiber, to protect
atoms from the surface potential in the trapping scheme of Refs. [61, 64]. Due to the atom-photon coupling
via evanescent fields, the projected coupling rate is only I';p /TY = 0.04 for Cs D5 line transition [120]. As

shown in Eq. (3.1), the enhanced coupling rate I';p can be achieved via slow light effect, v, < ¢, due to
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Figure 3.8: Schematic of a 1D photonic crystal waveguide and dispersion relation. (a) A typical disper-
sion relation of the 1D photonic crystal waveguide (PCW), illustrating the guided mode frequency w versus
the Bloch wavevector k in the reduced first Brillouin zone near the band edge (kgg = 7/a at wgg). (b)
A schematic image of superradiance for NV atoms near the band edge of the PCW (watom < wpEg). (€)
A schematic image of finite-range atom-atom interaction mediated by virtual photons inside the band gap
(Watom Z WBE)-

the flat dispersion relation of the Bloch modes near the band edge of a photonic crystal waveguide (PCW),
illustrated in Fig. 3.8 (a) [68].

Near the band edge, the PCW separates two collective effects, superradiance and dipole-dipole interac-
tion, either inside or outside of the band gap as illustrated in Fig. 3.8 (b,c). Outside the band gap, wg < wpg,
because the Bloch function for a guided mode near the band edge approaches a standing-wave, symmetric op-
tical excitations can be induced in an array of trapped atoms, resulting in superradiant emission [18, 129]. On
the other hand, inside the band gap, wg 2 wgE, the emitted field forms the localized mode with an exponen-
tially decaying envelope, leading to the finite-range dipole-dipole interaction between atoms by exchanging

virtual photons without dissipation into the waveguide [87].

3.4.1 Outside the band gap: Superradiance

Near the band edge watom < wgE, the Bloch function for a guided mode approaches a standing-wave,

~

resulting in the effective spin Hamiltonian given by

Tip+T'\ .. T L
Ha/h — —Z(A+im;> 5l — =2 37 (~1) 5,60, (3.30)

J J#3’
where we assume that atoms are localized at the center of each unit cell. The last term of Eq. (3.30) describes

the correlated decay between N atoms. Here, we introduce a dressed-state operator for N atoms as &;ZN =

\/iﬁ > j(fl)j &ge . Then, in the weak excitation limit, the equation of motion for the operator mean value,
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Ba . J<Ba\ s .
spN = (GEN), is simply written as

N -Tip+T"
§By = (m?*)sfgm/ﬁac, (3.31)

where all the other modes are not driven by the guided mode due to the symmetric excitation near the band

edge. Therefore, the reflectivity of N atoms reads,

N -Tip
N Tip + I — 2iA’

rv(A) = (3.32)

which illustrates a superradinance of N atoms with enhanced total decay rate N - T'1p + I,

3.4.2 Inside the bandgap: Finite-range dipole-dipole interaction

Inside the band gap watom 2, WBE, assuming that atoms are localized at the center of each unit cell, the

effective spin Hamiltonian is written by

2

i i#’

r "\ _. T P
He/h = =Y. (A -2y z) Gl + 2 3 (~1y7G1 G el (3.33)

where the single-atom coupling rate turns into the frequency shift FlTD inside the band gap. The last term
describes the finite-range dipole-dipole interaction parametrized by the decay constant «. For simplicity, we

define a dimensionless interaction length L.y = m = -1 Here, we consider a limiting case with
J J

infinite-range interaction, L.g — oo. In the weak excitation limit, the equation of motion for the dressed

BN

operator, s,V

is given by,

By = [z (A - N'Fm) ~ F/] sB~ (3.34)

which shows an additional frequency shift of (N — 1) - I';p /2, relative to a localized case at Log — 0.
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Chapter 4

Design of a state-insensitive,
compensated nanofiber trap

4.1 Introduction

The development of a matter-light quantum interface using cold atoms and optical fibers has been an
active field of research over the past years [1]. Recent advances towards this goal include the observation
of electromagnetically induced transparency and the loading of ultracold atoms in hollow-core optical fibers
[52, 130-132], as well as the trapping and probing of atomic ensembles via the evanescent fields surrounding
tapered nanofibers [61, 133—135]. While prominent examples of off-resonant interaction between evanescent
waves and matter have used a plane dielectric geometry for atom optics and interferometry [136, 137] as well
as for surface traps of quantum degenerate gases [138—140], recent progress of atom-light interactions with
optical waveguides [52, 132—-135] sets the stage for the fiber integration of free-space quantum systems in
a quantum network via quantum-state transfer between matter and light [26, 112, 115, 141] and for strong
coupling of single atoms and photons trapped near microcavities [34, 113, 142—-145]. Furthermore, these
effective 1-dimensional (1D) systems may be applied for investigating quantum many-body phenomena in
low dimensions with long-range interactions mediated by the waveguide [74, 146—148].

One major drawback of many optical traps is that spatially inhomogeneous energy shifts U(r) generally

depend on the atomic electronic state, limiting long-lived trap and coherence times necessary for repeated

This chapter is largely based on Ref. [63], now corrected in Ref. [65].



41

coherent operations [149]. This is traditionally alleviated by constructing a state-insensitive optical trap
designed to decouple atomic transition frequencies from the spatially varying potential of each electronic
state [150]. Specifically, at the “magic” wavelength conditions, the differential response of the dynamic

scalar polarizabilities (%) (w) for the ground and excited states O‘|(2>)’ oz‘(g) at the optical frequency w can be

‘(S; = a‘(g;. This leads to a vanishing differential

tailored such that both levels are perturbed identically with «
atomic level shift 6Usgca1ar = 0 [150-152]. Differential shifts for the hyperfine ground states can be minimized
by using far off-resonant beams, whereas Zeeman coherence can be conveniently protected by using linearly
polarized light in which the vector light shifts are zero.

Although such magic wavelengths can be used for nanofiber traps [153], the strongly guiding nature of the
waveguide inevitably leads to non-negligible longitudinal electric fields E, in the evanescent region, which
are out of phase with the transverse field E; = (E, E,). Here, z refers to the direction parallel to the fiber
axis, while x and y are the coordinates perpendicular to the fiber axis. The resulting local polarization at lo-
cation r is in general elliptical even for linearly polarized input beams, and induces vector shifts Usector- The
differential vector shift dUyector in turn manifests itself as a “fictitious magnetic field”, leading to inhomoge-
neous Zeeman broadening [154]. Furthermore, the spatially varying elliptical polarization of the evanescent
field on a scale ér < A renders it difficult to cancel dUqcto, Using bias fields, resulting in increased heating
rate [149] and limited coherence time [155].

Building upon the recent realization of a nanofiber trap as proposed in Ref. [156] and demonstrated in
Refs. [61, 62], we propose a promising strategy for a state-insensitive evanescent field trap. Differential scalar
shifts dUscalar between |g) and |e) are canceled using “magic” wavelength conditions. The inhomogeneous
Zeeman broadening U ector caused by a forward propagating blue-detuned field E™% is canceled by a
backward propagating field E(®*9) with a small relative frequency detuning & - Thus, our scheme can com-
pensate for the light shifts of the strongly guided evanescent waves to the first order in the space external to
the dielectric fiber, leading to favorable parameters for the realization of a long-lived fiber-integrated quantum
memory and resonant coupling to ultra-high quality micro-cavities based on optically trapped atoms.

This chapter is organized as follows: Section 4.2 presents our scheme for generating a state-insensitive

nanofiber trap. We start by introducing the general Hamiltonian for the atom-light dipole interaction (Sec-
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tion 4.2.1); we next describe in details the spatially-varying electric field polarization of the evanescent wave
(Section 4.2.2) and then discuss the principle of evanescent optical traps around a nanofiber (Section 4.2.3).
We finally show how to cancel the subsequent vector (Section 4.2.4) and scalar (Section 4.2.5) light shifts in-
duced on the D, transition of cesium. In Section 4.3 the benefits of using our proposed scheme are shown. We
first describe the total Hamiltonian used for calculating the trapping potentials (Section 4.3.1). We then plot
the adiabatic potentials obtained with our scheme and an estimate of residual differential shifts is provided

(Section 4.3.2). We proceed to our concluding remarks in Section 4.4.

4.2 A state-insensitive nanofiber trap

In this section, we discuss a calculation of the optical nanofiber trap for atomic cesium. We show that the light
shifts caused by the elliptically polarized components of the fiber’s evanescent field are not negligible. We
then propose a scheme to cancel these shifts and generate a two-color, state-insensitive, three-dimensional

trap for Cs atoms along the nanofiber.

4.2.1 AC Stark shift Hamiltonian

We start by considering the Hamiltonian for an atom interacting with an electric field E in the dipole approx-
imation:

Hy =-d-E, 4.1

where d is the electric dipole operator and E is the electric field operator. Taking into account the atomic
hyperfine structure, this Hamiltonian can be decomposed into its Cartesian components parameterized by the

dynamic polarizability «(w) (see the explicit expressions in Appendix B) [65, 157, 158]:

Hy =Ho+ H,+ H>

) (E(*) XE(+))_F

— —OEC) . EM o 2F 4.2)
—) g+
- X a® BB iy [HELF, + FoFy) - $F26,),

v
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where (9, oV, and a(? are the scalar, vector, and tensor atomic dynamic polarizabilities, E(*) and E(—)
are the positive and negative frequency components of the electric field, F = I 4 J is the atomic total angular
momentum operator, with I and J the nuclear and electronic angular momentum operators, u, v € {z,y, 2}
are components in the Cartesian basis, and Hy, H1, and Hy are the terms associated with the scalar, vector,
and tensor light shifts, respectively.

For two-level atoms with ground and excited states |g), |e), the scalar shift Uscajar can be approximated
by Uscatar < |E|?/ for detunings § = w — w, large compared to the excited state decay rate I, where w
is the electric field angular frequency and w, is the |g) — |e) transition frequency. The ground state will
experience a repulsive potential for blue-detuned (§ > 0) electric fields, and an attractive potential for red-
detuned (5 < 0) electric fields. The scalar dynamic polarizability (%) is in general different for the states
|g) and |e), resulting in a differential scalar shift and a mismatch of the ground and excited state potentials.
For the typically anti-trapped excited state, near-resonant driving of the transition by an additional beam with
frequency ws =~ w, can cause significant heating of a trapped atom [149]. This situation can be remedied by
the use of “magic” wavelengths for which a‘(;); = a|(2>) [150, 152].

The vector term H; of Eq. (4.2) induces a Zeeman-like splitting proportional to a projection of the
total atomic angular momentum F and arises from a so-called “fictitious magnetic field” proportional to the
ellipticity of the electric field [154]. In the case of a free-space plane wave propagating along the z axis, H

can be expressed in terms of the Stokes operators S = (Sg, Sy, Sy, S;) as [159]:

H; x a(l)(w)e%, (4.3)

where € = (S,)/(So) = % is the ellipticity of the electric field. For an elliptically polarized
beam, the vector shift can be as large as the scalar shift, and can, for example, be used to cancel the differential
light shifts of Rubidium atoms confined in a 3D optical lattice [160].

The last term H5 in Eq. (4.2) represents the tensor shift. It vanishes for atoms with total angular momen-

tum F' = 1/2 [159]. In the case of the Dy transition of Cs that we consider here, it will depend only on the

electronic angular momentum J for detunings large compared to the 63/, excited state hyperfine structure,
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Figure 4.1: Electric field intensity of HE;; mode. (a) An input beam is shown by red thick arrow with its

polarization indicated by the thin arrow along the x axis. The gray shaded structure represents a nanofiber.

(b) Field intensity | E|? in the plane transverse to the fiber for a single, z-polarized beam at A = 935 nm. |E|?

is normalized to the intensity just outside the fiber Iy = |E(r = a, ¢ = 0)|?, with a radius a = 250 nm and
ay =a+ |r—al, r — a. The red dashed arrow indicates the input polarization.

and vanish for J = % [157, 158]. It will therefore only act on the excited state of the Cs D5 transition,

inducing shifts on the Zeeman m g sublevels proportional to m%,.

4.2.2 HE;; mode - Electric field distribution and polarization

When the radius a of an optical fiber is reduced well below the propagating field wavelength J, the resulting
cladding-to-air waveguide supports only the “hybrid” fundamental mode HE;; [133, 161]. Here, we consider
an infinite SiO5 cylindrical waveguide of radius a = 250 nm. In this strongly guiding regime, a significant
fraction of energy of the HE;; mode is carried in the form of an evanescent wave outside of the nanofiber.
The fundamental mode HE;; is often referred to as “quasi-linear” when excited with a linearly polarized
input beam. However, for a dielectric waveguide in the strong-guiding regime with indices of refraction
n1 ~ 1.5 inside the waveguide and ny ~ 1.0 outside, the HE;; mode actually exhibits a significant ellipticity
for a < A/2, leading to vector shifts of the Zeeman sublevels. Formally, for a linearly polarized input, the

evanescent field E = (E,, E,, E.) of the fundamental mode propagating in the fiber can be expressed as
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follows for » > a [133, 161, 162]:

o Bi1J1(hi1a)
Ea: (7’, ¢; zZ, t) - lin 2q11K1 (Q11a) (4421)
x[(1 = s11)Ko(gqu17) cos(po) 4 (1 4 s11) Ka(qu17) cos(2¢ — pq)]e!@t=Fz),
B11J1(h11a)
E, - A ing . 7~ /. N\ 44
y(ra d)) Z, t) 1 2Q11K1 (qlla) ( b)
x[(1 = s11)Ko(q117) sin(go) + (1 + s11) K2 (qu17) sin(2¢ — )]’ “' =117
. Ji(h11a i(wt—PB112
Ez (T7 ¢a 2 t) = ZAliIlI(ll((qlllla))Kl(qllr) COS(¢ - L100)6 (wt=Pas )’ (44C)
with
1 1 Ji(hi1a) Ki(qna)
s — + + 4.5a
! [(hua)2 (CIua)z] [hnajl(hna) quaki(qua) o

hip = \/ kgni — Bty (4.55)
\/ BT — kgns. (4.5¢)

q11

Here, (7, ¢) denote the cylindrical coordinates in the transverse plane (z,y) (Fig. 4.1(b)), ¢ indicates the
polarization axis for the input polarization relative to the x axis, n; and ny are the indices of refraction inside
and outside the waveguide, ;1 is the mode propagation constant, 1/hq; is the characteristic decay length
for the guided mode inside the fiber, 1/q;; is the characteristic decay length for the guided mode outside the
fiber, Ay, is the real-valued amplitude for the linearly polarized input, J; is the I-th Bessel function of the
first kind, and K is the [-th modified Bessel function of the second kind.

It is clear from Eq. (4.4) that the electric field intensity |E|? = |E,|* + |Ey|* + |E.|? is not azimuthally
symmetric. For a incident beam linearly polarized along the x axis, i.e., o9 = 0, the intensity at the fiber’s
outer surface is maximum for ¢ = 0, 7 and minimum for ¢ = 4 /2, as shown in Fig. 4.1(b). This azimuthal
asymmetry can be used to confine atoms along azimuthal direction.

Notably, the evanescent modes of the nanofiber have a significant longitudinal component £, along the
fiber propagation direction, which is /2 out-of-phase with the transverse components (E,, E,) (Eq. (4.4¢)).

At the outer fiber surface, E, is maximum for ¢ = g, ¢o + 7 (i.e., along the input polarization axis), and
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Figure 4.2: Time-dependent electric field of a single incident beam. Electric field E(x, 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(x,y, z,t) defined as in Eq. 4.4, 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 (¢) wt = .

vanishes for ¢ = g &+ /2. For an z-polarized input at 935 nm and a nanofiber of radius ¢ = 250 nm,

|E:|?
[E]?

(r=ay,6=0) ~ 20%. As a consequence, the polarization of a single propagating beam will be
elliptical everywhere except for ¢ = o &+ m/2. The ellipticity of the beam will be maximum for ¢ =
o, wo + m as illustrated in Fig. 4.2, giving rise to significant vector shifts. We can rewrite Eqs. (4.4) as

follows:

Ey(r,d,z,t) = Aelwt=fuz) (4.62)
Ey(r,¢,2,t) = Bel@t=huz) (4.6b)
E.(r,¢,z,t) = iCelwt=fuz) (4.6¢)

where A, B, and C are real functions of 7 and ¢. In particular, if one combines a forward-propagating beam
E(Wd) expressed as Eq. (4.6¢) with a backward-propagating beam of same amplitude and input polarization
ECVD) = Aeilwttbuzle, | Bellwithuzle, — jCelw!thuz)e, with the unit vectors (e,,e,,e,) in the

Cartesian basis, the total field can be expressed as,

E(tot) = gfvd) 4 gwd) — 9 [Acos(B112)es + Bcos(fr12)ey + Csin(fr12)e.] - et 4.7

The resulting electric field E(*°) = E(wd) 4 E(®wd) formg an optical lattice with spatially rotating linear
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Figure 4.3: Time-dependent electric field of a standing wave 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(x,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 (c) wt = 7. As opposed to Fig. 4.2, 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).

polarization, as illustrated in Fig. 4.3.

4.2.3 3D nanofiber trap

By appropriately combining blue- and red-detuned fields E,.q and Ey,,e in an optical nanofiber, an atomic
trapping potential can be engineered from the evanescent electric fields, in the presence of van der Waals
potential [156]. The red-detuned field E,.q, as well as the van der Waals force, attract the atoms towards
the nanofiber, while the blue-detuned field Ey,, repels the atoms from the nanofiber, preventing atoms from
crashing onto the nanofiber surface. Because of the different radial decay lengths of the red- and blue-detuned
evanescent fields, one can find a radial potential minimum at ~ 200 nm away from the nanofiber surface
by appropriately choosing the respective powers. The longitudinal confinement along the nanofiber axis
is achieved by launching an additional counterpropagating red-detuned field, which generates a 1D optical
lattice. Both blue- and red-detuned fields are linearly polarized along the x axis at the waveguide input to

ensure azimuthal confinement for trapped atoms.

4.2.4 Cancellation of the vector shifts

The scheme that we propose makes use of four beams with parallel linear input polarizations along the x axis

shown in Fig. 4.4. As discussed in Section 4.2.2, the vector shifts of both the ground and excited states can
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Figure 4.4: Trap scheme for cancellation of the vector shifts. Red (blue)-detuned beams are shown by red
(blue) thick arrows. Input polarizations are shown by the thin arrows along the x axis.

be canceled for both the red and blue-detuned fields by using pairs of counter-propagating beams. In the z-z
plane, the vector shift for each pair becomes H; oc (o) (w(™ D) — oM (D)) Eu with (W) o~ y(bwd),
where w(fWd:bwd) are the angular frequencies for the forward and backward propagating beams, and 64§ /2
are their detunings from the atomic transition frequency w,, with two-photon detuning d ¢, = w @) —¢,(Pwd),
For an atom in the z-z plane, the total electric field is also contained in the z-z plane, such that the scalar
product (E(’) X E(H) - F in Eq. (4.2) is proportional to F,.

In the case of the red-detuned lattice, w!™®¥ = W and H"Y = 0, precisely as in Ref. [61].
Adding a blue-detuned lattice with d s, = 0 would result in two superimposed lattices with unmatched spatial
periods 27/3154, 27 /Bbue. To avoid this effect, the interference between the counter-propagating blue-
detuned fields E}(fl‘zg) and ngr:) can be averaged over times that are short compared to the time scale of
the motional and internal dynamics of a trapped atom by offsetting the frequencies of the two fields by
dfb > (Werap, Onss), Where wirap and dng are the trap angular frequency and the hyperfine splitting for the
ground state, respectively. This will also suppress spurious two-photon processes (e.g., two-photon Stark
shift [163]) as well as parametric heating due to intensity modulation [164].

For wgvuvf’de) = wq + (0 £ d5,/2), we achieve a vector shift cancellation for the blue-detuned field to

the first order in 1/4, namely

(blue) 5fb F, 3
H™M ﬁfy +0O(1/6%). 4.8)

For typical values of § = 85 THz and § 7, = 30 GHz, 6,/ = 3.5 x 107%.
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Figure 4.5: Magic wavelengths of the Cs D, line. We display the light shift Uy for a linearly polarized beam
with constant intensity 2.9 x 10°W /m? around (a) the blue-detuned magic wavelength at Apj,e =~ 685 nm,
and (b) red-detuned magic wavelength at A\..q ~ 935 nm (as corrected in Ref. [65]).

