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Rydberg dressing is a powerful tool for entanglement generation in long-lived atomic states. While
already employed effectively in several demonstrations, a key challenge for this technique is the collective
loss triggered by blackbody-radiation-driven transitions to contaminant Rydberg states of opposite parity.
We demonstrate the rapid removal of such contaminants using autoionization (Al) transitions found in
alkaline-earth-like atoms. The Al is shown to be compatible with coherent operation of an array of optical
clock qubits. By incorporating Al pulses into a stroboscopic Rydberg dressing (SRD) sequence, we
enhance lifetimes by an order of magnitude for system sizes of up to 144 atoms, while maintaining an order
of magnitude larger duty cycle than previously achieved. To highlight the utility of our approach, we use
the Al-enhanced SRD protocol to improve the degree of achieved spin-squeezing during early time
dressing dynamics. These results bring Rydberg dressing lifetimes closer to fundamental limits, opening

the door to previously infeasible dressing proposals.
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Neutral atoms are a versatile platform for quantum
science. A key tool of this platform is coupling to high-
lying Rydberg states for access to strong interactions [ 1-3].
These interactions have featured prominently in recent
advances for high-fidelity gates [4-8], quantum many-
body simulation [9-14], and entanglement-enhanced met-
rology [15-20]. One coupling scheme which has garnered
substantial theoretical interest is Rydberg dressing [21-38],
in which a detuned laser causes the Rydberg van der Waals
potential to be effectively experienced as a softcore
interaction in a long-lived state [23,28]. In this way,
dressing enables on-demand interactions in a high-coher-
ence, controllable subspace. Experimentally, Rydberg
dressing has been used to implement entangling gates
[15,39], many-body spin dynamics [16,40-43], and
extended Hubbard models [44,45].

A major limitation for Rydberg dressing is blackbody
radiation (BBR) [46], which can trigger collective losses, as
shown in Fig. 1(b). In this process, BBR drives transitions
from the target Rydberg state |r) to a set of nearby,
opposite-parity Rydberg (contaminant) states |r'). The
resonant dipolar exchange interaction of |r/) with |r)
[47,48] can shift the dressing laser into resonance, facili-
tating a proliferation of Rydberg excitations. Signatures of
collective loss have been observed in a number of Rydberg
dressing experiments [16,18,40,49,50], as well as in
Rydberg spectra of Bose condensates [51-53]. Critically,
the collective loss can be triggered by only a single
contaminant (Rydberg atom), causing the loss rate to grow
for increasing ensemble size.

Collective loss can be mitigated by applying the Rydberg
laser in a series of short pulses with sufficiently long wait
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times in between [52,53,64]. Contaminants created during
each short pulse decay back to low-lying atomic states
during the wait, preventing facilitated excitation on sub-
sequent pulses. The suppression of collective loss in
dressing was recently demonstrated using such a strobo-
scopic Rydberg dressing (SRD) protocol [18]. Compared to
continuous Rydberg dressing (CRD) with a single pulse,
this SRD strategy suffers from a low duty cycle [65] as a
result of waiting for the contaminants to decay. A fast
contaminant removal procedure can be used to overcome
this limitation. In divalent atoms, such removal can be
performed by exciting the remaining core electron to an
autoionizing (Al) state [66,67]; from this state, the Rydberg
electron is ejected due to its interaction with the core
electron. Critically, both the core excitation and subsequent
Al can occur orders of magnitude faster than typical
contaminant state decay. Since the core transition frequency
is relatively insensitive to the Rydberg state, a single Al
laser is capable of removing all dominantly populated
contaminant states, reducing experimental overhead.
Previously, Al has been used for improved Rydberg
detection schemes [68—72] and the core transition polar-
izability for shifting the Rydberg state energy [73,74].

