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We report on the creation of an array of spin-squeezed ensembles of cesium atoms via Rydberg
dressing, a technique that offers optical control over local interactions between neutral atoms. We
optimize the coherence of the interactions by a stroboscopic dressing sequence that suppresses super-
Poissonian loss. We thereby prepare squeezed states of N = 200 atoms with a metrological squeezing
parameter £2 = 0.77(9) quantifying the reduction in phase variance below the standard quantum
limit. We realize metrological gain across three spatially separated ensembles in parallel, with the
strength of squeezing controlled by the local intensity of the dressing light. Our method can be
applied to enhance the precision of tests of fundamental physics based on arrays of atomic clocks
and to enable quantum-enhanced imaging of electromagnetic fields.

Quantum projection noise limits the precision of state-
of-the-art measurements of time, acceleration, and elec-
tromagnetic fields based on spectroscopy of ensembles of
atoms. Entanglement among the constituent two-state
atoms, or equivalently spins, can enable enhanced preci-
sion by squeezing the quantum noise [1-3]. Spin squeez-
ing has been demonstrated in several experimental plat-
forms featuring all-to-all interactions, including atoms in
optical cavities [4-7], Bose-Einstein condensates [8-15],
and ions coupled by collective motion [16, 17]. How-
ever, a wide range of metrological tasks stand to bene-
fit from instead generating spin squeezing with local in-
teractions. Notably, entangling Rydberg atoms [18-29],
molecules [30], or solid-state spins [31, 32] via their native
interactions offers prospects for applying squeezing in op-
tical tweezer clocks [33, 34], electrometers [35], molecular
spectroscopy [30], and compact magnetometers [36].

For local control of spin squeezing in systems of neu-
tral atoms, several proposals have envisioned applying
the method of Rydberg dressing [24, 27-29, 37]. Here, an
off-resonant laser field hybridizes one of two ground spin
states with a Rydberg state to induce interactions with
a characteristic range on the few-micron scale [38-40].
Such short-range interactions are ideally suited to gener-
ating arrays of independent squeezed states for spatially
resolved sensing [15]. By offering local and dynamical op-
tical control [41, 42], Rydberg dressing further promises
to enable metrological protocols employing multiple in-
ternally entangled ensembles to maximize the dynamic
range of a sensor or the stability of a clock [43-45].

Several experiments have demonstrated coherent
Rydberg-dressed interactions in small systems [19, 20,
46, 47]. However, maintaining sufficient coherence to
scalably engineer many-body entanglement has so far
proven challenging [42, 48-50]. Decoherence is domi-
nated by facilitated excitation, wherein a single atom
that decays into a Rydberg state shifts the atomic transi-
tion for surrounding atoms into resonance with the dress-
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FIG. 1. Experimental setup. (a) An array of atomic en-
sembles is locally illuminated with 319 nm Rydberg dress-
ing light, inducing interactions of characteristic range r..
(b) Level diagrams for one atom (left) and a pair of atoms

(right), where |+) = (|r1) + [17))/v/2 and |f) denotes
the Rydberg-dressed state. (c) Interactions generate an S.-
dependent precession (twisting) of the collective spin S that
shears a coherent state (left) into a squeezed spin state (right).

ing light, triggering an avalanche of subsequent excita-
tions [48, 49, 51-53]. This effect is of greatest issue in
systems with high dimensionality, such as 3D optical lat-
tices [48, 50] and bulk gases [49]. These systems are par-
ticularly relevant in metrological applications, where in-
creased particle number enables increased measurement
precision.

In this Letter, we report on the generation of an array
of spin-squeezed atomic ensembles by Rydberg dressing.
For pseudospins encoded in the hyperfine clock states of
cesium, we generate Ising interactions by off-resonantly
coupling one clock state to a Rydberg state. Whereas
applying the dressing light continuously induces super-



Poissonian loss attributable to avalanche effects, a stro-
boscopic pulse sequence suppresses this loss to enable
coherent interactions. We observe the dependence of the
resulting squeezing on the local intensity of the dress-
ing light and detect squeezing in three adjacent ensem-
bles, with a minimum metrological squeezing parameter
€2 =0.77(9).

