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Interfacing cold atoms with integrated nanophotonic devices could offer new paradigms for engineering
atom-light interactions and provide a potentially scalable route for quantum sensing, metrology, and
quantum information processing. However, it remains a challenging task to efficiently trap a large ensemble
of cold atoms on an integrated nanophotonic circuit. Here, we demonstrate direct loading of an ensemble of
up to 70 atoms into an optical microtrap on a nanophotonic microring circuit. Efficient trap loading is
achieved by employing degenerate Raman-sideband cooling in the microtrap, where a built-in spin-motion
coupling arises directly from the vector light shift of the evanescent-field potential on a microring. Atoms
are cooled into the trap via optical pumping with a single free space beam. We have achieved a trap lifetime
approaching 700 ms under continuous cooling. We show that the trapped atoms display large cooperative
coupling and superradiant decay into a whispering-gallery mode of the microring resonator, holding
promise for explorations of new collective effects. Our technique can be extended to trapping a large
ensemble of cold atoms on nanophotonic circuits for various quantum applications.

DOI: 10.1103/PhysRevX.14.031004 Subject Areas: Atomic and Molecular Physics,
Photonics, Quantum Physics

Integrating a cold atomic ensemble with nanoscale dielec-
tric structures [1] promises new and potentially scalable
quantum applications from quantum nonlinear optics [2],
quantum network [3], to sensing and metrology [4].
Utilizing strong atom-light interactions, large photon-photon
interaction can be engineered at a few-photon level [5–9]. By
coupling multiple atoms to a common photonic channel,
new regimes of collective excitation and radiative dynamics
can be accessed [10–15]. Similarly, photon-mediated long-
range interaction between atoms can be engineered for
simulating coherent [16–21] and dissipative [22] many-body
quantum spin dynamics. Collective effects can also be
utilized for photon storage and multiphoton generation with
improved fidelity [23,24]. Entangled states of atoms can be
prepared [25–28] and transported [29,30] via a coupled
photonic structure and fiber network for quantum commu-
nication. For quantum sensing, a trapped atomic ensemble
along a nanophotonic waveguide may be spin squeezed
[31,32] and detected with high efficiency and, thus, may
provide metrology gain for atom interferometers [33,34] and
atomic clocks [35–37]. In quantum chemistry, ultracold

molecules in a target rovibrational state may be directly
photoassociated from cold atoms and interrogated through a
strongly coupled radiative channel with enhanced photonic
density of states [38–40].
Realizing ensemble atom trapping on an integrated nano-

photonic circuit would enable multiple quantum function-
alities packed into one single optical chip. However, standard
magneto-optical trapping (MOT) techniques have thus
far succeeded only in loading atoms on suspended, one-
dimensional nanostructures because of the multibeam
requirement to balance the radiation pressure during laser
cooling. A few thousand atoms were cooled into a two-color
evanescent-field trap on nanofibers [41–43]. Few-atom
trapping was realized by overlapping a large-volume optical
trap or by moving free space-loaded optical tweezers onto a
suspended photonic crystal waveguide [10] or cavity [44].
For loading atoms onto integrated photonic circuits with a
planar surface and with limited optical access from free
space, optical conveyor belts [45–47] and an optical guiding
method [48] may be implemented. Laser-cooled atoms have
been transported to the near-field region for coupling to a
nanophotonic microring resonator [48] or to a photonic
crystal waveguide [45]. Despite these prior efforts, however,
direct laser cooling atoms into near-field optical traps in the
vicinity of 2D nanophotonic structures and stably trapping
N ≫ 1 atoms with large cooperative atom-photon coupling
on an integrated circuit have never been demonstrated.
Here, we report the first realization of efficient atom

loading and trapping on an integrated nanophotonic circuit.
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We show that light-atom interaction in nanophotonics
leads to a novel spin-motion coupling that directly enables
degenerate Raman-sideband cooling (dRSC) [49,50],
thus providing a new route to directly bind and cool atoms
to a near-field trap. We demonstrate a large collective
atom-photon coupling and a superradiant decay into a
whispering-gallery-mode (WGM) resonator. Specifically,
our method combines optical guiding (OG) [48] and dRSC
to efficiently load N ≈ 70 cesium atoms into a small-
volume ∼Oð10 μm3Þ optical microtrap formed on top of a
microring resonator, achieving a trap lifetime approaching
one second.
Our approach connects OG to cooling and trapping in an

evanescent-field region. The microtrap is formed from a
“red-color” bottom-illuminating beam with 10 μm waist
and wavelength λr ≈ 935 nm, propagating along ẑ and
transmitting through the silica substrate of the circuit to
form a funnellike attractive potential (see Fig. 1). The
funnel can guide a large flux of laser-cooled atoms onto a
silicon-nitride microring resonator [48]. In the meantime, a
“blue-color”WGM resonant at λb ≈ 849.552 nm is excited
to create a repulsive evanescent-field potential barrier to
plug the optical funnel. This prevents guided atoms from
hitting the microring surface and forms a stable trap
minimum within the guiding potential at a tunable distance
zc ≈ 360–440 nm above the microring.
The evanescent-field potential also mediates spin-motion

