Trapped atoms and superradiance on an integrated nanophotonic microring circuit
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Interfacing cold atoms with integrated nanophotonic devices could offer new paradigms for engi-
neering atom-light interactions and provide a potentially scalable route for quantum sensing, metrol-
ogy, 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.

Integrating cold atomic ensemble with nanoscale di-
electric structures [1] promises new and potentially scal-
able quantum applications from quantum nonlinear op-
tics [2], quantum network [3], to sensing and metrol-
ogy [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 ex-
citation and radiative dynamics can be accessed [10-
15].  Similarly, photon-mediated long-range interaction
between atoms can be engineered for simulating coher-
ent [16-21] and dissipative [22] many-body quantum spin
dynamics. Collective effects can also be utilized for pho-
ton storage and multiphoton generation with improved
fidelity [23, 24]. Entangled states of atoms can be pre-
pared [25-28] and transported [29, 30] via a coupled pho-
tonic structure and fiber network for quantum communi-
cation. For quantum sensing, trapped atomic ensemble
along a nanophotonic waveguide may be spin-squeezed
[31, 32] and detected with high efficiency, thus may pro-
vide metrology gain for atom interferometers [33, 34]
and atomic clocks [35-37]. In quantum chemistry, ul-
tracold molecules in a target rovibrational state may be
directly photoassociated from cold atoms and interro-
gated through a strongly-coupled radiative channel with
enhanced photonic density of states [38-40].

Realizing ensemble atom trapping on an integrated
nanophotonic circuit would enable multiple quantum
functionalities packed into one single optical chip. How-
ever, standard magneto-optical trapping (MOT) tech-
niques have thus far only succeeded in loading atoms
on suspended, one-dimensional nanostructures because
of the multi-beam requirement to balance the radiation
pressure during laser cooling. A few thousand atoms were
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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 in-
tegrated 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 waveg-
uide [45]. Despite these prior efforts, however, direct
laser-cooling atoms into near-field optical traps in the
vicinity of 2D nanophotonic structures and stably trap-
ping N > 1 atoms with large cooperative atom-photon
coupling on an integrated circuit have never been demon-
strated.

Here, we report the first realization of efficient atom
loading and trapping on an integrated nanophotonic cir-
cuit. We show that light-atom interaction in nanopho-
tonics 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 collec-
tive atom-photon coupling and a superradiant decay into
a whispering-gallery-mode (WGM) resonator. Specifi-
cally, our method combines optical guiding (OG) [4§]
and dRSC to efficiently load N ~ 70 cesium atoms into a
small-volume ~ O(10um?) 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 ym waist
and wavelength A\, ~ 935nm, propagating along Z and
transmitting through the silica substrate of the circuit to
form a funnel-like attractive potential (see Fig. 1). The
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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 re-
gion) 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 ficti-
tious magnetic field éﬁct normal to the bias field éo, which
defines the quantization axis. Cooling and trap loading is real-
ized by optical pumping (green arrow) for degenerate Raman-
sideband cooling (dRSC). (b), Fictitious magnetic field above
the microring waveguide. Overlaid contours mark the equipo-
tential lines relative to the trap minimum, labeled in units
of microKelvin. (c), Schematics of the dRSC. The fictitious
field creates spin-motion coupling between degenerate trap
states. The bias field adjusts the Zeeman splitting AE. Op-
tical pumping followed by spontaneous decay in the Lamb-
Dicke regime cools the atomic motion. (d), Top panel: Line-
cuts of scalar potentials U (0,0, z) of the optical guiding (red
dashed curve), the repulsive barrier (blue dotted curve), and
the Casimir-Polder interaction (black dashed-dotted curve),
respectively; kg is the Boltzmann constant. Bottom panel:
Total scalar potential Ut (0, 0, z) with strong (dashed curve)
and weak (solid curve) repulsive barrier during dRSC and
probe stages, respectively. Filled symbols mark the location
of trap centers. Inset compares probe transmission signals
versus laser detuning A using these two trap configurations
with the same number of trapped atoms. Error bars represent
the standard error of the mean.