Our experiments are conducted in a one-dimensional
array of optical microtraps [Fig. 1(a)], consisting of
nine sites with 25 pm spacing. Each array site con-
tains a cloud of typically N = 200 cesium atoms with
rms dimensions [1.7(2), 1.7(2), 19(2)] pum, correspond-
ing to a peak density po = 2.3(3) x 10! cm~3. We
prepare the atoms in a superposition of the hyperfine
clock states ||) = [6S1/2,F =3,mp=0) and |1) =
651 /2, F =4, mp = 0). To introduce Ising interactions
within each array site, we dress the state |1) using 319 nm
light detuned by an amount A from the 60P3,, Rydberg
state |r) [Fig. 1(b)]. A nonuniform intensity of the dress-
ing light across the array allows us to perform experi-
ments at multiple Rabi frequencies () in parallel.

The interactions induced by Rydberg dressing can be
understood as a suppression of the ac Stark shift that
the dressing light imparts to each atom due to the in-
fluence of nearby atoms [Fig. 1(b)]. This effect is most
pronounced for an ensemble of N atoms localized within
a critical length scale 7. = |Cg/ 2A|1/ % below which the
van der Waals interaction Vg = Cg/7% between two Ry-
dberg atoms exceeds the pair-state detuning 2A. In this
idealized limit, the Hamiltonian takes the form

~ _ X g2
H ~ UpS, — 252, (1)

where S, = (Ny — N|)/2 denotes the population differ-
ence between the clock states [24]. Here, Uy ~ Q2/(4A)
denotes an overall ac Stark shift that can readily be re-
moved by spin echo, while y ~ NQ*/(16A%) param-
eterizes the mean-field interaction, which manifests in
an S,-dependence of the ac Stark shift. The result-
ing S,-dependent spin precession, termed one-axis twist-
ing [1], provides a means of squeezing quantum fluctua-
tions [Fig. 1(c)].

Our experiment is guided by this idealized model of
spin squeezing by one-axis twisting but must contend
with two key factors beyond it. Firstly, we operate with
atomic clouds larger than the interaction ellipsoid with
radii Y% & (3,5,5) pm, so the collective spin model
in Eq. 1 only approximately describes the dynamics [54].
Secondly, the squeezing must compete with decay of the
Rydberg-dressed state, which in practice is often exac-
erbated by multi-body loss processes that induce super-
Poissonian noise [48-50]. We focus first on minimizing
such loss to optimize the coherence of the dressing, be-
fore examining the role of the finite interaction range and
observing the resulting squeezing.

We maximize coherence in our system by implement-
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FIG. 2. Stroboscopic Rydberg dressing. (a) An equal
superposition of states |1) and |}) is prepared by a 7/2 mi-
crowave rotation (purple) and subjected to dressing pulses of
length 7, (blue) at intervals 74. (b) Atoms in contaminant

states |¢) (orange) influence dressed atoms |1) (purple-blue).
(c) Histograms of S, for one microtrap with (blue) or with-
out (gray) dressing light. Broadening observed for continuous
dressing (top, 74 = 0) is suppressed by pulse delay 74 = 100 ps
(bottom). (d) Normalized variance vs loss, plotted across mi-
crotraps for 74 = 0 us. Linear fit (red) reports atoms being
lost in groups of size ¢ = 17(1). Green shows Poissonian
loss (g = 1). (e) Normalized variance, averaged across three
central microtraps, vs pulse delay for 7, = 628 ns, M = 48.
Fitting to 02 = Aexp(—y74) + 1 yields v~ ! = 29(9) ps. “X”
markers in (d-e) denote data shown in (c).

ing a stroboscopic dressing sequence designed to suppress
facilitated excitation to the Rydberg state [Fig. 2(a-b)].
We apply the dressing light in a sequence of pulses, each
smoothly shaped to ensure that the dressing is adiabatic
and ideally leaves all atoms in the ground state |1) at
the end of the pulse. Non-idealities, including incoher-
ent excitation due to laser phase noise and blackbody
decay to nearby Rydberg S and D states that are dipole-
coupled to the dressing state |r), can nevertheless lead
to atoms populating the Rydberg manifold. A separa-
tion 74 between the pulses provides time for any con-
taminant atoms to decay or be expelled by antitrapping,
thereby averting avalanche effects. Such stroboscopic
dressing was proposed in Refs. [20, 50] and implemented
in Ref. [41] for measurements of mean-field dynamics.