coupling, which is crucial for trap loading. For a WGM
with transverse-field polarization perpendicular to the
waveguide top surface, the evanescent field is approxi-
mately 98% circularly polarized above the waveguide due
to a rapid decay in the transverse field [51]. The polari-
zation rotates about the x axis, which is normal to the local
mode propagation direction defined along ŷ. To the atoms,
the circularly polarized evanescent field imposes a position-
dependent vector light shift equivalent to a fictitious
magnetic field B⃗fict ∝ −jE⃗ðr⃗Þj2x̂ acting on the atoms, where
E⃗ is the complex mode field (see Appendix B). Significant
spin-motion coupling arises, because the fictitious
field amplitude decays exponentially along ẑ, as shown
in Fig. 1(b). The field varies more weakly and symmetrically
along x̂ and remains constant along ŷ. With large spin-
motion coupling primarily along the z axis, optically guided
atoms can be Raman cooled and bound to the microtrap by
optical pumping [50]. We note that, when desired, this
fictitious field can also be eliminated by injecting an equal-
amplitude, counterpropagating mode [41,42,52] with oppo-
site fictitious field contribution.
The actual cooling scheme works as follows. As illus-

trated in Fig. 1(a), we apply a bias magnetic field B⃗0 along
ŷ to define the quantization axis. The fictitious field creates
a spin-motion Raman coupling rate Ων;ν0 ∼ 2π × 10 kHz
between degenerate trap states of adjacent magnetic levels
as in Fig. 1(c) (see Appendix C and Fig. 6); ν0 < ν denote
trap vibrational levels along the z axis, and the trap

potential Utotðr⃗Þ has contributions from the total scalar
light shifts of the OG beam and the blue-color evanescent
field, together with an atom-surface Casimir-Polder poten-
tial that weakens the trap for z≲ 100 nm (Appendix F); see
Fig. 1(d). Applying optical pumping with σþ transitions in
the Lamb-Dicke regime, that is, light scattering without
changing trap states, allows trapped atoms to be pumped
into a dark state with reduced energy.
Our experiment begins with precooling cesium atoms in

the optical funnel using a MOTat z ≈ 300 μm far above the
circuit. The atoms are then polarized in the F ¼ 3 hyperfine
ground state and are guided toward the surface microtrap.
During this time, the blue-color evanescent field is kept

(a)

(b)

(d)

(c)

FIG. 1. Atom trapping on a nanophotonic microring circuit.
(a) Schematics of the experiment setup. Cold atoms (green spheres)
are localized in an optical microtrap (red shade region) formed by a
bottom-illuminating optical guiding beam (red arrow) and the
evanescent field of a WGM excited from a bus waveguide (blue
arrow). The latter also creates a fictitious magnetic field B⃗fict

normal to the bias field B⃗0, which defines the quantization axis.
Cooling and trap loading is realized by optical pumping (green
arrow) for dRSC. (b) Fictitious magnetic field above the microring
waveguide. Overlaid contours mark the equipotential lines relative
to the trap minimum, labeled in units of μK. (c) Schematics of the
dRSC. The fictitious field creates spin-motion coupling between
degenerate trap states. The bias field adjusts the Zeeman splitting
ΔE. Optical pumping followed by spontaneous decay in the Lamb-
Dicke regime cools the atomic motion. (d) Top: line cuts of scalar
potentials Uð0; 0; zÞ of the optical guiding (red dashed curve), the
repulsive barrier (blue dotted curve), and the Casimir-Polder
interaction (black dash-dotted curve), respectively; kB is the
Boltzmann constant. Bottom: total scalar potential Utotð0; 0; zÞ
with strong (dashed curve) and weak (solid curve) repulsive barrier
during dRSC and probe stages, respectively. Filled symbols mark
the location of trap centers. The inset compares probe transmission
signals versus laser detuningΔ using these two trap configurations
with the same number of trapped atoms. Error bars represent the
standard error of the mean.
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fully on, supporting a stable trap center at zc ≈ 440 nm. We
perform dRSC to cool guided atoms near the surface, where
an optical pumping beam drives primarily σþ transitions to
the j6P3=2; F0 ¼ 2i excited states. After 40 ms of cooling,
atoms are fully polarized in the jF ¼ 3; mF ¼ 3i state.
We then pump them back to the jF ¼ 4; mF ¼ 4i state and
adjust B⃗0 to reorient the quantization axis transverse to the
waveguide (along −x̂) for probing.
Trapped atoms are detected via an atom-induced trans-