4.2.5 Magic wavelengths for an evanescent field trap

To make the nanofiber trap state-insensitive, it is necessary to cancel the differential scalar shift Ugcaar of
the 65, /> and 6 P53/, states by operating the trap at the magic wavelengths, as proposed in Ref. [153], in
which only the effects of the scalar and tensor shifts were considered. Here we deal with the full complexity
of the vector field E(r) and the resulting vector light shifts. We numerically determine the red-detuned
and blue-detuned magic wavelengths for the 657 2 — 6P3 /2 transition [150, 152, 157, 158, 165, 166].
The calculation includes the contributions of all the hyperfine levels F' and Zeeman sublevels mp of the
electronic states {657 2, -+ , 15512}, {6Py /2, -+ , 11Py 2}, {6P3/9,- -+ ,11P5)5}, {6 D32, -+ ,11D3/5},
and {6D5/,- -+ ,11D5/5}, given in Table I and II in Ref. [65]. Further complete table of higher electronics
states can be found in Ref. [158] and these contributions are discussed in Appendix B.2. The effect of the
tensor shifts on the 63/, excited state is manifest in the quadratic splitting of the m g+ sublevels (Fig. 4.5).
We find a red-detuned magic-wavelength located around 935nm, in accordance with the previously published
values [152, 166]. In the next sections, we will use the value A\,oq = 935 nm, which is determined by the
average over magic wavelengths for different m g, where 6U)s for the 6P /2 excited state |F' =4, mp) is
canceled [65]. We choose F’ = 4 due to its relevance to coherent two-photons processes [26, 112, 141].
There are several blue-detuned magic wavelengths [153, 166]. For our trap, we use the magic wavelength

Ablue at approximately 685 nm, determined in the same fashion as red-detuned magic wavelength [65, 153].
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Since this is the second closest blue-detuned magic wavelength to 852 nm, it has the second highest ground-
state polarizability and therefore requires the second lowest optical intensity to generate the required trapping
potential (we do not consider the magic wavelength at 792 nm, as it is too close to the 85,5 to 655
transition at 794 nm).

We have neglected higher order processes in our analysis, including two-photon and electric quadrupole

transitions, near 685 nm [167].

4.3 Numerical results: Trapping potentials

Using the atomic interaction Hamiltonian in the dipole approximation with the actual polarization profile of
the evanescent field, we proceed to analyze the adiabatic potentials for the nanofiber trap for a Cs atom in its

6512 ground and 6P/, excited states.

4.3.1 Total potential

For a specific atomic state of Cs, the total atomic trap potential Uy, consists of the total light-shift potential
U)s calculated from the full Stark shift Hamiltonian (Eq. (4.2)), as well as the surface interaction potential of

an atom with the dielectric waveguide Ugy;face, Namely

Utrap = Uls + Usurface- (49)

The Casimir-Polder interaction between the atom and dielectric surface has a significant effect on the
atomic motion at distance scales near 100 nm [144, 168—171]. The surface potential of a ground state Cs
atom near a planar dielectric surface can be reasonably approximated by the van der Waals potential, which
decays as d~3, where d = r — a:

C
Usurface = —d—g’, (4.10)

where we use C5(651/2)/h = 1.16 kHz pm?® [145]. Because the retarded Casimir-Polder forces (d~* scal-

ing) decrease faster away from the surface than the van der Waals forces, using Ugyface OVerestimates the
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Figure 4.6: Trap potential along the radial direction. Radial dependence of the trapping potentials of the
ground and excited states using the magic wavelengths and the configuration shown in Fig. 4.4. All beams
are polarized along ¢ = 0 (i.e., ¢9=0). The 935 nm beams each have a power of 0.95 mW. The 685 nm
beams each have a power of 16 mW. (a) Radial potentials along ¢ = 0 (i.e., ¢9 = 0). The trap minimum for
651 /2 is located about 200 nm from the fiber surface. Both electronic ground and excited states are trapped,
with residual splittings of the excited states due to the tensor shifts. (b) Radial potential along ¢ = 7/2 (as
corrected in Ref. [65]).

surface interaction at the trap location d ~ 200 nm. Additionally, the curvature of the nanofiber cylindrical
geometry reduces the potential strength even further [145, 172]. The d—3 scaling of the van der Waals expres-
sion for a planar surface is therefore an overestimate of the actual surface potential. We use it for simplicity in
the calculations presented here, with more complete expressions for Cs presented in Ref. [145]. Furthermore,
we neglect any dependence on the m = sublevels of the excited state 6.5 /5 for the Casimir-Polder shift, and
simply approximate C3(6P5,5) ~ 2 C3(6S51/2) [173].

We calculate the adiabatic potential of Eq. (4.9) by diagonalizing the total interaction Hamiltonian
H = Hys + Hgurface at each point in space, where Hgy face 18 the scalar surface Hamiltonian. At each
point r(r, ¢, z), we obtain a set of eigenstates and the corresponding eigenenergies. These eigenstates are
superpositions of the | F, m ) bare Zeeman sublevels. Due to the complex polarization of the trapping fields,

the energy eigenstates are not necessarily eigenstates of any projection of the angular momentum operator.

4.3.2 State-insensitive trapping potential

Now, we analyze our proposed “magic compensation” scheme (as illustrated in Fig. 4.4), demonstrating how

using magic wavelength beams and compensating the trap ellipticity can reduce inhomogeneous broadening
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Figure 4.7: Trap potential along the azimuthal direction. Azimuthal dependence of the trapping potential
of the ground and excited state for the “magic compensated” trap with the parameters used in Fig. 4.6, for
7 —a = 200 nm. The effect of the compensation beam in Fig. 4.4 is to suppress the vector shifts and to
reduce the ground-state splittings v/ in the transverse plane for ¢ # 0, 7 (as corrected in Ref. [65]).

of the Zeeman sublevels in a nanofiber trap. For this trap, we use a pair of counter-propagating z-polarized
(vo = 0) red-detuned beams E,.q = Egvgd) + Ef:rd) (Pred = 2 x 0.95 mW) at the “magic” wavelength
Ared = 935 nm, forming a 1D optical lattice. Counter-propagating, z-polarized blue-detuned beams at the
second magic wavelength Apj,e = 685 nm are used with a power Py = 2 X 16 mW. The resulting
interference is averaged out by detuning the beams by 6, = 30 GHz, as explained in section 4.2.4, leading
to a first-order cancellation of vector light shifts as expressed by Eq. (4.8). The beam intensities are chosen to
generate a trap of similar depth as the one demonstrated in Ref. [61]. The resulting adiabatic potential Uy,ap
allows for state-insensitive 3D confinement of cold Cs atoms around a SiO, nanofiber of radius ¢ = 250 nm.

In Fig. 4.6, we show the radial trapping potential Uyap (7, ¢, 2) of the ground and excited states for z = 0,
¢ = 0 (z-axis) in Fig. 4.6 (a) and for z = 0, ¢ = 7/2 (y-axis) in Fig. 4.6(b). Because the trapping fields
are now effectively linearly polarized, the ground states are degenerate at both ¢ = 0 and ¢ = 7/2. In
contrast to a non-magic wavelength trap, the excited states are trapped with gradients that closely map that
of the ground states. The sublevels of 63/, are still non-degenerate due to the tensor shifts. For Pred, Phiue
specified above, we find that the trap depth is Ugepth = —0.4 mK, located at 7 — a =~ 7ap — @ = 200 nm
and ¢ = 0, 7.

The azimuthal confinement of the atoms is shown by Fig. 4.7. The inhomogeneous Zeeman broadening

from the ellipticity of Ey,,c is greatly reduced thanks to the compensation scheme of Fig. 4.4. It is non-zero,
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Figure 4.8: Trap potential along the axial direction. Axial dependence of the trapping potentials of the
ground and excited states for the “magic compensated” trap with the parameters used in Fig. 4.6 forr —a =
200 nm. (a) Longitudinal potential along ¢ = 0. (b) Longitudinal potential along ¢ = /2 (as corrected in
Ref. [65]).

however, as expressed by Eq. (4.8). The remaining splitting of the F' = 4 ground state is J,, =~ 700 Hz,
limiting the coherence time to 7 < 1/6,, = 1.4 ms. In the case of perfect cancellation of the vector shift with
0, = 0, a residual non-zero ground state splitting dv4 would still arise from the different scalar dynamic
polarizabilities of the 6S;/, F' = 3 and F' = 4 ground states [157]. For atoms in their azimuthal motional
ground state [n)y = |0)4, the single-atom distribution half-width is 0., ~ 30 nm (or oy ~ 4°) with
azimuthal trap frequency Virap, =~ 44 kHz obtained from a harmonic fit of the potential around ¢ = .
We estimate a spin-wave coherence time 7, = 1/A (dvy) < 30 ms, coming from the spread A (dv,) =
dvg (¢ =m) — 0vy (¢ = ™+ 04) ~ 30 Hz of the atomic ground states for the F' = 3 — F = 4 transition
frequency. We note that the longest achievable coherence time in the “magic compensated” adiabatic potential
in the absence of ground-state splitting 64 would be limited by spontaneous Raman scattering driven by the
trapping beams [152].

Finally, we also plot the axial potentials in Fig. 4.8, showing the confinement for both the ground and
excited states. Due to the magic wavelengths, the excited states are trapped in all directions. This results in

greatly suppressed dipole-force fluctuations, allowing for on-resonance driving of the optical transition.
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4.4 Conclusion

‘We have proposed and analyzed in detail a scheme for a state-insensitive optical nanofiber trap which utilizes
realistic experimental parameters. The “magic” trapping wavelengths of 935 nm and 685 nm for Cs atoms
are readily available using semiconductor laser sources, and require a reasonable power for trapping. Tapered
optical fibers can be made with sub-wavelength diameters and high transmission, as has been demonstrated
experimentally [174, 175]. In Ref. [64] we describe an experiment for trapping Cs using Fig. 4.4 configura-
tion and explicitly demonstrate features of the “compensated magic” trap for a nanofiber.

Furthermore, extension to other nanoscopic dielectric waveguides [176] would make evanescent optical
trapping possible in integrated hybrid quantum devices [177]. It is worthwhile to note that the compensation
scheme of the vector shift would work at any wavelength, increasing the ground state coherence time in a
straightforward manner.

The proposed “magic compensated” scheme allows for in-trap resonant processes, increasing the trap
lifetime under near-resonant driving of the transition, such as optical pumping. The scattering rate in this
trap is similar to the one obtained with the parameters of Ref. [61], but the mismatch between the ground
and excited states potentials could lead to large heating in Ref. [61]. However, it is not clear that the “magic
compensated” trap will be more robust to experimental fluctuations, and experimental studies will be required
to investigate the possible limitations of the trap lifetime. An important advantage of the proposed scheme
is the large reduction of the splitting of the ground state manifolds compared to the scheme used in Ref.
[61], therefore leading to increased ground state coherence time. These properties will make quantum-state
engineering more feasible in such a trap, allowing for a wide range of experiments including creating quantum
memories, coupling of single atoms and ensembles to optical or mechanical resonators, and studying 1D spin

chains.
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Chapter 5

Demonstration of a state-insensitive,
compensated nanofiber trap

5.1 Introduction

An exciting frontier in quantum information science is the integration of otherwise “simple” quantum el-
ements into complex quantum networks [1]. The laboratory realization of even small quantum networks
enables the exploration of physical systems that have not heretofore existed in the natural world. Within this
context, there is active research to achieve lithographic quantum optical circuits, for which atoms are trapped
near micro- and nano-scopic dielectric structures and “wired” together by photons propagating through the
circuit elements. Single atoms and atomic ensembles endow quantum functionality for otherwise linear opti-
cal circuits and thereby the capability to build quantum networks component by component.

Creating optical traps compatible with the modal geometries of micro- and nano-scopic optical resonators
and waveguides [176, 178] is a long-standing challenge in AMO physics [179-181]. ‘Optical tweezers’ with
tight focussing have succeeded in trapping single atoms within small volumes ~ A® [182], but the focal
geometries of conventional optical elements are not compatible with atomic localization ~ 100 nm near
microscopic photonic structures [178, 183]. Moreover, spatially inhomogeneous energy shifts U (r) on a sub-
wavelength scale generally depend on the atomic internal state, limiting long-lived trap and coherence times
due to single-photon scattering events with energy much larger than the recoil energy and to spatially depen-

dent frequency shifts for the components of atomic superpositions [63, 149, 184]. Nevertheless, important

This chapter is largely based on ref. [64], as corrected in Ref. [65].
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advances have been made by loading ultracold atoms into hollow-core optical fibers [52, 131, 132, 185, 186]
and by trapping atoms in the evanescent fields of nanoscale waveguides [61, 62, 120, 134, 135, 156, 187-189].

Following the landmark realization of a nanofiber trap [61, 62, 189], in this chapter, we describe the
implementation of a state-insensitive, compensated nanofiber trap for atomic Cesium, as illustrated in Fig.
5.1 [63, 65]. For our trap, differential scalar shifts §U,,, between ground and excited states are eliminated
by using magic wavelengths for both red- and blue-detuned trapping fields [150]. Inhomogeneous Zeeman
broadening due to vector light shifts dUyecor iS suppressed by way of pairs of counter-propagating red- and
blue-detuned fields as described in Chapter 4

The compensation of scalar and vector shifts results in a measured transition linewidth I' /27 = 5.7+ 0.1
MHz for Cs atoms trapped 215 nm from the surface of an SiO; fiber of diameter 430 nm, which should be
compared to the free-space linewidth I'y/27 = 5.2 MHz for the 6.5, /2, F' = 4 — 6 P35, F’ " = 5 Cs transition.
Probe light transmitted through the 1D array of trapped atoms exhibits an optical depth dy = 66 4+ 17. From
the measurements of optical depth and number N of atoms, we infer a single-atom attenuation dy = dy /N ~
0.08. The bandwidth I" for reflection from the 1D array is observed to broaden with increasing [V, in direct

proportion to the entropy for the multiplicity of trapping sites.

5.2 Trap potential with state-insensitive, compensated scheme

Our trapping scheme is based upon the analyses [120, 134, 156, 187] and the demonstrations in Refs. [61, 62,
189]. A dielectric fiber in vacuum with radius a smaller than a wavelength supports the “hybrid” fundamental
mode HE;;, which carries significant energy in its evanescent field [161]. For linear input polarization
at angle ¢, an appropriate combination of attractive and repulsive HE; fields creates a dipole-force trap
external to the fiber’s surface with trap minima at ¢ — ¢9 = 0, 7.

Following these principles, we have designed a “magic compensation” scheme that traps both ground
and excited states and greatly reduces the inhomogeneous broadening for atomic sublevels as described in
Chapter 4. By contrast, uncompensated schemes do not provide a stable trapping potential for excited states

and suffer large dephasing between ground states over a single vibrational period [61, 62, 189].
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Figure 5.1: Adiabatic trapping potential Uy, for a state-insensitive, compensated nanofiber trap for
the 65, /5, F' = 4 states in atomic Cs outside of a cylindrical waveguide of radius ¢ = 215 nm. Uy,
for the substates of the ground level F' = 4 of 65 /5 (excited level F' = 50f 6P /2) are shown as black
(red-dashed) curves. 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).

(a)(i) azimuthal Uiy (@), (ii) axial Uyrap(2), and (b) radial U,y (r — a) trapping potentials. Input polarizations
for the trapping beams are denoted by the red and blue arrows in the inset in (b).

As shown in Fig. 5.1, our trap consists of a pair of counter-propagating x-polarized red-detuned beams
at the near magic wavelength [150] A, = 937 nm to form an attractive 1D optical lattice. A second pair
of beams at the “magic” wavelength Ay, = 686 nm with detuning dy,, provides a repulsive contribution to
Utrap» thereby protecting the trapped atoms from the short-ranged attractive surface interaction. To avoid a
standing wave incommensurate with that at 937 nm, the blue-detuned beams have a relative detuning d 7, =
382 GHz and effectively yield linearly polarized light at all positions, where vector light shifts are suppressed
by 65/ 0blue = 4 X 1073 [63]. The resulting potential Utrap allows for state-insensitive, 3D confinement of Cs

atoms along a SiO nanofiber for the 6.5} /> ground and 6 P /5 excited states. Note that we didn’t use the exact
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Figure 5.2: Schematic of the setup for a state-insensitive, compensated nanofiber trap. VBG: Volume
Bragg Grating, DM: Dichroic mirror, PBS: Polarizing beamsplitter, and APD: Avalanche photodetector. The
inset shows a SEM image of the nanofiber for atom trapping.

magic wavelength, 685 nm and 936 nm for 65,3, F' = 4 — 63/, F’ =5 transition in our experiment,
since we used the incorrect values of the lifetime and wavelength of the higher excited states, leading to the
slightly different evaluation of the magic wavelength by Inm (as corrected in Ref. [65]).

We calculate the adiabatic potential Uy, in Fig. 5.1 from the full light-shift Hamiltonian (i.e., scalar,
vector, and tensor shifts), together with the surface potential for Casimir-Polder interactions with the dielectric
[63, 65]. The red-detuned beams each have power 0.4 mW, while the blue-detuned beams each have power 5
mW. The trap depth at the minimum is Uy,p, = —0.27 mK located about 215 nm from the fiber surface, with

trap frequencies {v,, v.,vs}/2m = {199, 273, 35} kHz.

5.3 Experimental procedure

An overview of our experiment is given in Fig. 5.2. A cloud of cold Cesium atoms (diameter ~ 1 mm)
spatially overlaps the nanofiber. Cold atoms are loaded into Uy, during an optical molasses phase (~ 10 ms)
and are then optically pumped to 65 /2, F' = 4 for 0.5 ms. The red- and blue-detuned trapping fields are
constantly ‘on’ throughout the laser cooling and loading processes with parameters comparable to those in
Fig. 5.1.

For the transmission and reflection measurements, the trapped atoms are interrogated by a probe pulse
(1 ms) with frequency wp, optical power Ppgpe =~ 0.1 pW, and detuning § = wp — w4 relative to the
F = 4 + F’' = 5 transition frequency w,4. The probe pulse is combined with the forward propagating

trapping fields by a pair of Volume Bragg Gratings (VBGs) at the fiber input. The strong trapping beams are
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then filtered by a pair of VBGs at the fiber output, with the transmitted probe pulse monitored by a single-
photon avalanche photodiode. The polarization of the probe laser is aligned along the trapping beams in order
to maximize the overlap with the trapped atoms. We then shelve the atoms to F' = 3 with a depumping pulse,
and probe the fiber transmission with a reference pulse to determine the input power of the probe pulse.

As described in Section 5.7.1, the polarizations of the trapping and probe beams are aligned by obser-
vations of Rayleigh scattering [189]. From a simple model described in Section 5.7.1, we infer a transverse
polarization vector Ey,(z = 0) = (E,, iE,) with 8 = arctan(E,/E,) ~ 12 £ 3° for the probe beam. The
principal axes of the polarization ellipse rotate in an approximately linear fashion along z in the trapping
region by an angle ¢(z) ~ ¢¢ + (d¢p(z)/dz)dz, where ¢y ~ 16° and d¢(z)/dz ~ 12° /mm. These results
are incorporated into our analysis of the measured transmission and reflection spectra of the trapped atoms

(see details in Section 5.7.2).

5.4 Transmission spectroscopy of trapped atoms

The lifetime for atoms in our nanofiber trap is determined from the decay of the resonant optical depth
dy ~ Noy/An as a function of storage time 7. Here, IV is the number of trapped atoms, oq = A\2/(27)
is the resonant absorption cross-section, and Ay, = Ppope / Ipmbe(f'min) is the effective optical mode area of
the probe’s evanescent wave. We observe that d decays exponentially with time constant 79 = 12 + 1 ms.
With pulsed polarization-gradient cooling, the lifetime is extended to 7pg = 140 £ 11 ms. We are currently
characterizing the intensity and polarization noise spectra of the trapping fields to reduce parametric heating
[164] with the goal of extending the trap lifetime towards the limit 7,- ~ 30 s set by recoil heating.

Fig. 5.3(a) displays the transmission spectra 7'V )(6) for the 1D atomic array. The linewidth I'/27 =
5.8 £ 0.5 MHz is determined from a model (solid black line) incorporating fiber birefringence and linear
atomic susceptibility (see details in Section 5.7.2) in the low density regime (7 = 299 ms). The fitted line
profile (solid red line) yields a maximum resonant optical depth dy = 66 + 17 at 7 = 1 ms. Significantly,
our magic, compensated scheme has no discernible shift of the transition frequency A 4 /27 ~ 0 4+ 0.5 MHz

relative to the free-space line center. The measured linewidths from 4 data sets average to I'/2m ~ 5.7 + 0.1
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Figure 5.3: Transmission spectroscopy of trapped atoms. (a) Probe transmission spectra 7V)(§) for N
trapped atoms as a function of detuning ¢ from the 65 /5, F' = 4 — 6P3)5, F' " = 5 transition in Cs for

z-polarized input. From fits to (") (§) (full curves), we obtain the optical depths d at § = 0 and linewidths
I" from a model that incorporates the polarization measurements in Fig.5.2 (b),(c). T™™)(5) (i) at 7 = 299 ms
withdy =1.2+0.1and T'/27 = 5.8 0.5 MHz and (ii) at 7 = 1 ms with dy = 66 & 17. (b) Measurement
of the power P, absorbed by the trapped atoms as a function of input power P, together with the associated
optical depth dy = 18 & 2 from curve (ii) (red line) of the inset, allow an inference of N = 224 + 10. The
linewidth I'/27 = 5.5+ 0.4 MHz and dy = 1.1 £ 0.1 are determined from curve (i) (black line) of the inset.

