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Experimental control over the strength and angular dependence of interactions between atoms is a
key capability for advancing quantum technologies. Here, we use microwave dressing to manipulate
and enhance Rydberg-Rydberg interactions in an atomic ensemble. By varying the cloud length
relative to the blockade radius and measuring the statistics of the light retrieved from the ensemble,
we demonstrate a clear enhancement of the interaction strength due to microwave dressing. These
results are successfully captured by a theoretical model that accounts for the excitations dynamics,
atomic density distribution, and the phase-matched retrieval efficiency. Our approach offers a versa-
tile platform for further engineering interactions by exploiting additional features of the microwave
fields, such as polarization and detuning, opening pathways for new quantum control strategies.

Introduction — Cold atoms excited to Rydberg lev-
els are a leading platform for exploring a wide variety of
physics, including quantum computation [1], simulation
[2], sensing [3], and optics [4]. Their utility arises from
the strong scaling of fundamental atomic properties with
principal quantum number [5], such as the polarizability
and dipole-dipole (DD) interaction strength. Rydberg
blockade, originally proposed in Refs. [6, 7], leverages the
enhanced atom-atom interactions to suppress the simul-
taneous Rydberg excitation of two atoms spaced closer
than the “blockade radius.”

Tuning the strength and angular dependence of the DD
interaction, as well as its scaling with atom separation,
would enhance and expand the capabilities of interacting
Rydberg systems. For example, in the context of quan-
tum computation, increasing the strength of interactions
can enable faster two-qubit gates with higher fidelity, as
well as many-qubit entangling gates [8, 9]. In quantum
simulation, the ability to finely control the Rydberg in-
teractions has enabled implementation of a broad class
of Hamiltonians [10–16]. In ensemble-based experiments
with Rydberg polaritons, enhancing interactions would
increase the optical depth per blockade radius — the key
experimental parameter enabling quantum nonlinearities
at the single-photon level [17] — permitting improved
single-photon transistors, photonic quantum gates, and
generation of non-classical states of light [18–29].

There has been considerable work on increasing the
interaction strength of Rydberg atoms [24, 30–40]. One
approach is to reduce Förster defects leading to increased
van der Waals (vdW) interactions by choosing Rydberg
states that have naturally low Förster defects [24, 30] or
by using perturbing fields to bring states into resonance
[31–37]. Another approach is to use microwave dressing
to couple opposite parity Rydberg levels, generating su-
perposition states which have stronger first-order inter-
actions [38–40]. Microwave dressing of Rydberg states
has also been proposed to decrease interactions, allowing
for the creation of asymmetric Rydberg gates [41], nulli-

fication of vdW interactions [42], and realization of spin-
charge separation of dark-state polaritons [43], among
other novel applications [44].

In this work, we use our Rydberg-ensemble system [19]
to study the enhancement of Rydberg interactions due
to microwave dressing. We generate spectroscopically re-
solved microwave-dressed eigenstates to which we write
collective Rydberg excitations that are extracted phase
coherently as photons. The strength of the interactions
determines the number of Rydberg excitations within the
sample, and therefore the number of photons extracted
per pulse. To study the interactions, we thus measure
the single-photon purity of the emitted light field as a
function of the ensemble length. Our experimental re-
sults show that the dressed eigenstates have significantly
enhanced pair interactions. To support our findings, we
model the photon generation and retrieval process with a
1D pseudo-spin model, which uses Floquet calculations of
the pair-state interactions and the experimentally mea-
sured atomic density profiles, yielding numerical results
in excellent agreement with observations. We show that,
as a single-photon source, our system benefits from the
enhanced interactions, which enable higher-purity single
photons without compromising production efficiency.

Prior work utilizing microwaves in single-photon
sources studied dephasing during the excitation storage
period in weakly blockaded ensembles [40, 46–50]. In our
work, we study the blockade physics of the Rydberg ex-
citation stage using principal quantum numbers, sample
sizes, and densities such that our ensemble only hosts a
few Rydberg excitations, which allows us to coherently
probe and dynamically model the system at the few-body
level.

Experimental Setup — Our ensemble is a laser-cooled
cloud of 87Rb atoms, held in a “magic"-wavelength dipole
trap [51]. The atoms are collected in a magneto-optical
trap (MOT) and loaded into the dipole trap, where they
are cooled to ≈ 10 µK via Λ-gray molasses [52] and op-
tically pumped into the |g⟩ ≡

∣∣5S1/2, F = 2,mF = −2
〉
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FIG. 1. (a) Experimental setup: Two in-vacuum lenses focus counter-propagating probe (red) and control (blue) beams onto
an atomic cloud (not shown) trapped by a crossed-dipole trap (purple). Eight electrodes cancel stray DC electric fields. The
phases and amplitudes of microwaves applied to three sets of the electrodes (green, orange, and yellow) control the microwave
polarization and amplitude at the cloud. (b) Schematic of the control, probe, and microwave fields during one cycle of the
experiment. (c) Level diagram: A microwave field, with frequency fµ and Rabi frequency Ωµ, resonantly couples |s⟩ and |p⟩
creating the dressed states |±⟩ = 1√

2
(|s⟩ ± |p⟩). The cloud is driven to the dressed or undressed Rydberg states, |−⟩ or |s⟩,

from |g⟩ by a two-photon process detuned ∆ from the intermediate state |e⟩. The excitations are extracted as photons by
resonantly coupling |−⟩ or |s⟩ to |e⟩. (d) 2D electromagnetically induced transparency (EIT) spectroscopy of dressed 88S1/2

vs. two-photon detuning δc and microwave frequency fµ. The color bar indicates probe transmission. The red lines are fits
to the spectrum, where Ωµ/(2π) ≈ 13 MHz. The avoided crossings associated with σ−, π and σ+ polarizations are shown.
Minimizing the σ+ and π components results in a σ− field purity Eσ−/ |E| = 99.3(3)% [45].