funnel can guide a large flux of laser-cooled atoms onto
a silicon-nitride microring resonator [48]. In the mean-
time, a ‘blue-color” WGM resonant at Ap, ~ 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 z. ~ 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 perpendicu-
lar to the waveguide top surface, the evanescent field

is ~ 98% circularly polarized above the waveguide due
to a rapid decay in the transverse field [51]. The po-
larization rotates about the x-axis, which is normal to
the local mode propagation direction defined along 3. To
the atoms, the circularly-polarized evanescent field im-
poses a position-dependent vector light shift equivalent
to a fictitious magnetic field Be, o —|E(7)|2% acting
on the atoms, where E is the complex mode field (see
Appendix B). Significant spin-motion coupling arises be-
cause the fictitious field amplitude decays exponentially
along %, as shown in Fig. 1(b). The field varies more
weakly and symmetrically along & and remains constant
along . 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, counter-
propagating mode [41, 42, 52| with opposite fictitious
field contribution.

The actual cooling scheme works as follows. As il-
lustrated in Fig. 1(a), we apply a bias magnetic field
By along ¢ to define the quantization axis. The ficti-
tious field creates a spin-motion Raman coupling rate
Q,, ~ 2mx10 kHz between degenerate trap states of ad-
jacent magnetic levels as in Fig. 1(c) (see Appendix C and
Fig. 6); v/ < v denote trap vibrational levels along the
z-axis and the trap potential Ui (7) 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 potential that weakens the trap
for z < 100 nm (Appendix F); see Fig. 1(d). Applying
optical pumping with 0T 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 pre-cooling cesium atoms
in the optical funnel using a MOT at z ~ 300 pum far
above the circuit. The atoms are then polarized in the
F = 3 hyperfine ground state and are guided toward
the surface microtrap. During this time, the blue-color
evanescent field is kept fully on, supporting a stable trap
center at z. ~ 440 nm. We perform dRSC to cool guided
atoms near the surface, where an optical pumping beam
drives primarily o transitions to the [6P5/, F' = 2)
excited states. After 40ms of cooling, atoms are fully
polarized in the |F = 3,mp = 3) state. We then pump
them back to the |F' = 4, mp = 4) state and adjust EO to
reorient the quantization axis transverse to the waveguide
(along —i) for probing.

Trapped atoms are detected via an atom-induced
transparency [48]. Through the bus waveguide, we ex-
cite a ‘probe’ WGM resonant with the |F = 4,mp = 4)
to |F' = 5,mp = 5) cycling transition at Aps =
852.352 nm; see Fig. 1(d) inset. The presence of trapped
atoms allows photons to transmit through the bus waveg-
uide instead of being dissipated in the microring. We note
that atom-WGM photon coupling strengths can be ad-
justed by changing the position of the trap center. This
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FIG. 2. Optimization of cooling parameters and lifetime of
trapped atoms. (a), Peak transmission 7T, as a function of
the bias magnetic field and the corresponding Zeeman split-
ting AE. Negative By indicates the direction is along —g.
Blue (red) shaded region marks the range of trap level spac-
ing along the z-(x-)axis. (b-c), Dependencies of T, on the
pump detuning relative to the ' = 3 <+ F’ = 2 resonance
in free space (b) and the pump power (c). (d), Transmis-
sion versus hold time (black squares). Our fit (solid curve)
indicates a one-body lifetime of 7 ~ 230 ms. For comparison,
transmission with atoms repumped to the F' = 4 state after
cooling (red circles) shows a faster decay well-fitted by a two-
body loss model (dotted curve); see Appendix D. Inset shows
measurement under continuous cooling, giving a 1/e lifetime
of 7 &~ 690ms. Dashed lines mark the transmission without
atoms. Error bars represent the standard error of the mean.

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
towards z. ~ 360 nm, and we indeed observe a significant
increase in the waveguide transmission. In the following
studies, we probe trapped atoms in this configuration.

