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Enhancing light-matter coupling at the level
of single quanta is essential for numerous appli-
cations in quantum science [1]. The cooperative
optical response of subwavelength atomic arrays
was recently found to open new pathways for such
strong light-matter couplings [2–8], while simulta-
neously offering access to multiple spatial modes
of the light field. Efficient single-mode free-space
coupling to such arrays has been reported [9],
but the spatial control over the modes of out-
going light fields has remained elusive. Here we
demonstrate such spatial control over the optical
response of an atomically thin mirror formed by a
subwavelength array of atoms in free space using
a single controlled ancilla atom excited to a Ryd-
berg state. The switching behavior is controlled
by the admixture of a small Rydberg fraction to
the atomic mirror, and consequently strong dipo-
lar Rydberg interactions with the ancilla. Driving
Rabi oscillations on the ancilla atom, we demon-
strate coherent control of the transmission and
reflection of the array. Our results pave the way
towards realizing novel quantum coherent meta-
surfaces [10], creating controlled atom-photon en-
tanglement [11] and deterministic engineering of
quantum states of light [12, 13].

Realizing efficient light-matter interfaces and engineer-
ing states of light at the quantum level is challenging
due to the small interaction cross section between atoms
and photons. Overcoming this challenge requires en-
hanced coupling between light and matter, for example
via optical cavities [14–18] or waveguides [19–22] for sin-
gle atoms, or by exploiting systems with high optical den-
sities coupled to Rydberg states [23–25]. In optical cav-
ities, for example, the presence or absence of a strongly
coupled atom can be exploited to change the optical re-
sponse of the cavity from transmitting to reflecting for
impinging photons, the basis of photon-photon gates [26–
28]. There, the enhanced interaction cross section, how-
ever, comes at the cost of a strong mode selection: opti-
cal cavities typically support only a single spatial mode
for the photons, which limits their use for spatial light
shaping. Ordered subwavelength arrays of emitters have
recently emerged as an alternative approach to realizing
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strong light-matter coupling. In these systems, emitters
are periodically arranged at distances below the wave-
length of light, resulting in highly cooperative optical
properties as a result of dipolar interactions. The free-
space nature of cooperative arrays strongly relaxes the
mode selection, which enables spatial control over the
modes of single photons interacting with the array. In
particular, such control was recently proposed by using
strong interactions between highly excited atomic Ryd-
berg states [11–13]. The properties of a cooperative array
can thereby be altered through the excitation of a single
atom to a Rydberg state, realizing a “quantum-controlled
metamaterial”, in which the optical response of the sys-
tem can be changed in a spatially controlled way. Closely
related proposals exploit a single atom to control the spa-
tial photon mode via a dipole-dipole exchange interaction
in an atomic ensemble [29] or a bilayer atomic array [30].
In contrast to schemes based on dissipation [23–25, 31–
33], where decay occurs randomly from the input channel
into a large number of modes by free-space scattering, the
cooperative array allows for coherent switching between
various spatial light modes, such as the transmission and
reflection of an atomic array.
Here, we exploit the strong cooperative response of an ar-
ray of ordered emitters separated by subwavelength dis-
tances to realize a switch for photons. This setup allows
for recreating the prototypical situation encountered in
strongly coupled cavity-QED, where single-atom control
can be exploited to reroute single photons [18]. We uti-
lize the strong interactions between Rydberg states of
opposite parity to switch the optical properties of the ar-
ray from transmitting to reflecting. We achieve spatial
control by using an ancilla atom prepared with single-
site precision at a specific target position within the ar-
ray. We demonstrate that the optical properties of the
array can be altered coherently by driving Rabi oscilla-
tions on the ancilla into the Rydberg state. Finally, we
directly measure the spatial switching area of the ancilla
in our system and present evidence that the residual im-
perfections in switching are dominated by the finite Ryd-
berg lifetime and preparation fidelity of the ancilla, both
straightforward to overcome with future upgrades to the
experimental setup.

Analogous to recent experiments focused on quantum
optics with Rydberg atoms [23, 25, 31], the key idea for
controlling our subwavelength array is to transfer the
strong interactions between Rydberg states to the op-
tical response of the cooperative array through electro-
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FIG. 1. Schematic of the experiment. (a) Atomic array and laser beam orientations. The transmission (reflection)
probe beam is overlapped and co- (counter-) propagating with the control beam along −z (+z). We monitor the transmissive
(reflective) response of the atomic array by imaging the probe beam onto an EMCCD, while filtering out the control beam.
The atomic array is aligned in the x− y plane, containing up to 1500 atoms in an atomic Mott insulator of a single atom per
lattice site in state |g〉, while a single ancilla atom is prepared in a different hyperfine state |g′〉 at a target lattice site at the
center of the array. We control the Rydberg excitation of the ancilla using an ultraviolet (UV) beam propagating in the atomic
plane. The inset shows an exemplary site-resolved fluorescence image of a Mott insulator with 1500 atoms. (b) Electronic level
scheme and relevant light fields. The control and probe fields with Rabi frequencies Ωc and Ωp respectively couple the ground
state |g〉 to a Rydberg S-state |rS〉 via an intermediate state |e〉. The UV field excites the ancilla |g′〉 with Rabi frequency ΩUV