MHz, as compared to the free-space radiative linewidth 'y /27 = 5.2 MHz for the 6.5, /2 <> 6P3 5 transition.
By contrast, for a non-compensated scheme without magic wavelengths for Cs [189], the transition frequency
is shifted by A 4 /27 ~ 13 MHz and the linewidth is broadened to I"/27 ~ 20 MHz.

The broadening of the absorption linewidth above Iy is predicted for our nanofiber trap because of the
enhanced atomic decay into the forward and backward modes of the nanofiber at rate I';p [120]. We estimate
that an atom at the minimum of Uy, decays into the fiber at rate I‘(lt]];) /27 ~ 0.35 MHz, leading to a predicted

linewidth I, /27 ~ 5.3 MHz. Additional broadening arises from the tensor shifts of the excited 6 P /5, F' =
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5 manifold (~ 0.7 MHz) and Casimir-Polder shifts (~ 0.1 MHz), as well as technical noise of the probe laser
(=~ 0.3 MHz). While each of these contributions is being investigated in more detail, the spectra in Fig. 5.3
provide strong support for the effectiveness of our state-insensitive, compensated trapping scheme [63, 65].
To determine the number of trapped atoms, we carry out a saturation measurement at a storage time 7 = 1
ms with § = 0 MHz. As shown in Fig. 5.3(b), we measure the power P, absorbed by the trapped atomic
ensemble in the limit of high saturation s = P/ Py, > 1[189]. As described in Section 5.7.3, the fitted curve
(blue solid line) yields a number of trapped atoms N = 224 4 10. Together with the optical depth dy = 18,
we find an optical depth per atom d; = (7.8 + 1.3) x 1072 for Fig. 5.3(b). A similar measurement in the
SM with dy = 43 + 10 and N = 564 + 92 yields d; = (7.7 £ 2.2) x 102, These measurements of d; and
It were separated by four months and yield consistent results for the nanofiber trap. We thereby estimate

[ip/27 =~ 0.2 MHz [124], similar to T{{.

5.5 Reflection spectroscopy of trapped atoms

The reflection from the 1D atomic array results from backscattering of the electromagnetic field within the
1D system [124]. The randomness in the distribution of /N atoms among ng trapping sites can greatly affect
the reflection spectrum Ry (d). For each random arrangement A of atomic occupation along the nanofiber
(e.g., A = {1,0,0,---1,1,0}), there is a unique narrow reflection spectrum whose resonance frequency dx
is shifted from 6 = 0. J, depends sensitively on the configuration A due to the intricate interplay between
coherent interference and dispersive phase shifts during the quantum walk of the probe field along the 1D
atom array with non-integer Kiaice/Kkprobe, Where Kiaice (Kprobe) 1S the propagation constant for the lattice
(probe) field. An ensemble average over A thus leads to a reflection spectrum Ry () that is significantly
broadened relative to the transmission spectra in Fig. 5.3.

In Fig. 5.4(a), we observe Ry (J) from the 1D atomic array, where the measured Lorentzian linewidth
Tg is significantly broadened from T’y for large N (with N < ng.). The solid curves are for Ry (d) from
Monte-Carlo simulations for the atomic distribution based on the transfer matrix formalism [123]. In order

to quantify the microscopic state of disorder for the system, we define an entropy S for the 1D atomic array
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Figure 5.4: Reflection spectroscopy of trapped atoms. (a) Normalized reflection spectra Ry (d)/Rn(0)
from the 1D atomic array with N = 14 4 2 atoms (green points), N = 79 + 13 atoms (blue points) and
N = 224410 atoms (red points) randomly distributed across ngie =~ 4000 sites. The solid lines are the spectra
obtained from Monte Carlo simulations for N < nge. (b) Simulated linewidth I"; of the reflection spectrum
as a function of entropy S. The error bars for the red, blue and green data points include both statistical
and systematic uncertainties. The black points are the results of a simulation with error bars representing
numerical uncertainties. The solid line is a linear fit to the simulation points.

by S =InW, where W = N'(g%&if\’)' is the multiplicity for the atomic distribution in the 1D lattice. In Fig.
5.4(b), we find that the measured reflection linewidth " (colored points) as well as the linewidth Ft}% (black

points) from the numerical simulation are proportional to the entropy S of the site-population statistics. These

results demonstrate the strong modification of Ry (J) due to randomness in the atomic distribution.
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5.6 Conclusion and outlook

In conclusion, we have trapped atoms along a nano-fiber by using a state-insensitive, compensated optical trap
[63, 65] to achieve an optical depth dy ~ 66. Compared to previous work with hollow-core and nano-fibers,
the atoms are trapped with small perturbations to dipole-allowed transitions. Our scheme is thus well-suited
to various applications, including the creation of 1D atomic mirrors for cavity QED and investigations of
single-photon nonlinearities and quantum many-body physics in 1D spin chains [124], as well as precision
measurements of Casimir-Polder forces near a dielectric waveguide [190].

Currently, the maximum filling factor for sites over the 1 mm loading region is ~ 19%, which can be
improved with adiabatic loading and elimination of collisional blockade [191]. The vibrational ground state
for axial motion in Uy, can be reached by introducing Raman sidebands on the 937 nm trapping fields [192].
The strong axial confinement in our trap implies the presence of a large anharmonicity in the vibrational
ladder, which could provide a tool for experiments with single phonons. Furthermore, the design principles of
our magic, compensated trap can be extended from simple ‘nanowires’ to complex photonic crystal structures

[176].

5.7 Experimental details

5.7.1 Polarization characterization

The set-up and procedure for measuring and optimizing the polarization state of the nanofiber-guided fields
are illustrated in Fig. 5.5 [62, 189]. The angular distribution of the Rayleigh scattered light emitted from
the nanofiber is observed by a CCD camera aligned perpendicular to the fiber axis. For the radiation pattern
I(p) =~ sin? () of a dipole induced by linearly polarized light, no light should be detected along the direction
that the dipoles oscillate (¢ = 0, 7). Since the HE;; mode has a non-transversal polarization along the fiber
axis z, a polarizer (PBS) is placed in front of a CCD camera to block z-polarized light. By rotating the
angle @ for the input polarization of the probe field with the half-waveplate (A/2) shown in Fig. 5.5(a), a

sinusoidal modulation of the scattered intensity I(z, 8) is observed along the z axis of the fiber. From I(z, 6),

Inax (2,0) — Inin(2,6)

we determine the visibility V' (z) = G ) e

as a function of z along the nanofiber as shown in Fig.
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Figure 5.5: Guided-mode polarization characterization. (a) Setup for polarization characterization of the
fields along the nanofiber. (b) Intensity I(z, #) of scattering from the nanofiber as a function of the angle 6

of a half-waveplate for the incident probe field and of distance z along the fiber axis. (c¢) Spatially resolved
visibility V' as a function of axial position z.

5.5(c).

To describe these measurements, we use a simple model based upon z-dependent birefringence in the
fiber that results in elliptical polarization for the transverse fields F; , along z. From Fig. 5.5(b) in the region
of the atom trap, we deduce that the principal axes of the polarization ellipse rotate along z by an angle
d(2) =~ po+ (dp(z)/dz)dz, where ¢ describes a possible offset from the symmetry axes of the trap (i.e., the
direction ¢ = 0 in Fig. 5.1) and (d¢(z)/dz) = 12° /mm gives the variation from this offset along z. From
fits to transmission spectra described in the next section, we find that ¢g ~ 16°.

Fig. 5.5(c) makes clear that there is a wide range of visibility values V'(z) for the probe beam along
z. For our simple model, we determine the ellipticity of the transverse polarization vector Exy(z) =
(Ez(2),1Ey(z)), which we describe by the phase 5(z) = arctan(E,(z)/E;(z)). Absent of trapped atoms,
the principal axes for the polarization ellipse also rotate by an angle ¢(z) along the nanofiber. From fits to
transmission spectra, we find that fixed 8(z) = [y provides an adequate description of our measurements,

with By =~ 12 & 3° determined along the high-visibility region in Fig. 5.5(c).
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Figure 5.6: Optical depth estimation with polarization offset. Measured transmission spectra TéN) (red

points) and T?SN)(black points) for z, y polarizations of the probe beam as functions of the detuning § from
the |F' = 4) <> |F’ = 5) transition. From theoretical fits of our model (full curves) that include the interplay
of spatially varying birefringence (as in Fig. 5.5) and of atomic absorption and dispersion along the nanofiber,
we infer an optical depth dy = 18 + 2 with polarization offset ¢¢9 = 16° £ 3° and By = 12°.

5.7.2 Optical depth estimation

To model the combined effects of the linear atomic susceptibility (i.e., absorption and dispersion) together
with the spatially varying birefringence along the nanofiber, we divide the region 0 < z < L into M ‘cells’
each of length 6z = L/M. Propagation through a cell at z; — §z/2 < z; < z; + 0z/2 is generated by
the product of two transfer matrices: (1) R(¢(z)) produces rotation of the polarization axes from ¢(z;) to
#(zj) + ¢, with 6¢ = (d¢(z)/dz)dz, and (2) T'(9, dar) specifies the propagation of . (z;), E,(z;) through
the trapped atoms with detuning ¢ and optical depth dy, for the z, y polarizations [62]. Here dy; = dn /M
is the optical depth of a single cell, and d is the optical depth for the entire sample of N atoms. For each
cell, we take the ratio of resonant optical depths to be dy_, / do,, = 2.5 at the trap minimum 7, = 215 nm,
given by the asymmetry of the evanescent HE;; fiber mode [62], where x, y refer to the coordinates for the
trap axis as in Fig. 5.1.

In correspondence to the results from Fig. 5.5(b, c¢), the input polarization to this sequence of cells
is set to be elliptically polarized with angle 5y and offset ¢y. After propagation through the fiber in the
absence of atoms, our experimental procedure is to compensate the state of the output polarization with the

transformation matrix Ry to maximize the polarization contrast for the photo-detection after a polarization
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beamsplitter aligned along x,y. Hence, in our model, a final rotation Rou follows propagation through the
M cells before projection of the output fields to obtain intensities I, I;;”‘.

Figure 5.6 displays measured transmission spectra Téz) together with fits to the spectra by way of our
model. The input parameters for the theoretical spectra are the polarization angle 3, offset ¢, and optical
depth dy. Typically, we fix By = 12° from our measurements of visibility and perform a least-square
minimization over ¢g and dy.

From fits to the data in Fig. 5.6, we find dy = 18 £ 2 and ¢9 = 16° + 3° for By = 12°. The quoted
uncertainty for d includes the contributions from the statistical uncertainty from the photoelectric detection
statistics. A second example comparing measured and theoretical transmission spectra is given in Figure 5.7,
now for the x polarization at high optical density. From fits to the data in Fig. 5.7, we find dy = 43 + 10 and
¢Po = 16° £ 9° for fy = 12°.

The theoretical fits to the transmission spectra shown in Fig. 5.3 have been obtained by applying this
model. From these and other fits to the measured transmission spectra, we have consistently found that

Po ~ 16° & 2° with fixed 3y = 12°. Numerically, we find that small variations in ¢, can be compensated by

corresponding changes in 3 around the optimal values found from the fits.

5.7.3 Atom number estimation

A generalized Beer’s law [61, 189],

dP(z) o P(z)

dz AL 1+ P(2)/Pa’

5.1

describes the saturation behavior of a trapped atom. Here, the saturation power is Py = I Ay = 49.6 pW,
effective optical mode area is A, = 1.8 um?, oy is the resonant absorption cross-section, and n, = N/L is
the atomic line density for a sample length L = 1 mm.

For measurements as in Fig. 5.3 (a), the number of trapped atoms N = 224 £ 10 is deduced by fitting the
data with the solution of the generalized Beer’s law, Eq. 5.1. Together with the optical depth dy = 18 £ 2
from the curve (ii) of Fig. 5.3 (b), we infer an optical depth d; = (7.8 4= 1.3) x 102 for a single atom.

Similar measurements taken in conjunction with the transmission spectrum TJ(;N) in Fig. 5.7 lead to an
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Figure 5.7: Transmission spectroscopy and saturation measurement. Measured transmission spec-
trum T,@(N) (red points) for x polarization of the probe beam as a function of the detuning § from the
|FF = 4) < |F’' = 5) transition. From a theoretical fit of our model (full curve) that includes spatially
varying birefringence (as in Fig. 5.5) and atomic absorption and dispersion along the nanofiber, we infer an
optical depth dy = 43 + 10 with polarization offset ¢g = 16° + 9° and Sy = 12°. The inset shows the
measurement of the power Py, absorbed by the trapped atoms as a function of input power P, with the
number of trapped atoms, N = 564 + 92.

estimate N = 564 + 92 for the number of atoms trapped along the nanofiber. Together with the total optical

depth d = 43 £ 10 from Fig. 5.7, we infer an optical depth d; = (7.7 4 2.2) x 10~2 for a single atom.
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Chapter 6

Atom-light interactions in photonic
crystals

6.1 Introduction

Localizing arrays of atoms in photonic crystal waveguides with strong atom-photon interactions could pro-
vide new tools for quantum networks [1, 194, 195] and enable explorations of quantum many-body physics
with engineered atom-photon interactions [74, 8488, 124, 127, 147, 196-202]. Bringing these scientific pos-
sibilities to fruition requires creation of an interdisciplinary ‘toolkit’ from atomic physics, quantum optics,
and nanophotonics for the control, manipulation, and interaction of atoms and photons with a complexity
and scalability not currently possible. Important initial advances to integrate atomic systems and photonics
have been made within the setting of cavity QED with atom-photon interactions enhanced in micro- and
nanoscopic optical cavities [34, 38, 40, 178, 203—-205] and waveguides [61, 62, 64, 67]. At a minimum, the
further migration to photonic crystal structures should allow the relevant parameters associated with these
paradigms to be pushed to their limits [40] and greatly facilitate scaling. For example, modern lithographic
processing can create nanoscopic dielectric waveguides and resonators with optical quality factors Q > 10°
and with efficient coupling among heterogeneous components [183, 206-210].

A more intriguing possibility that has hardly been explored is the emergence of completely new paradigms
beyond the cavity and waveguide models, which exploit the tremendous flexibility for modal and dispersion

engineering of photonic crystal waveguides (PCWs). For example, the ability to tune band edges near atomic

This chapter is largely based on Ref. [193].



69

transition frequencies can give rise to strongly enhanced optical interactions [211-215]. This enables a single
atom to exhibit nearly perfect emission into the guided modes (I'yp >> I') and to act as a highly reflective
mirror (e.g., reflection |r1| 2 0.95 and transmission [¢1] < 0.05 for one atom [216]). The entanglement
of photon transport with internal states of a single atom can form the basis for optical quantum information
processing [1, 194, 195] with on-chip quantum optical circuits. At the many-body level, the strong interplay
between the optical response and large optical forces of many atomic “mirrors” can give rise to interesting
opto-mechanical behavior, such as self-organization [202].

In this chapter, we describe advances that provide rudimentary capabilities for such a ‘toolkit’ with atoms
coupled to a PCW. As illustrated in Fig. 6.1, we have fabricated an integrated optical circuit with a photonic
crystal whose optical bands are aligned with atomic transitions for both trapping and interfacing atoms with
guided photons [216, 217]. The quasi-1D PCW incorporates a novel design that has been fabricated in
silicon nitride (SiN) [217, 218] (see details in Section 6.5.1) and integrated into an apparatus for delivering
cold cesium atoms into the near field of the SiN structure. From a series of measurements of reflection spectra
with N = 1.1 4 0.4 atoms coupling to the PCW, we infer that the rate of single-atom radiative decay into the
waveguide mode is T'1p ~ (0.32+0.08)I", where 'y p is the emission rate without enhancement or inhibition
due to an external cavity and I is the radiative decay rate into all other channels. The corresponding single-
atom reflectivity is |r1| ~ 0.24, representing an optical attenuation for one atom greater than 40% [124, 216].
For comparison, atoms trapped near the surface of a fused silica nanofiber exhibit I'yp ~ (0.04 &+ 0.01)T"
[61, 62, 64, 67], comparable to observations with atoms and molecules with strongly focused light [219, 220].
By comparing with numerical simulations, our measurements suggest that atoms are guided to unit cells of

the PCW by optical dipole forces.

6.2 Design and characterization of 1D photonics crystal waveguide

Turning to our experiment, we begin with an SEM image of a small section of our 1D photonic crystal waveg-
uide shown in Fig. 6.1a. The device consists of two parallel nanobeams with sinusoidal modulation at the

outer edges (an ‘alligator’ PCW or APCW). A challenge in the fabrication of PCWs for atomic physics is
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Figure 6.1: Design and characterization of 1D photonic crystal waveguide. a, SEM image of the ‘al-
ligator’ photonic crystal waveguide (APCW) made from 200 nm thick (along z-axis) silicon nitride (SiN).
Arrows indicate radiative processes of an atom (green circle) coupled to an incident electric field Ej,. Scale
bar, 500 nm. b, Calculated band structure of fundamental TE-like modes F7, Fs (red solid lines), with
dominant electric field polarized in the y-direction. The dashed lines mark the frequencies 1, and 15 of the
cesium Dy, Do lines, respectively. (v4, vp) mark near the band edge. The gray solid line marks the light
line. ¢, Measured reflection spectrum with fast fringe removed (see Section 6.5.3) around the band gap shown
inb. d, |E |2 cross sections of F5 mode near v, and e, £ mode near r; within a unit cell calculated with
the MPB software package (see Section 6.5.1). Both modes are polarized with their primary electric field
component in the in-plane y direction. f, Simulated relative density () of atoms in the x = 0 plane of d,
with the optimal excitation of the blue-detuned F7 mode at k, = 7/a (see text).

placement of the band edges near relevant atomic transition frequencies. Our APCW design facilitates this
juxtaposition by fine-tuning the gap between the parallel nanobeams and the amplitude of sinusoidal modu-
lation in the APCW. Figure 6.1b shows the band structure of two fundamental transverse electric (TE-like)
modes calculated based on the dimensions measured from SEM images as in Fig. 6.1a [221]. The two blue
dashed lines correspond to the transition frequencies of the Cs (D, D5) lines at (v; = 335, = 351) THz

[(895, 852) nm] which straddle the band edge frequencies (vp,v4) at k, = 7 /a for the lower (dielectric) and
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upper (air) TE bands, respectively. To validate these results, we measure the reflection spectrum R(v) versus
the input frequency v for the actual device used in the reported experiments; see Fig. 6.1c. The large reflec-
tivity (R ~ 0.35) from vp to v4 corresponds to the band gap for the APCW, while the vertical lines mark
(v1,v2) just outside the band gap. Absent propagation loss to and from the APCW, we infer Rga, ~ 0.99
from measurements and numerical simulation.

Beyond band-edge placement, another requirement for realizing strong atom-light interactions in PCWs
is to localize atoms in a region of high mode intensity within a unit cell. The use of two bands enables
the separate engineering of the modes for trapping (lower band) and control of spontaneous emission (upper
band). The blue-detuned F; mode excited at 17 in Fig. 6.1e can guide atoms into the center of the vacuum
space near regions of large | E»|?, with then a field near v, serving as a probe mode.

The efficacy of this strategy is supported by trajectory calculations of free-space atoms surrounding the
APCW (see details in Section 6.5.5). As shown in Fig. 6.1f, atoms are guided from free space into the region

of high | E|2, resulting in a density approximately 30% of the remote free-space density. For the simulations,

the Casimir-Polder potential U p () for the structure in Fig. 6.1a is computed numerically following Ref.
[216]. The optical dipole potential is calculated using a guided mode E' () at k,, = 7/a with total power of
1 ©W and 10 GHz blue-detuning from the F' = 4 <> F’ = 4 transition frequency of the Dy line.

An overview of the integrated APCW device is presented in Fig. 6.2, and shows the optical pathways
for excitation to and from the APCW, as well as the supporting structures of the SiN device to a silicon
substrate. The entire APCW contains 260 unit cells with a lattice constant ¢ = 371 nm, and is terminated on
each end by a mode matching section of 40 cells with tapered sinusoidal modulation and a transition section
from a double- to a single-nanobeam waveguide. Input to and output from the device is achieved through an
optical fiber butt-coupled to one of the single-nanobeam waveguides [218] (see details in Section 6.5.1). The
one-way efficiency for propagation from the APCW to the fiber mode is 17,y ~ 0.6.

To integrate the device into a cold-atom apparatus, the silicon chip in the inset of Fig. 6.2a and its coupling
optical fibers are mounted on a vacuum feedthrough with linear translation and rotation stages and inserted
into a UHV chamber. Cesium atoms are delivered to the region surrounding the APCW by a three-stage

process of transport and cooling (see details in Section 6.5.6). The resulting atomic cloud has a peak number
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Figure 6.2: Overview of the integrated APCW device. a SEM image of the silicon chip showing an inte-
grated optical fiber (orange box) coupled, via a SiN nanobeam waveguide, to the APCW region (purple and
green boxes). The APCW is located within a 1x3 mm through window (black region without dielectrics)
where free-space atoms and cooling lasers are introduced. Inset shows a picture of the chip and the optical
fibers glued to a vacuum-compatible holder. Scale bar, 0.5 mm. b Detailed schematic of the suspended SiN
waveguide. Light enters the system via the optical fiber (I) butt-coupled to the free end of the waveguide (II)
which is supported by a tether array (III). Near the center of the through window, the waveguide transitions
into a double-nanobeam, followed by tapering (IV) and APCW (V) sections, and again tapers out to terminate
into the substrate (VI). Two parallel rails are added symmetrically to support the structure (one rail is illus-
trated in VII). The insets, corresponding to the purple and green boxes in a, show SEM images of segments
of the tapering (IV) and APCW (V) sections, respectively. Scale bars in IV and V, 2 um.

density of py ~ 2 x 10! /cm? at temperature T' ~ 20 K measured via time-of-flight absorption imaging.