parency [48]. Through the bus waveguide, we excite
a “probe” WGM resonant with the jF ¼ 4; mF ¼ 4i to
jF0 ¼ 5; mF0 ¼ 5i cycling transition at λD2 ≈ 852.352 nm;
see Fig. 1(d) inset. The presence of trapped atoms allows
photons to transmit through the bus waveguide instead of
being dissipated in the microring. We note that atom-WGM
photon coupling strengths can be adjusted by changing the
position of the trap center. This can be achieved by ramping
down the power of the blue-color evanescent field shortly
before probing. As shown in Fig. 1(d), the trap center can
be adiabatically shifted toward zc ≈ 360 nm, and we indeed
observe a significant increase in the waveguide trans-
mission. In the following studies, we probe trapped atoms
in this configuration.
We first optimize the cooling performance by maximiz-

ing the peak transparency signal. Dependencies on the bias
magnetic field magnitude B0 and optical pumping are
shown in Figs. 2(a)–2(c). The optimal magnetic field leads
to a Zeeman splitting near the level spacing ΔE ∼ ΔEν ∼
h × 30–50 kHz for ν < 40, where h is the Planck constant.
But the bias field dependence is quite broad, likely due
to the large Raman coupling that could broaden trap
levels and could also drive transitions for jν − ν0j ≥ 2
(see Appendix C and Fig. 6). We further optimize B0 ≈
150 mG by minimizing the temperature discussed in Fig. 4.
On the other hand, atoms are significantly heated out of the
trap if the field is aligned to the opposite orientation,
making the optical pumping beam drive σ− transitions.
The optical pumping frequency is optimized to be resonant
with the F ¼ 3 ↔ F0 ¼ 2 transition, and the optimal power
is approximately 0.2 μW, giving an intensity of approx-
imately 150 μW=cm2.
We measure long and state-dependent lifetimes in the

trap following cooling. As shown in Fig. 2(d), we find a
one-body lifetime of approximately 230 ms for trapped
atoms polarized in the jF ¼ 3; mF ¼ 3i state. The trans-
mission signal decays faster if we repump the atoms to the
F ¼ 4 state immediately after cooling. This is consistent
with two-body inelastic collision loss at a high density
of approximately 1013=cm3 when cesium atoms are
not polarized in the lowest-energy ground state (see
Appendix D). We can extend the trap lifetime to nearly
one second when we perform cooling continuously, as
shown in the inset in Fig. 2(d). This is only about 2 times
shorter than the vacuum-limited lifetime measured from a
free space MOT.

Remarkably, we observe cooperative atom-photon cou-
pling through a variable number of stably trapped atoms on
the circuit. This also allows us to deduce the number of
atoms coupled to the microring. As illustrated in Fig. 3(a),
we can reduce the number of trapped atoms while main-
taining the same initial loading condition using a controlled
trap-spilling procedure. Here, we ramp down the trap
barrier height in 0.5 ms to a variable minimum value
ΔUmin. We then hold for an additional 0.5 ms, allowing
energetic atoms to escape the trap, followed by ramping the
barrier back to the same ΔUf for probing the remaining
atoms; ΔUf is the minimum barrier height that we can
ramp down to without losing atomic signal. In evaluating
ΔUmin, we calculate the full potential including the vector
light shift for the jF ¼ 3; mF ¼ 3i state (Appendix B).
Figure 3(b) shows the measured transmission spectra,

where all the spectral linewidths are broader than the free
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FIG. 2. Optimization of cooling parameters and lifetime of
trapped atoms. (a) Peak transmission Tp as a function of the bias
magnetic field and the corresponding Zeeman splitting ΔE.
Negative B0 indicates the direction is along −ŷ. The blue (red)
shaded region marks the range of trap level spacing along the z (x)
axis. (b),(c) Dependencies of Tp on the pump detuning relative to
the F ¼ 3 ↔ F0 ¼ 2 resonance in free space (b) and the pump
power (c). (d) Transmission versus hold time (black squares). Our
fit (solid curve) indicates a one-body lifetime of τ ≈ 230 ms. For
comparison, transmission with atoms repumped to the F ¼ 4 state
after cooling (red circles) shows a faster decay well fitted by a two-
body loss model (dotted curve); see Appendix D. The inset shows
measurement under continuous cooling, giving a 1=e lifetime of
τ ≈ 690 ms. Dashed lines mark the transmission without atoms.
Error bars represent the standard error of the mean.
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space value Γ0 ¼ 2π × 5.2 MHz. The spectra with larger
ΔUmin or more atoms in the trap show more significant
transparency and broader widths. This dependence sug-
gests that trapped atoms are superradiantly coupled.
We perform theoretical fits to the measured spectra,