state. The peak density of the cloud is ≈ 2 × 1011

cm−3. We control the length of the cloud by adjusting
the relative depths of two independent dipole traps (see
Fig. 1): a “crossed” trap composed of two nearly counter-
propagating beams with orthogonal linear polarizations,
intersecting the probe and control beams at angles of
±11◦, and a single-beam transverse trap, aligned perpen-
dicular to the probe (see the Supplemental Material (SM)
[45]). After adjusting the trap depths to achieve the de-
sired cloud length, the polarization of one of the crossed-
trap beams is rotated to realize a 1D lattice, freezing the
length of the cloud, and the transverse beam is turned
off to avoid vector light shifts during Rydberg excitation.
The resulting cigar-shaped cloud has a transverse waist
of 10 µm and a longitudinal root-mean-square (RMS)
radius that can be adjusted between 20 µm and 50 µm.
The counter-propagating probe and control beams are fo-
cused to ≈ 3.3µm and ≈ 19µm waists, respectively. On
the time scales of the Rydberg pulse sequences, the po-
sitions of the atoms are effectively frozen, so the narrow
waist of the probe defines the transverse extent of the en-
semble that is addressed by the Rydberg lasers, resulting
in an effectively 1D ensemble.

Single-photon generation — Following cloud shaping,
the single-photon-generation cycle, consisting of a write,
hold, and retrieve stage, was repeated 2.5 × 104 times
per MOT cycle (see Fig. 1(b)). During the write stage,
the atoms in |g⟩ were driven to the Rydberg manifold
via a two-photon excitation through the intermediate

state |e⟩ ≡
∣∣5P3/2, F = 3,mF = −3

〉
with a detuning of

∆/(2π) = 50 MHz (see Fig. 1(c)). The control and probe
Rabi frequencies driving the two-photon transitions were
Ωc/(2π) ≈ 6MHz and Ωp/(2π) ≈ 0.4MHz for n = 112
and 10MHz and 1.5MHz for n = 88. The write-pulse
duration, ∼ 200 ns for n = 88 and ∼ 1µs for n = 112,
was chosen to maximize the photon generation efficiency
for the given Rabi frequencies. The excitations were held
for 200 ns while the control laser was brought on res-
onance, after which a final control pulse converted the
phase-matched atomic excitations to photons propagat-
ing along the probe axis. The write, hold, and retrieve
sequence, sketched in Fig. 1(b), takes <∼ 2µs, but the cy-
cle was repeated only every 20 µs to allow for the decay
of contaminant Rydberg excitations that are dark to the
retrieval lasers [19, 53]. The generated light was detected
by a pair of single-photon avalanche detectors (SPADs).

To characterize the statistics of the retrieved light, we
measure the coincidences between the two SPADs in a
Hanbury Brown-Twiss (HBT) configuration, from which
we estimate the pulse-integrated second-order correla-
tion function g(2)(0) = ⟨n̂ (n̂− 1)⟩ / ⟨n̂⟩2, where n̂ is the
photon-number operator. The deviation of g(2)(0) from
zero indicates the breakdown of blockade, and we define
the purity of the single photons as 1 − g(2)(0). HBT
interferometers with click/no-click detectors are suscep-
tible to bias at high photon rates, and would have caused
errors on the order of a few percent in our highest-rate
datasets [54]. However, in our experiment, the photon
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FIG. 2. (a,b) Suppression of g(2)(0) at n = 88 and n = 112. The bars indicate the normalized pulse-integrated coincidences
between the two SPADs as a function of click separation τ , in units of the cycle time, Tcycle. The coincidences have been
gated and background subtracted [19]. The blue and red bars, horizontally offset for visual clarity, show the statistics of light
generated using bare and dressed eigenstates, respectively. (c,d) The variation of g(2)(0) as a function of RMS cloud radius.
The data points in (c) and (d) correspond to the results gathered at n = 88 and n = 112, respectively. The error bars indicate
the ±1σ statistical uncertainties. The solid lines are numerical results of simulations, described below.

pulses (∼ 1µs) are much longer than the instrument dead
time (≈ 25 ns), and the SPADs are able to detect multiple
photons per shot [55]. The resulting unbiased estimator
for g(2)(0) is also immune to imperfections such as an
unbalanced beam splitter [54].

Microwave dressing — To modify the strength of
the Rydberg-Rydberg interactions, we admix opposite-
parity bare states, |s⟩ ≡

∣∣nS1/2,mJ = −1/2
〉

and |p⟩ ≡∣∣nP3/2,mJ = −3/2
〉
, with microwaves generated using

the in-vacuum electrodes shown in Fig. 1(a). We use
three sets of electrodes with independent phase and
amplitude control to generate linearly independent mi-
crowave electric fields, see SM [45]. The phases and am-
plitudes were chosen to produce pure σ− polarization,
measured using EIT spectroscopy of avoided crossings
(Fig. 1(d)) [56]

The atoms were excited to either the bare |s⟩ states
(microwaves off) or the microwave-dressed eigenstates.
In the latter case, the microwaves were on continuously
and resonant with the |s⟩ to |p⟩ transition. The result-
ing single-particle dressed states are |±⟩ ≡ 1√

2
(|s⟩ ± |p⟩)

with eigenvalues E± = ±h̄Ωµ/2, where Ωµ/(2π) ≈ 6
MHz is the microwave Rabi frequency. For the re-
sults here, we excited to the lower-energy eigenstate |−⟩,
shown in Fig. 1(d).

