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Programmable few-atom Bragg scattering and ground-state cooling in a cavity
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By integrating tweezer arrays with a high-cooperativity ring cavity with chiral atom-cavity cou-
pling, we demonstrate highly directional Bragg scattering from a programmable number of atoms.
Through accurate control of the interatomic distance, we observe a narrowing-down of the Bragg
peak as we increase the atom number one by one. The observed high-contrast Bragg interference
is enabled by cavity sideband cooling of both the radial and axial motions to near the ground
state with phonon occupation numbers below 0.17 and 3.4, respectively. This new platform that
integrates strong and controlled atom-light coupling into atomic arrays enables applications from
programmable quantum optics to quantum metrology and computation.

Arrays of individual atoms trapped in optical tweezers
are a promising platform for quantum computation [1, 2],
simulation [3-5], and metrology [6, 7] in large part due to
the ability to configure the geometric arrangement of the
atoms, and control them individually or in groups. Re-
cent progress in this field includes increasing array sizes
to thousands of atoms [8, 9], demonstrating logical quan-
tum operations [1, 10], and achieving two-qubit gate fi-
delity exceeding 99.5% [6, 11]. These breakthroughs are
rooted in the high level of control over light-matter in-
teractions, often using cavity quantum electrodynamics
(cavity QED) platforms to achieve experimental control
at the level of a single photon and a single atom [12, 13].
The integration of tweezer arrays with optical cavities
has already yielded a number of advances, including de-
terministic control of atom number [14-17], fast atomic-
state readout [18, 19], classical error correction [20], and
entanglement generation with error detection [21].

Optical cavities are uniquely suited to enhance collec-
tive light-scattering, which can depend strongly on the
spatial arrangement of the atoms through interference
effects. In free space, Bragg scattering has been ob-
served in one- [22-25], two- [26], and three-dimensional
optical lattices [27, 28]. Collective scattering in free
space has been used to probe geometric structure and
atomic motion [27-30], magnetic structure [26, 31], phase
transitions [32], and to control the propagation direc-
tion of light [33, 34]. Recently, tweezer arrays in Fabry-
Pérot cavities have been used to study collective light-
scattering in a more flexible manner, enabling obser-
vation of super- and sub-radiance [35] as well as self-
organization in the standing-wave modes of the two-
mirror cavity [36], which builds upon previous work using
bulk gases [37-39].
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Another key requirement to realize robust control of
atoms in tweezers is that the atoms must remain cold,
ideally near the vibrational ground state, as finite tem-
perature can limit the fidelity of the light-atom inter-
action and reduce the contrast of interatomic interfer-
ence effects. Standard free-space laser cooling methods
for atoms in tweezers rely on the internal atomic levels,
such as polarization gradient cooling [2], Raman sideband
cooling [40-44], and A-enhanced gray molasses [45, 46].
On the other hand, cavity cooling techniques are lim-
ited by the spectral properties of the cavity rather than
the atom, and therefore represent an interesting alter-
native, e.g., to perform cooling at an arbitrary detuning
from atomic resonance, or when closed transitions or an
appropriate atomic multi-level structure are not avail-
able [47, 48].

In this work, we demonstrate two-dimensional ground-
state cavity cooling of atoms in a tweezer array to enable
the further study of few-atom Bragg scattering. By tun-
ing the array’s geometric structure on a sub-wavelength
scale, we observe the emergence of Bragg’s condition and
the narrowing of the Bragg peak in each cavity mode
as we increase the number of atoms. Using the incident
beam angle and the array’s geometry as control parame-
ters, we observe tunable and directional light scattering.
Additionally, inversion symmetry is broken in our twisted
ring cavity, splitting the chiral degeneracy of the polar-
ization degree of freedom of cavity light. As a result,
when an atom in a magnetically sensitive state further
breaks the time-reversal symmetry of the atom-light in-
teraction, we realize chiral light scattering even at the
single-atom level.

FEW-ATOM BRAGG SCATTERING

The scattering of light by atoms inside an optical cavity
is significantly modified in the so-called strong-coupling
regime, where light emitted into the cavity, and experi-
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FIG. 1. Cavity Bragg scattering. (a) Optical tweezers, propagating along the z-direction, are used to position an array of
individual atoms within the mode of a high-cooperativity bow-tie cavity. When probed from the side, atoms scatter light into
the CW- and CCW-propagating cavity modes, which are detected by two single photon counting modules. (b-d) Collective
scattering of N = 2,3,4 atoms as a function of interatomic distance d normalized by the wavelength of the probing light A.
The data is fit to S(d) = co + c1|G+|?, where G4 is the geometric structure factor for the CW and CCW modes (see text),
enabling the precise determination of the average atomic separation via the spatial period of the two-mode interference. A 10 G
magnetic field is applied along z, Acq/(27) = —100 MHz, and three-dimensional cavity cooling is performed prior to collective

scattering.