to a Rydberg P -state of the same principal quantum number |rP 〉. The |rS〉 − |rP 〉 Rydberg states experience a strong dipolar
interaction, creating a distance-dependent shift in energy, Uint(r). (c) Spatially resolved optical response in transmission, the
atomic array with the relevant light fields and the corresponding experimental pulse sequences. (Left) With the probe field
alone, the atomic array acts as a subradiant mirror. (Middle) Applying an additional resonant control field, we render the
atomic array transparent exploiting the EIT condition. (Right) Preparing the ancilla in the |rP 〉 state, the dipolar Rydberg
interaction shifts the control field out of resonance, restoring the reflectivity within a finite radius around the ancilla. The
dashed line indicates the estimated blockade radius of rb = 4.6 µm [34].

magnetically induced transparency (EIT) [35]. We start
with a cooperative atomic array with emitters approxi-
mately described as two-level systems with ground state
|g〉 and excited state |e〉. To induce EIT, the excited
state |e〉 is coupled with a control field Ωc to a highly ex-
cited Rydberg S-state |rS〉 (see Fig. 1b). As a result, the
cooperative optical two-level response for a weak probe
field of Rabi frequency Ωp, impinging normal on the ar-
ray is, altered and the system becomes transparent on the
|g〉 ↔ |e〉 resonance in presence of the control beam (mid-
dle column in Fig. 1c). In establishing transparency, the
excited state |rS〉 is admixed to the state |e〉 through the
control field Ωc. Consequently, |e〉 inherits some of the
long-range interacting character of |rS〉. The parameters
Ωc and Ωp are chosen to keep the Rydberg state popula-
tion sufficiently small to avoid optical nonlinearities due

to self-blockade, which is expected when the probability
to find any array atom in |rS〉 approaches unity [23, 36].
To control the properties of the mirror, an additional
“ancilla” atom in the ground state |g′〉 is excited to a
neighboring Rydberg P -state |rP 〉. Due to strong Ryd-
berg interactions between |rS〉 and |rP 〉, the state |rS〉
is shifted in energy by Uint(r). This interaction shift ex-
ceeds half of the EIT spectral width within a “blockade
disc” of radius rb [37, 38] centered around the location
of the ancilla. Consequently, the EIT condition breaks
down and the optical properties return to those of the co-
operative mirror. Controlling the position of the ancilla
atom within the array enables full spatial control over the
optical properties of the array (see Fig. 1c). In particu-
lar, using this scheme, optical modes with diameters of
few lattice sites can be controlled without compromising
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FIG. 2. Cooperative response in absence and presence of the Rydberg ancilla. (a) Cooperative response of the atomic
array with (blue) and without (red) control beam for a probe duration of tp = 20 µs and the ancilla prepared in |g′〉. Without
the control laser, we reproduce the cooperative subradiant response of the “subradiant mirror” with a transmission (reflection)
linewidth of ΓSM/2π = 4.40(32) (3.75(14)) MHz. With the control laser present, we observe a splitting of the single peak
into an EIT doublet, where the width of each peak amounts to ΓEIT/2π = 2.95(17) (3.01(28)) MHz in transmission (reflection)
and a minimal (maximal) transmittance (reflectance) of 0.35(2) (0.37(2)) is observed. (b) Preparing the ancilla atom in the
Rydberg state |rP 〉, the spectra (orange) change dramatically, and reveal a triple-peak structure, featuring contributions of
both the subradiant mirror and EIT spectrum. Superimposing both spectra while having the ancilla Rydberg fraction PrP

and a global offset as free fit parameters, we find excellent agreement with our data set with Prp = 0.61(2) (0.45(2)) in
transmittance (reflectance), in good agreement with an independent reference measurement of Prp = 0.52(8) [34]. The dashed
lines illustrate the expected spectra assuming ideal ancilla preparation and substantially shorter probe duration than the
Rydberg lifetime (tp = 2 µs), improving the ancilla Rydberg fraction to Prp = 0.96. The insets in each figure illustrate the
atomic array and beam directions for each experimental configuration. The red (blue) arrows indicate the incident and scattered
probe (control) beam directions. Error bars denote the standard error of the mean (s.e.m.).

the cooperativity of the response [39].