We measure g(2)(0) for bare and dressed Rydberg
states at two principal quantum numbers, n = 88
and n = 112. Normalized coincidences are shown in
Fig. 2(a,b), where, for similar sized clouds (∼ 27 µm)
at n = 88 and n = 112, dressing reduced the g(2)(0) from
0.82(1) to 0.34(1) and from 0.29(2) to 0.04(2), respec-
tively. The number of atom pairs separated by distances

greater than the blockade radius rb is modified by vary-
ing the length of the cloud (see SM [45]) to characterize
the differences between the bare- and dressed-state in-
teractions. We show the results in Fig. 2(c,d) for bare
and dressed states at the two n. For the bare n = 112
state, we measure a rapid increase of g(2)(0) as the cloud
size increases above the minimum RMS radius of 22 µm.
With dressing, we observe that g(2)(0) remains below
0.1 for RMS radii up to ≈ 30µm, indicating a signifi-
cant increase of the blockade radius. We observe similar
suppression of g(2)(0) at n = 88, also showing that the
dressing-induced interactions at n = 88 are comparable
to the bare vdW interactions at n = 112, despite the bare
vdW interaction strengths at a given distance differing by
a factor of ∼ 16.

The increase in interaction strength can be understood
by investigating the DD interaction of a pair of Rydberg
atoms, given by [57]

V̂dd (r) = − 1

4πϵ0

1

r3

√
24π

5

∑
µ,ν

⟨1, µ; 1, ν|2, µ+ ν⟩ (1)

× Y ∗
2,µ+ν (θ, ϕ) d̂

(1)
µ d̂(2)ν ,

where µ, ν are the polarizations summing over ±1 and 0 ,
Yl,m are the spherical harmonics, and d̂(1,2) are the dipole
operators for the two atoms. Due to selection rules of d̂,
a pair of atoms in bare states experience no first-order
DD interaction, i.e. ⟨s, s| V̂dd |s, s⟩ = 0, but can interact
via second-order vdW interactions VvdW = C6/r

6.
By admixing opposite-parity Rydberg levels, stronger

interactions can be generated. To first order, the strength
of the interactions for the dressed two-atom states, |++⟩
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FIG. 3. Calculated interaction potentials for bare (blue) and
dressed (red) two-atom states oriented at 0◦ with respect to
the quantization axis. The lines through the points are fits to
C6/r

6 +C3/r
3. The bands around the large-r energies of the

|ss⟩ and |−−⟩ states correspond to ±ΩRy. The blue dotted
(red dashed) vertical lines indicate the blockade radii for the
bare (dressed) states.

and |−−⟩, can be written as

⟨−−| V̂dd |−−⟩ = ⟨++| V̂dd |++⟩

=
1

4

[
⟨sp| V̂dd |ps⟩+ ⟨ss| V̂dd |pp⟩+ H.c.

]
. (2)

First-order pair interactions are anisotropic, switching
from maximally attractive for pairs aligned with the
quantization axis to maximally repulsive for pairs trans-
verse to the axis of the cloud. The combined DD and
vdW potential for the dressed states therefore has regions
transverse to the cloud where the dressing weakens the
interactions compared to the bare vdW potential. How-
ever, the transverse size of the Rydberg ensemble in our
experiment is defined by the probe, which is much nar-
rower than both the longitudinal waist of the cloud and
the vdW blockade radii rb and very few of the atom pairs
in our cloud sample the region of weakened interactions,
making the enhanced blockade effective for our quasi-1D
ensemble.

In our experiment, the microwave drive and the DD
interactions near rb are of comparable energy and both
induce couplings between states in the bare basis. The
dressed states cannot be computed perturbatively so we
use the Floquet formalism to calculate the energies [58].
The results are shown in Fig. 3, where the energy shifts
of the bare and dressed two-atom states are plotted as

a function of the pair separation distance. The states
|++⟩ and |−−⟩ have stronger interactions than |ss⟩, re-
sulting in a larger blockade radius (defined as the dis-
tance rb for which the collectively enhanced Rydberg ex-
citation Rabi frequency equals the interaction strength,
i.e. |V (rb)| = ΩRy ≡

√
N(rb)ΩpΩc/2∆). The distance

where the interaction shifts exceed ±ΩRy (computed for
our highest-density clouds with the greatest enhancement
of the Rabi frequency) is shown as distance at which the
potentials venture outside the blue and red bands. Notice
that the blockade radii for n = 88 are much lower than
n = 112, in part due to the significant difference between
the ΩRy used. Due to the 1/r3 nature of the DD in-
teractions, the enhancement of interactions and blockade
radii are most evident at large distances and small ΩRy.
For example, when ΩRy/(2π) < 0.7 MHz, the blockade
radius for the n = 88 dressed state is larger than that
of n = 112 bare state despite the significant difference in
n [45].

Theoretical model — Modeling Rydberg ensemble sys-
tems in the intermediate-blockade regime is a challeng-
ing task [59]. We adopt a 1D “pseudo-atom model” [60],
where the ensemble is partitioned along the longitudinal
direction into small bins such that pairs of atoms in one
bin are perfectly blockaded. The collection of atoms in
each bin are then treated as a single pseudo-atom, mod-
eled as a two-level pseudo-spin driven by ΩRy, where the
enhancement is determined by the number of atoms in
the bin. To model the atom cloud, we perform calcu-
lations for chains up to 60 pseudo-spins and truncate
the Hilbert space by projecting our dynamics onto the
set of states with up to 3 simultaneous excitations. The
interactions between pseudo-spins are modeled accord-
ing to the Floquet potentials presented in Fig. 3. The
spin-wave pair-correlation function [61] after the write
and hold stages is calculated via Monte Carlo simulations
where the positions of atoms are sampled from the mea-
sured density profiles [45]. The results of our model with
no free parameters are shown in Fig. 2(c), demonstrat-
ing quantitative agreement with the experimental results
across all datasets.