We first optimize the cooling performance by maxi-
mizing the peak transparency signal. Dependencies on
the bias magnetic field magnitude By and optical pump-
ing are shown in Fig. 2(a-c). The optimal magnetic
field leads to a Zeeman splitting near the level spacing
AFE ~ AFE, ~ h x30—50 kHz for v < 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
v — /| > 2 (see Appendix C and Fig. 6). We further

optimize By ~ 150 mG by minimizing the temperature
discussed in Fig. 4. On the other hand, atoms are signif-
icantly heated out of the trap if the field is aligned to the
opposite orientation, making the optical pumping beam
drive o~ transitions. The optical pumping frequency is
optimized to be resonant with the F' = 3 <+ F’ = 2 tran-
sition, and the optimal power is ~ 0.2 pW, giving an
intensity &~ 150 xW /cm?.

We measure long and state-dependent lifetimes in the
trap following cooling. As shown in Fig. 2(d), we find a
one-body lifetime = 230 ms for trapped atoms polarized
in the |F =3,mp = 3) state. The transmission signal
decays faster if we repump the atoms to the F' = 4 state
immediately after cooling. This is consistent with two-
body inelastic collision loss at a high density ~ 10'3 /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 of 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 num-
ber of atoms coupled to the microring. As illustrated in
Fig. 3(a), we can reduce the number of trapped atoms
while maintaining the same initial loading condition us-
ing a controlled trap-spilling procedure. Here, we ramp
down the trap barrier height in 0.5 ms to a variable
minimum value AU,;,. We then hold for an additional
0.5 ms, allowing energetic atoms to escape the trap, fol-
lowed by ramping the barrier back to the same AUy
for probing the remaining atoms; AUy is the minimum
barrier height that we can ramp down to without los-
ing atomic signal. In evaluating AUy;,, we calculate
the full potential including the vector light shift for the
|F =3, mp = 3) state (Appendix B).

Figure 3(b) shows the measured transmission spectra,
where all the spectral linewidths are broader than the
free space value I'g = 27 x 5.2 MHz. The spectra with
larger AU, or more atoms in the trap show more signif-
icant transparency and broader widths. This dependence
suggests 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 Cy = NCi, where N is the
effective atom number, C; = 4g?/(kI") is the single-
atom cooperativity, g is the atom-WGM photon coupling
rate, k is the decay rate of the WGM, and I" =~ Ty
is the single atom decay rate to all other non-guided
modes; see Appendix G. Our simple model neglects pos-
sible collective effects due to atoms coupled via the non-
guided modes. We also note that trapped atoms will
only couple to the probe WGM (0" polarized) but nearly
not to its counter-propagating mode (o~ polarized) be-
cause of a large asymmetry in the atom-photon coupling
rate [48, 53]. The fitted spectra and fitted mean value
Cy are displayed in Fig. 3(b) and (d), respectively.
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FIG. 3. Observation of cooperative coupling (b) and superradiant decay (c-d). (a), Trap-spilling procedure. The number of
atoms in the trap can be controlled by ramping down the repulsive barrier to different AUnin, followed by ramping back to the
same final height AUy for probing. (b), Steady-state transmission spectra measured after several trap-spilling with AUpin &
ks x 60 (circles), 150 (squares), 210 (up-triangles), and 1020 (down-triangle) upK, respectively. Additional spectrum (red
diamonds) is measured with a larger initial atom number. Solid lines are theoretical fits (Appendix G) to extract the averaged
cooperativity Cn. (c), Normalized transmission counts I, of pulsed-excitation decay rate measurements (filled symbols), using
identical loading procedures as in (b). The probe pulse is extinguished at ¢t = Ons (see Appendix H and Fig. 8). Solid lines are
exponential fits to extract the decay rate I'. In (b-c), error bars are the standard error of the mean. (d), Normalized decay rate
I'/Ty versus cooperativity Cy measured in (b-c) (filled symbols). Additional measurements with larger initial atom numbers
are plotted with open symbols. Top axis indicates mean atom number N = Cn/C1. The dashed line assumes I" = (14 Cn )T,
and the solid line gives a reduced slope 7 after considering the back-scattering of the probe WGM; see text. Error bars are the

uncertainties of the fitted parameters.