In this Letter, we report on fast contaminant removal via
Al in a Rydberg-dressed strontium atom array. We first
show the compatibility of Al with coherent state manipu-
lation, showing negligible impact on optical clock qubit
coherence and further Rydberg excitation. We then inte-
grate Al with SRD, achieving an order of magnitude
suppression of collective loss for two-dimensional ensem-
bles of up to 144 atoms; a Rydberg duty cycle near the 10%
level is maintained, compared to < 1% realized previously

© 2025 American Physical Society
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FIG. 1. Suppressing collective loss in Rydberg-dressed atom

arrays. (a) Schematic illustration of the experimental setup with
8Sr atoms (circles) trapped in an optical lattice (gray lines) and
lasers (colored arrows) driving the clock, Rydberg, and Al
transitions. BBR photons (ygpr, wiggly lines) couple the target
Rydberg state |r) to contaminant states |r’). (right) Electronic
states, transitions, and couplings relevant for Rydberg dressing
and AL (b) Collective-loss mechanism in Rydberg-dressed
atom arrays separated into steps (I-IV) for visual clarity:
BBR generates contaminant atoms |r’); this enables facilitated
excitation and subsequent collective loss if the pair potential
V., matches the laser detuning A. (bottom, III and IV*)
Removal of (contaminant) Rydberg atoms through AI sup-
presses the collective-loss mechanism. Ellipses (...) indicate
omitted steps such as Rydberg-atom decay. (c) Survival of an
N = 10 x 10 atom array after variable Rydberg dressing time
t, with CRD (gray diamonds) and SRD (blue circles). Solid
lines are numerical fits [54]. Error bars are standard error of the
mean and partly smaller than the marker size. Top right of
main panel shows a single-shot fluorescence image. Upper
histograms show the relative occurrence rate of observing
different survival fractions at specific times, obtained from
~500 independent repetitions of the experiment. Top right
diagram shows pulse sequence for SRD.

without AI [18]. Finally, we explicitly demonstrate the
utility of our approach by investigating spin squeezing
[16,18,28]. In a regime with significant collective loss at the
optimal squeezing time, we recover 3 dB of Wineland spin
squeezing with Al-enhanced SRD while suppressing
around 5 dB of noise relative to CRD. For the remainder
of the text, we will refer to our Al-enhanced SRD protocol
simply as SRD.

Our experiment, schematically illustrated in Fig. 1(a),
consists of strontium optical clock qubits (|g) = 55'S,,
le) = 5s5p3Py) in an optical lattice of spacing a, ~
575 nm [16,19]. N, atoms are arranged into rectangular
ensembles of dimension L, X L, > N, with a typical
filling fraction of around 97% and 2ay, or 3a,, spacing.
The clock state is coupled to the Rydberg state
|r) = 5547s3S,. To suppress nonadiabatic Rydberg excita-
tions, dressing pulses are performed by ramping up to and
down from a Rabi frequency Q, = 2z x 3 MHz in 0.2 ps;
simultaneously, the detuning A is ramped between 42, and
2Q,, yielding a maximum dressing parameter f =
Q,/2A = 0.25. Conceptually, f characterizes the admix-
ture of Rydberg character in the dressed state |&) ~ |e) +
S| r) which |e) is adiabatically connected to. BBR primarily
drives transitions from |r) to nearby contaminant states |r’)
in the 5snp3P0‘1,2 Rydberg series. A 1x407.89 nm Al
laser [54] is used to excite the core electron to a Sp3,nl Al
state; notationally, we distinguish between the |r*) =
5p3247s ), state excited from the target Rydberg state
|r) and other |r'*) states excited from all other BBR
populated states |/} [see Fig. 1(a) inset].