Because g(2)(0) is an indirect measure of the interac-
tions, there are alternative mechanisms that could ex-
plain its reduction. One is the decrease of ΩRy due to
the microwave admixture of nP3/2. We show experimen-
tally that it has a negligible effect on g(2)(0). Another
mechanism is the microwave enhancement of interaction-
induced dephasing during storage. Our model shows that
it is responsible for a portion of the reduction of g(2)(0)
at n = 88, but is negligible at n = 112 where the ΩRy
was much lower. For a detailed discussion of both ef-
fects, see SM [45]. This indicates that direct blockade is
the predominant mechanism for our reduced g(2)(0). In
contrast to suppressing g(2)(0) through dephasing alone,
which is a filtering process with maximum efficiency 1/e
[46], blockade allows for the generation of high-purity
single photons without fundamental limits to the source
efficiency [19–21].



5

Conclusion — In summary, we observe a significantly
reduced g(2)(0) for light generated using microwave-
dressed Rydberg states due to the enhancement of the
blockade radius. Using pure microwave polarizations we
addressed specific Zeeman states and performed high fi-
delity Rydberg dressing. We measure g(2)(0) with and
without dressing with varying cloud sizes to characterize
the resulting interaction strengths, and find quantitative
agreement with our model using Floquet interaction po-
tentials and Monte Carlo simulation of the density profile
effects.

This work enables more ambitious interaction-
engineering proposals. Our platform can utilize different
microwave polarizations and detunings as well as multiple
microwave frequencies, which may allow the generation
of long-range bound molecules and dominant three-body
interactions [44]. Other proposals have shown that choos-
ing appropriate detunings and polarizations can generate
microwave-dressed eigenstates with nonvanishing inter-
species and vanishing intraspecies interactions [41] or cre-

ate dark states with nullified vdW interactions [42]. Ex-
panding control over microwave fields to tune the prop-
erties of Rydberg atoms will permit the realization of
novel applications in quantum optics, communication,
and computation.
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In this supplemental material, we highlight additional details of our work. In Sec. I, we
discuss the experimental techniques utilized to vary the length of our ensemble. In Sec. II,
we elaborate on the details of our microwave purification techniques, including the spectroscopy
methods and microwave equipment used. In Sec. III, we present further results of the pair-
interaction calculations, illustrating the dependence of the dressed-interaction potentials on the
angle between the interatomic and quantization axis. We also calculate the enhancement of the
blockade radii via dressing for a variety of Rydberg excitation Rabi frequencies. In Sec. IV,
we elaborate on the theoretical model of the Rydberg excitation and dephasing dynamics in our
ensemble. We define the observables used to capture g(2)(0) and the approximations made to
simplify the computational complexity of the simulations. And lastly, in Sec. V, we discuss the
impact of the control Rabi frequency and storage period on the statistics of the retrieved light.

I. CLOUD SHAPING

In this section, we discuss the methods used to confine the atoms in a 1D lattice with a variable longitudinal
root-mean-square (RMS) radius, as shown in Fig. S1. The atoms are transferred from the MOT into a dipole trap
composed of a crossed pair of beams and a transverse beam. The crossed trap produces a cigar-shaped cloud with a
longitudinal RMS radius ≈ 50µm. Conversely, the transverse beam is tightly focused to a waist of nearly ∼ 20µm.
The polarization of the retroflected arm of the crossed trap is controlled by a liquid-crystal variable retarder (LCR).
During dipole-trap loading, the polarization of the in-going and retro arms of the crossed trap are orthogonal. After
the loading and cooling stages, the crossed trap is lowered adiabatically to a variable depth over 10 ms while transverse
beam is kept at full power. The atoms are held for 30 ms, where they either leave the trap or fall in the potential
modified by the small transverse beam. The crossed trap depth used during this stage determines the length of
the final cloud, where keeping the crossed trap fully on realizes the longest cloud configuration and turning it off
fully realizes the minimum cloud length determined by the waist of the transverse beam. The atoms are held for
an additional 30 ms as the LCR rotates the polarization of the retro beam to create a 1D lattice. The crossed trap
depth is slowly ramped back up to its final value over 10 ms, and the transverse beam is turned off to avoid vector
light shifts during the Rydberg excitation sequence. The crossed trap provides the transverse confinement, and the
1D lattice restricts the relaxation of the cloud in the longitudinal direction, fixing the cloud length.

In Fig. S1, we show two representative absorption images of our cloud as well as the longitudinal cross section of a
variety of clouds accessed by using a variable crossed trap depth during the cloud shaping procedure. The fits in the
center plot are double Gaussians,

OD(x) = a1 exp
{
−(x− o1)

2/2w2
1

}
+ a2 exp

{
−(x− o2)

2/2w2
2

}
+ c (S1)

From the fits, we extract the amplitude and waist of the two Gaussians to estimate the fraction of atoms hosted by
the narrow and broad distributions. To represent the cloud shape by a single parameter we define an effective cloud
waist, which is given by the weighted quadrature sum over the two Gaussians:

weff =

√
a1w3

1 + a2w3
2

a1w1 + a2w2
. (S2)

We find that the effective waist tracks the waist of the larger Gaussian closely, meaning the narrow Gaussian hosts
a small fraction of the total number of atoms. Furthermore, the narrow Gaussian has a small enough waist that the
blockade radii considered in this work cover it effectively. Therefore, the bimodal distribution of the optical depth has
no practical impact on the results discussed in the main text. In our experiment, the mismatch of the centers of the
two Gaussian distributions is small, o1 − o2 ≪ w1, w2, meaning weff is equivalent to the RMS radius of the ensemble.
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FIG. S1. Tunability of the cloud waist along the probe direction. The left and right panels show absorption images of clouds
with different longitudinal RMS radii. The center panel shows the longitudinal cross-sections extracted from absorption images
of clouds of different lengths. The cloud length is adjusted by varying the depth of the crossed trap during the cloud shaping
procedure. The longitudinal profiles are fit to a double Gaussian, S1.