assuming that the atoms couple to the probe WGM with a
collective cooperativity CN ≡ NC1, where N is the effec-
tive atom number, C1 ¼ 4g2=ðκΓ0Þ is the single-atom
cooperativity, g is the atom-WGM photon coupling rate,
κ is the decay rate of the WGM, and Γ0 ≈ Γ0 is the single-
atom decay rate to all other nonguided modes; see
Appendix G. Our simple model neglects possible collective
effects due to atoms coupled via the nonguided modes. We
also note that trapped atoms will couple only to the probe
WGM (σþ polarized) but nearly not to its counterpropagat-
ing mode (σ− polarized) because of a large asymmetry
in the atom-photon coupling rate [48,53]. The fitted
spectra and fitted mean value C̄N are displayed in
Figs. 3(b) and 3(d), respectively.
We further confirm the cooperative coupling by observ-

ing superradiant decay from the excited state, as shown in
Fig. 3(c). We excite the system with a weak short pulse
(full width at half maximum approximately 6 ns, which is
much shorter than the natural excited-state lifetime) and
extract the total decay rate by an exponential fit to the
monitored transmitted counts after the excitation pulse (see
Appendix H). Our measurement indicates a significant
speedup for decaying into the WGM compared to the free
space decay rate. In Fig. 3(d), we plot the measured total
decay rate versus the fitted cooperativity C̄N from the
steady-state transmission spectrum, which shows a good
agreement with the expectation Γ=Γ0 ≈ ð1þ ηC̄NÞ, where
the reduction factor η ≈ 0.67 < 1 is due to probe photons

being backscattered to the counterpropagatingWGM that is
nearly uncoupled from the atoms (Appendix G).
The trap-spilling procedure in Fig. 3 can also be used to

characterize the temperature and, subsequently, the number
of trapped atoms. Figure 4 shows two different examples of
C̄N versus barrier height ΔUmin. Trap spilling is effective
only when the barrier becomes lower than the initial trap
depth jUtotð0; 0; zcÞj ≈ 250 μK. Indeed, the measured
C̄N remains constant until ΔUmin approaches this value,
indicating our understanding of the trap, including the
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Casimir-Polder surface interaction, is sufficiently accurate.
Once C̄N is reduced after the trap spill, we determine the
temperature by fitting a truncated Boltzmann distribution to
evaluate the survival probability (Appendix I). Our fit gives
a low temperature T trap ≈ 23 μK and an averaged vibra-
tional quantum number ν̄ ≈ 14. We estimate ν̄x;y ≈ ð5; 36Þ
along the x and y axis, respectively. The fit allows us to
evaluate in-trap density distributions and estimate the
single-atom cooperativity C̄1 ≈ 0.05 (for zc ≈ 360 nm).
Subsequently, we determine the mean atom number
N̄ ¼ C̄N=C̄1 as shown in the right (top) axis in Fig. 4
[Fig. 3(d)]. The highest C̄N ≈ 3.6 in Fig. 3(d) indicates
that we effectively localize N ≈ 68 trapped atoms in a
small microtrap.
When a dense ensemble of atoms are trapped in the

surface microtrap and superradiantly excited by the probe
WGM, additional collective effects due to coupling between
atoms via the nonguided radiation modes may also manifest.
For example, a collective Lamb shift [54–56] can appear as a
weak dependence of resonance shift on the atom number N.
Since the wave number of WGM kWGM > 2π=λD2, these
atoms may not couple well to the radiation modes in free
space due to significant phase mismatch, leading to a
collectively suppressed decay rate into free space [23,55].
These novel effects could be uniquely explored with densely
trapped atoms on a microring circuit.
We expect that cooling and trapping performance could

be further improved with minor adjustments. The microtrap
can be expanded to cover the entire microring (circum-
ference approximately 150 μm) to increase the trap volume
and, thus, the number of trapped atoms by at least 10 times.
In this work, in-trap atomic density has reached approx-
imately 1013=cm3. Light-assisted collisions and photon
reabsorption during optical pumping could limit cooling
performance. By using a tightly confining lattice for
localizing individual atoms (such as a two-color
evanescent-field trap [52]), further cooling in all trap axes
to near the vibrational ground states can be realized as
pioneered in nanofibers [57]. Meanwhile, inelastic collision
loss can also be entirely suppressed. Transferring atoms to a
tighter trap near the surface to zc ≈ 100 nm can further
increase single-atom cooperativity C1 ≳ 10 [48,52], boost-
ing CN > 1000. We believe our platform and methodology
could enable a large ensemble (N ≳ 103) of collectively
coupled atoms trapped on an integrated nanophotonic
circuit. In the future, it would also be interesting to perform
direct dRSC of trapped atoms into quantum degeneracy
[58–60] or explore cavity-assisted molecule formation with
the current platform [38–40]. This would pave the road
toward various applications in quantum nonlinear optics,
quantum simulations, sensing, and quantum chemistry
using cold atom-powered nanophotonic circuits.
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APPENDIX A: EXPERIMENT SETUP