We began our experiments by preparing a nearly unity
filled two-dimensional atomic array of 87Rb atoms spin-
polarized in the state |g〉 = |5S1/2, F = 2,mF = −2〉 in
a single vertical antinode of a three-dimensional opti-
cal lattice with lattice constant alat = 532 nm. The
lattice spacing was below the transition wavelength
λp = 780 nm from the ground state |g〉 to the excited
state |e〉 = |5P3/2, F = 3,mF = −3〉, leading to a cooper-
ative response of the array at a ratio of alat/λp = 0.68 [9].
To enable control of the optical response of the mir-
ror via Rydberg interactions, we coupled the excited
state |e〉 to the |rS〉 = |44S1/2,mJ = −1/2〉 Ryd-
berg state. The optical properties of the array were
probed with a weak probe beam with Rabi coupling
Ωp/2π = 168(5) kHz � Ωc/2π = 6.7(6) MHz on the
|g〉 ↔ |e〉 transition, which is sufficient to create the

EIT window and admix a small Rydberg amplitude to
the excited state |e〉 [35]. We deterministically created a
single ancilla atom in the |g′〉 = |5S1/2, F = 1,mF = −1〉
state with a fidelity of 0.83(4) at the center of the ar-
ray using single-site addressing [40, 41]. The ancilla was
then controllably excited to the Rydberg state |rP 〉 =
|44P3/2,mJ = 3/2〉 on an ultraviolet (UV) transition at
a wavelength of 297 nm. The interaction with the ad-
mixed |rS〉-state Rydberg fraction of the array atoms led
to a Förster-enhanced energy shift Uint(r), featuring a
characteristic van der Waals distance dependence pro-
portional to C6/r

6 due to interactions with nearby Zee-
man sublevels [34]. For our parameters, this resulted in a
blockade radius rb = (2C6Γe/Ω

2
c)

1/6 = 4.6 µm [34] which
defined the range over which the mirror properties are al-
tered. Preparing an atomic array with a radius ra � rb
and detecting the probe light with a low-noise electron-
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multiplying change-coupled device (EMCCD) camera, we
directly reveal the spatially switched area and demon-
strate the spatially selective response of our array, see
Fig. 1c. To suppress the effect of long-range dipolar
exchange of the ancilla [38, 42], we work in a regime
ra ≈ rb for the following characterization of the switch-
ing response of the array, see Fig. 5 and [34].

In a first set of experiments, we aim at demonstrating
the basic mechanism of switching the cooperative mir-
ror by the ancilla atom. To this end, we first confirm
the cooperative nature of our atomic array by measur-
ing the reflection and transmission response of a laser
beam tuned near the resonance of the |g〉 ↔ |e〉 tran-
sition. We find a strong directional signal with a sub-
radiant Lorentzian lineshape and an extracted width of
down to ΓSM/2π = 3.75(14) MHz, narrower than the nat-
ural linewidth of Γe/2π = 6.06 MHz, see Fig. 2a. This
confirms that our array is in the cooperative regime ex-
plored previously [9]. Illuminating the array with both
the probe and control field, we observe EIT, featur-
ing maximum transmission on resonance while the ab-
sorption peak splits into a doublet with splitting Ωc.
Interestingly, this doublet again shows signatures of a
cooperative response, with a high level of reflectance
of 0.37(2), exceeding the reflectance signal for isotropic
scattering 0.16(3) [34]. The width of each peak amounts
to ΓEIT/2π = 2.95(17) MHz, consistent with the width
in the single-particle limit of Γe/2. Our parameters were
chosen to maximize the on-resonance contrast between
the subradiant mirror and the EIT response using a probe
duration tp = 20 µs, only slightly lower than the mea-
sured lifetime τ = 27(5) µs of the Rydberg ancilla, see
Fig. 4. The probe power and pulse duration were chosen
to keep the Rydberg admixture and the effects of self-
blockade small, while providing sufficient signal-to-noise
ratio of the probe light on the EMCCD camera [34].
To investigate the effect of the Rydberg ancilla on the
array, we apply a π-pulse on the |g′〉 ↔ |rP 〉 transition
with duration t, such that ΩUVt = π. The resulting spec-
tra exhibit a broad resonance featuring a substructure of
three distinct peaks, with the reflectance on resonance
dropping from 0.54(1) to 0.25(2), see Fig. 2b. Our ob-
servation of a triple peak structure can be understood
to arise from a combination of the configurations with
and without the ancilla Rydberg atom present. A sim-
plified model assuming a statistical mixture of the mir-
ror in the switched and unswitched state, weighted with
the probability of finding the ancilla in the Rydberg or
ground state respectively, quantitatively reproduces the
observed features in Fig. 2b. The ansatz of a statistical
mixture of the two mirror states is motivated by imper-
fect initial state preparation of the ancilla in |g′〉 and
decay of the ancilla Rydberg state during probing [34].
To illustrate potential improvements in an upgraded ex-
perimental setup, the dashed lines in Fig. 2b also show
the expected spectra for perfect ancilla preparation in |g′〉
and substantially shorter probe duration of tp = 2 µs, for
which on the order of one photon is scattered, and the
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FIG. 3. Coherent control of the cooperative response.
(a) Ancilla |g′〉 ↔ |rP 〉 Rabi oscillations obtained from ground
state |g′〉 fluorescence detection. Applying a damped sinu-
soidal fit, we find a Rabi frequency of ΩUV/2π = 1.22(2) MHz
and a decay constant of τdecay = 6(3) µs. We observe the
transmittance (b) and reflectance (c) data to follow the Rabi
oscillation of the ancilla. The solid lines in b and c repre-
sent the best fit results, with the amplitude of the oscillation
and overall offset as the only fit parameters, while the os-
cillation frequency and decay time are fixed and taken from
a. The three insets in c indicate spatially-averaged reflection
images for ΩUVt = 0, π and 2π, respectively, with an indi-
cated region-of-interest (ROI) of 5 × 5 µm. The dashed line
in c illustrates the expected transmission signal for an ancilla
Rydberg fraction of Prp = 0.96. The gray solid line repre-
sents the resonance reflection signal (0.16(3)) from isotropic
scattering. The latter was measured experimentally by intro-
ducing vertical disorder by means of Bloch oscillations [34].
Error bars denote the s.e.m..