II. TUNING OF THE MICROWAVE POLARIZATION

In this section, we describe the microwave equipment and spectroscopy techniques used to tune the polarization
of the microwave fields at the position of the atoms. As shown in Fig. 1(a) of the main text, we use three sets of
electrodes as linearly independent sources to adjust the polarization of the microwave fields. Note that these electrodes
are intended for DC electric field control and are adapted to provide microwave fields. The microwave system used
to drive the three independent sources is shown in Fig. S2. The microwaves, generated by a single RF source, pass
through an amplifier and isolator before being split into three independent sources. The RF power of each source is
controlled by a variable attenuator and the relative phases between the three sources are controlled using two variable
phase shifters on Sources 1 and 2. As outlined in the main text, we utilize in-vacuum electrodes both for canceling
out stray electric fields and for applying microwave fields. As such, the DC and AC sources are combined with a set
of bias tees before being sent into the chamber via a D-Sub 9 feed-through. To minimize the microwave reflections
from the chamber and to ensure constant spectral response over the frequency range of operation, each source was
impedance matched using stub tuners.

A magnetic field of 0.5 mT was applied to split the mJ levels of the nP3/2 manifold, breaking the degeneracy of the

FIG. S2. The microwave equipment used to drive three independent sources. A single source is split into three channels with
arbitrary amplitude and relative phase control. Stub tuners are used to achieve a constant response over the frequency range of
interest. The microwaves are coupled to the in-vacuum electrodes that also serve as the DC bias field controls; the microwave
and DC fields are combined with bias tees before entering the chamber
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FIG. S3. EIT spectroscopy of the microwave induced avoided crossings. The probe transmission on resonance was monitored
as the control and microwave frequencies were swept. Figures (a) and (b) correspond to the spectra taken before and after the
microwave polarizations were purified to the σ− state. The red arrows, labeled by the relevant microwave polarizations, indicate
the positions of the three avoided crossings. The red lines indicate fits using a four-level model from which the microwave Rabi
frequencies were extracted.

transitions driven by the three polarizations. The probe and control lasers were used to perform electromagnetically
induced transparency (EIT) spectroscopy: with the probe on resonance with the intermediate state, the control
detuning was swept to locate the transmission windows indicating the presence of an eigensatate with a nonzero
admixture of the nS1/2 state. The EIT sweeps were performed over a range of microwave frequencies [S1] covering
the three resonances corresponding to the σ−, π, and σ+ microwaves. On resonance, the microwave fields split the
nS1/2 levels by the microwave Rabi frequency. Therefore, the resonance frequencies as well as the microwave Rabi
frequencies can be measured by mapping out the avoided crossings that occur in the control and microwave frequency
space. Fig. S3(a) shows the three avoided crossings observed for a microwave with all three polarization states.
We adjusted the microwave polarization by independently controlling the phase and amplitude of the three sources,
achieving a nearly perfect σ− polarized microwave drive. We used the σ− polarized microwaves in our experiment
since the corresponding transition had the largest Clebsch-Gordan coefficient of the three available dressing transitions.
Fig. S3(b), we show the avoided crossing measurement after the polarization tuning showing the near complete closing
of the π and σ+ avoided crossings.

The red lines in Fig. S3 correspond to a fit to the centers of the transmission windows extracted from the full
transmission data. The fit model is a minimal 4× 4 Hamiltonian that accounts for the Zeeman shifts, the microwave
drives and the s−p transition energy. The microwave Rabi frequencies and the unperturbed s−p resonance frequency
are free fit parameters. After tuning, at n = 88, the microwave Rabi frequencies were Ωσ−/(2π), Ωπ/(2π), Ωσ+

/(2π) =
12.5(2), 0.1(1), 0.8(2) MHz, where the numbers in the parentheses indicate the fit uncertainties. We can define a
microwave tuning fidelity metric through

F =
Eσ−

|E|
=

Ωσ−√
Ω2

σ−
+
(
Ωπ/

√
2/3

)2

+
(
Ωσ+/

√
1/3

)2
= 99.3(3)%. (S3)

The scaling factors in the denominator are the Clebsch-Gordan coefficients that relate the Rabi frequencies to the
electric field amplitudes. The error bound correspond to the 68% confidence interval. In addition to the excellent
field purity, the presence of the Zeeman detunings ensures that the undesired mJ states have negligible contributions
to the dressed state created.

III. PAIR INTERACTION STRENGTH CALCULATIONS USING THE FLOQUET FORMALISM

The microwave Rabi frequencies used in the experiment and the interaction strength near the blockade radius were
comparable in scale, making it difficult to treat either effect perturbatively. Therefore, the Floquet formalism was used
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to diagonalize the two-atom Hamiltonian [S2]. The truncated Hilbert space included pair states with n ∈ [n− 2, n+ 1],
l = 0, 1, and |q| = 0, 1, 2, totaling 5120 two-atom Floquet states, sufficient for convergence of the calculations.

The results of the calculations at n = 88 are presented in Fig. S4. Figure S4(a) shows the impact of resonant
(Ωµ/(2π) = 6 MHz) microwave dressing on the interaction of a pair of Rydberg atoms. The van der Waals potential
of the pair of atoms in the |ss⟩ state is indicated by the blue squares. Microwave dressing generates three eigenstates
with non-negligible |ss⟩ fractions, indicated by the red triangles. For large pair separations, the upper (lower) energy
curve corresponds to the |++⟩ (|−−⟩) state, as defined in the main text, while the center curve corresponds to the
|ss⟩ − |pp⟩ state. Note that, near 15µm pair separation, an avoided crossing between the upper and central dressed
states opens due to the repulsive second-order van der Waals interactions. The resulting deformation of the |++⟩
state leads to the degradation of the enhanced blockade. Consistent with this prediction, we experimentally observe
that the use of the |−−⟩ state leads to a greater suppression of g(2)(0) (data not shown).