Our nanophotonic circuit contains silicon-nitride
microring resonators fabricated on a transparent
SiO2-Si3N4 double-layer membrane, which is suspended
over a 2 mm × 8 mm window on a silicon chip. A bus
waveguide near-critically couples to a microring (coupling
rate κe comparable to the intrinsic resonator loss rate κi) and
is end coupled to two cleaved fibers for input and output
with at least one port approaching ≳80% single-pass
coupling efficiency [61].
Cold atoms are introduced above the chip and cooled into

the optical guiding potential using standard MOT and
polarization-gradient cooling techniques. The optical guiding
beam has a small waist of 10 μm, focused on the membrane,
and has a power of 21 mW after transmitting through the
membrane. The wavelength is tuned to λr ≈ 935 nm to
eliminate the differential light shift in the cesium D2 line.
In this work, we use a blue-color transverse-magnetic

WGM for both atom trapping and microring stabilization.
Here, the WGM at λb ≈ 849.552 nm is one free spectral
range above the D2 line of cesium at λD2 ≈ 852.356 nm.
We stabilize the WGM at λb using the Pound-Drever-Hall
(PDH) locking technique, and the probe WGM can be
simultaneously stabilized at λD2. As shown in Fig. 5, a
stable locking beam with its wavelength tuned to λb is first
sent through an electro-optic modulator (EOM) with a
110MHz modulation frequency. After transmitting through
a volume Bragg grating (VBG), the beam is then fiber
coupled from the “output” side via a fiber beamsplitter (BS)
into the microring chip to excite the blue-color WGM. The
power of the locking beam in the bus waveguide is
approximately 22 μW. In the microring, it is effectively
enhanced by a factor of 71 [52]. We monitor the trans-
mission using a photodetector (PD) and mix the signal with
a local oscillator (LO) to recover the error signal, as shown
in Fig. 5(b). This provides real-time feedback to the power
of a heating beam to stabilize the microring resonance.
The excited blue-color WGM provides a repulsive

barrier for the microtrap used in this experiment. Prior
to the probe procedure, the PDH lock is placed on hold and
the power of the locking beam is ramped down to
approximately 2.2 μW in 0.5 ms, reducing the potential
barrier to ΔUf as defined in the main text. Following this
ramp, a probe beam with its wavelength locked at around
λD2 is sent from the “input” side into the microring circuit.
The transmitted light is directed to a single-photon counting
module (SPCM) for photon counting after it is deflected by

TRAPPED ATOMS AND SUPERRADIANCE ON AN INTEGRATED … PHYS. REV. X 14, 031004 (2024)

031004-5



the VBG. We typically send two 1 ms probe pulses, spaced
by 45 ms, to measure a transmission spectrum with and
without the presence of trapped atoms (only the first 500 μs
of SPCM counts are used in the analyses). After the probe
procedure, the locking beam is ramped back to its original
power to recover the PDH lock. During a 70 ms total hold
time, there is negligible drift in the microring resonance.

APPENDIX B: FICTITIOUS MAGNETIC FIELD
AND TRAP SMOOTHNESS

The full potential responsible for the spin-motion cou-
pling of trapped atoms is V̂ ¼ Utotðr⃗ÞÎ þ gFμBF̂ · B⃗0 þ
Ûv

bðr⃗Þ, where the first term is the total scalar potential
responsible for trapping, Î is the identity matrix, the second
term is the Zeeman shift by the bias magnetic field,
gF ¼ −1=4 is the hyperfine Landé g factor for the F ¼ 3

ground state of cesium, μB is the Bohr magneton, F̂ is the
total angular momentum operator, and the last term is the
vector potential from the blue-color evanescent field,

Ûv
bðr⃗Þ ¼ i

1

4
αvE⃗�ðr⃗Þ × E⃗ðr⃗Þ · F̂

2F
¼ gFμBF̂ · B⃗fict: ðB1Þ

Here, E⃗ðr⃗Þ is the complex mode field, αv is the atomic
vector polarizability, and the fictitious field follows the
expression

B⃗fict ≈
αv

8gFμBF
ξjEðr⃗Þj2x̂; ðB2Þ

where we use E⃗�ðr⃗Þ × E⃗ðr⃗Þ ≈ −iξjEðr⃗Þj2x̂ for a mode
propagating along ŷ. The coefficient