6.3 Atom-light coupling in the APCW

6.3.1 Reflection measurements at on- and off-resonant cavity

We study atom-light interactions in the APCW by first shutting off the cooling laser, followed by a delay of
0.1 ms, and then interrogating the APCW with atoms by sending a guided probe pulse Ey,;one of frequency
vy, in the E'» mode, with typical power ~ 1 pW and measuring a reflected pulse of 7 E,o1e; see Fig. 6.3a and
Section 6.5.6. Reflection spectra R(A,) are recorded for 1 ms with a single-photon avalanche photodiode as
a function of detuning A, = v}, — va,, where vy, is the free-space F' = 4 <» F’ = b transition frequency of
the D5 line. For 10 ms following termination of the probe pulse, the atom cloud disperses, and then reference
spectra Ro(A,) are recorded for a second probe pulse for 1 ms. For all experiments, the guided mode E is
driven continuously with power ~ 0.6 W at 10 GHz blue-detuning from the F' = 4 <+ F’ = 4 transition of
the D line.

In the ideal case of a single atom in an infinite PCW, an incident probe beam would be reflected with
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amplitude coefficient |r1| = T'1p/(T1p + I) [124], where T'1p refers to emission into the guided mode of
the APCW from the F' = 4 +» F’ = 5 transition of the Cs D5 line. Strong spontaneous decay into the guided
mode (and hence large |r1]) results from the small area over which the guided mode is concentrated together
with a reduced group velocity. These two effects are incorporated into an effective mode area for an atom
at location * within the APCW, namely A, (%) = ngo0l'9/2I'1p(7), where n, ~ 2 is the measured group
index at vy, 09 = 1.4 x 1079 cm? is the free-space atom-photon cross section for an unpolarized atom, and
Ty is the free-space rate of decay. For unpolarized atoms located at the center of a unit cell ¥ = (0,0,0)
in the APCW, we expect A,,(0) = 0.24 um?, and hence |r;| ~ 0.39, where I'" ~ 0.9T'y from numerical
calculations (see details in Section 6.5.2) [216].

In the case of our actual device, the finite lengths of the taper sections lead to imperfect mode matching
into the APCW near the band edge. As illustrated in Fig. 6.3a, the matching sections partially reflect an
incident probe pulse and form a low-finesse (F ~ 2) cavity around the APCW. These weak cavity resonances
in the reflection spectrum near v are shown in Fig. 6.1c (without atoms) and complicate the spectra taken
with atoms relative to the ideal case, as discussed below.

In Figs.6.3b,c, we measure distinctive reflection spectra with cold atoms under two configurations of the
APCW. Figure 6.3b displays R°"(A,)/R3"(A,) acquired near a resonance for the matching cavity where the
reflectivity with no atoms, RJ", is very small (see Section 6.5.4). We observe an increased peak reflectivity
Ro™/RS™ ~ 1.27 + 0.02. By comparison, with the matching cavity excited midway between two cavity
resonances where the reflectivity with no atoms R, we observe decreased reflectivity with a minimum
R /RS ~ 0.75 4 0.01 in Fig. 6.3b.

These reflection spectra are in accord with those for a low-finesse Fabry-Perot (FP) cavity containing
a frequency-dependent intracavity absorber (Fig. 6.3a). In Fig. 6.3b with input frequency resonant with
the FP cavity and no atoms, the transmission is high, and there is very small reflection. Atoms inside the
PCW reduce light build up by frequency dependent atomic absorption, resulting in an increased reflectivity
R°"/R$™ > 1. By contrast, in Fig. 6.3c without atoms, the device reflectivity is larger R3® > RS" due to the
off-resonant drive of the FP and is reduced by intracavity atomic absorption, R / Re® < 1.

The reflection spectra in Figs.6.3b, c represent strong evidence for atomic interactions with the guided
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Figure 6.3: Atom-light coupling in the photonic crystal waveguide section. a, Simplified schematic of a
fiber-coupled photonic crystal waveguide for reflection measurements with atoms (green dots). Dashed lines,
marked as M; and Mo, illustrate the effective low-finesse F =~ 2 cavity formed by the tapered matching
sections. b, ¢ Measured reflection spectra (circles) with b, an on-resonant cavity and ¢, an off-resonant
cavity in the APCW. Solid lines are Lorentzian fits with b, linewidth of 15.24+1.8 MHz, peak reflectivity
R°™/RS™ = 1.27 4 0.02 where the reflectivity with no atoms RJ" and frequency shift Ag = —2.5 + 0.6
MHz, and ¢, linewidth of 11.5+1.1 MHz, R°®/R$® = 0.75 4 0.01 where the reflectivity with no atoms
RS and Ag = —3.7 4 0.3 MHz. Error bars for the data points reflect 1 s.d. estimated from the statistical
uncertainties. d, Simulated £(7) = p(7) x I'1p(7)/T'1p(0) inthe z = 0, e, z = a/2, and f, y = 0 planes,
with a guided potential of mp = 0 using the experimentally excited blue-detuned F; mode at k, = 0.997/a.
Due to the deviation from the band edge, a small bump in the optical potential at the center of the unit cells
leads to atomic localization near the maxima of £(7) in d and f; see text for details. Masked areas in gray
represent the APCW.

mode E, of the APCW. Although the cavity formed by the matching sections has a low finesse, R(A))
nevertheless depends on the cavity detuning as predicted, i.e., exhibiting approximately Lorentzian profiles
for increased (decreased) R°*°)(A,)/ RSH(OH)(AP) for 15, coincident with (mid-way between) the weak

cavity resonances.
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Figure 6.4: Measured reflection spectra and theoretical fit for the APCW. Measured reflection spectra
(circles) with free-space atomic cloud densities p/pg = 1 (a), and 0.75 (b) where the reflectivity with no
atoms RS, The full curves are fits with a model derived from transfer matrix calculations. Error bars for the
data points reflect 1 s.d. estimated from the statistical uncertainties. We deduce that (I'yp /I”, N, dp/T) ~
(0.35+0.1,1.040.1, 0.3340.06) (a) and (0.3640.1,0.7640.13,0.48+0.07) (b). Here, pg = 2x10°/cm3;
T'y/2m = 5.2 MHz (decay rate in free space). The shaded band gives the uncertainty arising from the position
of the matching cavity (see details in Section 6.5.7).

Moreover, our numerical simulations as in Fig. 6.3d, 6.3e, and 6.3f suggest that the blue-detuned E
mode performs three functions of excluding atoms from the exterior of the APCW, as in Fig. 6.3e, guiding
atoms into regions of large F» probe intensity near the center of the unit cells, as in Figs.6.3d and 6.3f, and
expelling atoms from the vicinity of other parts of the waveguide, e.g., the single-nanobeam regions in Fig.
6.3a, leaving only the APCW region with significant atom-field interactions. Together, these considerations
enable us to infer quantitatively the single-atom emission rate absent reflections from the tapered sections, as

we now describe.
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6.3.2 Reflection measurements and theoretical fit

To obtain quantitative information about atom-light coupling in the APCW region, we compare our measure-
ments with a model based on transfer matrix calculations of the optical pathway to and from the APCW as
illustrated in Fig. 6.3a. Details of the optical elements, including the coupling fiber, the supporting structures,
and the APCW, are described in Section 6.5.4 and Ref. [217]. Absent atoms, the optical characteristics of
these various elements can be deduced from measurements of reflection spectra (c.f., Fig. 6.1c and Fig. 6.9).
With atoms, free parameters are the average atom number N within the APCW, the ratio 'y (0) /I for an
atom at the center of the probe mode E», and the frequency shift dy of the line center v relative to free-space,
dg = 1y — Va,. Here atoms are drawn from a Poisson distribution and placed randomly along the APCW.

Comparisons between measurements and our model for R (A,) /RS (A,) are given in Fig. 6.4. For
these data, the weak cavity formed by the matching sections has a small detuning A, ~ 50 GHz from the
midpoint between two resonances (free spectral range ~600 GHz). With atoms, the cavity detuning results
in asymmetric, dispersive-like reflection spectra, which is captured by our model. From fits to the measured
reflection spectra in Fig. 6.4, we deduce that I';p /I ~ 0.35 4+ 0.1 and Ny ~ 1 4 0.1 for loading from a
free-space cloud of density pg.

The inferred value of I’y allows us to determine A, (7o) for the atom-field interaction in our experi-
ment, namely A, (7o) =~ 0.44 um? for an unpolarized atom. Together with the E5 mode profile, the value of
Ay, suggests that atoms are distributed in narrow regions around 7eg ~ (0,0, £130) nm, which is consistent
with our numerical simulations (Fig. 6.3d,e,f).

The large ratio I'yp /T ~ 0.35 implies a single-atom reflectivity |r1| ~ 0.26, which is sufficient to give
a nonlinear dependence of R°T(A,)/RS®(A,) on the atom number N observed in the measured spectra.
We are thereby able to disambiguate the product N x I'ip into separate parameters in fitting our model to

measurement.

6.3.3 Saturation measurement

To further investigate the nonlinear dependence of the reflection spectra on atom number, we measure reflec-

tion spectra for increasing values of probe power P in the E5 guided mode for various values of N. Figure
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Figure 6.5: Scaled reflection minimum as a function of averaged probe power inside the APCW. The
saturation spectra (circles) are measured with four free-space densities p/po = 1 (red), 0.81 (blue), 0.75
(green), 0.44 (magenta), and rescaled to a common free-space density pp ~ 2 x 10'%/ cm?; see text. The inset
shows the saturation data without scaling. An empirical fit (solid curve) gives a saturation power of 22.7+
2.2 pW. Error bars for the data points are 1 s.d. estimated from the statistical uncertainties and uncertainties
of the fit to the model. The gray area shows 95% confidence band.

6.5 presents results for R°%(A,)/R§T(A,)|min from a series of measurements as in Fig. 6.4 for increas-
ing P with the plotted points corresponding to the minima of R°/RS® versus A, for each spectrum. The
inset of Fig. 6.5 displays four sets of measurements showing that saturation of the atomic response (i.e.,
R°f /RS — 1 with increasing P) requires higher power as the density is increased (i.e., increasing V).

The observed saturation behavior can be scaled into a common curve using the dependence of cooperative
atomic emission on atom number N. We assume that R°f (P) = R°®(P/P,,;) and that the saturation power
Pt depends on the average total decay rate as Ps,; o< (IY + NTyp)? with T'1p /T’ = 0.35 £ 0.1, as
determined from our measurements in Fig. 6.4 with P — (0. We rescale the probe power (horizontal axis)
for each density in the inset of Fig. 6.5 to a common density po. Likewise, R° (P)/RgT (vertical axis) is
rescaled using the density dependence derived from our transfer matrix model (Methods), with N o p. The
approximate convergence of the data to a common curve in Fig. 6.5 supports our rudimentary understanding
of the underlying atom-field interactions in the APCW, including that the observed line shapes for the data in
Fig. 6.5 taken at higher power (not shown) are predominately homogeneously broadened.

To estimate the saturation power in the APCW, we adopt an empirical form for the saturation behavior

RE(P, N)/R3T = exp{—~(N)/[1l + P/Psat(N)]}. From the fit in Fig. 6.5, we determine Pin(No) =
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22.7 £ 2.2 pW and v(Np) = 0.22 + 0.01. Combining with the measured effective mode area, we find the
saturation intensity Iyt = Paat/Am =~ 5.2 mW/cm?, close to the expected value Iyg X (I + NoT'1p)? /T3 ~

4.0 mW/cm?, where Iy = 2.7 mW/cm? is the free-space saturation intensity.

6.4 Conclusion and outlook

We have realized a novel APCW device for interfacing atoms and photons. The measured coupling rate I'1p
(quoted absent Purcell enhancement and inhibition due to an external cavity) is unprecedented in all current
atom-photon interfaces, whether for atoms trapped near a nanofiber [61, 62, 64, 67], one atom in free-space
[219], or a single molecule on a surface [220]. For example, in Ref. [40] a drop in transmission ~ .02 is
observed for single atoms trapped outside a photonic crystal cavity. In our work without trapping, we observe
a dip in reflection ~ 0.25 for N ~ 1 since atoms are channeled to near the peak of the probe mode in the
center of unit cells with stronger interactions. Further improvements to the APCW include active tuning of
the band edge to near an atomic resonance to achieve an increase = 50 fold in I'1p [216, 222], although we
are mindful of challenges prevented by disorder-induced localization [223, 224]. Other opportunities could
be tuning to place the atomic resonance within the band gap to induce long-range atom-atom interactions
[84-87]. By optimizing the power and detuning of the F; trap mode, we should be able to achieve stable
atomic trapping and ground state cooling [216, 225, 226]. By applying continuous on-site cooling to N > 1
atoms, we expect to create a 1D atomic lattice with single atoms trapped in unit cells along the APCW,
thus opening new opportunities for studying novel quantum transport and many-body phenomena [74, 85—

87,124, 127, 147, 196-202].

6.5 Experimental details

6.5.1 Design principle

An ‘alligator’ photonic crystal waveguide (APCW) is designed on a chip in order to observe strong atom-light

interactions, as illustrated in Fig. 6.6. The APCW interacts with a cloud of atoms trapped in a magneto-optical
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Figure 6.6: Schematic image of the suspended SiN device. (a) A schematic of the Si-chip and optical
fiber mounted on the V-groove.(b) Probe light enters the system via optical fiber (I) and couples into the free
end of a tapered SiN waveguide (II). The guided light transmits through the supporting tether array (III). At
the center of the window, the waveguide is tapered into a double-nanobeam, and then tapered (IV) into the
nominal APCW section (V) where atom-light interaction occurs. At the end of the window, the waveguide is
tapered out and terminated into the substrate (VI). Two support rails are added symmetrically parallel to the
APCW for structural integrity (one rail is illustrated in VII). The insets at the bottom are SEM images of (IV)
the tapered section, and (V) the ‘alligator’ photonic crystal. Scale bars in (IV) and (V), 2 pm and 500 nm,
respectively.

trap (MOT) which is centered on the photonic crystal. The APCW (see inset V of Fig. 6.6) consists of two
parallel nanobeams with sinusoidal corrugations on the outer edges [217]. The atoms are guided into the
center of the two nanobeams by a scheme which takes advantages of the TE-like modes (y-polarized) near
the band edges [227]. Their highly symmetric mode profiles near the dielectric and air bands at frequencies
(vp,v4) and the proximity to the resonant frequencies (1, v2) of the cesium Dy, Dy lines allow us to create
strong dipole potentials with small optical power (< 10 W) in the F; mode, while achieving large atom-
photon coupling in the E5 mode. See Figs. 6.1d, e for calculated mode profiles.

The corrugations in the APCW are used rather than the more traditional holes because the corrugation
amplitude can be patterned more accurately than hole radii, resulting in more accurate alignment of the
band gaps and better adiabatic tapers. The outside-corrugated double-beam design used in this work allows
superior band-edge positioning by placing the modulation of the dielectric away from the strong-field region
in the center of the waveguide, thereby reducing the sensitivity of band-edge frequencies to the modulation
geometry parameter imprecision. This design also avoids enclosed hole-based geometry, which is difficult to
fabricate using available lithography and etching techniques. The design also enables us to build vanishingly
small amplitude modulations required for the gradual tapers. The waveguide is made from 200 nm thick

stoichiometric silicon nitride (SiN) with index n = 2.0 [217]. SiN is a widely used material in standard
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silicon-based fabrication processes, which we have chosen for its low absorption for the Cs D-line transition
wavelengths where Si itself is opaque. Its high intrinsic stress and Young’s modulus makes it mechanically
robust, and therefore it was chosen instead of the also low-loss SiO5. The degrees of freedom for the APCW
are the gap g, lattice constant a, width w (inner-edge to center of peaks), and tooth amplitude A. The APCW
has 260 cells, a gap 250 nm, a width 173 nm, and tooth amplitude 132 nm. The photonic crystal is tapered
on both sides into an unpatterned (translationally invariant) double-nanobeam. The length and profile of the
tapering determines the reflections from the edges of the APCW. The taper used here has 40 cells, and is
carefully designed such that the band gap symmetrically opens about 873 nm, which is between the D; and
D, lines. The profile and the unpatterned double waveguide width are chosen to minimize reflections from
the APCW edge.

In order to provide optical access for the trapping and cooling laser beams, the silicon nitride (SiN)
waveguides are suspended across a 1 mm long, 3 mm wide through window on the chip, shown in Fig.
6.2a, and the APCW (the inset (D,E) of Fig. 6.6) is positioned at the center. The suspended waveguide
extends beyond the window into a V-groove etched into the Si substrate and then reduces in width for efficient
coupling to a conventional optical fiber [218] (sections I-II of Fig. 6.6). The silicon anisotropic etch that
forms the window also forms the V-shaped groove, which serves to center the fiber to the waveguide. The far

end of the waveguide is extended to a fan shape and terminated into the substrate to minimize reflection (VI).

6.5.2 Atom-photon coupling

To characterize the strength of atom-photon coupling, we calculate the effective mode area for an atom at 75 :

J et | Ba () Pd?r
ae(Fa)| E2(Fa))?

where a is a lattice constant of 371 nm and the integration runs over the space occupied by a unit cell. Figure
6.7 shows A, (7a) plotted at the central = 0 plane. For single atoms channeled to the center of unit cells,
we have A, (0) = 0.24 um?.

To estimate the atomic emission rate into the guided mode, we use I'1p (7) = Tongoo/2Am (7a), where
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Figure 6.7: Calculated effective mode area A,,(7s) for an atom at 7 = (0,y, z) at the central x =
0 plane of a unit cell. Masked areas in gray represent dielectric regions of the APCW. The dashed line
represents A, (To) ~ 0.44 pm?, which we extract from measurements shown in Fig.4.

Ty is the atomic decay rate in free space, o the radiative cross section, and n, the group index at v5. When
the band edge frequency v 4 is placed near 15, we expect ng > 1 due to the slow light effect [216]; n, =
m ~ 2 for the current device where c the speed of light, Av the distance between neighboring resonant
dips and Lpy, the length of APCW (See Fig. 6.6 (b)). Note that due to our small band gap (Aw/wg ~ 0.04),
we would have to operate much closer to the band gap than in our current experiment in order to observe a
significant slow light effect (e.g., n, > 10). For atoms guided to the center of unit cells and driven by the
F=4mp =0+« F' =5 mp = 0 transition, og ~ 5/9 x 3A? /27, where A = 852 nm is the free-space
wavelength of the Cs Dy line, with then I'1p /Ty ~ 0.4n; for unpolarized atoms, we calculate an averaged

FID/FO >~ 0297'Lg

6.5.3 Device characterization

Figure 6.8 (a) shows a schematic of the setup for device characterization. The reflection spectrum near the
band gap is measured by sending a broadband light source into the device via the coupled optical fiber, and
then recording the reflection signal with an optical spectrum analyzer. The signal is then normalized by the
power spectral density of the light source after considering the loss of each optical element. Finer reflection
spectra around the D; and D, lines are measured by scanning the frequency of narrow bandwidth diode
lasers. The polarization in the device is aligned to the TE-like mode by observing the polarization dependent

scattering from the first tether in the coupler, or equivalently by maximizing the reflected signal, since the
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Figure 6.8: Device characterization. (a) Schematic of the setup for device characterization. FBS: fiber
beam splitter with T = 50% and R = 50%. HWP: half waveplate. QWP: quarter waveplate. OSA: optical
spectrum analyzer. PD: photodetector. (b) Measured reflection spectrum near the band gap. Gray and red
curve show the original data and smoothed data, respectively. Blue dashed lines correspond to the Cs D; and
D5 resonances. (c) Measured reflection spectrum near the Cs Do line (black curve) and envelope fit (gray
curve).

transverse magnetic (TM-like) mode band gap is located at a higher frequency.

Figure 6.8 (b) shows the measured reflection spectra around the band gap. The gray curve shows the
original data which has a fast fringe (free spectral range ~ 50 GHz) resulting from the (parasitic) etalon
formed from the cleaved fiber end-face and the first matching taper. The red curve shows the smoothed
reflection spectrum which approximately represents the response of the APCW without the influence of the

reflection from the fiber end-face.
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Figure 6.9: Schematic of a 1D transfer matrix model of the device. Forward- and backward propagating
waves in the structure are coupled to each other through partial reflection from the fiber end-face, tether, and
matching mirrors, and also evolve under propagation losses. Their effect on the total reflected and transmitted
fields (F;, E}) can be modeled through a set of four independent transfer matrices Mgper, Miethers M1, and
M5 (depicted by the dashed lines), which together determine the transfer matrix My, of the entire system.