As suggested in the main text, the dressing of the bare Rydberg states breaks the isotropy of the van der Waals
interactions between a pair of atom in the |s⟩ state. In Fig. S4(b), the interaction strength of the |−−⟩ state is
plotted as a function of the angle between the interatomic axis and the quantization axis set by the magnetic field.
To better compare with the bare-state energy curve, the asymptotic energies of the pair states have been subtracted,
and the dressed state energy curves have been flipped about the x-axis. The gray band corresponds to the largest
±ΩRy used in our experiment, such that the distance at which the interaction potentials venture outside of the band
indicates the blockade radius. The enhancement of the interaction strength between a pair of atoms in the |−−⟩
state is strongest along the zero degree angle, and monotonically decreases as the angle is increased to 90◦. Notably,
near the zero interaction angle of the pure dipole-dipole interactions (≈ 54.7◦) [S3], the dressed state energy curve
approaches that of the bare states. Past this angle, the interaction strength is slightly reduced but remains nonzero.
As discussed in the main text, we utilize a cloud geometry where the interatomic axis of most pairs of atoms is aligned
with the quantization axis such that the anisotropy of the dressed state interactions does not significantly affect our
experiment. Across all of our datasets, the ratio of pairs added to the blockaded region over those that were removed
ranges between ∼ 6− 30.

To further illustrate the enhancement of the interaction strength, we study the blockade radii achievable via dressing
as a function of the Rydberg excitation Rabi frequency, as shown in Fig. S5. Fig. S5(a) shows the variation of the
blockade radii with the Rydberg excitation Rabi frequency. Fig. S5(b) illustrates the significant enhancement of the
blockade radius under dressing. At 2π × 1 MHz Rydberg excitation Rabi frequency, the blockade radius is enhanced

FIG. S4. Floquet calculation of the pair-state eigenenergies as a function of pair separation. (a) The energies of the n = 88
bare and dressed pair states at zero-degree orientation. The blue squares indicate the van der Waals potential of the bare state.
The red triangles show the level shifts of the dressed pair states. The lower energy |−−⟩, which shows the largest enhancement
of the interaction strength, was used for the results presented in the main text. The lines going through the plots are fits of the
form C3/r

3 +C6/r
6. (b) The anisotropy of the interactions for the |−−⟩ state. To facilitate easier comparison, the sign of the

dressed-state energies has been flipped and asymptotic energy of the eigenstates has been subtracted. The blue squares and
red triangles indicate the bare and dressed pair potentials, as indicated by the legend. The lines connect the points to guide
the eye.
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FIG. S5. The blockade radii rb, as a function of the collectively-enhanced Rydberg excitation Rabi frequencies, ΩRy. The block-
ade radii are computed using the zero-angle Floquet potentials in Fig. S4, and self-consistently through V (rb) =

√
N(rb)Ωs ≡

ΩRy(rb). (a) The blockade radii for the bare and dressed states at the two principal quantum numbers studied in this work.
The dressed states are plotted in red, while the bare states are plotted in blue. The dashed lines and solid lines indicate the
n = 112 and n = 88 blockade radii, respectively. (b) The ratio of the dressed and bare blockade radii at n = 112 and n = 88
for a range of ΩRy. (c) The comparison of the bare n = 112 blockade radii with the dressed n = 88 blockade radii.

by ≈ 25% and ≈ 50% for n = 112 and n = 88, respectively. Due to the very strong scaling of the van der Waals
interaction strength with n, the enhancement of the blockade radius due to dressing is expected to provide increasing
gains with decreasing principal quantum numbers. In Fig. S5(c), we compare the blockade radii achievable with
dressing at n = 88 and without dressing at n = 112. Despite the significant difference in principal quantum numbers,
there is a broad range of ΩRy over which the blockade radii are comparable. This observation is also consistent with
the data presented in Fig. 2(b) of the main text, further highlighting that the results presented are in the regime
dominated by the blockade physics.

IV. THEORETICAL MODEL

In this section, we model a cloud of 87Rb atoms held in a crossed dipole trap driven to a Rydberg level through
a two-photon transition. Such levels may be dressed through the use of polarization-controlled microwave beams,
leading to modifications to the bare Rydberg atom potential. As depicted in Fig 1(c) of the main text, for each
atom, we have a ground state |g⟩ and an intermediate excited state |e⟩ which is optically coupled to the ground state
via an off-resonant probe beam, with Rabi frequency Ωp(r) and detuning ∆. |e⟩ is also coupled off-resonantly to a
Rydberg state |µ⟩ by a control beam with Rabi frequency Ωc(r) and detuning −∆. This realizes an effective resonant
two-photon drive between |g⟩ and the Rydberg state |µ⟩.

In the absence of microwave driving, the relevant Rydberg state is an s state |µ⟩ = |s⟩. The relevant single-atom
Rabi frequency for the effective two-photon drive is given via Ωeff,s(r) = Ωc(r)Ωp(r)/(2∆). In the case that this s
state is strongly coupled to a p state by a resonant microwave drive, the Rydberg level corresponds to an effective
dressed state |µ⟩ = (|s⟩±|p⟩)/

√
2. As the optical two-photon drive only couples to the s state, the effective single-atom

Rabi frequency in this case is Ωeff,±(r) = Ωc(r)Ωp(r)/(2
√
2∆). We thus model the two-photon drive via the following

Hamiltonian:

Ĥdrive,µ =
∑
i

h̄Ωeff,µ(ri)

2
(|µ⟩i⟨g|i + |g⟩i⟨µ|i) , (S4)

where the label µ denotes the relevant Rydberg state, and the index i runs over all atoms in the cloud, which have
corresponding positions ri. We note that we include the spatial dependence of the beam envelope over the atom cloud
in Ωeff,µ(ri). However, we assume the spatial phase for each atom, eik·ri where k is the wavevector for the two-photon
drive, is absorbed into the definitions of |µ⟩i, |g⟩i, so that Ωeff,µ is real.