We further confirm the cooperative coupling by ob-
serving 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 ~ 6ns 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 speed-up for decaying into the WGM com-
pared to the free space decay rate. In Fig. 3(d), we
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FIG. 4. Determination of temperature and atom number by
controlled trap-spilling with different initial atom numbers.
Cooperativity Cn extracted from the resonant transmission
is plotted as a function of AUpin. Solid and dashed curves
are theoretical fits (see Appendix I), giving low temperatures
Tirap = 23(1) pK and 38(5) pK, respectively. Shaded bands
include fit uncertainty. The vertical dotted line indicates the
expected barrier height when spilling becomes effective. The
right axis indicates the corresponding atom number N. Error
bars are the standard error of the mean.

plot the measured total decay rate versus the fitted co-
operativity Cy from the steady-state transmission spec-
trum, which shows a good agreement with the expec-
tation T'/Ty ~ (1 + nCy), where the reduction factor
n ~ 0.67 < 1 is due to probe photons being back-
scattered to the counter-propagating WGM 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 differ-
ent examples of C versus barrier height AU,;,. Trap
spilling is only effective when the barrier becomes lower
than the initial trap depth |Uiot (0,0, z.)| ~ 250 uK. In-
deed, the measured C'x remains constant until AUy, ap-
proaches this value, indicating our understanding of the
trap, including the Casimir-Polder surface interaction, is
sufficiently accurate. Once Cy is reduced after the trap
spill, we determine the temperature by fitting a truncated
Boltzmann distribution to evaluate the survival probabil-
ity (Appendix I). Our fit gives a low temperature Tiap ~
23 pK and an averaged vibrational quantum number
v ~ 14. We estimate 7,, ~ (5,36) along the z- and
y-axis, respectively. The fit allows us to evaluate in-trap
density distributions and estimate the single-atom coop-
erativity Oy =~ 0.05 (for z. ~ 360 nm). Subsequently, we
determine the mean atom number N = C /C; as shown
in the right (top) axis of Fig. 4 (Fig. 3(d)). The highest
Cn =~ 3.6 in Fig. 3(d) indicates 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 non-guided 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 wavenumber of WGM
kwam > 27/Apa2, 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 mi-
croring 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
(circumference ~ 150 pm) 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
~ 1013 /cm3. Light-assisted collisions and photon re-
absorption during optical pumping could limit cooling
performance. By using a tightly confining lattice for lo-
calizing individual atoms (such as a two-color evanes-
cent field trap [52]), further cooling in all trap axes to
near the vibrational ground states can be realized as pi-
oneered in nanofibers [57]. Meanwhile, inelastic collision
loss can also be entirely suppressed. Transferring atoms
to a tighter trap near the surface to z. &~ 100 nm can fur-
ther increase single-atom cooperativity C; = 10 [48, 52|,
boosting Cy > 1000. We believe our platform and
methodology could enable a large ensemble (N > 10%)
of collectively-coupled atoms trapped on an integrated
nanophotonic circuit. In the future, it would also be in-
teresting 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 towards various applications
in quantum nonlinear optics, quantum simulations, sens-
ing, and quantum chemistry using cold atom-powered
nanophotonic circuits.
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Appendix A: Experiment setup

Our nanophotonic circuit contains silicon-nitride mi-
croring resonators fabricated on a transparent SiOa-
SizN,4 double-layer membrane, which is suspended over a
2 mm X 8 mm window on a silicon chip. A bus waveg-
uide near-critically couples to a microring (coupling rate
ke comparable to the intrinsic resonator loss rate «;) 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 opti-
cal guiding beam has a small waist of 10 um, focused on
the membrane, and has a power of 21 mW after trans-
mitting through the membrane. The wavelength is tuned
to A, &= 935 nm to eliminate the differential light shift in
the cesium D2 line.