enced by the atom, interferes strongly with the driving
light. For light resonant with the optical cavity, the scat-
tering into the cavity then exceeds the scattering into
all of free space by a factor given by the cavity cooper-
ativity, n [49]. We study the collective scattering of a
one-dimensional array of cesium atoms inside of a high-
cooperativity (n = 21.0(3) [19]) bow-tie ring cavity in
which light circulates in a loop, supporting two distinct
running-wave cavity modes [50]. In contrast to a stan-
dard two-mirror standing-wave cavity, collective emission
of many atoms in a ring cavity depends on the relative
separation of atoms, rather than boundary conditions set
by the mirrors, due to the translational invariance of the
ring geometry [51-53]. We trap single atoms within op-
tical tweezers that are equally spaced with a lattice con-
stant d along the cavity mode. As shown in Fig. 1(a),
the array is illuminated from the side with a probe beam
that is tuned near the D2 transition at 852 nm, and atoms
can scatter into the clockwise (CW) or counter-clockwise
(CCW) cavity modes.

For an array with N atoms, the collective scattering
into the cavity is determined by the sum of the fields
(amplitude and phase) scattered by each atom. Con-
sequently, the geometric structure of the array plays a
significant role in determining the scattering rate and
direction. For an array with two atoms (Fig. 1b), collec-

tive scattering depends sinusoidally on the atom spacing
d, while for more than two atoms (Fig. lc-d), construc-
tive interference appears only in a narrow range of atomic
separations. The narrowing of the regions of constructive
interference and the enhancement in the collective scat-
tering rate with increasing atom number is akin to the
interference observed in Bragg scattering, which scales
quadratically (oc N2) with the number of scatterers.

The condition on the geometric structure to support
constructive interference (i.e. Bragg’s condition) for col-
lective scattering into the two-mode bow-tie cavity can
be different for the two modes, resulting in asymmet-
ric scattering. The CW/CCW symmetry in scattering
is broken by a nonzero angle of illumination ¢ of the
probe beam relative to normal incidence to the cavity
mode (y in Fig. 1a). Specifically, the two geometric fac-
tors associated with scattering into the CW- and CCW-
propagating modes are G4 = > emkd(1Fsing)  Ag g
result, when varying the lattice constant d the period of
interference in the CW and CCW modes is A/(1 Fsin ).
Near normal incidence, the period of interference in the
two modes is similar and Bragg’s condition is satisfied at
almost the same atomic separation, as shown in Fig. 1b-
d and Fig. 2c. On the other hand, for a large positive
incident angle, the interference period for collective scat-
tering into the CW cavity mode becomes much larger



FIG. 2. Directional cavity scattering. (a) Schematic of
the geometry leading to asymmetric scattering into the two
modes of the bow-tie cavity for nonzero angle of incidence of
the probe. (b-c) Collective scattering into the cavity versus
interatomic separation for different incident probe angles .
A 10 G magnetic field is applied along z, and A../(27) =
—100 MHz as before. Here, only cavity cooling of the radial
motion is applied.

than that for the CCW mode, as seen in Fig. 2b.

Collective scattering into the two modes provides a
precise calibration of the average atom position. The
probe’s angle of incidence ¢ can be extracted from the
ratio of the interference periods measured in the two
counter-propagating modes, (1 + sing)/(1 — sing) for
the case of two atoms. We fit the experimental data to
the form cq + ¢1|G+|?, obtaining beam angles of ¢ =
19.73(1)°, —5.07(3)°, for the measurements in Figs. 2(b-
¢), respectively. Provided knowledge of the probe’s wave-
length A, the oscillation period can then be determined
with sub-nanometer precision. For example, the peri-
ods of oscillation for data collected in the CW and CCW
modes in Fig. 2(c) are 783.1(4) nm and 935.0(6) nm, re-
spectively. The same method applies to the case with
more atoms in Fig. 1(b-d). Additionally, the precise po-
sition measurement provided by the two-mode collective
scattering enables calibration of the magnification of the
imaging system used for fluorescence imaging. We obtain
a value of 6.533(2) averaged across the data in Fig. 1(b-
d), about 1% different from the nominal imaging specifi-
cations.

FIG. 3. Cavity cooling. (a) Level diagram for cavity cool-
ing and schematic for cooling of the radial (2D) and both
the radial and axial (3D) motions. (b) Sideband spectrum
with and without cavity cooling the radial motion of a single
atom. A 10 G magnetic field is applied along z, Ag./(27) =
—100 MHz, and the probe is linearly polarized along the z-
direction for all data in this figure. The inset of (b) shows
the time scale for cavity sideband cooling of 7 = 1.4(3) ms.
(c) Spectrum with and without cavity cooling of a single atom
probed by light with an incident angle of about 45° from the z-
axis. A three-dimensional cooling sequence is achieved by in-
terleaving side and top illumination of the atom. The frequen-
cies for radial and axial cooling are d./(27) = —109, —86 kHz
and 0./(2m) = —92, —59, —42, —27 kHz, respectively, and are
marked by the color-coded arrows and shaded regions.