Pairs of atoms in the |s⟩ and |±⟩ states interact via the two-body interaction potentials Vss(r) = C6,ss/r
6 and

V±±(r) = C6,±±/r
6 + C3,±±/r

3, respectively. The C3 and C6 coefficients for the pair interaction potentials are
acquired from fits to the Floquet simulations presented in Sec. III. The above potentials well approximate the
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interaction strength for distances outside the so-called spaghetti region. For very short distances, pairs are well-
blockaded and the exact form of the interaction used is irrelevant. Due to the nearly one-dimensional geometry of
relevant atoms illuminated by the probe beam, we observe negligible angular variation in the interaction potentials
between any relevant pair of atoms, and thus utilize these spherically symmetric potentials for simplicity. We can
describe these interactions via the interaction Hamiltonian

Ĥint,µ =
∑
i<j

h̄Vµµ(rij)|µµ⟩ij⟨µµ|ij , (S5)

where rij = |ri − rj |.
For modeling the experimental sequence and the resulting g(2)(0), we assume atoms to be initialized in the ground

state, i.e. we have initial state |ψ0⟩ =
⊗

i |g⟩i. We apply our drive and interaction Hamiltonians for a write time t1,
resulting in |ψ1⟩ = exp{−it1(Ĥdrive,µ + Ĥint,µ)/h̄}|ψ0⟩. We then apply the interactions for an additional hold time t2,
during which the drive Hamiltonian is off, but the interactions continue to induce phases between particles, leading to
|ψ2⟩ = exp{−it2Ĥint,µ/h̄}|ψ1⟩. To compute the pulse-integrated g(2)(0) following the retrieval from |ψ2⟩, we assume
that the process of retrieval does not alter g(2)(0) compared to the g(2) of the excitations stored in the spin-wave mode.
While interaction effects during retrieval and the dependence of spin-wave spatial spectral properties on excitation
number may have some effect on g(2)(0), we assume that the dominant effect of retrieval can be modeled by inserting
a beamsplitter at the output to model photon loss. Such a beamsplitter does not affect the pulse-integrated g(2)(0).
We thus have

g(2)(0) =
⟨ψ2|Ŝ+

0 Ŝ
+
0 Ŝ

−
0 Ŝ

−
0 |ψ2⟩

⟨ψ2|Ŝ+
0 Ŝ

−
0 |ψ2⟩2

, (S6)

where Ŝ±
0 =

∑
i ŝ

±
i /

√
N is the creation operator for the the collective spin-wave mode, with spin ladder operators

ŝ+i = |µ⟩i⟨g|i, ŝ−i = (ŝ+i )
† and normalization factor N .

In computing these dynamics, we first form an ensemble of particle positions by Monte Carlo sampling from the
experimentally characterized distribution. We also assume that the spatial variation of the write beam is determined
by the relatively narrower probe beam, which is a Gaussian beam with waist w0 = 3.3µm and Rayleigh range
zR = πw2

0/λ = 44µm for λ = 780 nm. If we assume the probe axis to be centered at x = 0, y = 0, then we have

Ωeff,µ(r) =
Ωeff,µ(0)√
1 + (z/zR)2

exp
{
−(x2 + y2)/

[
w2

0(1 + z/zR)
2
]}
. (S7)

Besides the experimentally characterized trap geometry, we also utilize the same write and hold times, t1 and t2, used
in the experimental sequence for our calculations. We numerically chose Ωeff,µ such that the simulated excitation
dynamics were consistent with the experimentally observed Rabi flops between the collective ground and excited
states.

To realistically evaluate Eq. (S6), we make two important simplifications. First, given that strong blockade effects
effectively prevent more than a single atom within a blockade radius from being excited to |µ⟩, we project our dynamics
onto the set of states with up to k simultaneous excitations to the |µ⟩ state. The number of excitations we need to
attain convergence of g(2)(0) in k increases as the size of the ensemble increases. For the cloud lengths relevant to
the experiment, we find that k = 3 is sufficient to attain convergent behavior, by comparing with results using k = 4.
This “few-polariton” approximation vastly reduces the requisite Hilbert space dimension to ∼ Nk, where N is the
number of atoms in the system.

The second approximation we make is to adopt a “pseudo-atom model,” which further expedites our calculations,
though is not strictly necessary for the problem at hand (see Ref. [S4] for a similar approach). In this approximation,
we sort particles into spatial bins, where the J-th bin contains all particles i whose z coordinate lies in the range
Jzbin ≤ zi ≤ (J + 1)zbin for integer J , and where zbin sets the width of each bin. That is, if we denote the set of
indices in the J-th bin via BJ , then BJ = {i|Jzbin ≤ zi ≤ (J + 1)zbin}. If zbin is sufficiently small compared to the
blockade radius, only one atom within each bin—or “pseudo-atom”—can be excited to the Rydberg state at a time.
Furthermore, such excitations will only exist within a symmetric superposition between all atoms in the bin. We can
thus model all atoms in the J-th bin via a single spin-1/2 degree of freedom, where the relevant states are the ground
state |g⟩J ≡ |ggg...⟩ and the W state |µ⟩J ∝ |µggg...⟩+ |gµgg...⟩+ |ggµg...⟩+ ....