decay of the Rydberg ancilla becomes negligible.

To highlight the capability of coherent manipulation in
our system, we next aim to dynamically change the opti-
cal properties of the atomic array. To this end, we drive
the ancilla from the ground state |g′〉 to the Rydberg
state |rP 〉 with variable UV pulse durations, resulting in
coherent Rabi oscillations of the ancilla with a Rabi fre-
quency ΩUV/2π = 1.22(2) MHz, see Fig. 3. Measuring
the transmittance or reflectance of the array in the same
sequence, we find a strong correlation between ancilla
Rabi oscillations and the optical properties of the array,
where the mirror switches from transmitting to reflecting
during the course of the oscillations. Fitting the dynam-
ics of transmittance and reflectance of the array with a



5

-20 0 20 40 60 80
Number of detected photons

0.00

0.02

0.04

0.06

P
ro

b
ab

ili
ty 0 50 100

Time delay  (µs)

1.0

0.6

0.2

T

δt

π
UV Control

Probe

δt
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lifetime. Detected photon numbers distribution in reflection
within a ROI by either preparing the ancilla in the |g′〉 (blue)
or |rP 〉 (orange) state. For the former, we obtain a Poissonian
distribution corresponding to the photon counts in the EIT
configuration (blue solid line). Preparing the ancilla in |rP 〉,
the histogram acquires a tail towards high reflected photon
numbers. This histogram is a combination of counts due to
Rydberg-induced reflection (orange dashed line), and counts
at low photon numbers due to imperfect Rydberg preparation
and Rydberg decay. A Monte-Carlo simulation including our
experimental uncertainties reproduces the essential features
of the observed histogram (orange solid line and shaded re-
gion; see [34]). The inset displays the transmission signal for
variable delay time δt between Rydberg excitation and probe
pulse. We extract the Rydberg lifetime τ = 27(5) µs from
an exponential fit (solid line). The green dashed line is the
expected transmission signal for an ancilla Rydberg fraction
of Prp = 0.96. Error bars denote the s.e.m..

damped sinusoidal function derived from the Rabi oscil-
lations with the amplitude and offset of the oscillation as
free parameters, we find excellent agreement between this
model and the data. The small distortions in the trans-
mittance can be attributed to a non-vanishing probabil-
ity to initially have two ancilla atoms before excitation to
the Rydberg state [34]. Notably, the maxima of the os-
cillating reflectance are clearly above the single-particle
limit of a vertically disordered array [9, 34], demonstrat-
ing that the cooperative response of the mirror is pre-
served during the oscillation, see Fig. 3c.