The core result of this Letter is shown in Fig. 1(c). The
experiment starts by preparing a 10 x 10 atom array in the
clock state |e). We probe the survival over time in |e) after
Rydberg dressing for two protocols. For CRD, we apply a
single (M = 1) dressing pulse while varying the pulse
duration 7,. For SRD, we apply a variable number M of
dressing pulses, each with a fixed 7, ~0.23 ps [54]; in
between dressing pulses, Al pulses of duration 7,; = 0.3 ps
are applied, followed by a wait time of f,,; =2 ps.
The total dressing time for both cases is defined as
tq = Mt,. Dressing times are plotted with respect to the
calculated two-body interaction energy V, = f°hQ,(1+
2Np?)73/2/2, with N the effective number of atoms in a
Rydberg blockade radius [18,54]. The data show an order
of magnitude improvement in the dressing lifetime for SRD
over CRD. The survival histograms at specific times reveal
the collective loss and its suppression by Al. For CRD, a
low survival tail rapidly develops even at relatively short
times, and ultimately the distribution becomes multimodal
with peaks around full survival and full loss [40]. This
structure can be understood intuitively from a quantum
jump perspective, with the different peaks corresponding to
whether or not a BBR-induced jump (and subsequent
collective loss) occurred. In contrast, the SRD case shows
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FIG. 2. Characterizing autoionization of n = 473S, Rydberg
atoms. (a) Duration of the Al process obtained by applying the Al
laser for variable duration 7,;. Here, p, (blue circles) corresponds
to the detection probability in |r). (b) Stark shift of the Al laser on
the optical clock transition. Ramsey fringe (red circles) after
application of 10* 74; = 0.2 ps-long Al pulses during the dark
time. Gray diamonds correspond to a reference measurement
without the Al laser. The fitted fringe contrast is C = 0.977(4)
[0.970(4)] with [without] applying the Al pulses and p, corre-
sponds to the detection probability in |e). (c) Transient Rydberg
resonance shift (purple circles) for variable wait time t,; after
applying a f5; = 0.3 ps Al pulse to a nearby Rydberg atom
(initial separation d = 3ay,), as illustrated in the top right
schematic. Purple circles in the inset show an example spectros-
copy measurement at f,, = 0.4 ps. Gray diamonds show a
reference spectroscopy measurement. In panels (a)—(c), pulse
diagrams illustrate the experimental sequence with all atoms
starting in |e) for (a),(c) and |g) for (b). Solid lines are numerical
fits, and error bars indicate Clopper-Pearson confidence intervals
for probabilities p and fit errors for 6.

a unimodal distribution which steadily decays. By quickly
removing the BBR-induced contaminants with Al, facili-
tated excitation is never triggered, and essentially single-
particle loss is recovered.

To determine the potential improvement in SRD duty
cycle, we characterize the Al rate in Fig. 2(a) by measuring
the survival of atoms prepared in |r) after an Al pulse of
duration t,;. The data show a 1/e timescale of
7a1 = 31(2) ns, which is three orders of magnitude faster
than the relevant Rydberg state lifetimes [19]. The rate is
currently limited by the Al laser intensity which determines
the Rabi frequency Q,; that the core transition |r) < |r*)
is driven at [54]; the fundamental limit of roughly

I3l ~ 15 ps is set by the intrinsic ionization rate I'y; of
|r*) [67,75]. The intrinsic rate varies with Rydberg princi-
pal number and angular momentum [66,76,77] but will be
similar for the states |#*) dominantly populated by BBR.
To ensure a high degree of contaminant removal, we use
ta; = 0.2-0.3 ps for SRD.

The AI leaves behind an ion [78] which substantially
alters the nearby electric field environment, disturbing
subsequent Rydberg excitation. We investigate this effect
in Fig. 2(c). Isolated atom pairs are prepared into the Bell
state (|er) + |re))/+/2 by performing a blockaded z pulse
[71,79]. After AI of the |r) state, we perform Rydberg
spectroscopy on the remaining |e) atom. This atom samples
the ion-generated field, shifting the resonance by o, (inset).
We observe 8, decay for longer durations t,,,; after the Al
pulse as the ion moves further away. The dominant
mechanism for ejecting the ions is likely to be acceleration
by stray electric fields, which we infer to be at the
360(20) mV/cm level [54]. For use in Rydberg dressing,
we fiX t,,;; = 2 ps, which is the dominant limitation for the
currently achievable duty cycle.