6.5.4 Device model

Due to imperfection of the adiabatic tapering, the terminal regions of the APCW form a low finesse cavity.
When atoms couple to light in the APCW, the reflected spectrum depends on the position of the frequency v
on the cavity fringe and can take on dispersive line shapes. Further complicating the picture is the presence
of a fast ~50 GHz fringe due to the parasitic etalons formed by the fiber end-face, tethers, and the APCW
band edges near vp,v4. In order to fit the reflected atomic signals, a full model that incorporates all of
these elements is developed using the transfer matrix method [227, 228] as show in Figure 6.9. A transfer
matrix represents each element, and the reflection, transmission, and loss coefficients are determined by both
experiment and FDTD simulations [229].

The light is coupled into the device by matching the modes of a 780HP single mode fiber (mode field
diameter 5 um) to a 130 nm wide rectangular SiN waveguide (I-II in Figs. 6.6 (b)). The fiber end-face
reflects 3.8% power due to the index mismatch. A 90 nm wide tether anchors the coupling waveguide 5 pm
from the free (input) end of the waveguide, which has a theoretical transmission of 87% and reflection 0.8%.
The waveguide width tapers to 200 nm over 300 pm in order to better confine the light to the dielectric, and
then the light propagates through the region of the support rails (III in Fig. 6.6 (b)) to the APCW at the center
of the window. Our numerical simulations show that the taper, support rails, and guide should have negligible
loss and reflection. The loss in these sections is measured to be 22% per mm for a similar device. The details
of loss mechanism is currently under investigation. The total loss from the fiber face to the waveguide can

be estimated experimentally by measuring the reflected signal for frequencies within the band gap, assuming
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that the reflectivity of the APCW from numerical simulations is ~ 99%. By fitting our model to the envelope
of the reflection spectrum inside the band gap, we obtain the overall transmission efficiency from the internal
face of the fiber to the input of the APCW to be T; ~ 0.60, including propagation losses in the nanobeam.

The tapers of the APCW (represented by the matching mirrors in Fig. 6.9) also reflect near the band
edge. There is also loss inside the APCW due to fabrication disorder and absorption. Near the Cs D line,
as shown in the Fig. 6.8 (c), the fitted spectrum (solid gray line) yields the reflection and transmission of
the matching sections of the APCW, (R, = 0.28,T,,. = 0.72), the slope of the reflection of the APCW
dRpC/d)\ = 0.082/nm, and the one-way transmission inside the APCW, Thpcw = 0.40 & 0.02.

At the bottom of the fast fringe, for the experiment presented in Fig. 3b, measured reflection without
atoms is R" = |E.|?/|Ew|? ~ 0.3% and reflection in front of M; estimated from the device model is

RO ~ 9%; in Fig. 3¢, RYT = 3% and estimated reflection in front of My, R ~ 41%.

6.5.5 Simulations of relative density

To estimate a relative atomic density near the APCW with a guiding potential, we calculate a relative density
p(7) = p(7)/po, where py is a free-space cloud density, with a Monte Carlo simulation of 5 x 10° trajectories
of thermal atoms with a temperature of 20 K [135]. For the simulations, the Casimir-Polder potential
Ucp(7) for the APCW is computed numerically following Ref. [216], with an example cut shown in Fig.
6.10 (a). The dipole potential Uqipoe () of the blue-detuned guided mode E:(7) near v is calculated by
using the mode function obtained with MIT Photonic-Band package [221]. Trajectories are obtained by
numerically solving the equation of motion with force of F = — VU, (¥) = *ﬁ(Ucp (7) + Udipole(T)).
The relative density is inferred from atomic flux crossing each grid. Note that velocity-dependent forces of
polarization-gradient cooling (PGC) are not included in the simulations.

In Figs.6.1f and Fig. 6.10 (b), we use a guided mode E' (7) at the band edge k4, = m/a at vp with
total power of 1 W and 10 GHz blue-detuning from F' = 4 <> F’ = 4 transition frequency of D; line,
which has zero intensity at the center of unit cells of the APCW. Thus, atoms are channeled into unit cells by
the combination of Casimir-Polder and optical dipole force. The relative density at the center of unit cells is

5(0) ~ 0.3.
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Figure 6.10: Guiding potential for Cs F' = 4 hyperfine ground state. (a) Casimir-Polder potential Ucp (7)
and (b, ¢) total potential Uyo((7) = Ucp () + Uaipole(T) are plotted at 7 = (0, y, z) at the central = 0
plane of a unit cell. The dipole potential Ugipoie(7) is calculated for mp = 0 state, using the £y mode at
(b) ka, = m/a with total power of 1 W and (c) k1, = 0.99k4 , with total power of 0.6 ©W, and both
with 10 GHz blue-detuning from F' = 4 +» F’ = 4 transition frequency of the Dy line. The curved arrow in

(b)[(c)] illustrates a characteristic trajectory of an atom (solid circle) guided into the trap center [reflected off
the bump] in the total potential between the gap.

In Figs.6.3d, 6.3e, 6.3f, and 6.10 (c), we use experimentally excited £ (7) with k1 , near 14 (Cs Dy line),
which is ~ 1% below the band edge k 4 ... Due to the small deviation from the band edge, the intensity of the
mode field £ (¥) near 14 has a small bump at the center of unit cells, which for blue detuning, prevents atoms
from being channeled to the center. In addition, the intensity of F (') has a longitudinal component E,, along
the propagation direction, which is 7 /2 out-of-phase with the transverse components. As a consequence, the
polarization of FE;(7) is elliptical everywhere except for the central y = 0 plane of unit cells due to TE
symmetry. The resulting guiding potential has vector shifts due to the ellipticity of E4 (), which lead to mp
dependent guiding potentials. Since the center of guiding channel for |mg| # 0 states moves from y = 0 to
ly| > 0 due to a stronger fictitious magnetic field (along z) closer to the structure, the guiding efficiency from
optical dipole forces is reduced as |mp| increases.

Figure 6.3d, 6.3e, and 6.3f display () = p(7) xI'1p () /T'1p(0), where () is simulated relative atomic
density with a guided potential for mp = 0, and T';5(0) is a decay rate into the APCW at the center of unit
cells. Due to the small deviation from the band edge and the resulting potential ‘bump’, atoms are localized
around > 100 nm from the center of unit cells.

We note that, in the case of Fig. 6.10 (c), adding to Uqgipole the dipole potential from a weak red-detuned

E5 () mode can help overcome the potential bump in the gap center and can create a stable trapping condition.
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Figure 6.11: Transporting a cloud of atoms near the APCW, measured by absorption imaging. (a) First,
we prepare a cloud of cold atoms about 1cm away from a silicon chip. (b) After cooling atoms in the moving
frame toward the APCW and shutting off the cooling beams, a cloud of atoms freely propagates toward the
APCW. (c) By turning on additional MOT beams at the time atoms fly near the APCW, propagating atoms
are cooled and recaptured.

6.5.6 Experimental procedure

To prevent cesium contamination of the APCW due to the background vapor pressure, our vacuum system
consists of a source chamber and a science chamber, connected via a differential pumping stage. The source
chamber runs in a standard MOT loaded from the background Cs vapor. From the source MOT, a pulsed push
beam extracts a flux of cold atoms that is slow enough to be recaptured in a science MOT located in the UHV
region [230]. We load a science MOT for 1 s and compress it for a duration of 50 ms [231]. We then obtain
a cloud of cold atoms with a peak density of ~ 1 x 10! /cm? and a temperature of 40 uK about 1 cm away
from the APCW of a silicon chip.

In order to transport cold atoms near the APCW, we cool atoms in the moving frame toward the APCW
by abruptly changing the center of magnetic quadrupole field [232], as shown in Fig. 6.11. After shutting off
cooling beams, a cloud of atoms freely propagates toward the APCW. By turning on additional MOT beams
at the time atoms fly near the APCW, we cool and recapture propagating atoms with an efficiency of ~ 40%.
After applying PGC, we obtain a cloud of cold atoms with a peak number density of py ~ 2 x 109 /cm?,
spatially overlapped with the APCW.

An overview of reflection measurements in our experiment with cold atoms near the APCW is given
in Fig. 6.12. A blue-detuned guiding beam with power ~ 0.6uW and detuning of +10 GHz from D,

(F =4+ F =4)atk; , = 0.99k4 , is sent into the device, which is kept on throughout the experiment.
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Figure 6.12: Schematic of the setup for reflection measurements. VBG: volume Bragg grating. FBS: fiber
beam splitter with 7' = 99% and R = 1%. HWP: half waveplate. QWP: quarter waveplate. APD: avalanche
photodetector.

The probe pulse is combined with the guiding beam by a volume Bragg grating (VBG) and then couples to
the APCW via a fiber beam splitter with 7' = 99% and R = 1%. The reflected probe signal from the APCW
is efficiently picked up by the fiber beam splitter through the transmission path. An additional VBG at the
output reflects the return probe beam, which allows us to measure the probe pulses with the guiding beam on.
A pair of A\/2 and \/4 waveplates in each path is used for aligning the polarization to only excite the TE-like
mode.

To maximize the signal-to-noise ratio, we perform reflection measurements with atoms after aligning the
bottom of the fast fringe to the Cs Dy line, where the probe field is maximized inside the parasitic cavity
formed by the fiber end-face and the APCW region; see Fig. 6.13 (a). The alignment of the fast fringe can
be tuned by sending an additional few yW of heating beam to heat up the device and adjust the optical path
length between the fiber end-face and the APCW region. The heating beam runs at frequency v > vp inside
the band gap and is ~ 5 nm detuned from the D; line, thus does not interfere with atomic-light interaction in

the APCW region.

6.5.7 Model of reflection spectrum of atoms

Reflection spectra of guided atoms are obtained by including transfer matrices for atoms [123] in the device
model described in Section 6.5.4. Guided atoms inside the APCW are drawn from a Poisson distribution
with mean atom number /N and randomly placed at the center of unit cells along the APCW. Each of the two
matching sections that terminate the APCW partially reflects light near the band edge, as depicted in Fig. 6.9.

Together the matching sections form a cavity around the APCW (denoted by M;, M> in Fig. 6.9), whose
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Figure 6.13: Reflection measurements and theoretical fit. (a) Simulated reflection spectrum of the optical
pathway to and from the APCW derived from the transfer matrix calculation. Blue dashed line shows the Cs
D, line. (b, c) Measured reflection spectra (circles) with free-space density of py ~ 2 x 101 /cm3, where the
reflectivity with no atoms RS ~ 3%. These are the data same as Fig.3c. Error bars for the data points reflect
1 s.d. estimated from the statistical uncertainties. The full curves are fits with (b) uniform-absorption model
(i) and (c) losses localized to the matching mirrors (ii). From the fits, we deduce (b) (I'1p/I”, N, /T) ~
(0.31 £ 0.05,1.5 £ 0.2,0.56 & 0.06) and (c) (I'1p/I”, N, d0/T) ~ (0.41 £ 0.04,0.9 + 0.1,0.25 + 0.06).
The shaded band gives uncertain arising from the position of the matching cavity.

cavity length has a frequency dependence. We incorporate the uncertainty of the location of the matching
mirrors and resulting cavity relative to the APCW into our model. This uncertainty gives rise to a variation
in the reflection spectra from our model, which is given by the thickness of the lines shown in Fig. 6.13.

The wave vector of probe frequency ky, , is ~ 2% from the band edge at k4 , = 7/a as shown in Fig.

6.1b. In the case of more than one atom coupled to the APCW, the mismatch between k4 , and &, . causes
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dephasing since the accumulated phase between atoms is not an integer multiple of 7. Due to the moderate
one-way transmission of Tapcw =~ 0.40 inside the APCW as described in Section III, the cooperative effect
of two atoms is sensitive to how loss occurs inside of the APCW. Here, we consider two limiting cases: (i)
uniform absorption along the APCW, and (ii) loss at the first matching mirror.

In the case of (i), due to uniform loss along the APCW, only nearby atoms interact equally with the probe
field. Thus, cooperative effects survive despite of the mismatch of k, , and k4 ;. On the other hand, in the
case of (ii), all atoms contribute equally and cooperative effects are washed out due to the phase mismatch
for propagation with kj, , as compared to k4 . for the unit cell. Given our current limited knowledge of the
microscopic details of the loss mechanisms within the APCW, the models (i, ii) provide a means to estimate
the uncertainties in our inferences of I';p /I and average atomic number N based upon comparisons of our
data with the models.

For the cases shown in Fig. 6.13, the model fits lead to the following: (i) I';p/I” = 0.31 + 0.05 and
average atom number N ~ 1.5+ 0.2 in (b), and (ii) I'ip/T" = 0.41 +0.04 and N ~0.9+0.11in (c). From
four sets of data as in Fig. 6.13, taken for comparable atomic densities, we make fits based upon the two
models (i) and (ii). We average results for parameters determined from the fits to arrive at the values quoted,

namely I'1p /T = 0.32 £ 0.08, N = 1.1 £ 0.4, and 6¢/T¢ = 0.13 £ 0.27.
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Chapter 7

Superradiance for atoms trapped along
a photonic crystal waveguide

7.1 Introduction

Interfacing light with atoms localized near nanophotonic structures has attracted increasing attention in recent
years. Exemplary experimental platforms include nanofibers [61, 64, 67], photonic crystal cavities [40],
and waveguides [193, 217]. Owing to their small optical loss and tight field confinement, these nanoscale
dielectric devices are capable of mediating long-range atom-atom interactions using photons propagating in
their guided modes. This new paradigm for strong interaction of atoms and optical photons offers new tools
for scalable quantum networks [1], quantum phases of light and matter [78, 79], and quantum metrology [5].

In particular, powerful capabilities for dispersion and modal engineering in nanoscopic photonic crystal
waveguides (PCWs) provide opportunities beyond conventional settings in AMO physics within the new field
of waveguide QED [60, 61, 64, 74, 193, 234]. For example, the edge of a photonic band gap aligned near an
atomic transition strongly enhances single-atom emission into the one-dimensional (1D) PCW due to a van-
Hove singularity at the band edge (i.e., a ‘slow-light’ effect [68, 216, 235]). Because the Bloch function for a
guided mode near the band edge approaches a standing-wave, symmetric optical excitations can be induced
in an array of trapped atoms, resulting in superradiant emission [18, 129] into the PCW. Superradiance has
important applications for realizing quantum memories [4, 236-239], single photon sources [19, 240], laser

cooling by way of cooperative emission [241, 242], and narrow linewidth lasers [243]. Related cooperative

This chapter is largely based on Ref. [233].
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effects are predicted in nano-photonic waveguides absent an external cavity [126], including atomic Bragg
mirrors [124] and self-organizing crystals of atoms and light [123, 202, 244].

Complimentary to superradiant emission is the collective Lamb shift induced by proximal atoms virtually
exchanging off-resonant photons [245-248]. With the atomic transition frequency placed in a photonic band
gap of a PCW, real photon emission is largely suppressed. Coherent atom-atom interactions then emerge
as a dominant effect for QED with atoms in bandgap materials [84, 85, 87, 249-251]. Both the strength
and length scale of the interaction can be ‘engineered’ by suitable band shaping of the PCW, as well as
dynamically controlled by external lasers [87, 251]. Exploration of many-body physics with tunable and
strong long-range atom-atom interactions are thereby enabled [87, 251].

In this chapter, we present an important advance for the field of waveguide QED. We describe an ex-
periment that cools, stably traps, and interfaces multiple cold atoms along a quasi one-dimensional PCW.
Through precise band edge alignment and guided-mode (GM) design, we achieve strong radiative coupling
of one trapped atom and a GM of the PCW, such that the inferred single-atom emission rate into the GM is
I'ip/To = 1.1 £ 0.1, where I'yp is the peak single-atom radiative decay rate into the PCW guided mode
and I’y is the Einstein-A coefficient for free space. With multiple atoms, we observe superradiant emission
in both time and frequency domains with measurements of transient decay following pulsed excitation and
steady-state transmission spectra, respectively. We infer cooperative, superradiant coupling with rate I'sg
that scales with the mean atom number N as ['sg = 7N - I';p over the range 0.19 < N < 2.6 atoms, where

n =0.34 4 0.06.

7.2 Trapping atoms along the APCW

Our experimental platform is based on trapped cesium atoms near a 1D alligator photonic crystal waveguide
(APCW) [193, 217]. The APCW is formed by two parallel SiN nanobeams separated by 238 nm with periodic
corrugations at the outer edges (Fig. 7.1 (a)). The APCW consists of 150 identical unit cells with lattice
constant ¢ = 371nm (length L ~ 55.7um) and is terminated at either end by 30 tapered cells for mode

matching to parallel nanobeams without corrugation. Photons can be coupled into and out of the APCW
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Figure 7.1: Trapping and interfacing atoms with a 1D photonic crystal waveguide. (a) A side-
illumination (SI) beam is reflected from an ‘alligator’ photonic crystal waveguide (APCW) to form a dipole
trap to localize atoms near the APCW (gray shaded structure). The red shaded region represents trapped
atoms along the APCW. An incident field Ej, excites the TE-like fundamental mode and thereby trapped
atoms couple to this guided mode (GM). The transmitted ¢F;, and reflected r Ey, fields are recorded. The
inset shows an SEM image of the APCW and corresponding single-atom coupling rate I'yp along the = axis
at the center of the gap (y = 0). (b) Normalized intensity cross section of the total intensity [ resulting
from the SI beam and its reflection, which form an optical dipole trap. Trap locations along the z axis at
y = 0 are marked by z;. Masked gray areas represent the APCW. (c) The single-atom coupling rate into the
TE guided mode I'1p (0, y, z) normalized to the free-space decay rate I'g for the cesium Dy line.

from conventional cleaved-fibers at either end of the structure. Design principles, fabrication methods, and
device characterization of the APCW can be found in Section 7.5.1 [193, 217].

For the APCW used here, we align the band edge of the fundamental guided mode (electric field predom-
inantly transverse-electric (TE) polarized in the plane of the waveguide) near the cesium D; line at §94.6 nm,
with a mode-matched TE input field Ej, tuned around the 65, /5, F' =3 — 6P, /2, F’ = 4 transition. Near
the band edge, the atom-photon coupling rate is significantly enhanced by the group index ng4, as well as by
reflections from the tapering regions that surround the APCW. From the measured transmission spectrum of

the device absent atoms, we estimate a group index ng, o~ 11 and an intensity enhancement £ ~ 4 from the
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taper reflections, including the propagation loss (see details in Section 7.5.1).

To trap atoms along the APCW, we create tight optical potentials using the interference pattern of a side-
illumination (SI) beam and its reflection from the surface of the APCW [40]. The polarization of the SI
beam is aligned parallel to the z-axis of the 1D waveguide to maximize the reflected field. Figure 7.1(b)
shows the calculated near-field intensity distribution in the y-z plane [252]. With a red-detuned SI beam,
cold atoms can be localized to intensity maxima (e.g., positions z_1, 21, 22 in Fig. 7.1(b)). However, because
of the exponential falloff of the GM intensity, only those atoms sufficiently close to the APCW can interact
strongly with guided-mode photons of the input field E;,, Fig. 7.1(c). The trap site with the strongest atom-
photon coupling is located at (y1,21) = (0,220) nm, closest to the center of the unit cell and Az ~ 120
nm from the plane of the upper surfaces of the APCW. Other locations are calculated to have coupling to
the fundamental TE-like mode less than 1% of that for site z1 (e.g., the sites at z_1, 2o have intensity ratios
I(z_1)/I(z1) = 0.01,1(22)/I(z1) = 0.005).

Along the x axis of the APCW, the dipole trap U (x, 0, 1) is insensitive to the dielectric corrugation within
a unit cell and is nearly uniform to within < 2% around the central region of the APCW. By contrast, atom
emission into the fundamental TE-like mode is strongly modulated with I'1p(z, 0, z1) ~ I'1p cos?(kz) due
to the Bloch mode function near the band edge of the APCW (k =~ 7/a), as shown in the inset of Fig. 7.1(a).
Thus, even for atoms uniformly distributed along the x axis of the trapping potential, only those close to the
center of a unit cell can strongly couple to the guided mode, greatly facilitating phase-matched symmetric
excitation of the atoms. In our experiment, we have chosen a 50 pm waist for the SI beam to provide weak
confinement along the x axis, with atoms localized near the central region (Az ~ +10 um) of the APCW
for the estimated temperature ~ 50uK from a time-of-flight measurement in free space. The SI beam for
dipole trapping is 220 GHz red-detuned with respect to the D» line and has a total power of 50 mW for all
measurements reported.

