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Photonic Interfaces for Neutral Atom Quantum Computers

ABSTRACT

As quantum computers advance toward larger, more powerful systems, scaling beyond a single
quantum processing unit (QPU) will require the development of fast, high-fidelity interconnec-
tions between QPUs. One of the most promising strategies for achieving this is coupling qubits to
optical cavities. Strong atom-cavity interactions enable the generation of atom-photon entangle-
ment at rates orders of magnitude faster than alternative approaches, offering a critical advantage
for scalable architectures. This thesis investigates the use of nanophotonic and microscale cavities
to achieve exceptional atom-photon coupling while maintaining compatibility with state-of-the-art
neutral atom QPUs.

The experiments presented in this thesis demonstrate coherent transport between a free-space
atom array and an optical cavity, coherent Rydberg excitations and interactions in the presence of
the cavity interface, fast high-fidelity readout and cavity-mediated operations, and novel fabrication
techniques for improved microcavities that further enhance system performance. Together, these

advances outline a pathway toward utility-scale quantum computing.
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2.3

2.4

Listing of figures

(A) Atoms in optical tweezers are transported from an atom array into the mode of a
microcavity. (B) Resonant transmission spectra for a bare cavity (gray), one atom (blue),
and two atoms (red) coupled to the microcavity, demonstrating strong coupling with a
cooperativity of C = 101(2). (C) Histograms showing photon counts collected in 10
us for an atom in the F = 1state (gray) and an atom in the /' = 2 state (blue), yielding
a qubit state readout fidelity of 99.960"4 %. (D) A Rydberg atom array operating in

free space near a nanophotonic optical link. (E) Measurements of Rydberg atom coher-
ence near the nanophotonic cavity at a distance of 130 pm. For a Ramsey measurement,
T; = 200(40) ns (blue line); for spin-echo, 75 = 4.1(2) us (red line). With a Carr-
Purcell decoupling sequence, no decay is observed within the measurement time. (F)
Rydberg coherence for different decoupling sequences as a function of distance from the

nanophotonic cavity, showing retention of coherence even in proximity to the device.

An atom cavity system showing the coherent coupling between the atom and the
cavity, ¢, the atomic free space decay rate, y, cavity decay rate, «, and a coherent
driveontheinput,y . . . ... ...
The time dynamics of an initially excited atom coupled to an optical cavity show-
ing two different regimes, x = ¥, where we see coherent oscillation between
Kty
—*,and

x = 10y where we see a quick exponential decay of the atomic excitation that goes
as the purcell enhanced decay rate of Cy = % ..................
A level diagram depicting the different excitation manifolds of the Jaynes—
Cummings Hamiltonian. (Left): States with the same number of excitations, 7,

are coupled with a strength of /7 g. (Right): The eigenstates of a given excitation

the atom and the cavity at a frequency of 2¢ with a damping given by

manifold are given by |, =) = |g, n) £ |e, n — 1), with an energy splitting of \/zg.

An optical cavity system driven by an external source, 7, with a circulating electric
field, 2. The cavity experiences three types of loss: transmission through the input
mirror, i, transmission through the output mirror, oy, and scattering losses,
ks, which together yield a total lossratex. . . . . . .. ... ... . ...
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2.5

2.6

2.7

2.8

2.9

Reflectivity [#(A)|* and phase arg[#(A)] versus detuning A for three coupling
regimes: undercoupled (x;, =  0.1x), critically coupled (x;, = 0.5x),and
overcoupled (x;, = 0.9x). . . . . .. ...
Reflectivity spectra of two atom-cavity systems with identical cooperativity,

4

C = i
Ky

the system operates in the strong-coupling regime, allowing coherent exchange

= 25, but with different x/y ratios. In the first regime, where g > x = ¥,

of excitations between the atom and the cavity. This is spectroscopically ob-
servable as two resolvable dressed states split by 2¢ (black line between peaks),

with linewidths of # In the second regime, known as the “bad cavity” regime

(x > g > ), the cavity decay rate is dominant, suppressing coherent oscilla-

tions and causing a rapid decay of the atomic excitation through the cavity ata

rate of % = Cy. This manifests as a Purcell-enhanced atomic linewidth, seen
spectroscopically as a hole burned into the bare cavity resonance. . . . . . .. ..
Reflectivity |(A)|* and phase arg[r(A)] versus detuning A for an atom coupled

to a cavity with cavity parameters (¢, x,7) = (2,1,1) with three different cou-
pling regimes: undercoupled (x;, = 0.1x), critically coupled (x;, = 0.5x), and
overcoupled (x;, = 0.9%). . . . . ...
A plot showing the stability condition of an optical cavity along with various
cavity configurations. Three key regions are highlighted: the plano-plano region,
where the mirrors are flat (i.e., the radii of curvature approach infinity); the con-
focal region, where the cavity length is equal to the radii of curvature, Ry and Ry;
and the concentric region, where the cavity length is equal to twice the mirror
radiusof curvature. . . . . . . .. L. .. e
Transverse electromagnetic (TEM,,,,,) modes of a Hermite-Gaussian beam, where
m and n represent the number of nodes in the horizontal and vertical directions,
respectively. The color indicates the electric field amplitude and phase. . . . . . .
Cavity transmission spectrum showing resonances of different Hermite-Gaussian
transverse electromagnetic modes TEM,,, as a function of detuning, expressed

in units of the free spectral range vgsg . In this example, multiple higher-order
modes are populated due to cavity misalignment, which results in imperfect mode
matching. The modelled cavity has mirror radii of curvature of 200 gm. Multi-

ple lengths (65um, 7oum, and 75um) are shown to demonstrate how different
modes will behave differently. We also note that higher order transverse modes

of the lower longitudenal mode can even be higher in frequency that the upper
longitudenalmode. . . . . . . . ... oo
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2.11  The total collection efficiency CE,,,, and optimal cooperativity C,, are plot-
ted as a function of the intrinsic cooperativity, Cy,,. Several points are included
that are representative for specific cavity geometries, including macroscopic
cavities *°*, photonic crystal Cavities (PCC)'7°, Fiber cavities”°, and silicon mi-

cromirror cavities*°*. The values used are extracted from existing atom cavity

experiments: (g, ks, ) =27 X (7.8,0.4,6) MHz*>**, 27 x (624,2.77,6)

MHz'7°, 27 x (100,7.5,6) MHz®%7°, 27 x (100,1.5,6) MHz®%4020>

3.1 (A) A characteristic neutral atom quantum system for Rubidium-87, showing
optical tweezers projected into a vacuum chamber through a microscope objec-
tive using an SLM for static traps of arbitrary geometry and AODs for dynamic,
moving traps. Fluorescence from the atoms is collected on an EMCCD for atom
readout through a secondary microscope objective. Counter-propagating beams
of 420 nm and 1013 nm lasers are used to excite atoms to Rydberg states for per-
forming two-qubit gates. A microwave horn is used to drive single-qubit rotations
with a 6.8 GHz field. These rotations can also be driven by an optical field sent
along the same path as the beams used for Rydberg excitation. This figure was
adapted from Ref. 5° with permission from the author. (B) Qubit information is
encoded in the ground states of the atom, |0) and |1), where single-qubit rotations
are applied via a microwave drive, Quws which can be applied by microwave fields
or 2 modulated laser. The two-photon transition to the Rydberg state |7) is excited
using a 420 nm drive, Q450, and a 1013 nm drive, Qj013, both far detuned from
the intermediate state |7), but on two-photon resonance with the Rydberg state
7).

3.2 The energy level structure showing the Rydberg blockade in a two-atom system.
The energy of the two atom pair states are shown as a function of interatomic
distance R. The lowest energy level corresponds to the ground state |gg). A laser
excitation couples the ground state to a symmetric singly excited state (|rg) + |g7))
with an effective coupling strength of V2 Q. The coupling to the doubly excited
Rydberg state |77), which is shifted upward by strong van der waals interactions
is "blockaded” when the interatomic distance is within the blockade radius R,
where the |r7) state shift exceeds the rabi frequency Q.. . . . . . ... ...

3.3 (A) Alevel diagram illustrating the 7 — 27 — =z gate. (D A 7z-pulse is applied to
atom 1. (2) A 27-pulse is applied to atom 2. (3) A final z-pulse is applied to atom
1, completing the sequence and resulting in a controlled phase gate. (B) The pulse
sequence used to perform the 7 — 27 — 7 gate. (C) A level diagram showing the
time-optimal gate, where a global drive is applied to both atoms with a phase and
intensity profile defined by ¢(z) and Q(z). (D) The temporal profile of the phase
@(#) and intensity Q(#) used to implement the time-optimal gate. This figure was
adapted from ref>* with permission from theauthor. . . . . .. ... ... ...
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3.5

3.6

3.7

43

4.4

(Left) Full Stark map of the 70S, /, manifold in rubidium as a function of ex-
ternal electric field. The color scale indicates the dipole transition strength

} (7081 /2 |ul7) ‘2. (Right) A magnified view of the stark map, showing how electric
fields in combination with strong dipole coupling severely modifies the energy
levels as well as mixing rydbergstates. . . . . . ... ... . o 0L
(Left) Displacement A7 of the Rydberg state as a function of the number of
charges Q on a point charge source, for various initial distances 7y. The vertical
dashed line indicates so nm, the typical wavepacket width. (Right) Corresponding
wavefunction overlap at 7y = 120 um, showing rapid decoherence for Q > 200e. .
Simulated ground state population after a Carr-Purcell sequence (N = 2),asa
function of total sequence time 7, atdistance g = 70 em. . . . . ... ... L.
Averaged ground state population over a point charge distribution ¢ = 200£10 ¢,
for varying sequence times and distances. . . . . ... ... L

A pictorial representation of the fiber cavity experiment, rendered in the style of
Studio Ghibli, illustrates an array of atoms trapped above the cavity where entan-
gling operations are performed using Rydberg interactions. Coherent transport is
used to shuttle atoms between the quantum processor and the photonic interface.
The photonic interface, a fiber-based Fabry—Perot cavity, enables fast readout as
well as quantum networking. . . . . . ... L L L oo
(a) An image showing the alignment setup for the fiber cavity when being loaded
into the mount. (b) Po aligning the fiber cavity using the x and y plane images.

(a) shows a top view of our vacuum chamber with ports (1-3) labeled for the glass
cell, ion pump, and turbo pump ports. (b) shows a bottom view of our chamber
with ports (4-6) labeled for the fiber feedthrough, back viewport, and electrical
feedthrough . . . . .. .. .
(a) Vacuum parts for the chamber are baked in a large oven provided by QuEra
Computing, held at 450 °C for two days to reduce outgassing. This process also
imparts a brown hue to the parts due to oxidation. (b) The glass cell is carefully
placed over the cavity-mount structure. The chamber is tilted upward so that the
copper gasket can rest on the “razor blade” of the vacuum chamber. (c) The glass
cell is protected by a vacuum-foil wrapping and then wrapped with heater cables.
The temperature is monitored at multiple points along the chamber to ensure
even heating, which is especially important at the glass—metal interface. For these
bakes, we typically go to a temperature of 150 °C for one or two weeks. During
the bake, we continuously monitor the fiber cavity to ensure its alignment is not
severely shifted. The oscilloscope trace shows the cavity resonance, as well as a
sideband used to measure the linewideh. . . . . ... ... ... ... ... ...
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4.5

4.6

(a) We receive our fiber cavities from QLibri in a Tupperware container, in which
the fibers are mounted on a machined metal structure. (b) The fiber-cavity mount
is shown. The piezos, which modulate the cavity length, are attached to a micro-
scope slide. On top of the piezos is a monolithic V-groove that holds the fiber.

Part of this V-groove was deliberately broken to allow the piezos to move freely.
The fiber cavity is visible in the V-groove, with a single-mode fiber on the left and

a multimode fiber on the right; the latter is bent and redirected down the mount.
For strain relief, both the piezo wires and fibers are secured to an additional glass
slide. . . L L
(a) The rod structure used to mount the fiber cavity onto the vacuum chamber.
(b) A side view of the chamber, looking along the axis of the fiber cavity. The tilt
of the cavity mount permits an imaging beam to enter from the bottom of the
chamber and pass through the center of the fiber cavity without clipping. Addi-
tionally, the high-NA optical tweezers can be introduced from the side without
intersecting the cavity oritsmount. . . . . ... ... L L L.

Nanophotonic interface for atoms in tweezers. (A) A nanophotonic cavity
could act as a photonic link for atom arrays serving as quantum information
processors. Our system consists of two atoms in optical tweezers coupled to a
fiber-linked cavity capable of a coherent one-way transport. (Inset) Atomic qubit
states coupled by a microwave drive Q 377p, with one coupled by the cavity field

g to an excited state. (B) Cavity reflection spectrum for an atom in a strongly
coupled state (blue) and an uncoupled state (gray), described by (2¢, 7, x) = 27 x
(786, 6, 3800) MHz. (C) Readout of different two-qubit basis states by using

the reflected photon counts. State |00) is distinguished from the others with
fidelity F = 0.95(3). The atoms, cavity, and probe are on resonance. (D) Single-
qubit Rabi oscillations in the cavity near-field showing preparation and coherent
rotation with a 7 pulse fidelity 7, = 0.946(3). . . . ... ... ... .....
Qubit coherence during the transport between the cavity and free space.

(A) Measurement of the echo 7% for stationary traps at the PCC (red) and in free
space (blue). (B) Changes in the trapping potential configuration during transport
cause differences in the light shift and therefore qubit frequency, which can lead

to additional dephasing. The gray line indicates fit to the programmed ramp. (C)
Single-atom coherence for atoms in each trap (labeled "A” and ”B”) after trans-
port measured in a Ramsey-type sequence. A four-pulse Carr-Purcell sequence
symmetric with respect to the qubit frequency profile during transport was used
to echo out the light shift variations. . . . . .. ... ... ... ... ...

xii



5-3

5.4

6.2

Heralded entanglement at the cavity. (A) Protocol description. Post-selection
on a photon reflection from a superposition state carves out the |00) component,
leaving the atoms predominantly in [ ¥). (B) Populations of the resulting state

in different basis states. A 7/2 pulse was applied before the measurement con-
verting the Bell state |¥'+) into |@T). {Py;, Poo} is extracted {with, without} an
additional global 7 pulse before cavity reflection reflection. Py; and Pyo cannot be
distinguished. (C) Parity oscillations of the |®) state after rotating over a varied
axis @, showing non-classical correlations between the qubits in all bases. The
coherence g, , is extracted from the amplitude. The combined coherence and
populations gives a Bell state fidelity of F = 0.72(3). . . . .. .. ... ... ..
Coherent transport of entangled atoms from the cavity to free space. After
entangling the atoms at the cavity, the tweezers are moved away while applying
dynamical decoupling. Free space readout in different bases after transport shows
the remaining entanglement fidelity of ¥ = 0.65(6), which is larger than the
classical limitof 0.5. . . . . . . ... L

Rydberg spectral shift. (a) Experimental setup. (b) Two-photon excitation to the
Rydberg state which is shifted by electric fields (yellow shade). (c) Ground state
population P, as a function of the two-photon detuning A at 150 pm from the
device, where the spectrum center (dashed line) is determined via a Lorentzian fit
(black line). (d) Measured spectral shift as a function of distance from the device
fitted to a point-charge model (yellow line, Supplement B, Section 2.1). The shift
only exceeds the Rabi-broadened linewidth (shaded gray region) for distances less
than 250 pm. (Inset) Spectral shift dependence on UV power at160 um. . . . . .
Ground-Rydberg qubit coherence. Ground state population P, as measured

after a Ramsey (a), spin-echo (b), and Carr-Purcell (CP) N = 2(c) pulse se-
quences at 130 um (dotted line in (d)). A decaying sinusoid fit (blue line) gives

T5 = 200(40) ns and a Gaussian decay function (red line) gives 75 = 4.1(2) us.
The CPN = 2 dataexhibits no decay within the measurement time. (d) Mea-
sured 7 (red circles) and 77 (blue circles) as a function of distance from the
device. The solid lines are fits to the data given our decoherence model (Supple-
ment B, Section 4). The shaded green region is a lower bound on the CPN = 2
coherencetime. . . . . . . ...

xiii
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6.3

Two-atom entangled state. (a) The Rydberg interaction U shifts the |77) state and
allows the preparation of the | I7) = % (lg7) + |rg)) state. (b) Tomography of
the | I7) state (purple) at 170 um. We measure population Prgre T Porgr = 0.87(5)
and coherence Zlfogr,rg
(light purple). (c) Comparison between the two-atom | W) state lifetime 7 (pur-
ple circles) and the single-atom ground-Rydberg coherence time 77 (gray circles,
data and fit from (Fig. 6.2(d))). The dotted purple line is a theoretical prediction
(Supplement B, Section s.4). . . . . . ... .o
Entanglement-assisted sensing of electric field gradients. (a) The orientation of an
entangled atom pair is varied with respect to the device. (b) The | I7) state lifetime

| = 0.78(7) with correction for preparation error and loss

measurement (blue circles) reveals gradient-induced oscillations by fitting to a
decaying sinusoid (blue lines) for different & (oftset for clarity). (c) Angular depen-
dence of the fitted oscillation frequency at different x (circles) with solid curves
being simultaneous fit (Supplement B, Section 6) to extract background field
orientation. (d) A 200 nW UV-power reduction from its optimized value causes
arotation (53 degrees) of the gradient. (e) Reconstructed electric field magnitude
\E | (contour scale) and direction (white arrows) given the measurements in (c) at
the positions of the black circles. (f) Electric field contour plot reconstructed from
(d) showing direction at the optimal UV value (gray arrow) and shifted UV value

OFANZE ATTOW). « « « « v v e e e e e e e e e e e e e e e e e e e e e
g

Experimental setup and qubit readout. (A) Atoms in optical tweezers are
loaded above a Fabry-Perot Fiber Cavity (FPFC) and transported into the cavity
mode. The FPFC has a single-mode input port and a multi-mode output port,
over which we collect transmitted light. The FPFC length is stabilized using an

810 nm laser and the atoms are trapped in a 850 nm mode of the cavity. The

780 nm mode couples to the D2 line in Rubidium. The magnetic field is aligned
along the cavity axis. (B) Atomic level diagram of Rubidium-87. Readout is
performed with the cavity on resonance withthe2 <> 3/ transition, while for
entanglement generation the cavity is tuned to thel <+ 1 transition. (C) Reso-
nant transmission spectra of a bare cavity (gray), one atom (blue), and two atoms
(red) coupled to the cavity. The lines are a simultaneous fit yielding parameters
g=27x100.0(8) MHz and x = 27 x65(1) MHz, resulting in a cooperativity of

C = 101(2). (D) Histograms showing photon counts collected in 10 us with an
atom in the F=1 state (grey) and an atom in the F=2 state (blue), yielding a qubit
state readout fidelity of 99.960T 52 %. . . . ...

Xiv

94

95



7.2

73

74

Photonic dark state spectroscopy. (A-B) Side drive spectroscopy of one (A)

and two (B) atoms coupled to the cavity as a function of cavity and probe laser
detuning (A¢ and Ap, respectively). With two atoms coupled to the cavity, the
spectrum reveals a feature on resonance with the atomic transition, corresponding
to a photonic dark state. (C) Energy level diagram of the first excitation manifold
for one and two atoms coupled to a single cavity mode, which correspond to the
states probed in the spectra plotted against the cavity detuning, A, (S£.1C). (D)
Probe spectroscopy at Ac = A4 for one (blue circles) and two (red circles) atoms
coupled to the cavity while probed with a side beam. Lines are simultaneous fits to
anumerical model (S£.2C). . . . . . ...
Bell state preparation with cavity carving. (A) For entanglement generation,
the cavity is tuned to the 1 <+ 1’ transition and a single side driveon the 2 <+ 1’
transition is applied to atom A only. (B) (top) Quantum circuit for preparing
two-qubit states and measuring the |e77) , population. (bottom) Decay rates into
the error states after preparing each of the four two-qubit states. The resonant
coupling to the dark state | Dy) results in much faster decay of |10) compared

to the off-resonant coupling in [11). |00) and |01) do not couple to the driving
beam. (C) (top) Quantum circuit of a Carr-Purcell cavity carving scheme which
prepares a |® ) Bell state. (bottom) Measured correlations in the ZZ (blue), XX
(red), and YY (green) bases verify that |® ™) is prepared with a Bell state fidelity of
F = 91(4) % and a success probability of 32(1) %. Direction of histograms de-
note the expected sign of parity for |® ) in each bases. (D) Bell state fidelity (blue
circles) and success probability (red circles) as a function of carving pulse length

7. Stars mark the data presented in (C). Lines are a fit to a semi-classical numerical
model, and the gray line is the expected Bell state fidelity without SPAM errors
(87.1C). Dotted line denotes the fidelity limit for verifiable entanglement. . . . . .
Deterministic quantum gate with error detection. (A) Conditional blockade
mechanism. A resonant 27 Rabi oscillation can be realized only between the

|10) state and the dark state | Dy), causing a phase of 7 on state |10}, while the
excitation from the |11) state is blockaded. Unwanted atomic scattering results

in mainly detectable |e77) , states. (B) Quantum gate flow chart showing the two
possible outcomes: “Success” is a conditional phase on atom B and "Failure” is a
detectable scattering event (C) Quantum circuit of the gate: Following the gate,
we apply a local Z;, pulse on atom B and a global microwave X, /4 pulse to gen-
erate the | @) Bell state. (D) Measured correlations in the ZZ (blue), XX (red),
and YY (green) bases verify that |®) is prepared. (dark) Without error detection,
we measure a deterministic Bell state fidelity of 7 = 52.5(1.8)%. (light) Error
detection improves the fidelity to 7/ = 76(2) % with a success probability of
69(1) %. Direction of histograms denote the expected sign of parity for |®T) in
eachbases. . . . . . . . ..
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8.3

8.4

8.5

8.6

8.7

Four types of mirrors are shown. The first is the traditional diamond-milled mir-
ror, capable of a radius of curvature (ROC) and diameters greater than § mm*4.
The second, a buckled micromirror (discussed further in this chapter), achieves
smaller dimensions, with diameters exceeding 300 zm and ROCs above 900 um *°.
The third type is the CO, laser-ablated fiber mirror, with achievable ROCs be-
tween 30 and 300 #m7° (up to 1 mm using special techniques 37) and a fixed fiber
diameter of 125 um. Lastly, the silicon micromirror offers ROCs ranging from 30
to 9oo #m and can have a diameter as small as 40 em >, . . . . . . ... L.
(a) Schematic of the CO; laser ablation setup. (b) Optical-microscope image of
the ablated silica substrate. (c) Scanning stylus profilometer measurement of the
ablated surface, showing its overall Gaussian-like shape. . . . . . ... ... ...
(a) Atomic force microscope (AFM) surface profile of the ablation. (b) Residual
of a 4th-order polynomial fit to the surface, revealing an RMS roughness (R,) of
L8 A, e e
(a) Array of CO laser ablation sites measured with a scanning stylus profilometer.
(b) Parabolic fits to the bases of the micromirror ablations, indicating the variation
in radius of curvature and depth across different ablation sites. . . . . . . .. ..
Two cavity geometries and their mode matching. The first geometry is a fiber cav-
ity formed by two 150 um ROC fiber mirrors. The red represents the single-mode
fiber output |, ) and the blue the cavity mode Wcavity>. Their limited overlap
results in a low mode matching efficiency (orange curve), 7 = ) (Veber| ;kcavity> ’2
The second geometry is a hybrid cavity employing a 200 #zm ROC fiber mirror
and a 110 zm ROC silicon micromirror, which enhances mode matching (blue
curve). The adjacent plot shows the mode matching as a function of cavity length,
highlighting the superior performance of the hybrid configuration. . . . . . . ..
Silicon Micromirror Fabrication and Profile Characterization: (a) A diagram
illustrating the fabrication flow. (b) A microscope image of a 15X 15 array of
6oum-diameter silicon micromirrors, demonstrating the reproducibility and high
density achievable with this technique. (c) An SEM image of a Bosch-etched
silicon micromirror structure, providing large optical access. (d) The cross-section
of asilicon micromirror fit, showing excellent agreement with a spherical model.
(e) An AFM image of the silicon micromirror substrate prior to film deposition;
the residual from a spherical fit is displayed and used to calculate an RMS surface
roughness (R,) of o.5 A .
Compact micromirror array and device (a) a photo of the fabricated micromirror
array and a singular micromirror next to a penny and a half inch diameter Thorlab
mirror used in a commercial Fabry Perot cavity. (b) Finesse and quality factors as
figures of merit for FP cavities. . . . . . . .. ... L Lo L L
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8.8

8.9

8.10

Micromirror fabrication and profile characterization (a) The diagram for the
fabrication flow. (b) The fabricated micromirrors of d =600 pm. The left two

are microscope images. The top right image is an SEM image. The bottom right
image is an AFM image of the Si substrate before the film deposition, represent-
ing the lower bound of the mirror surface roughness. (c) The simulated mirror
shape, assuming a uniform strain of .3% in the film, compared to the measure-
ment, shows almost perfect agreement. (d) The depth and ROC of the fabricated
mirrors as a function of the diameter defined by lithography. (e) The fabricated
mirror’s X and Y cross-section profile shows perfect rotational symmetry. The
inset is a contour plot of the mirror profile. The profile data shown in (c) and ()
are taken by PLonad =6oopmmirror. . . . . ... ... ... L.
Microcavity characterization (a) A diagram for the measurement setup. CAM:
camera; PD: photodetector; Scope: oscilloscope. The data is the transmission sig-
nal of the cavity while scanning the cavity distance with a piezoelectric transducer.
(b) The FSR of the cavity at a cavity length of §8.7 um is 2.5 THz. There are

three modes visible in the range. The modes are confirmed by corresponding the
shape of the transmitted light on the camera to the Hermite polynomials. (c) The
Q and finesse vs. cavity length data. (d) The data point that corresponds to the
highest finesse of 0.9 million. (e) The data point that corresponds to the narrowest
linewidthofx = 27z x 124 £ 0.5kHz. (f) The F survey to show the yield on
a 3-by-3 chip of d= 600 pm mirrors. They are measured against another d= 600
um buckled micromirror. Most of them show high finesse at L=175 um, that are
consistent with the data points from(c). . . . ... ... ... ... L.
Microcavity assembly (a) A photo of the measurement setup and the actual mea-
sured cavity device. The fiber is a visible fiber that has been cleaved. The inset
shows the cavities with two different lengths (45 pm and 1 mm). The tip is in-
serted into the cavity mirror slot from the back. (b) The measured ringdown of
the cavity for the cavity assembly at different lengths. The laser frequency is swept
inthiscase. . . . . . . . .

(A) Two Neutral atom quantum processor nodes connected by an optical link
allowing for distribution of entanglement through photons. (B) The architecture
of a single modular quantum processor, which includes an entangling zone for
two qubit gates mediated by Rydberg excitation, a storage zone for holding many
qubits, and a networking zone where atoms can be entangled with photons, en-
abling fast high fidelity quantum networking. (C) A scanning electron microscope
(SEM) image showing a fabricated microcavity optical interconnect. . . . . . . . .
Multiplexed atom photon entanglement can be generated by utilizing coherent
transport through the cavity while simultaneously emitted photons through

the cavity as they travel through the cavity mode, enabling faster entanglement
ACCEMPLIALES. © .« v v v v v e e et et
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9:3

9.4

9:5

9.6

(A) Two modules containing arrays of atoms coupled to arrays of optical cavities
are used for multiplexed REG. (B) Each module will consist of a chip integrated
microcavity array coupling to an array of atoms. (C) A cross-section showing the
material stack of the proposed device. This device will provide fast tuning of the
cavity resonance and directed emission into the photonic interface through grating
couplers. . ...
(A) An array of atoms coupled to an optical cavity, with one atom designated as

an ancilla and the others serving as qubits. The ancilla is locally addressable via

a tightly focused beam used for gate operations. (B) Level structure: the ancilla
atom has three relevant states—an initial state |7) , an excited state |¢) , and an
error state |e7r) . The transition [7), <> |e) is driven via a two-photon process,
with one leg provided by a local optical drive Q,p; and the other by a microwave
drive Q,,,. This approach enables the use of states in which all gate-induced errors
are, in principle, detectable, owing to the suppressed direct coupling between |e) B
and|7),. Thele), <> |err), transition is strongly coupled to the cavity with de-
tuning A. Qubit atoms are coupled to the cavity through the |1) <> |e) transition
with a detuning of 9, such that the |1) state induces a dispersive shift of the cavity
resonance, while the |0) state remains uncoupled. . . . . ... ... L.
(A) An atom in a fiber mirror—silicon micromirror cavity driven from the side by
1033 nm and 780 nm laser fields. These drives produce 1529 nm telecom photons
can be entangled with the atomic qubit states.(B) Energy level diagram illustrating
the two-photon process used for atom—-photon entanglement: a 1033 nm excita-
tion, Q1033, couples the [SP; ) and [5S; 5, F = 1) states, resulting in the emission
of a 1529 nm photon via strong coupling to the cavity with strength g1s29. An
additional 780 nm, drive, Q7g0, on the [5S;/,) <> [5P;/,) transition coherently
maps the system back to the qubit manifold, thereby generating an entangled pair
between the telecom photon and the atomic qubit. . . . .. ... ... ...
(A) An image of the fiber mirror-silicon micromirror device shows the fiber cavity
mounted in the v-groove structure, with the micromirror cavity glued to the side
of the v-groove. The v-groove is then mounted on two shear plate piezos, as seen

in the lower left and right. (B) A zoomed-in image of the fiber mirror-silicon
micromirror device demonstrates that the micromirror design offers ample opti-
cal access. (C-D) The linewidths of the 1530 nm and 780 nm resonances of the
cavity were measured using sideband spectroscopy with sidebands of 200Mhz and
sooMHz, respectively. The 1530 nm line exhibits a linewidth of 2z x 65 MHz,
corresponding to a finesse of 30,000, while the 780 nm line has a linewidth of

27 x 23 MHz, corresponding to a finesse of 81,000. . . . . . .. ...
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9.7

A

Ax

A6

A8

(Left) The low passed reflection signal showing sidebands on the laser. This reflec-
tion signal is plotted for a variety of mode matching values showing that the depth
of the signal increases and then begins to decrease again, making it challenging

to determine the mode matching. (Right) the PDH error signal generated when
demodulating the laser light from the cavity . This is plotted as a function of mode
matching to show that as the mode matching increases this signal increases. . . . .

Experimental sequence. (A) Time breakdown of a typical two-atom entanglement
sequence between atom-A and atom-B. (B) An experimental sequence for the
coherent transport of the atomic states that incorporates phases both at the cavity
(red and green) and in free space (blue). . . . .. ... . o oo
An illustration of the Raman-assisted state preparation. Cycling between repump-
ing the atom into F = 1(green) and depleting the population in mr = {—1, 1}
(blue) leaves theatomin [1,0). . . . . .. ... .. L L
Sketch of the interferometer in the detection path used to improve the reflection
contrast between a cavity with and without coupled atoms. . . . . . . .. .. ..
Parameters that determine the entanglement fidelity. (Left) Dependence of the
maximal Bell state fidelity (solid lines, left y axis) and protocol success probability
(dotted lines, right y axis) on the initial angle and interferometer contrast. Not
using the interferometer would limit the maximal fidelity to ~ 0.6. With our
measured interferometer contrast of 0.96, the fidelity is limited to 0.76 (black
dot). (Right) Keeping the interferometer contrast the same, the protocol maximal
fidelity can be improved by using a cavity with a smaller reflectivity Rop. . . . . .
Comparison of the experimental measurements (blue), mixed model predictions
(red), and coherent model predictions (green) for the parity measurement (left
panel) and the ZZ basis populations (right panel). . . . . .. ... ... ... ..
Temperature-limited Ramsey decay. (A) Ramsey decay of an atom next to the
PCC fitted using the model described in®?, giving 75 = 0.35(4) ms. (B) Linear
dependence of the Ramsey dephasing rate on the temperature. . . . . . . .. ..
Measured lifetime of 180(7) ms at a trap depth of 2.7 mK next to the PCC.
Sketches of how variations in detuning can cause dephasing. (A) Variations in the
overall qubit frequency offset (vertical variations), caused by atom’s finite tem-
perature, can be echoed out with an even number of CP pulses. (B) Variations in
the moving trajectory (horizontal variations), caused by trap pointing instabilities,
cannot be echoed out exactly and contribute to extra dephasing. . . . . . . . . ..
Optimizing the number of pulses in the CP sequence for a moving atom. (A)
CPsequencesof N = (1,2, 4) pulses that begin with an atom at the cavity and
end with an atom in free space. Decoupling pulses are applied in parallel with

the transport. (B) Fitted contrast of the CP sequences versus the number of CP
pulses. . ..
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A.10

B.1

B

B.4

B.s

B.6

The effects of temperature and trap depth on the survival probability of an atom
loading into the cavity near-field. The theoretical curves are generated by averaging
over classical trajectories weighted by the Boltzmann factor with no free param-
eters. Our experimental observations (yellow circles) are taken at a trap depth of
1.6 mK. Previous work on our platform with Raman sideband cooling before
transport observed 0.94(6) survival probability (yellow star)™3. . . . . . . .. ..

Single-atom Rabi oscillations near (130 um) and far (1300 pm) from the de-

vice. The decay time 7 decreases close to the device with 7130 = 1.6(1) psand
71300 — 4.9(2) o T T
SiN device attached to a silica fiber. (a) Diagram showing the dimensions and
angles of the device with respect to the x—axis. (b) Measured spectral shift (green
circles) as a function of distance from both the device and the fiber surface. We

fit the measured shifts to a point-charge (blue) and a line-charge (pink) model,
finding good agreement with charges on the SiN device and not on the fiber.

UV power tuning. (a) Rydberg spectral shift settling after changing the UV power
at 160 um. (b) Settled shift at different distances as a function of the UV power.
The 160 um curve is generated from the averages of white-faced points in (a). For
Fig. 4(D) in the main text the UV power is changed from the optimal value (star)
to the shifted value (square). . . . .. ... ... ... . oL
Eftect of large UV power. (a) Measured spectral shift as a function of UV power

at a distance of 1 mm from the device. A single parameter linear fit is included

as a guide to the eye. (b) Spectral shift as a function of distance from the de-

vice at a UV power of 29 mW. The line is a fit to a point-charge model with

Q = 3.4(3) x 10%e chargesand £, = 0.08(4) V//cm. The points marked by in a
starare the samedatapoint. . . . ... ... Lo L L L Lo
Rydberg production studied at 130um. (a) After the initial settling of the Ry-
dberg spectral shift over the first hour, the experiment is run without an atom

in the tweezer. When the single atom is again loaded, the spectral shift settles.

The dashed blue line and shaded region is the average settled value and standard
deviation from (b). (b) The Rydberg spectral shift monitored between periods of
running the experiment with no Rydberg excitation by not sending the 420nm or
ro13nm light. The dashed blue line and shaded region is the average settled value
and standard deviation respectively. . . . ... ... L L oL L
Rydberg spectral shift stability in time. (a) Stability shown over 8 hours at several
distances after the initial settling of the spectral shift. The shaded area here is the
Rabi-broadened linewidth of 3MHz. (b) Reproducibility over 6 days at 160um
where many settling periods can be seen, each after a period of either not running
the experiment or not exciting Rydberg atoms. The shaded area is one standard
deviation (4 0.9 MHz) around the average settled value (7.2 MHz) of all curves.
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B.12

B.16

Variance of the Rydberg shift detuning as a function of distance. Plotted are

different distance scalings, suggesting that the measured variance scalesas 1/|7|*. . 193
Model comparison of Ramsey decay time. We compare a model taking into ac-

count only charge fluctuations and constant baseline 77 (red) to the model that
incorporates both charge and E fluctuations (blue). . . . .. ... ... ... .. 194
Pulse sequence that cancels polynomial phase noise up to #* contribution. . . . . . 198
| IW)-state coherence measurement embedded in a Ramsey-type sequence (blue)

7 — d -t — w and embedded in an echo-type sequence (red) 7 — 0+t — 27 — t — 7.

The fitted decays are 73, Ramsey = 570 10 18, 7jp echo = 930 £10ns. . . . . . . 200
Preparation fidelity of the | I7)-state at two distances from the device. Both the

SPAM corrected (blue) and the uncorrected (red) fidelities are shown. We observe

little dependence of the fidelity on distance from the device. . . . . . .. ... .. 201
| W) state fidelity for three different orientations with inter-atomic distance

3.15 um. The energy differences between the atoms for & = 457,907,135 are

0.11 MHz, 0.63 MHz, 0.84 MHz respectively. . . . . ... ... ... ...... 201

Uncorrected Rydberg-blockaded Rabi Oscillation. This data corresponds to

the corrected data for the diagonal elements shown in Fig. 3(B) of the main text.

We observe a blockaded Rabi frequency of Qpjpease = 27 X 4.46(3) MHz
between the P, (red)and P,y + P (blue) populations. Additionally, the

P,y population oscillates at Q = 27 x 3.2(1) MHz agreeing with the expected
non-blockaded Rabi frequency and therefore expected behavior given uncorrected
single-atomloss. . . . ... 204
Gradient scaling with distance from the device. (a) The oscillation frequency

at two angular orientations of the atom pair. (b) Extracting the power law scal-

inga /7" of the gradient magnitude for each angular orientation measured. For

§ = 0% n = 4.6 £ 0.6 where we expect z = 5. For § = 90%: n = 3.4 + 0.2 where
WEEXPECtZ = 3. . . . . . e 209
Rydberg spectral shift as a function of distance from the device. Comparing

data used in Fig. 1 in the main text (blue) where the UV value was optimized for

each point, and data from Fig. 4 (pink) where the UV value was kept at the value

that minimized the shift at 16oum for each point. The two datasets were taken 6

months apart but a similar electric field environment could be stabilized. . . . . . 210
Rydberg blockade softening at an inter-atomic distance of 6.3 um. Polar plot of
measured (pink) and calculated (blue) Rydberg-Rydberg interaction strength. We

find reasonable agreement between data and theory when using the electric fields

found by fitting the measured gradient as shown in Fig. 4(C) of the main text. . . 214
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C.2

C.3

Cs4

FPFC Mounting and Characterization. (A) Photo of the mounting structure
for the Fabry-Perot Fiber Cavity. (B) Cavity transmission vs. piezo voltage (blue
circles) when probed with resonant light using 300 MHz sidebands. A fit to 3
Lorentzians (blue line) reveals the cavity linewidth x = 27x57.9 MHz and finesse
Fuw = 25904 assuming a 100 um length. (C) The mounting structure for the
Fabry-Perot Fiber Cavityinvacuum . . . . . ... ... ... ... .......
Experimental Sequence for: A) the experiments presented in Figs. 1-2 in the main
text; B) cavity carving and the data in Fig. 3 in the main text; and C) Bell state
preparation using an error-detected gate and the data in Fig. 4 in the main text. . .
Atom positioning in the cavity mode. A Single-shot spectra (averaged) of single
atoms placed at different positions along the cavity. B and C Two such spectra at
positions of minimum (2.64 um) and maximum (4.95 um) coupling. The solid
lines are fits of the form 7(9) in (C.s). D Fitted atom-cavity coupling strength

gas a function of position along the cavity. The solid line is a fit of the form

g(x) = acos(27w(x — x0)/P) + ¢. Note that we use the fitted period P to calibrate
thedistance alongthecavity. . . .. ... ... ... ... ... .. .. ...
Atom Positioning in the 810 nm Cavity Mode: We present single-shot spectra
(averaged) of single atoms placed at various positions along the cavity using the

810 nm lattice. The cooperativity as a function of position is fit to a model based
on the intensity profile of a standing-wave Gaussian beam. From this fit, we ex-
tract a Rayleigh range of 62(10) um, consistent with a cavity waist of 3.9(3) um.
Additionally, the beat note between the 810 nm trap and the 780 nm mode yields
aspatial period of approximately llym. . . . ... ... ... .. .. .. ....
FPFC laser system. Diagram of the lasers coupled to the FPFC and the different
locking systems for the cavity and each laser. Waveplates and fiber couplings have
beenommitted. . . . . ... Lo
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C.6  Readout Characterization. (A) Measured count-rate Cys vs. probe count-rate
Cp (gray circles) of our detection system with a fit (gray line) to model in Eqn. C.1
used to extract detector dead time. (B) Degenerate cavity allows for fast pumping
into stretched state for enhanced coupling during readout. (C) Photon count-rate
when with coupled atom Cy,, vs. probe count-rate Cp showing the breakdown
of the linear weak-probe regime. (D) 2D histogram of readout pulse character-
ization, showing the counts of subsequent state- and atom-readout pulses for
atoms in the coupled (green) and uncoupled (orange) ground state manifolds, as
well as for an empty cavity (gray). Transparency is proportional to occurrence,
normalized to the highest of each case. Dotted lines are optimal threshold to
minimize infidelity. (E) Measured infidelity for atom (pink) and state (purple)
readout vs. probing time for two different probe powers. Black dotted curves are
the theoretical expected infidelity from the known count-rates. Gray dotted lines
are the measured best probing time in each case to find minimum fastest infidelity.
(F) Lowest measured infidelity for atom (pink) and state (purple) readout vs probe
count-rate, which is proportional to the probe power. . . . . . . ... ... ..
C.7  Readout sequences for one (A) and two (B) atoms. The tables show the corre-
sponding readout labels for each group of distinguishable states. . . . . . . . . ..
C.8  Side spectrum of the ¥ Rb D, line showing the avoided crossings and the hyper-
finestructure. . . . ... ...
C.9  (A) Quantum circuit for preparing two-qubit states and measuring the |e7r7) ,
population. (B) With the cavity tuned to the 2 <+ 1’ transition, we measure the
probability of transferring population to the |er7) , state as a function of probe
detuning for the |11) state (blue) and the |10) state (red). The solid line shows
theoretical simulations of the system with characteristic parameters. This curve
shows relative agreement of the numerical model with experimental data, and is
not used to extract any specific parameters. (C-D) Measurements of the probabil-
ity of transferring population to the |e77) ; as a function of both probe detuning
and cavity detuning for the [11) state (C) and the [10) state (D) . . . . . ... ..
C.10 (A) The level structure for both the carving and CZ gate protocols. The cavity
iscoupled to the |err), <+ |e), transitionand the [0), <> |e), transition.
Atom A is driven from the side by a drive Q , that couples |1) , and |¢) . (B)
Upon diagonalization of the states coupled to the cavity, we show the effec-
tive level structure for a weak drive Q ,. Here, the |11) state experiences a sup-
pressed excitation due to the avoided crossing formed by the splitting of the states
|£) = le),10)pp & |err),|1),. The |10) state couples resonantly to the dark state
|D) = % (le),10), — lerr) ,le) ;) [0) pp While being detuned from the bright states

|By) = %]err)d\o)b,\l)ph £ 3 (), 10), + lerr) e s) [0 - oo
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C.11 Hyperfine structure of the D; line in 87Rb. The laser driving and cavity field
couples only a small subset of the hyperfine states marked in red under the as-
sumptions mentioned in the maintext. . . . .. .. ... .. . L. 250

D.1  (a) Reflectivity spectrum of the coating from FiveNine Optics (b) The reflectivity
spectrum for the high reflectivity region of the coating from 7sonm to 820nm
showing a minimum transmission of 1.3 3PPM . . L 259
D.2 Comsol simulations of the profile of the buckled mirror . . . . . ... ... ... 264
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Let’s go make the world a better place.

Mikhail Lukin

Introduction

Quantum mechanics is a cornerstone of modern physics that governs the behavior of physical sys-
tems at microscopic scales. As a field, it has revolutionized our understanding of nature and allowed
the development of much of the modern technology that we rely on today. As opposed to our clas-
sical intuition, quantum mechanics allows particles to exist in two distinct states simultaneously,
also known as superpositions of states. Additionally, particles can exist in non-local correlated states

that can only be described by the collective state of both particles, known as entanglement. The



combination of superposition and entanglement results in dynamics that are exponentially chal-
lenging to classically simulate. By creating well-controlled quantum systems, we can simulate these
intrinsically quantum effects. Further control of these systems can even allow for solving classically
intractable problems. This idea is the basis of quantum information science.

Quantum information science leverages the principles of quantum mechanics to process infor-
mation in ways that classical systems cannot efficiently emulate. The basic unit of quantum infor-
mation, the quantum bit or qubit, can exist not only in logical states |0) and |1), but in any coherent
superposition  |0)+£|1). Furthermore, entanglement between qubits enables correlations between
two qubits. Together, entanglement and superposition can enable exponential speed-ups in certain
computational tasks. As a result, the development of utility-scale quantum computers has emerged
as a central goal of both academic and industrial research.

However, despite rapid advances, the realization of large-scale, fault-tolerant quantum computers
remains an outstanding challenge. Quantum systems are inherently fragile: interactions with the en-
vironment lead to decoherence, and measurement collapses the quantum state. To address these is-
sues, quantum error correction encodes logical qubits into entangled states of many physical qubits,
enabling errors to be detected and corrected without disturbing the stored quantum information.
Performing error-corrected quantum computation requires a substantial number of physical qubits
per logical qubit. Consequently, developing scalable quantum architectures has become a central
focus of quantum information science.

Several hardware platforms are currently being pursued for quantum computing, including
trapped ions, superconducting circuits, photonics, and neutral atoms. Each offers distinct advan-
tages in terms of coherence time, scalability, and gate fidelity. This thesis focuses on quantum com-
puting with neutral atoms, a platform in which atoms are confined in arrays using optical tweezers.

In particular, this thesis explores the use of optical cavities to enable quantum networking and

Rydberg interactions to mediate entanglement for quantum computing. Together, these tools open



the door to building modular quantum processors capable of scaling to larger system sizes by inter-

connecting multiple units and providing a clear path toward fault-tolerant quantum architectures.

1.1  NEUTRAL ATOMS FOR QUANTUM INFORMATION SCIENCE

The leading architectures for neutral atom quantum processors utilize optical tweezers to trap and
manipulate single atoms as qubits. Each atom encodes quantum information using internal degrees
of freedom, such as electron and nuclear spin. These states interact weakly with the environment,
allowing for long coherence times. This capability enables the preparation and control of large arrays
of high-fidelity qubits.

These qubits can interact with optical photons to generate atom-photon entanglement for quan-
tum networking and can also be made to interact with each other to perform two-qubit gates for
quantum computation. To achieve strong atom-photon coupling, atoms can be placed inside op-
tical resonators. These cavities enhance the interaction between an atom and a photon, allowing
high-fidelity atom-photon entanglement and enabling long-distance quantum communication be-
tween distant processors.

o mediate interactions between qubits for gate operations, atoms are excited from the ground
state to highly excited Rydberg states. These states exhibit large dipole moments, resulting in strong
dipole-dipole interactions between nearby atoms. The concept of building a quantum computer
using this architecture has been around for almost two decades, but only recently have experimental
groups succeeded in achieving high-fidelity quantum operations . These advances have paved the

way for the demonstration of a logical quantum processing 16,



1.2 ULTRACOLD NEUTRAL ATOMS

The field of ultracold neutral atoms originated with the development of laser cooling techniques,
recognized by the 1997 Nobel Prize in Physics '##. This innovation made it possible to trap and cool
millions of neutral atoms to microkelvin temperatures. Because these atoms are electrically neutral,
they interact only weakly with their environment and with each other, resulting in long coherence
times and enabling high atomic densities. These features quickly led to applications in precision
timekeeping using hyperfine transitions in alkali atoms such as rubidium and cesium, transitions
that now define the SI unit of the second'7". More recently, optical transitions in alkaline-earth-
like (AEL) atoms, such as strontium and ytterbium, have been used to create the most accurate
atomic clocks to date >**?. These attributes have also made neutral atoms a promising platform

for quantum computing, where long coherence times and large numbers of qubits are essential.
However, to harness neutral atoms for quantum computation, it was first necessary to isolate and

control individual qubits.

1.2.1  SINGLE ATOMS TRAPPED IN OPTICAL TWEEZERS

Methods for isolating single atoms were developed by the Grangier group in the 2000s '7%. This was
achieved by creating tightly focused optical dipole traps, commonly referred to as optical tweezers,
to confine single neutral atoms. These traps are generated using high numerical aperture (NA) op-
tics to achieve micron-sized confinement'¥7. A spatial light modulator (SLM) is used to project
arbitrary static light patterns, while acousto-optic deflectors (AODs) enable the creation of trap
arrays that can be repositioned on sub-microsecond timescales’"55°. The combination of arbitrar-
ily shaped static traps and dynamically adjustable traps has been crucial in advancing the field of
neutral-atom quantum computing as well as quantum simulation.