The strong correlation between the state of the an-
cilla and the state of the mirror can be further studied
through photon number statistics. In the ideal case, we
expect all photons within a detection window to be re-
flected (transmitted) when the ancilla is excited to the
Rydberg state |rP 〉 (in its ground state |g′〉). We study
this correlation by monitoring the number of reflected
photons for a longer integration time of tp = 60 µs after
controllably exciting the ancilla with a π-pulse, see Fig. 4.
The distribution with the ancilla in |rP 〉 exhibits a long
tail at high numbers of reflected photons in addition to a
peak at low photon numbers. We find good agreement of
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FIG. 5. Spatially resolved switching area. Radially aver-
aged transmittance over the size of the switched mirror, cen-
tered around the ancilla atom. The solid lines show the esti-
mated radial profile, including |rS〉−|rP 〉 blockade, array size
and Rydberg fraction of the ancilla Prp . (a) The transmit-
tance of the array containing 250 atoms, comparable in size
(ra ≈ 4.7 µm) with the blockade radius, shows good agree-
ment with the estimated radial profile. (b) The array of 1500
atoms with the radius ra ≈ 12.5 µm, large compared to block-
ade radius, shows a washing out of the transmittance versus
distance, deviating from the solid line. This can be explained
by long-range exchange processes, where the |rP 〉 excitation
undergoes |rS〉 − |rP 〉 exchange resulting in the transport of
the excitation and therefore a shift of the switching area as il-
lustrated by the sketch. The insets on the upper left illustrate
the spatially-averaged transmission images, respectively. The
vertical solid (dashed) lines mark the array radius ra (esti-
mated blockade radius rb). Error bars denote the s.e.m..

our observed histogram with a model taking into account
our estimated preparation fidelity as well as the indepen-
dently measured lifetime of the Rydberg-excited ancilla
via Monte-Carlo sampling [34], see Fig. 4.

The spatial control over the position of the ancilla al-
lows for a fundamentally new approach to controlling the
optical response of the subwavelength array in a spatially
resolved way. To demonstrate such control, we prepared
the ancilla at a target site in the center of the array and
compared the optical response of a small array of ra-
dius ra = 4.7(7) µm with a larger array with a radius
ra = 12.5(5) µm, which exceeds the expected blockade
radius, see Fig. 5. In the small array, we observe a rela-
tively sharp edge where the transmission jumps from its
central value of 0.48(2) to near unity, due to the combi-
nation of the finite size of the array ra and the blockade
radius rb. In contrast, the large array has an increased
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transmittance at the center as well as a more gradual
increase of the transmittance beyond the blockade ra-
dius. These observations indicate the presence of pre-
viously studied long-range exchange processes [38, 42],
which cause the ancilla to delocalize over the entire sys-
tem and lead to a smoothened transmission signal. Im-
portantly, these exchange processes can be suppressed by
either operating on shorter probe timescales or by reduc-
ing the probe power, as the relevant exchange process
scales with ∝ Ω2

p [34, 42]. This regime is experimen-
tally accessible with optimized detectors matched to the
manipulated spatial modes of the light field, which, how-
ever, would not have allowed for the spatially resolved
proof-of-principle characterization of the array response
performed in this work.

In conclusion, we have demonstrated the ability to
switch and coherently control the optical properties of
a cooperative subwavelength array of atoms using a sin-
gle ancilla atom. Our system is presently limited by finite
preparation efficiencies as well as the finite Rydberg life-
time of the ancilla. The former can be improved by bet-
ter addressing techniques, e.g., by placing the ancilla in a
single microtrap overlapped with the cooperative array,
the latter with optimized single-photon detectors. Alter-
natively, we foresee the use of Rydberg dressing [43] for
the ancilla, improving its lifetime while minimizing mo-
tional decoherence effects due to reduced repulsion in the
lattice and the suppression of dipolar exchange processes.

Our measurements already demonstrate all experimental
building blocks to control single photons by manipulating
single atoms in subwavelength arrays, and open the path
towards the detection of atom-photon entanglement [44],
the realization of photon-photon gates [11, 45] or multi-
mode quantum optics in cooperative arrays [11–13].
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berg, H. P. Büchler, and S. Hofferberth, Calculation of
Rydberg interaction potentials, J. Phys. B: At. Mol. Opt.
Phys. 50, 133001 (2017).

[54] J. Johansson, P. Nation, and F. Nori, QuTiP 2: A python
framework for the dynamics of open quantum systems,
Comp. Phys. Comm. 184, 1234 (2013).

[55] D. W. Schönleber, A. Eisfeld, M. Genkin, S. Whitlock,
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SUPPLEMENTARY INFORMATION

I. EXPERIMENTAL DETAILS

In this section, we give a detailed description of the
experimental methods including initial state preparation,
experimental sequence, detection of the probe field, and
Rydberg excitation scheme.