Cold atoms from a MOT that surrounds the APCW [193] are loaded into the dipole trap during an optical
molasses phase (~ 5 ms) and then optically pumped to 65,3, F' = 3 for ~1 ms. Atoms are held in the
dipole trap for time 1,19 relative to the end of the loading sequence, and then free-space absorption imaging

is initiated over the interval (fno1d, thola + Atm) with A, = 0.2 ms. We introduce the measured time



20 40 60
tm (ms) tm (ms)

Figure 7.2: Lifetime of trapped atoms near the APCW. (a) 1/e-lifetime of 74 = 54 &+ 5 ms is determined
using free-space absorption imaging of the trapped atom cloud. (b) 1/e-lifetime of Tqy = 28 + 2 ms is
observed from the normalized transmission 7'/ Ty of resonant GM probe pulses.

tm = thold + At /2, centered in the measurement window. As shown in Fig. 7.2(a), we measure a trap
lifetime 7¢s = 54 & 5 ms and find a peak density pg ~ 2 x 10'! cm~3 near the APCW. The atom density
p near the APCW can be adjusted over a wide range 0.06 < p/po < 1 by varying the duration of the MOT
loading cycle while keeping all other procedures identical.

To determine the lifetime for trapped atoms near the APCW, we again hold atoms for #},,19, and then
launch Ej;, as a resonant GM probe in measurement interval t,,, + At,, /2 with At,, = 5 ms. From the
recorded transmitted signals, we compute T//Ty, where T is the transmission without atoms. During the
probe period, we also apply free-space repump beams, tuned to the Dy, 65y /5, ' =4 — 6P5)5, F' = 4
resonance, to remove population in the 655 /2, F' = 4, since the probe excites an open transition. Fig. 7.2(b)
shows T'/Ty gradually recovering to T/Ty = 1 as t,, increases, with a fit to the data giving a 1/e—time
of Tam = 28 £ 2 ms (see details in Section 7.5.3). Tqn is consistently shorter than 7 from free-space
imaging, which might be attributed to increased heating from the stronger light intensity near the APCW, the
effect of surface potentials, or outgassing from the silicon chip and structures that support the APCW. These

contributions are being investigated in more detail.
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7.3 Observation of superradiance for trapped atoms

Next, we describe our observations of superradiant emission in both time and frequency domains with mea-

surements of transient decay following pulsed excitation and steady-state transmission spectra, respectively.

7.3.1 Superradiant emission in time domain

Our principal investigation of superradiance involves observation of the transient decay of emission from an
array of atoms trapped along the APCW. For a collection of N > 1 atoms, superradiance is heralded by a total
decay rate I'tot = I'sy + FEQ that is enhanced beyond the total rate of decay for one atom I‘E(I)i =I'ip+TI"
I'sg is the N-dependent superradiant rate operationally determined from I'i.¢ and I‘Ei,); Here, I" is the
radiative decay rate into all channels other than the TE-like GM of the APCW. We numerically evaluate
I"/Ty ~ 1.1 for an atom at the trap site z; in Fig. 7.1(b) along the APCW, with T'y the free-space decay
rate for the D transition [216, 253]. Cooperative level shifts |Hgq| < T'1p are neglected for the current
configuration of our experiment (see Section 7.5.2).

We record the temporal profiles of atomic emission into the fundamental TE-like GM following short-
pulse (~10 ns FWHM), resonant excitations via Ej,. To ensure small population in the excited state, we
choose a pulse intensity well below the saturation intensity (I /15, < 0.1). After a time ty,,14 the excitation
cycle is repeated every 500 ns for At,, = 6 ms, and detection events are accumulated for the reflected
intensity |7 E,|? by an avalanche photodiode (APD). We consider decay curves of GM emission at 15 ns <
te < 70 ns after the center of the excitation pulse (i.e., after the excitation pulse is sufficiently extinguished,
te > 15 ns, and while the background counts are negligible compared to the atomic emission, t, < 70 ns).
The total decay rate I is extracted by simple exponential fits as shown in the inset of Fig. 7.3(a). The
deviation from the exponential fit at t, => 60 ns is due to the spatially varying coupling rate I'yp cos?(kx),
which is captured by a detailed model discussed later (see details in Section 7.5.4).

Enhanced total decay rate with increasing atom number is clearly evidenced in Fig. 7.3(a), where the atom
number can be adjusted by varying trap hold time ¢},,1q prior to the measurement. At the shortest measurement

time ¢, = 3 ms with ¢;,1g = 0 ms (i.e., the maximum number of trapped atoms), the measured total decay

rate is largest at ftot/Fo ~ 2.9. Att, = 63 ms much longer than the trap lifetime 7qy = 28 £ 2 ms,
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Figure 7.3: Decay rate and atom number dependence. (a) Fitted total decay rate T'1ot normalized with free-
space decay rate Iy (circles) as a function of measurement time ¢,,,. The solid line is a simple exponential fit to
determine the superradiant decay rate ['sg /T = 1.10.1 and the single-atom decay rate 1_“53)2 /To =2.0£0.1
with 7sg = 17 & 3 ms. The inset shows the temporal profiles of normalized guided-mode emission I}, /I
(circles) with Iy the peak emission. Exponential fits (solid curves): t,, = 3 ms (red), 13 ms (green), and
63 ms (blue). The black dashed curve shows a exponential decay with free-space decay rate I'y. (b) Fitted
total decay rate T normalized with T as a function of mean number of trapped atoms N from a detailed
model (see Section 7.5.4). We adjust N by changing the trap hold time (red circles) or atom loading time
(blue circles). The black line is a linear fit to the combined data sets, giving Tsgp = n- N - Typ with
n = 0.34 = 0.06.

the total decay rate settles to Tiot /T & 2.0. This asymptotic behavior suggests that Lo at long hold time
corresponds to the single-atom decay rate fﬁ})z

To determine quantitatively the superradiant and single-atom emission rates from our measurements of
decaying GM emission, we present two different analyses that yield consistent results. The first is a sim-
ple and intuitive analysis applied to Fig. 3(a) in which we employ an empirical exponential fit, ['yo; (t,) =
Tsre~t=/™r + T with the superradiant T'sg, single-atom T'\1), and rgg characterizing decay of super-

radiance due to the atom loss. The fit yields the maximum superradiant rate I'sg /Ty = 1.1 & 0.1 with
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7sg = 17 £ 3 ms, and a reasonable correspondence to the measured decay rates Tiot, as shown by the
red curve in Fig. 7.3(a). The asymptote fgz /T = 2.0 + 0.1 gives the total single-atom decay rate. With
I"/Ty = 1.1 determined numerically for an atom at trap site z; along the APCW (Fig. 7.1(b)), we deduce
['ip/To = 0.9 £ 0.1 for the single-atom decay rate into the GM of the APCW.

To substantiate this simple empirical model, our second analysis is a detailed numerical treatment based
upon transfer matrix calculations (see Section 7.5.4). Decay curves are generated for a fixed number of atoms
N distributed randomly along the x-axis of the APCW with uniform probability density but with spatially
varying coupling I'yp (z) =~ I'1p cos?(kxz). These N-dependent, spatially-averaged decay curves are further
averaged over a Poisson distribution with mean atom number N, capturing the variation of atom number N
as we repeat experiments for data accumulation. Fitting to this model, we extract I'yp /Ty = 1.1 + 0.1 for
measurements at long hold time (e.g., at ¢, = 63ms in Fig. 7.3(a)). Since the intensity of the fluorescence
from a single atom is spatially modulated by cos®(kx), only an atom near the center of a unit cell can strongly
couple to the GM, resulting in the small difference between averaged I'1p and peak I';p. Also, the decay
curve for GM emission at ¢, = 3 ms can be well fitted with N = 2.6 & 0.3 atoms. The red points in Fig. 7.3
(b) display the total decay rate Lot as a function of N extracted from fits of the transfer matrix model to the
measured decay curves, which clearly shows that superradiance emission rate is proportional to N.

The value I'yp /T'g = 1.1 £ 0.1 from our measurements agrees reasonably well with the theoretical value
I'ip/To & 1.2 determined by FDTD calculations [254], despite several uncertainties (e.g., locations of trap
minima relative to the APCW with uncertainty below 10 nm). The agreement validates the absolute control
of our fabrication process (including the negligible effect of loss and disorder along the APCW), as well as
the power of the theoretical tools that have been developed [87, 216, 251].

We confirm that the variation of Ty in Fig. 7.3(a) is not due to the heating of atomic motion during the
trap hold time. To see this, we adjust IV via different MOT loading times and measure the decay rate at the
shortest hold time (¢, = 3 ms), as shown by blue points in Fig. 7.3(b) . These observations are consistent
with those from varying the trap hold time (red points in Fig. 7.3(b)), and lead to an almost identical single-
atom decay rate f‘g})z /T = 2.040.1 at the shortest loading time, corresponding to p/py = 0.16 and N < 1.

The data and our analysis related to Fig. 7.3 strongly support the observation of superradiant decay for
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Figure 7.4: Steady-state transmission spectra 7'(A) and fitted atomic linewidth T,,. (a) T(A) with
A = 0 corresponding to the free-space line center. The three sets of points are measured at relative densities
p/po = 0.12 (black), 0.24 (blue), and 1 (red), where the transmission without atoms is 7. Solid curves are
Lorentzian fits to determine the linewidth I';,,. Each point in the spectra is an average over 10 experiment
repetitions. (b) Fitted linewidths (circles) normalized to 'y as a function of p/pg. The solid line is a linear fit

with intercept of 1‘“53)/1“0 =2.140.1.

atoms trapped along the APCW. Assuming 'y = I'sg + FE})Z and fitting ' linearly with N, as shown in

Fig. 7.3(b), we find that the superradiant rate is given by [sg = 1+ N - I'1p with p = 0.34 £ 0.06. The slope

7 is reduced below unity by the random distribution of atoms along the z-axis.

7.3.2 Superradiant emission in frequency domain

This observation of superradiant decay is complemented by line broadening for steady-state transmission
spectra T'(A) measured at ¢, = 3 ms with At,, = 5 ms, as show in Fig. 7.4. The measured linewidths
T, are significantly broader than the free-space width (FWHM) I'g /27 = 4.56 MHz [253], predominantly

due to cooperative atomic coupling to the GM of the APCW. We also observe a significant drop in T'/T} at

line center due to strong atom-photon coupling. Indeed, in Fig. 7.4 (a), we measure T/Ty ~ 0.30 (i.e., a
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70% attenuation of the GM flux |E;,|?) for maximum density po, and T'//Tp =~ 0.95 at the lowest density
investigated, p/po == 0.06.

No clear density dependent shift is observed in Fig. 7.4(a), in support of our neglect of cooperative energy
shifts |[Hqq| (see Section 7.5.2). The shift in line center for T'(A) from A = 0 in free space to A = 14 MHz
for atoms trapped along the APCW is induced by the dipole trap. Furthermore, trapped atoms should suffer
small inhomogeneous broadening in the spectra shown in Fig. 7.4, since the FORT shift is small (< 1 MHz)
for the 6P, /o, F = 4" excited state, and atoms are well localized around the trap center due to their low
temperature 7' ~ 501K, corresponding to a small range of light shifts < 1MHz for atoms in the ground state.

In Fig. 7.4 (b), we plot the linewidths 'y, extracted from 7'(A) as a function of p/pg. 'y /To = 3.4 is
largest at p/po = 1, and reduces to I'y, /Ty ~ 2.1 at p/py = 0.06. From linear extrapolation, the single-atom
linewidth is estimated to be 1’“5,1) /T'o = 2.1 £ 0.1. With inhomogeneous broadening absent, we expect that
ffﬁ) = I'ip + I". With the calculated /Ty ~ 1.1, the single-atom coupling rate can be simply deduced
as f‘lD/ T'yp =~ 1.0 £ 0.1. A simple estimate of the maximum mean number of atoms then follows from

N = (Tim(po) —T7)/T1p =~ 2.4 + 0.4 atoms. Note that N,,, is defined from T',,(p) = N;nTip + IV for an

approximate estimate of the number of atoms.

7.4 Conclusion and outlook

In conclusion, we have used an integrated optical circuit with a photonic crystal waveguide to trap and inter-
face atoms with guided photons. Superradiance for atoms trapped along our APCW has been demonstrated
and a peak single-atom emission rate into the APCW of I'1p /I’y = 1.1 + 0.1 inferred. Our current uniform
trap along the APCW is a promising platform to study optomechanical behavior induced by the interplay
between sizable single-atom reflectivity and large optical forces (e.g., self organization [202, 244]). By op-
timizing the power and detuning of an auxiliary guided mode field near the air band of the APCW, it should
be possible to achieve stable atomic trapping and ground state cooling [225, 226] at trap sites centered within
the vacuum gap, thereby increasing I'1p five-fold [216]. Opportunities for new physics in the APCW arise by

fabricating devices with the atomic resonance inside the band gap to induce long-range atom-atom interac-
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tions [85, 87, 251], thereby enabling investigations of novel quantum transport and many-body phenomena.

7.5 Experimental details

7.5.1 Device characterization

A schematic of the alligator photonic crystal waveguide (APCW) is illustrated in Fig. 7.5(a). The waveguide
is made from 200-nm thick stoichiometric SiN with refractive index n = 2.0 [217]. The dimensions of the
nominal photonic crystals are the following: lattice constant a = 371 nm, gap g = 238 nm, width w = 157
nm, and tooth amplitude A = 131 nm, as shown in Fig. 7.5(b). The nominal photonic crystal section consists
of Neenn = 150 unit cells, terminated by 30 tapered cells on each side to provide ‘mode-matching’ to and
from double nanobeams sections.

The APCW is characterized by measuring the transmission spectrum 7y () without atoms. The resonant
structure around frequencies v; displayed in Fig. 7.6 arises from reflections in the tapered sections at the
two ends of the APCW. The free spectral range Av; = v;,1 — v; between resonances decreases as the band
edge frequency vpg is approached, which is a signature of an increasing group n, index near vpg, with
ng o< 1/Av; for an ideal structure.

Our experiment is operated around the frequency v of the Di: 65,5, F' = 3 — 6Py)3, F =4
transition in atomic Cs, with vpg aligned near 4 by absolute control of the fabrication process at a level of

10~3. Fine tuning for v; = v4 is achieved by way of a guided-mode (GM) heating beam with a wavelength

(a) z = (b

=, YVVVE VY

Figure 7.5: Schematic of the APCW and an SEM image. (a) An incident field Ej, excites the TE-like
fundamental mode, and the intensities fro the transmitted ¢ E;,, and reflected field r E;,, are recorded for device
characterization. (b) SEM image of APCW with lattice constant a, gap g, width w, and tooth amplitude A.
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of 850 nm and optimum power, typically P > 100uW. In addition, we turn on a strong GM heating beam
~ 700pW input power and ~ 2nm blue-detuned from D5 transition for 100 ms at the end of each experimental
cycle in order to keep the device clean by desorbing Cs from the APCW.

In order to estimate the group index n, single-taper reflectivity R;, and intensity loss e~ %, we use a
model based on the transfer matrix formalism for a periodic system to fit the transmission spectrum [122],
which we now briefly describe. The dispersion relation for the wavevector k(v) near the band edge is ap-

proximated by the fitting function [122],

T2
k() = ko [ 1 \/(V" - V(Vlgtzzg) —45) 1)
where the wavevector at the band edge is kg = 7/a. Here, fitting parameters are the frequency at the center
of the band gap vy, the size of the band gap 2A,, the asymptotic group velocity far from the band edge
27vg/ko, and the loss parameter x. The loss parameter x comes from using perturbation theory to add a
small imaginary component to the dielectric constant of the material, resulting in an imaginary propagation
constant that is approximately given by

Im[k(v)] & —&k. (7.2)

It provides a convenient way to model losses that scale with inverse group velocity.
Next we consider the weak cavity formed by the taper reflections R;. The single-pass phase accumulation

¢ and single-pass power transmission e ~2¢ through the cavity are written by
¢ = NeenaRe[k] and (= Neepalmlk], (7.3)

where N, is the number of unit cells of the APCW and a is the lattice constant. Then, the transmission

through a symmetric cavity with mirrors R, is given by

1
1+ L+ Fsin?[¢]’

CZj(:avity - (74)
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Figure 7.6: Transmission spectra of the APCW and fitted group index n,. (a) Measured transmission
spectrum Ty (v) for the APCW (black) around the edge of the dielectric band and the model fit (red). The
dashed lines mark the resonant frequencies v; from reflections in the taper sections and the solid line marks
the band edge frequency vgg. (b) Estimated group index n, (green) and taper reflection R; (blue) from the
fitted model. For the reference, the transmission spectrum 7 (v) is overlaid. At the first resonance v marked
by the dashed line, the group index is n, ~ 11, and the taper reflection is ; ~ 0.48.

where the coefficient F' and loss coefficient £ are given by

_ —2¢)2
(1 e ) 1 and F = A

L= oy~ (1— R

(7.5)

In order to fit this model to the measured transmission spectrum, first we use the dispersion model (Eq.
(7.1) with k = 0) to fit the positions of the cavity resonances. Second, we fit Eq. (7.4) with no loss (£ = 0)
to the transmitted spectrum by using the fitted dispersion model to find ¢ and by using a fitting function for
F'[122], namely

(F)71% = Ay(dv/Ag) + As(dv/Ag)* + As(dv/Ay)?, (7.6)

where dv is the distance in frequency from the band edge. Finally, we find the loss parameter ( that makes
the on-resonant peak heights of the model best match our measurement.

Figure 7.6 (a) shows the measured transmission spectrum (black curve), overlaid with the model fit (red
curve). The fitted parameters for the dispersion model are 2A; = 14.44 THz, vg /vy = 0.60, and v = 342.8
THz. The fitted parameters for F' are A1 =9, A; =-48, and A3 = 128. The fitted loss parameter is k =

1.5 x 1075, At the first resonance v;, the model linewidth is 55 GHz, in reasonable agreement with the
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measured linewidth of 66 GHz. The fitted dispersion relation is used to estimate the group index, and the
fitted cavity model is used to estimate R; and the single pass transmission e ~2¢, as shown in Fig. 7.6 (b). At
the first resonance, the group index is n, &~ 11, and the single-pass transmission is e~2¢ ~ 0.89, the taper
reflection is R; = 0.48, resulting in a peak intensity enhancement £; = 4 including the propagation loss
[122]. Since the propagation loss in the APCW is reasonably small, we ignore the loss in our analysis in the

following sections.

7.5.2 Finite different time domain calculations for collective coupling rates

Due to strong coupling to the TE-like GM in the APCW, trapped atoms experience both enhanced atomic
decay rates as well as collective Lamb shifts. To estimate the size of these effects, we perform FDTD cal-
culations and Fourier analysis as described in Ref. [216] to obtain the two-point Green’s tensor G (ry, ra, w)

for the APCW shown in Fig. 7.5. We then evaluate dissipative and coherent coupling rates, respectively, as

[255-257]
2410w
F(I‘l, 1'2) = Td . Im[G(rl, rg,wa)} -d (77)
2
J(ri,rs) = —”OT;"@d -Re[Gyo(r1, T2, wa)] - d, (71.8)

where d is the transition dipole moment, w, the transition frequency, p¢ the vacuum permeability, and %
Planck’s constant divided by 27. Here, G;. = G — Gy is the scattering Green’s tensor, in which the vacuum
contribution Gy is subtracted from the total Green’s tensor G; Im[.] and Re[.] represent imaginary and real
parts, respectively. The coupling rate ' = T’ /2 + iJ controls collective excitation dynamics of trapped atoms
along the APCW.

We obtain single-atom rates by setting r; = ro = r, at the location of a trapped atom, and evaluate the
single-atom total decay rate I‘gz(ua) = T(ra,Ta, v,) and excited state level shift J) (v,) = J(ra, Ty, Va).
Figure 7.7(a) shows the calculation for r, = (0,0, z;) nm at the center of the trap shown in Fig. 7.1(b). Here
the total decay rate ng = I'ip + IV (black curve) includes the contribution from the GM of interest (I'1p),

which strongly depends on the atomic resonant frequency v, = w, /27 and position r,, as well as the coupling
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Figure 7.7: Calculated total decay rate of a single atom and cooperative decay rate of two atoms. (a)

Single-atom decay rate I‘E(l)z (black circles) and excited state level shift J @) (red circles) atr, = (0,0, z1 ) nm.
Vertical dashed lines mark the frequencies of the first two guided mode resonances, 1 and v, near the band

gap (frequency range v, 2 vgr = 335.5 THz where 'y, appears constant) that are supported by the finite
length of the APCW. Horizontal dashed line indicates TV /Ty = 1.1, estimated from the constant I‘Ecl)l in

the band gap region. (b) Dissipative coupling rate I'yq(z) = |T'(rq,r, + 2X)| between two trapped atoms
separated by x, with their resonant frequencies at either v, = v (solid circles) or v, = 336 THz > vpg
inside the band gap (open circles), respectively. Solid line is an analytical calculation considering actual finite
size of the APCW (Fig. 7.5).

rate to all other modes (I'). I can be estimated from Fg%(ua) inside the band gap (v, 2 vgg); I'"/To ~ 1.1
remains constant over a broad frequency range. Coupling rate to the TE-like GM, I'1p = ng — T, can be
obtained from this analysis with T';p /Ty = 1.2.

In Fig. 7.7 (a), we calculate a small excited state level shift |J (1)| /Ty < 0.4 over a frequency range
around v; = 335 THz. For our experimental configuration, with v, ~ vy, we find |J™) (v,)|/To ~ 0. This
also suggests that the collective level shift for two trapped atoms, |Haq ()| = |J(rq, re +2%)| < (To,T'1p),
is negligible, where x is the atomic separation. Indeed, we do not see clear evidence of N-dependent level
shifts in the steady-state transmission spectra shown in Fig. 7.4 (a).