In this work, we use a ‘blue-color’ transverse-magnetic
whispering-gallery mode (WGM) for both atom trap-
ping and microring stabilization. Here, the WGM at
Ab &~ 849.552 nm is one free-spectral-range above the D2
line of cesium at Aps &~ 852.356 nm. We stabilize the
WGM at A, using the Pound-Drever-Hall (PDH) lock-
ing technique and the probe WGM can be simultaneously
stabilized at Aps. As shown in Fig. 5, a stable locking
beam with its wavelength tuned to Ay, is first sent through
an electro-optic modulator (EOM) with a 110 MHz mod-
ulation 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
~ 22 uW. In the microring, it is effectively enhanced by
a factor of 71 [52]. We monitor the transmission 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 bar-
rier 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
~ 2.2 uW in 0.5 ms, reducing the potential barrier to
AUy as defined in the main text. Following this ramp, a
probe beam with its wavelength locked at around Aps 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 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 pus of SPCM counts were used in the anal-
yses). 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 V = Uit (F)IA + gFuBF By +
Uy (7), where the first term is the total scalar potential
responsible for trapping, I is the identity matrix, the sec-
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ond term is the Zeeman shift by the bias magnetic field,
gr = —1/4 is the hyperfine Landé g-factor for the F =3
ground state of cesium, up is the Bohr magneton, Fis the
total angular momentum operator, and the last term is
the vector potential from the blue-color evanescent field,
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Here, E (7) is the complex mode field, o” is the atomic
vector polarizability and the fictitious field follows the
expression
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where we have used E*(F) x E(F) ~ —i¢|E(7)|?% for a
mode propagating along y. The coefficient
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takes into account the degree of circular polarization
(~ 0.98) and the effect of mode mixing due to back-
scattering in the microring [52]. Here, k = k. + &; and
are the resonator decay rate and coherent-back scattering
rate, respectively; £ = (0,1&y, &) is the electric field of
the WGM normalized by L [ eoe(7)|E]2dr = huwy, where
€o is the vacuum permittivity, e(7) is the dielectric func-
tion, i = h/27 is the reduced Planck constant, wy, is the
frequency of the WGM, and the ratio &,/€. ~ 0.83 is
nearly uniform above the microring surface.

Despite the presence of back-scattering, the fictitious
field is still smooth along the microring and only varies
along the coordinates transverse to the waveguide. For
details, see discussions in Ref. [52]. For the scalar po-
tential contributed by the blue-color evanescent field
Uy, there is a small sinusoidal corrugation with visi-
bility v = 0 (1 — 2|€,[2/IE?) ~ 20% in Us(y) ~
Up(0)[1 + vsin(2kby)] [62]. The effect of small corruga-
tion should be averaged out in the atomic ensemble, given
its finite temperature Tirap ~ 23 uK and the smallness of
Uy < 5 pK around the trap center z. ~ 360 ~ 440 nm.
The effect may become visible with the trapped atom

Temperature (a.u.)

Ap = 849 nm

(a), PDH setup for locking the resonance of the microring. (b), Spectrum and error signal for PDH lock by adjusting

temperature becoming comparable to the corrugation
near the trap center. For our trap analysis along ¢, we
assume v = 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 cou-
pling between trap states as in Fig. 1(c). We assume the
atomic motion is separable along the principal axes and
expand Uy (7) using the trapped eigenstates of Uyt (7)1
The matrix element

hQy, 1 -
— - = 59rkB (mp — 1| F_[mp) (]| Bet |v) ,

5 5 (4)

where €, ,, is the Raman coupling rate between trap

states v/ < v in one given axis, and we have used F.3=
(Fy + F_)/2 with Fy being the spin raising/lowering
operators. Here (1| Byt |v) takes finite values for all
trapped states in the z-coordinate, as |E(z)|? o e~ Fev?
decays exponentially; (V)| Bget |V;) vanishes for all odd
Av = |y, — V.| of transitions in the z-coordinate, as
|E(x)|? o« cos(gr). Lastly, there is no spin-motion cou-
pling in the y-coordinate as |E(y)|? is constant.

Figure 6 shows the trap level spacing AF, and
sample Raman coupling rates between |mpg;v) and
|mp — 1;v — 1) of trap states in z-coordinate, and rates
between |mp;v,) and |mp + 15, — 2) of trap states in
x-coordinate, respectively. The Raman coupling rate be-
tween adjacent levels in z-axis is Q/27 ~ 10 kHz. Cooling
is less effective along the z-axis, as the coupling rate is
much lower < 1 kHz.