A. Initial state preparation and experimental
sequence

Our experiment started with a 2D Bose-Einstein con-
densate of 87Rb atoms, confined in a single antinode of a
vertical (z-axis) optical lattice. By adiabatically ramping
up two lattices along the x and y direction with lattice
constant alat = 532 nm, we created a near unity-filled
Mott insulator, with ≈ 250 (1500) atoms and a filling of
η ≈ 0.96 (0.92) [46]. Exploiting the single-site resolution
of our quantum gas microscope, we deterministically pre-
pared a single atom in the ground state Zeeman sublevel
|g′〉 = |5P1/2, F = 1,mF = −1〉 at the center of the
cloud [40, 41], whereas the atoms forming the subwave-
length array remained in |g〉 = |5P1/2, F = 2,mF = −2〉,
see Fig. S1a.
To reduce the spatial wavefunction spread of the atoms
within the array, we ramped up all three lattices to a
depth of 100Er, where Er = h2/8ma2

lat is the recoil en-
ergy of the lattice. Afterwards, we applied an excita-
tion pulse in the ultraviolet spectral range (UV) with an
area of ΩUVt = π to controllably excite the ancilla atom
to the Rydberg state. With the ancilla prepared, we
turned on the control beam 4 µs before the probe beam,
which was kept on for a duration of tp = 20 µs, and
collected the transmission (reflection) signal on the EM-
CCD camera. After that, we performed site-resolved flu-
orescence imaging with our quantum gas microscope [47]
to obtain the lattice occupation in addition to the re-
flectance/transmittance of the array. For the Rabi oscil-
lations shown in Fig. 3, the state of the ancilla is detected
via loss of the Rydberg state |rP 〉 from the optical lattice,
such that the absence of the ancilla in the final fluores-
cence image signals the excitation to the Rydberg state
|rP 〉. To distinguish the ancilla in state |g′〉 from the sur-
rounding ground state atoms |g〉, we applied a resonant
push-out pulse on the latter before taking the fluores-
cence image, see Fig. S1b.

B. Detection of the probe field

The probe beam and the control beam propagated per-
pendicular to the atomic plane, see Fig. 1a. The optical
field at the position of the array was imaged by a high-
resolution objective with a numerical aperture (NA) of
0.68 onto an electron multiplying charge-coupled device
(EMCCD) camera (iXon Ultra 897, Andor Technology),

π
UV

Control

Probe
Push

|rP 〉
excitation

4 µs 20 µs
Collecting

probe signal
Removing

|g 〉
Fluorescence

imaging

0.4 µs 2 ms 1 s

Switching sequence and detection

40 ms

MW
Sweep

State preparation

5 ms
Single atom transfer Global transfer

Addressing

5 ms

MW
Sweep

3 ms 3 ms

|g' 〉
|g 〉

a

b

FIG. S1. State preparation and experimental se-
quence. (a) Starting with a near unity-filled Mott insulator
in |g′〉, we use a microwave (MW) transfer combined with a
tightly focused addressing beam at a wavelength of 787.55 nm
to transfer a single ancilla atom to |g〉. Then, a subsequent
global MW sweep prepares the ancilla atom in |g′〉 and the
array atoms in |g〉. (b) Switching of the subradiant mirror
is then performed by exciting of the ancilla to |rP 〉 with an
ultraviolet (UV) π-pulse, ΩUVt = π. After switching on the
control beam and an additional waiting time of 4 µs, the probe
beam is switched afterwards to monitor the probe signal on
the EMCCD camera. Depending on the state to be detected,
a resonant push-out can be added to remove |g〉 before record-
ing the fluorescence image.

which has a quantum efficiency of 80 %. The control
beam was filtered out before the EMCCD camera to sup-
press background for the detection of the 780 nm probe
light.
In the experiment, the probe beam parameters are con-
strained by three important factors. First, the finite life-
time of the ancilla Rydberg state limits the maximum
probe duration of the switched array. Second, high probe
powers lead to a Rydberg self-blockade for the array dur-
ing EIT probing when the admixed Rydberg fraction
per blockade volume exceeds unity, see Sec. II A. This
bounds the incident probe photon Rabi frequency Ωp for
a given control Rabi frequency Ωc. Third, the number
of photons incident on the EMCCD camera has to be
sufficient to overcome detection noise. To strike a com-
promise between all criteria, we first set the probe du-
ration to tp = 20 µs. Then, the probe Rabi coupling Ωp
was reduced to minimize self-blockade, while still obtain-
ing enough signal-to-noise on the EMCCD camera. For
the transmission beam, a direct measurement with the
EMCCD yielded about 0.36(2) photons incident on one
lattice site during a duration of tp = 20 µs, which corre-
sponds to Ωp/2π = 168(5) kHz.
For the reflection measurement, the probe beam was
combined with the imaging path using a glass plate, re-
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FIG. S2. Electronic level structure and excita-
tion scheme. The array atoms are resonantly coupled
to Rydberg states through a two-photon transition from
|5S1/2, F = 2,mF = −2〉 to |44S1/2,mj = −1/2〉 via the in-

termediate state |5P3/2, F = 3,mF = −3〉 with σ− (σ+)
polarized probe (control) beam. The ancilla atom, ini-
tially prepared in |5S1/2, F = 1,mF = −1〉, is coupled to

|44P3/2,mj = +3/2〉 using the σ+ polarized component of the
UV laser.

flected through the objective and focused on the atoms.
We calibrated the incident intensity of the reflection
probe beam by comparing the resonant atomic heating
due to the reflection probe with that of the transmis-
sion probe in shallow lattices [9]. The estimated incident
photon flux for all reflectance measurements is 0.44(8)
photons per lattice site within a duration of tp = 20 µs,
which corresponds to Ωp/2π = 189(16) kHz.