ξ ¼ κ2 − 4β2

κ2 þ 4β2
2EyEz

jE⃗j2
≈ 0.33 ðB3Þ

takes into account the degree of circular polarization
(approximately 0.98) and the effect of mode mixing due
to backscattering in the microring [52]. Here, κ ¼ κe þ κi
and β are the resonator decay rate and coherent back-

scattering rate, respectively; E⃗ ¼ ð0; iEy; EzÞ is the electric

field of the WGM normalized by 1
2

R
ϵ0ϵðr⃗ÞjE⃗j2d3r ¼ ℏωb,

where ϵ0 is the vacuum permittivity, ϵðr⃗Þ is the dielectric
function, ℏ ¼ h=2π is the reduced Planck constant, ωb is
the frequency of the WGM, and the ratio Ey=Ez ≈ 0.83 is
nearly uniform above the microring surface.
Despite the presence of backscattering, the fictitious

field is still smooth along the microring and varies only
along the coordinates transverse to the waveguide.
For details, see discussions in Ref. [52]. For the scalar
potential contributed by the blue-color evanescent field Ub,
there is a small sinusoidal corrugation with visibility

v ¼ ð4κβ=κ2 þ 4β2Þð1 − 2jEyj2=jE⃗j2Þ ∼ 20% in UbðyÞ ≈
Ubð0Þ½1þ v sinð2kbyÞ� [52]. The effect of small corruga-
tion should be averaged out in the atomic ensemble, given
its finite temperature T trap ≈ 23 μK and the smallness of
Ub < 5 μK around the trap center zc ≈ 360–440 nm. The
effect may become visible with the trapped atom temper-
ature becoming comparable to the corrugation near the trap
center. For our trap analysis along ŷ, we assume v ¼ 0 and
trapped atoms are primarily confined by the envelope of the
optical guiding beam.

APPENDIX C: RAMAN COUPLING FOR DRSC

The fictitious field creates spin-motion Raman coupling
between trap states as in Fig. 1(c). We assume the atomic
motion is separable along the principal axes and expand
Ûv

bðr⃗Þ using the trapped eigenstates of Utotðr⃗ÞÎ. The matrix
element

ℏΩν;ν0

2
¼ 1

2
gFμBhmF − 1jF̂−jmFihν0jBfictjνi; ðC1Þ

where Ων;ν0 is the Raman coupling rate between trap states
ν0 < ν in one given axis and we use F̂ · x̂ ¼ ðF̂þ þ F̂−Þ=2
with F̂þðF̂−Þ being the spin raising (lowering) operators.
Here, hν0jBfictjνi takes finite values for all trapped states in
the z coordinate, as jEðzÞj2 ∝ e−kevz decays exponentially;
hν0xjBfictjνxi vanishes for all odd Δν ¼ jνx − ν0xj of tran-
sitions in the x coordinate, as jEðxÞj2 ∝ cosðqxÞ. Lastly,
there is no spin-motion coupling in the y coordinate, as
jEðyÞj2 is constant.

FIG. 5. (a) PDH setup for locking the resonance of the microring. (b) Spectrum and error signal for PDH lock by adjusting the optical
power of the heating beam.
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Figure 6 shows the trap level spacing ΔEν and sample
Raman coupling rates between jmF; νi and jmF − 1; ν − 1i
of trap states in z coordinate and rates between jmF; νxi and
jmF þ 1; νx − 2i of trap states in x coordinate, respectively.
The Raman coupling rate between adjacent levels in the
z axis isΩ=2π ∼ 10 kHz. Cooling is less effective along the
x axis, as the coupling rate is much lower ≲1 kHz.

APPENDIX D: TRAP LIFETIME AFTER DRSC

Performing dRSC in the F ¼ 3 state polarizes atoms to
the lowest-energy ground state jF ¼ 3; mF ¼ 3i. In this
state and at high in-trap densities, trapped atoms are stable
against two-body inelastic collisions but are subject to
three-body recombination loss besides one-body loss
caused by background gas collisions or technical heating
effects. We first convert the transmission signal to the
cooperativity C̄N using Eq. (G3). Since CN ∝ N̄, we can fit
the lifetime of the trapped atoms using ðdN̄=dtÞ ¼
−N̄=τ − L3n2N̄, where n is the in-trap density. Ignoring
heating effects and given an initial density n0 ≈ 1013=cm3,
we obtain a fit as shown in Fig. 2(d), giving a one-body
lifetime τ ≈ 230 ms and a small three-body loss rate
coefficient L3 ≈ 2.6 × 10−25 cm6=s. Excluding the three-
body term, our signal cannot be well fitted by pure
exponential decay, and the apparent lifetime is slightly
shorter at τ0 ≈ 150 ms.
Once we repump atoms back to the F ¼ 4 state after

cooling, trapped atoms are subject to fast two-body loss. It
is well known that spin relaxation through two-body
inelastic collisions could lead to trap loss [62]. We, there-
fore, fit the transmission curve in Fig. 2(d) using
ðdN̄=dtÞ ¼ −N̄=τ − L2nN̄. Assuming the same one-body
lifetime τ ≈ 230 ms and the same initial density
n0 ≈ 1013=cm3, the fitted two-body loss rate coefficient

is L2 ≈ 10−11 cm3=s, consistent with prior measurements
using cesium atoms polarized in the jF ¼ 4; mF ¼ 4i
state [62].