Appendix D: Trap lifetime after dRSC

Performing degenerate Raman sideband cooling
(dRSC) in the F' = 3 state polarizes atoms to the lowest-
energy ground state |F' = 3, mp = 3). 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
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FIG. 6. (a), (c), Calculated level spacing for trap vibrational
states along z and z coordinates, respectively. (b), (d), Cal-
culated Raman coupling rates between the indicated states
|mp;v) and |mp — 1;0) along z and z coordinates, respec-
tively.

background gas collisions or technical heating effects. We
first convert the transmission signal to the cooperativity
Cx using Eq. (7). Since Cy oc N, we can fit the life-
time of the trapped atoms using % = —N/7 — L3n2N,
where n is the in-trap density. Ignoring heating effects
and given an initial density ng ~ 10'3/cm3, we obtain
a fit as shown in Fig. 2(d), giving a one-body lifetime
7 ~ 230 ms and a small three-body loss rate coeffi-
cient Lz ~ 2.6 x 1072% cm® /s. Excluding the three-body
term, our signal cannot be well-fitted by pure exponen-
tial decay, and the apparent lifetime is slightly shorter at
7/ 2~ 150 ms.

Once we repump atoms back to the F' = 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 therefore fit the transmission curve in Fig. 2(d) us-
ing dd—]f = —N/7 — LynN. Assuming the same one-
body lifetime 7 ~ 230 ms and the same initial density
no ~ 103 /cm3, the fitted two-body loss rate coefficient
is Ly ~ 10~ em3 /s, consistent with prior measurements
using cesium atoms polarized in the |F =4,mp =4)
state [62].

Appendix E: dRSC in the F' = 4 state

We also performed the dRSC for atoms polarized in
the F' = 4 state. Because of the positive hyperfine Landé
g-factor for the F' = 4 state, smaller magnetic levels
have lower Zeeman energy in a bias magnetic field. In
this case, we perform cooling by driving the ¢~ transi-
tions to optically pump atoms to the |F' =4, mp = —4)
state, as shown in Fig. 7(a). This is achieved by re-
versing the bias field orientation from g to —g while

keeping the polarization of the optical pumping beam
fixed. In the experiment, we apply optical pumping us-
ing the FF = 4 +» F/ = 3 transition. Following dRSC,
trap loss for atoms polarized in the |F'=4,mp = —4)
state is similarly fitted by a two-body loss model, giv-
ing Ly ~ 2.8 x 1072 cm3 /s, consistent with a previously
measured value [63].
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FIG.7. dRSC for the F' = 4 state. (a), Similarly to cooling in
the F' = 3 state, the process starts with an atom in an initial
state |mr;v), followed by transferring to a state |mp + 1; /).
A o~ polarized optical beam can pump the atom to |mr; '),
where ' < v, thus completing one cooling cycle. (b), Trans-
mission curve of atoms in the F' = 4 state is shown as black
squares. Black solid line is a fit. Error bars represent the
standard error of the mean.

Appendix F: Casimir-Polder potential

We implement finite-difference-time-domain calcula-
tions [64, 65] to evaluate the Casimir-Polder potential
of a ground state cesium atom above the exact dielec-
tric structure used in the experiment, whose geometric
parameters are measured from a scanning electron mi-
crograph and an ellipsometer (for thin film thickness).
The structure consists of a 950 nm-wide and 326 nm-thick
SigsNy waveguide sitting on top of a dielectric plane of
2.04 pm-thick SiOs and 583 nm-thick SigN, multilayer
stack. In the calculation, the dielectric constant of SigNy
is assumed to be 4 and that of SiO9 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 fur-
ther improve the accuracy of the Casimir-Polder poten-
tial calculation by a few percent level at z < 100 nm [65].
For longer distances, z > Apa /27, the Casimir-Polder po-
tential becomes less relevant because of the presence of
other strong optical potentials.