Figure 7.7 (b) shows T'qq(z) = |T'(rs,rq + 2X)| for two trapped atoms located at the center of unit
cells (x/a € Z) and with resonant frequencies at v, = v; or v, > vpg inside the band gap, where
1“53)2 —TI" ~ 0. For |z| > a, I'qa(x) can be used to estimate the dissipative coupling rate between two
atoms. When v, = v; and |z|/a > 2, Tqq(x) slowly drops from I'yq(0) — I = 1.2 T to smaller values
as |z| becomes comparable to the size of the APCW (black circles). This is caused by interference with

reflections from the tapering regions surrounding the APCW. Solid line in Fig. 7.7(b) shows an analytical
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Figure 7.8: Lifetime measurements of trapped atoms along the APCW. (a) Normlaized transmission
spectrum. Black curve shows the fit to Eq. (7.9) at ¢, = 2.5 ms with 6 = —0.6 £ 0.1, Cy = 0.24 + 0.1,
I' =8.2+0.6 MHz and Ay = 9.34+0.3 MHz. (b) Normalized transmission 7' /7 as a function of the holding
time, measured by the on resonant guided-mode probe with A = 10.5 MHz. By fitting the measured data to
Eq. (7.9) with fitted parameters extracted in Fig. 7.8 (a), we obtain the lifetime of gy = 28 + 2 ms (black
curve).

calculation I'4q(z) = (T'qa(0) — I') cos(m|z|/Negra) that compares to the numerical result, where the fitted
effective number of cells Nog = 162 £ 9 is larger than N due to the leakage of the fields into the taper
regions. Small variations between the analytical and numerical calculations are due to residual coupling
via other channels. On the other hand, when v, > vpg inside the band gap, I'qq(z) quickly drops below
0.1Tg at |x|/a > 2. This is expected because, inside the band gap, atoms can only cooperatively decay via
photonic channels that contribute to IV, which are either weakly-coupled or are lost quickly into freepace

within distances |z| < 2a.

7.5.3 Lifetime of trapped atoms along the APCW

To characterize the lifetime of trapped atoms near the APCW, we measure the normalized transmission 7'/
as a function of the measurement time ¢,,,, as shown in Fig. 7.2 and replotted in Fig. 7.8. During the lifetime
measurement, the frequency v, of the D; transition for the probe field Ej, is located between the first and
second taper resonances, which leads to the dispersive spectrum shown in Fig 7.8 (a). In order to estimate the

lifetime of the trap with off resonant cavity, we employ the steady-state equation [258],

T/To = (1 + 92)/

(1 + 20(t“‘)>2 + (6 - 20(’5‘“)5‘“)21 , (7.9)

1402, 1+ 02,
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where the normalized detuning from the light shifted resonance Ag is 6y, = A_FA", the cooperativity pa-

rameter is C(ty,) = Cpexp(—tw /Tem) With peak cooperatively Cy, lifetime 7gy, and normalized detuning
from taper resonance 6. First, we fit the measured spectrum at ¢, = 2.5 ms to Eq. (7.9) and obtain the fitted
parameters, 6 = —0.6 = 0.1, Cy = 0.24 £0.1,T" = 8.2 + 0.6 MHz and Ay = 9.3 &+ 0.3 MHz as shown in
black curve in Fig. 7.8 (a). Then, to estimate the lifetime 7y, the measured data for A = 10.5 MHz in Fig.
7.8 (b) are fitted to Eq. (7.9) with fitted parameters from Fig. 7.8 (a). We obtain the lifetime of gy = 28 £2

ms shown in black curve in Fig. 7.8 (b).

7.5.4 Model for superradiance of trapped atoms

Our model of superradiance of trapped atoms is obtained by including transfer matrices for atoms in the

device model described in Section 7.5.1 [74, 122—-124]. Since the first resonance of the taper reflections is

aligned to the D; transition for the probe FEj,, the wavevector of the probe mode is k = (1 — ﬁ) g with

number of cells Neg, and the probe field inside the unit cell forms a nearly perfect standing wave due to the
Bloch-periodic function. In addition, atoms are trapped near the central region of the APCW along the x axis

(Ax = £10 pm). Thus, we ignore the dephasing between atoms and envelope from the taper reflections due

1 m

to the small mismatch of the wavevector Ak = N a

relative to ko = 7 at the band edge. In the following,
we set the wavevector k = ko = 7 and will discuss effects due to the Ak mismatch later.

The reflection of N atoms randomly distributed at the location x; with the coupling rate I'1p cosz(ka:i)

is given by,
_ N
1—ién

rn(9) where (n = =3 ﬁ?(S Zcos2 (kx;), (7.10)

where the single-atom fractional coupling rate is £y = I'1p /I and normalized detuning is 6 = 2A /T with
I"/Tg = 1.1 from the numerical simulation in Section 7.5.2 [216]. The temporal profile of superradiance
from N atoms is obtained by Fourier transforming 7 (4) to yield rx (¢), and taking the convolution of ry (t)

with a Gaussian pulse of the half width o ~ 5 ns for the excitation pulse Fj, (t). Furthermore, the temporal
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profile at ¢ > 2¢ can be approximated by

Lysone () = [r50™ (£)? o (FlD Zcos2 (k) )2 - exp [ <Z Tip cos? (kx;) + F’) t] . (11D

Considering the assumed random locations of atoms with uniform probability density in the unit cells

along z, the spatially averaged temporal profile is obtained by integrating Eq. (7.11) along x, yielding

In(t) = eI ()N
N(N +1 N N2 N(N -1
M L oo - (o + 5 ) B0 heo + o7 g

where I} (z) is a modified Bessel function of the first kind and -y = Iy /2. In addition, the number of trapped
atoms along the APCW is drawn from a Poisson distribution p(N, N) with mean number of atoms N. The

total decay curve then becomes

Tion(t) = co »_ p(N, N) - In (1) + Inc, (7.13)
N

where ¢ is a constant. Here, the background intensity Zp is measured separately without atoms and is given
by the black circles in Fig. 7.9. As shown in Fig. 7.3, the total decay rate asymptotes to fﬁii/ro =20+0.1
at the longer hold times, which suggests that atomic decay at ¢, = 63 ms mostly originates from a single
atom for mean atom number N < 1. Thus, we fit the decay curve at ¢t,,, = 63 ms to Eq. (7.12) with N =1,
and obtain & = I'yp/T” = 1.0 £ 0.1 shown in Fig. 7.9 (a). Then, by using the fitted &, the shortest hold
time data (t,, = 3 ms) is reasonably well fitted to Eq. (7.13) with N = 2.6+ 0.3, as shown in Fig. 7.9 (b).
We also numerically estimate the contribution of the envelope from the taper reflections and dephasing
between atoms along the APCW. We employ the transfer matrix model with k = kg — Ak, which includes
the coupling rate T';p () ~ Fg cos?(kox) cos?(Akx) along the z-axis of the APCW and propagation phase
Ak - §x between atoms separated by dx. Here, I‘g?)) denotes the peak coupling rate of both the unit cell and

the envelope from taper reflections. The position of the atoms is generated from a normal distribution with

0, = 10 pm at the temperature of 50 K. Then we numerically generate the decay curve and extract the total



4 r 4

(a) 10 E (b) 10
& ;

%\103 - Té\ 10° £

5 F ° =

£ [ e St

107 E 510 F

: F “"\ » *e : F
: o VNN, : f Pt

10" , , ! , ! , 10" , ! % ! %&#H'h ﬁmﬁ
0 20 40 60 80 0 20 40 60 80
te (ns) te (ns)

Figure 7.9: Atomic emission into the GM and the model fit. (a) Temporal profiles of atomic emission into
the GM at ¢,,, = 63 ms with and without atoms, shown in cyan and black circles, respectively. The blue curve
shows Eq. (7.12) fitted for a single atom with I';p /T = 1.0 4= 0.1. (b) Temporal profiles of atomic emission
into the GM at ¢,,, = 3 ms with and without atoms, shown in pink and black circles, respectively. The red
curve shows Eq. (7.13) fitted to yield with N = 2.6 + 0.3. The background level of (a) is higher than (b) due
to the drift of the intensity modulator during the 5 times longer data accumulation time.

decay rate, suggesting that I'yp extracted from Eq. (7.12) with N = 1 is underestimated by ~ 10% and N
from the fits to Eq. (7.13) by ~ 15%. Note that we do not incorporate these corrections in our estimation
of T'1p and N, since the temperature of the atoms trapped along the APCW could be different from the
measured temperature in free space. Indeed, the calculated trap potential combined with Casimir-Polder
potential suggests that atoms trapped along the APCW could be much colder (< 20 pK) than the measured
temperature for the free-space FORT (~ 50 pK) due to the smaller trap depth near the APCW, leading to a
smaller correction of I'yp and N due to tighter localization of the atoms around the center of the APCW. The
distribution of atoms along the APCW is being investigated in more detail.

To support our assumption of N -dependent superradiance, Tiot = I'sg + T'ip with Tsg = n- N -Typ,
we generate the decay curve from Eq. (7.13) with I'yp /Ty = 1.0 and various N, and extract Ty by fitting to
an exponential. The dashed curve in Fig. 7.10 shows the calculated Tiot, overlaid with measured hold time
(red circles) and loading time (blue circles) dependence and the linear fit (solid black line). Although the
dashed curve generated from the model deviates from the linear dependence at N < 1, the linear fit captures
the N dependence reasonably well. As clearly seen in the inset of Fig. 7.10, the nonlinear dependence on
N at N < 1 is due to the “conditional” character of decay rate measurements, meaning that the decay curve

consists mostly of fluorescence from a single atom, despite N < 1. Due to the negligible background counts
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1—\tot/FO

Figure 7.10: Fitted total decay rate I';,; normalized by I'; as a function of the mean number of trapped
atoms N. The dashed curve shows the calculated Ty, from the model, overlaid with results measured for
various hold times (red circles) and for loading times (blue circles). A linear fit to the combined data (solid
black line) gives I'sg = - N - I'jp with n = 0.34 & 0.06. The inset shows a log-log plot of the curve
generated from the model.

in our measurements, single detection events at N < 1 herald the presence of single atoms.

The linear fit to the combined data sets gives Tgp = n- N - Typ with n = 0.34 £ 0.06, consistent with
the model for N > 0.7. A qualitative understanding of this value of 7 is the following. Due to the random
distribution of atoms along the APCW, the intensity of atomic emission into the GM is spatially modulated
by cos*(kx) as shown in Eq. (7.11), meaning that both GM excitation of atoms and emission into the GM
are proportional to cos?(kx), resulting in cos*(kx) dependence. With the spatial averaging along the z-axis
of the APCW, the superradiant decay rate is then reduced by a factor of roughly n ~ 3/8 (i.e., the average of

cos*(kx) over a unit cell).
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Chapter 8

Outlook

After exploring several systems, we believe that photonic crystal devices have a great potential endowed by
the capabilities for dispersion and modal engineering. Most recently, we have achieved a rudimentary but
crucial first step of observing a dissipative cooperative effect, superradiance, mediated by guided photons
near the band edge of the PCW. The next important step is to demonstrate a dispersive cooperative effect,
dipole-dipole interaction, mediated by exchange of virtual photons inside the band gap. These cooperative
effects provide two major directions this project could take.

The first promising direction is to study many-body physics with strongly correlated photons, inspired
by recent progress in quantum simulation realized with ultracold atoms [259] and ions [260]. Recently,
there have been many efforts to introduce strong long-range dipole-dipole interactions by using ultracold
polar molecules [261], dipolar atoms [262, 263], and Rydberg atoms [264]. While the interaction strengths
in those systems are determined by atomic properties, the capabilities for dispersion engineering in PCWs
enable the creation of dipole-dipole interactions whose range and strength are tunable [87, 251].

Another direction is the application to quantum information processing. Instead of minimizing the cou-
pling to the environment, engineering the interaction with the reservoir can induce quantum correlations
between atoms with dissipation. In contrast to DLCZ protocol, this dissipation-based approach is determin-
istic and unconditional, and has been experimentally proven to be advantageous to generate entanglement
between atomic ensembles [265]. Recent proposals are predicted to yield steady-state entanglement under

continuous pumping due to the dissipative collective coupling mediated by guided photons [266-268].
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Appendix A

Atom-light interaction along a 1D
waveguide

A.1 Hesienberg-Langevin equations and input-output relation

Here, we briefly describe the basic formalism for the atoms coupled to the waveguide as discussed in Ref [74,
124, 125,202, 269-273]. Specifically, to calculate the mean values of atomic operators using the Heisenberg-
Langevin equations, the strategy is to write down the equations of motion for both atomic and photonic
operators, and then to integrate out the photonic degree of freedom, yielding a set of first-order differential
equations for only atomic operators. Then, one can solve the coupled equations and obtain the steady-state
values of the atomic response. Substituting these values back into the formal solution of the field gives the
photonic response. We briefly describe the derivation in the following. The evolution of N atoms is described

by a master equation for the density operator p,

!
P*ﬁ[H,P]‘FL[P]; (Al)

where the Hamiltonian is composed of a term denoting the energy levels of the atoms H,iom, freely propa-

gating photons in a waveguide H,},, and the interaction between guided-mode photons and atoms Hj,¢,

H = Haom + Hpn + Hing

= Zhwoage + /dk‘hwkalak + Z/ dkhgy, (Uegakeik:rj + h.c.) , (A.2)
J J
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with the dipole-coupling amplitude g;, = d, /ﬁ assumed to be identical for all atoms, while phases

depend on the position of atoms. The Lindblad term is given by,
L[p] = _5 Z (Uggo—;ep + po—ggag];e - 2J;epoég) ’ (A3)
J

where I" is the decay rate into all the channels other than the related guided mode.

First, we linearize the dispersion relation of the photon in the waveguide around the atomic frequency
wo with the corresponding wave vector =ko. One approximates wy, around +kg as wi =~ vglkg / |, where
R and L denote a right-going and left-going mode. Since we are only interested in a narrow bandwidth in
the vicinity of the atomic transition wo, we can extend the range of kr/, to (—00, +-00) and replace g, by a

constant g. For later convenience, we introduce the field operators in real space by Fourier transformation,

1 )
Akpry = \/T?/dxeizkxaR(L) (:C)a (A4)

where aTR( L) (z) creates a right (left) going photon at x. After linearizing the dispersion, we rewrite the

Hamiltonian in real space as

; , 0 , 0
H/h = Zj:wooge—k/dx{—ngak(z)axaR(:r)—|—wgaTL(x)axaL(x)}

+ Vong / de > 5z - ;) (aTR(:r)oge + 0l an(x) + al (x)ol, + ol ar (:c)) . (AS)
J

The Heisenberg equations of motion for the fields can be formally integrated to yield the solutions of photonic

operators,

V2 « —

ar(z,t) = agin(x —v4t) —1i WQZJge tx%) 0(x — xj),
vy &
g

ar(z,t) = apin(z+uvgt) —1

\/5?9 > ol <t + w) 0(x; — ). (A.6a)
9oy



113

Next, one substitutes these formal solutions into the equations of motion for the atomic operators age,

5’

. I ) . . NG y o, .
Gl =— (iwo + ?) Oge +1V27g (Uf36 — a;g) Aot (5, 1) — i v779 Z ol (t _ W):| + F)., (A7)
g g

where a total input field a0 (z,t) = apin(z — vgt) + ar,in(x + vgt) and an associated noise operator

nge which arises from the system-reservoir interaction [274]. For simplicity, we define the slowly varying

variables in the rotating frame as 67, = o7.e™** and FJ, = FJ.e™!. Furthermore, we assume that &,
is slowly varying, & (t —€) = &ge(t)eiwoe, with Markov approximation, meaning that we neglect the

retardation of atomic response. Then, we can rewrite Eq. (A.7) in the rotating frame,

- I 2mg?\ . ,
o), = <1A - o 1o +iV2mg (0(,(, — agg) Aot (25)
Tip = 51 ) 53 gtklei—zy| 4 Fi A8
+ 2 (Uee 70’99) Ugee I+ ge» ( . )
J'#7
2
where a detuning A = wy, — wg. Here, we have identified I'1p = 429 = %vi 2T as the single-atom decay
9 Am
L 5i i
rate into the guided mode. Similarly, we obtain the equation of motion for 67 = % as

&g = Tt <&§:+2>_ZV Q(U atot () — antm(xJ) ge)
o T _
Ty ‘,7&-(%0;; M=ol 4 61 50 e HIT ‘)+F3, (A.9)
3

where an associated noise operator F, with <FZ> = 0 [274] and total decay rate I'yoy = I'1p + I"". By using

the solution of Eq. (A.8) and (A.9), one can find an input-output relation,

T
arout() = arin(T) IDZ Zk(w_wj), (A.10a)

§
rou(®) = apm(@) - 1DZ ~ikla=ey), (A.10b)

where the output field is defined outside of the distribution of atoms (for the right (left)-going field, x >
~(z < 271)). Considering the interaction with a right-going coherent field with the field amplitude &, the

input field operator ay. is mapped to atot + & via a displacement operator [74, 269]. The transformation
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maps the initial coherent state to a classical Rabi frequency, while mapping the initial photonic state to
vacuum. Then, the equation of motion for the operator mean values sg = <5{ ) with a right-going coherent

input & are given by

§. = (iA - F;"t) she +12Qc™ sl + Tip Y shI ethlwime ] (A.11a)
3'#5
§ = T (sj + 1) — i (L™ — shee ) - ney (stigee™zs o 4 sl e tHlma i)
2 =T 5 eg€ ge 9 2. \%eg9e eg,ge ’
J'#j
(A.11b)
where a Rabi frequency €2, = \/ﬂg&), expectation values of higher-order correlators si Jge = <&g &Z;) and

gi'i

Lghe = (0 g 9 ge> Here, we explicitly write down the differential equation only for sJ and s, although the

total number of differential equations is 4V — 1. In the weak excitation limit, one can simplify Eq. (A.11) by

using (67,67) = (57,)(7’), allowing to evaluate steady state solutions easily.

A.2 Effective spin Hamiltonian: waveguide

One can reconstruct an open, interacting spin model that only involves the internal degree of freedom of the

atoms [124]. The atomic dynamics is equivalently described by a master equation for an atomic operator p,

. 1
P = ﬁ[Htotv p} + Edd [p] + »Cind [p]7 (A12)

where the interacting spin Hamiltonian is

Hi/h= 3 [2A6, — 0, (7,¢™% + h.c.) + -2 Z sin(klz; — x5:)52,67, (A.13)
J J'#j

and Limblad term for collective emission and independent emission are,

I'ip
‘Cdd[p] = _% COS(k|$] - .13] |) ' ( ep + po’gqaée - QU]epo-eq) ’

J»3’

‘Cind[p] = _72 UJ Uéep—i_po'eg ge 20] paeg) (Al4)
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The infinite-range interaction between a pair of atoms j, 7’ in the last term of Eq. (A.13) is due to the
propagation of a mediated photon between a pair of atoms with a propagation phase. We also see that we can

derive Eq. (A.8) and (A.9) from a non Hermitian effective Hamiltonian,

Heg/h="Y_ [~AG], — Q. (61,e™ +hc)| —i—= Z 51,69 etklzi =yl Zoee, (A.15)

J

which can be used for a quantum jump description of the atomic dynamics in an open system. The effective
Hamiltonian accurately describes the dynamics provided that the thermal energy kg1 < hwy where kp is

the Boltzmann constant.

A.3 Effective spin Hamiltonian: photonic crystal waveguide

Near the band edge watom < wgE, the Bloch function for a guided mode approaches a standing-wave,

~

resulting in the effective spin Hamiltonian given by

Tip+T r
Heg/h = =) (A+ 1D2> 5 — %D cos(kz;) cos(kxj)5,67.,  (A.16)
J J#J’

where the position of the atom z; and the wavevector near the band edge k£ = 7/a with a lattice constant a.
The last term of Eq. (A.16) shows the correlated decay of N atoms with position-dependent coupling rate.