Early experiments trapping single atoms in optical tweezers encountered the phenomenon of



light-assisted collisions, where pairs of atoms would expel each other from the trap *7*. This process
results in "parity projection,” where a trap with an even number of atoms becomes empty, while a
trap with an odd number of atoms retains a single atom. This allows for the high-fidelity prepara-
tion of single trapped atoms. Once a single atom is trapped in the optical tweezer, its presence can
be confirmed by imaging it with the same optics used to generate the optical tweezers. The trapping
lifetime of the atom is limited by collisions with background gases, causing the atoms to leave the
trap. For a standard system, this time is on the order of tens of seconds. However, with improved
vacuum pressure or cryogenic chambers, this can be extended to minutes**5>'7°.

Another consequence of parity projection is stochastic loading, where only approximately half
of the optical tweezers will be occupied with atoms. Despite this limitation, significant progress was
made using stochastic loading techniques, enabling demonstrations of single-qubit rotations*"»**°,
two-qubit gsttes”’m(”1 477, coherent transport '*, and ground-state cooling 192,83 With a better un-
derstanding of light-assisted collisions, many groups have been able to perform enhanced loading of
single atoms to achieve higher filling fractions 2478179 Eyen with enhanced loading, it is challeng-
ing to achieve defect-free arrays. In order to perform more complex quantum computations, one
requires methods to deterministically create defect-free atom arrays.

To achieve fully defect-free arrays, atom rearrangement techniques were developed. By imaging
the traps to determine the atom occupancy, atoms could be repositioned into any desired configura-
tion. This was first demonstrated by the Lukin group and the Browaeys group in one-dimensional 3
and two-dimensional arrays, and later extended to three-dimensional arrays®. These advances made

it possible to create large, defect-free arrays of neutral atoms, paving the way for quantum computa-

tion with thousands of qubits in a single system.



1.3 NEUTRAL ATOM QUBITS

Quantum information can be encoded in the internal degrees of freedom of the atom that interact
weakly with the environment. This will typically be the electron or nuclear spins. The weak inter-
actions between neutral atoms and the environment provide long coherence times and allow for
high-fidelity single-qubit gates.

Neutral atom single-qubit gates are implemented using either laser or microwave drives. For al-
kali atoms such as Rubidium and Cesium, quantum information is typically stored in magnetically
insensitive “clock states,” which are hyperfine states in the ground state manifold, separated by gi-
gahertz frequencies. Coherent rotations between qubit states can be performed using a microwave
drive, resulting in single-qubit gate times of tens of microseconds. Alternatively, using optical Ra-
man transitions allow for fast (=~ 100%s) local single-qubit rotations with high fidelity*7. After
manipulating the qubit states, they can be measured via fluorescence readout by applying a laser
that selectively ejects one of the two qubit states from the tweezer, effectively mapping the qubit
state to atom presence. Atom imaging is then used to determine the qubit state based on whether
the atom remains in the trap. Overall, the coherence and single-qubit operations in neutral atoms
are among the attributes that have made the platform promising. The more challenging aspect for
neutral atoms has been having them interact with photons for quantum networking, or with neigh-

boring qubits to realize two-qubit operations for quantum computing .

1.4 QUANTUM NETWORKING WITH NEUTRAL ATOMS

Quantum networking with nuetral atoms is enabled by entangling the single-atom qubits with
single photons. Atom-photon entanglement can be generated by optically exciting an atom and
collecting the emission into a high numerical aperture lens. The excitation and collection can then

be engineered to produce entanglement between the atom and the polarization*°"*°°, or the time-



bin *°* state of the photon. These methods are limited to success rates of .1-2% depending on the
efficiency of the objective collection. This efficiency becomes more pronounced when we consider
that most remote entanglement generation protocols will have a success probability that scales as
the square of the collection efficiency. These rates can be improved by several orders of magnitude
by increasing this collection efficiency. This can be achieved by introducing an optical cavity to en-
hance the interaction between a single atom and a single photon, bringing the collection efliciency

to nearly 100 %. "5

This topic will be explored in more depth in a later chapter 2. The coupling of
atoms to optical cavities has played a crucial role in my PhD and will be discussed in chapters s, 7,

and 8

1.5 QuaNTUM COMPUTING WITH NEUTRAL ATOMS

For most quantum computing systems, performing two-qubit gates requires access to highly coher-
ent interactions. In the case of neutral atoms, the ground states exhibit long coherence times but
weak interactions, making it challenging to perform entangling gates between qubits. To induce
interactions between neutral atoms, they are excited to Rydberg states, atoms with a high princi-

pal quantum number 7. These Rydberg atoms exhibit exaggerated properties, such as significantly
larger dipole moments that scale with 7, allowing them to interact strongly with each other through
dipole-dipole interactions. Another property of Rydberg atoms is that their lifetime also increases
with 7. The combination of increasing interaction rate and decreasing lifetime or decoherence rate
results in a highly coherent interaction that can be utilized to perform high-fidelity two-qubit gates.

This topic will be explored in chapter 3 and discussed in more detail in chapter 6.



1.5.1 MoDULAR QUANTUM COMPUTING WITH NEUTRAL ATOMS

To achieve large-scale, fault-tolerant quantum computing, neutral-atom quantum systems will need
to improve both the fidelity of quantum operations and the size of their systems. Scaling neutral-
atom quantum systems has long been recognized as one of their key strengths. The number of
qubits in a neutral-atom system is determined by the number of optical tweezers that can be gen-
erated, which is constrained by the available laser power for optical traps and the field of view of
the microscope objective used to project the tweezers. The Endres group at Caltech demonstrated
the ability to trap up to 6,100 atoms using a custom objective designed for large fields of view and
by combining three high-power laser sources. They also achieved exceptional coherence times and
atom trapping lifetimes in a room-temperature system ' 5. This progress highlights the significant
power requirements and advanced optics needed to create such large tweezer arrays. Scaling these
arrays to even larger system sizes remains an engineering challenge, but there is a clear path toward
neutral-atom quantum processors with tens of thousands of qubits.

Another promising approach, currently under exploration in many academic labs, is the develop-
ment of modular quantum computers, where quantum computation is distributed across distant
quantum processors. This requires efficient quantum interconnects, and neutral atoms offer strong
optical transitions that can generate atom-photon entanglement, allowing quantum information
to be transmitted over long distances via optical fibers"5*?%35. However, these interconnects must
produce remote entanglement at rates high enough to keep pace with quantum computation.

Currently, remote entanglement generation rates are on the order of hertz, which is insufficient
to provide an efficient link between quantum processors ***57. Increasing these rates is an active
area of research. One promising approach involves coupling neutral atoms to optical cavities, which
enhances both photon collection efficiency and the rate of entanglement generation > 310318267188,

Pursuing an optimal optical interface that would allow neutral atom quantum computers to scale
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Figure 1.1: (A) Atoms in optical tweezers are transported from an atom array into the mode of a microcavity. (B) Res-
onant transmission spectra for a bare cavity (gray), one atom (blue), and two atoms (red) coupled to the microcavity,
demonstrating strong coupling with a cooperativity of C = 101(2). (C) Histograms showing photon counts collected in
10 ps for an atom in the F/ = 1 state (gray) and an atom in the /' = 2 state (blue), yielding a qubit state readout fidelity
of 99.960?{2%. (D) A Rydberg atom array operating in free space near a nanophotonic optical link. (E) Measure-

ments of Rydberg atom coherence near the nanophotonic cavity at a distance of 130 pum. For a Ramsey measurement,
5 = 200(40) ns (blue line); for spin-echo, 7, = 4.1(2) us (red line). With a Carr-Purcell decoupling sequence,
no decay is observed within the measurement time. (F) Rydberg coherence for different decoupling sequences as a
function of distance from the nanophotonic cavity, showing retention of coherence even in proximity to the device.

indefinitely in system size is the goal of my PhD and throughout the last six years I have explored

several of the key components required to build a modular quantum computer.

1.6 OVERVIEW OF THESIS

In this thesis, I present progress towards developing an optical interfaces that will enable neutral-
atom quantum processors to perform both quantum computation and quantum networking in a
single system, paving the way towards distributed quantum computation and providing a clear path
towards large-scale quantum computation.

Chapters 2 and 3 provide a background on two of the important fields of physics used in this

thesis. The first being Cavity Quantum Eletrodynamics (QED), which governs how light interacts



with matter at the quantum level. This chapter will review how the concepts of Cavity QED can be
utilized for quantum networking. The second chapter then provides a brief overview of Rydberg
atoms, their properties, and how they can be utilized for quantum computing.

Chapter 4 will discuss the construction of the system used in chapter 7 and shown in 1.1A.

Chapter s presents work demonstrating qubit coherence, entanglement, and coherent transport
in a nanophotonic one-dimensional photonic crystal cavity as shown in figure 1.1D. In this work,
entanglement is generated via a cavity-carving protocol, and we show that this entanglement can be
preserved while moving from the nanophotonic cavity into free space. These results motivate the
integration of nanophotonic cavities with free-space atom arrays for quantum computation, thereby
combining quantum computing and quantum networking.

Chapter 6 discusses experiments that demonstrate coherent Rydberg excitation near the
nanophotonic cavity as shown in figure 1.1E,F. Accessing these Rydberg states enables quantum
computation, while still benefiting from the nanophotonic cavity for quantum networking. We
measure the coherence properties of Rydberg atoms in the presence of the nanophotonic cavity,
which exhibits surface charging that degrades Rydberg coherence. Despite this surface charging, we
successfully generate Rydberg-mediated entanglement and additionally leverage this entanglement
for quantum-enhanced electric-field sensing.

Chapter 7 explores fiber Fabry—Perot cavities as an optical interface as shown in figure 1.1A.
These cavities allow atoms to be trapped and transported in a free space without requiring them to
be placed on a device, as is the case with nanophotonic cavities. Furthermore, they offer stronger
light—matter interactions through direct coupling to the optical mode, rather than relying on
evanescent coupling. Leveraging this strong coupling enables fast, nondestructive qubit-state read-
out, as well as novel entangling gates mediated by the optical cavity. A key finding in this work is
that the cavity can not only mediate interactions but also bias errors in a way that renders them

detectable. Identifying these errors, we improve the fidelity of our cavity-mediated quantum oper-
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ations. Overall, these results motivate further exploration of microcavity platforms for integration
with atom arrays and additional investigations into cavity-mediated entanglement.

Chapter 8 explores strategies to improve the microcavity platform through the fabrication of
micromirror devices. We demonstrate several methods for producing micromirrors, including CO,
laser ablation, silicon isotropic etching, and thin film buckling. This chapter highlights the thin-
film buckling approach we developed, showcasing a flexible and scalable technique for fabricating

state-of-the-art optical cavities with applications in both quantum systems and classical photonics.
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Raise your band if youve never seen this in your life.

Mikhail Lukin

Cavity Quantum Electrodynamics

Cavity Quantum Electrodynamics (cQED) is the study of the interaction between strongly con-
fined light and matter. The most natural system for which cavity QED arises is the atom in a cavity.
In this system, we treat a single mode of light that strongly interacts with a dipole transition in a

two-level atom.
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2.1  QUANTIZATION OF THE ELECTRIC FIELD

The first step to defining the Hamiltonian of this system is quantizing the electric field of a single
photon. To do this, we can start with Maxwell’s equations for a free field. By treating the free field
with wave equations for the electric and magnetic fields, we can describe these classical harmonic
oscillators with quantum harmonic oscillators. Following this procedure, one can then find the
electric field of a single photon. Another more simple procedure is to define the classical energy

density of an electric field:

1 B
- /dV(E()EZ + 7) ~ VEF%s (2.1)
2 Ho

he = VE3é (2.2)

Then solving for the electric field we find:

ho
Ey=+/— .
0 % (2.3)

We then divide this electric field into its positive and negative frequency components correspond-

ing to running waves of light:

. [ ho | .
Eu = &4 Z mﬂjfﬂej " (2‘5)

From quantizing the electric field we can understand many quantum optics phenomena. For

example, we can define the decay rate of a single atom in vacuum. In the next section we will solve
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for this and then use it later.

2.2 EXCITED ATOM IN FREE SPACE

We know that a single atom in free space will decay through spontaneous emission. One way of
understanding this decay rate is that the atom is coupling to the vacuum modes of the universe.
Using our result from the previous section we can find an equation for the decay rate of a single

atom in an excited state. To do this we define a Hamiltonian:

H=—-E-d== (8,40 (g, le) (e +  1g) el) (2.6)

a

Each of the electric field terms corresponds to a photon creation or annihilation operator. When
we multiply the electric field terms by the atom terms we will find that some terms do not conserve
energy. For example, the 4" |¢) (g| term would correspond to the atom being excited and emitting
a photon. If we neglect these terms that do not conserve energy, we will be left with two energy-
conserving terms that correspond to the atom absorbing a photon and being excited and the atom

decaying and emitting a photon. This Hamiltonian can be written:

H=—E-d=—3 lu,l) (gl + &} o) (e]) (2.7)

&, | hw, At ‘u: ho, .
H=-1Y ==/ ba | _
h . 2o le) (el + = e ©) {el) (2.8)

Here we can define a coupling strength to the electric field, also known as the single-photon Rabi

frequency, as:

== (2.9)
&2 = 2heV o 29
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From this we can now define a full Hamiltonian to describe an atom coupled to many vacuum

modes:

H=hol) (e + 3 hwy(ata+ )~ (gl (da+ hgf o) (dah)  (10)
J J

If we start in the initial state with the atom in the excited state and zero photons in the photonic

modes, we can simplify our Hamiltonion to only span the states |¢, 0) and |g, 1;):

H=hwle,0) (e,0] + > halg, 1)) (g, 1, = > (hgile, 0) g, 111 & + gl g, 1) (e, 0] &")  (2.11)
J J

This coupling to the vacuum modes gives the well-known Lamb shift. We can incorporate this

into our definition of w and then derive the decay rate. This rate will be given by:

y= 27[2 |gj,a|2§(wj7w —w) (2.12)
It

Because the mode spacing of the universe is infinitesimally small, the summation can be approxi-

mated by an integral, resulting in:

a <2Z>2 2 /k / /9 Bsin(0)\gyal* ey — )dBdpk (2.13)
@ P

We can sum over the two polarizations by only allowing the polarizations to exist in the x-y plane.

Doing this, we can simplify the dot product of the dipole moment and the electric field:

N
2 ekl = 5y 2ol (14)
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Solving for gamma we find:

V
r= (27)2 /k//516251'713(5)\(@-]23(4«)]-—w)d@dgpd/e
P

2V [

2Vw2| o Dogll ey
3 Sk=old = 3meghcd

7/ =
This yields an important result for future sections:
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(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

Notably we find that the free space decay rate is quadratic with the dipole moment of the transi-

tion and cubic with the transition frequency of the transition.

2.3 SINGLE ATOM COUPLED TO AN OPTICAL CAVITY

results, which we will discuss in this section.

In the previous section, we treated a single-atom coupling to many modes of light. Now, let us imag-
ine a system in which one mode of light is much more strongly confined than others and enhanced
through an optical cavity that allows the light to circulate many times before leaving the system. We

can think about these systems in multiple ways, and each of them is equally valid and yields similar

This is an open quantum system with a two-level atom coupled to a bosonic mode of a cavity.

16

From an intuitive perspective, we will have some exchange between the optical cavity and the atom,



Figure 2.1: An atom cavity system showing the coherent coupling between the atom and the cavity, ¢, the atomic free
space decay rate, ¥, cavity decay rate, x, and a coherent drive on the input, 7

while these oscillations are damped by photon emissions out of the optical cavity and into free space.
From this intuition, we have three important numbers to define and understand. The first of which
is g0, which we have somewhat defined in the previous section. This parameter defines our coherent

exchange rate between the atom and the cavity mode.

~

g‘Ea we
=77 7Y zhgiV'”fg (2.21)

The next two parameters are the dephasing mechanisms. These are ways in which excitation can

leave the system. The first of which is x, which corresponds to the leakage rate of photons from our
cavity. Previously, we treated modes of light that are not confined to a cavity. Now, we can imagine
having a mode of light that is confined between two mirrors. This light will circulate between the
mirrors for an amount of time that depends on the parameters of the cavity. There are many differ-
ent types of cavities, and we will review different types of cavities in depth in future sections. The
number x defines the decay rate of the intensity inside the cavity. This can be measured spectroscop-

ically as the full-width half-maximum (FWHM) of the optical cavity.

Weg VESR

o TF

(2.22)
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The final parameter is the atomic free-space decay rate y, previously calculated in Eq. 2.20. This
decay rate remains unchanged in the case of an open cavity, which is typically used in optical cavity
QED experiments. In contrast, closed cavities, commonly used in superconducting qubit systems
or in experiments that couple Rydberg atoms to microwave cavities, can exhibit modified decay

dynamics. With these parameters defined, we can now express the effective Hamiltonian as:

HY = 0, 16) (el + 0t + glle) (gl a + Lg) fel ) (223)

With Lindblad operators given by:

Vea, fr1g) (e (224)

Now we define a dimensionless parameter called the cooperativity, which will be featured in
many subsequent calculations. The cooperativity is given by the ratio of the coherent coupling be-
tween the atom and the cavity ¢ to the decoherence rates of the atom and the cavity x and y, where
x and y are the intensity and population decay rates of the cavity and the atom, respectively. In our
notation, we define C with an overall factor of 4. This parameter describes how coherently a single
atom can interact with a single photon. We will find that achieving C > 1is necessary for many of

the applications in quantum information. This regime is known as the strong-coupling regime:

4 323
C= ﬁ = — Q (2.25)
kI’ 42V
Here we list several ways of rewriting the cooperativity using different parameters. We use the
definition of the single photon Rabi frequency go from equation 2.9 and the atomic decay rate

from equation 2.20. The cavity decay rate x will be determined by the cavity parameters and can be

expressed in terms of various quantities, such as the quality factor Q. We then find that the cooper-
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ativity is proportional to % where Vis the mode volume of the cavity. This indicates that to achieve
strong coupling, one requires a high Q resonator with a small mode volume. Another way of deriv-
ing the cooperativity can be understood from the perspective of light scattering off of a single atom.
We can calculate the interaction probability of a single atom interacting with a single photon in free
space by taking the ratio of the atomic absorption cross section 7, = % to the photonic mode cross
section gy, = %wz. Now by implementing an optical cavity we can effectively increase the number
of times that the single photon can interact with the atom. This number of times can be charac-
terized by the finesse of the optical cavity, F. The finesse is proportional to the average number of
round trips that the photon will make in the resonator, such that N = g

g, F 6)*F  24F

=—— (2.26)

c= 227 _
2 2
o mWwy  wkwg

2.4 PURCELL EFFECT

One of the first results that can be derived from a single atom coupled to an optical cavity is the Pur-
cell effect. Essentially, now that the atom is more strongly coupled to this mode of light, we will find
that it preferentially emits into that mode and at an enhanced rate. First, we can write our Hamilto-

nian:

HIh = w,e) (el + wea'a + g(le) (el a + Lg) (el ") (2.27)

Here, w, and w, refer to the resonance frequencies of the atom and the cavity, respectively. For
simplicity we can work with a non-hermition Hamiltonian and add terms for cavity decay and
atomic decay. We can also move into the rotating frame of the cavity field and treat a system in

which the atom and the cavity are on resonance w, = w,:
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HYh =i |e) (el +i7a1a + gl1e) (gl & + Lg) (el &) (2.28)

We then solve for the dynamics using the Heisenberg picture:

Cr) = = L)+ C,(0) (2:29)
Co(H) = — gCg(z‘) +i0C,(1) (2.30)

Now we make an important assumption about the system in order to see Purcell enhancement.
This assumption is that the cavity decay rate x dominates over g and y. This regime of cavity QED
parameters is often referred to as the “bad cavity” regime where ¥ > ¢ > y. Itis also important to
note that the bad cavity regime does not prohibit being in the strong coupling regime where E AN

Ky

1. With this assumption, we find that as soon as the excitation enters the cavity, it is immediately

dissipated C,(z) = 0.

. 2
cloy = -+ E)a = -1+ 0l (231)
We find that the atom population decays atarate of (1 + C)y ~ Cy = % for large C, which

is approximately Cy. This can be clearly seen in figure 2.2. With this result, we find that we can
broaden an atom with a strongly coupled cavity. This is important for enhancing the bandwidth of
an optical transition. Additionally, we can find the ratio of emission into the cavity versus outside of

the cavity:

Q

1+Cy 1+C C (2:32)
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Figure 2.2: The time dynamics of an initially excited atom coupled to an optical cavity showing two different regimes,

K = 7, where we see coherent oscillation between the atom and the cavity at a frequency of 2¢ with a damping
given by % andx = 10;/ where we see a quick exponential decay of the atomic excitation that goes as the purcell
4g2

enhanced decay rate of Cy =

Here we see that 1 in C photons will be emitted into free space. For a large C, we can collect al-
most every photon that the atom emits. This can be utilized for enhanced readout and quantum
networking of atoms for two reasons. First, preferential emission increases the collection efficiency

to near unity. Secondly, the broadened line width allows for much faster photon emission. '®

2.5 STRONG COUPLING REGIME

In the previous section, we have made the assumption that x is dominant over g and y, resulting in
what we see as Purcell-enhanced emission from an atom coupled to the cavity. The more traditional
view of the strong coupling regime is where ¢ > «, y. In this regime, the oscillation rate between
the atom and the cavity dominates over the decay rates, resulting in a damped coherent exchange be-
tween that atom and the cavity, as shown in Figure 2.2. If we solve for the dynamics of the equations

of motion from equation 2.30 without any assumptions:
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G + (BE) Gl + (K+g)al) = o

we will find that the atomic excitation and the cavity excitation will exchange at a rate of g with a
k+y . . . .. . ..
decay rate set by —5*. An alternative way of viewing these dynamics is by diagonalizing the Jaynes-
Cummings Hamiltonian in the single excitation manifold, where we only consider the states that

have a single excitation |¢, 0) and [g, 1).

[+) =lg,1) £ e, 0) (233)

Ay =*g (234)

This results in two eigenstates |+) and |—) that are equal superpositions of atomic excitation and
cavity excitation with the energies given by +-¢. The dynamics of the system will then be given by
oscillations between these two dressed states at a frequency of 2¢. The Jaynes-Cummings Hamil-
tonian also exhibits higher excitation manifolds where more excitations exist in the system, because
of this bosonic nature of the cavity mode, this results in the Jaynes-Cummings ladder as shown in
figure 2.3. We can generalize the eigenstates of the Jaynes-Cummings Hamiltonian to different exci-

tation manifolds with eigenstates and eigenenergies given by:

|£) =lg,n) £le,n—1) (2.35)
Ay =+ /ng (2.36)
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9, 1>§

g, 0)

Figure 2.3: A level diagram depicting the different excitation manifolds of the Jaynes-Cummings Hamiltonian. (Left):

—_—|g,0)

States with the same number of excitations, 7, are coupled with a strength of ﬁg. (Right): The eigenstates of a given
excitation manifold are given by |, &) = |g, #) £ |, 2 — 1), with an energy splitting of \/7g.

2.6  CAVITY-MEDIATED GATES

In addition to mediating higher rate atom photon entanglement, optical cavities can be utilized

to mediate interactions between atoms coupled to the same cavity. In this section, we will explore
several examples of gates that can be realized using an optical cavity and how their fidelity will scale
with cooperativity.

The simplest gate that can be performed with a cavity is simply exchanging an excitation from
one atom to another. This is a good problem that will give us an idea for the general scaling of how
the fidelity is set by the cooperativity. First, we can take two atoms coupled to an optical cavity,
where we encode quantum information in hyperfine ground states (|0) and |1)). The atom has an
additional excited state, |¢). We then couple the [1) — |e¢) transition to an optical cavity. Thisis a
typical setup for atoms coupled to optical cavities in which one of the two qubit states is coupled to
the cavity, where the other state is not coupled. This will also allow for state-selective readout, as we

will see in Chapters 1 and 3. We can mediate an exchange interaction between the atoms through
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the cavity by exchange of a photon. One intuition for this is that we can have one atom emit a pho-
ton and then the other atom absorb the photon. Here we can easily treat this case by adding a laser
that excites the |0) state to the |e) state on both atoms and then applying the sequence, excite atom

1, wait, deexcite atom 2.

|01) —= |el) = a|le) —— «|10) (2.37)
Excite 1 H Deexcite 2
H/h="Y" glle); (1] a+ 1), (| ah) (2.38)
i=1,2

We assume that the excitation occurs with high fidelity and significantly faster than the dynamics
set by g. We will then find that the state |el) will evolve by exchanging a photon into the cavity and
then into atom 2. We can solve for the dynamics by diagonalizing the Hamiltonian and finding that
the eigenstates.

The eigenstates of this hamiltonian are given by:

1 1
’B+> = 5(’617 0> + ‘167 0>) =+ % ‘11’1> (2'39)
Do) = 5 (11.0) = [1.0)) (2.40)
B) = 5(61.0) +[16,0)) = = [11.1) (2.41)
with energies given by:
)'BJr 3 lDoa /—137 = \/Egv 07 _\/ig (2"42’)

We then time-evolution the initial state |e1) and find the equations of motion given by:
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$0) = 5@ B2) + V) + Do) (43

7
= |y(2)) = Cosz(\fgt) le1, 0) +Sz'n2(\fgt) |le, 0) + Sm(z\/igt) |11, 1) (2.44)

After evolving for a time of 7 = 2772; we find |¢(¢)) = |le, 0) and the excitation will have suc-
cessfully transferred to the other atom. We can then account for decoherence by multiplying the

decoherence rates by the time required to fully transfer the excitation.

(i) /2 o, FE L)

Ve (2.45)

e=1—¢"

From this result it is clear that one will always be limited by the ratio of the coherent exchange
rate g compared to the dephasing rates x and . If we set ¥ and y equal to each other, then we can

recover an important scaling that is almost universal for cavity-mediated gates.

7(x +y) _mEy 2w
V2g V2¢  V2C

We find that the error of this operation will scale as o \%C This scaling sets a fundamental limit

£ = (2.46)

on how high-fidelity cavity-mediated gates can be. For cooperativities that are achievable in optical

cavities (= 100) this makes deterministic cavity-mediated gates infeasible for quantum computation.
However, many schemes have been developed to circumvent this limitation by performing non-

deterministic, heralded, or post-selected gates 20,01,151,204,30  Thege types of gates are demonstrated in

both chapter 5 and chapter 7.
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2.7 OpTICAL CAVITIES FOR QUANTUM SCIENCES

In this thesis, we will explore many different types of cavities, including the one-dimensional pho-
tonic crystal cavity, optical fiber Fabry-Perot cavity, suspended membrane micromirror, and isotrop-
ically etched silicon micromirrors. The main differentiation between these cavities is the difference
between the one-dimensional photonic crystal cavity and the fabry perot cavities. In this section, I
will briefly describe the two.

In order to understand what the requirements for a good optical interface are, we need to think
about the parameters that are important for an efficient light-matter interface. An important num-
ber that has been mentioned in several contexts is cooperativity. This number dictates things like
the purcell enhancement and the fidelity of cavity-mediated gates. From this perspective, we find it
is important to make this number large. However, depending upon the parameters of one cavity, a

higher cooperativity could be detrimental.

2.8 CAVvITY TRANSMISSION AND REFLECTION

Consider a two-mirror optical cavity with a photon decay rate x. This total loss rate consists of sev-

eral contributions as shown in 2.4:

K = Kin + Kour T Ksc

where «i, and oy, are the transmission losses through the input and output mirrors, respectively
(determined by mirror coatings or photonic crystal cavity design), and x, accounts for absorption
or scattering out of the cavity mode.

A convenient way to analyze the cavity reflectivity and transmissivity is to use a non-Hermitian

Hamiltonian for a driven optical cavity along with the input—output relations. In the lab frame, the
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Figure 2.4: An optical cavity system driven by an external source, 7, with a circulating electric field, 2. The cavity experi-

ences three types of loss: transmission through the input mirror, «;,,, transmission through the output mirror, x4, and
scattering losses, k., which together yield a total loss rate x.

Hamiltonian reads:
H = <w[ —7 %)au + 7/Ein <a e 4 gt e"“’”> (2.47)

where @, is the cavity resonance, wy is the driving-laser frequency, 2 (a") is the annihilation (creation)
operator for the cavity mode, « is the total cavity decay rate, and 7 represents the drive amplitude.

Moving into the rotating frame of the laser frequency w; gives
H = (A — z'%)ﬂa + 7+v/Kin (a + aT) (2.48)

where A = w, — w;. The steady-state field satisfies

d
EdT = (z’A—i—%)dT + ip\/kin = 0 (2-49)
Solving for 4 yields
2 V/ Kin
4 = T 2iA Z STA (2.50)
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Figure 2.5: Reflectivity |r(A) \2 and phase arg[r(A)] versus detuning A for three coupling regimes: undercoupled
(x; = 0.1x), critically coupled (x;;, = 0.5%), and overcoupled (x;, = 0.9%).
The transmitted field amplitude is given by the leakage of the intracavity field through the output

mirror:

V Kout ﬂT

Hence, the dimensionless transmission coefhicient is

Yl N -
H{A) = _ V¥ourd — _M (2.51)
7 x — 27A

Determining the reflection coefficient 7(A) requires accounting for the interference between the
field directly reflected from the input mirror and the field leaking out of the cavity through that
same mirror. Assuming the mirror’s reflection is nearly 100%, one obtains

- (2.52)

—
\/Kin 4 2 Kin
V(A)ZI_TZI K—le'A
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2.8.1 CoOUPLING REGIMES
An important concept in cavity design is the ratio of the different decay channels «in, Kouc, &sc. The
three primary coupling regimes are:

(1) CRITICAL COUPLING: Kin = Kour = 5-

K K

A) = —————— Ay=1— ———
«(4) x — 2iA° n(4) k — 27A

On resonance (A = 0), the reflection goes to zero and transmission reaches unity. This is a fa-
mously counterintuitive result, where two highly reflective mirrors become transparent when placed
at the proper distance from eachother. This critical coupling regime is useful for high-contrast,

transmission-based systems. In Chapter 7, a system that operates near critical coupling is used.

(2) OVERCOUPLING: ki = K > K, Kour- By making the input mirror very “leaky,” nearly all

photons exit back through the input port, yielding

(8) = 0, AB) =1 - —" R@) =) =1
Here, the on-resonance reflection flips phase by 7. This feature is used in phase-gate schemes be-
tween atoms and photons***'5>47. In addition, all photons predominantly emit into a single mode
(the input port), which is desirable for certain emission-based protocols. Although the reflection
intensity does not show variation on the resonance (leading one to think there is no signal), the

information is actually imprinted on the phase of the reflected field, requiring an interferometric

measurement.
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Figure 2.6: Reflectivity spectra of two atom-cavity systems with identical cooperativity, C = % = 25, but with
different K/;/ ratios. In the first regime, whereg > k¥ =y, the system operates in the strong-coupling regime,
allowing coherent exchange of excitations between the atom and the cavity. This is spectroscopically observable as two

resolvable dressed states split by Zg (black line between peaks), with linewidths of # In the second regime, known as

the “bad cavity” regime (x > g > %), the cavity decay rate is dominant, suppressing coherent oscillations and causing

2
4f‘: = C;/. This manifests as a Purcell-enhanced

a rapid decay of the atomic excitation through the cavity at a rate of
atomic linewidth, seen spectroscopically as a hole burned into the bare cavity resonance.

(3) UNDERCOUPLING: Koue R K 3> Kin, Ksc-

Kin K Kin
() = ——¥5 5 Ay =1 -
(2) x — 2iA’ (4) k — 2IA
In this regime, overall signals are reduced. It is generally the least favorable regime, though some
systems may unintentionally fall into it (e.g., the cavity in Chapter s).
Each of these coupling regimes has distinct advantages and applications, from high-contrast
transmission in critically coupled systems to single-mode emission and phase gates in overcoupled

designs. The choice of regime will depend on the specific goals of the experiment or device.
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2.9 ATOoM-CAVITY SPECTRUM

Having understood the reflectivity spectrum of the bare cavity, we now introduce the coupling of a

two-level atom to the system. The full Hamiltonian is

H=(8.—i%)dla + (8= i) 100t + g (210 gl + ' o) el) + 7y/%n (a+4")
(2:53)

We can once again solve for the steady-state intracavity field while also considering the dynamics
of the two-level atom. The relevant Heisenberg equations (or equivalently the expectation-value

equations in the mean-field limit) are

dﬁtﬂT = (Z-A[+g> a4+ iy i — igle) g = 0 (2540
L1l =(80+7) o gl + 7gat(Ig) (e~ l) = 0 (254b)
% e) (e| = (Z'Apz + %) le) (e| — Z'g(’€> (gl a — |) (gl ﬂT> -0 (2.54¢)

We assume the weak-excitation regime, where the atom is predominantly in the ground state

(le) (¢] = 0and |g) (¢| &~ 1). Under this approximation, one finds

A= —7/%in _ 7k ( g )1 .
Gy f G\ T E-aGay) Y

We find that the bare-cavity circulating field is suppressed by a factor related to the coupling
strength g. From this result we can calculate the reflectivity (r) and the transmitivity (t), and an ad-

ditional channel that is the scattering of photons from the atom outside of the cavity (s). These are

given by:
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7% (1+C)
where & = /2 + iAcand 7 = y/2 + iA,. We also define C = ‘g—;
We probe the spectrum of the atom—cavity system by driving the cavity with a laser while mea-
suring the reflectivity under the condition A = A, = A.. In Figure 2.6 we see two features sep-
arated by 2¢ with line widths of % These features correspond to the eigenstates of the Jaynes—

Cummings Hamiltonian

|+) = [e,0) £ g, 1)

which are equal superpositions of an atomic excitation and a cavity excitation. It is important to
note that, depending on the ratios of the cavity QED parameters (g, x, ¥), the spectrum can appear
markedly different, as illustrated in Figure 2.6. In the traditional strong-coupling regime, where

g > «,y, coherent oscillations between the atom and the cavity give rise to two resolvable spectral
features corresponding to the eigenstates of the Jaynes—Cummings Hamiltonian. This is the regime
utilized in Chapter 7. In contrast, in the “bad cavity” regime, the cavity decay rate dominates, where
k > g > y. Asaresult, coherent oscillations are suppressed, leading to a rapid decay of atomic

excitation through the cavity at a rate of

4¢% o

K

This rapid decay corresponds to a Purcell-enhanced atomic linewidth, observed spectroscopically
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as a hole burned into the bare-cavity resonance. The system described in Chapter s operates in this

regime. It is also important to note that the resonant reflection is only dependent on the cooperativ-

ity as shown by the coupled reflectivity in figure 2.6. We find that at resonance (A, = A, = 0),
. —27\/Kin _ —27+\/Kin

f1+i)  #1+0) (256)

i

where we define C = o In the strong-coupling regime (C > 1), a single atom strongly suppresses

the resonant field entering the cavity. Resulting in reflectivity, transmitivity, and scattering given by:
The reflectivity phase and amplitude of the cavity, as functions of detuning, for difterent cavity

coupling regimes are shown in Figure 2.7. If we examine how this suppression impacts transmission

and reflection in different cavity regimes, we find that in the critically coupled case, on resonance,

10)=——7 70)=1-—+7 (2:57)

Here, a normally transmissive cavity becomes reflective when an atom is strongly coupled, yielding a

high-contrast indicator of atomic coupling. In the overcoupled regime, on resonance,
r(0)=1— —— =—— (2.58)

which can even flip the sign of the reflection for large C. This phenomenon underpins several pro-
posals for atom—photon phase gates and can be extended to realize deterministic photon—photon

gates?’.
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Figure 2.7: Reflectivity |r(A) \2 and phase arg[r(A)] versus detuning A for an atom coupled to a cavity with cavity
parameters (g, K, ;/) = (2, 1, 1) with three different coupling regimes: undercoupled (x;, = 0.1x), critically coupled
(x;, = 0.5%), and overcoupled (x;, = 0.9x).

2.10 ONE-DIMENSIONAL PHOTONIC CRYSTAL CAVITIES

One-dimensional photonic crystal cavities are nanofabricated waveguides that incorporate a peri-
odic index of refraction introduced by patterning holes into the waveguide. These holes effectively
act as Bragg reflectors. For a more thorough explanation of photonic crystals, I recommend the
textbook in Ref. ''?. Here, we provide a brief overview, focusing on their relevance to quantum
information.

The physical mechanism behind these photonic crystals can be understood by analogy to a
A/4 (quarter-wave) dielectric mirror. This mirror is constructed from a multilayer stack of two di-
electrics with refractive indices 71 and 75, each layer having a thickness of 4%, This thickness ensures
that reflections of light at wavelength A from the interfaces between the two dielectrics interfere con-
structively, while transmissions interfere destructively, resulting in a high overall reflectivity. This

structure is commonly called a Bragg reflector. Another way to view this is through the concept of

a photonic band structure, where electromagnetic modes in the periodic dielectric are described by
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Bloch states, analogous to electrons in a crystal lattice. In this interpretation, the high reflectivity at
A arises from a photonic band gap, meaning that no light of that frequency can propagate within
the stack.

Extending these principles to nanophotonics involves patterning a waveguide. Typically, a waveg-
uide is a suspended slab of dielectric that confines light to a single mode, much like an optical fiber.
By etching periodic nanoscale holes into the waveguide, one locally reduces the effective refractive
index (closer to that of air), thus forming a photonic crystal.

To understand the photonic crystal cavity, one can imagine two Bragg reflectors facing each other
with a small gap between. This setup produces an optical cavity whose resonance is determined by
the size of that gap. A more precise understanding comes from an analogy with solid-state crystals,
where defects in the lattice produce localized electronic states. Similarly, by modulating the hole
spacing in a photonic crystal (creating a “defect” in the otherwise periodic structure), one creates a
localized photonic mode that can be narrow in frequency (high quality factor) and confined in space
(small mode volume). These two key properties are precisely what make photonic crystal cavities
ideal for efficient atom-photon interfaces in quantum information applications. This is evident

when we look at the equation for the Cooperativity:

o370
k[ 42V

(2.59)

For most atomic systems, near-infrared or visible wavelengths are required, which makes silicon
nitride (Si3N4) a natural choice due to its transparency in these regions and the ease of fabricating
this material. Silicon nitride also has a moderate index of refraction of approximately 2, allowing it
to effectively confine light when suspended in air and be fabricated into photonic crystals.

To illustrate typical coupling strengths, we consider a standard Si3N4 photonic crystal cavity

at 780 nm. Such cavities can achieve quality factors of about 2 x 10° and mode volumes as small
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as 0.4 23, resulting in theoretical maximum cooperativities on the order of 40,000. In practice,
however, atoms cannot be trapped at the electric field maxima, so only a fraction of this coupling
strength is realized, resulting in cooperativities on the order of 100 '7**'5. This near-surface trap-
ping is typically achieved by transporting an atom trapped in an optical tweezer in free space to the
nanophotonic cavity, where the reflection of the tweezer forms a standing wave where the first pan-
cake of this standing wave can localize the atom ~ 250z above the surface *2*. These cavities are
also utilized in the solid-state community where spin defects can be placed directly into the mode
maximum allowing for strong coupling to the mode '®#. Other approaches also utilize the evanes-
cent field in which the host material contains defects, while a material with more promising optical
properties is placed on top of the emitters*.

In addition to these features, light from the nanophotonic cavity can be efficiently coupled out of
the waveguide and into an optical fiber through a tapered fiber connection or through lensed fiber

coupling 5*%11

2.11  FABRY-PEROT CAVITIES

Fabry—Pérot cavities are widely utilized in optics as narrow filters, stable references, and, in our case,
as elements for quantum networking. The simplest type is the two-mirror cavity. In this configura-
tion, light can circulate between the mirrors many times.

For light to build up in the cavity, it must be resonant. This means that upon each round trip, the

light acquires a phase shift that is an integer multiple of 27. This resonance condition is expressed as

2nl = ml,

where 7 is the refractive index of the medium inside the cavity, L is the cavity length, 2 is an integer,

and A is the wavelength of light. Because the resonance length corresponds to a specific resonance
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frequency, a precisely stabilized cavity can serve as a stable frequency reference.

A deviation from resonance results in destructive interference and a reduction in the circulating
power, leading to a Lorentzian lineshape. The linewidth of the resonance depends on the average
number of round trips that light makes inside the cavity, which is determined by the mirror reflec-
tivity. More precisely, the average number of round trips is set by the round-trip loss, £. For small
losses (£ < 1), this number is approximated as

2
Nrt ~ Z
This same factor governs the power buildup; that is, the circulating power is enhanced by approxi-

mately

‘m
Q
Y

A commonly used parameter to characterize the cavity is the finesse, defined as

27
F= =1 =N,
L

In addition to the average number of round trips, it is important to consider the rate of photon

leakage, x. The round-trip time is given by

2nL
Tt = —
¢
and the corresponding free spectral range is
¢
VFSR = 57
2nL
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The ringdown time of the cavity and the photon leakage rate can then be expressed as:

VFSR

7= Fryp, k= (2.60)

In order to create a high-finesse optical cavity it is necessary to create mirrors that are highly reflec-
tive with low scattering loss. These mirrors are typically made by coating a substrate with an ion
beam sputtered (IBS) dielectric coating, where reflectivities of 99.999% can be achieved. In addi-
tion to high reflectivities, in order to form a stable cavity, one must add curvature to the mirrors in
order to make the cavity mode image back onto itself. The two mirror cavities can then be defined
by two radius of curvatures and a cavity length. From these parameters, one can extract the stability

conditions using ABCD matrices. These conditions are given by:

0<ggp <1 (2.61)

Whereg; =1 — R% is the stability parameter for the mirrors of the cavity and L and R; are the length
of the cavity and the radius of curvature of the given mirror. These stability parameters yield a range
of stable cavity configurations shown in 2.8.

In addition to yielding the stability regimes, the ABCD matrices will also yield the stable solution
for a given cavity geometry. An important result from this is the waist at the center of the cavity

mode, wy, and the waists at mirrors 1 and 2, w, », are given by:

[Ad
woy — —_—
T

e L(R,— L) |k, L(R — L)
DTN FN R D R+ R L) TN A Re—L) Ri+ R, — L)

(2.63)

1 1
ae(l-agp) [* 2 [d(Rl +Ry—L)(Ri—L) (R, — L)%
(o1 +4—20¢)° (R + Ry —2L)?

(2.62)
4
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Two-Mirror Cavity Stability Diagram
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Figure 2.8: A plot showing the stability condition of an optical cavity along with various cavity configurations. Three key
regions are highlighted: the plano-plano region, where the mirrors are flat (i.e., the radii of curvature approach infinity);
the confocal region, where the cavity length is equal to the radii of curvature, R and R,; and the concentric region,
where the cavity length is equal to twice the mirror radius of curvature.

We can further simplify this equation for a symmetric cavity where R = R; = R». In this case:

A 1

wo =\/ 5 [L(2R —L)]4 (2.64)
AR L

w12 = 7 m (2.65)

Here we find an important result that as the length of the cavity approaches L = 2R, the cavity
waist shrinks significantly, however the size of the waist on the mirrors becomes significantly larger
as well. This is known as the concentric cavity regime. Many groups work with near concentric
cavities due to the small waist*+'#'. Another important regime is the confocal cavity regime where

the L = R. This is the cavity length where the mode waist will be the largest, with a size of wy =

AL

T

AL and a waist of wy =

52 on the mirror surface. Additionally at this length all of the even

modes become degenerate, and similarly all the odd modes become degenerate, which present many
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interesting scientific directions®”.

2.12 FABRY-PEROT CAVITY MODES

More generally, stable cavity modes are Hermite-Gaussian modes, where higher-order transverse
modes introduce additional stable configurations within the cavity. We denote these modes as
TEM, 14, where g indicates the longitudinal mode number, and 72 and 7 indicate the orthogonal
transverse mode numbers.

For cavities that are sufficiently long, the longitudinal mode number becomes exceedingly large
and difficult to determine exactly. Therefore, we often omit it and denote different transverse modes

as TEM,,,,. The electric field of a Hermite-Gaussian mode in two dimensions, plotted in figure 2.9,

is given by:
i (e () )
X exp [_i/ez —im 4+ 1)) + ZW] 60
where:

40



TEMoo

TEM1o

TEMyg

TEMs3o

TEMo1

TEM1;

TEM,:;

TEM3;

TEMo2

Figure 2.9: Transverse electromagnetic (TEM,,,,,) modes of a Hermite-Gaussian beam, where 7 and 7 represent the
number of nodes in the horizontal and vertical directions, respectively. The color indicates the electric field amplitude

and phase.

-
gR = -

Y

H,, H,, are Hermite polynomials of order 7 and z, respectively. Importantly, we find that the

degeneracy between different transverse modes is lifted by a transverse mode dependent Gouy

phase, {(z). The Gouy phase is an additional phase acquired by light as it propagates through a

focus. This phase shift differs among Hermite-Gaussian modes, effectively resulting in a transverse-

mode-dependent optical length of the cavity. The guoy phase is given by:

2) = tan"! (;) (2-67)

where 2, denotes the Rayleigh range of the mode. For a two-mirror cavity, this leads to a round-

trip phase shift given by:
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Ap =2 (tan_1 <Zl> —tan”! <zz>> (2.68)

Here, 21 represent the distances from the cavity waist to mirror 1 and mirror 2, respectively. We

can then include this phase shift in the resonance condition, resulting in a mode frequency given by:

c

vy = > [q + —cos™ (:t1 /glgz)] (2.69)

Higher-order Hermite—Gaussian modes acquire an additional Gouy phase that is linear in the
transverse mode numbers, resulting in a spectrum shown in figure 2.10, where we see resonance

frequencies given by:

1
Vinng = é g+ ;(m + n + 1) arccos (:I:,/gkgz) (2.70)

Furthermore, the Gouy phase depends on the waist size of the mode; thus, variations in the ra-
dius of curvature between the two transverse axes of the cavity can lift the degeneracy between the
and 7 indices in higher-order modes.

The size of the waist on a given mirror will set the minimum size of the mirror required to main-
tain high finesse; this can be understood as a clipping-loss limitation. If we assume that the mirrors
are perfectly shaped and have no scattering or absorption loss, and that the only loss will be the re-

sult of clipping of the Gaussian mode, we can find an equation for the loss per round trip given by:

2r pD/2 2 2r2 0722
2w
Letipping =1 — / / ? —re “ drdf = e > (2.71)

Now we find a clipping limited finesse, £, given by:

I, = me™ (2.72)
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Figure 2.10: Cavity transmission spectrum showing resonances of different Hermite-Gaussian transverse electromag-
netic modes TEM,,,,, as a function of detuning, expressed in units of the free spectral range vgsg . In this example,
multiple higher-order modes are populated due to cavity misalignment, which results in imperfect mode matching. The
modelled cavity has mirror radii of curvature of 200 um. Multiple lengths (65/¢m, 70‘um, and 75/,cm) are shown to
demonstrate how different modes will behave differently. We also note that higher order transverse modes of the lower
longitudenal mode can even be higher in frequency that the upper longitudenal mode.

The diameter of a mirror required to maintain a finesse of F is then given by:

D= wy/2 ln(g) (2.73)

To give an idea of the requirements this places on the size of the mirror, if we require a finesse of
100k, the diameter of the mirror will have to be D = Sw;. This requirement makes near concentric
cavity mirrors have relatively large size requirements compared to their length as opposed to near
confocal cavities, which have lower size requirements, especially for smaller cavities.

With this understanding of Fabry-Perot Cavities, we can now extract information about which
types of cavities will be the most efficient for coupling to atoms. First, we can redefine cooperativ-
ity in terms of parameters that are more natural to Fabry-Perot cavities. The mode volume of the
TEMoo mode of an optical cavity is given by:

T
V= szL (2.74)
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In addition, Fabry-Perot cavities are typically characterized by their finesse. This is a metric that
corresponds to the average number of round trips a photon will perform inside of the cavity. The
finesse is inversely proportional to the loss on the mirror surfaces, thus a finesse can be defined as:

27 vy WA

F=— = - =
Et‘ot K 2L

(2.75)

Where L, is the total round trip loss, 4 is the wavelength of the light, L is the length of the cav-
ity, and Q is the quality factor. We can now reexpress cooperativity to give a better understanding of

what the optimal parameters for a fabry perot cavity are.