CAVITY SIDEBAND COOLING

The observations of Bragg scattering are enabled by
ground-state cavity cooling. Cavity cooling reduces the
vibrational energy of a particle by enhancing the parti-
cle’s emission on the blue-detuned side of its spectrum,
thereby taking away energy during the scattering pro-
cess [48]. For free or weakly bound particles, cavity cool-
ing operates in the Doppler limit as the cavity does not
spectrally resolve features of individual motional quanta
(i.e. phonons). On the other hand, for tightly trapped
particles with sufficient confinement so that transitions
between motional states during photon emission are neg-
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FIG. 4. Super- and sub-radiant cavity scattering. (a)
Measurement of super-radiant collective scattering into the
CW-propagating cavity mode for N atoms. The tweezer sep-
aration is set to d(1 — sing) = 17A. (b) Measurement of
sub-radiant scattering, with d(1 — siny) = 17.5A. For both
datasets, a 0.3 G field along z is applied to maximize the
scattering into the CW mode and the data is normalized by
the single-atom scattering rate. Solid lines show idealized
predictions for stationary atoms, while the dashed lines show
simulations taking into account coupling to the uncooled ax-
ial motion assuming a mean phonon occupation (ngziar) = 40
and a Lamb-Dicke parameter 0.17.

ligible (i.e. the Lamb-Dicke regime), a cavity with a nar-
row linewidth can resolve transitions corresponding to
addition or removal of single phonons. Previous studies
on coupling neutral atoms in optical cavities have real-
ized cavity Doppler cooling of an atomic ensemble in an
optical dipole trap [54] and single atoms in standing wave
dipole traps [55, 56], as well as ground-state cooling with
conventional Raman sideband cooling [57-59]. Here, we
utilize our cavity with a linewidth of x/(27) = 37 kHz
to achieve resolved-sideband cavity cooling of individual
atoms trapped in optical tweezers.

The motion of a single atom trapped in an optical
tweezer includes two radial degrees of freedom (in the
2 — y plane of Fig. 3a) and one axial degree of freedom
(along the z-direction). When an atom scatters light
from a probe beam incident in the z—y plane into the cav-
ity, the momentum transfer k;_; — 15; can cool both radial
degrees of freedom (2D cooling) [48]. By scanning the
probe frequency and measuring the scattering rate into
both modes of the bow-tie cavity, we observe a resolved-
sideband spectrum, Fig. 3(b), from which we extract a
radial trapping frequency of w,/(27) = 89 kHz. To cool
the radial motion, we set the probe-cavity detuning to
d. = —w, (orange arrow in Fig. 3b) such that cavity res-
onance matches and enhances the blue sideband of the
atom’s emission spectrum. Each photon scattered into
this sideband removes a phonon from the radial motion
of the atom. The cavity spectrum of the cooled atom
(blue data in Fig. 3b) shows a suppressed cooling side-
band, as well as an enhanced carrier due to improved
atom-cavity coupling at the lower temperature. A sepa-
rate measurement probing the amplitude of the red and
blue sidebands, compensating for the tails of the carrier,
after 6 ms of cooling gives a mean phonon occupation
of (npqq) = 0.17(4), corresponding to a temperature of
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2.1(3) K and a (one-dimensional) ground-state proba-
bility of 85%. Additionally, a time-resolved trace of scat-
tering into the cavity on the cooling sideband indicates
a radial cooling timescale of 1.4(3) ms (inset to Fig. 3b).

The axial motion of an atom is cooled by a probe beam
sent in the = — z plane such that the momentum trans-
fer couples to motion along the z-direction. With the
two beams illustrated in Fig. 3a, we implement a 3D
cooling sequence composed of a radial and several ax-
ial cooling pulses applied sequentially, indicated by the
arrows in Fig. 3(c). Since the axial trapping frequency
wqa/(2m) ~ 20 kHz is smaller than the cavity linewidth, a
broad feature is observed in the uncooled cavity spectrum
measured with the axial probe beam. The 3D cooling se-
quence significantly narrows the measured linewidth, as
shown in Fig. 3(c), and a fit extracts a phonon occupation
of (nazial) = 3.4(2.4), corresponding to an axial temper-
ature of 3.9(2.4) pK and a ground-state probability of
23%.

We further apply cavity cooling to an array of many
atoms. For multi-atom cooling, the probe beam is de-
tuned by A.,/(27) = 1.521 GHz to match the resonance
of a neighboring longitudinal TEMgy mode of the cavity,
corresponding to a different free-spectral range (FSR). At
this detuning, the dispersive shift is 0.66 kHz per atom
and the linewidth broadening is 2.3 Hz per atom, negli-
gible compared to the cavity linewidth x/(27) = 37 kHz.
We measure a phonon occupation of the radial motion
similar to the single-atom case for two, three, and four
atoms (see Figure 8). When all tweezers have identi-
cal trap frequencies, there are collective motional modes
that cannot be cooled efficiently due to destructive in-
terference in scattering into the cavity. We find that our
tweezers differ in frequency enough to cool each atom in
the array to the ground state of its trap. We test this
by performing cavity cooling of a multi-atom array, elim-
inating one of the tweezers, and then observing that the
apparent phonon occupation has not changed (see Meth-
ods).