C. Excitation scheme

Fig. S2 shows the relevant electronic states of
the array atoms and the ancilla atom includ-
ing the respective transitions. The array atoms
were coupled from |g〉 = |5S1/2, F = 2,mF = −2〉 to
|e〉 = |5P3/2, F = 3,mF = −3〉 with the probe beam
at a wavelength of λp = 780 nm and from |e〉 to
|rS〉 = |44S1/2,mJ = −1/2〉 with the control beam at
a wavelength of λc = 480 nm. We applied a mag-
netic field of Bz = 28.5G perpendicular to the atomic
plane to isolate different Zeeman sublevels. Both probe
and control beams propagated parallel to the bias field,
setting a quantization axis for the almost pure σ− or
σ+ polarization in both transitions. The ultraviolet
(UV) excitation pulse at a wavelength of λUV = 297 nm
coupled the ancilla atom, which was prepared in the
ground state |g′〉 = |5S1/2, F = 1,mF = −1〉, to the state
|rP 〉 = |44P3/2,mJ = +3/2〉 without affecting the ar-
ray atoms in |g〉. A large Zeeman splitting of
∆z/2π = 53.2 MHz within the 44P3/2 manifold isolates
|rP 〉 state of the ancilla and relaxes the requirements on
polarization purity of the UV transition.

II. RYDBERG INTERACTIONS

In this section, we discuss the influence of self-blockade,
the details of the |rS〉 − |rP 〉 Rydberg interaction, the
EIT-blockade radius, and provide a quantitative deriva-
tion of the |rS〉 − |rP 〉 exchange process.

A. Optical nonlinearity due to self-blockade

Previous studies have shown that increasing probe
powers in EIT involving a Rydberg state result in the
breakdown of linear optical response [23, 36]. This op-
tical nonlinearity arises as Rydberg interactions and the
associated energy shifts violate the EIT condition once
the energy shift exceeds the width of the EIT transmis-
sion feature. This can be understood as a consequence
of the excitation of a delocalized “Rydberg polariton”
with a single photon, which results in an interaction en-
ergy shift Uint(r) of the Rydberg transition for subse-
quent excitations and thus a strong optical nonlinearity
at the single-photon level. This nonlinearity occurs when
the Rydberg fraction, which in the single particle limit
scales as Ω2

p/(Ω
2
p + Ω2

c), becomes significant. In Fig. S3a,
we compare our data with a simplified description of
EIT (dashed line) assuming non-interacting atoms in the
weak-probe limit [35, 48]. While this model captures the
essential features, there remains a small discrepancy on
resonance, which indicates the presence of the Rydberg
interaction-induced nonlinearity. A modified model for
EIT in presence of Rydberg interactions was described
in [49, 50]. There, the total susceptibility results from
superimposing the standard two-level atom susceptibil-
ity

χTA = χ0
iΓe

Γe − 2iδp
(S1)

with a simplified EIT susceptibility, where the detuning
is modified by the Rydberg S-state interaction USS

int

χEIT = χ0
iΓe

Γe − 2iδp + Ω2
c

[
Γr − 2i(∆2 + USS

int)
]−1 . (S2)

Here, we have defined χ0 = σ0na/kp with σ0 = 3λ2
p/2π

being the free-space optical cross-section, na being the
atomic density and kp the probe wave vector. Γe,r de-
notes the natural decay rate of |e〉 and |r〉. Furthermore,
δp = ωp−ωeg and δc = ωc−ωre are the single-photon de-
tunings of the probe and control beam and ∆2 = δp + δc
is the two-photon detuning. The two contributions are
weighted with the Rydberg (ground) state fraction PrS
(1− PrS ), which yields the total susceptibility

χREIT = PrSχ
TA + (1− PrS )χEIT. (S3)