3P Q  24F

42V k2 w}

(2.76)

Where F is the finesse of the cavity, £ is 277’, and wy is the waist at the center of the cavity. Here we
clearly see that smaller cavity waists will correspond to larger cooperativities. For this reason, con-

centric cavities are an exciting regime in which to attain strong coupling. If we assume that we stay

in the confocal regime then the waist will be given by wy = 4/ ’2% = \/% . We then find:

24F  24F

C= WL~ mr (277)

From this we find that the cooperativity will decrease with a longer length. We can then increase
the cooperativity by making shorter cavities. As a result Microcavities are particularly useful because
of their small mode volumes that are enabled by the small radius of curvatures. Another important
consideration is that, in order to maintain strong coupling, one will typically require high-finesse
cavities. This results in narrow linewidth cavities with long ring-down times that can limit the emis-
sion rate of photons from the system. Here, the ringdown time is given by 7 = % = 577 For this

reason shorter and lower finesse cavities are preferred for quantum networking. Microcavities allow
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Figure 2.11: The total collection efficiency CE,,,,. and optimal cooperativity Copt are plotted as a function of the

intrinsic cooperativity, C;,;. Several points are included that are representative for specific cavity geometries, includ-

204

ing macroscopic cavities*"", photonic crystal Cavities (PCC) 170 Fiber cavities °, and silicon micromirror cavities 2°2.

The values used are extracted from existing atom cavity experiments: (¢, k., 7) =27 X (7.8,0.4,6) MHz**,
27 % (624,2.77,6) MHz Y, 27 x (100,7.5, 6) MHz®", 277 (100, 1.5, 6) MHz4%4202

one to maintain strong coupling without a large finesse while also maintaining a short length to in-
crease the photon emission rate. As a result, microcavities are a promising direction for quantum

networking.

2.13 OPTIMAL CAVITIES FOR QUANTUM NETWORKING

To compare which of these cavities is optimal for quantum networking, it is instructive to consider
the total collection efficiency, that is the probability for an excited atom to emit a photon into the
cavity mode and for it to be collected out of the cavity. If we assume that light is only collected from

the front mirror this will be given by

k, C
CE=yp— —— 78
1 T+ 1 (2.78)
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Because we are only collecting light from the front mirror . and ,,, will both be loss into channels
we do not collect as a result we can redefine ;. to include both scattering loss and loss out of the

back mirror. Thus we can rewrite the collection efhiciency as:

(2.79)

This expression is composed of three factors:

1. Mode Matching (7): This parameter quantifies the efficiency with which the cavity mode

can be coupled to a single mode.

2. Output Coupling (*2): This term represents the probability that a photon leaks out

K

through the input mirror rather than through other loss channels.

C

CTr1> : This factor accounts for the emission probability en-

3. Purcell-Enhanced Emission (

hanced by the Purcell effect.

Note that the mode-matching parameter 7 is independent of the other two factors; it must be op-
timized by carefully evaluating the geometry of the cavity. In contrast, the second and third factors
are interdependent. For example, to maximize «;, /x one would make the input mirror extremely
lossy. However, increasing x;, in this way increases the total decay rate «x, which in turn reduces the
cooperativity C and thus lowers the Purcell-enhanced emission probability CLH To analyze this
trade-off more precisely, we can show that the optimal cooperativity, Copts and the corresponding

optimal total decay rate, xqpr, are given by

CYint

Copt = ———F——=~ /Cin 2.80
P14+ VI G t (z-50)
Kopt = Ksc <1 + V14 Cine (2.81)
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where we have define the intrinsic cooperativity, Cy,; as
4
Cipe = = (2.82)

which represents the highest possible cooperativity of the system when limited solely by scattering
loss. The resulting maximum collection efficiency is then:

VI G =1, 2

p— ~ -8
Tmax =TT Coe + 1 1+ vCone (2.83)

Here it becomes clear that, in order to maximize the collection efficiency, one must increase the
intrinsic cooperativity. This can be achieved by increasing the coupling rate ¢ (by creating optical
cavities with smaller mode volumes) or by decreasing «,. (by reducing scattering losses through im-
proved fabrication). With this understanding, we can identify the most optimal cavities to improve

collection efficiency.

1. Macroscopic cavities *°#: These cavities can be fabricated with exceedingly low surface
roughness and absorption loss, resulting in the highest finesses. Unfortunately, the achiev-
able radius of curvature is large, resulting in large waists (typically ~ 30 zm) for the cavity

mode and small g. Consequently, their maximum efficiency is lower than that of other cavity

types.

2. Photonic crystal cavities (PCC) '7°: Explored in Chapter s, these cavities feature an exceed-
ingly large ¢ due to their small mode volume. However, fabrication imperfections and mate-
rial losses result in significant scattering loss. Furthermore, because atoms can only couple to
the evanescent field of the cavity, the effective ¢ is only a fraction of its maximum potential.
If atoms could be placed closer to the device, these cavities would significantly outperform

the others, but this remains experimentally challenging.
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3. Fiber cavities7°: Explored in Chapter 7, these cavities represent a middle ground. Their
small radius of curvature allows for waists of around ~ 4 um, leading to a large ¢, while the
low scattering roughness, achieved via CO, laser ablation, minimizes losses. This combina-

tion results in a cavity that outperforms both macroscopic and photonic crystal cavities.

4. Silicon micromirror cavities *°*: Explored in Chapter 8, these cavities have a radius of cur-
vature similar to that of fiber cavities. However, improvements in fabrication have led to
reduced surface roughness and scattering losses, placing these cavities above even the fiber

cavities in terms of collection efficiency.
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In this way, nature is kind.

Mikhail Lukin

Rydberg Atoms

To mediate interactions between qubits encoded in the ground states of atoms, laser excitation is
used to couple these qubit states to high-lying Rydberg states. Direct excitation to high Rydberg

62,1

states typically requires ultraviolet (UV) lasers °**?. However, working with UV light presents ex-
perimental challenges such as increased sensitivity to temperature via Doppler dephasing. More-
over, direct UV excitation couples the S ground state to a Rydberg P state, which exhibits additional

structure, anisotropic interactions, and a higher sensitivity to external fields.
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A more common and experimentally practical approach employs two-photon transitions via
an intermediate P state, as illustrated in Fig. 3.1 °%?. This allows for excitation to S rydberg states.
Additionally, in this scheme, the two lasers operate at wavelengths where high laser power is more
readily available. Doppler dephasing can be minimized by exciting with counter-propagating beams.

In alkali atoms there are two primary schemes for two-photon excitation to Rydberg states. In
the first scheme, an IR laser is used to drive the strongest optical transition in the atom, [%S 5) <>
|nPy 5), for the first excitation leg. For rubidium and cesium, these transitions occur at 780 nm and
852 nm. The second leg requires significantly more energy to reach the Rydberg state; for rubidium
and cesium, the required wavelengths are approximately 480 nm and so9 nm. However, because
of the small optical dipole moment between states of largely different principal quantum numbers,
this scheme demands much more power for the visible transition, which becomes a major limitation
given the limited availability of high-power lasers in that spectral region.

As a result, the more commonly used "upside-down” scheme as shown in figure 3.1 replaces
the first leg with a transition from the ground state |5 5) — |7 + 1Py/5), which typically lies
in the blue region of the spectrum. For rubidium and cesium, these transitions occur at 420 nm
and 459 nm. Although the dipole strength of the [#S/,) <> |7 + 1P );) transition is smaller
than that of the %Sy /,) < [nPy/;) transition, this “upside down” approach overall requires less
visible power. The second excitation leg is then driven by an IR laser operating at approximately
1013 nm for rubidium or 1033 nm for cesium, wavelengths at which high-power laser sources are
more readily available.

When performing coherent two-qubit interactions, one must consider the interaction rates rel-
ative to the decoherence rate, as this ratio ultimately sets the limit on two-qubit gate fidelity. For
Rydberg atoms, the coherent dipole-dipole interaction scales as ~ 7*, while the decay rate of the
Rydberg state scales as ~ n3. Consequently, the ratio of coherent interaction to decoherence im-

proves to ~ 7', making highn Rydberg states extremely promising. Furthermore, the interaction
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6.8 GHz

Figure 3.1: (A) A characteristic neutral atom quantum system for Rubidium-87, showing optical tweezers projected into
a vacuum chamber through a microscope objective using an SLM for static traps of arbitrary geometry and AODs for
dynamic, moving traps. Fluorescence from the atoms is collected on an EMCCD for atom readout through a secondary
microscope objective. Counter-propagating beams of 420 nm and 1013 nm lasers are used to excite atoms to Ryd-
berg states for performing two-qubit gates. A microwave horn is used to drive single-qubit rotations with a 6.8 GHz
field. These rotations can also be driven by an optical field sent along the same path as the beams used for Rydberg
excitation. This figure was adapted from Ref.® with permission from the author. (B) Qubit information is encoded in
the ground states of the atom, |0> and |1> where single-qubit rotations are applied via a microwave drive, Qﬂw, which
can be applied by microwave fields or a modulated laser. The two-photon transition to the Rydberg state V> is excited
using a 420 nm drive, 450, and a 1013 nm drive, Q1g;3, both far detuned from the intermediate state |z'>, but on
two-photon resonance with the Rydberg state |7).
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strengths can be on the order of gigahertz, allowing two-qubit gates to be executed on nanosecond
timescales’’. These Rydberg—Rydberg interactions manifest themselves through resonant dipole-

dipole interactions, Forster resonances, or Van der Waals couplings**.

Property Symbol 7 scaling For [70S; /5, m; = 1/2)
Binding energy E, n? ~ —728 GHz

Energy spacing E,—E,; n3 ~ 22 GHz

Size of wavefunction 7) n* ~ 3200 4,

Radiative lifetime T n ~ 410 us (147us (at 25°C))
Dipole moment (rlet|r) n* ~ 1693 eay

Polarizability a n ~ 534 MHz/(V/cm)?)
Dipole-Dipole coefficient  C; n* ~ 17 GHz pm?

Van der Waals coefficient  Cy nll ~ 874 GHz y.m6

Table 3.1: Example of Rydberg-atom properties and their dependencies on the principal quantum number 7. % The

fourth column gives approximate average values for the |rl> = |7OSI/2, m; = 1/2> state calculated using the Alkali
Rydberg Calculator (ARC)**®. For calculations involving a second rydberg state the |r,) = [70Ps/p,m; = —1/2)is
used.

To illustrate how Rydberg atoms can enable highly coherent interactions, consider the exchange
of a single excitation between two Rydberg states |71) and |r,). Let the initial two-atom state be
|71) |72). Atoms interact via a dipole-dipole coupling of strength &, where Cj scales as ~ n* (with
n being the principal quantum number). Both Rydberg states decay with a lifetime 7, which scales
approximately as ~ 7°. The effective Hamiltonian then takes the form:
G

Hy = §<|7‘2}"1> <}"17‘2‘ + |7'1V2> <V27'1|>~ (3'1)

This Hamiltonian describes an exchange interaction that requires an evolution time
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to rotate from |r17,) to |r271). Over this duration, the total decay (or error) is

_=  zr
e=1—¢ G7 = X

C3 Tr

, (32)

§\]‘ o

indicating that the error decreases very rapidly with increasing 7 and decreasing distance.

As a concrete example, we consider the system in”, which uses the |62D5 /5, m; = 3/2) and
63D/, m; = 1/2) Rydberg states in ¥ Rb. Atoms are spaced by R = 30 m, and the dipole—
dipole coefficient is C; = 7965 MHzum?. At this spacing, % =~ 0.52 MHz. Both states have
lifetimes on the order of 100 s, yielding an expected exchange error of about 2.5%. By reducing the
spacing to 3 m, in principle one would achieve errors of 2.5 x 1073%, corresponding to fidelity
that exceeds 99.99%. This is challenging to achieve in practice, but gives an idea of how promising

Rydberg interactions can be for performing quantum gates.

3.1 RYDBERG BLOCKADE

While the previous section focused on dipole-dipole interactions, the most commonly used interac-
tion for Rydberg-mediated two-qubit gates in neutral-atom quantum computing is the strong van
der Waals interaction. This interaction produces an energy shift in the Rydberg state of one atom as
a result of the presence of another nearby Rydberg atom in the same state. Although two Rydberg
atoms in the same state do not directly couple via dipolar interactions, they experience a second-
order dipole-dipole interaction that results in this shift. To calculate the shift for the pair state |r171),

we use the nondegenerate perturbation theory:

2
(riry | Hag | 7a7m)
sty = ol tslonll, =

n,m

Here, 7, and 7, denote all Rydberg states that are dipole coupled to 7. From the dipole-dipole
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Figure 3.2: The energy level structure showing the Rydberg blockade in a two-atom system. The energy of the two atom
pair states are shown as a function of interatomic distance R. The lowest energy level corresponds to the ground state
|gg> A laser excitation couples the ground state to a symmetric singly excited state (|rg> + [gr>) with an effective
coupling strength of \/E Q). The coupling to the doubly excited Rydberg state |W>, which is shifted upward by strong
van der waals interactions is "blockaded” when the interatomic distance is within the blockade radius R, where the |77)

state shift exceeds the rabi frequency Q.

interaction, we know that the dipole matrix elements coupling Rydberg pair states scale as ~ n* /7,
whereas the energy spacing (E,1 n — E, ,m) scales as ~ 1/n°. Consequently, the van der Waals shift
scales as 7!! and exhibits a 1/7° distance dependence, the shift is typically written as Cg/ 7, where
the Cg coeficient is a state-dependent constant that typically scales as ~ »!!. For principal quantum
numbers z > 50 and atom spacings of a few microns, these shifts can reach tens of megahertz.

Such large energy shifts give rise to the "Rydberg blockade effect”, where the presence of one
atom in a Rydberg state prevents nearby atoms from being excited to the same Rydberg state due to
the van der waals shift. This can be seen by considering two atoms in their ground states, |gg), under
a drive that excites both to |7), as shown in figure 3.2. The relevant Hamiltonian is

H= " )i + 3 (@l 1+ 07 1, ) (5.4

For O < %, the energy shift prevents both atoms from being excited simultaneously to |77).
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Instead, the system undergoes Rabi oscillations between |gg) and an entangled state,

lgg) «— 7 () +lgn),

The presence of a large van der Waals shift leads to an enhanced Rabi frequency of V2 Q. This
effect is exploited in Chapter 6 to prepare entangled states between two atoms. To observe this be-
havior, the condition

Cs

Q =6
<<},6

must be satisfied. From this inequality, one can derive a minimum spacing beyond which the block-

ade remains effective. This spacing, known as the blockade radius, is given by

3.2 RYDBERG MEDIATED Two-QUBIT GATES

The first proposal for a two-qubit gate mediated by the Rydberg blockade interaction was intro-
duced in 200072, These gates are implemented by bringing two single atoms within the blockage
radius of each other, then applying a drive that couples states in the qubit manifold to a Rydberg
state to mediate interactions. One of the proposed gates, now known as the ”z — 27 — 7 gate,” pro-
vides an intuitive framework for how the Rydberg blockade effect can be used to perform two-qubit
gates, shown in 3.3.

In this protocol, we consider three atomic states: two qubit levels, |0) and |1), and a Rydberg
state, |7) as shown in fig 3.3. Local drives couple the |1) state to |) in each atom. The gate is per-
formed in three steps as shown in 3.3: (1) Apply a z-pulse to atom 1, exciting it to |r) if it is in |1).

(2) Apply a 27-pulse to atom 2. If atom 1 is in the |7) state, atom 2 will experience a Rydberg block-
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ade, and no excitation to |7) will occur. If atom 1 is not in the Rydberg state, atom 2 will perform
arotation through |7) and return to |1), resulting in a conditional z-phase shift. (3) A final z-pulse
is applied to return atom 1 back to the qubit manifold. This sequence results in a conditional phase
gate. When combined with two Hadamard gates, the protocol implements a CNOT gate.

Leveraging advances in single-atom trapping, Rydberg-mediated entanglement was realized in
2010 by both the Saffman and Browaeys groups”">°°. In particular, the Saffman group imple-
mented the 7 — 27 — 7 gate with fidelity of approximately 73%. At the time, these gate fideli-
ties were far from those of more established platforms, such as trapped ions and superconducting
qubits, which achieved fidelities closer to 99%. This remained a primary criticism of the neutral-
atom quantum computing platform until recently.

Now, after several advances in both theoretical °>747¢ and experimental %% understanding,
neutral atom quantum systems can consistently achieve fidelities that are competitive with other
quantum systems. The current state-of-the-art method is the optimal time gate”#, shown in 3.3.
These gates perform a controlled phase operation using a global drive between one of the qubit
states and the Rydberg states of the atoms, with an optimized phase and intensity profile. These
gates are optimized to minimize the amount of time spent in the Rydberg states during the gate,
leading to less decay from the Rydberg states and higher gate fidelities. Gates of this type have been
implemented across various atomic species, with fidelities exceeding 99.5% for two-qubit gates in
a few hundred nanoseconds>+'?7>''»*5 The understanding of these gates continues to evolve, and
there is a clear path toward achieving 99.9% fidelity with improved laser power and pulse shap-
ing7®'9714°. An additional capability that neutral atoms possess is the ability to perform gates
between arbitrary qubits. Rydberg-mediated gates are intrinsically nearest-neighbor interactions.
However, by moving atoms, one can change the connectivity of the platform. Importantly, this
transport does not cause any loss of quantum information and allows two-qubit gates to be per-

formed between any two qubits '53+17:1¢_ The speed of this transport is limited by the trap fre-
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Figure 3.3: (A) A level diagram illustrating the 7 — 27 — 7 gate. @ A 7-pulse is applied to atom 1. @ A 27-pulse is
applied to atom 2. @ A final 7-pulse is applied to atom 1, completing the sequence and resulting in a controlled phase
gate. (B) The pulse sequence used to performthe 7 — 27

7 gate. (C) A level diagram showing the time-optimal
gate, where a global drive is applied to both atoms with a phase and intensity profile defined by gp(t) and Q(t). (D)

The temporal profile of the phase @(#) and intensity {)(¢) used to implement the time-optimal gate. This figure was
adapted from ref>* with permission from the author.
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Figure 3.4: (Left) Full Stark map of the 7081/2 manifold in rubidium as a function of external electric field. The color

scale indicates the dipole transition strength | (7051/2 || 7) ’ (Right) A magnified view of the stark map, showing how
electric fields in combination with strong dipole coupling severely modifies the energy levels as well as mixing rydberg
states.

quency, which sets a transport time of a few hundred microseconds.

3.3 RYDBERG ATOoM ELECTRIC FIELD SENSITIVITY

Although going to higher principal quantum numbers 7 can theoretically increase gate fidelities, it
also increases the atom’s sensitivity to electric-field fluctuations. This sensitivity arises from second-
order perturbations caused by the mixing of a Rydberg state with nearby Rydberg states of opposite
parity. Consequently, the energy shift in the presence of an electric field £ can be written as

Z ‘ i) ‘2 (3-5)

_Er/

where E is the electric field applied to the atom and 7, is all Rydberg states dipole-coupled to the
state |r1), and E}, is their corresponding energy

From the scaling of the dipole matrix elements (~ 7*) and the energy spacing between neighbor-

58



ing Rydberg states (~ 7~3), we find that the polarizability of the Rydberg state scales approximately

as 7/ . In most treatments, this is expressed using a polarizability « such that
1 2
Aw = sz]E\ (3.6)

This polarizability can be displayed using a stark map as shown in figure 3.4. In this figure it can
also be seen that the presence of nearby Rydberg states will introduce additional sensativity to fields,
where avoided crossing with other states result in sharp increases in the polarizability at specific
electric fields.

Fluctuation electric fields would then introduce a detuning noise to the ground-Rydberg ex-
citation, resulting in a reduction in gate fidelities. In order to combat this, it is possible to design
more robust gates. However, even in the best case, it is not possible to find a gate fully robust to this
detuning noise”®. Asa result, it is necessary to understand how we can mitigate these charge fluctua-

tions in order to maintain high-fidelity quantum gates, which is the focus of chapter 6.

3.4 RYDBERG ATOM INTERACTION WITH ELECTRIC FIELD GRADIENTS

An intriguing effect, partially explored in Chapter 6, is the interaction of Rydberg atoms with elec-
tric field gradients, which arise naturally from point sources of charge. Such gradients exert a force
on Rydberg atoms, and with coherent control, this effect can be harnessed to manipulate the atomic
motional state. Effectively, electric field gradients introduce a state-dependent force that acts only
on the Rydberg state and not the ground state. This leads to decoherence through two primary

mechanisms:

1. Position Wavefunction Overlap:

If the Rydberg state experiences a greater displacement than the ground state, their motional
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wavefunctions may become distinguishable. Since the total state of the atom is the tensor
product of its spin and motional states, decoherence in the motional degree of freedom

causes decoherence in the spin state as well.

Suppose the Rydberg state is displaced by Ar relative to the ground state, and the initial

wavepacket width is o,.. Then the overlap between their motional wavefunctions scales as

o (-0

7

The width 7, depends on the trap frequency and is typically on the order of so nm. We can
calculate the relative displacement A7 as a function of the number of charges on the cavity
and the atom’s distance from it using Eq. 3.11. We further assume a maximum sequence

duration of S us, beyond which atomic loss becomes significant.
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Figure 3.5: (Left) Displacement A7 of the Rydberg state as a function of the number of charges Q on a point charge
source, for various initial distances 7). The vertical dashed line indicates 50 nm, the typical wavepacket width. (Right)
Corresponding wavefunction overlap at 7y = 120 um, showing rapid decoherence for Q > 200e.

2. Differential Accumulated Phase:

In a Ramsey-type interferometry sequence of duration  the relative phase () accumulated
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between the two 7/2 pulses is given by:

(1) = /OIA(Z")W (3.7)

where A(z) is the time-dependent detuning of the Rydberg state from the driving laser fre-

quency. This detuning arises from the Stark shift, which we model as

Ar) = (3-8)

where U(7) is the potential energy of the Rydberg state in the electric field. Assuming small

displacements, we Taylor expand U(7) about the initial position 7y:
U6 ~ V) + 22| o) (59)

Assuming an initial thermal distribution with position xy and velocity vy, and including

constant acceleration 4, the displacement is:

1
or(t) = xo + vot + 541‘2 (3.10)
where the acceleration is given by:
1 0U
a Z E . (3.11)

Substituting into the phase expression, we obtain:

1 [ 1
o(t) = h/ ma (xo + vt + zat/2> ar (3.12)
0

with 4 given explicitly in Eq. 3.11.
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We can view a single Rydberg atom in a superposition state as a type of interferometer, where the
two paths correspond to the internal states, and can be manipulated by applying 7z pulses at various
times.

We begin by deriving a general expression for the atomic wavefunction in position space as a
function of evolution time. As outlined above, the wavefunction evolves into a displaced Gaussian
wavepacket accompanied by a phase factor (assuming an initial Gaussian coherent state). Both the
displacement and the accumulated phase influence Ramsey-type experiments.

However, the displacement cancels if the two arms of the interferometer are recombined so that
they have equal final positions and momenta, that s, if (xfnal, 0fina) are the same for both arms. This
condition can be satisfied by applying pulse sequences with two or more 7 pulses, provided certain
relationships between the pulse timing intervals are met. Furthermore, the accumulated phase can
exhibit a polynomial time dependence of the form ~ 2 + 2 + ¢, which can also be cancelled using a
three-pulse sequence.

These results enable two key applications:

¢ Extending Rydberg coherence: Electric field gradients typically limit Rydberg coherence
due to motional effects. Our three-pulse sequence cancels both the displacement and the
accumulated phase. This approach may be extended to multiple interacting Rydberg atoms,

where the interaction scales as 1/7°.

* Electric field gradient sensing: A two-pulse sequence cancels the displacement of the
wavepacket, but leaves a residual phase that is sensitive to the gradient. By tuning the total se-
quence duration, we can optimize the sensitivity to charge-induced gradients. Alternatively,

a single-pulse sequencem would retain sensitivity to both phase and displacement.
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Sequence Cancels Phase? | Cancels Displacement?
TN — T — Ty No No
T—7T—2T—7T—T No Yes
#r—z—%r—w—%r—ﬂ—%ﬁr Yes Yes

3.4.1 (CANCELLING PHASE SPACE DISPLACEMENT

To cancel motional differences with a two-pulse sequence (with wait times #, #5, £3), we require:
Momentum balance:

htt==0n (3.13)

Position balance:

1 1
5(tf +8)+nty + 1ty = Etﬁ + tot3 (3.14)

Solving these with total time 7" = # + £, + 3 yields:

(3.15)

This corresponds to the Carr-Purcell sequence with N' = 2. More generally, any even number of

pulses also satisfies this symmetry.

3.4.2 REMAINING PHASE SHIFT

Although the Carr-Purcell sequence cancels displacement, it does not eliminate phase accumulation

(as cancellation requires N > 3 for ¢(¢) ~ £2). The accumulated phase is:

oU\* 7
Ip(7) = % (;) — (3.16)

m
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or equivalently:

2
do(T) = 32% (%ﬁ) & (3.17)

with 7' = 4r.

Thus, we expect the ground-state population to vary as:
PT) = 2 4  cos(dT?)
(1) = 5 + 5 cos

where 4 depends on the electric field gradient, which in turn depends on the distance from a point

charge as well as its charge. Figure 3.6 shows the simulated P,(T) at a distance of 70 um.

=
o

o
o)

o
o

©
IS

o
N

Ground state population

o
o

Total time (us)

Figure 3.6: Simulated ground state population after a Carr-Purcell sequence (N = 2), as a function of total sequence
time 7, at distance 79 = 70 um.

If the charge varies shot-to-shot (but remains fixed during each sequence), we can average over a
distribution. Figure 3.7 shows the simulation for g = 200 %10 ¢ point charge, drawn from a normal
distribution.

As aresult, this phase will produce a sensative measurement of the electric field gradient that

increases in sensativity as a function of time.
1 ,
dP, = —=T°sin(AT°)dA
2
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Figure 3.7: Averaged ground state population over a point charge distributiong = 200 == 10 ¢, for varying sequence
times and distances.
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Let’s explore...

Mikhail Lukin

Construction of the Fiber Cavity

Apparatus

A significant component of my Ph.D. was the construction of the vacuum chamber and the fiber
cavity device used in the chapter 7. In this chapter, I will provide an overview of the vacuum cham-
ber and cavity structure design. Both of these designs are inspired by the chamber and mounting

structure of the nanophotonic cavity utilized in the chapters 5 and 6.
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Figure 4.1: A pictorial representation of the fiber cavity experiment, rendered in the style of Studio Ghibli, illustrates
an array of atoms trapped above the cavity where entangling operations are performed using Rydberg interactions.
Coherent transport is used to shuttle atoms between the quantum processor and the photonic interface. The photonic
interface, a fiber-based Fabry-Perot cavity, enables fast readout as well as quantum networking.
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4.1 HicH FINEssE OprTICAL CAVITIES IN ULTRAHIGH VACUUM

Placing high-finesse optical cavities in an ultra-high-vacuum (UHV) environment is challenging, be-
cause of the stringent stability and alignment requirements. To give an idea of the stability needed,
in order for the cavity detuning to remain constant, the length of the cavity must be stable to within
%F. For our cavity, this corresponds to a length on the order of 10 picometers. Fortunately, these
requirements are alleviated by the use of fiber cavities. First, fiber cavities can operate in the near-
confocal regime while still maintaining strong coupling. As mentioned in the previous chapter,

this regime is less sensitive to misalignment. Additionally, their small size makes it possible to create
smaller mounts with reduced susceptibility to mechanical fluctuations. Secondly, the reduced cavity
size also allows for kilohertz bandwidth modulation of the length. This high modulation bandwidth
enables robust stabilization against noise at acoustic frequencies.

Another important consideration when placing high-finesse cavities in vacuum is that special care
must be taken to select appropriate coatings so that the reflectivity does not degrade under UHV
conditions. Our fiber cavities are purchased from QLibri, where we specify a radius of curvature of
about 150 #m and a 780 nm coating with a finesse of approximately 40,000. The coating is a stan-
dard high-reflectivity dielectric stack made of alternating Ta,Os and SiO,. To prevent reflectivity

degradation in UHV, we request an additional protective layer 1/2 SiO, 3.

4.2 ALIGNMENT OF THE FIBER CAVITY

Alignment of the fiber cavity is performed using two 3-Axis NanoMax™ NanoPositioning Flex-
ure Stages and mounting the fiber cavities in a fiber chuck mounted in an Adjustable Flexure Fiber
Chuck Mount giving an additional 2 degrees of freedom of tip and tilt. Cameras are setup to view
the cavity from above and from the side. This setup is shown in fig 4.2. With all degrees of freedom

a coarse alignment of the fibers to each other is enough to form an optical cavity between the two
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Figure 4.2: (a) An image showing the alignment setup for the fiber cavity when being loaded into the mount. (b) Po

aligning the fiber cavity using the x and y plane images.

fibers. This signal can then be further optimized for Finesse and mode matching. fine alignment

is performed using a 3-axis piezo controller attached to one of the nanomax stages. The cavity can
be monitored from the cameras, while also monitoring the reflection and transmission of the fiber
cavity on an oscilloscope. Finesse is measured by modulating the phase of the probing laser with

a frequency larger than the linewidth of the cavity. The sidebands produced by this modulation

can then be used as a frequency ruler to measure the linewidth of the cavity. In order to find the fi-
nesse the length is then approximated using the cameras. A typical setup for the alignment process is
shown in fig 4.2b.

Aligning fiber cavities have many differences from their traditional macroscopic cavity counter-
part. An important consideration is that, unlike the traditional cavity case, a camera cannot be used
to see the profile of the mode being measured. As a result, determining which mode is the TEMgg
poses a challenge. In order to find the TEMy mode one can take note of the mode spectrum and

utilize the way in which the structure of the modes changes as a method to find the mode that be-
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haves like the TEM(g. Another way of determining the TEMo mode is to form longer cavities and
find the mode that is most prominent at these longer lengths. Due to the larger size of higher-order
modes, they experience a larger amount of clipping loss and thus appear with lower finesse and have
less signal. The reflectivity spectrum of a fiber cavity is carefully described in *°. The results of this
paper show that the reflectivity of a fiber cavity is given by:

Kin

(D) =8 - WfWJZW (4.1)

Here j is a parameter that describes how much of the light is directly reflected off of the mirror
and back into the single mode fiber. This is not always 1 due to misalignment of the ablation and
the fiber core resulting in an angle at the end of the fiber which reflected light out of the core and
into the cladding. <¢f\ ¥) is the overlap of the fiber mode |¢f> and the cavity mode Wf>. The mode
matching, which is the amount of light that enters the cavity from the single mode fiber and vice
versa, is then given by |<¢f| #.)|%. In the case of reflection we find a |( ¢f| ¥,)|* term, which corre-
sponds to mode matching squared due to the circulating power being proportional to the mode
matching and the leakage of that power into the single mode fiber being proportional to mode
matching as well, thus resulting in a mode matching squared. Another feature of the fiber cavity
reflectivity is that the projection of different modes into the same single mode fiber results in fano-
like features. This can be captured by considering the full reflectivity spectrum.

Kin

Kmnq/z + l’(a)l - wmnq)

(4.2)

HA) =B 3 W)

m,n,q

Where q denotes the longitudenal mode of the cavity and n and m correspond to the transverse
mode of the cavity and @, is the resonance frequency of that mode, «,,, is the corresponding

linewidth, and Wmnq) is the spatial electric field profile of the mode. The spatial structure of these
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modes and their respective frequencies are discussed in chapter 2. It is important to note that inter-
ference between the light from different modes will result in a fano like line shape. One will typically
find that minimizing the fano feature on reflection corresponds to proper alignment, this is due

to the reduction in the phase shift from higher order modes. If we now write the equation for the

transmission:

(D) = = Y (Pl — (43)

Kmng/2 + {(@] — @mng)

m,n,q
We find that this spectrum will not suffer from these fano effects. Another important thing to note
about fiber cavities is their shape. A typical fiber cavity will have a Gaussian shape as a result of ab-
lation with a Gaussian laser. The deviation from the most optimal spherical shape results in diffrac-
tive losses, especially at longer lengths of the cavity. This eventually limits the workable length for
typically fiber cavities to something on the order of L < ROC/2 for a flat to curved fiber cavity
configuration. This forces us to work in the near-confocal cavity regime, where we deviate slightly
from confocal to maintain a large spacing between the TEMp mode and higher-order modes. For-
tunately, due to the small radius of curvature of the fiber cavity, it is not necessary to operate in

the concentric regime to maintain a small waist and strong coupling as discussed in Chapter 2. Ad-
ditionally, a near-confocal cavity is significantly less sensitive to alignment, which will be a useful
feature later.

In addition to diffractive losses, the Gaussian shape introduces the interesting effect that mis-
alignment can significantly change the effective radius of curvature of the mirrors because the radius
of curvature of a Gaussian varies at different points along it. This results in alignment-dependent
birefringence arising from differences in the radius of curvatures from one axis to the other. This

can also be seen as splitting of the higher-order modes that will no longer be degenerate.
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Figure 4.3: (a) shows a top view of our vacuum chamber with ports (1-3) labeled for the glass cell, ion pump, and turbo
pump ports. (b) shows a bottom view of our chamber with ports (4-6) labeled for the fiber feedthrough, back viewport,
and electrical feedthrough

4.3 Vacuum CHAMBER ASSEMBLY

The vacuum chamber design largely follows that used in Chapters 5 and 6, but with a few modifi-
cations. One main difference is the larger central chamber, which consists of a 4.5” spherical cube.
Each port in this chamber serves a different purpose, as summarized in Table 4.1 and labeled in Fig-
ure 4.3.

In order to prepare the parts for ultra-high vacuum it is necessary to “bake” them. By bringing
the parts to a high temperature for a prolonged period of time, it allows the parts to outgas a sig-
nificant amount of the compounds trapped inside the material. We pre-baked all the steel parts of
our chamber in an oven provided by QuEra computing at 450C for 2 days. After assembling the
chamber, we then performed an additional vacuum bake at a lower temperature of ~150 due to the

limited maximum temperatures of parts such as the glass cell.
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Figure 4.4: (a) Vacuum parts for the chamber are baked in a large oven provided by QuEra Computing, held at 450 °C
for two days to reduce outgassing. This process also imparts a brown hue to the parts due to oxidation. (b) The glass cell
is carefully placed over the cavity-mount structure. The chamber is tilted upward so that the copper gasket can rest on
the “razor blade” of the vacuum chamber. (c) The glass cell is protected by a vacuum-foil wrapping and then wrapped
with heater cables. The temperature is monitored at multiple points along the chamber to ensure even heating, which

is especially important at the glass-metal interface. For these bakes, we typically go to a temperature of 150 °C for one
or two weeks. During the bake, we continuously monitor the fiber cavity to ensure its alignment is not severely shifted.
The oscilloscope trace shows the cavity resonance, as well as a sideband used to measure the linewidth.
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Port

Parts

Use

I

4.5” to 2.75” zero-length reducer,
2.75” CF Flange Adapter (with
groove grabbers), Glass Cell

4.57 to 2.75” zero-length reducer,
2.75” CF to 1/8” Swagelok adapter

4.5” to 2.75” zero-length reducer,
2.75” CF 10-pin double-ended bayo-
net feedthrough

4.5” fused-silica viewport

Double sided faced 4.5” CF, 4.5” CF
Close Coupler (with groove grab-
bers), NEXTorr® Dsoo-s NEG-ION
combination pump

4.57 to 2.75” zero-length reducer,
2.75” right-angle manual bellows
valves

Flange adapter provides groove grab-
bers used to mount the cavity rod
structure that extends into the glass
cell.

Fiber feedthrough for connecting the
fiber cavity: a single-mode fiber input
and a multimode fiber output.
Electrical feedthrough for connecting
the cavity piezos, heaters, and rubid-
ium dispensers.

Back window for optical access.

Ion pump for maintaining UHV.
The groove grabbers also provide

a mounting point for the vacuum
chamber.

Connection to a turbopump during
bake-out and for pumping down
prior to activating the ion pump.

Table 4.1: Summary of the ports on the vacuum chamber, along with the parts used and their functions.

4.4 FiBER CAVITY MOUNT

The fiber cavity is suspended in the vacuum chamber by a rod structure made from Kimball Physics
components, which attach to the groove grabbers on a 2.75” CF flange adapter. At the end of this
rod assembly, an aluminum mount extends into the center of the glass cell, and the fiber cavity is
affixed to a glass-slide assembly on that mount as shown in figures 4.5 and 4.6.

To construct the fiber-cavity mount, two Noliac shear piezos (model CSAPor) are glued onto
a25.4mm X romm X 1 mm glass slide. Next, a monolithic V-groove structure is attached on top
of the piezos, and the glass connection at the base of the V-groove is severed to allow for freer piezo

movement. This V-groove method (adopted from the Childress and Sankey labs at McGill Univer-
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Figure 4.5: (a) We receive our fiber cavities from QLibri in a Tupperware container, in which the fibers are mounted

on a machined metal structure. (b) The fiber-cavity mount is shown. The piezos, which modulate the cavity length, are
attached to a microscope slide. On top of the piezos is a monolithic V-groove that holds the fiber. Part of this V-groove
was deliberately broken to allow the piezos to move freely. The fiber cavity is visible in the V-groove, with a single-
mode fiber on the left and a multimode fiber on the right; the latter is bent and redirected down the mount. For strain
relief, both the piezo wires and fibers are secured to an additional glass slide.

sity) simplifies the rough alignment of the fiber cavity: simply placing the fibers into the grooves
already yields a reasonable initial alignment, requiring only minor tweaks to minimize birefringence
and maximize finesse and mode matching.

To test the bake-out’s effect on cavity alignment, the Childress and Sankey group provided fiber
cavities for a trial setup. A fiber cavity was baked at 150 °C for five days, with continuous mon-
itoring of finesse. No degradation in finesse or mode matching was observed. Bake-outs of the
fiber-cavity device described in Chapter 7 also showed minimal shifts in finesse and mode match-
ing. However, the temperature must be raised and lowered very gradually. We found that after a
sudden power outage during a bake-out, the rapid temperature change caused a permanent shift in

both finesse and mode matching.
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Fiber Cavity Mount

Figure 4.6: (a) The rod structure used to mount the fiber cavity onto the vacuum chamber. (b) A side view of the cham-
ber, looking along the axis of the fiber cavity. The tilt of the cavity mount permits an imaging beam to enter from the
bottom of the chamber and pass through the center of the fiber cavity without clipping. Additionally, the high-NA
optical tweezers can be introduced from the side without intersecting the cavity or its mount.
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Souncds good, let’s do it, let’s push!

Mikhail Lukin

Entanglement Transport

The realization of an efficient quantum optical interface for multi-qubit systems is an outstanding
challenge in science and engineering. Using two atoms in individually-controlled optical tweezers
coupled to a nanofabricated photonic crystal cavity, we demonstrate entanglement generation, fast
non-destructive readout, and full quantum control of atomic qubits. The entangled state is verified
in free space after being transported away from the cavity by encoding the qubits into long-lived

states and using dynamical decoupling. Our approach bridges quantum operations at an optical
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link and in free space with a coherent one-way transport, potentially enabling an integrated optical
interface for atomic quantum processors.

Systems of neutral atoms have recently emerged as a powerful platform for quantum simulations
and quantum computation ®*#-174113 Atom trapping, coherent control, and readout are enabled
by optical beam arrays, whereas high-fidelity multi-qubit quantum gate operations are enabled ei-
ther through tunneling®* or coherent excitation into atomic Rydberg states '°°. Many potential
applications of these systems, from quantum networking to modular quantum computing, require
a mechanism for transferring qubit states to optical photons without compromising the ability for
multi-qubit control "****4, Integration with a quantum optical interface, such as an optical cavity
with switchable interactions, would enable the required atom-photon entanglement generation
and distribution '9%"3>153. A promising approach to achieve this is by spatially separating the cav-
ity from the array and transporting selected atoms to and from the field as needed, preserving the

coherence and scalability of atom array systems (Fig. 1A).

5.1 EXPERIMENTAL SETUP

We demonstrate a system with a micrometer-size photonic crystal cavity (PCC) coupled to neutral
atoms in movable optical tweezers that can perform high-fidelity single qubit control and measure-
ments as well as generate two-atom entanglement. Following the prior work that demonstrated

coupling of atoms to photonic crystal structures ®5>%17°

s entangling atoms in macroscopic cavi-
ties**+*°5 and coherently transporting atoms and ions in free space '#?>'45, we demonstrate PCC-
mediated entanglement generation that can be preserved and verified after transporting the atoms
away from the cavity near-field. This is achieved by engineering a compact high-cooperativity pho-

tonic structure, establishing full quantum control in the near-field, encoding the qubits into field-

insensitive states, and using dynamical decoupling sequences synchronized with the atomic trans-
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Figure 5.1: Nanophotonic interface for atoms in tweezers. (A) A nanophotonic cavity could act as a photonic link for
atom arrays serving as quantum information processors. Our system consists of two atoms in optical tweezers coupled
to a fiber-linked cavity capable of a coherent one-way transport. (Inset) Atomic qubit states coupled by a microwave
drive ) 5177, with one coupled by the cavity field ¢ to an excited state. (B) Cavity reflection spectrum for an atom in

a strongly coupled state (blue) and an uncoupled state (gray), described by (Zg, 7, K) = 27X (786, 6, 3800) MHz. (C)
Readout of different two-qubit basis states by using the reflected photon counts. State |00> is distinguished from the
others with fidelity 7 = 0.95(3). The atoms, cavity, and probe are on resonance. (D) Single-qubit Rabi oscillations in
the cavity near-field showing preparation and coherent rotation with a 7 pulse fidelity F,, = 0.946(3).

port.

In our experiments, two 87Rb atoms were trapped in individually controlled optical tweezers and
coupled to a PCC attached to a tapered optical fiber, enabling a low-loss photonic link out of the
vacuum chamber (Fig. 1A)'%%. The small cross-sectional area of the PCC (< 0.1 um?) resulted in
a small mode volume V,, ~ 0.42> that enabled high atom-photon cooperativity ** and allowed for
switching of the photon interactions by moving the atoms over ~ lum in and out of the cavity near-
field. Atoms at the PCC were trapped 260 nm above the surface by a standing wave created with
the retro-reflection of the tweezer '9>"9%'7°A. Loading into the first lattice site of the standing wave

was accompanied by a trapping potential deformation that resulted in a ~ 50% loading probability,

79



which was increased to 80% by performing polarization gradient cooling during the transport to the
PCC A. (An efficiency above 90% without cooling during transport has been achieved with atoms

initialized in the motional ground state *?3.)

5.2 Atoms CourLED TO PHOTONIC CRYSTAL CAVITY

The cavity reflectivity strongly depends on the internal atomic state, with qubits encoded in

|0) = |F=1,mp = 0)and |1) = |F = 2, mr = 0). The PCC was tuned to be resonant with the
5812, F'=2 — SP3, F = 3 optical transition and addresses all the 727 levels within these man-
ifolds owing to the large cavity width . The reflection spectrum of a single atom is characterized by
the extracted cooperativity C = 4¢*/(xy) = 27(1) with a fit that accounts for thermal averaging
(numbers in parentheses indicate one SD) (Fig. 1B)'7°. When probed on resonance, the difference
in reflectivity between an atom in the coupled F = 2 and uncoupled /' = 1 manifold was used

to perform a non-destructive single-shot readout. With two atoms, the uncoupled state |00) is dis-
tinguished from the other two-qubit states with high fidelity (Fig. 1C). This was used to determine
the full two-atom state in all measurements at the PCC. For experiments in free space, readout was
performed with state-selective push-out from the trap followed by fluorescence imaging. In both
of these regimes, each pair of atoms was simultaneously prepared into |0) by using Raman-assisted
state preparation A, and addressed with a global microwave drive to perform single-qubit gates (Fig.
1D).

To coherently move the qubits from the near-field into free space, a millisecond coherence time
was necessary. Choosing Zeeman-insensitive hyperfine sublevels as the qubit basis results in coher-
ence times of 7% = 2.1(1) ms and 9.7(8) ms in the near-field and free space, respectively, measured
with a spin-echo pulse sequence (Fig. 2A). In the field-insensitive basis, the coherence is typically

limited by the thermal motion that samples varying differential ac Stark shifts in the trap?>'54, and
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our measured 7 in free space is consistent with this model, given the trap parameters. The 7} at the
PCC is likely further reduced by heating intrinsic to the near-field trapping geometry “*A.

Atomic coherence during transport is additionally affected by the change in differential ac Stark
shift when moving between different trapping configurations. To observe this change, a detuned
microwave 7 pulse was applied to single atoms at various times along the ~ 1 zm path from the
PCC, where the measured population transfer is proportional to the instantaneous qubit fre-
quency A. From the resulting ramp profile in Fig. 2B, we obtained the minimal time of 650 s to
move from the PCC, limited by the mechanical response bandwidth of the scanning mirrors. De-
phasing caused by fluctuations in the atom trajectory can be circumvented by using the Carr-Purcell
decoupling pulse sequence (Fig. 2C)*¢. This sequence was tested with the atom beginning in a su-
perposition at the PCC and followed by N x 7 pulses along its transport, which performed better
for an even N because of the symmetry of the ramp profile shown in Fig. 2B. The performance of
the decoupling sequence was characterized separately in the two optical tweezers (trap A and trap
B): For an optimal N = 4, an atom in trap B retains 0.88(5) of its initial coherence, limited by the
move time and 7% (Fig. 2C). The lower contrast of 0.64(3) for an atom in trap A is ascribed to extra
fluctuations in the scanning mirror, given that the traps are otherwise uniform. In addition to deco-
herence, each atom has a ~ 15% chance of being lost on the way out of the PCC, which is corrected

for in the free space readout A.

5.3 CaviTy CARVING

To generate an entangled state of atoms using the cavity, we performed a protocol known as "cavity
carving” that projectively measures a classical superposition state while maintaining qubit indis-

185,

tinguishability *>#, which can result in a maximally entangled Bell state "®>*°*. To implement the
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Figure 5.2: Qubit coherence during the transport between the cavity and free space. (A) Measurement of the echo Tz
for stationary traps at the PCC (red) and in free space (blue). (B) Changes in the trapping potential configuration during
transport cause differences in the light shift and therefore qubit frequency, which can lead to additional dephasing. The
gray line indicates fit to the programmed ramp. (C) Single-atom coherence for atoms in each trap (labeled "A” and "B”)
after transport measured in a Ramsey-type sequence. A four-pulse Carr-Purcell sequence symmetric with respect to the
qubit frequency profile during transport was used to echo out the light shift variations.
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Figure 5.3: Heralded entanglement at the cavity. (A) Protocol description. Post-selection on a photon reflection from

a superposition state carves out the |00> component, leaving the atoms predominantly in |‘I’+> (B) Populations of

the resulting state in different basis states. A 7z/2 pulse was applied before the measurement converting the Bell state
|‘I’+> into |CD+>. {P11, Pyo} is extracted {with, without} an additional global 7 pulse before cavity reflection reflection.
Py; and Py cannot be distinguished. (C) Parity oscillations of the |q)+> state after rotating over a varied axis @, show-
ing non-classical correlations between the qubits in all bases. The coherenceJolL00 is extracted from the amplitude. The

combined coherence and populations gives a Bell state fidelity of ' = 0.72(3).

protocol, we initialized the atoms in |00), and rotated by an angle € to create the state

Wo) = cos? (i) 100) — sin? (i) 1)
~ssin (3 ) os (5) o) + o) (5.1

We sent a weak coherent pulse into the cavity mode (z = 0.35, chosen for negligible scattering
error A), and condition on the detection of a reflected photon to project the state |00) out of the
two-atom Hilbert space. The angle & was chosen to maximize the overlap of the resulting state with
'v+) = (]o1) + |10))/ﬁ, minimizing the population in |11) while accounting for the finite re-
flectivity of |00). For our system, the |00) reflectivity is already less than that of the other two-atom
states (Fig. 1C). It was further reduced by an interferometer in the detection path and is ultimately
limited by the interferometric stability A. After the projection, an additional 7/2 pulse was applied
to rotate the Bell state [¥) into |®T) = (]00) + |11))/+/2 for ease of characterization.