On the other hand, inside the band gap watom < wBE., the effective spin Hamiltonian is written by

~

Heg/h = - Z (A - —+ ’L*) &l + Fﬁ Z cos(kx;) cos(kwx )O’EgO'g e M@zl (A7)

J J#3’

where the single-atom coupling rate turns into the frequency shift F% and the last term of Eq. (A.16) shows

the collective frequency shift of [V atoms with position-dependent coupling rate.
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Appendix B

Atomic polarizability

B.1 Formalism of the light shift Hamiltonian

Here, we briefly summarize atomic polarizability for ac stark shift based on the derivation of Refs. [65, 157,
158] and express explicitly the polarizability tensor. At the end of this appendix, we attach the correction of
our calculation [65]. When the light field is far off resonant from the atomic transition, the second-order ac

Stark shift of an atomic state |7) is given by

sU® = _|EP? 3 <<i|€* ~dlj)le-dfi) | (ile - dlj)jle® ‘dli>) 7

h Wi; — W Wi +w
i#] gi gi

where € and d are the polarization vector and the electric dipole operator, respectively, and w;; = w; — w; is
the transition frequency between atomic states |) and |j). In turn, we can consider that the light shift comes

from the expectation values & Ui@) = (i|Hjs|7), where the light shift Hamiltonian is written by

Hy = [BP{(e" - R (- d) + (- )R (- )}, (B.1)
with a resolvent operator Rl(i) = —% > ki % After decoupling polarization vectors dipole operators,
Ji

and transforming from the spherical coordinates to Cartesian coordinates, the light shift Hamiltonian for an
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atom in the hyperfine state |n, J, F'), parameterized by the dynamic polarizability aX) | is then rewritten by

_ . EC) xEM®).F _
Hls == 704(0)E( ) . E(+) - 204(1)% — “ZVO[(2)E/_(L )El(/+) F(Q?;\_l) [%(ELFD + FVEL) - %F25p,l/] .
(B.2)
The dynamic polarizabilities are given explicitly by
©) B3t oy LA
a (na‘LF) = Z %(QF +1) GFF’
n'J' F’ F/ F I
, 3FeF+1)[ 1 1 1
D(n, J,F) = 2 )R et B.3
« (na ’ ) Z ( ) nJn’J 2(F+1) ( )
n' J' F’ F F F/

7 2
><(2F’+1){ s } )
FF’

F' F I

, 10F2F +1)(2F—-1) 1 1 2
aP(n, J,F) = Z (—1)F+F diJn/J,\/ 3(F T )F 1 3) (B.4)
n'J'F F F F

, 2

/ J J 1 )

X (2F 4+ 1) G (B.5)
F' F I

where the dipole matrix element d,, j,- ;- and the rank-dependent propagator Gz(j() are given by

_ 3meghcd 20 + 1

&gy = {0 Jld|ln, J) [P = = (B.6)
nan g Tndn' J/
1 1 -1k
A MEGOLNG (B.7)
J hlwji—w wj+w

Note that we neglect the mixing of energy levels between different hyperfine states since typically, the hy-
perfine splitting is much larger than the ac Stark shift. In general, H;; is not diagonal in |nJ, F, m ) basis,
suggesting that m is not a good quantum number. Therefore, we need to diagonalize the light shift Hamil-

tonian to obtain the eigenvalues and eigenbasis.
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Figure B.1: Scalar polarizabilities around the magic wavelengths. We display the scalar polarizabilities
(a) near the blue-detuned magic wavelength and (b) the red-detuned magic wavelength with the parameters
described in the Appendix B.2 (the ground state 657 /: solid black, the excited state 63 /5: solid red). and
with the parameters used in Fig. 4.5 (65 /o: dashed black, 6P /5: dashed red). The polarizabilities are given
in the atomic unit.

B.2 Contribution of higher excited states

Next, we consider the contribution of higher excited states to the polarizability around the magic wavelengths.
The calculations for the polarizability o4 g1 of the ground state 6.5 /2 and e fun of the excited state 6P /2
incorporate the couplings 6.5 /5 <+ (6 —42) P35, and 6 P35 <+ (7—40)S1 /2 and 6 P55 <+ (5—42)D1 /5 3/2,
respectively. The energy levels and the reduced matrix elements are taken from the Appendix. D in Ref.
[158]. The contribution of the core polarizability, 15.8 a.u., is added to the results for the scalar polarizabilities

[166], where the core polarizability is given in the atomic unit.

(0)

Figure B.1(a) shows the scalar polarizabilities, oszf)uu (solid black) and «, ¢,

| (solid red), around the
blue-detuned magic wavelength, overlaid with the scalar polarizabilities with the parameters used in Fig. 4.5
(the ground state: dashed black, the excited state: dashed red). Clearly, the higher excited states contribute to
both the ground and excited state polarizabilties around the blue-detuned magic wavelength, which suggests
that the blue-detuned magic wavelength g fui(Ablue) = Qe full (Ablue) 1S Ablue ~ 686.3 nm, marked by the

solid cyan line in Fig. B.1. We also find that the higher excited states’ contribution to the red-detuned magic

wavelength (~ 935 nm) is negligible due to the larger detuning as shown in Fig. B.1 (b).
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Several errors in Refs. [1, 2] are corrected related to the optical trapping potentials for a state-
insensitive, compensated nanofiber trap for the D transition of atomic Cesium. Section I corrects
our basic formalism in Ref. [1] for calculating dipole-force potentials. Section II corrects erroneous
values for a partial lifetime and a transition wavelength in Ref. [1]. Sections III and IV present
corrected figures for various trapping configurations considered in Refs. [1] and [2], respectively.

I. FORMALISM

The light shifts calculated in Ref. [1] are based upon
Eq. (2) in Ref. [1]. The text states that the basis for
Eq. (2) is ‘spherical’ (i.e., irreducible spherical tensors).
In fact, the basis for Eq. (2) is actually a Cartesian basis
(i.e., 2,9y, z), which we used to perform all calculations in
Ref. [1].

In Eq. (2) of Ref. [1], a(®,a(") and a(? are the scalar,
vector and tensor atomic dynamic polarizabilities defined
in Ref. [3]. The dipole matrix element in Ref. [1] is

2 2 __ 3meghc® 2041 1 .
dJJ/ - |<J||d||Jl>| - 7;630/JC 2J+1m as defined in

)

J

A (1) (B xBH).F
Is —a

— QRO R g B

= a(Q)E,(f)Eﬁ)

Ref. [4]. However, as Ref. [3] only considered light shifts
of the ground states, the definition for d;; in Ref. [4]
becomes problematic when defining d;; for the excited
states. J and J' are defined with respect to states of
lower to higher energy, respectively, rather than with re-
spect to initial and final states. This notation is therefore
ambiguous if the initial state is an excited state. Also,
the counter-rotating term was not taken into account in
Ref. [3]. Therefore, we follow the formalism in Refs. [5-
7], in which case Eq. (2) of Ref. [1] should be rewritten
as follows:

3
F(2F—1)

(1)

sV

where the dipole matrix element in Refs. [5-7] is d?;, =
[(J]]d|]])|? = 37;63%‘9(2]4—1) L where (J,J') are for

J'J T’
(lower, upper) levels, respectively. a® oM and o®
of Eq. (1) include counter-rotating terms. However, in
Ref. [1], we made an error in the definition of the vector
polarizability, o), by neglecting the rank dependence

J

(

of the counter-rotating terms. In this errata, we correct
the definition of o) to incorporate the rank dependence
of the counter-rotating terms in our calculations of light
shifts [5-7].

The dynamic polarizabilities are then given by

O F) = Y C%J'(QF’+1){}‘;,], }Z }}QGQ} (2)
nJ'F’
oW (J,F) = zn;,(_1)F+F/d3J, %{} } ;}
><(2F’+1){FJ, ‘IQ }}QG;};, (3)
D) = n;,,(‘”mld?”’\/ bR P o)
x(2F’+1){FJ, ‘; }}26*;?},, (4)



where Gz(;-() is the rank-K propagator defined as

g8 5)

wj; +w

1 1
GE — =
K h wji—er

We note that the counter-rotating term gains an overall
minus sign for K = 1 in the expression for the vector
propagator Gg},,. We have confirmed that our corrected
formula for the dynamic polarizabilities (i.e., Egs. (1-5))
is now consistent with the expressions in Ref. [5].

II. PARTIAL LIFETIMES AND TRANSITION
WAVELENGTHS

In addition to corrections to our formalism discussed
above, we correct two numerical errors for the atomic
data used to calculate the light shifts in Refs. [1, 2].
These errors stem from a mistake for a partial lifetime
7 and from an error for a transition wavelength A. All
values for 7 and A of Ref. [1] were taken from Tables
7.1-7.3 of J. McKeever’s Ph.D Thesis [8]. The specific
errors are as follows:

1. The wavelength for the transition 75 /5 <> 6P3/5 in
Table 7.2 of Ref. [8] is listed as 469.5 nm, whereas
the correct value is 1469.5 nm.

2. The partial lifetime for the transition 7Dz, <>
6P/, in Table 7.3 of Ref. [8] is listed as 709.7
us, but instead should be 0.7097 us.

The corrected values for Tables 7.1-7.3 of Ref. [8] are
highlighted with green color in Tables I and II of this
errata.

The partial lifetimes and wavelengths from Table 7.1
7.3 of Ref. [8] were obtained from Refs. [9, 10] with the
exception of the values for 6P — 65 from Ref. [11] and
6D — 6P from Ref. [12].

To further confirm the accuracy of the corrected values
from Ref. [8], we refer to Tables V and VI of Arora et
al. [13] (heretofore, labelled as ‘Clark’). Tables I and II
in this errata compare the corrected tables from Ref. [§]
to Tables V-VI of Ref. [13]. Our values agree well with
those from Ref. [13].

We note that all previous publications prior to Ref. [1]
from our group, including Ref. [14], have used the cor-
rect values in Tables I-IT and not those from McKeever’s
thesis [8]. Furthermore, these earlier results are for lin-
early polarized trapping fields for which the contribution
of the vector term a(!) vanishes. Therefore, these earlier
results from our group stand without revision.

Using the revised formalism from Section I and based
on the corrected numerical values in Tables I-II from
Section II, we present corrected figures to replace those
in Refs. [1, 2] as described in the following sections.

III. CORRECTED FIGURES FOR REF. [1]

The figure numbering in this errata mirrors that of
Ref.[1] with corrected figures given here in Roman nu-
merals. Fig. VI[1] relates to magic wavelengths for the
Cs Dy line and replaces Fig. 6 in Ref. [1]. The magic
wavelength in this note is defined by the weighted average
of the Zeeman sublevels m (i.e., not by a(?) alone).

As in Ref. [1], we include a surface interaction poten-
tial of an atom with the dielectric nanofiber in our calcu-
lation of the total atomic trap potential. The surface po-
tential of the ground state Cs atom near a planar dielec-
tric surface can be approximated by the van der Waals
potential f%, where d = r—a and C3/h = 1.16 kHz pum3
[1, 15].

In Figs. VII[1], VIII[1], and IX[1], the two-color evanes-
cent trap from Ref. [16] is constructed from a pair of
counter-propagating z-polarized (pg = 0) red-detuned
beams (Preq = 2 X 2.2 mW) at A\jeq = 1064 nm, forming
an optical lattice, and a single repulsive y-polarized (pg =
7/2) blue-detuned beam (Pojye = 25 mW) at Apjye = 780
nm. The SiO, tapered optical fiber has radius a = 250
nm in the trapping region. Figs. VII[1],VIII[1], IX[1]
replace figures of Fig. 7, 8, 9 of Ref. [1].

For the magic, compensated trap in Figs. X[1], XI[1],
XII[1], we use a pair of counter-propagating z-polarized
(po = 0) red-detuned beams (Peq = 2 x 0.95 mW)
at the magic wavelength Aeq = 935.3 nm. Counter-
propagating, x-polarized blue-detuned beams at a sec-
ond magic wavelength Apje = 684.9 nm are used with a
power Phlge = 2 X 16 mW. The resulting interference is
averaged out by detuning the beams to ds, = 30 GHz.
Figs. X[1], XI[1], XII[1] replace Figs. 10, 11, 12 of Ref.
[1].

IV. CORRECTED FIGURES FOR REF. [2]

Because of the errors described in Sections I and II,
our experiment in Ref. [2] used red- and blue-detuned
beams at wavelengths Ajeq = 937.1 nm and Apjue = 686.1
nm instead of the correct values of A\jeq ~ 935.7 nm and
Ablue = 684.8 nm calculated in the same fashion as Fig.
VI[1] but now for F' = 4 of 6515 to F' = 5 of 6P35.
Fig. A[2] shows the trapping potentials for the ground
and excited states for the correct magic wavelengths of
Ared =~ 935.7 nm and Apjye =~ 684.8 nm for this transition.

For the actual wavelengths Ajeq = 937.1 nm and
Ablue = 686.1 nm used in our experiment [2], Fig.1 and
Fig. SM5 of Ref. [2] are here replaced by Figs. B[2]
and C[2], respectively, which incorporate the revisions
described in Sections I and II.

V. CONCLUSION

Our emphasis has been to correct the formalism (Sec-
tion I) and atomic data (Section II and Tables I, IT) that
are the basis for our calculations in Refs. [1, 2]. Recently
a more extensive set of atomic data than in Tables I and



IT has become available [7]. We have confirmed that these
data with our formalism in Eqgs. (1-5) reproduce Figs. (4,
5) from Ref. [7].

However, the expanded set of atomic levels and life-
times in Ref. [7] lead to small differences between
Figs. (4, 5) [7] and corresponding figures computed from
our Tables I, II. These differences are most pronounced
around 685nm (e.g., our Fig. VI(a)) principally due to
excited-state contributions up to n ~ 25, which are not
included in Tables I, II. We therefore recommend that

the data set from Ref. [7] be employed for the calcula-
tion of ac Stark shifts for the Dy line in atomic Cesium
rather than the less extensive data in our Tables I, II.
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Level nS AMcKeever AClark TMcKeever TClark
(nm) (nm) (ps) (ps)

6 852.4 852.35 0.03051 0.0306

7 1469.5 1469.89 0.07529 0.0749

8 794.4 794.61 0.2599 0.2319

9 658.8 658.83 0.5533 0.4759

10 603.4 603.58 0.9924 0.8374

11 574.6 1.607

12 557.3 2.428

13 546.3 3.49

14 538.5 4.809

15 532.9 6.431

TABLE I Comparison between corrected partial lifetimes in Ref. [8] with Ref. [13] for 6P;/5 — 65,5 [11] and
nSy 2 — 6Py for n =7 — 15 [9]. Partial lifetime (Tnmckeever) @and wavelength (Avekeever) are from Ref. [8] with the
corrected value highlighted in green. Tjak and Agpark are from Ref. [13]. The conversion from d to 7 from Ref. [13]
is done using Eq. (7.8) in Ref. [8].

Level nD

A3/2 McKeever  A3/2 Clark  T3/2 McKeever  T3/2 Clark  A5/2 McKeever  A5/2 Clark  T5/2 McKeever  T5/2 Clark

(om) (om) (4s) (1) (m) __(am) (1) (45)

5 3612.7 3614.09 10.09 9.2931 3489.2 3490.97 1.433 1.3692

6 921.1 921.11 0.3466 0.3497 917.2 917.48 0.0587 0.0604

7 698.3 698.54 0.7097 0.7061 697.3 697.52 0.1198 0.1203

8 621.7 621.93 1.284 1.2884 621.3 621.48 0.217 0.1566
9 584.7 2.131 584.5 0.3587
10 563.7 3.29 563.5 0.5527
11 550.4 4.807 550.3 0.8063

TABLE II: Comparison between corrected partial lifetimes in Ref. [8] with Ref. [13] for nDs/2 5/2) — 6P5/2.
Partial lifetime (7(3/2,5/2) McKeever) and wavelength (X(3/2,5/2) McKeever) are from Ref. [8] with the corrected value
highlighted in green. 7(3/25/2) clark and A(3/2,5/2) Clark are from Ref. [13]. The conversion from d to 7(3/25/2) from
Ref. [13] is done using Eq. (7.8) in Ref. [§].
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FIG. VI[1]: Replacement for Fig. 6 in Ref. [1] for determination of the magic wavelengths for the
651/2, F =4—06P3, F’" = 4 transition of the Cs Dy line. The light shifts U, are for a linearly polarized beam with
constant intensity 2.9 x 10° W m~? around (a) the blue-detuned magic wavelength at Apjue =~ 684.9 nm and (b)
red-detuned magic wavelength at Aeq ~ 935.3 nm.
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FIG. VII[1]: Replacement for Fig. 7 in Ref. [1]. Radial dependence of the trapping potential of the ground and
excited states for the parameters used in Ref. [16] at z = 0. The polarization configuration is the same as Fig. 1(b)
of Ref. [1]. 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 (6P5/5) are shown as red dashed curves. (a)

Radial potential along ¢ = 0. The trap minimum is located at about 230 nm from the fiber surface. (b) Radial

potential along ¢ = /2.
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FIG. VIII[1]: Replacement for Fig. 8 in Ref. [1] for the configuration of Ref. [16]. Azimuthal dependence of the
trapping potential of the ground and excited states for the parameters used in Fig. VII[1]. » — a = 230 nm and
z = 0. (a) The ground-state splitting is minimum for ¢ = 0 and ¢ = 7. (b) Expanded view of (a) near a trap

minimum at ¢ ~ 7.
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FIG. IX[1]: Replacement for Fig. 9 in Ref. [1] for the configuration of Ref. [16]. Axial dependence of the trapping
potential for the ground and excited states for the parameters used in Fig. VII[1]. (a) Longitudinal potential along
¢ = 0. The distance from the fiber surface is set to » — a = 230 nm at the trap minimum. (b) Longitudinal potential

along ¢ = 7/2. The distance from the fiber surface is again set to 230 nm.
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FIG. X[1]: Replacement for Fig. 10 in Ref. [1]. Radial dependence of the trapping potentials of the ground and
excited states using the magic wavelengths and the compensated configuration shown in Fig. 1(d) of Ref. [1]. All
beams are polarized along ¢ =0 (i.e., 99 = 0). The 935.3 nm beams each have a power of 0.95 mW. The 684.9 nm
beams each have a power of 16 mW. (a) Radial potentials along ¢ = 0 (i.e., ¢o = 0). The trap minimum for 65/, is
located at about 200 nm from the fiber surface. (b) Radial potential along ¢ = 7/2. (c¢), (d) Expanded views of (a)
and (b) around the trap mininum.
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FIG. XI[1]: Replacement for Fig. 11 in Ref. [1] for the magic, compensated scheme with Aeq = 935.3 nm and
Ablue = 684.9 nm. Azimuthal dependence of the trapping potential of the ground and excited states for the
parameters used in Fig. X[1]. 7 —a = 200 nm and z = 0. (b) Expanded view of (a) near a trap minimum at ¢ = 7.



a) 0.50 T T T T b) 0.50 T T T T
¢ =0 ——6S,,F=3 w2

0.25 025 g
< oo < oo
E E

g g

S -0.25 S 025

-0.50 -0.50 - g

0 200 400 600 800 1000 0 200 400 600 800 1000
z(nm) z(nm)

FIG. XII[1]: Replacement for Fig. 12 in Ref. [1] for the magic, compensated scheme with Areq = 935.3 nm and
Ablue = 684.9 nm. Axial dependence of the trapping potential for the ground and excited states for the parameters
used in Fig. X[1]. (a) Longitudinal potential along ¢ = 0. The distance from the fiber surface is set to r — a = 200

nm at the trap minimum. (b) Longitudinal potential along ¢ = 7/2. The distance from the fiber surface is again set
to 200 nm.
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FIG. A[2]: The magic, compensated scheme with a pair of counter-propagating a-polarized (¢o = 0) red-detuned
beams (Pred = 2 X 0.4 mW) at A\eq = 935.7 nm and counter-propagating, z-polarized blue-detuned beams
(Polue = 2 X 5 mW) at Apjye = 684.8 nm. The distance from the fiber surface is set to 207 nm. (a) Azimuthal
Ugrap(9), (b) axial Ugap(2), (¢) radial Ugap(r — a). Each black and red line corresponds to different energy
eigenstates of the ground state (651 /2, F' = 4) and excited state (655, [ = 5), respectively.
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FIG. B[2]: Replacement for Fig. 1 in Ref. [2] for the actual wavelengths used in our experiment [2]. We used a pair
of counter-propagating z-polarized (g = 0) red-detuned beams (Preq = 2 X 0.4 mW) at A\jeq = 937.1 nm, and
counter-propagating, z-polarized blue-detuned beams (Poye = 2 X 5 mW) at Apjye = 686.1 nm in our experiment [2].
The resulting interference is averaged out by detuning the beams to ds, = 382 GHz. Adiabatic trapping potential
Utrap for a state-insensitive, compensated nanofiber trap for the 65,2, F' = 4 states in atomic Cs outside of a
cylindrical waveguide of radius a = 215 nm. Uy for the substates of the ground level F' = 4 of 65 /2 (excited level
F" =5 of 6P3/;) are shown as black (red-dashed) curves. (a)(i) azimuthal Usap(¢), (ii) axial Ugap(2) and (b)
radial Ugrap(r — @) 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).
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FIG. C[2]: Replacement for Fig. SM5 in the supplemental material of Ref. [2] for actual wavelengths used in our
experiment [2]. We used a pair of counter-propagating z-polarized (o = 0) red-detuned beams (Preq = 2 x 0.4 mW)
at Ared = 937.1 nm, and counter-propagating, x-polarized blue-detuned beams (Pplue = 2 X 5 mW) at Apjye = 686.1
nm in our experiment [2]. Expanded view of the insets in Fig. B[2]. The distance from the fiber surface is set to 215

nm. (a) Azimuthal Uirap (@), (b) axial Usrap(2), (¢) radial Uap(r — a). Each black and red line corresponds to
different energy eigenstates of the ground state (651 /2, F' = 4) and excited state (6P;/, F' = 5), respectively.
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