We find that performing 3D cavity cooling prior to
collective scattering measurements is critical to the high-
contrast interference observed in Fig. 1. Finite tem-
perature can smear the geometric structure of the ar-
ray and increase (incoherent) scattering on the motional
sidebands. In addition, due to imperfect alignment, the
probe used for collective scattering has a small coupling
to the axial motion of the tweezers. As a result, we find
that the axial temperature plays an important role in
the collective scattering, as can be seen by comparing
Fig. 2¢, where the axial motion is uncooled (2D cooling),
to Fig. 1b, where 3D cooling is applied.

We study the scaling of collective scattering with
atom number by tuning the inter-atomic distance to
points of constructive and destructive interference, kd(1—
sinp)/(2m) = 17,17.5, respectively, for the CW mode as
shown in Fig. 4. For constructive interference, an en-
hanced scattering rate beyond linear scaling is observed
(superradiant scattering), while for destructive interfer-



ence, scattering becomes nearly independent of atom
number (subradiant scattering). We attribute the dis-
crepancy from ideal super- and sub-radiant behavior to
the finite axial temperature in these datasets, as well as
imperfect constructive or destructive interference in scat-
tering from atoms’ different Zeeman sublevels exhibiting
different Rayleigh scattering rates due to differences in
Clebsch-Gordan coefficients [35, 60] (see SI for more de-
tails).

DIRECTIONAL LIGHT SCATTERING BY A
SINGLE ATOM

The data reported so far have been attained under con-
ditions (transverse magnetic field) where the single-atom
scattering into the CW and CCW cavity modes is sym-
metric, and the asymmetry in CW and CCW scattering
has derived from the geometric structure of the multi-
atom array. We now discuss directional light scattering
by a single atom due to the chiral nature of our bow-tie
cavity.

In a four-mirror ring cavity, an out-of-plane twist of the
cavity mode, resulting in geometric polarization rotation,
easily breaks the degeneracy between modes of a different
helicity [61, 62]. In our system, a frequency splitting of
8.417 MHz is observed between right circularly polarized
and left circularly polarized light (relative to the propa-
gation directon), see Fig. 6. In the absence of an atom,
the o4 (0—) CW-propagating mode is degenerate with
the o_ (04) CCW-propagating mode. Such chiral quan-
tum optics [63, 64] has been studied in nanofibers [65] and
microresonators [66-68]. With a magnetic field along the
cavity axis, the time-reversal symmetry of the atom-light
interaction is broken by an atom prepared in a magnet-
ically sensitive Zeeman state. Accordingly, when probed
by light resonant with a cavity mode corresponding to
one helicity, the scattering rate into each direction can
be very different for a polarized atom.

Specifically, we probe a single cesium atom with light
near the F' = 4 to F’ = 5 resonance, incident close to or-
thogonal to the cavity mode, and linearly polarized along
the z-direction, as before. This light has equal amplitude
in the o1 /o_ basis defined with respect to the cavity axis.
An atom prepared in the F' = 4, mp = +4 state has cou-
pling strengths to the o and o_ components of this light
that differ by a factor of 45. Hence, when sweeping the
probe frequency across the resonance corresponding to
different helicities of the intra-cavity light, we see strong
directional scattering into the cavity by a single atom,
as shown in Fig. 5. Our measurements demonstrate a
directionality (ratio of peak scattering rates) of about 23
and 11 for the two cavity resonances. We observe that
a magnetic field of about 0.3 G along the cavity axis is
sufficient to observe directional emission so long as no
large transverse field is applied. We note that for the
other measurements presented in this work, we apply a
strong magnetic field along the z-direction to eliminate
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FIG. 5. Single-atom chiral scattering. A single atom,
prepared in the |F = 4, mp = +4) sublevel, scatters light into
the two counter-propagating cavity modes. The driving light
is incident normal to the cavity axis, polarized along the z-
direction, and its frequency is swept across the chiral cavity
resonances. Red and blue data points represent light collected
in the CW and CCW modes.

the chiral coupling and observe balanced scattering into
the two cavity modes for a single atom.