In Fig. 2(b), we further show that exposure to the Al laser
does not substantially degrade optical-clock-qubit coher-
ence. Employing a standard Ramsey interferometry proto-
col, we find that the fringe contrast is not reduced even after
applying 10* AI pulses during the dark time. From a
separate Ramsey measurement, we infer a differential
clock-transition Stark shift of 235.6(1) Hz due to the Al
laser, consistent with expectation from the measured Al rate
[54]. The phase shift per 1/e Al time, which is independent
of Al laser intensity in the currently relevant regime
Qa1 < Ty, is 27 x 7.3(5) prad.

With the Al process well characterized, we now return to
assessing the Rydberg dressing lifetime improvement using
SRD. While more sophisticated modeling for collective
loss dynamics has been developed [52,80], we choose to
simply characterize the dressing lifetime by a 1/e decay
time 7/, extracted from an empirical fit of the survival p,
over dressing time 7, [54]. We begin by investigating 7/,
for SRD as a function of pulse duration 7, (with fixed ramp
time) in Fig. 3(a). For these data, a 10 x 10 ensemble is
initially prepared in the equal superposition (|g) + |¢))/v/2
prior to dressing. The decay time shows a monotonic
decrease for longer 7, as the per-pulse probability of BBR-
induced decay and subsequent Rydberg facilitation is
increased. For the remaining results, we set ¢, to the lowest
value shown, corresponding to an ~8% duty cycle for the
largest systems explored.

To illustrate the suppression of the collective nature of
the loss, we investigate 7;/, as a function of density and
system size in Figs. 3(b) and 3(c), respectively. As a proxy
for density, we vary the average initial excitation fraction
(N,)/Ny = sin?(0/2) by preparing each atom of a 10 x
10 array into the superposition cos (8/2)|g) + sin (8/2)]e)
with a clock 6 pulse. To vary the system size, we instead use
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FIG. 3. Benchmarking contaminant removal through autoionization laser pulses. (a) Decay time 7/, (blue squares) for variable

Rydberg dressing pulse duration 7, in the SRD protocol, as illustrated in the bottom left inset pulse diagram. (b),(c) Decay time 7, for
(b) variable initial excitation fraction (N,)/N, in a constant N,,, = 10 x 10 array and (c) variable system size Ny = /Nyt X v/Nyo at
constant (N,)/N = 1/2. Blue circles (gray diamonds) correspond to SRD (CRD) protocols [see inset pulse diagrams in panel (b)].
Gray shaded regions indicate (experimentally) inaccessible regions. In panel (c), the solid blue line shows a constant 7, (N, = 1) [i.e.,
only scaled by the variation in V,(N, )], and the dotted blue line shows the ideal Rydberg-decay-limited dressing lifetime. In all panels,
dashed lines indicate numerical fits of Tl_/le to a linear form. Each data point is extracted from a numerical fit and error bars indicate

bootstrapped fit errors (partly smaller than marker size).

arrays of variable size N, = /Nyt X /Ny With fixed 0 =
7/2 ((N,)/N = 1/2). Indeed, we observe a markedly
steeper decrease of the decay time with both excitation
fraction and system size for CRD compared to SRD. For
the largest and densest systems, the lifetime improvement
using SRD is an order of magnitude.

The SRD results are not yet at the fundamental limit
7./p, set by the Rydberg state lifetime 7, and dressing
fraction p, [Fig. 3(c) dotted line]. One challenge is non-
adiabaticity of the pulses. Indeed the faster single-atom
(N = 1) decay for SRD compared to CRD appears to be
explained by nonadiabaticity based on numerical simula-
tions [54]. Interestingly, we find that the trend in 7/, with
larger N, for SRD is roughly consistent with just the
variation in V, at a fixed per-atom loss rate (solid line). The
degree to which nonadiabatic excitations affect 7/, for
these larger systems is less clear, but nonadiabaticity
certainly limits the minimum pulse duration which sets
the residual collective loss within a single pulse [Fig. 3(a)].
Further improving the dressing lifetime remains an open
challenge; nevertheless, the current results already demon-
strate qualitatively improved scaling of dressing lifetimes
for large systems by using SRD.