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 gse an
: e
where A = Ap2/2m and Z = z — 2. Here Cuen/h =
—165.36 Hz-um* and 20,06 = 3.7 nm are the only two fit-
ting parameters. The fit residual is |[AUcp|/kp < 0.6 uK
everywhere for z > 50 nm. Moreover, the potential re-
mains constant over the trap range (Az < 100 nm) along
the z-axis due to the wide width of the waveguide.

empirical fit to the numerical results Ucp(z) =



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 (|F' = 4,mp = 4)), it only
couples to the o+ polarized probe WGM and nearly not
to the counter-propagating mode (o~ polarized) due to
a large asymmetry (v/45 times difference) in the atom-
photon coupling strength. When the probe WGM fre-
quency w. overlaps with the atomic resonant frequency
wa, the transmission and reflection coefficients in the
weak driving regime are

2Ke 1
t(w,g) =1 — %/ﬁm (5)
_Ake i 1
T(Mg)_fi/ﬁfilJrﬁCH’ (6)

where 7 = 1/(1 + %) is a reduction factor due to

back-scattering, & = k — 2iA, C; = 492/(/%f’), I =
I"—2IA, TV =~ Tg,and A = w — we = w — w,. When N
identical two-level atoms collectively interact through a
cavity [66], they behave as a “superatom”. The expected
transmission spectrum is

2Ke 1
’%/77/ 1+ ﬁC’N

T(A) = [t (w, g)* = |1~ (7)

where C:' ~ = NC is the N-atom collective cooperativity;
Cn = Cn(A = 0). For the fits in Fig. 3(b), we use Eq. (7)
and allow a small offset in A 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
fluctuations 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 Cy with a mean value Cy.

On the other hand, we fit the transmission spectrum
for a bare microring resonator using To(A) = |t(w,g =
0)|? to extract the resonator parameters. We obtain
(Ke, ki, B) = 2m x (0.76,0.94,0.60) GHz. Using these
results, we find the reduction factor n = 7(0) ~ 0.67.
We note that the back-scattering rate has increased
from a negligible value reported for the same circuit in
Ref. [48]. After we optimized cooling parameters for trap-
ping atoms and performed the experiments for an ex-
tended period of time, some amount of atoms have been
adsorbed to the surface. Such an effect is under investi-
gation.

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
~ 6ns 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 2ms in each experiment cycle. The total decay rate
T" is extracted by an exponential fit to the decay curve
measured between ¢ = 0 — 35ns after the excitation
pulse has been extinguished below the background level.

0 20 40
t (ns)

FIG. 8. Time-resolved transmitted photon counts without
(black circle) and with (red diamonds) atoms. The red solid
line shows fitted decay rate I'/T'¢ = 2.33 & 0.11 using the
counts between ¢t = 0 — 35ns after the excitation pulse has
been extinguished below the background level. Error bars
represent the standard error of the mean.

Appendix I: Theoretical fits for the temperature

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

n(7) = ng exp [=(U(7) — Uo)/kpT]
[exf (v/k (7)) — 2¢/K(7) /m exp (=(7)]  (8)

where ng is the particle density at the trap minimum
U(7o) = Uy, k(7) = [er — U(7)]/ksT, € = Min[—Uy, AU]
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. (8), we obtain the survival
probability P(AUyy,) for different temperatures 7. By
assuming Cy is proportional to the number of remaining
atoms in the trap, we perform least x? fits to the data in
Fig. 4 to extract the temperature of the trapped atoms.
A sample fitted temperature is low at Tirap = 23(1) pK,




giving mean vibrational quantum numbers (7, 7, 7,) =~
(5,36,14). The root-mean-square size of atomic density
distribution is (o4, 0y, 0,) ~ (94,1916,432) nm along the
x,y, z-axes, respectively.

The fit result gives 3D density distribution n(7) (see
Fig. 9), which can be used to evaluate the single-atom
[ n(P)g? (Pd°r

[ n(@d3r
and we have obtained g = \/97 =~ 27 x 10 MHz, leading
to C; ~ 0.05. Given our fitted temperature range, C
varies by less than 1%.

cooperativity C = 4g2/kTy, where g% =
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FIG. 9. In-trap atomic density distribution (a) n(z,0, z) and
(b) n(0,y, 2).
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