APPENDIX E: DRSC IN THE F= 4 STATE

We also perform the dRSC for atoms polarized in the
F ¼ 4 state. Because of the positive hyperfine Landé g
factor for the F ¼ 4 state, smaller magnetic levels have
lower Zeeman energy in a bias magnetic field. In this case,
we perform cooling by driving the σ− transitions to
optically pump atoms to the jF ¼ 4; mF ¼ −4i state, as
shown in Fig. 7(a). This is achieved by reversing the bias
field orientation from ŷ to −ŷ while keeping the polariza-
tion of the optical pumping beam fixed. In the experiment,
we apply optical pumping using the F ¼ 4 ↔ F0 ¼ 3
transition. Following dRSC, trap loss for atoms polarized
in the jF ¼ 4; mF ¼ −4i state is similarly fitted by a two-
body loss model, giving L2 ≈ 2.8 × 10−12 cm3=s, consis-
tent with a previously measured value [63].

APPENDIX F: CASIMIR-POLDER POTENTIAL

We implement finite-difference-time-domain calculations
[64,65] to evaluate the Casimir-Polder potential of a ground-
state cesium atom above the exact dielectric structure used in
the experiment, whose geometric parameters are measured
from a scanning electron micrograph and an ellipsometer
(for thin film thickness). The structure consists of a 950-nm-
wide and 326-nm-thick Si3N4 waveguide sitting on top of a
dielectric plane of 2.04-μm-thick SiO2 and 583-nm-thick
Si3N4 multilayer stack. In the calculation, the dielectric
constant of Si3N4 is assumed to be 4 and that of SiO2 is
assumed to be 2.1025. Both material responses are nearly
constant near the transition frequencies of atomic cesium.
Including material response in other frequency domains
could further improve the accuracy of the Casimir-Polder
potential calculation by a few percent level at z≲ 100 nm
[65]. For longer distances, z > λD2=2π, the Casimir-Polder
potential becomes less relevant because of the presence of
other strong optical potentials.

(a)

(d)(c)

(b)

FIG. 6. (a),(c) Calculated level spacing for trap vibrational
states along z and x coordinates, respectively. (b),(d) Calculated
Raman coupling rates between the indicated states jmF; νi and
jmF − 1; ν0i along z and x coordinates, respectively.
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0.1

0.15

0.2

0.25

0.3

T

F= 4
(a) (b)

FIG. 7. dRSC for the F ¼ 4 state. (a) Similarly to cooling in the
F ¼ 3 state, the process startswith an atom in an initial state jmF; νi,
followed by transferring to a state jmF þ 1; ν0i. A σ− polarized
optical beam can pump the atom to jmF; ν

0i, where ν0 < ν, thus
completing one cooling cycle. (b) Transmission curve of atoms in
the F ¼ 4 state is shown as black squares. The black solid line
is a fit. Error bars represent the standard error of the mean.
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The calculation is performed using a numerical grid size
of 8.3 nm, and the potential is sampled in steps of 25 nm.
To obtain a smooth potential function, we use an empirical
fit to the numerical results UCPðzÞ ¼ ½C4;eff=z̃3ðz̃þ λ̃Þ�,
where λ̃ ¼ λD2=2π and z̃ ¼ z − z0;eff . Here, C4;eff=h ¼
−165.36 Hz · μm4 and z0;eff ¼ 3.7 nm are the only two
fitting parameters. The fit residual is jΔUCPj=kB ≲ 0.6 μK
everywhere for z ≥ 50 nm. Moreover, the potential remains
constant over the trap range (Δx≲ 100 nm) along the
x axis due to the wide width of the waveguide.

APPENDIX G: THEORETICAL MODEL AND
RESONATOR PARAMETERS

The transmission coefficient of single-photon transport
in the atom-microring system, considering negligible cou-
pling between a clockwise WGM and a counterclockwise
WGM, has been detailed in Ref. [48]. Here, we show the
transmission coefficient by including a coherent back-
scattering coupling in the model. When an atom is fully
polarized in the stretched state (jF ¼ 4; mF ¼ 4i), it
couples only to the σþ polarized probe WGM and nearly
not to the counterpropagating mode (σ− polarized) due to a
large asymmetry (

ffiffiffiffiffi
45

p
times difference) in the atom-photon

coupling strength. When the probe WGM frequency ωc
overlaps with the atomic resonant frequency ωa, the
transmission and reflection coefficients in the weak driving
regime are

tðω; gÞ ¼ 1 −
2κe
κ̃=η̃

1

1þ η̃C̃1

; ðG1Þ

rðω; gÞ ¼ 4κe
κ̃=η̃

iβ
κ̃

1

1þ η̃C̃1

; ðG2Þ

where η̃ ¼ 1=f1þ ½β2=ðκ̃=2Þ2�g is a reduction factor due to
backscattering, κ̃¼ κ−2iΔ, C̃1¼4g2=ðκ̃Γ̃0Þ, Γ̃0 ¼Γ0−2iΔ,
Γ0 ≈ Γ0, and Δ ¼ ω − ωc ¼ ω − ωa. When N identical
two-level atoms collectively interact through a cavity [66],
they behave as a “superatom.” The expected transmission
spectrum is