The entangled state was first characterized in situ by using the cavity reflection readout shown
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in Fig. 1C. The |@7) fidelity 7 = (®T[p[@*) = (Poo,oo + J°11,11) + Re(pyg 11) was
determined by measuring populations and extracting coherence from the parity oscillation con-
trast upon another 7/2 rotation over different axes***A. Populations are plotted in Fig. 3B with

P = Py + Py = 0.78(3); the imbalance between |00) and |11) is discussed and modeled in
the supplementary materials A. The parity oscillation in Fig. 3C corresponds to a coherence of
P00 = 0.33(2). These measurements give a fidelity of 7 = 0.72(3) and a concurrence bound
of C > 0.46(5) A. The major part of the error (24%) is accounted for by the chosen initial angle

g for our protocol, with an additional 4% from the initialization imperfections. Although our ap-
proach uses a single gate photon, heralding on repeated gates can improve the entanglement fidelity

at the expense of the success probability 4.

5.4 ENTANGLEMENT TRANSPORT

Last, the entangled atoms were transported away from the cavity while applying decoupling pulses.
The qubit state populations were measured in the ZZ, XX, and YY bases (Fig. 4), giving the popula-
tion P = 0.78(6) and the coherence p;, o, = 0.26(5), corrected for the atomic loss. This resulted
in a fidelity of 7 = 0.65(6) and a lower bound to the concurrence of C > 0.35(11) (F, = 0.52(5)
and C, > 0.04(10) without the readout correction). Both F > 0.5and C > 0 certify entangle-
ment after transport at a 99% confidence level. The state fidelity is consistent with the decoherence
observed for single atoms during transport (Fig. 2C), limited by atomic thermal motion and uncor-
related fluctuations in the programmed trajectories. The trajectory fluctuations can be reduced in
the future by using an acousto-optic deflector (AOD) that would speed up the transport and en-
able atomic displacements of more than 100 gzm, which is sufficient for high-fidelity Rydberg state

control °°.
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Figure 5.4: Coherent transport of entangled atoms from the cavity to free space. After entangling the atoms at the
cavity, the tweezers are moved away while applying dynamical decoupling. Free space readout in different bases after
transport shows the remaining entanglement fidelity of J* = 0.65(6), which is larger than the classical limit of 0.5.

5.5 OuTtLoOOK

These results demonstrate that combining movable atoms in tweezers with nanophotonics consti-
tutes a promising platform for the development of a quantum optical node for large-scale atomic
quantum processors. If integrated with a free space atom array, our system could enable quantum
teleportation of the atom array states to optical photons ' or remote entanglement of arrays. This
can be accomplished by using the demonstrated one-way transport, in which the atoms that are
entangled with a photon at the PCC are then coherently moved to the free space array to interact
through Rydberg gates. Extending our demonstration to a general-purpose quantum optical inter-
face with a coherent two-way transport could enable feed-forward protocols such as quantum error
correction by means of fast, high-fidelity quantum nondemolition cavity readout. Furthermore,

with multiple atoms coupled to nanophotonic waveguides, entangled and arranged into arbitrary
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spatial configurations, important classes of many-particle quantum states can be created, such as
atomic cluster or graph states?', large-scale photonic Fock states 2, or Schrédinger cat states*°.
Last, telecom transitions present in both alkaline-earth and alkali atoms>*'*' could extend atom-
nanophotonic quantum networking to long-distances, which is crucial for quantum communica-

tion and the scale-up of processing power '*+.
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Every challenge can be an opportunity!

Mikhail Lukin

Rydberg Atoms near Nanophotonics

Significant progress is currently being made in developing quantum information processors across
a variety of different physical platforms**. Further increasing the computational power may re-
quire connecting multiple processors via quantum interconnects ***. In particular, Rydberg atom
arrays have recently emerged as a leading platform for quantum simulations and quantum informa-

168,23,48

tion processing . While scaling to many thousands of controlled qubits appears feasible ®°,

significant advances can be achieved by coupling Rydberg arrays to optical, microwave, and elec-
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tronic devices. Integration with these devices could enable quantum networking via optical pho-
tons 153 13267:213:15° a5 well as novel coupling and control techniques via microwave photons .
However, in practice, Rydberg qubits experience decoherence near surfaces caused by fluctuating
charges.

Over the past decade, coherent excitation to Rydberg states in atomic gases has been achieved
near various types of surfaces, including glass*°, quartz'77, inside hollow-core fibers °3, an opti-
cal nanofiber '#?, atom chips*”*>*', and superconducting surfaces *#'?>**. Compensation for
the stray electric fields, in part caused by alkali adsorption on these surfaces, has been approached
through light-induced desorption *>*', heating of the surfaces °>'*>'77, applying in-vacuum electric
fields*7>%*, or deposition of a thin metallic alkali layer 4. However, quantum information appli-
cations often require understanding and control of local electric fields at micrometer scales with
sub-microsecond temporal resolution that cannot be obtained using sensing with macroscopic atom
samples.

In this chapter, we leverage the control over individual atom qubits trapped in moveable opti-
cal tweezers to study in detail the spatial and temporal properties of electric fields from a dielectric
surface. Specifically, we experimentally demonstrate coherent control of individual Rydberg qubits
and entanglement of qubit pairs in close proximity to a nanoscale photonic device made of silicon
nitride, used previously to achieve atom-photon and transportable atom-atom entanglement 915,
The effects of stray electric fields are minimized by using a small-surface area device and illuminating
it with UV light at an optimized power. Remarkably, we find that the electric field from the device
resembles a point-charge of ~ 200 single electron charges (e) with quasi-static fluctuations. This
enables coherent control via decoupling pulse sequences at distances as close as 100 um from the
device. Moreover, we demonstrate that the electric field noise from the device surface minimally

perturbs a two-atom entangled state at these distances. This allows us to map the local electric field

gradient by changing the relative orientation of the two entangled atoms, realizing an entanglement-
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Figure 6.1: Rydberg spectral shift. (a) Experimental setup. (b) Two-photon excitation to the Rydberg state which is
shifted by electric fields (yellow shade). (c) Ground state population Pg as a function of the two-photon detuning A at
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(Inset) Spectral shift dependence on UV power at 160 um.
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assisted measurement, based on a decoherence-free subspace. Two-qubit spin echo-based and entan-
glement assisted measurements are being actively explored in systems involving individual color cen-

ter5106,33,148,161

, trapped ions 122,160,165,116,129 30 q atoms *3">"43, Here, these approaches are applied
to individual neutral atoms in optical tweezers, enabling novel types of local electrical noise measure-

ments. Together with the recently demonstrated coherent transport of ground state atoms '7*'3,

our observations pave the way for integrating Rydberg arrays with micro- and nanoscale devices.

6.1 EXPERIMENTAL SETUP

In our experiments, individual Rubidium-87 atoms are loaded in optical tweezers from a magneto-
optical trap (MOT). The experiment begins when MOT light scattered by the atom is collected via
the optical tweezer path to indicate atomic presence, which allows us to select for experiments of
either one or two atoms. The device is suspended on a tapered silica fiber connected to a translation
stage (Fig. 6.1(a)), allowing it to be positioned 90 — 2600um from the trapped atoms. Each atom
is prepared in |g) = |58 /5, F = 2, mp = 2) and excited to the |r) = |70S; /5, m; = 1/2) Rydberg
state via a two-photon transition (Fig. 6.1(b)). Atoms in the Rydberg state in our system are repelled
by the tweezer light. While this requires the tweezer light to be pulsed off during experiments, turn-
ing the tweezer back on removes the population in the Rydberg state. Therefore, in subsequent
fluorescence imaging, Rydberg population is signaled via atom loss.

The Rydberg state in an electric field E experiences a Stark shift Ay = 1«|E|* *, with polariz-
ability = 534 MHz/(V /cm)? 3¢ Its spectral shift is measured by exciting the atom and varying
the detuning of the 420 nm light in the two-photon transition to take a spectrum (Fig. 6.1¢). Each
detuning data point of the spectrum is averaged over multiple experimental runs with single atoms.

The shift follows the electric field scaling of a point-charge (»~*#) located on the 31.5 um-long de-

“The Rydberg energy level « is typically notated as #go — #g—g = Au = — %05|E|2 in an electric field E.
We instead plot the spectral shift » where ¥ = —# and which is proportional to the electric field magnitude.
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vice (Fig. 6.1d). Assuming the charge is at the center of the device, a fit gives an estimated charge

g =126(11) e (Supplement B, Section 2). As discussed below, at each distance the shift is minimized
by illuminating the experimental setup with a UV diode and optimizing its power (Fig. 6.1(d), in-
set). Furthermore, the spectral shift is stable only with a relatively constant rate of Rydberg exci-
tation, interpreted as Rydberg-atom ionization creating charges that neutralize the device surface.
Similar effects were observed in Rydberg EIT experiments near a quartz surface '77. The Rydberg

spectral shift can be stabilized via both effects as close as 90 um to the device (Supplement B, Section

3).

6.2 COHERENCE PROPERTIES OF RYDBERG ATOMS NEAR NANOPHOTONICS

The temporal properties of the electric field from the device are probed by measuring the coherence
of the ground-Rydberg qubit with various control sequences. By pulsing the 420 nm light, we ap-
ply a Ramsey sequence to extract 77 as a function of distance from the device (Fig. 6.2(a)). With an
echo pulse sequence (Fig. 6.2(b)), the coherence time is extended by nearly an order of magnitude.
Extending to a Carr-Purcell (CP) N = 2 decoupling sequence (Fig. 6.2(c)), no decay is observed
within the 10 s evolution time at any measured distance. This implies that the electric field noise

is quasi-static: stable within a single realization. We construct a model for the decoherence which
includes a point-charge electric field from the device that scales with distance and a background elec-
tric field that does not, both of which vary between experimental realizations. The standard devia-
tion of each can be extracted by fitting the distance scaling of 75 and 77 (Fig. 6.2(d)). We determine
a background field |E| = 0.367 V/cm with fluctuation of 0.012 V/cm and a fluctuation of charges
on the device < 8 e. Our model implies that 77 is limited by the electric field fluctuations, primarily
from the background field, and that 7 is limited by thermal sampling of the spatially-dependent

electric field (Supplement B, Section 4). Therefore, by applying decoupling sequences coherent Ry-
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Figure 6.2: Ground-Rydberg qubit coherence. Ground state population Pg as measured after a Ramsey (a), spin-echo

(b), and Carr-Purcell (CP) N

from the device. The solid lines are fits to the data given our decoherence model (Supplement B, Section 4). The shaded
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dberg manipulations can be performed as close as the range 100-300 wm, which is traversable using

commercial microscope objectives'”.

6.3 RYDBERG MEDIATED ENTANGLEMENT

We next prepare and study entangled atom pairs at various distances from the device. Two atoms
3.15 wm apart experience a Rydberg-Rydberg interaction Uin the blockade regime where U >> Q,
with U ~ 27 x 685 MHz and the single-atom Rabi frequency QO ~ 27 x 3 MHz. The atoms
are driven with a 7-pulse from |gg) into the symmetric state | W) = % (lgr) + |rg)) (Fig. 6.3(a)).

+2lp,. rg‘) is characterized following the method

The preparation fidelity F = % <J0 ’

g TPorgr
in®? and corrected for error and loss during preparation. Far from the device at 2.6 mm it is 0.87(6)
(uncorrected 0.73(3)) and remains similar close to the device: 0.83(4) (uncorrected 0.70(3)) at
170 um (Fig. 6.3(b)).

The lifetime of the | I¥) state T is measured through a pulse sequence 7 — # — 7 between the
lgg) and | 17). Compared to the single-atom ground-Rydberg coherence, 77 remains constant up
to 130 um since the electric field fluctuations are common-mode for the two closely-spaced atoms
(Fig. 6.3(c)). T is likely limited by thermal position sampling of the electric field gradient, as sup-

ported by a theoretical model that only includes atomic temperature as a free parameter (Supple-

ment B, Section 5).

6.4 ENTANGLEMENT ENHANCED SENSING

The | W) state can be used to probe small electric field gradients within the blockade radius. The
electric field gradient creates an energy difference between |g7) and |r¢) and thus a differential phase,
leading to an oscillation between | 17) and the anti-symmetric state | D) = % (lgr) — |rg)). The

oscillation frequency, observed via the 7 — ¢ — 7 pulse sequence, is proportional to the gradient mag-
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Figure 6.3: Two-atom entangled state. (a) The Rydberg interaction U shifts the |rr) state and allows the preparation of

the | W) = % (Lgr> + |rg>) state. (b) Tomography of the | W} state (purple) at 170 p.m. We measure population
Prgrg + Porgr = 0.87(5) and coherence 2|/ogr rg\ = 0.78(7) with correction for preparation error and loss (light

purple). (c) Comparison between the two-atom | W} state lifetime 773~ (purple circles) and the single-atom ground-
Rydberg coherence time T; (gray circles, data and fit from (Fig. 6.2(d))). The dotted purple line is a theoretical prediction
(Supplement B, Section 5.4).
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Figure 6.4: Entanglement-assisted sensing of electric field gradients. (a) The orientation of an entangled atom pair

is varied with respect to the device. (b) The | I/V> state lifetime measurement (blue circles) reveals gradient-induced
oscillations by fitting to a decaying sinusoid (blue lines) for different & (offset for clarity). (c) Angular dependence of the
fitted oscillation frequency at different x (circles) with solid curves being simultaneous fit (Supplement B, Section 6)

to extract background field orientation. (d) A 200 nW UV-power reduction from its optimized value causes a rotation
(53 degrees) of the gradient. (e) Reconstructed electric field magnitude |l_*f | (contour scale) and direction (white arrows)
given the measurements in (c) at the positions of the black circles. (f) Electric field contour plot reconstructed from (d)
showing direction at the optimal UV value (gray arrow) and shifted UV value (orange arrow).
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nitude. The minimum detectable frequency is 1/ 77 and directly limits the minimum detectable
electric field gradient, which is ~ 10 V//cm? for the distances studied here (Supplement B, Section
6.4). By contrast, a measurement involving two individual atoms in different experimental real-
izations for each atom is limited by the electric field fluctuations. For these reasons, the minimum
detectable electric field gradient for an entangled pair is higher by the ratio 77/ T, which is approx-
imately 5 at 150 pm.
By rotating the entangled atom pair by an angle & with respect to the x-axis, the direction of
maximum gradient can be detected via the oscillations induced in the lifetime measurement
(Fig. 6.4(a,b)). We perform measurements at four distances between 130 um and 192 um, the gra-
dient maximum occurs at ¢ ~ 55° for each and its magnitude increases as the atoms approach
the device (Fig. 6.4(c)). This differs from the expected 0° gradient orientation for a single point-
charge displaced in x, but can instead be described by a minimal model that includes a distance-
independent background electric field. A combined fit to the data in (Fig. 6.4(c)) reveals a device
charge g = 190(10) e and background field E = (E,, E,) = (—0.02(1), —0.51(3))V/cm. The
oscillation frequency follows the point-charge gradient scaling of 7> along § = 0° as well as 73
along & = 90°, justifying the point-charge model. Together with the single-atom Rydberg spectral
shifts, this measurement allows us to create a 2D map of the local electric field shown in Fig. 6.4(e)
(Supplement B, Section 6). Going further, such maps of the local electric field can be used to study
the charge characteristics of different materials that could be integrated with Rydberg atom arrays.
In particular, this measurement can be used to study the effect of UV light on the surfaces
present. Many recent Rydberg atom array experiments use ~ 1 W of UV light to mitigate elec-
tric field noise *°79?, with the current microscopic understanding that light-induced desorption
of alkali atoms decreases the number of charges on dielectric surfaces '77>#>*'°. Here we observe
that much smaller UV powers significantly affect the electric field environment (Fig. 6.1(c), in-

set). At 158 um, decreasing the UV power from the optimal value of 400 nW to 200 nW in-
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creases the spectral shift by 6.7 MHz and rotates the gradient by 53(4)° (Fig. 6.4(d)). Assuming
the UV power change modifies the fit parameters g, Ey, E, from Fig. 6.4(c), we reconstruct the
changed electric field (Fig. 6.4(f)). We find a significant change only in the background electric field:
AE, = —0.21(3) V/cm and not in the charge on the device g (Supplement B, Section 6.5). How-
ever, we observe that far from the device, the background electric field sensed by the atom does not
vary with UV power (Supplement B, Section 3.1).

One way of reconciling our observations is that another surface that moves with the device could
be causing the shift in the background electric field, such as the tapered fiber. The minimization
of the spectral shift using UV light could then be interpreted as the elimination of charges on the
fiber surface. In fact, at the optimum UV power we do not observe any significant charges on the
fiber, as indicated by the zero shift at negative x distances where the atom is much closer to the fiber
surface than to the device (Fig. 6.1(d)). By contrast, for large UV powers (~ 30 mW) we find that
the Rydberg spectral shift increases dramatically (Supplement B, Section 3.1). This behavior cannot
be explained by the common understanding that higher UV power increases the removal rate of
adsorbates and further work is needed to develop a full microscopic understanding. Remarkably,
by choosing the optimum UV power, we repeatedly stabilize to the same charge configuration as
indicated by measurements of the spectral shift (Supplement B, Section 3.3). Finally, while potential
improvements to our device include minimizing its surface area and adding in-vacuum electrodes,
significant enhancement can be achieved in the current system by lowering the principal quantum
number 7 to balance the Rydberg interaction strength with electric field sensitivity (Supplement B,

Section 7).
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6.5 OuTtLOOK

Our observations indicate that a Rydberg atom array placed ~ 250 um away would remain min-
imally perturbed by the nanophotonic device. This could be used to establish a quantum optical
channel via teleportation to a photonic state '°, or to a distant quantum processor. A ground-state
atom can be entangled with a photon at the device 193,196 and then coherently transported with

a single tweezer to the atom array '7*'5. The transported atom can then be entangled with the
Rydberg-atom quantum processor. Further, such optical interfaces can also be utilized for fast,
nondestructive readout in quantum error correction protocols?**?. More broadly, our work mo-
tivates the integration of Rydberg atom arrays with other devices of this scale and could provide a
helpful understanding for other platforms sensitive to surface charges**. For example, with properly
designed decoupling sequences and charge stabilization, integration with a mesoscopic supercon-
ducting interface is possible, enabling the application of circuit QED techniques and exploration of

novel hybrid systems '$¢-147:107:142_
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Some mistakes are ok, as long as they can be corrected...

Mikhail Lukin

Error Detected Quantum Operations

Neutral atom quantum processors are a promising platform for large-scale quantum computing.
Integrating them with optical cavities enables fast nondestructive qubit readout and access to fast
remote entanglement generation for quantum networking. Here, we introduce a platform for cou-
pling single atoms in optical tweezers to a Fabry-Perot Fiber Cavity. Leveraging the strong atom-
cavity coupling, we demonstrate fast qubit state readout with 99.9601_12/2% fidelity and two methods

for cavity-mediated entanglement generation with integrated error detection. First, we use cavity-
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carving to generate a Bell state with 91(4)% fidelity and a 32(1)% success rate. Second, we perform
a cavity-mediated gate with a deterministic entanglement fidelity of 52.5(18)%), increased to 76(2)%
with error detection. Our approach provides a route towards modular quantum computing and
networking.

Neutral atom arrays are a promising platform for large scale quantum information systems,
enabling quantum algorithms with multiple logical qubits*® and novel approaches to quantum

metrology and clocks">*!25178

. These advancements have been facilitated by the implementation
of high-fidelity two-qubit gates and the use of coherent transport for non-local connectivity and re-
configurable architecture S**'*'75'7 While quantum processors with over 10,000 physical qubits
appear within the reach**5, further scaling may benefit from a modular approach, in which quan-
tum computation is distributed across quantum processors connected by fast high-fidelity quantum
network channels '>#213:67:133:103:182_Gych an approach requires integration of atom arrays with
optical cavities, which provides direct coupling to photons in an optical mode that can be easily
collected for fast high-fidelity remote entanglement distribution *5*3®. Integration of individually-
controlled atoms in optical tweezers with an optical cavity has only recently been realized experi-
mentally 134211:108,63

In this chapter, we demonstrate a platform combining individual control and transport of atoms
in optical tweezers with efficient coupling to individual optical photons enabled by a Fabry-Perot
fiber cavity (FPFC). These cavities offer large cooperativities (C~100)7%7, while also providing
optical access for optical tweezers. This approach can be directly integrated with a reconfigurable
architecture where a neutral atom array is placed above the cavity and select atoms are coherently
transported in and out of the cavity mode "*#"33. This further enhances the capabilities of neutral
atom quantum computer, enabling an efficient distributed processor. We carry out several exper-

iments to demonstrate the capabilities of this platform. Specifically, we demonstrate that the high

cooperativity enables fast high-fidelity qubit state readout, which can be important for accelerating
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quantum error-correction algorithms. Moreover, we show that error detection can be naturally in-
tegrated within this approach to enable robust entanglement generation. Note that unlike previous
demonstrations of cavity-mediated entanglement that relied on photon detection, our protocol her-
alds success based on the atomic state, which increases the success rate of entanglement generation,
thereby improving the efficiency of quantum networking scheme that relies on probabilistic Bell
measurements . This method can be used for fast and more complex quantum network opera-
tions, such as entanglement swapping, purification, and fusion, which can enable the development

of an efficient distributed quantum computer 9>183:15¢,

7.1 EXPERIMENTAL SETUP

We couple individually controlled Rubidium-87 atoms trapped in optical tweezers to a Fabry-Perot
Fiber Cavity (FPFC). These micro-cavities exhibit low scattering loss and small radii of curvature,
which allow for a small mode volume and high cooperativity7°. Our FPFC design features mirror
diameters of 125 #m and a cavity length of 100 um, providing ample optical access for single atoms
in optical tweezers (S1C). We load atoms into optical tweezers from a magneto-optical trap (MOT)
formed directly above the FPFC. The atoms are then transported approximately 6o zm into the
cavity mode and deposited into an optical lattice formed by an 8 50 nm cavity mode (Fig. 7.1A).
The atoms are positioned in the 850 nm mode to maximize their overlap with the 780 nm mode,

as described in (52.2C). The FPFC s stabilized using an 8 10 nm laser referenced to an external
ultra-low expansion (ULE) cavity, ensuring that the 780 nm cavity mode remains locked to the
581/2) < [5P5/3) D2 transition of Rubidium-87. Additionally, the cavity resonance can be dy-
namically tuned across the entire hyperfine structure during an experimental sequence, (Fig. 7.1B)
(S2.4C). The atom-cavity system is characterized by probing the transmission spectrum of the cavity

through the single-mode input port using circularly polarized (¢*) light. By pumping the atoms to
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Figure 7.1: Experimental setup and qubit readout. (A) Atoms in optical tweezers are loaded above a Fabry-Perot Fiber
Cavity (FPFC) and transported into the cavity mode. The FPFC has a single-mode input port and a multi-mode output
port, over which we collect transmitted light. The FPFC length is stabilized using an 810 nm laser and the atoms are
trapped in a 850 nm mode of the cavity. The 780 nm mode couples to the D2 line in Rubidium. The magnetic field

is aligned along the cavity axis. (B) Atomic level diagram of Rubidium-87. Readout is performed with the cavity on
resonance with the 2 <+ 3/ transition, while for entanglement generation the cavity is tuned to the 1 <+ 1’ transition.
(C) Resonant transmission spectra of a bare cavity (gray), one atom (blue), and two atoms (red) coupled to the cavity.

The lines are a simultaneous fit yielding parameters g = 27 x100.0(8) MHz and x = 27X 65(1) MHz, resulting in a
cooperativity of C = 101(2). (D) Histograms showing photon counts collected in 10 ps with an atom in the F=1 state
(grey) and an atom in the F=2 state (blue), yielding a qubit state readout fidelity of 99.960?{2%.

the stretched state |[F = 2,mp = 2) with the cavity resonant to the F = 2 <+ F = 3/ transi-
tion, we realize an effective two-level system. The excitation spectrum of a single atom showcases

a strong resolvable vacuum-Rabi splitting, showing the hybridization of the atomic and photonic
excitations (Fig. 7.1C). Fitting the transmission spectrum to an analytical model (S4.1C), we extract
an atom-photon coupling strength of ¢ = 27 x 100.0(8) MHz and cavity linewidth (FWHM)
of x = 27 x 65(1) MHz. This results in a single-atom cooperativity of C = % = 101(2),

where I' = 27 x 6 MHz is the natural linewidth of the excited state. When probed on resonance,
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Figure 7.2: Photonic dark state spectroscopy. (A-B) Side drive spectroscopy of one (A) and two (B) atoms coupled to

the cavity as a function of cavity and probe laser detuning (A ¢ and A p, respectively). With two atoms coupled to the
cavity, the spectrum reveals a feature on resonance with the atomic transition, corresponding to a photonic dark state.
(C) Energy level diagram of the first excitation manifold for one and two atoms coupled to a single cavity mode, which
correspond to the states probed in the spectra plotted against the cavity detuning, A, (S4.1C). (D) Probe spectroscopy at
Ac = A4 forone (blue circles) and two (red circles) atoms coupled to the cavity while probed with a side beam. Lines
are simultaneous fits to a numerical model (54.2C).

the difference in transmission between an atom coupled and no atom coupled to the cavity allows
for fast non-destructive readout by thresholding transmitted photon counts. 57>'*"*7># Through
this measurement, atom presence can be detected with a fidelity of 99.98877,% in 10 ks and of
99.950124% in 2.5 s, limited by the finite atom lifetime (S3.2.7C). Additionally, this readout

is nearly lossless with a measured loss of 0.034iré7%. In all of our experiments, we post-select on
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atomic presence at the end of the experimental sequence (S2C). Furthermore, this measurement can
differentiate atoms in the qubit manifold, which we encode in the magnetic-field insensitive states:
|0) = |F=1,mr=0)and|l) = |F = 2,mp = 0). During readout, the cavity is tuned to

the 2 <> 3’ transition, so that the |1) state is coupled to the cavity, while the |0) state is not. Us-

ing the state dependent coupling we perform fast non-destructive readout of the qubit state with
fidelity of 99.96013% % in 10 s, limited by off-resonant scattering from the 850 nm trap and state
preparation. For state readout we collect 0.09(2) photons from the F=2 state and 16.600(1) photons
from the F=1 state, as shown in (Fig. 7.1D). Increasing the cooperativity of the cavity would allow
for faster readout, and as a result higher readout fidelities (53 C). Importantly, readout leaves the |0)
state undisturbed while it quickly pumps the |1) state to the stretched |F = 2, mp = 2) state. In
principle, a Raman pulse can be used afterward to reinitialize the atom in |1), making this readout

non-destructive to the qubit state (53.3C).

7.2 PHOTON-MEDIATED ENTANGLEMENT THROUGH DARK STATES

We realize quantum entanglement between two atoms coupled to a cavity using a photonic dark
state. This state is an antisymmetric superposition where one atom is excited out of phase with the
other, leading to destructive interference in the cavity mode, rendering it dark to the cavity. While

such states have been studied previously 7'

, their potential for quantum operations remains
largely unexplored.

Specifically, we probe the system by exciting both atoms from the side, rather than through the
single-mode input port, and measure the same signal: the light transmitted through the multi-mode
optical fiber. We vary both the cavity detuning A¢ and the probe detuning A p. With a single atom

coupled to the cavity, we directly observe an avoided crossing in the energy levels, similar to what is

shown in (Fig. 7.1C). Moreover, the dressed states become more atom-like (cavity-like) close to the
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atomic (cavity) resonance, resulting in stronger (weaker) coupling to the side beam drive (Fig. 7.2A).
With two atoms coupled to the cavity, similar behavior is observed but with an expected /2 en-
hancement of the splitting (Fig. 7.2B). These two features correspond to the ”bright states”, given
by [B+) = 1(leg, 0) + |ge,0)) + % |z, 1). In contrast to the spectrum recorded when the cavity
mode is excited through the fiber, an additional third feature appears at the atomic resonance that
we attribute to a photonic dark state, | Dy) = %ﬂeg, 0) — |ge, 0)) (Fig. 7.2C), where |g) and |e) are
the atomic ground and excited states of each atom and the number indicates the number of photons
in the cavity. Due to the lack of a photonic component, this state can only be driven by exciting the
atom and not the cavity. Specifically, for a global drive, a relative phase of 7z between the drive on
the two atoms is required. Due to thermal motion of the atoms, the relative phase between the two
atoms and the drive beam changes from shot to shot, and we consistently observe the dark state as a
bright feature. Furthermore, a strong drive allows for excitation of the cavity through the dark state.
In the rest of our experiments, we individually drive single atoms, which maintains a coupling to
both dark and bright states, while being insensitive to the relative phase between the atoms (S4C).
To use this dark state to implement cavity-mediated entanglement between the two atoms, we
note that when the cavity is resonant with the bare atomic transition, the difference between the
single- and two-atom spectra can be interpreted as a conditional resonance. The system can only be
excited with a resonant beam if both atoms are coupled to the cavity (Fig. 7.2D). By encoding the
|0) and |1) qubit states such that one is coupled to the cavity and the other is uncoupled, the con-
ditional resonance becomes state-dependent, enabling two-qubit quantum operations. However,
the fidelity of these operations is limited by errors arising from photon leakage out of the cavity and
scattering into free space. We can improve this fidelity by engineering these leakage and scattering
events to leave the atom in a specific state, |e77), outside the qubit manifold. Through sequences of
readout, 7-pulses, and local optical pumping, we can measure the qubit states |0) and |1), as well

as |err) (83.3C). By postselecting on cases where no error occurred, the fidelity will ultimately be

10§



limited by the presence of undetectable errors. *>*5*
For entanglement experiments, we use the excited state [¢) = |F = 1, mp = 0) which has
branching ratios that result in decay predominantly to the |er7) = |F =1, mp = %1) states,

while selection rules forbid decay to the |0) state (Fig. 7.3A). We perform a local drive on one of
the atoms, which we call atom A, resonant with the 2 <> 1’ transition. This drive couples |1) 4

to |e) 4. We shift the cavity resonance to the 1 <+ 1’ transition, so that it couples |err) , <> |e) 4
and [0), <> |¢)zwhere|d’) = |F =1, Mp= +1) state. Asaresult, the two-qubit state

1) ;|1) 5 = |11) acts as a single atom coupled to the cavity and experiences a suppressed excitation.
By contrast, the [10) state behaves as two atoms coupled to the cavity and experiences a resonant
coupling to the photonic dark state, | Do) = 1/v/2 (lerr) ;|¢) 5 — |e) ; 0) 5) (S6C). This estab-
lishes a qubit state-dependent resonance, necessary to perform quantum operations between the

two qubits.

7.3 CaviTY CARVING WITH INTEGRATED ERROR DETECTION

Our first protocol relies on the state-dependent decay of the two-qubit states. This decay mech-
anism enables us to selectively remove, or “carve out,” specific parts of the wavefunction, leaving
behind the desired quantum state. Under a weak drive, we observe that the [11) and |10) states both
decay into the |err) , state with different rates. The resonant coupling to the dark state makes the
|10) state rapidly decay, while the |11) experiences a suppressed decay (Fig. 7.3B). This allows us

to “carve out” the |10) state from the wavefunction.*>"3+'5" To prepare an entangled state with
this mechanism, we first prepare an equal superposition of all two-qubit states, followed by the
application of a drive pulse which carves out the |10) component. A global z-pulse flips the two-

qubit state and a second carving pulse once again carves out the |10) component. This sequence
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Figure 7.3: Bell state preparation with cavity carving. (A) For entanglement generation, the cavity is tuned to the

1 <> 1/ transition and a single side drive on the 2 <+ 1 transition is applied to atom A only. (B) (top) Quantum circuit
for preparing two-qubit states and measuring the \err>A population. (bottom) Decay rates into the error states after
preparing each of the four two-qubit states. The resonant coupling to the dark state |D0> results in much faster decay
of |10) compared to the off-resonant coupling in |11). |00) and |01) do not couple to the driving beam. (C) (top) Quan-
tum circuit of a Carr-Purcell cavity carving scheme which prepares a |®7> Bell state. (bottom) Measured correlations in
the ZZ (blue), XX (red), and YY (green) bases verify that |® ™) is prepared with a Bell state fidelity of 7 = 91(4) % and
a success probability of 32(1) %. Direction of histograms denote the expected sign of parity for |CD_> in each bases.
(D) Bell state fidelity (blue circles) and success probability (red circles) as a function of carving pulse length 7. Stars mark
the data presented in (C). Lines are a fit to a semi-classical numerical model, and the gray line is the expected Bell state
fidelity without SPAM errors (57.1C). Dotted line denotes the fidelity limit for verifiable entanglement.

prepares a statistical mixture of error states and a Bell state: p = |®7) (® | + |err) , (err|. By post-
selecting on the atoms not being in the error state, we are left with the maximally entangled state,
|®7) = % (|00) — |11)). In principle, the minimal application of our scheme would be the spin-

echo sequence described above: 75’ —7—7[—7—75’. In practice, we found that the spin-echo scheme was

limited due to a coherent linear phase accumulation in the |11) state during the carving pulses that
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we attribute to laser phase noise (S6C). To cancel this linear phase, we implement a Carr-Purcell

decoupling sequence of the form 7-7-7-7-7-3-Z. Fig. 7.3C shows the measured correlations in the
ZZ, XX, and YY basis, resulting in a Bell state fidelity of ' = 91(4)% and a success probability of
32(1)%.

The theoretical limit on fidelity is set by undetectable errors, i.e. when a scattering event leaves
the atoms in the qubit manifold instead of in the error state. The dominant source of undetectable
errors arise from scattering from the dark state, which can decay through atom A or through atom
B with equal probability. Decay through atom B leaves atom A in the state |er7) 4, so that this decay
is fully detectable. Decay through atom A result in 17% undetectable errors for a single atom given
by Clebsch-Gordon coefhicients and due to our current readout sequence, which cannot distinguish
the F=2 Zeeman sublevels. This leads to total dark state scattering errors being 91.5% detectable.
With this, we find 2 maximum theoretical fidelity of ~ 96.3% for our carving protocol. As pre-
dicted by our model, Fig. 7.3D shows that the entanglement fidelity increases exponentially, but is
still limited by unwanted scattering which we attribute to level-mixing of the excited states from our

traps, and imperfect polarization. Increasing the cooperativity would enhance the success rate of

entanglement generation and enable faster entanglement preparation (S7.:C).

7.4 QUANTUM PHASE GATE WITH INTEGRATED ERROR DETECTION

The qubit state dependent resonance can also be used to perform a quantum gate between two
atoms. By increasing the strength of the laser, we can drive a coherent optical Rabi oscillation be-
tween the |10) state and the photonic dark state | Do), while the |11) state is blockaded from excita-
tion and both the [00) and |01) states are unaffected by the drive. By performing a full 27 rotation,
the |10) will acquire a relative 7 phase compared to the other three two-qubit states, realizing a con-

trolled phase gate (Fig. 7.4A). This scheme is limited by scattering, however most of these events re-
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Figure 7.4: Deterministic quantum gate with error detection. (A) Conditional blockade mechanism. A resonant 27 Rabi
oscillation can be realized only between the |10) state and the dark state | Dy), causing a phase of 7 on state |10),
while the excitation from the |11) state is blockaded. Unwanted atomic scattering results in mainly detectable |€}"}">A
states. (B) Quantum gate flow chart showing the two possible outcomes: "Success” is a conditional phase on atom B

and "Failure” is a detectable scattering event (C) Quantum circuit of the gate: Following the gate, we apply a local Z
pulse on atom B and a global microwave X,f/4 pulse to generate the |(D+> Bell state. (D) Measured correlations in the
ZZ (blue), XX (red), and YY (green) bases verify that |CD+> is prepared. (dark) Without error detection, we measure a
deterministic Bell state fidelity of F = 52.5(1.8)%. (light) Error detection improves the fidelity to 7/ = 76(2) %
with a success probability of 69(1) %. Direction of histograms denote the expected sign of parity for |®+> in each

bases.
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sult in detectable error states, |e77) ;, allowing us to increase the fidelity of the measurement through
post-selection (Fig. 7.4B).

To characterize the performance of the gate, we prepare an entangled state using the quantum
circuit shown in Fig. 7.4C. For a perfect gate, this circuit would prepare the Bell state |® 1) =
% (|00) + |11)). Similar to the carving case, we determine the Bell state fidelity by measuring cor-
relations along all three bases (Fig. 7.4D). Notably, without any error detection or post-selection,
the measured Bell state fidelity is F = 52.5(1.8)% (S5C). By applying error detection and post-
selection, we improve the Bell state fidelity to 7 = 76(2) %, with a success probability of 69(1) %.
This measurement aligns with the theoretical maximum corrected fidelity of 78% for our coopera-
tivity. The limitation in fidelity is primarily due to the use of atom A as both a qubit and an ancilla
to herald the success of the gate. This results in correction creating an imbalance of population be-
tween states where atom A is in |0) 4 as opposed to |1) 4. Additionally, the states used in the current
scheme do not have fully detectable errors and suffer from scattering and a light shift from the F=3
states, resulting in a further reduction in fidelity. These limitations can be addressed in future im-
plementations by including an additional ancillary atom and by more careful selection of atomic
states*>"5 ' C. Such an ancilla could be individually addressed and read out, allowing for the detec-

tion of gate errors without affecting the data qubits.

7.5 OuTLOOK

Our experiments demonstrate a versatile platform that offers exciting opportunities by combining
neutral atom arrays with a high-finesse optical cavity. The demonstrated entanglement schemes
offer improvements over many existing quantum networking protocols. For instance, the prob-
abilistic gate performed using photon detection, as in”?, can be replaced with cavity carving that

includes error detection of the atomic state, potentially increasing the rate of quantum informa-



tion transmission by at least an order of magnitude. Another extension would be to increase the
number of atoms in the cavity, introducing an auxiliary atom to serve as an ancilla for the gate,
thereby enhancing gate fidelity *°. Moreover, incorporating more qubits would allow for the exe-
cution of multi-qubit gates”’. Higher fidelity cavity-mediated gates could unlock new possibilities
in quantum networking by utilizing many entangled matter qubits, potentially generating many-

photon graph states for error-corrected quantum networking protocols****

. Further improve-
ments can be achieved by fabricating higher-quality mirrors to increase cooperativity *°**°. Com-
bining our platform with Rydberg gate operations in atom arrays would enable fast, high-fidelity,
non-destructive mid-circuit readout for error-correction protocols and facilitate the entanglement
of spatially separated quantum processors for distributed quantum computing, thereby increasing
the available number of qubits 67,213,182,103 Finally, our error-biased mechanism can be extended

to more general cavity-mediated interactions, such as long-range spin-spin Hamiltonians and spin

squeezing 96,36,69,141,131



What is the experiment that you wish you had done in

your PhD?

Mikhail Lukin

High Finesse Optical Microcavities

Throughout my Ph.D. I primarily worked with two types of optical cavity, the one-dimensional
photonic crystal cavity, and later on the fiber Fabry-Perot cavity. Both cavities have merit as pho-
tonic interfaces and have associated technical challenges. Throughout my Ph.D., I focused on devel-
oping the fiber cavity as a platform and began to understand some of the pitfalls associated with it.
In order to progress this platform, I began exploring other types of microcavity designs and meth-

ods for fabrication. In collaboration with the Loncar and Yang labs we were then able to not only
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Figure 8.1: Four types of mirrors are shown. The first is the traditional diamond-milled mirror, capable of a radius of cur-
vature (ROC) and diameters greater than 5 mm**. The second, a buckled micromirror (discussed further in this chapter),
achieves smaller dimensions, with diameters exceeding 300 #m and ROCs above 900 zm 4 The third type is the CO,
laser-ablated fiber mirror, with achievable ROCs between 30 and 300 zm " (up to 1 mm using special techniques **’)

and a fixed fiber diameter of 125 um. Lastly, the silicon micromirror offers ROCs ranging from 30 to 900 #m and can

have a diameter as small as 40 zm 202,

produce our own micromirrors with existing methods, but also innovate and produce new novel
methods for micromirror fabrication shown in figure 8.1. In this chapter, I will describe some of

these micromirror efforts.

8.1 CO2 LASER ABLATED MICROMIRRORS

The cavity used in Chapter 7 was fabricated through CO laser ablation, a process in which a high-
power 1o um laser is focused onto a silica substrate (in this case, a fiber tip), ablating the surface of
the silica. Because silica strongly absorbs 1o zm light, the laser can rapidly remove material, creating
a Gaussian depression that closely follows the intensity profile of the beam7°. This technique pro-
duces surfaces with root-mean-square (RMS) roughness on the order of 2 A, ensuring sufficiently
low scattering loss to realize optical cavities with finesses around 100,000 when coated with high-
reflectivity dielectric layers.

Motivated by these advantages, we adopted this method to fabricate our own micromirrors.
We purchased a 20 W coherent® Diamond Series CO; laser, which, when focused to a spot size
of about 15,4m, provides more than enough power to ablate micromirrors on silica substrates. Us-

ing the set-up shown in figure 8.2, we were able to produce micromirrors with surface roughness

113



a) b) C

CO2 Laser Powermeter  Flip Mirror Gold Mirror
E_DDD ' ‘./7

s

Filters Gold Flip Mirror Alignment C) s

LED 3 — Surface Profile
Beam Dump E
Il i
N I E
:‘ kT) | = 3
H ( U e
y ZnSe Lens Aperture Gold = 3
7 z Translation f=15mm Mirror ;
Stage with SiO2 Sample 104
453

o o T L e

0.25 0.30 035 0.40 045

X [mm]

Figure 8.2: (a) Schematic of the CO, laser ablation setup. (b) Optical-microscope image of the ablated silica substrate.
(c) Scanning stylus profilometer measurement of the ablated surface, showing its overall Gaussian-like shape.

consistent with the state-of-the-art 8.3.
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Figure 8.3: (a) Atomic force microscope (AFM) surface profile of the ablation. (b) Residual of a 4th-order polynomial fit
to the surface, revealing an RMS roughness (Rq) of 1.8A.

One of the motivations for developing these techniques was to attempt to produce arrays of the
cavities that could then be utilized in parallel to multiplex atom-photon interfaces. After a signif-
icant amount of trial and error, we found that it was difficult to make the ablation process consis-
tent, resulting in a large variance in the depths and radius of the curvatures of the micromirrors pro-
duced, as shown in figure 8.4. Additionally, we realized that it is challenging to make closely spaced

micromirrors because of the nature of the ablation. For these ablated mirrors, the only usable part
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of the cavity is really on the order of 1oum around the base of the ablation, but the full structure of
the ablation is on the order of 1ooum. Attempts to space them more closely resulted in interference
of the ablation of one micromirror with its nearest neighbor. Combined with the inconsistency, this

led us to seek alternative methods for micromirror production.
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Figure 8.4: (a) Array of CO, laser ablation sites measured with a scanning stylus profilometer. (b) Parabolic fits to the

bases of the micromirror ablations, indicating the variation in radius of curvature and depth across different ablation
sites.

8.2 SILICON MICROMIRRORS

A particularly promising technique based on isotropic etching in silicon was developed at the Uni-
versity of Vienna by the Trupke Group *°*, who generously provided us with samples of their silicon
micromirrors. These samples demonstrated excellent homogeneity and high yield, with virtually
every fabricated mirror showing losses below our measurement limit when tested in our fiber-cavity
setup. Furthermore, these mirrors exhibited nearly perfect spherical profiles, allowing them to oper-
ate well beyond the confocal regime and offering greater flexibility in the design of experimental cav-
ity geometries. This is highlighted in figure 8.5 where we can see that the total collection efficiency
of a fiber cavity will tend to fall off as a function of length due not only to the poor overlap between

the cavity mode and the fiber mode, but also due to the increase in diftractive loss for longer cavity
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Figure 8.5: Two cavity geometries and their mode matching. The first geometry is a fiber cavity formed by two 150 um
ROC fiber mirrors. The red represents the single-mode fiber output |/, ) and the blue the cavity mode Wcavity). Their
2
limited overlap results in a low mode matching efficiency (orange curve), y = ‘<¢ﬁber|¢cavity> ‘ . The second geometry

is a hybrid cavity employing a 200 um ROC fiber mirror and a 110 zm ROC silicon micromirror, which enhances mode
matching (blue curve). The adjacent plot shows the mode matching as a function of cavity length, highlighting the
superior performance of the hybrid configuration.

lengths due to the poor shape.

This spherical profile also enables for tighter mirror spacing, leading to high-density micromirror
arrays with outstanding uniformity. Moreover, the surface roughness of these silicon micromirrors,
reaching sub-angstrom levels, surpasses that of CO,-ablated mirrors.

An additional advantage of these mirrors is that they are fabricated on a silicon substrate, which
can be patterned using the Bosch etch technique. This capability provides greater flexibility in con-
trolling the shape and size of the mirrors, thereby enabling larger optical access for optical tweezers,
even surpassing that of fiber cavities.

To incorporate these techniques into our experiments, we developed the fabrication process in
Harvard’s clean room following the method described in*°*. First, a resist is spun onto the wafer
and then exposed via ultraviolet lithography, after development, this creates small holes in the re-

sist. An initial isotropic etch is performed on the silicon to form a divot, after which the resist is
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Figure 8.6: Silicon Micromirror Fabrication and Profile Characterization: (a) A diagram illustrating the fabrication flow.

(b) A microscope image of a 15X 15 array of 60pm-diameter silicon micromirrors, demonstrating the reproducibility and
high density achievable with this technique. (c) An SEM image of a Bosch-etched silicon micromirror structure, providing
large optical access. (d) The cross-section of a silicon micromirror fit, showing excellent agreement with a spherical
model. (e) An AFM image of the silicon micromirror substrate prior to film deposition; the residual from a spherical fit is
displayed and used to calculate an RMS surface roughness (Rq) of 0.5A.

removed. A second isotropic etch is then executed until the desired radius of curvature is achieved,
where radii as large as 9oo zm have been demonstrated.

To further reduce the surface roughness, the substrate is thermally oxidized in an oven. The re-
sulting oxide layer is subsequently removed, leading to an overall reduction in roughness. This
oxidation-removal cycle is repeated two to three times to reach sub-angstrom surface roughness.
Finally, additional Bosch etching steps are applied to shape the micromirrors into configurations
that maximize optical access for atom—cavity experiments. The samples are then fastened into a ma-

chined 4inch aluminum mount and shipped for coating at FiveNine Optics.
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8.3 BUCKLED MICROMIRRORS

Optical cavities are a critical component widely used in modern science and technology across both
quantum and classical applications. Recently, the growing demands for miniaturization and high-
performance have fueled the exploration of advanced fabrication methods and novel microcavity
geometries beyond traditional polishing techniques and macroscopic mirrors. Visible and near-
infrared (NIR) wavelengths are particularly important for quantum applications, where achieving
low-loss resonators is more challenging and less explored than in the telecom — presenting unique
challenges and opportunities for microcavity systems. Here, we present a novel fabrication method
for making ultra-high-finesse NIR microcavities using buckled dielectric membrane mirrors, achiev-
ing a record finesse of 0.9 million at 780 nm. We demonstrated flexible device geometries — includ-
ing singular mirrors, arrays, and cavity packages — with radii of curvature ranging from 1 mm to 10
mm, which are difficult to achieve using traditional methods. The fabrication process offers high
uniformity and high yield. We characterize robust cavity performances across varied cavity lengths
and fast modulation of 3GHz/us. For the microcavity package, with a compact total volume of 2
mm’, we measured a linewidth of 5.16 MHz with a free spectral range (FSR) of 3.18 THz. Our re-
sults push the frontier of microcavity fabrication and provide new pathways for classical photonic
and quantum technologies.