CONCLUSION AND OUTLOOK

In summary, we combine the tweezer array platform
with a novel bow-tie ring cavity to explore collective light-
scattering phenomena at the few-atom level. We observe
asymmetric interference in the two running-wave cavity
modes governed by the geometric structure of two, three,
and four atom arrays. Additionally, we see the narrow-
ing of regions of constructive interference with increasing
atom number, matching a Bragg-like condition for scat-
tering even with separations much larger than the optical
wavelength. The presence of interference in both cavity
modes enables measurement of the average atomic sep-
aration with sub-nanometer precision. Furthermore, we
present the first realization of ground-state cavity cool-
ing of single atoms trapped in optical tweezers in the
resolved-sideband regime, cooling atoms to about 2 puK
along all three directions. Finally, we observe directional
light scattering by a single atom in our chiral, twisted
ring cavity when the atom breaks the time-reversal sym-
metry of the light-matter interaction.

Engineering directional light-matter interaction with
single-atom chiral light scattering and few-atom Bragg
scattering paves the way for studying quantum chiral op-
tics [64, 69] such as non-Hermitian and non-reciprocal
interactions [70, 71], as well as exploring symmetry-
breaking and phase transitions in cavity optomechanics
such as self-organization [36-39, 72, 73]. Combined with
the fast and non-destructive state detection and atom
counting demonstrated recently [18, 19, 21], our work
can also be extended to create molecules from atoms and
study atomic collisions in real-time. In contrast to con-
ventional cooling methods, cavity cooling does not de-
pend on the detailed atomic structure, and applies to a
broad class of particles including neutral atoms, ions [74],
molecules [75], and nanoparticles [76-78]. In view of



the very low attainable temperatures given by the cavity
linewidth (2 pK in our case), cavity cooling can be used
to improve the fidelity of various quantum processes, such
as the gate fidelity in Rydberg arrays [11].
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METHODS

Modes of bow-tie cavity. The schematic of our
setup is shown in Fig. la. A one-dimensional array of
tweezer-trapped cesium atoms is placed at the small waist
of a bow-tie cavity along the = direction [50]. The traps
are generated by magic-wavelength 937 nm light [79, 80]
using an out-of-vacuum microscope objective (NA=0.5)
and an acousto-optic deflector. The waist of each trap is
1 pm with a trap depth U/h = 27 MHz. The large spac-
ing (3.1 cm) between the cavity mirrors of the short arm
enables direct loading of the atom array from a magneto-
optical trap (MOT) generated inside the cavity. Two
852 nm beams near the cesium D2 transition are sent
from the side in the x — y and x — z planes to probe the
scattering into the cavity by the atoms.

FIG. 6. Empty-cavity spectrum. (a) Schematic for prob-
ing the empty-cavity spectrum. Light is incident on one of
the cavity mirrors to probe the CW mode, and transmission
is collected on a single photon counting module. (b) Mea-
sured empty-cavity spectrum.

We denote the two counter-propagating running-wave

modes in our cavity as clockwise (CW) and counter-
clockwise (CCW) modes. A small out-of-plane twist of
the cavity breaks the degeneracy of o, and o_ polar-
izations (defined relative to the x axis) for a given di-
rection, yielding a frequency splitting of 8.417 MHz as
shown in Fig. 6b. Due to time-reversal symmetry, the
frequency of the o (0_) CW mode is degenerate with
the o_ (04+) CCW mode in the absence of an atom in
the cavity. The measured linewidth and cooperativity of
a single propagating mode are x/(27) = 36.7 kHz and
n = 4¢® kT’ = 21, respectively [19)].
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FIG. 7. Phonon occupation of one atom in an array.
(a) Schematic of the sequence to test coupling to collective
motion. A two-atom array is prepared via probabilistic load-
ing and measurement of atom number via cavity transmission
near-atomic resonance [19]. A side probe cavity cools the ar-
ray and is also used to measure the amplitude of the resolved-
sideband spectrum in order to extract the mean phonon oc-
cupation. This probe is detuned from atomic resonance by
Aca/(2m) = 1.706 GHz. (b) Extracted phonon number dur-
ing the sequence: before cavity cooling, after cavity cooling
and ramping down of one tweezer, and after cooling the re-
maining atom.

Cavity cooling of a multi-atom array. To test
the coupling of the cavity cooling to collective motional
modes, we measure the phonon occupation of a single
atom after applying cavity cooling to a two-atom array
as shown schematically in Fig. 7a. We begin by preparing
a two-atom array probabilistically, and identify instances
with two atoms by probing cavity transmission [19]. We
cavity cool the radial motion of the array as in the main
text with a beam incident from the side of the cavity
and detuned by A.q/(27) = 1.706 GHz. We measure the
mean phonon occupation in the radial motion by probing
the carrier and sidebands of the resolved-sideband spec-
trum before cavity cooling as well as after cavity cool-
ing and adiabatically ramp down one of the tweezers so
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FIG. 8. Radial phonon number of cavity cooled multi-
atom arrays. Mean phonon occupation of the radial motion
of arrays with different atom numbers. The probe is detuned
from atomic resonance by Ac,/(27) = 1.521 GHz.