To explicitly demonstrate the utility of our approach, we
investigate spin squeezing using SRD in Fig. 4. Compared
to an unentangled coherent spin state (CSS), spin-squeezed
states feature reduced projection noise along a given spin
quadrature to achieve quantum-enhanced measurement
precision [81,82]. Spin squeezing is naturally generated
by the soft-core Ising interactions of Rydberg dressing
[16,18,28], which implement a finite-range version of the
canonical one-axis twisting Hamiltonian [83]. The spin-
squeezing protocol is shown in the diagram of Fig. 4(a),
following the procedure in Ref. [16]. We measure the
differential observable d, = S4/N{&, — SB/NB, between a
pair (A, B) of 5 x 14 ensembles to reject technical noise.
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FIG. 4. Preparing spin-squeezed states with autoionization-
enhanced stroboscopic Rydberg dressing. (a) (top) Pulse se-
quence for the preparation of spin-squeezed states and schematic
illustration of the quasi-probability on the Bloch sphere (2D
projection shown) at different points (I)—(III) in the sequence. The
pulses labelled “uv” correspond to either CRD or SRD (see
legend). (bottom) Wineland squeezing parameter &7, determined
from variance and contrast measurements at variable dressing
time ¢, for CRD (gray circles) and SRD (blue circles). Here, cf%v is
determined from a differential measurement between two inde-
pendent ensembles each with N, = 68 atoms. Note that the 7, =
0 data corresponds to an unentangled CSS. SQL denotes the
standard quantum limit. (b) Histogram of the differential observ-
able d, obtained for the variance measurements in panel (a) at
ty~0.11a/V, for SRD (blue) and ¢, ~0.12A/V, for CRD
(gray). Black lines correspond to a reference measurement
with a CSS.
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The measured distribution of d, after a dressing time
t;~0.117/V, is shown in Fig. 4(b). While collective loss
leads to wide wings for CRD, the SRD shows a distribution
which is strictly more narrow than the CSS (¢z; = 0). The
metrological gain can be characterized by the Wineland
squeezing parameter &7, [81,82], which accounts for both
the variance in d, as well as the spin vector length which we
extract from a Ramsey fringe. The improved gain is shown
in the bottom panel of Fig. 4(a) where the SRD achieves
around 3 dB below the standard quantum limit (SQL). In
contrast, the squeezing begins to degrade much earlier for
CRD as the collective loss sets in, limiting the improvement
to < 1 dB. We note that the CRD results are significantly
worse than realized in our previous work [16]. We are
currently investigating the source of this discrepancy, but
we emphasize that it is unlikely to be related to Al, which is
not used for CRD; given this and the near-SQL perfor-
mance of the CSS, we suspect the disparity is related to the
Rydberg laser.

In conclusion, we have demonstrated the use of Al for
enhanced Rydberg dressing. By removing BBR-generated
contaminants using Al in a SRD protocol, we achieved a
tenfold improvement in dressing lifetime for 144-atom
systems while maintaining an order of magnitude larger
duty cycle than previous work without Al [18]. We showed
that SRD is compatible with coherent operation of an
optical clock qubit, and demonstrated improved spin
squeezing at short dressing times. The duty cycle could
be further improved by incorporating fast-switching elec-
trodes [84] for rapid ion removal and increasing the Al laser
intensity. The extended lifetimes of our protocol open the
door to longer-time, larger-scale quantum simulations of
spin models, which can, for instance, enable improved spin
squeezing [36,38] or exploration of exotic many-body
physics [26,31,33]. Alternatively, direct detection of the
ionized contaminants could be a useful tool in erasure
conversion schemes [5,13,85].
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