For spin squeezing, optimization of the dressing pulse
sequence is essential to avoiding even subtle loss processes
that add percent-level noise to the quantum state. To
probe such loss, we first prepare each atom in an equal su-
perposition state |7/2) = (|1) + |1)) /v/2, obtained by a
7 /2 microwave rotation of the initial state |]) [Fig. 2(a)].
We then apply a sequence of dressing pulses separated by
a variable time 74. Since the dressing light affects only



state |1), any light-induced loss manifests in a population
difference between the two spin states, which we read out
by state-sensitive fluorescence imaging.

Figure 2(c) shows representative histograms of the
population imbalance S, /N between the clock states in a
single microtrap after a total dressing time 7,y = 30 ps.
For light applied in a single long pulse (74 = 0), we ob-
serve loss from state |1) and accompanying noise in the
atomic state populations. Performing the same analy-
sis for all microtraps, which experience different levels
of loss due to the spatially varying light intensity, we
plot the spin noise versus loss in Fig. 2(d). Specifically,
we define 02 = 4(AS.)?/N as the variance normalized
to that of a coherent spin state and plot o2 as a func-
tion of the fractional loss ¢ = ((S), — (S:))/N, where
(Sz)o ~ 0 is the population imbalance in the absence
of dressing light. For small loss ¢, we observe a growth
02 ~ 1+ gf, where the slope g = 17(1) exceeding unity
evidences super-Poissonian statistics.

The loss is suppressed by introducing a delay between
the dressing pulses. In particular, we divide the total
dressing time 7y, into M = 48 pulses spaced by a vari-
able delay. The histogram of the state populations after
dressing with delay 74 = 100 ps [Fig. 2(c)] exhibits sub-
stantially reduced loss and negligible broadening. Plot-
ting the dependence of the spin noise o2 on the delay
74 |Fig. 2(e)] reveals that the noise decays to the quan-
tum projection noise level 2 = 1 on a characteristic
timescale y~1 = 29(9) us. We attribute this timescale
to a combination of the Rydberg atoms’ radiative decay
and ejection out of the microtraps via the repulsive pon-
deromotive force, both of which occur on times of order
100 ps [54, 55]. We henceforth set 7; = 100 us to ensure
negligible broadening of the S, distribution.

Observing the interactions induced by Rydberg dress-
ing requires measuring the S,-dependent phase accrual
due to the dressing light. Specifically, the dressing light
shifts the clock transition of each atom by an amount

s 1

S 1N (/)

in units where & = 1. Here N:" denotes the number of
surrounding atoms (in state |1)) within the interaction
ellipsoid of radii r.(A). In the ideal case where all atoms
are confined within the interaction range (N. = N), ex-
panding Eq. 2 in powers of S, = N — N./2 yields the
one-axis twisting Hamiltonian (Eq. 1). More generally,
we expect similar twisting dynamics [24, 41, 54] with a
collective interaction strength x set by the number of
neighbors N, as

XTT\24dS. g, 16 A

where A = /A2 + N.Q2/2.
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FIG. 3. Quantifying interactions. (a) Microwave (pur-
ple) and dressing (blue) pulse sequence for measuring the ac
Stark shift U by Ramsey spectroscopy. (b) U(A) measured
at 0 = (w/4,7/2,37/4) (green squares, orange triangles, blue
circles). Solid lines show fits that determine Q, and N]. In-
set: visualization of accumulated phase ¢. (c) NJI(A.) vs
cos? (0/2), with linear fit (red line) of slope N.. (d) Fitted
number of neighbors (bottom) and Rabi frequency (top).