that only one atom remains. Finally, we cool the re-
maining atom again and measure its temperature to test
whether it can be cooled further. Additionally, we per-
form the same procedure but with only one atom initially

loaded in the preserved tweezer, in order to distinguish
any heating due to coupling between tweezer tones in the
AOD. We observe no measurable difference between the
phonon occupation of a single atom when it is cooled in
the presence of another atom or by itself, indicating little
coupling to collective motion while cavity cooling a multi-
atom array. We observe a small additional temperature
reduction after the final cooling stage of the remaining
atom in both two- and one-atom cases, perhaps indicat-
ing heating during the ramping down of the other tweezer
trap. Separately, we cavity cool multi-atom arrays with
different atom numbers and observe radial phonon occu-
pations demonstrating cooling to the ground state, Fig. 8.
We also measure the heating rate of the tweezer traps
by cavity cooling, waiting for a variable time, and then
measuring the radial phonon occupation. This measure-
ment is limited by the single atom lifetime in the traps,
which derives from the background pressure in our vac-
uum chamber. We bound the heating rate to be be-
low 10 phonon/s in our experiment, while the anticipated
heating rate due to photon scattering of the far-detuned
tweezer light is on the order of 1 phonon/second.
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Supplemental Material: Cavity-enabled real-time observation of individual atomic
collisions

S1. LIGHT SCATTERING OF AN ARRAY OF TWO-LEVEL ATOMS IN A RING CAVITY

The Hamiltonian of an array of atoms at position {r;} coupled to a ring cavity under a tilted side drive is given by

H=—-A.(ala, + ajal) - ZAGJJT-UJ» + gZ(U;areZk” + U;ale_““"j + h.c.)+ 3 Z(U;elk”“m“’ + h.c.). (S1)

J J J

Here a,; are the annihilation operators of the two traveling modes, A, = wp, — w, is the detuning between drive and
cavity, and A, = wp —w, is the detuning between the drive and atomic resonance. 2g is defined as the Rabi frequency
of a single photon in the right (or left) mode flopping the atomic level, §2 is the Rabi frequency of the side drive, and
o; are the atomic lowering operators. In the low saturation limit, solving for the steady-state atomic excitation and
inserting it into Eq. (S1) yields the effective Hamiltonian

H=-A./a Tar + al ar) + Z E (alar + a}Lal + e_zi’“”alal + 2tk am}) (S2)
= (3)
+ Z gQA (e—ikrj(l—sin Lp)a‘f + eikrj(1+sirl Lp)aT + eikrj(l—sin w)a + e—ikrj(1+sirl Lp)a ) (S?))
—i—AQ r 1 T l
—(A. = NU.)(a arJralal)JrU(GOa alJrGOaral)JrQ (gaTqLGlal + h.c.). (S4)
where in the last line we have defined U, = T g)zA AT the effective drive of the cavity field 2, = %, and three

geometric factors Go = e~ 2k G =3 ethril=sine) “and G; = > e~ tkri(14sine) Ty calculate the steady-state
photon numbers in right and left modes, we can solve the Heisenberg equations of motion for the field operators in
each mode. In the far-detuned limit such that the cross-coupling between the right and left modes can be neglected,
the photon numbers in the two modes are

TN L ! (35)
T2 4 4A2 21 + NnL(A) + 4(A, — NU.)2’
292 4
_ G (56)

2 + 4A2 k2[1 + NnL(AL)? + 4(A, — NU.)?

S2. CAVITY COOLING TEMPERATURE MEASUREMENTS

In the resolved-sideband regime, where the cavity linewidth is much smaller than the trap frequency, kK < wy,
the mean phonon occupation, (n), can be experimentally measured by probing the cavity scattering rate at carrier
and both sidebands. In the Lamb-Dicke regime and for temperatures approaching the groundstate the mean phonon
occupation can be calculated from

F'red
Fblue - FTed

(n) = (S7)

On the other hand, when the mean phonon occupation of the system is not close to 0 and the sidebands are not
resolved, one must take into account a distribution of sidebands with higher order components and with weights given
by a thermal distribution in order to extract a temperature from the spectrum [81]. Assuming the system is under
thermal equilibrium with a mean phonon occupation (n) = 1/(e"/*27 —1) according to a Bose-Einstein distribution,
then the occupation p; on each level |I) is given by

_ ey

- e kBT h(,dt h{/.)t
n=— —exp< lkBT> {1 exp< k‘BT>:|. (S8)




The scattering rate into the m*”* sideband w,, + mw; should then be calculated with

Tz =Ty x P(m), with (S9)
Pm)= 3 pil (mg + m| ek ) 2
n=—m
1 h/OJt 2 h,(Ut 2
eXp{ 2kaT (2(n) + )77LD:| X Im [GXP(%BT> (n)nz.p (S10)

where I,,(a) is the modified Bessel function of the first kind, and P(m) is the scattering fraction of the m*" side-
band [81]. When probing the scattered light using a cavity, one gets the spectrum

e 2

K
Fc(wp) = nrsc Z

SRRt A (wp + mwy — we)?

x P(m). (S11)

Thus, scattering from the m!” red(blue) sideband of the measured cavity spectrum at w, = w, F mw; has a weighted
amplitude of P(£m). When a light scattering process couples to multiple vibrational degrees of freedom, the spectrum
contains multiple manifolds of sidebands. Assuming the motions are uncoupled, the resulting spectrum is a simple
extension of Eq. S11.