The Fabry—Perot (FP) cavity is one of the most versatile and widely utilized optical devices in
modern optics. The high quality factors and frequency stability that state-of-the-art FP resonators
offer have enabled significant advances in various fields, including cavity quantum electrodynamics

158,01 high precision sensing”’”(”“’”' , and time-

(cQED)'*+'4! | quantum information science >
keeping?"'5?. Traditionally, the high-performance mirrors that form these cavities are manufac-

tured with macroscopic superpolishing techniques and low-loss dielectric coatings '>5. However,

their large diameters and radii of curvature (ROCs) make them less suitable for compact and scal-
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Figure 8.7: Compact micromirror array and device (a) a photo of the fabricated micromirror array and a singular mi-

cromirror next to a penny and a half inch diameter Thorlab mirror used in a commercial Fabry Perot cavity. (b) Finesse
and quality factors as figures of merit for FP cavities.

able optical systems. Additionally, these ROCs also result in larger mode volumes, which are less
useful for quantum applications. In recent years, motivated by the need for microscopic devices that
enable photonic integration and efficient quantum light-matter interfaces, several microfabrication
techniques, including laser machining and chemical etching, have been developed to address these
limitations and produce high-quality micromirrors 70,202,80 Geveral merit figures, such as finesse,
waist size, form factor, quality factor (Q) and mode matching / coupling efficiency, can be used to
present the performance of a FP cavity. Depending on the applications, certain parameters become
more important than others. For example, for a highly stable frequency reference *>?, the absolute
linewidth and its long-term stability are critical. In such a case, the cavity design needs to be opti-
mized to balance stability while maintaining a narrow linewidth, which usually leads to a very large
cavity mode volume along with an extremely narrow cavity linewidth; for a light-matter interaction
systemé‘, finesse and waist size are more important, while a moderate cavity linewidth is preferred
for larger bandwidth, which tends to favor smaller cavities. The mode matching/coupling efficiency
can also play a role in systems with limited photon rates. In general, among these figures of merit,

finesse (F) is one of the more fundamental figures of merit, as it is a direct reflection of the loss in the

119



resonator. The primary limiting parameter is the optical scattering loss (S) dominated by the surface
roughness (o;) of the mirror, specifically for the FP cavities, due to the fabrication process. There-

fore, quantitatively, the finesse limit of a resonator is inversely related to the roughness of the surface

1 1r
2
g‘J

by F o< £ o

The near-infrared/visible range is particularly interesting for microcavities for two reasons. A lot
of quantum applications require light/cavities at shorter wavelengths (1), putting constraints on ma-
terial and/or fabrication methods. Microfabricated silicon mirrors [13] have thus far demonstrated
exquisitely low loss and strong potential for scalable implementation. However, this approach may
no longer be viable due to the intrinsic material loss of silicon at shorter wavelengths. It is impor-
tant to develop a method that is suitable for the new wavelength regime while maintaining state-
of-the-art performances. Also, from a technical point of view, shorter wavelength imposes stricter
requirements on surface quality (roughness, e.g.) to achieve ultra-high finesse, since S is inversely
proportional to 2% (S = (% )*)"" Therefore, exploring shorter wavelength microcavity also pushes
the limit of fabrications of smooth surfaces.

This work presents a simple, robust, and scalable method for fabricating state-of-the-art visible

microcavities with ultra-smooth surfaces using buckled dielectric membrane mirrors (Fig. 1 (a)).

These microcavities combine high finesse with compact designs, making them ideal candidates for

104,126,37,138 158,86

applications in visible lasers7*, sensing , and quantum networking?>

8.4 BuckLED MICROMIRROR FABRICATION

The fabrication of the mirrors relies on accessible cleanroom nano/microfabrication tools and is
simple and robust, as shown in Fig. 2 (a). We use commercially available 4” silicon wafers that are
double-sided polished. The starting roughness is measured to be around 0.3 nm (Fig. 2 (a) (1)).

To smooth the surface, we grow 2.5 um of wet oxide and remove it with 49% HF (Fig. 2 (a) (2)

I20



(a) (b)

B —
(1) Sample (2) Wet oxide  (3) Remove oxide

(4) Coating (5) Lithography  (6) Deep etch

(©) (d)
04 159 ;
R?=100.00% I ! | R=99.98%
20 " ! Fao sd | ;’
51 25 4 \\‘ \ ~— Data /
. - N 2 Lo & F 104 \ —-Theory |
S § 3] " * E g \ /
= 10 = 3 = 15 \ /
%. o 354 s 7 F20 8 § \\ !f
] 1]
c 154 S Ll X, O 2, .
« x=0 i \o. 10 24
20{ Y= el I \ /\/\\
-400 -200 0 200 400 600 1000 1400 -200 0 200

Width (um) Diameter (um) Width (um)

Figure 8.8: Micromirror fabrication and profile characterization (a) The diagram for the fabrication flow. (b) The fab-
ricated micromirrors of d =600 um. The left two are microscope images. The top right image is an SEM image. The
bottom right image is an AFM image of the Si substrate before the film deposition, representing the lower bound of
the mirror surface roughness. (c) The simulated mirror shape, assuming a uniform strain of .3% in the film, compared to
the measurement, shows almost perfect agreement. (d) The depth and ROC of the fabricated mirrors as a function of
the diameter defined by lithography. (e) The fabricated mirror's X and Y cross-section profile shows perfect rotational
symmetry. The inset is a contour plot of the mirror profile. The profile data shown in (c) and (e) are taken by PLon a d
=600 pm mirror.
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and (3)). After two to three rounds of thermal smoothing, we can achieve a surface roughness of
<50 pm in a random area of 2 um x 2um on the wafer. The principle of thermal smoothing is to
turn outstanding surface features into oxide and remove them. Next, the wafers are deposited with
alternating SiO2 and Ta2Ojs dielectric coatings (Fig. 2 (a) (4)). The coating is quoted to have 1.4
ppm loss at 780 nm and the coating thickness is about 5 um and visually looks magenta red (see SI).
After the coating is protected by PMMA, photolithography and photoresist SPR (7 um) are used
to define the mirror shape on the back side (Fig. 2 (a) (5)). The mirrors are suspended by etching
through the back of the Si chip/wafer through a Bosch etch process with SF6 and CF4 (Fig. 2 (a)
(6)). The sample was cleaned with PG remove.

The suspended mirrors are naturally buckled because of the compressive strain in the dielectric
coating. As shown in Fig. 2 (b), an array of micromirrors, whose diameter (d) is 600 pm, can be
created with high yield and uniformity. The surface roughness is around so pm, down to 33 pm on
the silicon surface before the dielectric coating deposition, measured using atomic force microscopy
(AFM). The film does not introduce significant roughness.

The shape of the resulting mirror can be simulated with a high precision of R2 = 99.94%), as
shown in Fig. 2 (c). The simulation is carried out using COMSOL, assuming a compressive defor-
mation of 0.3% in the film and a fixed boundary condition on the circular edge (see SI). The shape
cannot be described analytically with a functional form, such as a Gaussian or Bessel function, be-
cause of the nonlinearity in the material deformation. To explore the span of resulting geometries,
we vary the diameter sizes and can achieve an ROC between 2.5 mm and 18 mm.

Finally, to ensure high finesse of the cavities made from the mirrors, it is important that the shape
is rotationally symmetric. Indeed, the orthogonal cross-section profiles from the optical profiler

(PL) measurements are identical (R2 = 100.00%), as shown in Fig. 2 (e).
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8.5 BUCKLED MICROMIRROR CAVITY CHARACTERIZATION

Two mirrors are mounted and aligned on translation stages to form a microcavity for the finesse
measurement. One of the two mirrors is attached to a piezoelectric transducer to modulate the
length with a high frequency over a full free spectral range (FSR) Fig. 3 (b). The micromirrors are

characterized using a swept-ring-down method *3 512,140

, in which the cavity length, and therefore
resonance, are rapidly modulated while a narrowband laser, stabilized at 780.24 nm to a rubidium
reference, is sent through the cavity. As the cavity sweeps through the laser wavelength, the pho-
todeterctor collects the transmission data. The detector is connected to an oscilloscope, where the
ring-down of the cavity mode can be visualized. To ensure that we measure the TEMoo mode, we
monitor the cavity output with a camera as well, so that we can confirm mode purity and optimize
alignment. This configuration facilitates measuring high finesse and quality factors (Q) at different
cavity lengths (see SI).

The full FSR measurement is shown in Fig. 3 (b). The peaks correspond to different modes,
which can be confirmed by the camera image. To extract Fand Q from the microcavity, we zoom in
on the TEMgq peaks to fit the decay. The decay curves that feature the highest and the highest Q
are shown in Fig. 3 (d) and (e), respectively. For the highest point of finesse: ¥ = 27 x 233 £ 1kHz,
which translates to £ = 0.89 x 10°. For the highest point Q: ¥ = 27 x 124 =+ 0.5 kHz, which
translates to Q = 2.3 x 10°.

The fringes in the ring-down signal are a result of light in the cavity leaking out as the length
changes and interferes with itself, and are signatures of a high Q. The functional form is a convolu-
tion of an exponential decay and a complimentary error function, with a constant offset:

Toce ¥

. . 2
erfc( ( -|2- /2 _l‘m\/gft — to)) | . (8.1)
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Figure 8.9: Microcavity characterization (a) A diagram for the measurement setup. CAM: camera; PD: photodetector;
Scope: oscilloscope. The data is the transmission signal of the cavity while scanning the cavity distance with a piezo-
electric transducer. (b) The FSR of the cavity at a cavity length of 58.7 um is 2.5 THz. There are three modes visible in
the range. The modes are confirmed by corresponding the shape of the transmitted light on the camera to the Hermite
polynomials. (c) The Q and finesse vs. cavity length data. (d) The data point that corresponds to the highest finesse of

0.9 million. (e) The data point that corresponds to the narrowest linewidth of x

27 X 124 £+ 0.5kHz. (f) The F

survey to show the yield on a 3-by-3 chip of d= 600 pum mirrors. They are measured against another d= 600 um buckled
micromirror. Most of them show high finesse at L=175 um, that are consistent with the data points from (c).
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Here, « is the full width half maximum (FWHM) of the cavity, and « is a parameter that reflects
the velocity of the resonance sweep of the cavity, and both parameters are fitted to extract F and Q.
In our measurements, « varies with the length of the cavity (L) because the change in frequency is
proportional to the FSR. Consequently, « can be used to extract the cavity length together with the

FSR in time (Azgsg) (see SI). F is obtained by:

Fe lﬁQ - ZaAtFSRlQ

7 ; (8.2)

An alternative method to extract L uses the mode spacing (between the TEM o and TEM; e.g.)
and measured ROC of the mirrors (see SI). We corroborate this measurement with the previous one
to precisely determine the cavity length, to account for nonlinearity in the piezo and other errors,
especially for short cavity lengths that cannot be physically measured accurately.

We vary the cavity length from 66 to 3750 um, and measure the F'and Q corresponding to L (Fig.
3 (c)). The finesse monotonically drops as the cavity becomes longer due to diffractive loss, related
to the shape deviating from a sphere and more imperfection seen by the light. The Q increases at the
beginning and plateaus, as both F'and L change linearly, then drops as the cavity length significantly
exceeds the ROC. This trend is captured in Fig. 3 (c) and can be modeled qualitatively (see SI).

The finesse of a Fabry Perot cavity is dictated by loss in the system: F = 7/(T + S + A), where
T, S, and 4 represent the transmission, scattering, and absorption loss per mirror. 7'is dictated by
the dielectric stack, which can be designed to be stronger or leakier for different applications; S orig-
inated from surface roughness or unideal mirror shapes, which fundamentally sets the limit of a
cavity’s finesse, usually as a result of a certain fabrication process; 4 comes from the coating mate-
rials, and can be as low as ~ 1 ppm. In our case, itis quoted 7" > 1.33 ppm at 781 nm, which is
obtained by a transmission measurement (see SI). The measured cavity finesse F7gp = 0.89 X 10°

can bound the rest of the loss: 4 + § < 2.20 ppm. If we assume that there is no absorption loss,

125



(@) (b)
1.0 4 o L=45pm | L=1mm
= k=516 MHz y k=057 MHz
08{ ¢ i
—_ L ]
3 [ \
< 069 ¢ {
z | i [ |
w
g 0aq o . , ‘
g R
= ° ? 1
024 /¢ %"
0.0-| - - { , T T T
0.0 0.1 02 -0.5 0.0 05 1.0

Time (ps)

Figure 8.10: Microcavity assembly (a) A photo of the measurement setup and the actual measured cavity device. The
fiber is a visible fiber that has been cleaved. The inset shows the cavities with two different lengths (45 um and 1 mm).
The tip is inserted into the cavity mirror slot from the back. (b) The measured ringdown of the cavity for the cavity

assembly at different lengths. The laser frequency is swept in this case.

A = 0, we can find an upper bound on the surface roughness, § = (2%) <220 ppm, which
translates to a surface roughness of 7; < 90 pm. This value is slightly higher than our measured sur-
face roughness, which is consistent. Notice, S o< 1/ 22, which is one of the fundamental reasons why
it is more difficult to achieve high finesse FP cavities at a lower wavelength with the same fabrication
process and the resulting surface roughness. More specifically, 780 nm is roughly half of 1550 nm,
which means to achieve the same finesse or scattering loss, the surface needs to be 4 times smoother
given that state-of-the-art mirrors are roughness limited. In other words, using the measured rough-

ness (S ~ 2.20 ppm) and loss values (7" ~ 1.33 ppm) in our current system, we can extrapolate the
performance of these cavities at telecom, where Fisso = 3.5 x 10°. The microcavities shown in this

work and the corresponding fabrication process feature state-of-the-art surface roughness, which

may be explored for applications beyond FP cavities.
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8.6 BUCKLED MICROMIRROR CAVITY INTEGRABILITY AND SCALABILITY

The fabrication method produces micromirrors on the order of 500 zm, allowing for small assem-
bled cavities that can be integrated into a fiber "** or an integrated photonic chip?’. We demonstrate
this by creating a compact cavity system out of the mirror cutouts of the silicon chip, using only
heat-cure glue and manual alignment, that can be easily implemented in a lab setting.

Individual mirror chips can be produced by etching through Si at the same time as suspended
mirrors are created, where the outer diameter of the chip is 1.7 mm (Fig. 1(a)). The two chips are
directly glued together to produce a cavity with a narrow resonance, with or without a spacer.

We made two cavity assemblies with different lengths (see Fig. 1(a) inset). The shorter cavity

stack is 1 mm tall and the cavity is formed by the two concave mirror surfaces pressed against

each other to form a short cavity of 45 um. The longer cavity has a 1 mm spacer and is 2 mm tall.
The cavity is measured by directly putting a cleaved fiber against the back of the mirror and col-
lecting transmission, as shown in Fig. 4(a), with the short cavity. The measured line width is

k = 27 X 5.16 £ 0.14 MHz, with a very large FSR of 3.18 THz, which makes it ideal for compact
laser locking applications *©">*°5:* %94, The merit figures for this microcavity assembly are measured
as: F4s um) = 0.616 X10°, Q45 4m) = 7-45 X107, F( ) = 0.263 x10°, and Q( pym) = 6.74x 105,
which are consistent with previous measurements of finesse versus length. The minor drop in fi-
nesse is due to the alignment error of a manual gluing process, which also highlights the robustness

of this assembly.

8.7 OuTLOOK

We demonstrate a novel method of producing state-of-the-art micromirrors and microcavity sys-
tems. The fabrication is simple, robust, flexible, and scalable, and can be achieved in a common

cleanroom environment with a high tolerance for error. The resulting devices can be singular mir-
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rors, arrays, or cavity assemblies that show robust performance with flexible configurations.

There are a few areas in which this microcavity invention can play an important role in advancing
both quantum and classical optical hardware and overcoming technical bottlenecks. The combi-
nation of small device size (down to 2 mm®) and moderate ROC allows for integration with exist-
ing architectures for neutral atoms and ion trap architectures as an optical interface for quantum
networking. Specifically, this cavity geometry operates in a regime that would mitigate the effects
of the dielectric surface on the qubits***"3?, which would otherwise severely limit the operation
of Rydberg-mediated quantum gates for neutral atom qubits and similarly limit motional coher-
ence for trapped ion qubits, while still maintaining a small mode volume for strong light-matter

interactions 318>

. Achieving this regime is difficult using mirrors produced by conventional pol-
ishing or ablation methods, which yield radii of curvature that are typically too large or too small,
respectively. In classical applications, these microcavities can be used as high-efficiency filters, trans-
fer cavities, or external resonators. For example, due to their small size, these optical cavities can be
tuned with high-bandwidth piezoelectric modulators, allowing stabilization against acoustic noise,
which is challenging for more massive mirrors 166 and provides robust stability to its state-of-the-art

linewidth. The stabilized cavity can then be utilized as a compact narrow filter, external cavity for a

laser, or transfer cavity for stabilization of lasers of vastly different wavelengths.
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1t’s the second quarter of the 2 15t century!

Mikhail Lukin

Next Generation Experiments and

Conclusions

The experiments performed in Chapters 5—8 have laid the foundations for creating a neutral atom
quantum processor that can be networked with other processors through state-of-the-art optical
interconnects, as illustrated in Figure 9.1. In Chapter s, we introduced a platform that utilizes atoms

coupled to nanophotonic optical cavities, bridging the gap between the free space atom array and
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the cavity-coupled operation via coherent transport. This work inspired the research in Chapter 6,
where we demonstrated that coherent Rydberg excitation can be performed in the presence of a
nanophotonic cavity. In Chapter 7, we presented a platform more compatible with atom arrays
while simultaneously exploring new capabilities for quantum computing. These advances were
further enhanced by the fabrication techniques detailed in Chapter 8. The next step is to integrate
the tools developed in these chapters into a single platform.

In this chapter, I present progress toward achieving this goal. First, the initial experiment will
be upgraded to accommodate large arrays of atoms and Rydberg excitations for two-qubit gates.
In addition, a second experiment has been constructed to serve as a secondary processor that can
connect to the primary system, incorporating the micromirrors developed in Chapter 8. This new
experiment also explores promising directions for achieving direct entanglement between atoms and

telecom photons.

9.1 Atom ARrRAYS COUPLED TO FIBER CAVITIES

All experiments presented in this thesis were conducted using two optical tweezers, each individ-
ually controlled by Galvo mirrors. To scale these systems for atom arrays containing hundreds to
thousands of atoms, it is necessary to implement trapping using acousto-optic deflectors or spatial
light modulators 59520 Tn addition to this modification, expanding the field of view is highly ben-
eficial. To achieve this, we have transitioned to using a specialized microscope objective and large-
aperture Gooch and Housego acousto-optic deflectors. This enhanced system provides a usable field
of view of approximately 400 xm, which simplifies the trapping and cooling of atoms near the cav-
ity compared to the previous limit of about 60 zm. Moreover, the larger field of view improves the
prospects for coherent Rydberg excitation in the presence of the cavity.

In contrast to the experiments described in Chapter 6, we have also been developing our own
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Figure 9.1: (A) Two Neutral atom quantum processor nodes connected by an optical link allowing for distribution of en-
tanglement through photons. (B) The architecture of a single modular quantum processor, which includes an entangling
zone for two qubit gates mediated by Rydberg excitation, a storage zone for holding many qubits, and a networking
zone where atoms can be entangled with photons, enabling fast high fidelity quantum networking. (C) A scanning
electron microscope (SEM) image showing a fabricated microcavity optical interconnect.
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Figure 9.2: Multiplexed atom photon entanglement can be generated by utilizing coherent transport through the cavity
while simultaneously emitted photons through the cavity as they travel through the cavity mode, enabling faster entan-

glement attempt rates.

Rydberg laser system. This new system offers greater flexibility in selecting the Rydberg state and
enables exploration of more optimal states that balance Rydberg sensitivity with Van der Waals

shifts.

9.2 MULTIPLEXED ATOM PHOTON ENTANGLEMENT

Furthermore, by utilizing an array of atoms, we can perform multiplexed atom-photon
entanglement—a key technique for increasing remote entanglement generation rates. Current ex-
periments are limited by challenges in atom state preparation and cooling. A promising strategy is
to employ atom arrays for multiplexed atom—photon emission, allowing idle atoms to be prepared
and cooled simultaneously while other atoms emit photons, as shown in figure 9.2. In principle,
this technique can yield an N-fold increase in remote entanglement generation rates, where N is
the number of atoms that can emit photons while the other atoms are being prepared. These im-
provements can be further enhanced by integrating optical cavities to boost photon-collection ef-

ficiency and increase atom-scattering rates. Recently, the Rempe group demonstrated multiplexed
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Figure 9.3: (A) Two modules containing arrays of atoms coupled to arrays of optical cavities are used for multiplexed
REG. (B) Each module will consist of a chip integrated microcavity array coupling to an array of atoms. (C) A cross-
section showing the material stack of the proposed device. This device will provide fast tuning of the cavity resonance
and directed emission into the photonic interface through grating couplers.

atom-photon entanglement by coupling an array of atoms to an optical cavity®>. The remaining
challenges include determining the maximum number of atoms that can be multiplexed and the
achievable bandwidth of the optical cavity. Addressing these challenges will require further scal-
ing of the atom number, employing higher-bandwidth optical cavities, or developing multiplexed
optical interfaces, which can be realized with the fabrication we have developed.

The exploration of new optical cavity fabrication methods can address several challenges in inte-
grating atom arrays with optical cavities. More advanced fabrication techniques can improve cavity
finesse and, consequently, increase atom—cavity coupling strengths *°>*°. These methods can also
ensure pristine surface quality, thereby reducing surface charge fluctuations. Furthermore, protec-
tive coatings applied during fabrication can mitigate charge fluctuations arising from cavity surfaces,
enabling more coherent Rydberg operations near optical interfaces.

Furthermore, fabricated micromirrors offer a scalable and flexible geometry that allows arrays
of cavities to be integrated into a single system. By incorporating multiple optical interfaces into
one platform, entanglement generation rates can be enhanced for modular quantum computation.
Moving toward a fully fabricated approach also introduces opportunities to integrate nanopho-

tonic elements such as on-chip filters, wavelength division multiplexers, beam splitters, and grating
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couplers, as shown in figure 9.3.

9.2.1 CAVITY MEDIATED MANY-ATOM QUANTUM OPERATIONS

The experiments presented in Chapter 7 were limited to using two atoms to perform cavity-
mediated atom-atom operations. With more atoms, we can implement multi-qubit entangling
operations, while also designating one atom as an ancilla to be used to increase the performance

of the gate. Using a dedicated ancilla enables higher fidelities and provides greater flexibility in the
choice of qubit states. The two types of operation demonstrated in this chapter can be categorized
as follows: (1) state carving, which effectively implements a quantum nondemolition (QND) mea-
surement or dissipative state preparation, and (2) error-biased coherent quantum operations, which
can be made fault-tolerant through error detection. Both approaches naturally extend to many-

atom systems.

9.3 MANY-QUBIT STATE CARVING

The operation demonstrated in chapter 7, which we call cavity carving, can be interpreted as a pro-
jective measurement of the operator 1 — |01) (01|, followed by a subsequent 7 rotation. This effec-
tively realizes a measurement of 1 — |10) (10|. Upon a successful carve, the system is projected into

the even-parity subspace:

1 — [01){01] — [10)(10] = |00} (00| + [11)(11]

resulting in entanglement between the two atoms. By detuning the cavity from the atomic tran-
sition, its response becomes sensitive to collective multi-qubit states—specifically number states,
characterized by the number of atoms in the |1) state. Driving the ancilla at the resonance frequency

associated with a particular number state enables selective carving of that component, analogous to
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the earlier |01) state carving. A sequence of multi-qubit carving operations, interleaved with local
single-qubit rotations, can thus prepare arbitrary many-body states stabilized by specific measured
operators. A key application of this is the preparation of logical qubits,.

A simple example is the three-qubit repetition code. The logical states are [1), = [111) and
[4+); = (]000) + [111))/v/2. To prepare the logical |+); state, one must prepare physical qubits
in |[4) then measure the Z-type stabilizers. In the computational (Z) basis, these correspond to ZZI,
1ZZ, and ZIZ (i.c., pairwise parity checks), which can be implemented using our carving technique
combined with site-specific light shifts to perform eftective two-qubit parity measurements and can
also realize transversal logic gates directly *'+.

The repetition code is capable of correcting errors in only one basis. To protect quantum infor-
mation against both bit-flip and phase-flip errors, more advanced quantum error-correcting codes
are required. These codes typically involve higher-weight stabilizers, necessitating the measurement
of multi-qubit operators. Notable examples include the surface code and quantum low-density

parity-check (QLDPC) codes. For instance, the 7-qubit Steane code, features the following stabiliz-

ers:
IIIXXXX

IXXIIXX
XIXIXIX
27727
1271172

ZIZ1Z1Z

To implement an identity operation on a specific atom, it can be shifted far off resonance so it
does not affect the resonance condition of the ancilla. Higher weight parity checks (e.g., ZZZZ) can
be measured by driving the ancilla at resonance frequencies corresponding to an odd number of

atoms coupled to the cavity. This projects out the odd-parity subspace:
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Figure 9.4: (A) An array of atoms coupled to an optical cavity, with one atom designated as an ancilla and the others
serving as qubits. The ancilla is locally addressable via a tightly focused beam used for gate operations. (B) Level struc-
ture: the ancilla atom has three relevant states—an initial state |7) , an excited state |¢) , and an error state |e77) . The
transition |z'>a L |e>ﬂ is driven via a two-photon process, with one leg provided by a local optical drive Qopt and the
other by a microwave drive QW. This approach enables the use of states in which all gate-induced errors are, in princi-
ple, detectable, owing to the suppressed direct coupling between |e>a and |z'>ﬂ. The |e>ﬂ x4 |err>ﬂ transition is strongly
coupled to the cavity with detuning A. Qubit atoms are coupled to the cavity through the |1> — |e> transition with
a detuning of J, such that the |1) state induces a dispersive shift of the cavity resonance, while the |0) state remains
uncoupled.



ZZZZ|Yo4q) = — |Yoaa)

so that a successful measurement projects the system into the +1 eigenspace (even parity). More

generally,

2222 =" |n) (n| = Y |n) (n]

7 even 7 odd

Measurements in other bases can be made by applying local rotations before and after the carving
operation.

To enable number-dependent resonances, we introduce an ancilla atom with levels, shown in
figure 9.4 |7) ,, |e) ,, and |err) .. The |e) , <+ |err) , transition is strongly coupled to the cavity with a

detuning A. The relevant eigenstates are:

‘¢C3V> = % ’€>ﬂ ‘O>[ﬂl) + ’err>ﬂ |1>Eﬂl)7 ’Watom> = ‘€>ﬂ ‘0>[6ZU - % ’err>ﬂ ‘1>L'dll

and we operate using the cavity-like eigenstate. Including N resonant qubits, the eigenstates be-

come:

Foanc) = 5 11 100 19+ = (Je), [0 [N, 2 e, 0], 7, )

N
\W)q:\/lNZu...@-...nq
j=1

with eigenenergies:
lN,i = Wy T \/Ng

137



We drive one of these avoided crossings after preparing the ancilla in |7) ,, causing population
transfer to err) , if the system has the corresponding number of qubits in the |1) state. Successful
detection in the initial state (no transfer) implies projection into the orthogonal subspace.

The transition rate for resonant coupling is:

Zngz

o —=>——
*T A (x+7)

and for N-excitation states, we find a suppressed transition rate:

_ 220 (x+y)
T ety 2P

yielding the selectivity ratio:

T 2¢ \?2 4
°:<1+\/KI g> N
'y K+y (x+y)?

For large cooperativity C, assuming y = «, we find I'y/Txy = C. Failure mechanisms include
photon loss into free space via the | I#) state, which decoheres the qubits, and photon leakage from
the cavity, which is non-destructive to the qubit states. By detuning the qubits, we can bias the fail-
ure toward cavity leakage, which preserves coherence. This enables deterministic two-qubit parity
measurements by carving out the N' = 1 state. Due to the QND nature of the measurement not
destroying coherence within the V' = 1 manifold this allows for the measurement of both the +1

and -1 parities. For this scheme the associated errors are: False negative:

I
£, =€ !

False positive:

_h
rRl—e



resulting in a total error:

_ ~1 —%t —TIt
5tot—gp—|—en~ —e +e

Minimizing this error yields the optimal measurement time:

In(1/C

IR

and the corresponding minimum error:

Emin ~ S forC>1

As aresult, we find that one can perform a deterministic two-qubit parity measurement with a error

In(C
rate that scales as @

9.3.1 CAVITY-MEDIATED MANY-ATOM QUANTUM GATES

The other quantum operation demonstrated in Chapter 7 is a controlled phase gate, implemented
by inducing a 7 phase shift in one of the qubit states relative to the others. By extending this to
multiple qubits, we realize a N-qubit Toffoli-like gate, as explored in*°.

We can generalize this idea further by combining the N-qubit Toffoli mechanism with the Dicke
state-dependent cavity shifts described earlier. An intuitive extension is to engineer number-state-
dependent phase shifts. A particularly elegant proposal in this direction is found in”?, where the
ancilla acts as a control qubit that enables a number state-dependent operation across the entire

qubit ensemble. This allows for parity measurement of all qubits in the cavity:

), 100 [¥), = (100,10}, + [err), 1)) 1),

We allow the state |err) , [1) . | ¥), to evolve for a time 7. Due to the dispersive coupling of the

q
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cavity photon to the qubit ensemble, the system acquires a phase shift dependent on the total num-

ber of excitations. The effective Hamiltonian is:

Hd/h:}(Sza X:ia

where g is the cavity coupling rate, J is the detuning, and S, is the collective spin operator.

After evolution, a reverse pulse maps the cavity photon back into the ancilla atom:

10}, 10)cuy 12}, + lerr),, 1)y /M), = 10), 1Y), + e~ 1) [¥), .

If a photon is lost (either through the cavity or by free space scattering during evolution), the
ancilla cannot return to the initial state |1) .. Thus, detecting the ancilla in the state |err) , at the end

of the sequence indicates a gate failure. The success probability (no photon loss) is:

Pyyec = exp [— <7c + N‘i;) ’Z‘:| ,

where « is the cavity decay rate and y is the atomic decay rate.

To apply a 7 phase shift to all odd-parity states, we evolve for a time:

T 7o

T:azzgza

The resulting state after this time evolution will then take the form:

0y, 1), + [ £ 10, %),

and have a corresponding success probability of:
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Pruce = exp {— <7C+Ng2}/) . 7’5] .

> ) 24

The optimal detuning that maximizes this probability is:

N
9:@/7}/,

which yields a maximum success probability of:

v/ IN; /
Py = exp [—7{- }/K] ~1-—27 %],

54

for large cooperativity C = % As shown in Chapter C, the fidelity of this gate can be brought

close to unity by applying an additional rotation between |0) , and |err) .
For this particular gate time, we effectively implement the operator [ | o%. Measurement of the
n
ancilla on the X basis projects the qubit register onto an eigenstate of this operator, similar to state
carving. However, unlike the dissipative carving process, this interaction is coherent and allows one
to distinguish the 41 and —1 stabilizer eigenspaces.

In general, the failure probability of these cavity-mediated gates scales as

1
Ve

which determines the fidelity of the gate in a deterministic setting. However, with error detec-

Py ~

tion, this can be improved to

1
Pgy ~ rok

or even lower by engineering favorable error channels. This opens the possibility of leveraging
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780nm 1033nm

Figure 9.5: (A) An atom in a fiber mirror-silicon micromirror cavity driven from the side by 1033 nm and 780 nm laser
fields. These drives produce 1529 nm telecom photons can be entangled with the atomic qubit states.(B) Energy level
diagram illustrating the two-photon process used for atom-photon entanglement: a 1033 nm excitation, {21933, couples
the [SP5/,) and |SS) /, F = 1) states, resulting in the emission of a 1529 nm photon via strong coupling to the cavity
with strength g1529. An additional 780 nm, drive, Q7gp, on the |SSI/2> > |5P3/2> transition coherently maps the
system back to the qubit manifold, thereby generating an entangled pair between the telecom photon and the atomic
qubit.

erasure detection in quantum error correction, which can significantly increase the threshold '*%3.
For achievable cooperativities on the order of C' ~ 104, gate success probabilities can reach the
percent level, while fidelities can, in principle, approach unity. This would comfortably exceed the
thresholds for many erasure-biased codes. Combined with the natural advantages of the platform,
such as fast qubit readout and integrated quantum networking, this presents a promising direction

for future research.

9.4 ATOM-TELECOM PHOTON ENTANGLEMENT

In addition to the upgrades, it is now known as the "Main experiment”. We have constructed a
second atom-cavity experiment that we hope to one day link to the existing system, establishing a

two-node quantum network test bed. In addition to this long term goal, the second experiment
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will begin utilizing the fabrication that was developed in Chapter 8. These micromirrors provide
many advantages over the fiber-cavity platform. Additionally, because fabrication is an in-house pro-
cess, we are allotted more flexibility in our coatings. In particular, we can have our mirrors coated
for multiple wavelengths in Rubidium. A transition that is particularly interesting in Rubidium
is the [5P3/5) <> [4Ds ;) transition at a wavelength of 1529nm, as shown in figure 9.5B. Impor-
tantly, this transition falls within the telecommunications C-band, these photons can be transmitted
through optical fiber with ultra-low loss, experiencing attenuation below 0.2 dB/km (compared to
4 dB/km for 780 nm). This allows entanglement links to span tens of kilometers>°>*. Thus, one of
the main goals of this experiment is to achieve strong coupling on the telecom transition and utilize
schemes for directly generating atom-photon entanglement between the spin and a telecom pho-
ton. This approach may have an advantage over some of the previous methods involving quantum
frequency conversion in terms of complexity, fidelity, and rate®®.

There is already existing work on schemes for generation atom-photon entanglement on higher
lying transitions like those we plan to use. These are typically diamond schemes that rely on three

lasers with fast pulsing ***"

2. This becomes a technical challenge involving the stabilization of three
narrow lasers. In order to reduce this complexity, we plan to replace the two-resonant drive excita-
tion with a single drive two-photon off-resonant excitation. In the case of [SP5 ;) <> [4Ds ,), this
corresponds to a 1033nm transition. This laser can be stabilized using one-color, two-photon spec-

162

troscopy ' °*. These methods for laser stabilization are common for vapor cell optical clocks due to

their narrow lines and Doppler-free nature.

9.4.1 DuaL REsoNANCE CAVITY

The optical cavity design that will be utilized is a hybrid cavity with an input mirror being the fiber
cavity and a back mirror being a silicon micromirror. Due to the spherical shape of the micromirror,

it is possible to work with a configuration where the radius of curvature of the fiber cavity is larger
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Figure 9.6: (A) An image of the fiber mirror-silicon micromirror device shows the fiber cavity mounted in the v-groove
structure, with the micromirror cavity glued to the side of the v-groove. The v-groove is then mounted on two shear
plate piezos, as seen in the lower left and right. (B) A zoomed-in image of the fiber mirror-silicon micromirror device
demonstrates that the micromirror design offers ample optical access. (C-D) The linewidths of the 1530 nm and 780 nm

resonances of the cavity were measured using sideband spectroscopy with sidebands of 200Mhz and 500MHz, respec-
tively. The 1530 nm line exhibits a linewidth of 277 X 65 MHz, corresponding to a finesse of 30,000, while the 780 nm
line has a linewidth of 27 X 23 MHz, corresponding to a finesse of 81,000.

144



than that of the micromirror and operate where the length of the cavity is nearly the radius of cur-
vature of the micromirror. This will result in a mode shape that places the cavity waist on the fiber
cavity, as described in chapter 8. By ensuring that this mode overlaps with the core of the fiber, one
will achieve a high collection efficiency of photons from the cavity mode directly into the optical
fiber. In addition to this feature, the silicon micromirror can be coated to have significantly higher
reflectivity than the fiber cavity, resulting in an overcoupled cavity where most of the photon emis-
sion will exit into the fiber. Combined, these two considerations will result in a high total collection
efficiency going directly into the fiber.

Building this optical cavity presents several challenges, one of which is that we are interested in
aligning this cavity so that the total collection efficiency is maximized. Unfortunately, if we revisit
the cavity reflectivity equation, we find that the size of the signal (reflection dip) shrinks as the col-

lection eﬁiciency increases:

2k in

T 2A (9.1)

r=1-—y

Where 7 is the modematching between the cavity mode and the single mode of the input fiber.
This makes looking at the reflection a difficult signal to optimize. However, for the fiber cavity used
in chapter 7, the mirrors were coated symmetrically, resulting in a critically coupled cavity (x;, =
Kour = Kor/2), thus a signal (reflection dip) that always improves with better alignment, making
alignment in reflection relatively easy.

This becomes more challenging when considering that this would also mean that the reflection
dip of higher-order modes will appear larger than those of the TEM(p mode. In order to do proper
alignment, we must find a signal that can give a definitive measurement of the mode matching. One
signal that comes to mind, that we already work with frequently, is the PDH signal. The PDH error

signal is given by:
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Figure 9.7: (Left) The low passed reflection signal showing sidebands on the laser. This reflection signal is plotted for
a variety of mode matching values showing that the depth of the signal increases and then begins to decrease again,
making it challenging to determine the mode matching. (Right) the PDH error signal generated when demodulating the
laser light from the cavity . This is plotted as a function of mode matching to show that as the mode matching increases

this signal increases.

E(A) = Re[r(A) (A 4+ wg) — 7 (A)r(A — wy)] (9.2)

By plotting this as a function of the mode matching for standard cavity parameters, as shown in
figure 9.7, we find that the amplitude of the error signal strictly increases as the mode matching gets
larger, making this a better signal to optimize.

Another important consideration is trying to find cavity lengths where it is possible to have a
dually resonant feature that would allow for simultanious strong coupling on the 78onm transition
as well as the 1529nm. In order to ensure this condition we must align and measure our cavities
with lasers that are stabilized to the 78onm and 1529nm transitions. We perform this stabilization
using DROP (Dual-Resonance Optical Pumping) spectroscopy **°. When measuring the cavities
with all degrees of freedom, allowing for tip, tilt, and position we are able to find lengths where the
1529nm resonance and the 78onm resonances will be near eachother. Further tuning of the tip and

tilt can then allow for fine-tuning of the modes to overlap with each other. We attribute this tuning
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to misalignment of the mode with respect to the mirrors, which changes the effective penetration
depth of the coatings.

The alignment of a fiber cavity device is performed by holding the ends of the fiber and then glu-
ing the end of the fiber into a v-groove mount. We can extend upon this design by replacing one of
the mirrors with a microcavity mirror. Alignment and positioning of the micromirrors can be per-
formed using a combination of glue and micromanipulation, but for fine alignment, the method
that we have developed is to attach the micromirror to a manipulator with kapton tape or a poly-
dimethylsiloxane (PDMS) stamp. This provides enough clamping to allow us to manipulate the mi-
cromirror with even more control than the fiber cavity. The device is then made by gluing the fiber
cavity into the groove allowing us to modulate the length of the cavity with the shear plate piezo on
the fiber cavity side of the v-groove. Then we used the s5-axis stage to position the micromirror onto
the other side of the monolithic v-groove structure. We then performed the same slow UV cure of
the micromirror that we performed for the fiber cavity device to glue the micromirror into place. Af-
ter the glue has fully cured, we can remove the micromirror from the kapton tape or PDMS stamp
and find only a small change in the alignment of the cavity.

With this alignment, we are able to measure finesse consistent with losses limited only by the
coating and losses of the fiber cavity with negligible loss from alignment or micromirror loss. The
device made for this experiment is formed using a QLibri fiber cavity with a dual resonance coating
with an AL1300 fiber ablated to a radius of curvature of 193um with a transmission loss of 780 nm
60 ppm and a coating of 1550 nm with transmission loss of 160 ppm. The measured finesse. The
finesse of this fiber cavity, when measured against a highly reflective ultra-smooth substrate, corre-
sponds to the fiber cavity having a loss corresponding to 28 sppm loss at the 1529nm and 84ppm
loss at 78onm. After the device is made, we measure a linewidth of 6sMHz on the 1529nm res-
onance and a linewidth of 23 MHz on the 78onm resonance. With a cavity length of 80 This

corresponds to a finesse of 30,000 and 81,000 meaning that there is negligible loss due to the silicon
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micromirror in both clipping, scattering, and transmission. Also, corresponding to record coopera-
tivities of ~ 290 at 1529nm and ~ 240 at 78onm on the stretched-state transitions. It is also inter-
esting to note that the cooperativity of the 1530nm transition is even larger than that of the 78onm
transition despite finesse being over a factor of 2 lower. If we return to our definitions of cooperativ-
ity in chapter 2 it becomes clear that there is a favorable scaling of cooperativity with wavelength due
to the density of states. Furthermore, longer wavelengths will have less scattering and transmission
loss as described in chapter 8. These considerations make the use of telecom transitions favorable
not only for long-distance communication but also for overall strong coupling. An additional di-
rection of interest is access to silicon photonics that cannot be utilized for near-IR or visible light,
but are extremely well developed for telecom photonics. The ability to introduce nanophotonic ele-
ments in conjunction with an efficient quantum interface offers a number of exciting directions to
be explored.

The reflection dip can be used to determine the total collection efficiency of light from the cavity
pte =~ 7. Weattribute the loss in collection efficiency to the scattering loss from the fiber cavity.
The coating is quoted to have a loss of 160 ppm, however, the measured finesse yields a total loss of
21oppm. These measurements would suggest “* = .76, producing a mode matching 7 = .92 that
is consistent with what is expected from this cavity geometry.

The device made in this section utilizes the fabrication techniques developed in chapter 8 to ex-
ceed all former photonic interfaces in both cooperativity and total collection efficiency. This device

also promises exciting directions towards strong coupling on two different transitions in rubidium

allowing for exploration of direct atom telecom photon entanglement.



9.5 CONCLUSION

In this thesis, we investigated photonic interfaces for neutral-atom quantum computers with the
goal of establishing fast, high-fidelity interconnections between quantum processing units. Our
work has focused on integrating optical cavities with state-of-the-art neutral-atom quantum pro-
cessors, yielding several key insights and advancements toward scalable quantum computation and

networking. Many of these components have been demonstrated separately, including:

1. Coherent transport: Demonstrated coherent transport between a free-space atom array and

a photonic interface.

2. Coherent Rydberg excitation: Achieved coherent Rydberg excitation in the presence of a

photonic interface, which can be utilized to perform high-fidelity two-qubit gates.

3. Integrated microcavity interface: Developed a microcavity photonic interface that is more
compatible with existing atom array architectures, facilitating fast readout and additional

quantum operations.

4. Advanced optical cavity fabrication: Established novel techniques for fabricating state-of-

the-art optical cavities designed for integration with neutral atom quantum computers.

As described in this chapter, our ongoing efforts are now directed toward developing a system
that integrates all these components on a single platform, thereby enabling modular quantum com-
puting.

These contributions represent a significant step toward realizing large-scale, distributed quan-
tum computing. Future work will further refine these photonic interfaces and integrate them with
next-generation neutral-atom platforms, ultimately enabling quantum processors that operate over
long distances with high fidelity. The methods and insights developed herein are expected to lay the

foundation for subsequent advances in scalable quantum technologies.
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Supplement of Chapter s

A.1 COOPERATIVITY ESTIMATE

The reflectivity amplitude of an atom-cavity system driven at a frequency » can be calculated as'7°:

-1
7= Kug <§—ZAC+ ¥y gz > -1 (AI)

5 = Z'Aa




where y is the atomic spontaneous decay rate, ¢ is the single-photon Rabi frequency, A, = & — w,
is the atomic detuning, and A, = @ — @, is the cavity detuning. The cavity decay rate « is the sum

of decay into the waveguide x,,, and the decay elsewhere at «,.. The single-atom cooperativity is de-
fined as C = 4¢*/(xy). The measured reflection spectra correspond to |r(w)|*. The entanglement
protocol implemented in this work is done with the atom, cavity, and probe photons on resonance,

in which case the reflectivity simplifies to

2Ky 1 2

x C

R=1r?= ‘1 (A2)

showing a highly nonlinear dependence on cooperativity. For our measured cooperativity, the atom-
cavity system acts as a near-perfect mirror already with a single coupled atom.

The reflection spectrum in Fig. 1B appears asymmetric due to the coupling to 7/ = land F = 2
excited states in addition to the main 7/ = 3 and is fitted using the theoretical model described
in'7°. According to this model, the thermal motion of a trapped atom next to the cavity results in
adistribution of cooperativities sampled by the atom. Using the independently measured radial
trap frequency of 2z x 115 kHz, axial trap frequency of 2z x 550 kHz, and final temperature of
T = 70 uK, we fit for the cooperativity an atom would experience if it were stationary and obtain
Co = 47(1). The distribution of the cooperativities an individual atom samples has a mean value
of 27(1), and a standard deviation of 25(2). We adjust the two trap positions relative to the cavity
mode to match their individual mean cooperativities while not overlapping their traps, resulting in
a 2.1 um distance between the atoms centered around the mode maximum. At the mode maximum

of the cavity the mean single-atom cooperativity is measured to be 71(4) '7°.
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Figure A.1: Experimental sequence. (A) Time breakdown of a typical two-atom entanglement sequence between atom-
A and atom-B. (B) An experimental sequence for the coherent transport of the atomic states that incorporates phases
both at the cavity (red and green) and in free space (blue).

A.2 EXPERIMENTAL SEQUENCE

The total run time can be separated into periods of experimental run (~ 85% of the total time),
equipment programming, and setup calibration. Confocal tracking of the cavity position accounts
for most of the setup calibration and is needed to consistently move atoms to the same position in
the cavity mode. This is achieved by imaging the cavity in different focal planes for 2 minutes every
25 minutes and recalibrating the coordinates for each dipole trap. The cavity resonance is tuned by
heating the cavity with an off-resonant infrared beam, thus without introducing additional elements
or electric fields near the atoms. The lock provides active feedback throughout the experiment but
can be frozen or jumped to a different cavity detuning value if needed.

A typical experimental sequence is outlined in Fig. A.1. We load atoms from a magneto-optical

17, Each experimental trial begins upon

trap with the tweezers positioned S0 #m from the cavity
detection of atomic fluorescence indicating presence of both atoms. At this position, we perform
polarization gradient cooling (PGC) and bring the temperature of the atoms down to 15 K. The

dipole traps are subsequently moved to the cavity with galvanometer mirrors. During transport,

the trap transforms from a Gaussian beam into a 1D optical lattice with tight axial confinement due
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to its reflection from the PCC. The increase in the trap frequencies results in a higher atomic tem-
perature. To counteract this heating, we apply PGC again while attempting to load the atoms into
the first lattice site closest to the PCC. We achieve 80% single atom loading probability with a final
temperature of 70 K, up from a 50% loading probability without cooling during loading. In the
case with cooling, we have determined that the remaining 20% consists of approximately 15% loss
and 5% higher lattice site loading. These values were characterized by combining a measurement
evaluating the two-way survival of an atom, a reflection measurement determining the presence of
an atom in the first lattice site immediately after loading, and the survival of an atom moved to free
space after confirming its presence in the first lattice site. While at the cavity, the atoms experience a
higher heating rate than in free space, reducing their trap lifetime to 180 ms. Photon scattering due
to state readout through the cavity causes additional heating, limiting the number of experimental
repetitions at the cavity. Furthermore, to reduce light shift-induced inhomogeneities, we reduce the
trap depth from 27 X 50 MHz to 27 x 32 MHz before preparing the qubit state (see Section 2.1 be-
low), which increases the loss probability. For the experiments where the atoms are kept next to the
PCC the entire time (such as in Figs. 1 and 3 in the main text), we re-cool the atoms every two rep-
etitions, and repeat the experiment up to 10 times, as shown in Fig. A.1A. For a typical experiment,
two atoms are on average present in 4 of those iterations. For experiments which incorporate phases
both at the cavity and in free space (such as in Figs. 2 and 4 in the main text), we do not re-use the
same atom pair (Fig. A.1B).

Since the atoms can be heated out of the traps during the experimental attempts, we postselect
the experiments based on atomic presence detected via the cavity. As shown in Fig. 1C, the cavity
reflection cannot distinguish the number of coupled atoms. By adding individual addressing beams
co-propagating with the dipole traps and resonant with the 55}/, — 5P, , transition, we can selec-
tively pump either atom to the coupled state (5 = 2) while leaving the other in the uncoupled state

(F = 1). This allows us to perform entanglement experiments where both atoms are loaded with
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>99% and to overcome the common problem of probabilistic loading from which all nanophotonic
platforms suffers®%512°,

Combining the probabilistic loading at the cavity, the two-atom initial trigger rate, and the sin-
gle photon detection rate for the entanglement experiments gives a Bell pair generation rate of
0.5 events/min. The largest contribution to the low data rate is the number of collected photons
from the coupled level during the gate pulse. The total number of collected photons is equal to
Notiecred = TintNoens = 1072, where » = 0.28 is the total detection efficiency, Ny, = 0.35 is
the number of photons sent to the cavity, and 77,, = 0.1 s the throughput from the interferometer
in the undercoupled cavity regime. We discuss the interferometer throughput 77, in detail in the
section about the entanglement scheme implementation. The total detection efficiency 5 consists
of the single-photon counter (PerkinElmer SPCM-AQR-16-FC) quantum efficiency (0.6), fiber
taper coupling efficiency (0.6), and optical path throughput (0.8), and can be readily improved with

superconducting nanowire detectors and a higher PCC-fiber coupling efficiency.