To experimentally determine the number of interact-
ing neighbors and the collective interaction strength, we
measure the ac Stark shift for atoms prepared in different
initial states |#) = cos(6/2) |1) + sin (6/2)]}). We per-
form each measurement via the Ramsey sequence shown
in Fig. 3(a), where stroboscopic dressing is followed by a
7 /2 microwave rotation that converts the acquired phase
into a measurable population difference. Based on the
total phase shift ¢ = [ U(t) dt measured in the Ramsey
sequence and the known shape of the dressing pulse, we
determine the ac Stark shift U [54]. The dependence of
U on detuning A is shown in Fig. 3(b) for three differ-
ent polar angles § = (w/4, 7/2, 3w/4) of the collective
Bloch vector. The suppression of the ac Stark shift with
decreasing polar angle evidences interactions among the
Rydberg-dressed atoms in state |1).

We quantify the interactions by fitting the dependence
of the ac Stark shift U on detuning. These fits reveal [54]
both the peak Rabi frequency 2, and the number of in-
teracting neighbors N oc pcos?(6/2) [, r&(A) for each
microtrap. The data corroborate the expected depen-
dence N o cos?(6/2) of the number of interacting neigh-
bors on the tilt of the Bloch vector, shown in Fig. 3(c) for
a representative detuning A, = 27 x 8 MHz. Linear fits

of the form N = N, cos?(0/2) reveal the total number



(a)

(d)

R (1/2) .

(b)

—n/2 -n/4 0

a (rad)

/4 /2 1

FIG. 4. Spin squeezing. (a) Sequence of microwave (purple)

2 34567
Microtrap index

0.2 0.4

Q (rad)

0.6

and dressing (blue) pulses for preparing the initial state |7/2),

implementing one-axis twisting with spin echo, and measuring S,. (b) Squeezing parameter £ vs « for one microtrap, measured
with (blue circles) and without (gray squares) dressing. (c) Top: minimum (£2;,, green circles) and maximum (£2,,, orange
diamonds) squeezing parameters after dressing. Bottom: twisting strength @ (blue circles). Gray squares represent 52(aopt)
with no dressing light. Gray dotted line denotes Cy 2. Blue shaded region is a guide to the eye for the twisting strength used
to predict squeezing (orange shaded) and antisqueezing (green shaded). Yellow shading indicates microtrap shown in (b). Top:
fluorescence image of microtraps. (d) Squeezing (green circles) and antisqueezing (orange diamonds) vs @. Solid lines denote
parameter-free model of one-axis twisting for N. atoms with initial contrast Cy. Dotted lines add 7% technical noise, consistent

with excess noise observed without dressing in (c).

of neighbors N, within the interaction ellipsoid in each
microtrap [Fig. 3(d)]. The result of N, &~ 13 neighbors,
approximately consistent with the atomic density and the
calculated Rydberg-dressed potential [54], confirms that
the total system size is N/N, & 15 times larger than the
interaction ellipsoid, as illustrated in Fig. 1(a).

To generate spin squeezing, we apply stroboscopic Ry-
dberg dressing to an initial spin-polarized state |6) =
|7/2) along X. We isolate the twisting effect of the Ising
term in Eq. 1 by a spin echo sequence [Fig. 4(a)] that
removes the average ac Stark shift Uy. After applying
M = 48 dressing pulses at a detuning A, = 27 x 8 MHz
and a central Rabi frequency Q =~ 27 x 1.2 MHz, we
measure the spin projection in a given quadrature S, =
S, cos(a) + 5, sin(a) by performing a microwave rotation
by an angle a about the mean spin vector (S) o % and
reading out S, via state-sensitive fluorescence imaging.

To quantify spin squeezing [Fig. 4(b)], we plot the
Wineland parameter &2 N (AS,)? /|(S)]?, where
¢%2 < 1 indicates enhanced angular resolution due to en-
tanglement [2]. Here, |(S)] is the length of the total spin
vector as determined from the contrast C = 2|[(S)| /N
of a Ramsey fringe. We calibrate the atom number
N by measurements of the quantum projection noise
of coherent spin states [54], where we remove a small
amount of common-mode technical noise by a linear re-
gression across microtraps. This same regression is ap-
plied to measurements of AS,,. The contrast is limited to
Co = 0.95(1) by inhomogeneous trap light shifts that are
imperfectly canceled by spin echo due to atomic motion.
We choose a sufficiently short interaction time that the
additional contrast loss due to the dressing light, includ-
ing atom loss, is at most 1%.