TðΔÞ ¼ jtNðω; gÞj2 ¼
����1 −

2κe
κ̃=η̃

1

1þ η̃C̃N

����
2

; ðG3Þ

where C̃N ¼ NC̃1 is the N-atom collective cooperativity;
CN ≡ C̃NðΔ ¼ 0Þ. For the fits in Fig. 3(b), we use Eq. (G3)
and allow a small offset in Δ to account for the differential
trap light shift between the ground and the excited states as
well as a collective Lamb shift that will be reported in detail
elsewhere. To consider shot-to-shot atom number fluctua-
tions and variations in the coupling strength g due to atoms
occupying different trap states, we evaluate the averaged
spectrum using a gamma distribution function of CN with a
mean value C̄N .

On the other hand, we fit the transmission spectrum for a
bare microring resonator using T0ðΔÞ ¼ jtðω; g ¼ 0Þj2 to
extract the resonator parameters. We obtain ðκe; κi; βÞ ¼
2π × ð0.76; 0.94; 0.60Þ GHz. Using these results, we find
the reduction factor η ¼ η̃ð0Þ ≈ 0.67. We note that the
backscattering rate has increased from a negligible value
reported for the same circuit in Ref. [48]. After we
optimized cooling parameters for trapping atoms and
performed the experiments for an extended period of time,
some amount of atoms have been adsorbed to the surface.
Such an effect is under investigation.

APPENDIX H: DECAY RATE MEASUREMENT

Pulsed excitation measurement is performed to extract
the decay rate of the excited state. In the experiment, we
send a weak pulse with a full width at half maximum
approximately 6 ns to excite the system and monitor the
transmitted photon counts after the excitation pulse, as
shown in Fig. 8. Such pulsed excitation is repeated every
200 ns for 2 ms in each experiment cycle. The total decay
rate Γ is extracted by an exponential fit to the decay curve
measured between t ¼ 0 and 35 ns after the excitation pulse
has been extinguished below the background level.

APPENDIX I: THEORETICAL FITS
FOR THE TEMPERATURE

In the trap-spilling procedure, we ramp down the
repulsive evanescent field to force energetic atoms out of
the trap. Given the short ramp and hold time, we assume no
rethermalization occurred during the procedure. The sur-
vival probability for atoms in the microtrap is evaluated
using a truncated Boltzmann distribution in three spatial
dimensions. Given a finite barrier height ΔU, the density
distribution can be evaluated [67] as

nðr⃗Þ ¼ n0 exp f−½Uðr⃗Þ −U0�=kBTg
×
n
erf½

ffiffiffiffiffiffiffiffiffi
κðr⃗Þ

p
� − 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κðr⃗Þ=π

p
exp ½−κðr⃗Þ�

o
; ðI1Þ
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FIG. 8. Time-resolved transmitted photon counts without
(black circle) and with (red diamonds) atoms. The red solid line
shows fitted decay rate Γ=Γ0 ¼ 2.33� 0.11 using the counts
between t ¼ 0 and 35 ns after the excitation pulse has been
extinguished below the background level. Error bars represent the
standard error of the mean.
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where n0 is the particle density at the trap minimum
Uðr⃗0Þ¼U0, κðr⃗ Þ¼ ½ϵt−Uðr⃗ Þ�=kBT, ϵt¼Min½−U0;ΔU�,
and T is a fixed temperature. Here, we assume all trap axes
have the same temperature, as the saddle point in a trap-
spilling potential could provide sufficient energy mixing
among all spatial degrees of freedom [68]. By numerically
integrating Eq. (I1), we obtain the survival probability
PðΔUminÞ for different temperatures T. By assuming C̄N is
proportional to the number of remaining atoms in the trap,
we perform least χ2 fits to the data in Fig. 4 to extract the
temperature of the trapped atoms. A sample fitted temper-
ature is low at T trap ¼ 23ð1Þ μK, giving mean vibrational
quantum numbers ðν̄x; ν̄y; ν̄zÞ ≈ ð5; 36; 14Þ. The root-mean-
square size of atomic density distribution is ðσx; σy; σzÞ ≈
ð94; 1916; 432Þ nm along the x, y, z axes, respectively.
The fit result gives 3D density distribution nðr⃗Þ (see

Fig. 9), which can be used to evaluate the single-atom
cooperativity C̄1 ¼ 4ḡ2=κΓ0, where ḡ2 ¼ ½R nðr⃗Þg2ðr⃗Þd3r=R
nðr⃗Þd3r�, and we obtain ḡ ¼

ffiffiffiffiffi
ḡ2

p
≈ 2π × 10 MHz, lead-

ing to C̄1 ≈ 0.05. Given our fitted temperature range, C̄1

varies by less than 1%.
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