In our experiment, we extract the radial temperature after cavity cooling through a separate measurement of the red
and blue sidebands. We apply cavity cooling for 6 ms before each measurement of the scattering rate at the carrier,
red, and blue sideband frequencies. We ensure that the phonon number is not modified during these measurements
by setting the probe beam intensity such that average scattered photon number is less than 1. With knowledge of the
measured cavity linewidth, we then subtract off the contribution of the tails of the carrier transition at the frequencies
of the red and blue sidebands in using Eq. S7 to extract the average phonon number. The temperature can then be

calculated from exp(%) = (1+ (n))/{(n).

Due to the collective interference in cavity scattering on the carrier transition, the temperature measurement is more
complicated for a multi-atom array. One must subtract off the carrier contribution at the sideband frequencies for
the geometry used while cavity cooling. To validate that our temperature measurement is consistent regardless of the
geometric structure of the atom array, we measure the temperature of a two-atom array for various atomic separations
d/ )\, Fig. S1. We observe that the modulation of the collective scattering into the cavity at all probe frequencies is
accounted for by Rayleigh scattering from the carrier transition. Accordingly, the extracted mean phonon number,
Fig. S1d, is independent of atomic separation to our measurement resolution. We note that the temperature measured
by the left mode is higher than the temperature measured by the right mode. This results from coupling to axial
motion in scattering into the left mode due to imperfect alignment of the tweezers, probe, and cavity mode. For the
measurements in Fig. S1, we only apply radial cavity sideband cooling, while the axial motion remains hot. The same
effect reduces the contrast in Bragg scattering as discussed in the main text.

To extract the temperature of the axial motion, we directly fit the measured spectrum (main text Fig. 5c) using
Eq. (S11) with both axial and radial couplings. We use a six parameter fit for the cavity resonant frequency w,, the
two trapping frequencies wazial, Wradial, Mmean phonon occupation (Ngzial), (Nradial), and cavity scattering rate (nl'sc).
We set the Lamb-Dicke parameter of the two motions to be Naziai = \/ Erec/Mazial; Mradial = \/ Erec/wradiai Where
E,ec = (27)2.07 kHz assuming that the beam is incident near the longitudinal axis of the tweezer and is orthogonal to
the cavity mode. To simply the fitting process, we truncate the order of the included sideband in the cavity spectrum
to [m| <4, |n| <2 and mn = 0 for the axial and radial sidebands, respectively.

A. Radial Temperature Limit Considerations

For a Lamb-Dicke trap, cavity-cooling in the resolved-sideband regime has a cooling limit given by [48]

42
=|—-——-—5Dn+C
(n) (nQ + 16w? n+ ) Dn(1—

where D is the ratio of the recoil energy of the cavity scattering to the free-space recoil energy E,c.o = h?k?/2m,
and C is the ratio set by the direction of the beam and dipole orientation. Both constants D and C are on the
order of unity. In our experiment, the radial motion of the tweezer is in the x — y plane with a trapping frequency
wy ~ (27)90 kHz, yielding k?/(16w?) ~ 0.01. Considering cavity scattering into both +x and —x directions of the

1 N K2 +1C(1+ K2
) 16w? 16w?2

D ) (S12)
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FIG. S1. Phonon occupation of a two-atom array. (a) Dependence of the collective scattering rate of two atoms on
their atomic separation when probed (a) on cavity resonance (i.e. the carrier transition), (b) on the blue sideband of radial
motion, and (c) on the red sideband of radial motion. The light red and blue markers show the inferred contribution from
carrier-scattering, assuming a cavity linewidth of k = (27)36.7 kHz. (d) The extracted mean phonon occupation using the
measurements in (b) and (c). Here, the cavity-atom detuning is A., = 1.521 GHz and cavity cooling of the radial motion is
applied for 6 ms before either measurement of the carrier scattering rate for 1 ms, or the sidebands for 0.2 ms. A magnetic
field of about 10G is applied transverse to the cavity.

bow-tie cavity (with equal rate) to cool the atomic motion along the x direction gives D, = 2, C,, = 2/5, while for
the atomic motion along the y direction yields D, = 2, C, = 7/5, and therefore a cooling limit corresponding to an
average radial phonon occupation of (n,q.q) = 9/(20n). The single-atom, single-mode cooperativity of our cavity is
7 =~ 21 when probing near-resonance of the F' = 4, mp = +4 < F = 5,mp = 45 cycling transition that couples
optimally to the circularly polarized cavity mode. When probing the atom from the side of the cavity, along y, with
a large detuning compared to the excited state energy structure, the contribution from different excited states as well
as the splitting of the polarization modes reduces the effective single-mode cooperativity to % X %77 = 7. Thus, we

estimate the cooling limit of the radial motion in our system to be (n,qq) =~ 0.07.