A.3 STATE PREPARATION

To prepare an atom in the qubit state |F, mp) = [1,0) = |0) we perform a frequency-selective
Raman-assisted optical pumping protocol. The protocol consists of sequentially pumping the
atomic population into the ' = 1 ground state manifold followed by driving |1, £1) — |2, £1),
leaving the target qubit state dark. The latter is accomplished through driving Raman transitions
between the two ground state hyperfine manifolds with a circularly polarized beam. This beam is
100 GHz detuned from the 55;/, — 5P, transition and contains two frequency components
detuned by the hyperfine splitting of 6.8 GHz generated by an amplitude modulator (Jenoptik
AM?785s). It co-propagates with one of the dipole traps through the objective and is large enough

to equally address both atoms which are separated by 2.1 um. We begin the optical pumping cycle
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with the atomic population coarsely pumped to ' = 1, prepared with the MOT beams tuned to the
F =2 — F = 2transition. The Raman beat note is generated from the microwave source (SRS
SG 384) operated in the frequency-shift keying (FSK) mode which allows rapid frequency switching
to sequentially drive the |1, £1) — |2, £1) ground state transitions, thus leaving the final popula-
tion in |1, 0) (Fig. A.2). Afterwards, we apply the global MOT beams again to pump the population
from F' = 2 back to F = 1. We repeat this cycle 40 times, with each Raman pulse taking 2 s and
the MOT pumping pulse taking 2.2 #s. The optical pumping sequence takes 340 us in total and re-
sults in 2 0.98(2) preparation fidelity in |1, 0). The optical pumping fidelity estimation is extracted
via the Rabi oscillation contrast (Fig. 1D), where the [1,0) — |2,0) transition is driven and the
resulting ¥ = 2 population is read out with the cavity. This optical pumping fidelity is corrected for
the cavity readout infidelity. Our optical pumping scheme overcomes the challenge of maintaining
polarization purity near the PCC, where the atom samples near-field polarization variation of an
optical field reflected from the nanostructure. This makes other polarization-based optical pumping
schemes inapplicable for high-fidelity state preparation. Our scheme, however, relies only on fre-
quency selectivity between the different magnetic sublevels, enabled by a Zeeman shift of 12 MHz
(B = 17 Gauss).

The state preparation is performed on both atoms simultaneously, while they are strongly cou-
pled to the PCC. The resonant cavity picks up stray light very efficiently, so we pay special attention
to shuttering off all the unused light sources. Other than that, we observe no adverse effects of the
strong coupling on the preparation fidelity. Since the state preparation scheme uses only optical
sources, it can be adapted so that it prepares each atom individually, without disturbing the atoms
in the surrounding tweezers, which may be useful for the proposed integration with a free-space

atom array.
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Figure A.2: An illustration of the Raman-assisted state preparation. Cycling between repumping the atominto /' = 1

(green) and depleting the population in mp = {—17 1} (blue) leaves the atom in |1, O>.

A.4 TWO-ATOM READOUT IN FREE SPACE

The experiments described in the main text performed with tweezers positioned away from the
PCC rely on the standard push-out state detection. We apply a pulse resonant with the F' = 2 —
F = 3 transition that removes atoms in ¥ = 2 and record fluorescence to detect the atoms remain-
ingin F = 1. The push-out pulses and fluorescence detection are performed ~ 1 zm and so zm
away from the PCC respectively. We characterize the readout contrast by preparing the atoms in
the F = {1, 2} manifolds at the PCC, moving the tweezers away at a trap depth of 27 x 32 MHz,
and performing the push-out readout, obtaining the retention probability of ~ {0.80,0.05}. We
recalibrate the retention levels every half an hour in parallel with running the entanglement exper-
iments. The finite retention of ' = 2 is limited by imperfections in the push-out procedure. The
retention of F = 1is primarily limited by transport loss (~ 15%) and loss from collisions with the
MOT atoms during the imaging (~ 5%). The transport loss depends on the trap depth and initial
temperature, and for our parameters can be suppressed at a trap depth of 27 x 50 MHz.

As the finite contrast of the push-out detection limits the single-shot detection fidelity, we infer
the population components from the readout probability after collecting meaningful statistics based

on the readout calibration described above. In the case of two-atom experiments, the probabilities



of retention R are given by

Roo Py
Ro Py
R = =K ; (A3)
Ry Py
Ry Py

where R; denotes the results corresponding to the four possibilities of retention of the two atoms,

P;; are the populations in the corresponding two-atom states, and K is a correction matrix given by

K=Kas®Kp=

habg ha(l—hg) (1—hg)bp (1—hy)(1— bp)
halp —1Ig) (L—=hyg)lg (1—hy)(1—1Ip)
Labg 141 —hp) (1—Lby (1= Ls)(1— hp)
lalg  Li(1—1g) (1—Ly)lg  (1—1Ls)(1—1Ip)

(A.4)

where {/;,/;} denote the retention probabilities of atom 7 prepared in F = {1, 2}. For a generic
two-atom measurement, we multiply the inverse of the correction matrix with the measurement

result to obtain the populations '3

A.s READOUT THROUGH THE CAVITY

The measurements in Fig. 1 and 3 in the main text were done by reading the atomic states using
the cavity reflection. As shown in the Fig. 1C, readout through the PCC distinguishes the state
|00) from the rest of the states in the two qubit manifold. By integrating for 25 us and choosing a
photon count threshold, we perform a single shot readout which distinguishes |00) from the other

states with the fidelities reported in Table A.1. The confidence intervals for the fidelities were ob-
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State ‘ Mean ‘ Confidence interval

00) [0.956 | [0.936,0.975]
01) | 0.949 | [0.922,0.964]
[10) | 0.948 | [0.921,0.961]
[11) [ 0.991 | [0.987,0.99]

Table A.1: Readout fidelities of different two-atom states

tained by changing the threshold by £1 photon.

A.6 FIDELITY EXTRACTION FROM PARITY

To characterize the state after the carving protocol and its overlap with @), we perform two sets
of measurements. In the first we measure the populations Pyy and Pj; and in the second we measure
the parity oscillations of the state |® ). The populations in |00) and |11) are extracted by reading
out the states without and with a global 7 pulse applied before the cavity reflection detection respec-
tively. Using the normalization condition ) | P; = 1, we also extract the population in the odd
states, Pygy = Po1 + Pro = 1 — (Poo + Pi1). We can therefore measure the parity of the state, defined
as

IT = Pyo — Por — Pro + Piy = 2(Poo + Puy) — 1 (A.s)

We calculate the fidelity of preparing the Bell state [®T) as F = (@ |p|0T) = 1 (/000700 +
Pun t Poou t f’u,oo) by measuring the populations {5 (., 1, } and the coherences
{P11.00 = Poo.11}- The total population is directly measured from the cavity readout. The coher-
ence is recorded after a 77/2 rotation over a variable axis @ **7*°# and is extracted from the amplitude

of the parity oscillation as



(p) = 2Re(pw701) + ZIm(Pu,oo) sin(2¢)

+ 2Re(py; o) cos(29) (A.6)

Combining these two measurements gives the reported fidelity of 7 = 0.72(3). Note that the data
in Fig. 3 and the reported entanglement fidelity at the PCC are not corrected for the finite readout
fidelity.

The fidelity measurement after the transport is done in an analogous way. All four populations
Py are extracted from the free space fluorescence detection. The phase of the coherence term 2p, =
arg(p; o) is calibrated using each individual atom’s Ramsey fringes, after which the resulting two-
atom state coherence is extracted from the difference in the parity measurements I1(7/2) — I1(0)
between the bases {parallel, orthogonal} to ¢, labeled {XX, Y'Y} (Fig. 4B). Combining this measure-

ment with the populations (ZZ basis) gives the measured fidelity of 7 = 0.65(5).

A.7 CONCURRENCE BOUND

Concurrence is a basis-independent measure of how entangled a state is and is therefore a more
general entanglement measure than the fidelity of preparing a certain state. In practice, however,
measuring the concurrence requires knowledge of the full density matrix of the prepared state. For
this reason, a lower bound is often used to check if a state is entangled *°®. A concurrence of C > 0
proves entanglement.

Given the amplitude of the parity oscillations we obtain a lower bound on the concurrence, fol-
lowing %, In the ZZ basis, we primarily prepare |®T) = (|00) + |11)) /+/2. The lower bound for

the concurrence is then

= 2(1ﬁ00,11| - \/ﬁ01,01/’10,10) (A7)
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Using the Eqn. A.7, we directly extract concurrence after moving of C > 0.35(11). At the cavity
we only measure the sum of the two populations Py; + Py9 = 0.22 £ 0.03. To get a lower bound,
we want the maximum of their product, which occurs when they are equal Py; = Pio. Using this,

we extract C > 0.46(5).

A.8 ENTANGLEMENT SCHEME USING THE INTERFEROMETER

The entanglement fidelity of the coherent photon reflection protocol is determined by the reflection
amplitudes of different two-atom basis states. In turn, the reflection amplitudes determine the opti-
mal initial rotation angle 6. The four qubit states have reflectivities given by Eqn. A.2, which for our
parameters are Rog = 0.40, Ro; = Rip = 0.94, R;; = 0.97. Since the entanglement protocol
relies on distinguishing |01), |10) and |11) from |00) as well as possible, we add an interferometer

in the detection path to eliminate the uncoupled reflectivity Rog. The cancellation is achieved us-
ing a Mach-Zehnder interferometer with the relative phase tuned for destructive interference of the
uncoupled reflectivity (Fig. A.3). In this way, any cavity with a finite reflectivity on resonance can

be used to implement entanglement via photon carving. The interferometer can be switched on

and off during an experiment by changing the AOM driving amplitudes to allow for both the single
photon gating (interferometer on) and atomic state detection (interferometer off).

In the case of a perfect interferometer, Ryo — 0 and would yield a fidelity of 7 = 1/(1 +
tan(6/2))?, which in principle can be F — 1 with an infinitesimaly small angle 8. The contrast of
our interferometer is limited by the noise on the cavity lock to (R — Roin)/ (Rmax + Ronin) =
0.96. This gives finite reflectivities to all the states, such that after a postselection on the reflected
photon we are left with the components of both states |00) and |11) as error terms. For a given inter-
ferometer contrast, there is an optimal initial rotation angle that balances and minimizes the infideli-

ties. The dependence of the maximal Bell state fidelity on the interferometer contrast and the initial
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Figure A.3: Sketch of the interferometer in the detection path used to improve the reflection contrast between a cavity
with and without coupled atoms.

angle is shown in Fig. A.4 (left panel). Bell state fidelity is defined as the overlap between | ¥ ) and
the state created right after the photon reflection. For our interferometer contrast, we choose the ini-
tial angle of 0.37 and expect the maximal fidelity of 0.76. Given an initial angle and interferometer
contrast, one can calculate the probability of having a photon reflected from the atom-cavity system,
which for our parameters is 77,, = 0.1.

The protocol can be improved using a cavity with a smaller R, given that the maximal fidelity
is intrinsically bounded by this value. Note that for our cavity linewidth the uncoupled reflectivity
Ry is equivalent to the empty cavity reflectivity. Fig. A.4 (right panel) shows the dependence of the
maximal fidelity and success probability on Rgo. Assuming that the interferometer contrast stays the
same, the fidelity can be improved to 0.9 by reducing Roo from 0.4 (our parameter, black dot in the
figure) to 0.1. The tradeoff between the fidelity and the success probability is demonstrated by the
opposite slopes of the solid and dotted curves in Fig. A.4.

Finally, there are other avenues for improving the carving protocol beyond improving the inter-
ferometer contrast. For example, reflecting two gate photons separated by the coherent rotations
could achieve a higher entanglement fidelity at the expense of a lower success rate, as demonstrated

in*°4. The success probability of the protocol can be increased by using a single photon source in-
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Figure A.4: Parameters that determine the entanglement fidelity. (Left) Dependence of the maximal Bell state fidelity
(solid lines, left y axis) and protocol success probability (dotted lines, right y axis) on the initial angle and interferometer
contrast. Not using the interferometer would limit the maximal fidelity to ~ 0.6. With our measured interferometer
contrast of 0.96, the fidelity is limited to 0.76 (black dot). (Right) Keeping the interferometer contrast the same, the
protocol maximal fidelity can be improved by using a cavity with a smaller reflectivity R .

stead of an attenuated coherent pulse. In the case of an attenuated coherent pulse, the atomic coher-
ence decays by a factor of e=*Ner where 1 = 4(x,,/x)C/(C + 1)? is the spontaneous emission
probability of a strongly coupled atom '*5. We optimized N, by measuring the retained coherence
of single atoms after projecting them with coherent gate pulses and chose N,,,; = 0.35 so that the

spontaneous emission effect is negligible.

A.9 THEORETICAL MODELS FOR THE ENTANGLEMENT PROTOCOL

A.9.1 COHERENT MODEL

Ideally, the carving protocol for entanglement generation is fully coherent and results in a pure
state. Here we model the effect of a coherent photon reflection and post-selection on detection.
The model assumes that the photons reflected from different two-atom states differ by the reflection

probability but are otherwise completely indistinguishable. Under this assumption, throughout the
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experiment the two atoms are in pure states, which are different superpositions of the Bell triplet
states |®F) and [¥+). The target entangled state from the main text is |® ), and we define the
entanglement fidelity as the overlap F = (®F | p|®T).

We define the phase of our rotations such that a native rotation is over the axis x, so that after a

rotation by angle & we obtain Ry 4]00) = |¥y):

[¥;) = cos? <§> |00) — sin? (i) 11)

_ isin (i) cos (j) (J01) + |10)) (A3)

After preparing the state |¥y), we reflect a photon and post-select on its detection. Given the

reflection amplitudes for each state (790, 701, 710, 711), We are left with

1 g g
[eond) :N(}’OO cos’ <2> |00) — 7y sin” <2> |11)

~ iroysin (i) cos (i) (j01) + 10))) (As)

where N is a normalization factor. If we relabel different state amplitudes as g = 7gg cos® (g) /N,

£ = 7y sin® (g) /N, and f = 701V 2 sin (g) cos (g) /N, we can rewrite the state | ¥*4) as

Yy =g, 100) — ¢ |11) — £ f[FT)
= (m\;ﬁﬂ) |oT) + <£0\2£1> o) — zf|‘I’+> (A.10)

Before analyzing the state, we apply R, ,/, and get the final state in the ZZ basis

’\I/zz> = R0,7r/2 ® RO,7[/2 ‘\Y[md>

() i+ (250 ) 10 - fle (a1
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Figure A.5: Comparison of the experimental measurements (blue), mixed model predictions (red), and coherent model
predictions (green) for the parity measurement (left panel) and the ZZ basis populations (right panel).

Based on Eqn. A.11, the entanglement fidelity is given by F = |#|%. The idea of the "cavity carving”
protocol is to maximize the amplitude . This can be done by 1) having (r90 < 701 =~ 711), which
would result in a small £y, and 2)) using a small initial rotation angle &, which would result in a small

£1.

From Eqn. A.11 we can determine the population in the four basis states:

1|eg+¢ 2
P()O = E % — (A.IZ)
1o+ e 2
1 2
Poy =P = 1 leo — 21 (A.14)

Note that finite values of &y and ¢; cause the populations in [00) and [11) to be unbalanced (as

seen in Fig. 3B).



A.9.2 MIXED MODEL

The coherent model above assumes that the post-selection on the reflected photon leaves the system
in a pure state. However, spontaneous scattering and temporal mismatch can both reveal the which-
path information of photons reflected from [00). When the photons reflected from the uncoupled
and coupled states are distinguishable, the system is left in a mixed state. Spontaneous scattering
from the gate photons in the coherent pulses containing more than one photon leave the atom in a
different hyperfine level within the F = 2 manifold. In addition, while the response from the state
|0) is instantaneous, the bandwidth of the response from the state |1) is Cy and may lead to a tem-
poral mismatch. The atom samples a distribution of cooperativities due to thermal motion, which
for C ~ 1results in a 26 ns delay in the atomic response. This is longer than the pulse duration of
20 ns (FWHM) and would make the photons distinguishable.

We can model distinguishability by assuming that a photon reflection corresponds to the follow-

ing projections:

M, = {00) (00 (A.15)

M, = —-M, (A.16)

If the probability that a detected photon was reflected from |00) is p,, and from the coupled man-

ifold is p, = 1 — p,, post-selection on a photon detection projects the system into

# = puM oM, + pMpM] (A.17)

where p is the density matrix of the state before reflection, p = [¥y) (V4| (Eqn. A.8). The prob-
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ability p, can be calculated as the ratio of effective reflectivities of the uncoupled and coupled states

(assuming that Rjg = Ry):

Roo

S I (A.18)
Roo + Ros

Pu

When using an interferometer, Roo and Ro; would correspond to reflectivities with the interfer-
ometer engaged. For our measured interferometer contrast of 0.96, p, = 0.087.

The mixed model differs from the coherent model in that the reflection post-selection destroys
the initial coherences berween [00) and the coupled states: oy, 15 £00 102200 11- When the state is
further rotated and analyzed, such as in the populations and parity oscillation measurement, this
will result in different theoretical predictions. However, we note that the entanglement fidelity pre-
diction of the two models is identical, since the entanglement relies on the reflection preserving the
initial coherence between |01) and [10) (o, ,,) after the gate pulse, which happens in both models.
We confirm this statement numerically, by calculating the overlap with |® ™) with different models,
and arriving at the same values.

Given that both the coherent and the mixed model give predictions for the state populations and
measured parity, we here compare them with the measured data. Figure A.s shows the experimental
measurement (blue), predictions from the coherent model (green), and mixed model (red) for the
parity oscillation (left panel) and ZZ basis populations (right panel). The mixed model agrees better

with the measurements in both datasets.

A.10 COHERENCE PROPERTIES OF ATOMS NEXT TO THE PHOTONIC CRYSTAL CAVITY

The qubit relaxation time 77 in our system is limited by contributions of various scattering pro-

cesses. The tweezer depth next to the PCC (32 MHz) would limit 77 to 60 ms. However, with
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the cavity tuned into resonance with the atom, we observe additional scattering that significantly
reduces 77 to 1.2 ms. With the cavity tuned 14« away from the atomic resonance, we recover the
expected 77. For the experiments that require long coherence, such as for atomic state transport,
we detune the cavity right after the gate by jumping the cavity lock in sequence. The source of the
resonant scattering remains under investigation.

Magnetic-field-insensitive qubit encoding minimizes the influence from vector light shifts, a near-
field effect intrinsic to tightly-focused light and further exacerbated by the standing wave potential
next to the PCC'?#. The spin dephasing is characterized by the transverse decay time 75 and is pri-
marily limited by thermal motion leading to varying differential AC Stark shifts. This dephasing can
be decomposed into the reversible (7%) and the irreversible (75) componentas1/ 75 = 1/ T4, +1/T5.
Shown in Fig. A.6A is a Ramsey decay measurement (7/2 — 7 — 7/2) of an atom next to the PCC,
givinga 75 = 0.35(4) ms. As discussed in”**54, the main source of reversible dephasing in opti-
cal dipole traps is atomic motion coupled with a finite differential light shift. If we assume that the
energy distribution of atoms in the trap obeys the Boltzmann distribution with temperature 7, the
reversible dephasing time 77 can be expressed as 75 = 2h/((kpT)°*. The factor { depends on the
dipole trap wavelength and the atomic energy spectrum. We experimentally confirm the linear de-
pendence of 1/ 7 on the temperature and measure { = 5.4 x 10~ * (Fig. A.6B). The dephasing
induced by a constant temperature can be reversed with a spin echo sequence.

Using the spin echo pulse sequence (7/2 — 7 — 7 — 7 — 7/2), we measure 75 = 9.7(8) msin
free-space and 2.1(1) ms at the cavity. The difference cannot be explained with the sources common
to the free space and the PCC such as fluctuating magnetic fields, microwave power and pulse dura-
tion, and we therefore attribute it to extra heating at the cavity. Any heating process would translate
to irreversible dephasing, in the same way constant temperature causes reversible dephasing. At the
cavity, we measure a lifetime of 180(7) ms at a trap depth of 2.7 mK (Fig. A.7), giving a heating

rate of 14.6 mK/s, an order of magnitude higher than in free space. The irreversible dephasing time
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Figure A.6: Temperature-limited Ramsey decay. (A) Ramsey decay of an atom next to the PCC fitted using the model
described in 2, giving T, = 0.35(4) ms. (B) Linear dependence of the Ramsey dephasing rate on the temperature.
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Figure A.7: Measured lifetime of 180(7) ms at a trap depth of 2.7 mK next to the PCC.

depends on the heating rate as 7} o< (dT}/dt)~"/?9>.

Two main sources of heating we consider are trap potential fluctuations and atomic recoil due
to scattering. To estimate the heating rate due to atomic recoil, we use the scattering rate given by
1/T1 and obtain dT/dt = 4.1 - 1073 mK/s (cavity out of lock) and 0.15 mK/s (cavity in lock).
Both estimates differ by orders of magnitude from the lifetime-deduced heating rate. Therefore, we
speculate that the contributions to additional heating near the nanophotonic cavity include trap
fluctuations due to mechanical vibrations of the nanostructure®® and higher sensitivity of the axial

trap frequency to the fast intensity noise '7>.
p freq y y



A.11 PHASE ACCUMULATION WHILE MOVING

A.11.1  DIPOLE POTENTIAL FOR DIFFERENT TRAP CONFIGURATIONS

The potential energy of a two-level system in a detuned optical field in the rotating-wave approxima-
tion is given by:

_ 37w’y
B 203 A

U(r) 1(r)

where A is the field detuning, y the spontaneous emission rate, and /(7) the intensity of the field ®°.
When the field is red-detuned (A < 0), the atoms are attracted to the maximum of the field in-
tensity /(7). Based on the different configurations of the laser beams, /() can have different spatial
dependence, resulting in different effective trap frequencies. In our experiment, we change the trap-
ping configuration from a focused Gaussian beam to a standing wave. Here we will explore how the
potential changes for those two configurations.

A focused Gaussian beam creates a potential

-2/
Ulr,z) = Uy exp w(zz)z (A.19)

where w(z) = w4 /1 + g—i, wy is the beam waist, and z, = 7w} /2 is the Rayleigh range. Expanding

this expression around 7, z = 0 gives

Ulr,z) ~ —Up (1 —2 (;)2 - <;>2> (A.20)

which can be rewritten as a harmonic potential in the radial and axial direction

1 1
Ulr,z) = —U + Emwfrz + Emwﬁ (A.21)
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with the oscillator frequencies w, =,/ % andw, = 4/ % When the atoms are near the
0 r
nanophotonic cavity, part of the tweezer beam is reflected back and interferes with the forward-

propagating beam. The tweezer then forms a standing wave potential of the form

Ulr,z) = —alUy cos(kz)> (1 2 (;’())2 - <:>2> (A.22)

where « is the interference contrast (measured to be 2 = 1.2 in our experiment), and # = 27/ .

Expanding this expression and rewriting it as a harmonic potential gives the oscillator frequencies

W = /2 and o) = /2% wherez; = 29/(27). Therefore, moving from the focused beam to
mwo mzi
a standing wave changes the oscillator frequencies from w, — @/, and w, — .

A.11.2 DIFFERENTIAL LIGHT SHIFT DURING THE TRANSPORT

The main contribution to the shift of the qubit resonance for the magnetic-field-insensitive states is

the differential light shift. For a given maximal light shift Up, the differential light shift dy is given by
hog = ;(—Uo —|—Flp) (A.Zg)

where { o« wyps/A (L = 5.4 X 10~ * for our system), andE, is the average potential energy of
the atom in the trap. From the virial theorem, E, = E/2. For the three-dimensional harmonic

oscillator, the average total energy is given by

=x,),2 exp /e;ﬂl; —1
1
=Y hey (2 N n) (A24)
1=x,),2
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where T'is the temperature of the atom, and #; is the average occupation number in the direction
7. Combining the Eqn. A.23 and A.24, we arrive at the expression for the differential light shift of a

moving atom:

do(t) = _ZU(%(t) + i(zw,(t) (; + n,(t)) +

o) (5 +7:0) ) (Aas)

As seen in the previous section, U (), w,(¢) and w, () necessarily vary in time as the trap potential
changes. The average occupation number 7;(#) depends on whether the atom makes motional state
transitions during the transport. If the trap deformation is adiabatic, the atom does not change the
motional energy level and 7; = const. This is equivalent to w(¢)/7(¢) = const, which would imply
an increase in temperature as the trap frequency increases (adiabatic heating) and vice-versa (adia-
batic cooling) "%. The entire time dependence of 9y (¢) would then be in Uy(#), w,(¢) and w,(z). If
the atom does make motional state transitions because of the noise in the trapping potential, dy ()

will stochastically vary and cause qubit dephasing.

Arr .3 PHASE ACCUMULATION AND CANCELLATION

Given that Jy varies in time as shown in the Eqn. A.25, a moving atom will acquire a phase shift
o(T) = |, OT do(2)dk. If the detuning ramp during transport is the same for every atom, i.e. if the
acquired phase is constant, it can be corrected for with a local o, gate.

We apply a voltage ramp 7(#) o tanh(z) to the scanning mirrors to move the atoms. If the atoms
were to follow the mirror position instantaneously, the detuning ramp would have the shape as
plotted in Fig. A.8. The ramp is symmetric with respect to 7/2. An even number of 7 pulses in a

Carr-Purcell (CP: 7/2 — (7 — 7w — 7)™ — 7/2) sequence would cancel out the acquired phase.
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Figure A.8: Sketches of how variations in detuning can cause dephasing. (A) Variations in the overall qubit frequency
offset (vertical variations), caused by atom'’s finite temperature, can be echoed out with an even number of CP pulses.
(B) Variations in the moving trajectory (horizontal variations), caused by trap pointing instabilities, cannot be echoed out
exactly and contribute to extra dephasing.

The statistical variations in the total energy in one experimental run that come from a finite temper-
ature would result in a variation in the offset of the detuning ramp (Fig A.8A), which is the same
as the variation that limits the free precession time in a Ramsey sequence. Analogously to echoing
out the phase with one spin echo in a static case, an even number of spin echo pulses would echo it
out in the symmetrically changing case. Importantly, this configuration would echo out the phase
variation due to the finite temperature, thus reverting qubit dephasing. If the trap pointing varies in
time such that the detuning symmetry axis varies (Fig A.8B), the symmetric echo would not correct
for the temperature-induced variations, and the moving atoms would have an extra dephasing chan-
nel. The pointing variations are minimized by tracking the cavity position periodically. To move the
traps, we use different scanning mirrors (trap A: Cambridge Technology 83 10K, trap B: Physik In-
strumente S-330.4SL). We have observed differences in coherence properties between the two traps
after transport, which we attribute to larger fluctuations in trap A.

In order to distribute the pulses symmetrically, we map out the detuning profile during the trans-

port. We probe each of the atoms by starting in the state |0) and applying a detuned 7 pulse at a
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Figure A.9: Optimizing the number of pulses in the CP sequence for a moving atom. (A) CP sequences of N = (1, 2, 4)
pulses that begin with an atom at the cavity and end with an atom in free space. Decoupling pulses are applied in
parallel with the transport. (B) Fitted contrast of the CP sequences versus the number of CP pulses.

variable point during the transport. The population transfer to |1) will depend on the qubit fre-
quency at the time of the 7 pulse according to the Rabi lineshape. We measure and account for the
delay in response for each galvanometer mirror and calibrate their input voltage to symmetrize the
ramp with respect to the moving time, as shown in Fig. 2B. Furthermore, the bandwidth of the trap
B mirror limits the step response time to ~ 650 us, and we program the ramp of trap A to match.
This is the time over which the CP sequence is applied as described in the main text.

We optimize the number of pulses in the CP sequence by preparing an atom in a superposition
state at the PCC, moving it away while applying CP, and studying the remaining coherence con-
trast after a variable number of pulses, as shown in Fig. A.9. The even number of pulses performs
better than the odd one, as expected, and we find the optimal number to be four for our system
parameters. Higher frequency noise components could be addressed by having faster 7 pulses (in
our system 7, = 20 us). In the main text, we report on the retained coherence of the trap B after
moving to be 0.88(5) (Fig. 2C). For a stationary atom, N = 4 CP sequence gives 75 = 4.9(4) ms
(17(2) ms) for atoms at (away from) the PCC. If we assume that half of the move time (325 us) is

spent at the cavity and half in free space, we expect to retain 0.92 of the coherence for a T, -limited
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transport, which is within the uncertainty of our measured result. From here we deduce that the

used decoupling sequence is effective at canceling out the moving-induced dephasing.

A.12 MODELING LOSSES UPON LOADING INTO THE CAVITY NEAR-FIELD

Integration of our platform with a free space atom array would require low losses upon loading into
the cavity near-field. Here, we theoretically model what those losses depend on and derive require-
ments for lossless loading. We study the effects of transferring the atom from the tweezer poten-

tial to the optical lattice potential in the near-field of the cavity, resulting from the reflection of the
tweezer off of the cavity.

We numerically study classical trajectories of a single particle in an evolving gaussian potential
and observe that an adiabatic increase in the trap frequency introduces heating that ultimately leads
to losses, the reverse process of adiabatic cooling (see Section 8.1)*9%>. The thermal loss fraction can
be determined by averaging trajectories over the phase space weighted by the Boltzmann factor. As
there are two relevant axes that transform upon tweezer arrival (v, ;) — (@, @) "%, we generate
the loss fraction as a function of the temperature for the principal axes separately and deduce the
survival from the joint probability. Our model assumes separability between the two principal axes,
continuity of the trap deformation, and no extra heating caused by the trap rotation. The losses as
functions of temperature are generated with parameters extracted from independent trap frequency
measurements.

Figure A.10 shows the theoretical predictions for the loading survival probability as a function
of the initial atomic temperature and trap depth. Our survival measurements without cooling at
different initial temperatures and a trap depth Uy = kp x 1.6 mK are marked with yellow circles.
The initial temperature is varied by changing the free space PGC parameters, and the temperature

values are extracted from drop-recapture measurements. Our observations follow the same trend as
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Figure A.10: The effects of temperature and trap depth on the survival probability of an atom loading into the cavity
near-field. The theoretical curves are generated by averaging over classical trajectories weighted by the Boltzmann
factor with no free parameters. Our experimental observations (yellow circles) are taken at a trap depth of 1.6 mK.

Previous work on our platform with Raman sideband cooling before transport observed 0.94(6) survival probability

(yellow star) 12,

the theoretical model.

Our numerical results suggest several ways in which the arrival losses can be remedied. Since load-
ing into the near-field causes heating, applying cooling in parallel with the transport would counter
some of it. We employ this method in this work by performing polarization gradient cooling (PGC)
in parallel with the transport and achieve a survival probability of 0.8. This method is not suitable if
the atomic internal states need to be preserved. In that case, other loading improvements are possi-
ble. The most immediate one is to cool to the motional ground state prior to loading, which would
also improve coherence properties of atoms by reducing the sensitivity to light shifts. Previous work
on our platform utilizing Raman sideband cooling prior to transport (Fig. A.10, yellow star) has
achieved a survival probability of 0.94(6) at 7" = 2 uK and a trap depth Uy = kp x 2.1 mK"*?3.
Without additional cooling, ramping the trap depth up could increase the survival probability, but
at the expense of reduced coherence due to higher light shifts. Finally, in our model the losses come
from the change in trap frequencies, and applying additional light shift during transport could com-

pensate for that change. This could be achieved with additional trapping beams perpendicular to



the current traps that would increase the initial motional frequencies, and that would be ramped
down as the traps approached the cavity.

Based on the model presented here, there should be no loss upon departure from the cavity since
the trap frequencies decrease. Yet, at a trap depth of Uy = kg x 1 mK we observe a 15% loss. Further
investigation is needed to model the loss at low trap depths, but we observe a lossless transport at a
trap depth of Uy = kp x 1.6 mK, making our current system already suitable for protocols that rely

on one-way transport.
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Supplement of Chapter 6

B.1  SETUP DETAILS

The setup consists of a vacuum chamber with a glass cell on a translation stage [LinTech LTE
170SERIES-4] which can be moved in and out along the x—axis relative to the optical beams and
magnetic field coils. This allows the distance between the atoms trapped in the tweezers and the

SiN device, attached to the vacuum chamber, to be varied with precision of about 1 — 2um for dis-
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tances within the field of view of the imaging system (< 225 pum). For distances outside of the field
of view of the imaging system, the movement is calibrated given the pitch of the translation stage
main screw with precision of ~ 15 um. This calibration is corroborated within our field of view.
Two objectives [Mitutoyo G Plan Apo s0X] on either side of the glass cell focus the tweezer, optical
pumping, and Rydberg beams. The tweezers use 815 nm light. The atoms in the tweezers are loaded
from a MOT, followed by polarization-gradient cooling, after which the atoms are pumped into the
|F, mp) = |2,2) Zeeman level of the ground |55} /,) state via optical pumping. The optical pump-
ing uses a focused circularly-polarized 780 nm beam addressing the ' = 2 manifold, while the F = 1
manifold is addressed by the MOT repumper beam. The tweezers are turned oft during Rydberg
excitation.

Ground-state atoms are excited to the |70S,/ = 1/2, m; = 1/2) state by a two-photon transition
using 420 nm and 1013 nm light detuned by 2 GHz from the intermediate |F, mp) = |3, 3) level
in the 625/, manifold. The 420 nm light comes from an injection-locked TopGan 418 nm diode
seeded by frequency-doubled Ti:Sapphire laser [M Squared, 15 W pump]. The frequency of the
Ti:Sapphire laser is stabilized by locking the fundamental mode to an ultra-low expansion (ULE)
reference cavity (notched cylinder design from Stable Laser Systems), with finesse 7 = 30000 at
840 nm. The 1013 nm light comes from an external-cavity diode laser [Toptica DL Pro], which is
locked to the same reference cavity (F = 50000 at 1013 nm). It is used as a seed for an injection-
locked Toptica AR 1060 nm diode, which then seeds a MogLabs 1013 nm TA.

For the single-atom data, these beams are focused from the front and the back objectives, such
that they counter-propagate to minimize Doppler shifts. The single-photon Rabi frequencies in this
caseare Qyp0 = 27 x 170(5) MHz and Q013 = 27 x 73(3) MHz with spot sizes of w4o =~
3 um and wio;3 & 1.5 pm 1/¢* radius. For the two-atom data, the Rydberg excitation beams were
expanded with spot sizes of w40 /2 11.5 um and wyo;3 ~ 16 um 1/ ¢* radius, while the single-photon

Rabi frequencies are kept roughly unchanged. To enlarge the Rydberg excitation beams it became

179



Population in |g)

o ¢
0.0 05 1.0 15 2.0 2.5
Time (us)

130 um 1300 um

Figure B.1: Single-atom Rabi oscillations near (130 pm) and far (1300 p.m) from the device. The decay time 7 decreases
close to the device with 7130 = 1.6(1) us and 71300 = 4.9(2) us.

necessary to make them co-propagating, focused via a doublet lens which replaced one objective,
such that now both counter-propagating to the optical tweezers.

The single-atom Rabi oscillations are plotted in Fig. B.1 for two distances (130 and 1300 um).

The solid lines are fits of the form:
flt)=a cos(27rﬁ‘)€_(t/7)2 +c (B.1)

where we find only the decay time 7 is significantly different and both curves agreeing with Q =
27 x 3 MHz within errorbars. Assuming that at far distances detuning noise from electric field
fluctuations is small, the decay of the Rabi oscillations corresponds to 1.5 % Rabi frequency fluctu-
ations. This could be due to sampling of different Rydberg laser intensities due to beam pointing
given the small beam sizes. At closer distances, the Rabi decay time is limited by detuning noise.

In particular, for the 130 pm distance, quasi-static detuning noise with 2 MHz standard deviation

could explain the observed decay time.
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B.2 ELECTRIC FIELD FROM THE DEVICE

B.2.1 POINT-CHARGE MODEL

We consider a minimal model in which the SiN device acts as a point charge 4 and there is a homo-
geneous background electric field Eq. The point-charge approximation is appropriate given that the
device is 31.5 um long and we explore distances from 90 um to 3 mm. Our model assumes that the

charge is located in the middle of the device Fig. B.2(a). The spectral shift of the Rydberg state is:"

2

1
v(r) = 2% %f—{— Ey (B.2)

where « is the polarizability of the Rydberg state, which for |70S) is 2 &~ 534 MHz/(V /cm)?, and r
is the distance between the Rydberg atom and the device. The spectrum we measure in Fig. 1 in the

main text is referenced to our farthest distance. As a result we measure a differential shift given by:

2
Ay =y(r) — v(o0) = %a <(kj4) + 27/%130 .f> (B.3)

This model fits well to the measured spectral shift, which exhibits a clear o 4 scaling with dis-
tance. Assuming a 1D geometry, we extract values of g = 126(11) charges and asmall £, =
0.05(1) V /cm field. This value of ¢ is extracted by assuming the charge is located at the center of
the device, however we fit for values 80 — 180 charges if assumed at either end of the device. This
point-charge model is used throughout the main text for single atoms and is expanded to a 2D ge-

ornetry when using two-atoms.

*As noted in the main text, we use the spectral shift of the Rydberg state » as opposed to its energy level #,
where # = —v. This convention arose from the fact that we used the negative first order of the acousto-optic
modulator (double-passed) that scanned the frequency of the Rydberg-excitation beam to obtain the spectra,
and allowed us to keep the frequency shift and the electric field magnitude the same sign.
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Figure B.2: SiN device attached to a silica fiber. (a) Diagram showing the dimensions and angles of the device with
respect to the x—axis. (b) Measured spectral shift (green circles) as a function of distance from both the device and the
fiber surface. We fit the measured shifts to a point-charge (blue) and a line-charge (pink) model, finding good agreement
with charges on the SiN device and not on the fiber.
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B.2.2 LINE CHARGE MODEL

We can evaluate the point-charge approximation by going one step further and constructing a
model which takes into account the silica tapered fiber that the SiN device is attached to, as shown
in Fig. B.2(a). We assume a semi-infinite linear charge density Agy, for the fiber with its end-point at
the origin and at -20° with respect to the x—axis and a second finite linear charge density A4, for the
device starting at the origin, with length L = 31.5 um and at 35° with respect to the x—axis. This
model allows us to differentiate between the possible surface charge characteristics of each material.
Here we assume a 2D geometry with a fixed perpendicular field along j to £, = —0.51V/cm (in
accordance with our gradient measurements in Section B.6). The fit is shown in Fig. B.2(b) and re-
turns the parameters: Agey = 4.8(2) ¢/um, g, = —0.01(1) ¢/pum, and £ ,=0.06(1) V/cm. These
parameters agree with a total number of Q = 152(5) e charges equally distributed over the length of
the device and no charges on the fiber.

For the linear charge distribution model Fig. B.2(a), the fit takes into account all points from Fig.
1 in the main text. The points with negative values correspond to points where the distance between
the atom and the device is larger than the distance between the atom and the fiber surface given the
geometry of the setup. Our observation of no spectral shift up to 100 um from the fiber surface
reinforces the conclusion that the vast majority of the charges are confined to the SiN device. This
allows us to simplify the charge distribution as a point-charge in the main text. Further investigation
is required to explain how working at the optimal UV power zeros the tapered fiber of charge, as it

could help the design of future photonic link architectures for Rydberg atom arrays.
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Figure B.3: UV power tuning. (a) Rydberg spectral shift settling after changing the UV power at 160 um. (b) Settled shift
at different distances as a function of the UV power. The 160 um curve is generated from the averages of white-faced
points in (a). For Fig. 4(D) in the main text the UV power is changed from the optimal value (star) to the shifted value
(square).

B.3 STABILIZING THE RYDBERG SPECTRAL SHIFT

B.3.1 UV POWER TUNING

We observe that in order to stabilize the Rydberg spectral shift close to the device, a small amount
of UV power is required. We shine a 395 nm diode [Thorlabs M395Ls] on the entire system from
the side as depicted in Fig. 1 of the main text. After changing the power of the UV diode, the spec-
tral shift takes about an hour to settle. This is shown in Fig. B.3(a) for different UV powers at 160
um. The settled Rydberg spectral shifts are denoted with white-face symbols and the averages of
those points are plotted as a function of the power in Fig. B.3(b). Surprisingly, we find that there is a
minimum in the Rydberg spectral shift as a function of UV power observed at distances closer than
~ 800 pm from the device. Our observations in Section B.6.5 further imply that tuning the UV
power primarily affects the local background electric field at close distances. For larger distances, we
see no effect of the Rydberg spectral shift when the UV power is changed in this range. As noted in
the main text, we interpret this to signify the presence of another surface close to the device (e.g. the
tapered fiber) which is affected differently by the UV power. The minimum is then due to the sum

of the two electric fields for surfaces with a different UV power dependence.
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Figure B.4: Effect of large UV power. (a) Measured spectral shift as a function of UV power at a distance of 1 mm from
the device. A single parameter linear fit is included as a guide to the eye. (b) Spectral shift as a function of distance from
the device at a UV power of 29 mW. The line is a fit to a point-charge model with Q = 3.4(3) x 10%*e charges and
E, = 0.08(4) V/cm. The points marked by in a star are the same data point.

Larger UV powers further increase the Rydberg spectral shift. This is illustrated for a distance of
rmm in Fig. B.4(a). Keeping the power at 29 mW and varying the distance from the device, we plot
the Rydberg spectral shift in (Fig. B.4(b)). Using a point-charge model, we fit = 34, S00 elementary
charges at the device and a background field of E, = 0.08(4) V/cm. This charge is more than two
orders of magnitude larger than the 126(11) charges we obtain when using low UV powers that
minimize the spectral shift, as seen in the main text. Further, at a distance of 3.9 mm, UV powers
in the range 0-30 mW do not significantly change the spectral shift. This bounds the maximum
change with UV power of the background electric field from the glass cell that the atom can sense to

be |AEg|max ~ 0.05 V/em.

B.3.2 EFFECT OF RYDBERG PRODUCTION

In addition to UV illumination, we observe that a constant rate of exciting Rydberg atoms close

to the device is required to stabilize the spectral shift. When Rydberg atoms are not being excited,
the Rydberg spectral shift increases to higher energies signifying that the electric field has increased.
When Rydberg atoms are excited again, the shift settles back to its original value, typically in less

than an hour. This effect is illustrated in Fig. B.s. In Fig. B.5(a), we demonstrate the spectral shift
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sensitivity to single atoms. After the spectral shift initially settled for this distance of 130xm, the
experimental sequence was run without an atom in the tweezer for a period of time. Afterwards, we
returned to exciting single atoms to the Rydberg state and observe that the spectral shift returns to
its original settled value.

We can interpret this behavior as the result of ionization by the 815 nm tweezer light creat-
ing free charges that partially neutralize the charge on the device or the attraction of Rydberg-
excited atoms toward the device and becoming ionized upon or before reaching the surface. Again,
note that in the presence of an electric field E, the energy level of the Rydberg state # is altered by
g0 — up—o = Au = —1a|E|% which in our notation is opposite sign to the spectral shift
Av. Therefore, this experimental demonstration suggests that the settling behavior cannot be an
effect of any background atoms. Instead, the charge on the device seems sensitive to the addition
of single atoms. Note that similar effects were observed in Rydberg EIT experiments near a quartz
surface'77.

From this measurement we can approximate the rate at which the free charges reach the device
to lower the overall charge. Using a simple linear fit to the slope of the second half of Fig. B.s(a) we
estimate a rate of 1.7(1) charges per minute (~ 0.03 Hz) which we can compare to our experimental
duty cycle of ~ 1.3 Hz. In Fig. B.5(b), we study the effect of Rydberg production on the spectral
shift over many hours between periods of not sending the Rydberg excitation beams and observe the
same characteristic behavior. While Fig. B.s(a-b) were both taken for a distance of 130um from the

device, we observe similar behavior for distances less than ~ 500zm.

B.}.} RYDBERG SPECTRAL SHIFT STABILITY AND REPRODUCIBILITY

After the Rydberg spectral shift has been minimized and settled, it remains stable. This is shown in
Fig. B.6(a), where the Rydberg spectral shift is monitored over several hours at different distances.

Although the magnitude of fluctuations of the spectral shift increases as we approach the device, it
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Figure B.5: Rydberg production studied at 130uz. (a) After the initial settling of the Rydberg spectral shift over the first
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remains below the Rabi-broadened linewidth of 3 MHz as close as 9o gm.

We observe that the spectral shift and thus the electric field environment is reproducible. For
example, we have monitored the Rydberg spectral shift over the course of a week during normal
operation as shown in Fig. B.6(b). Several settling behaviors are observed throughout the week after
periods of no Rydberg production. We observe that the Rydberg spectral shift repeatedly returns to
within a linewidth of the average settled value.

Remarkably, we observe similar behavior even over longer periods of time. For example, the data
in Fig. 1 and Fig. 4 in the main text were taken about 6 months apart. We plot the Rydberg spectral
shifts at the distances used in Fig. B.15. We see that the Rydberg shifts lie within the Rabi broadened
linewidth of 3 MHz from each other at each given distance. Furthermore, each Fig. 4 data point
lies on the point-charge fit from Fig. 1, except for the 130 #um data point. This data point in fact
was taken at a UV value that slightly deviated from its optimum value, as explained below. The
ability to bring the Rydberg spectral shift back to this curve even after 6 months indicates that by
tuning the UV power and producing Rydbergs at a constant rate, we can stabilize to the same charge

environment repeatedly.

B.4 SINGLE-ATOM COHERENCE

The presence of an electric field which has both a spatial dependence and time fluctuations will
cause decoherence between the Rydberg state and the ground state, since only the Rydberg state
is sensitive to the electric field. The time fluctuations will cause detuning noise on the ground-

Rydberg transition. A thermal atom will sample different electric fields, also causing detuning noise.
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B.4.1 RAMSEY AND ECHO DECAY MEASUREMENTS

To study the coherence of a Rydberg atom in this environment, we use a Ramsey sequence

7/2 — t — m/2 and measure the population in the ground state as a function of time Py (z). We
pulse on the 420 nm beam during the /2 pulses while the 1013 nm beam is kept on throughout
the experiment, similar to®?. Since it is far-detuned, the 1013 nm beam does not cause scattering.
For a general two-level system, the Ramsey measurement results in a measurement of the differen-
tial phase accumulation Ag between |g) and |7). The evolution of the ground state population as a

function of the hold time between the two 7/2 pulses is then:

1
Pe(2) = 5 (1 + cos(Ap(7))) (B.4)
In our model (see Section B.4.3), the main decoherence effect is detuning noise from electric field
fluctuation, such that Ap = ¢ for detuning 0. We can assume d is normally-distributed around
do, which in our case is the light shift of the 420 nm beam, with a standard deviation ¢y and that the
noise is quasi-static: at each realization of the experiment we probe one value from this distribution.

As we average over the distribution, we obtain a decay:

P

2 (7) (1+ cos(9t)) e~ O=2)*/2% 45

I
—
SR

(1 + cos(é‘ot)e_tz‘f;/z) (B.s)

N =

We see that the characteristic decay time is:

7= (B.6)



Therefore, to obtain the decay time 7 we use a fitting function of the form:
fAt) = acos(2zft + %)e_([/f)z (B.7)

The echo pulse sequence is 7/2 — r — 7 — t — /2. Again, the population in the ground state is

measured and the decay time 7 is obtained by a fit of the form:
At) = acos(2xft + ¢0)e_(’/7)4 (B.8)

Since the quadratic decay is cancelled out by the echo sequence, the echo signal has the next order in

the time dependence.