To investigate the dependence of the squeezing on the
interaction strength x, we leverage the variation in in-
tensity of the dressing light across the array. Figure 4(c)
shows the minimum squeezing parameter &2, = &%(aopt)
(green circles) for each of the nine array sites, com-
pared with the value for the same quadrature in the ab-
sence of dressing light (gray squares). In addition, we
plot an independent calibration of the twisting strength
Q = [ x(t) dt, based on the phase accumulated by coher-
ent states |6) with different initial tilts in the full dress-
ing sequence with spin echo [41, 54]. We observe the
strongest squeezing in the array sites with the largest
twisting strength, achieving a minimum squeezing pa-
rameter €2, = 0.77(9). We also observe correspond-
ingly strong antisqueezing &2, = &*(qopt — m/2) in the
orthogonal quadrature (orange diamonds).

The dependence of squeezing and antisqueezing on
twisting strength is summarized in Fig. 4(d). For com-
parison, the solid curves show a model of one-axis twist-
ing with N. = 13 neighbors, accounting for the finite
baseline contrast Cyp. The squeezing and antisqueezing
are consistent with the model predictions augmented by
a small amount of technical noise. Our measurement in-
cludes all detection noise, which is on the scale of 3% of
the quantum projection noise. Other factors contribut-
ing excess noise may include laser intensity fluctuations
and residual effects of rare contaminant atoms.

The observed improvement in squeezing with increas-
ing twisting strength suggests that stronger squeezing is
attainable at higher laser intensity or longer interaction
time. We limit the duration of each dressing pulse to
Tp ~ 600 ns to avoid excess contrast loss attributable to
contaminant atoms [54]. We also limit the total duration



of the stroboscopic dressing sequence to minimize trap-
induced dephasing. This effect could be mitigated by
improved cooling or state-insensitive trapping to access
longer interaction times. In addition, higher intensity of
the dressing light could be achieved by addressing the
ensembles sequentially with a focused beam.

Stronger twisting will allow for observing limits to
squeezing due to the finite interaction range. The inho-
mogeneous density of each atomic cloud is predicted to
limit the squeezing to approximately &2, = 0.3 [27, 54]
for our parameters. Overcoming this limit, either in an
ordered array or in a shaped trapping potential, would
enable squeezing by an amount &2 oc N, /3 get by the
number of interacting neighbors. For example, in a
fully three-dimensional system with the dressed inter-
action potential in this work, a uniform density p =
2 x 10" ¢cm™3 yields N. ~ 60 and allows for squeez-
ing by €2 ~ 0.09, or equivalently —10log¢&? ~ 10 dB.
The squeezing might further be improved by addition of
a transverse field [29, 41] or by leveraging atomic motion
to spread correlations beyond the interaction range.

By enabling local, optical control of spin squeezing in
an array of atomic ensembles, Rydberg dressing is ide-
ally suited to enhancing multiplexed atomic clocks and
sensors. Prospective applications include clock compar-
isons for tests of fundamental physics [56], cascaded in-
terrogation schemes for clocks limited by local oscillator
noise [43, 45], and quantum-enhanced imaging of mag-
netic [15, 57] or electric [35] fields. The ability to access
many-body entanglement by stroboscopic Rydberg dress-
ing further promises to advance quantum simulations of
lattice spin models that benefit from optical control of
long-range interactions [27, 46, 58-61].

Note: During completion of this manuscript, we be-
came aware of related works demonstrating spin squeez-
ing using Rydberg interactions in two-dimensional arrays
of single atoms [62, 63]. Bornet et al. [63] achieve a
squeezing parameter ¢2 ~ 0.4 via dipolar interactions
among Rydberg atoms. Eckner et al. [62] demonstrate
long-lived spin squeezing by Rydberg dressing in an op-
tical clock, observing squeezing £? ~ 0.4 that saturates
as the atom number is increased from N =4 to N = 70.
The authors attribute this saturation to collective dis-
sipation, which might be mitigated by the stroboscopic
dressing introduced here.
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