In reality, for a spatially varying beam profile, atoms will not be symmetrically excited to the W state. To
take this into account, we define an effective number of atoms Neff,J within the J-th bin, such that Neff,J =∑

i∈BJ
(Ωeff,µ(ri)/Ωeff,µ(0))

2, and we have total effective atom number Neff =
∑

J Neff,J . To construct Hamilto-
nians that describe similar evolution of this pseudo-atom model, we first note that the Rabi frequency between the
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|g⟩J and |µ⟩J atoms will exhibit a
√
Neff,J enhancement compared to the bare Rabi frequency. We thus have

ĤPA
drive,µ =

∑
J

h̄Ωeff,µ(0)
√
Neff,J

2
(|µ⟩J⟨g|J + |g⟩J⟨µ|J) . (S8)

Next we define the pseudo-atom interaction Hamiltonian via

ĤPA
int,µ =

∑
I<J

h̄Vµµ,IJ |µµ⟩IJ⟨µµ|IJ . (S9)

Here, Vµµ,IJ =
∑

i∈BI ,j∈BJ
Vµµ(rij)/Neff,INeff,J is the average interaction over all unique pairs between bins I and

J . This average interaction between bins should remain valid as long as zbin remains sufficiently small. Lastly, for
measuring spin wave observables of this pseudo-atom model, we have pseudo-atom matrix elements

⟨µ|J Ŝ+
0 |g⟩J =

√
Neff,J

N
(S10)

for our pseudo-atom states. Thus, we can define our pseudo-atom spin wave observable via

Ŝ+,PA
0 =

∑
J

√
Neff,J

N
|µ⟩J⟨g|J . (S11)

In practice, we find that our pseudo-atom model retains good convergence with the full (projected) Hamiltonian
dynamics for zbin as large as 10µm; we utilize a value of zbin = 5µm for all our calculations. To model the full atom
cloud, we include up to 60 pseudo-atoms in our model.

V. EFFECT OF RABI FREQUENCY AND HOLD TIME ON g(2)(0)

In this section, we explore alternative mechanisms through which microwave dressing may reduce the g(2)(0). One
potential cause for the reduction of g(2)(0) with microwave dressing is due to the relationship between the blockade
radius and the Rydberg excitation Rabi frequency. On resonance, the |−⟩ state is equally composed of nS1/2 and nP3/2,
where the latter state does not couple to |e⟩. Therefore, dressing leads to the reduction of Ωc and correspondingly
Ωeff,s by

√
2. To explore the impact of Ωc on single-photon purity, we reduce the control power and measure the

corresponding reduction in g(2)(0) shown in Fig. S6. Comparing the g(2)(0) of the light produced using bare and
dressed states at the same Rabi frequency excludes dressing-induced suppression of g(2)(0) by this mechanism.

Another possible cause for the suppression of g(2)(0) is the enhancement of interaction-induced dephasing of multiply
excited spin-waves during storage [S5, S6]. This was explored in previous experiments where either exciting spin-
waves in weakly interacting bare states [S7, S8] or performing spectrally broad EIT storage sequences [S9] resulted

FIG. S6. The impact of the control Rabi frequency on g(2)(0). The blue squares and red triangles correspond to data collected
using, respectively, bare and dressed eigenstates at n = 88. Ωc for bare states was measured through EIT spectroscopy, and
the corresponding Ωc for the dressed states was calculated by scaling the bare-state Ωc by a factor of 1/

√
2. The error bars,

smaller than the markers used, indicate the ±σ statistical uncertainties.
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FIG. S7. Calculated effect of the excitation storage time on the observed g(2)(0). We show theoretical calculations for g(2)(0)
that do not include the 200 ns storage time used in the experimental sequence (dashed curves), with results for n = 112 (left)
and n = 88 (right). We also show the experimental (symbols) and theoretical (solid lines) results from Fig. 2(c) in the main
text, for comparison.

in poorly blockaded ensembles. The multi-excitation components were then allowed to dephase over an extended
storage duration yielding light with low g(2)(0). In Refs. [S7, S8], the application of microwave pulses accelerated
multi-excitation dephasing through the enhancement of the interactions above those present in the excitation stage.
In Ref. [S9], the spin-waves were stored for much longer than the length of the Rydberg excitation pulse, allowing for
the 1/r3 tails of the microwave-dressed-pair interactions to accelerate the dephasing of the distant pairs for which the
1/r6 bare interactions were vanishingly small.

Here, we use the theoretical model described in Sec. IV to analyze the effect of the hold time on g(2)(0) in the
experiment. In Fig. S7, we show the calculated g(2)(0) when the excitations are immediately read out following the
write sequence, compared to both the experimental data and theoretical calculations from Fig. 2(c,d) of the main
text, which include a 200 ns hold time in between the write and retrieve stages. During this time, the relevant spin
wave excitations can undergo interaction-induced dephasing, leading to a smaller observed value of g(2).

For n = 112, we find that this storage time has little effect on the resulting g(2)(0). This is consistent with the
relatively small two-photon Rabi frequency used during the write stage, which only enables the creation of excitations
pairs whose interaction energy is either smaller than or comparable to this energy scale. As the total write time is
∼ 1µs, we expect that interaction-induced dephasing will only occur over timescales much longer than the 200 ns
storage time.

In contrast, we find that the storage time has a relatively noticeable effect for the n = 88 results. This is consistent
with the fact that the much faster ∼ 200 ns write time is comparable to the storage time, so that interaction-induced
dephasing effects may contribute significantly while the excitations are held in the spin wave states. We note that even
for zero hold time simulations, microwave dressing substantially reduces g(2)(0), indicating that dephasing during the
storage period alone cannot account of the enhancement of the single photon purity. For small values of g(2)(0), where
p1 ≫ p2 ≫ pn>2, interaction effects during the storage time will lead to a reduction in p2, as the relevant spin wave
excitation dephases. This leads to a net reduction in the value of g(2)(0). We note that, for larger values of g(2)(0),
such as for large RMS cloud radii with the bare n = 88 state interactions, our calculations suggest that interaction-
induced dephasing can actually enhance the value of g(2)(0). However, for larger clouds and smaller blockade radii, it
becomes necessary to examine the effect of more excitations in the cloud than we include in our calculations.
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