S3. INCOHERENT COLLECTIVE-SCATTERING FROM MULTI-LEVEL ATOMS

For atoms with more than two levels involved in the light scattering process, entanglement between the scattered
light and the atoms’ state can introduce incoherence in collective light scattering as measurement of the photon field
effectively traces over the states of the atoms [82]. For Cesium atoms, we consider the transitions between the F' = 4
ground states and F’ = 5 excited states of the Cesium D2 line. We assume the initial state of the atom is pumped to
a mixed state and coupled to a single mode of the cavity in vacuum

m=+4

po="3_ enlm)(m| @0} (0], (13)

m=—4

where the ¢, indicate the distribution of population over the Zeeman sublevels, satisfying > c¢,, = 1. Consider a
Rayleigh scattering process such that the population distribution over Zeeman sublevels is preserved, the atom-photon
state of the system after the scattering process becomes
m=-+4
p= Z cm [m) (m| @ |am) (aml (S14)

m=—4
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where |a,,) is a coherent state with field amplitude |a,,| and photon number |a,,|?. Scattering from each Zeeman
sublevel occurs with different strengths due to differences in Clebsch-Gordan coefficients, leading to distinct o, for
scattering from each transition in the most general case. For two atoms, the scattered field additionally has a relative
phase ¢ and the state after the scattering process can be written

m=441=+4
p= Z Z cmer|m) (m] @ |1) (1] @ |am + alei¢> (am + ae™]. (S15)
m=—4]=—4

The average scattered photon number is then

(n) = Tr{afap} = Zcmcl|am + oqet?|? (S16)
m,l
=2 Z Com|Cm|? + Z cmcl(oznaboz?‘efi‘ls + afnaleid’) (S17)
m m,l

cos (¢ + o), (S18)

:22 cm|am|2+2’ E CmClOG, 0y
m m,l

where ¢g = arg (3 e o). When sweeping the phase ¢ (e.g. through the separation between atoms), the collective
scattering into the cavity thus oscillates with a contrast given by

o [ enaohal ool Sao | S enonl <o
- 2 - 2 - 2 ( )
> Cmlam] > Calam] > Cmlaml

which is less than 1 by a Cauchy-Schwarz inequality.

In order to understand the role multi-level scattering plays in collective-scattering in our system, we estimate the
scattering for arrays of atoms matching the Bragg condition for a few representative initial states in Fig. S2, with an
atomic detuning of A.,/(27) = 100 MHz in order to make the trend apparent. In the most extreme case when the
initial state has half the population in each of the stretched states, the effective incoherence from tracing over light-
atom entanglement has the most dramatic effect. In the case of pumping to near a stretched state pio = p13 = py4,
the interference is very close to N2 scaling, while the result for equal population in all sublevels falls in between these
cases. When studying this scaling experimentally, we remove the strong transverse magnetic field so that emission
is directional, into the CW mode, and the atom is pumped at least close to the F' = 4, mpr = 4 state. Additionally,
the experimental detuning is A.,/(27) = 1.521 GHz, where the scattering rate from different hyperfine levels will be
more similar than in the example of Fig. S2. Hence, we conclude that the incoherence due to scattering from many
sublevels is a small effect in our experiment and instead we believe it is likely the finite temperature, perhaps induced
by the directional scattering, that is the largest contributor to the measurements showing less than N2 scaling.

S4. SPECTRUM OF COLLECTIVE SCATTERING

In Fig. S3 we show the spectrum from collective scattering measured at atomic separations that yield constructive
and destructive interference. The data in main text Fig. 4 are extracted from Fig. S3a,b by calculating the mean
scattering rate in the range of [—10,10] kHz. We note that in these measurements we apply a small magnetic field
along the cavity axis to maximize the cavity scattering into the CW mode. As the probing light is tuned far from
atomic resonance, the cavity resonance and linewidth are insensitive to the atom number.



FIG. S2. Collective-scattering at Bragg’s condition for multi-level atoms. Cavity-atom detuning is set to Ao /(27) =
100 MHz. We assume the probe beam has a linear polarization, orthogonal to the quantization axis of the atoms. Each curve
represents the collective scattering from atoms with different initial populations in Zeeman sublevels indicated by the legend.
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FIG. S3. Spectra for collective cavity scattering. (a),(b) Spectra for collective scattering by N = 1,2, 3,4 atoms separated

with a distance d(1 —sin)/A = 17,17.5, respectively. The cavity-atom detuning is Acq = 1.521 GHz. In these measurements,
we apply cavity cooling to cool the radial motion.
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