B.4.2 THEORETICAL MODEL

Given a point charge distribution and a background electric field, as in Eq. (B.2), we can develop a
model for the dependence of 775 and 75 on the distance from the device. For simplicity we will work

with angular frequencies, w, such that the energy shift from the electric field is:

dw(r) = 2mdv(r) =~ Wﬂ\%f + Eo|* (B.9)

At each distance 7, the spatial dependence of the energy shift is approximately linear with dis-
tance around the position of the atom. We use the local energy gradient Vow(7) to simplify our
model of dephasing. Additionally we assume that the motional state of the atom is described by a
thermal Maxwell-Boltzmann distribution of the initial position r( and initial velocity vo. We find

that this results in the Rydberg state experiencing a time-dependent detuning given by:

Sw(t) = dwo + Viw - (xo + vor + %ﬂ) (B.10)
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where dwy is the initial detuning and the acceleration a is the result of the force from the electric field
gradient and is given by:

a= EV%) (B.11)
m

It is only when the atom is in the Rydberg state that it accelerates and in each pulse sequence
the atom will exist in a superposition of the Rydberg and ground state for some time. In order to

account for the state-dependent force, we can define a function £ _ () such that:

fr@)=1-7(2) (B.12)

which can be written into the time-dependent detuning of the Rydberg state:
t t
dwy _(t) = dwo + Vow - (ro + vor + / / afy _(¢)dddr") (B.13)
0 Jo
We can then calculate the relative phase acquired by the Rydberg state and ground states:
o(2) = 27r/ fi(8)dw4 () — f—(t)dw—(2)dt (B.14)
0

The function /1 _(¢) is determined by the positioning of 7 pulses in each decoupling sequence,

given as:

fRamsey(t) = {1 fo<r<r

1 fo<er<z/2
_fSpin Echo(t) =
0 ifr/2<r<r~
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(

1 if0<t<cz/4

fon=a(8) = 0 ifr/4 <t <37/4

1 if3r/4<t<r7
\

B.4.3 SINGLE-ATOM RAMSEY

Solving Eq. (B.14) for the Ramsey sequence, we find that the phase acquired will have a dependence
on the variance in position and velocity of the atom. However, for our experiments their contribu-
tion to the total dephasing is small and we find that the single-atom Ramsey decay time is limited by
shot-to-shot fluctuations of the dw term, caused by electric field fluctuations. Therefore, 75 is given
by the variance of the detuning 73, :

2

T~ (B.1s)

dwo
From the stability measurement of the spectral shifts in Fig. B.6 we find that the fluctuations
have a Gaussian distribution. We assume that both the charge on the device 4 and the background

electric field E fluctuate with variances o, and o respectively. To first order, the total variance can be

ddw\ dow\
ﬁmzﬁm>é+<@)é (B.16)

Using Eq.(B.9), this expression becomes:

written as:

2 = i (gt L g+ )2
dwy — 41" ((qu + W x40 + W x) q+
5 (B.17)

k
Wqéaéf + ‘E‘2‘7|2E|)

where the x—direction is along the axis of movement in the distance-dependent measurements.

Using this expression for o3, , we can extract whether the dominant source of noise is charge
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Figure B.7: Variance of the Rydberg shift detuning as a function of distance. Plotted are different distance scalings,
suggesting that the measured variance scales as 1/|V|4.

fluctuations or background electric field fluctuations, due to the difference in the distance scaling of
the different terms. We use the measured 75 (7) and convert it to variance using Eq. (B.15). We then
subtract a constant offset from the variance to account for any contribution to the dephasing which
does not scale with distance, such as Doppler dephasing. We use the form 63 = 2/( 7% (max))?* for
this constant offset. This is plotted in Fig. B.7, showing that the variance o3, — o5 scales as |7] 4
Fitting for the two variances shows that for the distances considered here, the noise is dominated by
fluctuations of the electric field background. This model is used to generate the theoretical fit of the
Ramsey decay time in Fig. 2(D).

In Fig. B.8 we compare a fit with only charge fluctuations and a fit which includes both charge
and background field fluctuations to further emphasize the presence of background field fluctua-

tion.

B.4.4 SINGLE-ATOM SPIN EcHO

Solving Eq. (B.14) for the spin echo pulse sequence we find that the dephasing is insensitive to low

frequency noise, such as shot-to-shot fluctuations of dwy. However, we find that in an electric field
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Figure B.8: Model comparison of Ramsey decay time. We compare a model taking into account only charge fluctuations
and constant baseline TZK (red) to the model that incorporates both charge and E fluctuations (blue).

gradient, even in the absence of charge fluctuation, the spin echo dephasing rate is limited by ther-

mal effects. The total phase acquired during the spin echo sequence will be given by:

szé\w-zzz (B.18)

In our experiment we find that the velocity fluctuations dominate the dephasing, resulting in a

phase variance of:
’2'4 /e;, T

2 = VP
4 ’vwllém

(B.19)

From this we find that the variance increases as 7*. This results in an expected decay going as
4 . , .
e W/T2)* 55 opposed to the typical Gaussian decay. We can then solve for the thermally limited co-

herence time, T}j0ma1:

V2

B (B.20)
[Vau| /2

Tthermal =2
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From this equation we find a distance dependence from the |Vow| term. By simplifying this equa-

tion, we find an approximate scaling of:

25
Tthermal X (B.ZI)
T
We then assume some baseline dephasing of oy to yield an overall 7 of:
T, = (B.22)

2
k
73+ 1|V ow|\/ %L
This model is used to generate the theoretical fit of the spin echo decay time in Fig. 2(D). Due
to the dependence on the electric field gradient, this model can also provide a measurement of the
background electric field in not only the x—direction, but also orthogonal directions. From this

model we extract that there is a background field orthogonal to the x—field with a magnitude of

0.4(1) V/em.

B.4.s CARR-PURCELL N=2

Using Eq. (B.14) to solve for the two-pulse Carr-Purcell sequence, we find that the atom becomes
insensitive to thermal sampling. However, there is a term that is sensitive the the electric field gradi-

ent given by:

a
¢ =Vow- @73 (B.23)

We can rewrite the phase acquired during the CP N=2 pulse sequence when taking into account

Eq.(B.11) as:
h7®
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Charge instability will cause variance in | Vdw|, leading to variance in the phase. However, while
charge instability sets a limit on the coherence time for the CP N=2, there exists a class of pulse

sequences that can decouple dephasing of this form.

B.4.6 CANCELLING POLYNOMIAL PHASE

The noise that we have analyzed in this section is unique as it is noise that has a polynomial time
dependence. For example, this noise is constant for positional dephasing, linear with velocity de-
phasing, and quadratic in dephasing due to acceleration. If we assume that the phase accumulated

with time has a functional form of:

Q(f) = Z éZ]ZJ (B-ZS)

j=Lk
where 4; are constants that may be varying due to some external noise, and £ is the maximal polyno-
mial order. We want to design a pulse sequence which will cancel out the accumulated phase ¢(z)
regardless of the values of ;.
We apply N 7 pulses at times £, #3, ..., £n41. As a convention, #; = 0 is the beginning of the
phase accumulation and the sequence length is 7, such that zary» = 7. We can now rewrite the

accumulated phase as:

p(t)= > —(-1"> 4(dy, — 1) (B.26)

i=1:N+1 j=Lk

In the simplest case, ¢(#) = at is the constant rate of phase accumulation. Then:

o(t) = Y —(~Valti — 1) (B.27)

i=1:N+1

To find the times when we should apply the pulses, we set @(#) = 0 and solve for 75, ..nr41. In this



case, we know that one pulse will echo out the phase, so N = 1:
p(t) =a(t—n) —alts 1) =0 (B.28)
Furthermore, 4 = 0 and tnr2 = 13 = T, s0
aty —al +at) =0

th=T/2 (B.29)

This results in the pulse sequence that we know as the Spin echo, which decouples from DC
noise.
For k& > 1, we posit that N = k. We will then get a system of & equations with £ unknown times.

We can split them into contributions for different 2;, and set all contributions to zero:

Z _(_l)i(z{'—l—l - ti) =0, € (1,N) (B.30)

i=1:N+1

When solving these equations for k=N=2 we recover the Carr-Purcell N=2 sequence. Now, we

can solve these equations for £ = N = 3:
) —t3+1t4 — T/ZZO

L-8B+05-T/2=0
B-B+6-T/2=0

and as always, 11 = 0, 5 = T. We would apply the pulses at 75, 73, #4. The equations above in general

have multiple solutions, but we restrict the solutions to real numbers,and 7> #4 > t3 > 5 > 1.
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Figure B.9: Pulse sequence that cancels polynomial phase noise up to # contribution.

This imposes a unique solution to the set of the equations above, resulting z7—pulses at times:

2-V2

l‘zz( 4 )T
i3 = T/Z
1y = (2+4\/§)T

From this solution we find that the pulse sequence would take the form illustrated in Fig. B.9 with
evolution periods 4 = (2_7\/5) and B = %
The resulting function is given as:

1 if0<t< (322)7

0 if (222, /2
Jien=; () = (F)r<t<7/

1 ifr/2 <t< (22)r

0 H@%Qﬁ<t<r

B.s TwO-ATOM COHERENCE

B.s.1 W-STATE FIDELITY MEASUREMENT

In order to characterize the fidelity of preparing the state | W) = % (lg7) + |rg)), we follow the

procedure in??. We can express the fidelity of the entangled state with elements of the density matrix



F = (Wplw)

1
= E (pgr,gr +Jorg,rg +.pgr,rg +Jorg,gr) (B.}I)
We extract the diagonal elements Presg and Porgr by measuring the populations, Py, and Py, after
preparing the | I7) state with a 7—pulse from |gg).

The off-diagonal elements can be extracted by applying a local phase shift Ap = d¢ to one of the

atoms, embedded in a Ramsey-type sequence: 7 — ¢ — 7. The accumulation of differential phase

rotates between |I¥) and |D) = % (lgr) — rg)):

%) = == (1o + & r0) (B.32)
= cos(0¢/2) | W) + sin(d¢/2) | D) (B.33)

The final 7—pulse maps the population in | ) to population in |gg). Since the dark state | D) does
not couple to |gg), this sequence measures the time evolution of the population in | 77). For a gen-
eral density matrix, the amplitude of these oscillations will be equal to the oft-diagonal density ma-

trix elements, Progr =P -

Py(2) = [pgm,g| cos(dr+ @) + C (B.34)

In order to mitigate sensitivity to dephasing we embedd this phase shift in a spin echo sequence?”
where each period of phase acquisition is fixed to 1 ws. The trap is applied for a varying amount of
time within that 1 ps. Fig. B.1o compares two measurements with and without an added echo pulse.

For the data in this paper, we use the echo sequence to extract the coherences.
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Figure B.10: | VV}—state coherence measurement embedded in a Ramsey-type sequence (blue) 7 — § - ¢ — 7 and em-
bedded in an echo-type sequence (red) 7 — 0 - t — 27 — ¢t — 7. The fitted decays are 7, Ramsey = 570 + 10 ns,
Tin echo = 930 £ 10 ns.

The contrast of the coherence oscillation can either be obtained by taking the difference between
the maximum and the minimum points or by using a decaying sinusoidal fit. We use the former

because it is independent of the functional form of the decay.

B.s.2 W-STATE FIDELITY AT TWO DISTANCES

We measure the | I7)-state preparation fidelity at two distances from the device: both far (2.6 mm)
and close (170 gm). We observe little dependence of the fidelity on distance as shown in Fig. B.11,
suggesting that the preparation fidelity in our case is limited by factors other than electric field noise,

for example, laser intensity and phase noise.

B.s.3 W-STATE FIDELITY AT DIFFERENT ORIENTATIONS

At 170 um we explore the | I7)-state fidelity at three different orientations of the two atoms which
are compared in Fig. B.12. In each case, the fidelity is calculated both by using the coherence con-
trast obtained by taking the difference between the maximum and the minimum, as in the rest of
the paper, and by using a decaying sinusoidal fit of the form A(#) =  cos(3 + @)e~*/ ). While

the two methods give similar results, the contrast fit has smaller errorbars since the data did not av-
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Figure B.11: Preparation fidelity of the | VV}-state at two distances from the device. Both the SPAM corrected (blue)
and the uncorrected (red) fidelities are shown. We observe little dependence of the fidelity on distance from the device.
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Figure B.12: | W> state fidelity for three different orientations with inter-atomic distance 3.15 um. The energy differ-
ences between the atoms for § = 457,90, 135 are 0.11 MHz, 0.63 MHz, 0.84 MHz respectively.
erage for as long as data used in the main text. The coherence extracted from the fit gives a stronger
indication that the fidelity value is independent of the angle. Fig. B.12 shows that the | I7)-state

preparation fidelity is insensitive to the electric field gradient between the positions of the two atoms

for the values of the gradient at this distance.

B.s.4 W-STATE LIFETIME

Similarly to the discussion of the single-atom coherence, here we consider several possible dephasing
mechanisms for two atoms in an electric field gradient. However, for two entangled atoms, we need

to consider only effects which cause a differential phase accumulation between |g7) and |rg), i.e.
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processes which rotates | W) into | D):

1

Y) 7

(lg) + ¢*Pxer i) ) (B35)

where Agz)rg’gr is the differential phase. As we outline below, the main sources of decoherence in our
setup are Doppler dephasing and thermal sampling of an electric field gradient.

We use the Ramsey-type sequence described above 7 — ¢ — 7 and measure the decay time of the
population Py, (2):

1
Py = > (1 + cos(A%g’grt)) (B.36)

When an atom with velocity v is excited to the Rydberg state, it experiences a Doppler shift kv,
where in our case keg = kuoo + k13 for co-propagating beams, which includes the effective
wavevectors of the 420 nm and 1013 nm lasers. If the atomic velocity follows a thermal Maxwell-
Boltzmann distribution with width o,,, this will cause dephasing of the | 1) state because each atom
in |7) will experience a different velocity sampled from this distribution.

Similarly, in the presence of an electric field gradient, each thermal atom will locally sample a
different electric field and will experience a different Rydberg spectral shift as a function of its initial
position and velocity. The atom samples a different velocity and position for each realization of the
experiment, resulting in a quasi-static phase noise.

The differential phase between |rg) and |g7) can be written in terms of the differences between

each atom’s velocity v, ; and position r,, ;:

Ap(2) = Viw - (Ar + Ave) (B.37)

where Av = v, — v, and Ar = r, — 1. After evolving for time 7 the state will become:
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[Y) = |rg) + ka4 Jo Agdr | o (B.38)

The rotation between | %) and |D) caused by the gradient follows an oscillation of the form:

% + %cos((Ar- Vé\a))r) (B.39)

and experiences an overall exponential decay of the form:

e % (k-oay)* P — % (Vow-aar) 72— é (Vow-aay)*e* (B.40)

where we can neglect the small contribution from the term o 7*. Assuming Gaussian distributions

with widths oay and oa,, we solve for the following expression for the decay time of the | I7) state:

Tw = > (B.41)
o
P
where
7 = (k- oay)” + (Vow - oar)? (B.42)

While for larger distances, the Doppler term dominates. For distances around 130 um, the contribu-
tions of the two terms start to become comparable. A curve generated from this model using only
the atom temperature, trap parameters, point-charge field and electric field background is plotted in

Fig. 3(D) of the main text.

B.s.s W-StaTE SPIN ECcHO

For the W-state, we are also able to apply a spin echo sequence to make the coherence insensitive to

DC noise in the differential phase acquired. As a result, we find that the coherence time should no
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Figure B.13: Uncorrected Rydberg-blockaded Rabi Oscillation. This data corresponds to the corrected data
for the diagonal elements shown in Fig. 3(B) of the main text. We observe a blockaded Rabi frequency of
Qpiockade = 27 X 4.46(3) MHz between the P\@ (red) and P‘g,> + P|,g> (blue) populations. Additionally,

the P\,,) population oscillates at Q = 27 X 3.2(1) MHz agreeing with the expected non-blockaded Rabi frequency
and therefore expected behavior given uncorrected single-atom loss.

longer be limited by the Doppler dephasing and only by the thermal sampling of the electric field

gradient.

Av?
Ap(s) = Vow- —— (B.43)

Similar to the single-atom spin echo, we find that the coherence time of the W-state is limited by
the thermal variance of velocities. The variance of the phase acquired during the pulse sequence will
be set by the difference between the two atom’s velocities, making the decoherence time a factor of

\/2 smaller than the single-atom decay:

(B.44)
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B.s.6 SPAM CORRECTION

We correct our data using the method described in the supplement of **?. The main source of prepa-
ration error is the loss of an atom after the experimental run is triggered but before the Rydberg ex-
citation occurs. The survival rate of an atom in each tweezer is approximately 90 %. Due to the loss,
the uncorrected data has extra contributions from initial states which have only one atom instead
of two. Given that we detect Rydberg population through loss, uncorrected data shows increased
Rydberg population P,,. This is apparent in the uncorrected two-atom blockaded Rabi oscillation
in Fig. B.13, where the Rydberg population P,y is clearly oscillating. In fact, the frequency of this
oscillation occurs at the single-atom Rabi frequency and therefore can be explained by single-atom
evolution when the dynamics began with only one populated tweezer. To appropriately account for
single-atom evolution in a two-atom experiment with finite preparation loss, the SPAM correction
requires two extra datasets to be taken concurrently using the same parameters as the data intended
for correction. The two extra datasets use the same experimental sequence but each has only one
atom present. Additionally, we correct for the 97(1) % finite probability of initializing the atoms in

the correct initial hyperfine ground state, although this results in a much smaller correction.

B.6 ELECTRIC FIELD GRADIENT

More information can be gained about the electric field configuration and its dependence on UV
power by using two atoms. As illustrated in Fig. 4 in the main text, by preparing the W-state and

measuring its time evolution, we can detect an electric field gradient at the position of the atoms.

B.6.1 FITTING THE OSCILLATION FREQUENCY

By changing the relative orientation of the two atoms, we can study the spatial dependence of the

electric field. We pick seven different orientations of the two atoms spanning a semi-circle. Our full
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setup is described in '7°

and here we give a brief overview. We control the positions of the atoms
using two galvo mirrors in the path of the optical tweezers. The coordinates of the two galvo mirrors
can each be referenced to the nanoscale device. This is done by sending light through the device via
the fiber and collecting the fluorescence of a few points on the device on two APDs placed along the
tweezer paths when varying the galvo mirror positions, allowing us to map one coordinate system
to the other. This gives us nanoscale precision of the orientation of the two atoms relative to each
other of ~ 50 nm '7°.

By measuring Py, (¢) for the pulse sequence 7 — ¢ — 7, we can extract the differential phase
accumulation during the free evolution time ¢, which corresponds to the energy difference at the po-

sitions of the two atoms. We measure this time evolution at each orientations and do a simultaneous

fit to all seven with the fitting function for each distance:
Py j(2) = a;cos(2zfit + ng)e_(t/T)z +c (B.4s3)

where each orientation j has independent amplitude 4;, frequency f;, and phase @, parameters and
the decay time 7 and offset ¢ parameters are common to all. Given the dependence of oscillation
frequency on angle at each distance, we are now ready to develop a model for the electric field distri-

bution.

B.6.2 2D ELECTRIC FIELD GRADIENT MODEL

Given our measurements, we can try to reconstruct the background electric field £(x, y) in 2D.
Note that we do not have access to information about £; which is along the tweezer propagation

direction. The oscillation frequency between | 17) and | D) is a measure of the energy difference
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between the two atoms, here denoted as 4 and B:
vag = |v4 — vB| (B.46)
At each distance, we also obtain the average spectral shift over all orientations and the two atoms:
Ay = v(r) — v(o0) (B.47)

Note that one could also consider directly measuring v 45 from the individual spectral shifts Av4
and Avp of the two atoms. However, these shifts are sensitive to noise and decoherence, making this
measurement extremely challenging. It is the entanglement between the two atoms which allows
us to perform a differential measurement for which the majority of these noise sources are common
mode, that allows us to obtain » 43 more precisely.

To reconstruct the electric field E(x, y), we adopt the same model used for the single-atom data.
The nanoscale device acts as a point charge ¢ located in the middle of the device and there is a con-

stant homogeneous electric field background Ey, see Eq. (B.2). In 2D:

y(x,y) ——a ((kQHEx)Z +

P 2 4 y2)3/2
1 kQ 2
o (g ) o

The energy difference between the two atoms can be expressed in terms of the x— and
gy p
y—derivatives of this function at the position between the two atoms and the distance between the

two atoms 74p:

vap(r,0) = rap (g: cos(8) + g;sin(ﬁ)> (B.49)

with @ as defined in Fig. 4. Assuming the charge is at position (o, y9) with respect to the origin
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(fiber-device junction depicted in Fig. B.2(a)), and given that we can move the device along the

x—direction, so y = 0, the partial derivatives become:

v 2kQ%  E(25* — y§) — 3E,&y0
= = 4k B.
Ox akQ ( 73 + 5 ) (B.s50)
o _ 20 <2ka0 N E,(# — 29%) + 3Ex56y0>
dy I r»
where ¥ = x — xg and » = /(% — x0)% + y3.
To get a sense of the distance-scaling, we consider a charge at the origin (xg = y9 = 0). The
gradient components further simplify to:
Ov kQ E
“— _oak0 [ X
Ox wkQ < r + 73’)
v E,
i - B.
Dy kQ—3 (Bs1)
We can see that the angle of maximum gradient of the energy is given by:
1 E
Bppax = arctan(—— ——2—) (B.s2)
kQ
2 7 + Ex

Using the fitted oscillation frequencies f;(r, £), we can extract this power law scaling. At each

orientation angle & we take the four fitted oscillation frequencies and fit a power law of the form:

Silx) = a (B.s3)

The fitted powers are plotted as a function of angle in Fig. B.14. In our convention, x—axis lies
along @ = 0”and the y—axis liesalong ¢ = 90°. We fit the following powers: For ¢ = 0%

n = 4.6 £ 0.6 where we expect # = 5 given Eq. (B.51) since £, ~ 0; For ¢ = 90°: n = 3.4 0.2
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Figure B.14: Gradient scaling with distance from the device. (a) The oscillation frequency at two angular orientations

of the atom pair. (b) Extracting the power law scaling ﬂ/r” of the gradient magnitude for each angular orientation
measured. Ford = 0°:n = 4.6 & 0.6 wherewe expectz = 5. For§ = 90°: n = 3.4 & 0.2 where we expect
n=73.
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Figure B.15: Rydberg spectral shift as a function of distance from the device. Comparing data used in Fig. 1 in the main
text (blue) where the UV value was optimized for each point, and data from Fig. 4 (pink) where the UV value was kept
at the value that minimized the shift at 160um for each point. The two datasets were taken 6 months apart but a similar
electric field environment could be stabilized.

where we expect 7 = 3 for a finite value of E,. Given that we have only four points to fit a power

law, these numbers agree with our expectation.

B.6.3 FITTING THE MODEL TO THE DATA

We can now use this model to reconstruct the electric field £(x, y). We use the expression for
the energy difference between the two atoms v45(x, 8) in Eq. (B.49) to fit the measured oscilla-
tion frequencies f;(x, §) as a function of angle # and distance to the device x. We also use the ex-
pression for the Rydberg spectral shift »(7) — »(00) from Eq. (B.48) to fit the measured Ry-
dberg spectral shifts at each distance. We combine the two and obtaing = 190(10) ¢, and
(Ex, Ey)) = (—0.02(1), —0.51(3))V /cm. Note that if we perform a fit to only the gradient data
v4p(x, 8) with Eq. (B.49), we obtain values which are the same within errorbars: ¢ = 196(17) ¢, and
(Ex, Ey) = (—0.03(2), —0.47(4))V /cm.

These values compare well with the data from Fig. 1 in the main text, which finds g = 126(11)
and Ex = 0.049(12). In the two-atom data, the UV was kept constant, while in the single-atom

data it was varied to minimize the Rydberg spectral shift. The two are plotted together in Fig. B.15



along with the corresponding model fit values. While different UV powers are necessary to minimize
the Rydberg spectral shift over larger distances, over the small distance range of 130-192 zm used
here, the same UV power produces the minimum Rydberg spectral shift, except at the 130 um point

which begins to deviate.

B.6.4 MINIMUM DETECTABLE ELECTRIC FIELD GRADIENT

Given our single-atom coherence measurements, we can assume that the electric field from the de-
vice is constant over the time of the measurement with shot-to-shot fluctuations. We can determine
the minimum resolvable electric field gradient (dE/dr),, for the entanglement-assisted measure-

ment. First, since we measure frequency differences dv, we need to convert:

W) = SelEG) + Eo)?

dv dE
5= a(E(r) + EO)E
dE 1 dv

& W) + B dr (B:54)

where we assume a fixed distance dr = 7,;, = 3 um between the two atoms. The (dE/dr), . is the

one for which the signal-to-noise ratio SNR = 1. For our measurements:

dv
SNR = =1
(1/7)
1
— dein = - (B-SS)
T



where 7 is the coherence time, which fundamentally limits the minimum resolvable frequency

AVmin. We replace that in Eq.(B.54):

dj‘ o 1 dein
dr min B “(E(V) +E0) Vab

o 11 Beg
a oc(E(r)-l—Eo)a; (B-56)

From Eq.(B.56), we can see that since the two single-atom measurement is limited by 77, while
the entangled state measurement is limited by 77y, we gain a factor of 777/ T5 ~ S in the mini-
mum detectable electric field gradient. For the distances presented (dE/dr) .. ~ 10V /cm? for the

entangled-state measurement.

B.6.s EFFeECT OF UV ON ELECTRIC FIELD GRADIENT

We use a similar approach to reconstruct the total electric field (Ej, E, ) at a different UV power.
We combine the measurement of the energy difference between the two atoms »45(x, ) with
the shift of the Rydberg spectrum referenced to the infinite-distance energy of the previous
measurement using the fitted values g, E, E), from above. We have verified that the UV power
shift used does not change the Rydberg spectral shift at 1300zm (see Fig. B.3), which we take
to be the infinite-distance value. For the UV-shifted data we obtaing = 201(6) ¢, and
(Ex, E,) = (—0.25(1), —0.528(4))V/cm. This results in Ag =11(12), and (AE,, AE,) =
(—0.23(3), —0.02(3))V/cm relative to the UV-shifted data. This suggests that at 160 pm a change
of UV power of ~ 200 nW mostly affects the background field in x rather than the charge on the
SiN device.

Finally, we point out that the reconstruction of the electric field environment relies on the point
charge and constant homogeneous background electric field model. Nevertheless, there are other

dielectric surfaces present in the vacuum system in the vicinity of the device which could also be af-



fected by changing the power of the UV. A detailed study of these surfaces is beyond the scope of
this paper, but their presence can be sensed by the behavior of the Rydberg spectral shift with UV at
close and at far distances Fig. B.3. At far distances, we have seen that changing the UV power affects
the background electric field by at most A|E| < 0.05 V/cm (Section B.3.1). This behavior is not
captured by our minimal model. The reconstruction of the electric field given the UV-shifted data
in Fig. 4 suggests that tuning the UV power over this range does not change the charge on the de-
vice but rather changes the background field by 0.23(3) V/cm. Having an additional surface which
responds differently to the change of UV power could reconcile this by adding another distance-
dependent electric field. Nevertheless, it is clear that tuning the UV power even by 200 nW can af-
fect the charges on dielectric surfaces and can have a sizeable effect on the electric field environment

in hybrid systems.

B.6.6 ANIsoTROPIC RYDBERG BLOCKADE SOFTENING

The presence of an electric field from the device admixes nearby energy levels to the |70S5) state,
which are not circularly symmetric. This makes the Rydberg-Rydberg interaction strength
anisotropic as a function of orientation of the two atoms. To probe this, we measure Rydberg
blockade softening at 140 wm from the device and at an inter-atomic distance of 6.3 um, manifested

in population in the |77) state after a z-pulse:

2
P, ~ <Q) (B.s7)

Using this equation, we extract the Rydberg-Rydberg interaction U as a function of the relative
angle ¢ between the inter-atomic axis and the x—axis, as depicted in Fig. 4 in the main text. In
Fig. B.16 we compare the measured values of the Rydberg-Rydberg interaction with numerical

calculations using the Pair Interaction Python package***. In the calculation, we use the fitted back-
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Figure B.16: Rydberg blockade softening at an inter-atomic distance of 6.3 pum. Polar plot of measured (pink) and
calculated (blue) Rydberg-Rydberg interaction strength. We find reasonable agreement between data and theory when
using the electric fields found by fitting the measured gradient as shown in Fig. 4(C) of the main text.

ground electric fields from the gradient measurements shown in Fig. 4(C) of the main text. We find
good agreement between our measured data and theory, as one expects to have more blockade viola-
tions in the axis perpendicular to the electric field vector. This independent measurement provides
further evidence that the electric field environment sensed through the gradient measurements is

correct.

B.7 OPTIMIZING THE RYDBERG QUANTUM NUMBER N

In this experiment, we used the |70S) Rydberg state of ¥ Rb. Due to the exploratory nature of this
work, our Rydberg laser system is generated by seeding laser diodes using borrowed light from the
neighboring Rydberg atom array lab*, thereby using the same Rydberg state. However, the princi-
pal quantum number 7 could be optimized by taking into account the electric field noise measured
in this paper. Since different properties scale differently with 7, a better choice of 7 could be made

for Rydberg atoms near our device. In particular, the polarizability « scales very rapidly as 2 o< n
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and decreasing 7z would decrease the sensitivity to electric field noise. One could optimize 7 for
two-atom gate fidelity, which when implemented with Rydberg atoms, typically relies on Rydberg
blockade with U > Q. Since U o C4 o »'! and in our experiment U/Q ~ 230, z could be
decreased to # ~ 55 without inducing significant Rydberg blockade errors, but reducing the sensi-
tivity to electric field noise by a factor of ~ S. While it is important to note that the lifetime of the
Rydberg state decreases with 7: 7,, o 7’ for spontaneous emission and 733 o 7 for black-body

radiation, in the range of 7 between 5o and 70, this should not limit the gate fidelity.
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Supplement of Chapter 7

C.1  FiBER CAVITY MOUNTING AND PARAMETERS

Our fiber cavities are purchased from the company, Qlibri, with a coating with a reflectivity
> 99.993% centered around 780 nm. A protective layer of SiO; is added as a final layer to the coat-
ing to prevent degradation in vacuum (46). We work with a single-mode (SM) fiber (IVG Cu800)

with a radius of curvature (ROC) of 165 um for the input mirror. For the output mirror, we use
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a multi-mode (MM) fiber (Art Photonics MM o) with an ROC of 145 pum. Each fiber has a di-
ameter of 125 um. Our tweezers are formed with a 0.5 NA objective (Mitutoyo G Plan Apo s0X
Objective). To allow for enough optical access for the optical tweezers, we choose a cavity length of
100 um. The fiber cavities are mounted on a monolithic glass V-groove structure glued onto two
shear piezo (CSAPoz2), which are glued on top of a glass slide. The fiber cavities are mounted into
the V-grooves, then low expansion glue (Optocast 3410 Gen2-40K) is applied to the fibers. This is
then mounted into an aluminum structure that secures the glass slide, as shown in the photos of

Fig. C.1A.
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Kappa = 57.9MHz
Finesse = 25904

o
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o
D
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Piezo Voltage (A.U.)
Figure C.1: FPFC Mounting and Characterization. (A) Photo of the mounting structure for the Fabry-Perot Fiber Cavity.
(B) Cavity transmission vs. piezo voltage (blue circles) when probed with resonant light using 300 M Hz sidebands. A fit

to 3 Lorentzians (blue line) reveals the cavity linewidth x = 27x57.9 MHz and finesse F,,, = 25904 assuming a
100 um length. (C) The mounting structure for the Fabry-Perot Fiber Cavity in vacuum

Both fibers are guided out of the vacuum chamber through a fiber feed-through. The fiber feed-
through is composed of a two-hole Teflon piece tightened into a Swagelok (#7). Upon placement

in the vacuum chamber, the finesse of the cavity exceeded 40 000. During the bake-out, a sudden
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change in temperature caused the cavity to become misaligned. This misalignment reduced the
finesse to ~ 25 000 and reduced the coupling between the mode out of the fiber and the mode of
the cavity.

Finesse is measured by producing 300 MHz sidebands on an input laser with a fiber electro-
optical modulator (EOM). These sidebands can then be used to measure the cavity linewidth by
providing a way to transform piezo voltage into megahertz, assuming linear response. With this
measurement and a separate measurement of the length of the cavity we can calculate a finesse of
F = 25,904 as shown in Fig. C.1B. We find that the finesse is sensitive to temperature fluctu-
ations. In particular the MOT beams and tweezers hitting the cavity result in small shifts of the
resonance as well as the finesse. Upon running full experimental sequences we measured a x of

27%65(1) MHz.

C.2 EXPERIMENTAL METHODS

C.2.1  MOT anDp TweEZER LOADING

Atoms are loaded in optical tweezers from a Magneto Optical Trap (MOT) which is formed above
the FPFC. Fluorescence from atoms loaded in the tweezers is collected on single-photon avalanche
detectors (SPADs) co-aligned with the tweezers. However, scattering of the MOT beams from the
cavity and its mount prevents the MOT from forming within the cavity and also overwhelms the
SPAD:s. To overcome these problems, we clip the horizontal MOT beams using razor blades placed
in MOT beam paths. We fine-tune their position to optimize the atom loading into the tweezers. In
addition, to reduce background counts from the light scattering by the MOT beams oft the FPFC,
we include an additional imaging beam that propagates along the MOT beam perpendicular to the
FPFC. This beam is focused through the cavity such that, there is very little scattering. This beam is

then pulsed out of phase with the MOT and the tweezers at 2 MHz. The experimental sequence for
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Global ' Local A Readout Global LocalB Readout
OPtoF1 OPtoF2 pulse OPtoF1 OPtoF2 pulse

700 s 5ps 20ps 700 ps 5ps 20ps
Experiment
trigger ;
Atom transport,
MOT | PGC  850nm attice load, Eromneny [Reacoutl [RAtomipresence
- andBfieldadjust sequence postselection ~
i L
continuous 5o s 110ms
until atoms
loaded
A) Single-shot spectra. N =1, M = 51 B) Cavity carving. N=5
OPto | Increase A;by  Readout OP to |0) with  Cavity shift T Carving n Carving n Carving = Rotate ' Cavity shift
F=2 10 MHz pulse preselection toF=1 2 pulset/2 pulse T pulset/2  XY.Z toF=2
5ps 1ps 5us v 650 s 7ms 13 s 20ps 26 s 40 us 26 s 40 s 13-50 us 7ms

C) Bell state preparation via cavity gate. N =5

OPto[0) with Cavityshift T .~ T Rotate Cavityshift
preselection toF=1 2 %4 XYZ toF=2

650 s 7ms 13ps 70ns 34ps 6.5Ps 13-50 us 7ms

Figure C.2: Experimental Sequence for: A) the experiments presented in Figs. 1-2 in the main text; B) cavity carving and
the data in Fig. 3 in the main text; and C) Bell state preparation using an error-detected gate and the data in Fig. 4 in the
main text.

each of the experiments presented in the main text is shown in Fig. C.2. The sequence begins with
polarization gradient cooling (PGC) for 50 ms, which reduces our temperatures to approximately

70 uK. The atoms are then transported to the cavity mode in 110 ms.

C.2.2 AtoM PoSsITIONING IN THE FIBER CAVITY

In order to ensure that the atoms are always coupled to the cavity mode, we use an additional optical
lattice formed by an 85onm laser which is resonant with a cavity mode. The atoms are transported
by the tweezers using galvo mirrors and loaded into the 8 sonm lattice. The 8 5onm and the 78onm
modes are incommensurate and form a beat note with a period of 4.7 um with regions where their
maxima overlap. We position each of the tweezers in one such region. Fig. C.3, shows transmission
spectra when a single atom is placed at different positions along the lattice. We place our atoms at

the regions of maximum splitting between the hybridized atom-photon modes correspond to maxi-
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Figure C.3: Atom positioning in the cavity mode. A Single-shot spectra (averaged) of single atoms placed at different po-
sitions along the cavity. B and C Two such spectra at positions of minimum (2.64 um) and maximum (4.95 um) coupling.
The solid lines are fits of the form T(?) in (C.s). D Fitted atom-cavity coupling strength ¢ as a function of position
along the cavity. The solid line is a fit of the form g(x) = acos(27(x — x0) / P) + c. Note that we use the fitted period
P to calibrate the distance along the cavity.
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mum coupling g.

Before transitioning to the 850 nm lattice used in the experiments presented in the manuscript,
we utilized an 810 nm lattice to characterize the cooperativity as a function of position over a 6o
wm range, shown in Fig.C.4. These measurements validate that the cooperativity closely follows
theoretical predictions for the cavity mode profile.

The usable area of the cavity is theoretically limited by clipping of the optical tweezers on the
fiber cavity mirrors. Given the diameter of the fiber cavity 125 um and the numerical aperture (NA
= 0.5) of our optical tweezers, the unclipped region is expected to extend 32.5 pm in the center of
the cavity. However, in practice, we achieve a usable range exceeding 60 um with only a minor re-
duction in loading probability near the edges. This range is currently limited by the travel range of
our optical tweezers, which could be extended in future experiments to further enhance the usable
area.

Within the 60 um usable region and given the 4.7 um beat note of the 850 nm lattice, we can
place up to 12 atoms at the antinodes of the cavity field. If we position atoms using our optical
tweezers at a spacing of 3 X 780nm, we ensure alignment with antinodes while avoiding tweezer
interactions. This configuration allows for the placement of up to 25 atoms within the unclipped
cavity region. Across this range, the cooperativity varies between 70% and 100% of its maximum

value, ensuring sufficient uniformity for high-fidelity operations on all atoms.

C.2.3 STATE PREPARATION

Atoms are prepared in the |0) = |F =1, mp = 0) by applying a linearly polarized drive on the
5812, F=1) > |SPy/p, F = 1) D1 transition while simultaneously applying a drive on the

581 /2, F = 2) ¢ [5P3)5, F = 1) D2 transition with mixed polarization. With these drives, the

|F =1, mp = 0) is a dark state, and the population is pumped there in 15 ps. Imperfect polarization

limits this state preparation. To improve this scheme, we extend the duration of the D1 beam by
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Figure C.4: Atom Positioning in the 810 nm Cavity Mode: We present single-shot spectra (averaged) of single atoms
placed at various positions along the cavity using the 810 nm lattice. The cooperativity as a function of position is fit to
a model based on the intensity profile of a standing-wave Gaussian beam. From this fit, we extract a Rayleigh range of
62(10) pm, consistent with a cavity waist of 3.9(3) pm. Additionally, the beat note between the 810 nm trap and the
780 nm mode yields a spatial period of approximately 11 p.m.

3 us, pumping the residual population from the |F = 1, mp = =1) states in to the F = 2 manifold.
We then apply a readout pulse, resonant with the 2 — 3/ transition and postselect and discard the
data when an atom in F' = 2 is detected. This allows us to preselect the cases when optical pumping
(OP) was successful before we begin the experiment. Note that this readout pulse does not affect

the |0) state. The final state preparation fidelity is > 99 %.

C.2.4 CaviTy AND LASER LOCKING AND JUMPING

Fig. C.sshows a diagram of the cavity locking system. We stabilize the cavity length using a shear
piezo and a Pound Drever Hall (PDH) lock, which uses the cavity reflection signal from an 810 nm
DBR laser (Photodigm 808 DBRH-TOSA). The frequency of the DBR laser is locked and con-
trolled using an offset phase lock (Vescent D2-135) to reference it with a 810 nm ECDL laser (Top-

tica DL1oo Pro ECDL). The ECDL laser, is locked to an ultra-low expansion (ULE) cavity using
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a PDH lock to act as a stable reference. This system allows us to dynamically tune the cavity length
and resonance. Using an analog channel and tunable voltage controlled oscillators (VCOs), we can
dynamically tune the relative frequency between the tunable DBR laser and the stable ECDL laser.
Taking advantage of the large current controlled mode-hop free range of the DBR laser, we achieve a
tunability of up to ~ 10 GHz, which correspond to ~ 2 nm changes in the length of the cavity. By
choosing correctly the reference line of the ULE cavity, we can match this tunable range to the D2
line of ¥ Rb when locking the FPFC to the DBR laser. This system allows us to dynamically tune
the cavity resonance through the whole hyperfine splitting of 87Rb, which is 6.837 GHz.

Thanks to the small size of the FPFC, we can do this relatively quickly in ~ 7 ms, limited only
by resonant frequencies related to the lever-arm mechanical modes of the dangling fibers. After
learning how to load atoms directly from a MOT close to these types of micro-cavities, we plan
to increase the bandwidth of a next iteration by reducing the lever-arm length in the design. The
resonance frequency of the lever arm scales as o 75. By reducing the protruding fiber length by a
factor of two, we can increase the system’s bandwidth by a factor of four, without compromising
our optical access.

An additional 850 nm DBR laser is used as a trap for the atoms, and it is continuously locked
to the cavity with a PDH lock on the laser diode current. The circulating power of the 850 nm is
~ 20 mW resultingin ~ 24 MHz lightshift on the 2 <+ 3’ transition and similar magnitude
trap depth. The circulating power of the 810 nm lock laser is < 0.5 mW in comparison and has

negligible trapping or lightshift effects.

223



PDH lock

ULE Cavit

Toptica DL Pro

—

Photodigm DBR

Voltage
Control

PDH lock

Laser Current

-
850nm
Pickoff\\ . Power Servo PD
A

810nm
Power Servo PD

PDH lock

Probe Laser
SPAD

780nm
Power Servo PD

Figure C.5: FPFC laser system. Diagram of the lasers coupled to the FPFC and the different locking systems for the
cavity and each laser. Waveplates and fiber couplings have been ommitted.

C.3 REeapour

C.3.1  DETECTOR SYSTEM AND CHARACTERIZATION

Readout is performed by measuring the difference in transmission with and without an atom cou-
pled to the cavity. We collect the transmitted photons through the Multi-mode (MM) port of the
FPFC. After filtering of the trap light, 780 nm light is then split on a 50:50 MM fiber beamsplit-
ter and sent to two SPCM-AQRH-16-FC single photon avalanche detectors (SPADs) which are
counted using a Swabian Time Tagger Ultra. We use two SPADs to effectively reduce the detector
dead-time, increasing the bandwidth, and allowing for faster readout. We measure the effective de-

tector dead-time by fitting the measured count-rate Cjy versus the expected probe count-rate Cp
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using the model:
Cy = (Cp+ Cp) ¢~ 0(CrtCp)mo (C.1)

Where we find that the detector dead time to be zp = 17(1) ns, Cp is the dark count-rate, and
7p = 50 ws is the integrated time in the measurement (Fig. C.6A). The dead time limits the linearity
of the detector to count rates below ~ 10 Mcps. We find that the atom starts to be saturated well
below this limit, even accounting for collection efficiency. Therefore, the readout is limited by the
power with which we can drive the system before the atom is saturated, and we leave the weak-probe
regime.

We directly measured the dark count-rate to be 115 cps, finding it to be much smaller than even

the coupled atom count rates. As such, the dark count-rate can be ignored from the model.

C.3.2 REapout FIDELITY

We perform a readout measurement by probing the cavity with a 780 nm laser pulse that is &+ cir-

cularly polarized and resonant with the 2 <+ 3’ cycling transition and the cavity. The polarization
helps increase the readout fidelity, as it quickly pumps the atoms into the stretched |2, 2). For exam-
ple, when reading out the clock state |2, 0), due to the degeneracy of the cavity, we quickly pump
into the |2, 2) stretched state at a rate set by « scattering a single photon. This result arises from
coupling to a state described by ¢, |2,0) [1) + — g+ |2,2) [1),-, as depicted in the lambda sys-
tem in Fig. C.6B. Given the transition strengths of these particular transitions, the state is given

by \/; 12,0) 1)+ — \/g |2,2) |1),- This state that decays into the stretched state |2, 2) with a
probability of 86%. Consequently, on average, only 1.16 photons are needed for an atom initially
in |2, 0) to be pumped into the stretched state. This state decays at a rate set by the cavity, making

this pumping more rapid than one would expect from the atomic scattering rate y. Additionally,
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this pumping quickly places us into a state with a cycling transition without any atomic excitation,
allowing us to take advantage of the cycling transition in the system for the highest readout fidelity.
When counting photons on transmission, there are two possible rates we can measure. When the
cavity is empty, or the atoms inside are in an uncoupled state (¥ = 1 ground-state manifold), we
observe a high (H) count rate Cy7, shown in Fig. C.6A. We define ’high counts’ as the photon detec-
tion rate observed when the cavity is empty or the atoms are in an uncoupled state (F = 1 ground-
state manifold), leading to higher photon transmission through the cavity. Conversely, low counts’
refer to the photon detection rate observed when atoms inside the cavity are in a coupled state (F =
2 ground-state manifold). In this case, the coupled atom effectively detunes the excited atom-cavity
manifold, blockading the probe light and resulting in significantly reduced photon transmission, as
shown in Fig. C.6C. C 4, is about 2 orders of magnitude lower than Cy as the coupled atom ef-
fectively detunes the excited atom-cavity manifold and blockades the probe light. Both rates depend
on the input probe power, which is directly proportional to the implied probe count-rate Cp. In the
case of the coupled atom, we commonly work at a probe rate of Cp ~ 1.75 Mcps which sits right
at the onset of where high counts start being affected by the detector dead-time and the low counts

leave the linear weak-probe regime.

RrapouTr CHARACTERIZATION

In practice, there are two different types of readout pulses we perform, which we call atom- and
state-readout. The only difference between the two is whether we are concurrently optically pump-
ing the atoms into the coupled state manifold. In this way, atom-readout measures presence by al-
ways having the atoms in the coupled state, and we use mostly for post-selection on atom survival.
We characterize our readout fidelity by measuring a train of subsequent atom- and state-readout
pulses initializing an atom in either coupled or uncoupled states using optical pumping, finalizing

on an atom-readout pulse to post-select on atom presence. To ensure consistency and minimize
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any potential sources of drift, the data for different probe powers were taken in parallel during the
experiment over the course of 7 hours. Fig. C.6D shows a 2D histogram of the photon counts of
subsequent atom- and state- readout pulses for atoms in the coupled and uncoupled states, as well
as an empty cavity for comparison. To get good statistics at the high fidelities we are measuring, we
have to accrue thousands of data points. We characterize loss by considering the number of events
where atom presence is detected in the first measurement and not in the second measurement. Here
we find that this occurs in 3 of 8687 events, setting a loss probability of 0.0341%"%. The data pre-
sented is the same as for Fig. 1D of the main text, it corresponds to Cp ~ 1.75 Mcps and an inte-
gration time of 10 s, which gives us the the highest measured state-readout fidelity of 99.960 3% %
presented in the main text and corresponds to the usual probe power used throughout our experi-
ments.

To measure readout fidelity, we need to understand the nature of photon counts, which can be
described by the Poissonian distribution P(u, k) = /‘kZ—,ﬂ The curves on the count histograms of
Fig. 1D of the main text are fits to this distribution. The fits give us two possible distributions: Low
counts for atoms in a coupled stated with ;, = 0.09(2) photons and High counts for atoms in an

uncoupled state with ¢, = 16.600(1) photons. From these, we can calculate an optimal threshold

My Hp

—+H L | — 3 photons
log p—logu, J p ’

by equating both distributions and finding an analytical form of k7 = L
where an atom will be labelled (L) as coupled if the measured counts are < k7, or (H) and uncou-
pled otherwise. As such, we can theoretically estimate the expected False positive probability to be
Ppp =1 — Ziio P(u;, k) = 2.7 x 107 and the expected False negative probability to be
Ppy = Z:LO Py, k) = S7 x 107 while the analytical formula provides the theoretical ex-
pectation for setting an optimal threshold, in practice, we experimentally select the threshold that
minimizes the error during calibration. Experimentally, we calculate the False positive and negative

rates to be Pgp = 4.6J_rg'_g x 10~*and Ppy = BStfg x 10™%. This fidelity is calculated with

no assumption about the distribution, relying solely on an optimized choice of threshold based on
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the measurements. The fidelity is determined by dividing the number of events above or below the
threshold by the total number of repeated measurements, with error bars derived from the thresh-
olding process using the Clopper-Pearson interval. For simplicity, we quote a single Infidelity prob-
ability Pp,r = (Prp + Prn)/2 to be the average of the two, given an atom can only be in one of two
states every readout pulse. The quoted readout fidelities are then (1 — Pr,r) x 100 %. The estimated

error for these measurements is the Clopper-Pearson interval.

OPTIMAL INTEGRATION TIME AND LIMITATIONS

Using time-tagged photon counts, we are able to extract an infidelity curve against integration time
7 (Fig. C.6E). As expected from theory, the larger time we integrate the more separated both cases
getasy, = Cypprandy,, = Cyy7, and the lower the infidelity gets. However, we observe that
for longer integration times, the infidelity stops decreasing. One observation is that atom-readout is
always better than state-readout, which can be explained by unwanted off-resonant scattering from
the 850 nm optical trap which state-readout does not correct for as there is no optical pumping.
Even for scattering timescales on the order of 100 ms, at an integration time of 10 us the infidelity is
already limited to the order of ~ 10™*%. The rest of the measured infidelity, we attribute to imperfect
state preparation during the characterization experiment, which can be further optimized.

We can also look at the best measured infidelity as a measure of probe power, as shown in
Fig. C.6F. Atlow powers, the count-rates are lower, so we need to integrate further. Therefore, the
unwanted scattering becomes a more prominent limitation. At high powers, the weak-probe regime
is broken and the effective ratio Cpz/ C 4z decreases, which sets the possible difference between
High and Low counts and is proportional to the attainable readout fidelity. Therefore, we find an
optimum at Cp ~ 1.75 Mcps. We can, however, work at the stronger powers before the infidelity
grows too large and have high-fidelity non-destructive state readout in the us scale, limited by the

effective dead-time of our detectors and our cavity linewidth .
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Figure C.6: Readout Characterization. (A) Measured count-rate Cj; vs. probe count-rate Cp (gray circles) of our detec-
tion system with a fit (gray line) to model in Eqn. C.1 used to extract detector dead time. (B) Degenerate cavity allows
for fast pumping into stretched state for enhanced coupling during readout. (C) Photon count-rate when with coupled
atom C 4y, Us. probe count-rate Cp showing the breakdown of the linear weak-probe regime. (D) 2D histogram of
readout pulse characterization, showing the counts of subsequent state- and atom-readout pulses for atoms in the
coupled (green) and uncoupled (orange) ground state manifolds, as well as for an empty cavity (gray). Transparency

is proportional to occurrence, normalized to the highest of each case. Dotted lines are optimal threshold to minimize
infidelity. (E) Measured infidelity for atom (pink) and state (purple) readout vs. probing time for two different probe
powers. Black dotted curves are the theoretical expected infidelity from the known count-rates. Gray dotted lines are
the measured best probing time in each case to find minimum fastest infidelity. (F) Lowest measured infidelity for atom
(pink) and state (purple) readout vs probe count-rate, which is proportional to the probe power.
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C.3.3 ERROR DETECTION THROUGH READOUT PULSE SEQUENCES

SINGLE ATOM READOUT

To read out the qubit states along with error states, we perform sequential readouts interspersed
with coherent microwave rotations between our qubit states. We rely on our readout being non-
destructive to the |0) state. Another important mechanism is that reading out an atom in the |1)
state will quickly pump the atom into the |2, 2) stretched state. This pumping brings the atom out
of the qubit manifold, resulting in no rotation when subsequent microwaves pulses are applied.
Our single-atom readout sequence entails two successive readouts with a microwave 7 pulse applied
in-between. Then, taking the above mechanisms into account, we find that the information from
the two readout pulses will discriminate between the |0), |1) and error |er7) states (Fig. C.7A). We
denote a readout result as high (H) or low (L) depending on if the measured counts are above or
below a selected threshold. This measurement determines whether an atom is in the coupled or

uncoupled ground-state manifold.

Two atoM READOUT

To extend this to two atoms, we perform three sequential readouts with the addition of a local
pumping beam that pumps atom B into the uncoupled ' = 1 ground-state manifold, effectively
“hiding” it from the readout. We note that when two atoms are coupled to the cavity, if either of the
atoms is in the |1) state, the transmission of the cavity will be blocked. To distinguish which of the
two atoms was in the coupled state, we must pump one of the two atoms out of the coupled state.
To measure information about the two-atom state we first perform readout on both atoms, then
hide atom B using a local depumping beam and then perform the single-atom readout sequence
only on atom A. This allows us to extract full information about the state of atom A, while also

extracting some information about the two-atom state.
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Figure C.7: Readout sequences for one (A) and two (B) atoms. The tables show the corresponding readout labels for
each group of distinguishable states.

We find that this readout sequence can uniquely identify the populations in the |00) and |01)
two-qubit states, while also being able to distinguish states where atom A has an error |er7) ,
(Fig. C.7B). We note that states where atom B is in the error state |e77) ; are not distinguishable from
|0) 5. However, as explained in the entanglement generation section, these kinds of errors are sup-

pressed.

C.4 CAVITY SPECTRA

In the main text, we measure the spectra of the atom-cavity system under various driving conditions
and number of atoms coupled to the cavity. The way that we do these measurements is in a “single-
shot” as shown in Fig. C.7A. To understand the underlying physics of these spectra, we can consider
the simplified Jaynes- and Tavis-Cummings Hamiltonians for one and two two-level atoms cou-

pled to a single cavity mode. Using the rotating-wave approximation with respect to a drive, we can

231



express the Hamiltonian in the rotating frame as:

Hih=aata+ Y (Bale) (el +ga (1) (el 2 + L) el at)) (C2)

a=A,B

Where g; is the single photon Rabi frequency of the atom 7 coupled to the cavity. Furthermore,
A and A, are the cavity and atom detuning from the drive, respectively. The driving terms can be

expressed as:

Hprobe/h = Qprobe (éT + 21) (C3)
~ Q:z'df,a Q;kz’dc,az
He/h =3, =7 le) gl + =57 1g) (el (C.4)
a=A,B

Where [:]pmbe is a drive of the cavity by probing it as we do for readout, and 7 is the strength of said
drive. Additionally, H.,, considers a drive from the side of the cavity directly on the atoms, as we do

for entanglement generation, where Q); is the strength of the side drive.

C.4.1 WEAK-PROBE REGIME

For the purposes of the spectra shown in Figs. 1-2 of the main text, assuming this simplified two-
level system we can find an analytical form for the spectra assuming a steady-state solution, which
we use to extract our cavity parameters. In the following, we expand on the derivation show in the

supplement of Ref. (#8) accounting for multiple atoms and a side drive. From this treatment we
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arrive at equations for intracavity photon number for side and cavity probe given by:

2
Qorobe
<4T¢z> x prob \/? — (C.s)
probe (1+CA+C3) K
= = 2
y (Qﬂ'dﬁ,A \% CA + Qﬂ'de,B CB)
& <4Tﬂ> X |4/ = ——— (C.6)
side Ky (1 + CA + CB)

Wherex = § + A andy = % + iA,. The detunings A, and A, are defined as the detunings
between the atom and the probe laser frequency, and the cavity and the probe laser frequency, re-
spectively. We define a cooperativity given by C = % In this steady-state solution the number
of leaked photons over some integration time will be directly proportional to the intracavity pho-
ton number. As a result, we use these analytical solutions to fit our cavity parameters to different
spectra.

It is important to note that the effective cooperativity for the side probe differs from that for the
cavity probe. This difference is due to the coupling to distinct atomic transitions. For the cavity
probe, we send circularly polarized light along the cavity axis, which rapidly pumps the atom into
the stretched state |2, 2). In this state, the pump light couples only to the |3, 3) excited state realiz-
ing a cycling two-level system, which for the Rb 87 level structure has the largest transition dipole
moment, leading to a high cooperativity. However, with the magnetic field aligned along the cav-
ity axis, it is not possible to drive the atom from the side using circularly polarized light. Instead,
the atom occupies a mixture of other 7 states, which reduces the effective coupling strength and

cooperativity. This reduction contributes to the observed difference in the vacuum Rabi splitting

between Fig. 1C (cavity probe) and Fig. 2D (side probe).
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SIDE SPECTRA

In practice, we always see the peaks corresponding to bright and dark states at the same time, as
shown in Fig. 2 of the main text. We attribute this observation to thermal sampling of the atomic
wave functions, leading to an effective incoherent drive of the system. For the purposes of fitting
spectra, we build a fitting function that solves the master equation for Eqn. C.2 and averages both
the case of in-phase and out-of-phase side drive. The fit is shown in Fig. 2D of the main text. An-
other interesting observation from these fits is that they account for an effective “broadening” of the
dark-state line due to strong .4, driving.

We observe that the separation between the bright states is lesser than observed in the situation
of the probe spectra. We understand this as an effect of weaker Clebsch-Gordan coefhicients of the
atomic steady-state solution. Our side drive Q4 is linearly z° polarized. Due to this polarization,
the steady state solution of the atomic states will fall around the middle 7 Zeeman sublevels. This
is unlike the cavity probe, where circular polarization quickly pumps the atoms into the stretched
state and effective two-level system. Since our magnetic field is aligned with the cavity axis, it is im-
possible to drive from the side with pure circular polarization. However, this polarization is what
allows us to take advantage of the decay branching rations for error detection and entanglement
generation.

As an addition, Fig. C.8 shows a side-spectra of the complete hyperfine manifold for a single atom
under a side drive. This is just a more complete spectrum for the one shown in Fig. 2A of the main
text. It also showcases how the Clebsch-Gordan coefficients affect the relative drive strength of Q4

for different transitions.
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Figure C.8: Side spectrum of the 87Rb D, line showing the avoided crossings and the hyperfine structure.

C.4.2 TwoO-LEVEL NUMERICAL SIMULATION

An important result in our manuscript is the observation and use of photonic dark-states | Dy).
These states can only be driven through a side drive, Q,4,, directly pumping excitation on the
atoms. This is because the | Dy) states do not have any photonic component. To theoretically ex-
plain the measured spectra of our experiment, we cannot simply rely on the weak-probe regime
analytical form of Eqn. C.6, as described in (#8). This analytical form is sufficient to show the bright
states | B1) and v/2 enhancement, but since the main approximation is that no atom ever gets ex-
cited, it cannot show any feature due to the photonic dark state.

To correctly account for full two atom spectra, we instead solve for the steady-state using the
master equation of the two-level atom Hamiltonian, shown in Eqn. C.2 using the python package
QuTiP (49). A surprising initial observation, shown in Fig C.9B, is the detection of photons in the
cavity at the dark-state resonance. This is the result of excitations from the dark state to a state where

both atoms are excited, |gg, 0) < 1/1/2(|eg, 0) — |ge,0)) > +/2/3|ee,0) — \/1/3|gg,2)
The \/2/3|ee,0) — /1/3|gg, 2) state contains a photonic component, thus producing intracavity
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photons at the dark-state resonance. This process is observed in and described in Ref. (20).

Furthermore, it is important to note that the side drive Q4 acts on both atoms. Whether we
excite the dark state (antisymmetric superposition) or the bright state (symmetric superposition)
depends on both the relative coupling of the atoms to the cavity mode, determined by their spatial
position along the cavity, and the relative phase between the atoms and the incident beam, deter-
mined by their spatial position along the driving beam. In practice, we always see the peaks corre-
sponding to bright and dark states at the same time, as shown in Fig. 2 of the main text. We attribute
this observation to thermal sampling of the atom positions in the direction of propagation of the
drive beam causing a difference in the phase of the drive for the two atoms. For the purposes of fit-
ting spectra, we build a fitting function that solves the master equation for Eqn. C.2 and averages
both the case of in-phase and out-of-phase side drive equally. The fit is shown in Fig. 2D of the main
text. Another interesting observation from these fits, is that they account for an effective “power
broadening” of the dark-state line due to strong 4, driving.

To make coupling to the bright or dark states robust to this thermal sampling, we choose to work
with a local driving beam, instead of the global drive that we have described above. With this con-
figuration, we are able to couple to the dark state and bright state regardless of the position of the
two atoms relative to each other or the phase of the driving beam. We model these dynamics with

QJ[de,B =0.

C.4.3 “Loss” SPECTRA

One interesting observation of our entanglement generation protocol is the ability to conditionally
couple atom A to a photonic dark state based on the state of atom B (Fig. 3A of main text). Particu-
larly, in the carving scheme we quickly pump state |10) into the detectable error states |er7) , while
other states like |11) are pumped much slower. This asymmetry in their decay, which is shown in

Fig. 3B of the main text, is what allows us to carve out parts of the state and generate high fidelity

236



A T Error Detect C D
11)—aH A A
o % Hi-F

B’“ 100 g ° | | | | S
8 t ag=o| 2 60 =
e R ' s
A | ———
% 25 %’ %i i% i%;ﬁ | % Z 150} 11 E - ] 20%
Q éﬁé ¢ %’ t ‘ % ]L v o
ne_ 0 p + ; IT‘ %H g 300 ! ‘ . L ! : 0 &

a T"300 -150 0 150 300 -300 -150 O 150 300

Probe Detuning (MHz) Cavity Detuning, Ac (MHz)

Figure C.9: (A) Quantum circuit for preparing two-qubit states and measuring the |€}"}">A population. (B) With the cavity
tuned to the 2 <> 1’ transition, we measure the probability of transferring population to the |€7‘}">A state as a function
of probe detuning for the |11> state (blue) and the |10> state (red). The solid line shows theoretical simulations of the
system with characteristic parameters. This curve shows relative agreement of the numerical model with experimental
data, and is not used to extract any specific parameters. (C-D) Measurements of the probability of transferring popula-
tion to the |€rr>A as a function of both probe detuning and cavity detuning for the |11) state (C) and the |10) state (D)

Bell states. However, it does depend on the side drive on atom A being exactly in resonance with the
photonic dark state in the 2 <+ 1’ transition. We calibrate this detuning by measuring what we call
“loss” spectra.

We can understand the “loss” spectra as simply a measurement of the probability of being in the
error state |e77) 4 after a pulse of some short length. For example, we can choose a pulse length from
Fig. 3B where state |10) has not been completely pumped into the error state and vary the probe

detuning.

C.s ExXPERIMENTAL CHARACTERIZATION OF THE ENTANGLEMENT FIDELITY

C.s.1 MEASURING ENTANGLEMENT FIDELITY

In our experiments, we use two different entanglement generation schemes to prepare two-qubit

B Bell states of the form |®*) = % (]00) £ |11)). If we assume that after an experiment, our

2
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two-atom state is described by a density matrix p, then the entanglement fidelity is simply:

1
Flox) = (@F[p[0%) = 5 (J°00,00 = Poo,11 FP11,00 +f’n,n) (C7)

The fidelity of the |® ) state is used to define the fidelity for the carving results, while the fidelity
of the |® ™) state is used to evaluate the results of the phase gate.As explained in the main text, we
measure the diagonal elements of the quantum state in all three possible bases XX, YY, and ZZ by
controlling the relative phase of global microwave pulses and rotating state p. We measure the pop-
ulation in [11) and |10) by performing a z-pulse for a total of 6 measurements: 2 measurements per
each basis. This gives us a total of 12 data points corresponding to the 4 diagonal populations in
each basis (i.e., 2,(|00)) = 5%, = Poo,00)- The ZZ basis is the one in which we define our state.
The XX and YY basis are accessed using 7/2 rotations into the equator of the generalized Bloch
sphere. With our measurements, we have direct access to both the parity of the state and its trace as

measured in different basis:

I, = Py — Py — Plo + Py (C8)

Tr; = Péo + an + Pio + Pil (C.9)

Where7 = «x, 9,z is the measurement basis, I'l; is the state parity in basis 7, and Tr; is the measure
trace over the qubit manifold in basis 7. Importantly, since the qubit rotations do not take us out of

the qubit manifold, it is easy to show that:

T = Try = T, = £00,00 TLor,01 T L1010 T P11 (C.10)

In the case where there are no errors, Tr; = 1, as expected for a valid density matrix p. However,

this is not the case of states which have component in error states outside the qubit manifold as in
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the case of our deterministic entanglement measurement. Furthermore, the parities in the different

bases can be expressed as:

I = —pgo.11 T Lor10 TPro.01 ~ L1100 (Cuar)
I, = L0011 T Por10 TP10,00 T L1100 (C.12)
L, = 1£00,00 ~Lor,o1 L1010 TP (C.13)

This relations let us rewrite the entanglement fidelity in terms of the trace and state parity as:

1

Flo=y = 7 ((Tr) & IL F I, + IT,) (C.14)

Here, (Tr) = % (Try 4 Tr, + Tr) represents the average qubit population measured across the
three measurement bases. By averaging the traces across all measurement bases, we reduce the error
due to a larger sample size (drawing from all three measurements) and mitigate the effects of im-
perfect microwave rotations, which can otherwise lead to inaccurate assessments of the qubit state
population. The sign for the X and Y parities reflects what is expected for each Bell state and is ex-
plicitly shown in the choice of direction for the measured correlations in Fig. 3C and Fig. 4D of
the main text. To extract the entanglement fidelity, we substitute the values in Eqn. C.14, using the
expressions for the parity (Eqn. C.8) and trace (Eqn. C.9) in terms of the 12 measured values and
propagate uncertainty assuming uncorrelated errors. This equation has the benefit that it is agnos-
tic to whether or not we are using error detection in our measurement, and is how we are able to

measure verifiable deterministic entanglement.
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C.6 THEORETICAL MODELS

C.6.1 FIRST EXCITATION MANIFOLD

Our entanglement scheme relies on the fact that the strong cooperativity in our system, allows us to
spectroscopically resolve a photonic two-atom dark-state from all other possible states. This capabil-
ity enables conditional operations using a ground-state qubit encoding between cavity coupled |1)
and uncoupled |0) states.

Our scheme can be simply understood considering the simplified two-level atom system de-
scribed by the Tavis-Cummings Hamiltonian shown in Eqn. C.2. When both the cavity, atom, and
drive are resonant such that A = A, = A, = 0, itis easy to diagonalize the Hamiltonian and find
the eigenvalues of the single-excitation manifold. In the case of only atom A coupled to the cavity

where gg = 0 (i.e.,, Atom B is in the uncoupled state |0), the eigenstates take the form:

1

|+) 7

(le,0) £ g, 1)) (C.15)

With their eigenvalues being £ = 4¢4. This strong vacuum-Rabi splitting effectively suppresses
the drive excitation rate proportionally to the single-atom cooperativity C.
However, when both atoms are equally strongly coupled to the cavity g4 = gp = go, there are

now three eigenstates:

B2) = 5 (l:0) + lge0) £ - e 1) (C16)

Do) = 5 (eg,0) — g, 0) (C17)

The two “bright” states | B ) are analogous to the single atom eigenstates with a stronger repulsion

due to it being two atoms £y = ﬁgo. We denote these states as “bright” states due to their cavity-
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like components that allow them to decay through the cavity. In contrast, we also find a third zero
energy eigenstate | Dy ). We label this a photonic “dark” state due to the lack of a cavity excitation.
One can understand this state as a sub-radiant state in which the emission from the two atoms de-
structively interferes with each other’s emission into the cavity, resulting in a state that cannot decay

through the cavity.

C.6.2 CARVING PROTOCOL

Now we can consider a more complicated level structure, as shown in Fig. C. 1o, in which one of the
atoms, atom A, has a level structure composed of two qubit states, |0) , and |1) ,, an excited state,
|e) ;» and a state we will denote as the error state, |er7) ;. The |err) ;, — |e) ; transition is coupled
to the cavity, while the qubit states are not. Atom B will have similar structure with qubit states,

|0) g and |1) 5, and the excited state, |¢) 5, in this atom the |0) ; — |e)  state will be coupled to the
cavity. Utilizing this level structure we can engineer a qubit state dependent decay that can be used
to produce entanglement by eftectively “carving out” parts of the wavefunction. This “carving” can
be performed with a global beam; however, this requires a well-defined phase of the drive between
the two qubits. To circumvent this issue, we perform the carving by driving only atom A on the
1) ; — |e) 4 transition.

Now, with qubit states we can consider the evolution of each state, as shown in Fig. C.r1o. For the
states where atom A is in |0) , there is no evolution, the interesting cases are when atom A is in state
|1) ;. For the initial state, |11), the transition to the excited state will be allowed through this two-
atom dark state due to the second atom being in a state coupled to the cavity, |0) ;. For the initial
state |10), the evolution will be the same as if only atom A were coupled to the cavity, resulting in a

blockade of the excitation. If we treat this case more carefully, we will find a single atom dark state
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Figure C.10: (A) The level structure for both the carving and CZ gate protocols. The cavity is coupled to the

|err), A |e), transition and the |0), x4 |€) , transition. Atom A is driven from the side by a drive Q,
that couples |1) , and |e) ,. (B) Upon diagonalization of the states coupled to the cavity, we show the effective

level structure for a weak drive Q) . Here, the |11) state experiences a suppressed excitation due to the avoided
crossing formed by the splitting of the states |[£) = le),[0)p & [err) 1) 5. The [10) state couples reso-
nantly to the dark state | D) = % (le),10), — lerr) ,|e),) \0>Ph while being detuned from the bright states

|B) = J5ler),10),10)pn £ 5 ([e), 10}, + lerr). le),) [0}
that is formed between the states given by:

g Qy

——=—= 1) 410),, — === err) 4, 1), (C.18)
VOi+g VOi+ g
This will result in decay through the cavity into the |err) , |0) ,p state with a rate given by:
Q2 Q7
il i (C.19)
atg Y

Now we investigate the |10) case. We can approximate the dynamics of this state by assuming
¢ > Q thus the drive is a small perturbation coupling the |10) state to the dark state, |D) =
% (le)410); — lerr) ,le} ;) 10) pp. The drive term takes the form of Hy, = Q4 le) (1] ; + Q7 [1) (el 4.

Under these approximations we can assume that the rotation between an effective two-level system

with the ground state, [10) and excited state, | D) with a transition dipole matrix element given by:
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. Q QF
Hyr = 7/2’ D) (10| + ~£ |10) (D (C.20)

V2

We find that the dark state will decay at the same rate as an atom in free space, y. As a result, the
drive will depopulate the |10) state at a rate given by:
2
Qp_ 04

The excitation of the dark state can decay through atom A or atom B with a 50% probability due
to the equal superposition of excitation. If the decay were to be through atom B, this would trap
atom A in the error state, resulting in a fully detectable error. If atom A were to decay, the popu-
lation will not always go to the error states, this decay will be determined by the branching ratios
of the excited state. Through careful selection of atomic states, this ratio can be large and allow for
almost fully detectable errors. This branching ratio sets a limit on the fidelity that one can achieve
with this approach.

Due to the large ratio of decay between the |11) and |10) states, we can pump one state into the
error state much faster than the other. Upon post selection of not being in the error state, this will

then “carve out” one of the two states. We model this as applying a matrix:

—
(=)
(=)
(=)

U, = (C.22)

=]
o
rh|
=
:N
~
(%)
o
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Applying a 7 pulse in between two of these pulses will result in a matrix:

¢ 02 0 0 0
. o 0 ¢ /2 0 0
Usarve = []ng(ﬁ)U:g = (C2'3)
0 0 w2
0 0 0 ¢ Tmi?

By applying this matrix and renormalizing the population, we find that fidelity will exponentially

approach unity while the success rate linearly decreases for large cooperativities.

0% 0%
o ~ 57771‘ + giTJ’t
PWCC = <\Y0| (ervfljmrl)f |\I,0> = f (C.24)
R T NS S
L/c rve \PO e @ e v
f: AT 4 - = o Qz = (C.ZS)
\/<\Y0’ l]mrzm(]mrve ’\I/0> e_ & t —+ E_TVZ

C.6.3 SiMpLIFIED Two-LEVEL MODEL FOR CZ GATE

Using the same setup as the carving procedure, depicted in C.10, we can also perform a controlled
phase gate. The difference between the carving case and this case is that we drive with a stronger
field, such that one performs a full 27 rotation between the ground state and the dark state. This
understanding of the gate assumes that we are in a regime where the dark state is defined well with
respect to the strength of the drive and that the drive is fast enough to perform a coherent 27 ro-
tation. Overall, this results in the conditiong > Q > y. The scattering off the dark state will
determine the success rate of the gate.

T
gy =1—¢ 0~ % (C.26)
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The fidelity will then be limited to how much of this scattering results in a detectable error. Decay
out of the second atom will be completely detectable because the excitation of the second atom is
correlated with the first atom being in the error state. For the other part of the wave function, we
consider decay to states with undetectable errors, for example, decaying back into the qubit mani-

fold. We can denote this decay as Vpaq- Lhis results in a total uncorrectable error, given by:

Ybad ™Y
Euncorr ~ “ (C.27)
y 2Q
For now, we will consider y, , = 0 and see how the fidelity will scale. We can consider the case with
the initial state |S,). For this state we can treat the system as if it is a single atom coupled to the cavity
as shown in the carving protocol. Given the gate time, J, this will result in a decay of the |S) state

into the |err) ; state of:

Freff 7Qx 19)
=1l—€¢ 0 ~ ———F— ~ — C.28
£is,) ¢ QZ +gffll C}/ ( 2 )

In principle, all these errors should be detectable. Now, we must consider what correction does to
our final state. The unitary that the gate will apply is given below. Here we do not include the error

state manifold making this matrix not conserve population:

1 0 0 0
R 01 0 0
Ug: y (C2’9)
0 0 —e 20 0
_ 7Qik
00 0 e
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If we consider the ideal CZ gate to be:

1 0 0 O
. 01 0 O
Ucz = (C.30)
00 -1 0
00 0 1
Then we can define a gate fidelity as:
2 1 Ty - 27:()2,C 2
F = (%l U 10} = < (2+em +e ” > (C31)

Where |¢,) is an equal superposition of all two qubit states. Given that we are in the strong cou-
pling regime we can use the approximations from Eqn. C.26 and Eqn. C.28 to simplify this equa-
tion. We can then maximize fidelity by finding an optimal Rabi frequency. We find an optimal Rabi
frequency and maximum fidelity, given by:

Qopt = 57 (C'32')

2
T
funcarr% 1— C
< 5 TC) (C33)

We find that the optimal fidelity is found when the loss of the |10) and |11) are symmetric. After
post-selection, the state will be projected out of the error state using the projection matrix M =

1 — |err) (err]. Since the gate operator U, is not population conserving, we can estimate the fully
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corrected gate fidelity as:

Ay~ T
Poeees = (Yol UTU, [¥o) =1 — —— C.

2
Foo= Funcorr _ <1 B 2@) (C.35)

1— 2

PJ‘MCCC’JJ m

We find that the fidelity is limited by the correction creating an imbalance of population between
states where atom A is in |0) , and states where atom A is in [1) ;. By introducing a rotation, «, be-
tween the |0) , and |e77) ; we can improve the fidelity of the gate. This would modify Eqn. C.29

to:

a 0 0 0
) 0« 0 0
l]g,a: y (C36)
0 0 —¢ 20 0
_ 7Qik
00 0 ¢ Mt

By including this operation in the gate and using the results for the optimal drive strength above, we
find that there exists a value for « such that the corrected gate fidelity is unity at the cost of success
probability. This condition can be met by finding a value of « such that (A/g# o UCZ- Upon renor-
maliation of the qubit states this will result in (A]g,,x = Ucy This a can be intuitively understood as

matching the loss of all qubit states:

a=c V% (€37)
_ 2z 27
Funcorr = Pouceess = ¢ V€ =1 — \/T—C (C.38)
‘7:
Feorr = =1 (C-39)
Pruccess
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C.7 THEORETICAL MODELLING FOR RB-87

The full hyperfine structure of the 8Rb D;, line is shown in Fig. C.11. We assume negligible Zee-
man splitting, such that all states in the same £ (#) manifold are degenerate in energy and that we
are operating on two-photon resonance such that w, — w; + wy — w1 = 0, where w, is the cavity
resonance frequency, y, is the laser frequency, and g (@) is the frequency of qubit state |0) (|1)).
Under these assumptions, only a small subset of states will be coupled by the laser driving and cavity
field when both atoms start out in the qubit manifold and only atom A is driven. This allows us to

write down the Hamiltonian of the two-atom system as

H = A(le,0)]0,0), (e, 0],(0,0] +|e, 1) [0,0), (e, 1], (0,0 + |S:) (S:| ) + Az |S.) (S|
+A43( le3,0)]0,0), {e3,0],(0,0] + |e3,1) |0,0), {e3,1],(0,0] )
+(Q( |€’ 0> |O’ 0>c <1’ 0’( <07 O| - \/§ |€37 O) |07 0>c <17 O|c <0’ 0| + |€7 1> |0’ 0>[ <1’ 1|c <0’ 0‘

—V/9 les, 1) 10,0), (1,1], (0,0] ) + b.c.)

+ (g(]Sg) (So| + V2 1e,0) 10, 0), (So| + V2 ]e, 1) 0, 0), (S| + \/g 1S.) (So|) + b.c(}.z}o)
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as well as Lindblad operators describing spontaneous emission () and cavity decay (x):

La = \50=0) 0.0, (5l +1-.1)[0.0) (5], (Ca1)
Fa = 7a(1040)10,0), {e,0], 0,00 + 041) [0,0), (e, 1], (0,0]), (C.2)
Bar = y75a(1054,0)[0,0), {e5,0], 0,0] + [03,1) [0,0), (e5, 1], (0,0]),  (Cot3)
fa = T 0010.0) 6, (C40)
B = \T1-0010.0), 6, (C45)
Lo = —E0+0) 0.0, (5] + +.1) 10,0, (1), (€46
Lut = /71044, 0)10,0), (¢, 0], (0,0] 4 [04q,1) |0, 0), (e, 1], (0,0]), (C.47)
Lya = /73q(1034:0)10,0),{e5,0]. (0, 0] + O34, 1) 0, 0), {e3, 1|, (0,0]), (C.48)
Lo = /5109100, 51, (C49)
Bo = \[314.0910.0,61. (C.50)

Here the notation |x, y) |1, 0), denotes atom A (2) in state |x) (|y)) with one (zero) o (¢—) polar-

ized cavity photon. Additionally, we have defined the states

S = 55 (=% [1,0), = [+,2)[0,1),) (Cs1)
|S€> = % (|_7€+> ’0’0>c + |+7€—> ’0’0>c) (C.s2)
1S = 75 (I=e+)10,0), = [+,2-) [0,0),) , (C.s3)

and the decay states |O,) (|O,4)) to capture spontaneous emission to detectable (non-detectable)

states from state |¢) and similarly |Os4) (|O3,,4)) for state |e3). Notethaty ,+y, = y5 + 75, = 7,

where y is the natural linewidth of the D2 transition. The ratio between the different decay rates
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Figure C.11: Hyperfine structure of the D5 line in 87Rb. The laser driving and cavity field couples only a small subset of
the hyperfine states marked in red under the assumptions mentioned in the main text.
into detectable and non-detectable states can be derived from the Clebsch-Gordan coefficients of
the corresponding transitions. The decay states |01) ,|0,) , |O1) , |O2) are introduced to capture
decay from the excited states |S,) and |S,) in atom B, which is always detectable since it leaves atom
A in state | £). This simplified model neglects additional higher-order dynamics following spon-
taneous emission from the atoms, which should be a valid approximation in the regime of weak

driving and strong cooperativity considered here.

C.7.1  CARVING PROTOCOL

For the carving protocol, the laser drive is weak (Q < 7, ¢), which allows us to adiabatically elim-
inate the entire excited subspace of the two-atom cavity system. Using the effective operator for-

malism from Ref. (50), we can analytically derive an effective Hamiltonian and effective Lindblad



operators describing the evolution of the qubit ground states. We find that these are of the form:

Hg = —A3]1,0)10,0),(1,0[,(0,0] — A 1,1) |0, 0),(1,1], (0,0, (C.54)
Lsg = /Tsald)(1,0].(0,0], (C.ss)
Ly = /Tsualnd) (1,0],(0,0], (C.56)
Lis = +/Tuald) (1,1],(0,0], (C.s57)
Lina = V/Tina|nd) (1,1],(0,0], (C.58)

where we have introduced the notation |d) (|zd)) to denote a non-specified subspace of detectable
(non-detectable) error states. Driving on resonance (A = 0), we can simplify the full analytical

expressions in the large cooperativity limit (C >> 1) to obtain

~ 9 1
Ay ~ |— 0? C.
3 <A3+36A2> (C.s59)
< 920?
8y + 4y, O
r:;d ~ %T (CGI)
e
4y, Q*
T30 = L (CGZ)
9
0?2 90?
T A R— — C.6
4d 27/2C7/ + A% 73d ( 3)
Q? 90)?
Lina = (C64)

16;/26’2}/”‘1 + A2 V3nd>

where we have also taken the limit of Az, Ay >> .
For the carving protocol, the atoms are first prepared in the state (|0, 0)+]0,1)+1,0)+|1,1)) /2
and a laser drive is applied to atom A for a time ¢. After this, the qubit states are flipped and the same

pulse is applied. Assuming that the single qubit operations are perfect and that all detectable error



states are perfectly detected, the atoms will be prepared in a state

1 1 (Voay  riey  Tona o ra
p= (s (o et Ba ™)y od ). (Cos)
where
|¢> — % (6(1-54—1—'4/2)t ’0’0> +€([A3—1"3/2)t |071> +€(1‘A3—r3/2)l‘ |1’0> +€(1‘A4—r4/2)l‘ |1’1>> ,

(C.66)
andI's = T3y + 3,4, T4 = T4y + T4yg. The success probability (i.e. probability not to detect the

atoms in an error state) is

05 — 2Ty + .0 1 /T r
P— 413 2( 4d13 4 3d) = <4d€—r4t+3d€—r3t> ) (C67)

50 2 Ty I3

The fidelity with the target Bell state |@) = (]0,0) + [1,1))/v2is F = (p|p|@) = 53¢ 1+

C.7.2 CZ-GATE

For the CZ-gate, the laser drive is stronger, and we are in the regime ¢ > Q > . We can therefore
not directly adiabatically eliminate the entire excited manifold, as in the case of the carving protocol.
Nonetheless, the dynamics can be treated separately depending on whether the initial atomic state is

|1,0) (]1,0) [0,0),) or [1,1) (|1,1) |0, 0),). Specifically, we can write the Hamiltonian in Eqn. (C.40)



as H = 1:13 + H,, where

Hy = A(]e,0)0,0), (e, 0], (0, 0] +IS) (Sil) + Az [es, 0) [0, 0), (e, 0], (0,0 + A |S,) (5]

n (Q(]e, 0Y10,0). (1,0]. (0,0] — v/9 |es, 0|0, 0), (1,0]. (0,0]) + b.c.)

+ (g(fz|e, 0)10,0), +1S.) + v/1/8S.)) (So| + b.c.) (C.68)

Hy = A ’67 1> ‘07 0>c <€7 1’[ <07 0‘ + As |€37 1> |07 0>£ <€37 1‘[ <07 0|

+ (Q(]e, 1)10,0). (1,1], (0,0 — v/3es,1) [0,0). (1,1]. {0, 0]) + h.c.)

V2 (gle, 1) [0,0), (Si| + ),

(C.69)

and consider the evolution under each Hamiltonian separately. The corresponding Lindblad opera-

tors for the two subsystems are

d—\ﬂ )10,0, (S0l

~(3
P = /7,104,0) 10,0), (¢, 0], (0,0],

+(3
Lé) = /7271054,0) 10,0, {e3, 0], (0,0],

1=\ [Z1=0010.0) 651,
9= \fz\_,ag 10,0), (5.,

and

A K
1=\ [S 0100, 651,
(

4
) = /7,104:1)10,0), (e, 1], (0,0] ,

~ (4
2 = /732(1054,1) 10,0}, (e3,1, (0, 0]),

N K
1 = -\ [5.0) 10,0, (50D,

3
L;('Ld) -V ynd(‘omh O> ’0’ 0>[ <€? 0’[ <07 O‘)?

>(3
Lgn)d = V 73%;’(‘0371617 0> ’07 0>[ <€37 0’( <0> O|)a

1 = 21,0 10.0) 651,
1 = [ 1+.0210.0), 65,

A K
i@ _\fz|+,1> 0,0), (51,

> (4
L;(m’) = \/}/nd ’Ond’ 1> ‘070>f <€71’£ <070‘ )

4
L( zi = \/7/3nd ’03”d’1> ‘070>£ <€371’[ <O70‘ .
(C71)
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Focusing on the dynamics of H, first, we see that if we introduce the states |[EL) =
% (|e, 1) |0, 0), & |S1)) and assume that we are driving on resonance (A = 0), the Hamiltonian

simplifies to

Hy = Bales,1)]0,0), (es, 1], (0,00 + v2g (1E4) (| — |E-) (E_|)

1
+ <Q <\@ ([Ex) + |EZ)) = V9 es, 1) |0, 0)C> (1,1],(0,0| + b.c.) . (C.72)

Since we are in the regime where g > ), we can continue by eliminating the excited state manifold

using the effective operator formalism as in the carving scheme. This gives the effective operators

Hyy ~ —A4|1,1)]0,0), (1,1 (0,0] (C.73)
Ly =~ /Tald)(1,1],(0,0] (C.74)
Lipa =~ \/Tapa|nd) (1,1],(0,0], (C.75)
where
- 920?
ANy, ~ —— C.76
4 A, ( 7)
90)? 0?
T, ~ —— il C.
4d A2 Vaa T 57 (C77)
90)? 0?
Tia = T%y&zd—i_@}/nd’ (C.78)

in the limit A3 > yand ¢ > 1 as in the carving protocol.
We now turn to the dynamics under the Hamiltonian A3 (still operating at resonance, i.e., A =

0). Assuming that Az > V9Q and that A, > /1 /8¢, we can adiabatically eliminate the coupling
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to the excited states |e3, 0) |0, 0), and |S,). This results in the effective Hamiltonian

. 36A5Q 1 &N,
Hy =~ 710 0,0) (1,0] (0,0 — =—=—="—150) (S,
3 22T 12 M0 1000 (101,00 = 52575 1) (Sl

+ (©1e,0)10.0), (1,0 (0, 0] +£(v2 ¢ 0} 0,0), + I5.)) (So| + bc.) (C79)

and approximate Lindblad operators

N }/ S 7;1
10 & 2V 7, 103:0)10,0), (1,01, (0,01, AN —V”ww, 0 10,0), (1,0, (0,0],

3nd ™ ZA

B —onlo, sl 18w .

Ly = > ,0,)10,0) (S|
a 2 2A; — iy e 22A2—z’y|+ 2) 10,0}, (Sol

(C.80)
We now find the bright (has a cavity photon component) and dark states (no cavity photon compo-
nent) of the Hamiltonian by diagonalizing the part that involves the cavity coupling between states

le,0)10,0),,So), and |S;). In the limit where A, 2 ¢, we find that the bright states are

1 1 1
1)~ o150 (51 0) 0,00+ 72150 ) (Cs1)

while the dark state is | D) ~ \[ 1S,) — \[ le, 0) |0, 0),. The Hamiltonian expressed in this basis is

- 36A;07
o= R

+ (<Q+ |B+) + Q- |B-) — Q/\@) (1,0, (0, 0] + /o.c.) : (C.82)

1,0) 10, 0), {L, 0], (0, 0] + Ay |By) (By] +A_ [B) (B|

where Ay =~ ZF\@g and Qy ~ Q/ V/3. It is seen that we are driving the transition to the dark
state on resonance, while the transitions to the bright states are off resonant. Consequently, we

adiabatically eliminate the bright state dynamics, which results in an effective Hamiltonian and
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Lindblad operators

Hyy ~ —As]1,0)10,0),(1,0],(0,0], (C.83)
Ly =~ /Tald)(1,0],(0,0|, (C.84)
Lyy =~ /Tina|nd) (1,0],(0,0], (C.85)
Lps ~ /Tpald) (D], (C.86)
Lowd = \/Tpaal|nd) (D], (C.87)
where
~ 207 1 O?
Ay ~ — 4+ —— C.88
3 A3 + 36 A%’ ( )
920? 2072
T ~ — — C.8
3d A% 73d+ 9 Vs ( 9)
920)?
rSnd ~ 2 V3nd> (C90)
A3
1 2
I'pg =~ §7d+§7/’ (Coo1)
1/3
o ~ 22 (C.92)
7nd

Here the Lindblad operator Lpa (i Dnd) describes decay from the dark state to detectable (non-
detectable) states. It is seen that if the initial state is the ground state |1, 0) |0, 0),, a driving time of
ty R V/37/Q, will drive the population fully to the dark state and back again resulting in 7-phase
shift of the ground state up to a phase of A 3tg.

Using the effective Hamiltonians and Lindblad operators from Eqns. (C.73)-(C.78)
and Eqns. (C.83)-(C.92), we find that starting from an initial, unentangled state of

1(/0,0) +10,1) +]1,0) + [1,1)), the final state following a successful CZ gate (i.., no detectable
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errors) will be

Py <Wg> (¥l +% (rfizd(l — ) 4 rli”du - e—faf)) Ind) <ndy) , (Co3)

g 3

where

%) = 5 (10,0} +10,1) + B T2t 0) 4 AT/ 1)) | (Coo)

with T4 = T4y + Tanas T3g = (Tsq + Tpa) /2, T3na = (T3na + Tppa) /2, and T3 = T34 + T3, The

success probability (i.e., probability not to detect the atoms in an error state) is

1 1“4d Tyt f3d< —ft)
Po~1——-|—(1— Y+ —(1— 3 . C.
g 4(1"4( ¢ ) I € ( 95)

The fidelity with the target Bell state of (|0, 0) + [0,1) — [1,0) + [1,1))/2 s

1 2

Fr —— ‘2 + 6(1‘53—1:3)/2){«; 4 e(lﬁ/;—le/z)fg

96
167, (C.96)

Notably, this target Bell state is however not the optimal one due to the phase accumulation. This

phase accumulation can be corrected using a local shift on one of the atoms.
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Supplement of Chapter 8

D.1 PROPERTIES OF THE DIELECTRIC COATING

The coating is performed by FiveNine Optics. They are quarter-wave stacks of 21 layers, with alter-
nating materials of different refractive indices (7): SiO, (n ~ 1.47) and Ta,O, (n ~ 2.10). The
total thickness of the coating is, therefore 4.74 pm. Based on measurements provided by the vendor,

the center wavelength where the mirrors are the most reflective is A = 781 nm, and the transmission
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Figure D.1: (a) Reflectivity spectrum of the coating from FiveNine Optics (b) The reflectivity spectrum for the high
reflectivity region of the coating from 750nm to 820nm showing a minimum transmission of 1.33ppm

(loss)is T = 1.33 ppm (Fig. SL 1). This sets the lower limit of cavity loss to 2.66 ppm per round
trip, which does not include the coating absorption loss. It is suggested that the coating absorption
loss can be comparable to 1 ppm, where signal contrast issues can occur if the coating stack is too
thick and when the stack transmission loss is designed to be ~ 1 ppm.

The shape of the mirror can be simulated almost perfectly by COMSOL, given the coating thick-
ness and materials, where we treat the compressive strain as uniform and a parameter to adjust for.

The estimated strain is 0.3%.
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D.2 CAVITY FINESSE MEASUREMENT SETUP AND METHOD

The mirrors are mounted on six-axis translation stages, providing full degrees of freedom for align-
ment. One of the mirrors is attached to a piezoelectric transducer (Thorlabs PC4RG1sM) to mod-
ulate the cavity length. The tip and tilt of the mirrors are initially aligned parallel to each other, and
the mode matching to the TEMo mode is optimized by adjusting the mirror positions.

To align the cavity, we first retroreflect a collimated beam from the back mirror. Next, we intro-
duce the front mirror and retro-reflect from its polished silicon backside. Finally, we confirm proper
alignment by sending white light through the back of the cavity and ensuring it passes through both
mirror apertures without clipping. More optimal alignment can be found by minimizing the bire-
fringence of the cavity or, similarly, the splitting between degenerate modes such as TEM; and
TEMo;.

When measuring finesse and quality factor (Q) as a function of cavity length, we observe that
changes in mode waist affect mode matching. In addition, reducing the finesse decreases transmis-
sion and weakens the signal. To compensate, we realign the mode-matching lens and increase the
optical power to maintain a similar level of transmitted light.

As the cavity length increases, the swept-ring-down spectroscopy method becomes less sensitive.
The free spectral range (FSR) decreases with increasing length, causing the resonance frequency to
vary more slowly at a given piezo sweep speed. To maintain a robust swept-ring-down signal, the
frequency sweep must exceed the ring-down time of the cavity; however, increasing the sweep speed
is limited by the loaded bandwidth of the piezo when the cavity is attached.

For our measurements, we use an Eagleyard 780 nm mini-ECL laser (EYP-ECL-0780-00080-
1500-BFWor-0005), frequency-locked to a rubidium reference via modulation transfer spec-
troscopy. As the piezo transducer modulates the cavity length, the resonance sweeps through the

laser frequency, and the resulting ringdown can be observed in the time domain when the cavity
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shifts off resonance and the light decays. Fringes appear in the ringdown due to the high finesse/Q,

where light circulates in the cavity on a timescale comparable to the length sweep.

(14+1) x/2 —ia (r — 1)

iva

By fitting these fringes, we can extract the rate of frequency change across the resonance, 2. With

—K

I ox e ™ |erfc

this measurement, in addition to a measurement of the amount of time required to travel a full FSR,
Atpsg, we can extract the length of the cavity and the finesse.

o= VFSR c
AIFSR 2L AZ’FSR

c 27 (0( AfFSR)

- 20 AL‘FSR7 9

Overall, this configuration enables accurate measurement of finesse and quality factors across a
range of cavity lengths, even very short ones. To corroborate this measurement, we can also calculate
the length of the cavity by measuring the relative spacing of the TEM modes. The resonance of a
given TEM,,,,4, where g denotes the longitudinal mode and 7 and 7 denote the transverse mode
indexes, is given by:

¢ 1
vmng = 57 |9+ ;(m + 7 + 1) arccos(+,/7122 )
Where g; is the stability parameter given by g; = 1 — ﬁci. By measuring the spacing of these

modes in time, we can get a direct translation between time and frequency.

c
Y00g — Y00(g+1) — 2L
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c
Yo1g — Y00g = Il arccos (:i:, /glgz)

VOlq - VOOq

= 1 arccos(:l:, /q142 )

Y004 — Yoo(g4+1) 7

If we assume symmetric mirrors, this equation then simplifies:

Yolg — ¥
L=ROC(1_ % "0
Y004 — Y00(g+1)

We can then utilize the information from the profile measurements to extract a length from the
measurements of the mode spacing.

We also observe slight birefringence in the cavity, manifested by low-frequency beating in the
transmission signal. This birefringence is typically on the order of the cavity line width, indicating a
minor deviation from perfect symmetry that could arise from imperfect alignment. To mitigate its
effects, we align the input polarization with one of the two polarization modes of the cavity.

Because the glued microcavity samples cannot be measured by sweeping their length, we perform
swept-ring down spectroscopy by modulating the laser current. For the short glued microcavity,
we use a Velocity™ TLB-6700 Widely Tunable Laser; Rapid current modulation combined with
piezo modulation allows us to sweep across the resonance quickly enough to observe the ring down.
We also leverage the wide range of laser tuning to measure a full FSR of the short glued microcavity,
confirming its length and finesse. The accuracy of this FSR measurement depends on the internal
calibration of the Velocity 6700.

For the longer glued microcavity, its narrow resonance allows us to use the same Eagleyard
780 nm mini-ECL employed for unglued samples. Because the laser current can be swept suffi-
ciently fast relative to the cavity line width, swept ring-down spectroscopy remains feasible with this

setup.
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D.3; FEM SIMULATION OF THE BUCKLING MODE

COMSOL is used to simulate the shape of the resulting mirror coatings, when subjected to com-
pressive stress from the deposition process. This allows us to accurately predict their form, in addi-
tion to characterization of fabricated devices. Since all mirrors have spherical shapes, we apply the
axial-symmetry condition to speed up the simulation, and model a disk shape that is hard-clamped
at the perimeter boundary. The disk consists of 21 alternating layers of SiO, and Ta, O along the
axial direction, with SiO, at 134 nm thickness, Ta, O, at 94 nm thickness for each layer and a disk
radius of varying sizes.

We begin with an uniaxial compressive strain of ¢ = 5 X 10~* across the material stack and
perform a Linear Buckling study to determine the critical load factor, which provides the threshold
compressive strain required for buckling. Using the buckling profile from this study as an initial
condition, we then conduct a stationary study that sweeps through a range of strains where buckling
occurs. This stationary study generates multiple buckling profiles corresponding to different strain
levels.

To anchor the strain in our device, we match the maximum displacement in the simulation with
measurement results from an optical profiler. With the straine = 3 X 1073 obtained this way,
we find that the simulated buckling profiles closely match the measured data from the fabricated

devices.

D.4 SIMULATION OF THE DIFFRACTIVE LOSS OF THE MIRROR

We can simulate the expected diffraction losses of the particular shape of the mirror using the tech-
niques outlined in **. With these techniques, the deviation from spherical results in mixing be-
tween different eigenmodes of the cavity, resulting in mixing of the larger more lossy higher order

modes with the TEM( mode.
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Figure D.2: Comsol simulations of the profile of the buckled mirror
D.s FABRICATION PITFALL

The range of the ROC and depth of the mirror are limited by the method and materials. From
fabrication trials, we observe that smaller diameters lead to buckling upwards, and larger diameters

lead to dramatic drops in yield where the membrane starts to break.
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