The lineshapes of the probe response expected from
this model are proportional to the imaginary part
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FIG. S3. EIT nonlinearity due to Rydberg self-blockade. (a) Standard single-atom EIT model in Eq. S2 (dashed line)
and Rydberg EIT model in Eq. S3 (solid line) fitted to the observed spectroscopic results presented in Fig. 2. For the fitted
Rydberg fraction of PrS = 0.16(2), we find good agreement using the Rydberg EIT model. The data set was recorded for
Ωp/2π = 168(5) kHz and Ωc/2π = 6.7(6) MHz. (b) EIT spectroscopy for varying probe Rabi frequencies Ωp/2π = 82(3), 252(8),
385(12) and 1245(40) kHz with a vertical offset of 0.25 for each data set added for clarity. The incident probe photons were
fixed to 39(2) photons/site and Ωc/2π = 13.4(6) MHz. (c) The fitted linewidth of each peak ΓEIT increases for larger Ωp. The
black dashed line marks the expected linewidth at Γe/2 = 2π × 3.03 MHz for the single-particle weak-probe limit. (d) The
Rydberg fraction PrS extracted from the fit for increasing Ωp. The black solid line shows the model presented in Eq. S4. The
horizontal red dashed line in d marks the Rydberg fraction of PrS = 0.16, which is equivalent to the measurement in the main
text. Error bars denote the standard error of the mean (s.e.m.) in (a, b) and the standard deviation (s.d.) of the fit in (c, d).

of the susceptibility, Im
[
χREIT

]
. Fitting the mod-

ified model of Eq. S3 with amplitude, offset, PrS ,
ΓEIT, Ωc and USS

int as free parameters leads to a
much better agreement with the measurements (re-
duced Chi-square of χ2

red ≈ 1.5− 1.7) compared to the
EIT model neglecting Rydberg interactions (χ2

red > 3),
see Fig. S3a. As a result from the fit, we ob-
tained ΓEIT = Γfit

e /2 = 2π × 2.97(16) MHz (see main
text), Ωc/2π = 6.7(6) MHz and PrS = 0.16(2). To
probe the nonlinearity in detail, we investigated the
dependence of the EIT spectra on the probe Rabi
frequency Ωp at a fixed control Rabi frequency of
Ωc/2π = 13.4(6) MHz, see Fig. S3b. For increasing
Ωp, we observe a broadening of the absorption fea-
ture, consistent with previous studies in the same regime
(Ωc ≈ Γe) [51, 52], and the disappearance of the trans-
mission window at Ωp/2π = 1.24(4) MHz. The fitted
linewidth ΓEIT broadens rapidly with increasing Ωp and
equals ΓEIT/2π = 6.9(15) MHz at the breakdown point
where the EIT double peaks vanish, see Fig. S3c. Next
to the linewidth, we also extract the Rydberg fraction
PrS via the fit and observe an increase of PrS with in-
creasing Ωp, illustrated in Fig. S3d.
We compare PrS with a model including collective en-

hancement [49], which predicts

PrS =
nSAΩ2

pΩ
2
c

nSAΩ2
pΩ

2
c + [Ω2

c − 4δp∆2]2 + 16∆2
2γ

2
e

, (S4)

where nSA = (1/a2
lat) × π(rSS

b )2 ≈ 77 denotes the atom

number in the blockade volume, rSS
b = 6

√
2CSS

6 Γe/Ω2
c is

the EIT-blockade radius and CSS
6 = 3.15 GHz µm6 the

van der Waals coefficient between two atoms in state
|rS〉. The fraction PrS predicted by the model is be-
low the results obtained from the fit. We attribute
this discrepancy to two main sources: First, the pre-
sented model is well suited to describe the data sets
for Ωp/2π ≤ 385 kHz, where the reduced Chi-square
amounts to χ2

red ≈ 1.5 − 1.9, whereas for the largest
Ωp we find χ2

red ≈ 4.8. We conclude that for larger Ωp
the model requires further assumptions to capture the
essential physics. We note however, that the presented
measurements in the main text are performed for Ωp well
below the breakdown of EIT, where we find the model to
hold and where we observe minor Rydberg fractions of
PrS = 0.16(2), indicated by the horizontal red dashed line
in Fig. S3d. Second, the measurements were performed
at a lattice depth of 300Er with a relatively large incident
photon flux of 39(2) photons/site. Here, we observed a
decrease of the atomic filling to ≈ 0.7, which can influ-
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coupling the 44S1/2 to the 44P3/2 Rydberg state in an external magnetic field of Bz = 28.5G. The intensity of the blue coloring

indicates the relative optical coupling strength |Cr′r′′ |2 for the spin states |rS〉 and |rP 〉. The red ticks at a large distance mark
the magnetic sublevel splittings. The red dashed curve resembles a van der Waals potential CSP

6 /r6 with CSP
6 /h ≈ 35 GHz µm6.

(b) Potential energy curves in the close vicinity of the EIT-blockade radius rb (vertically-dashed line). The red ticks mark the
asymptotic state |rSrP 〉 and |r̃S r̃P 〉, where |r̃S〉 = |44S1/2,mJ = +1/2〉 and |r̃P 〉 = |44P3/2,mJ = +1/2〉. The splitting between
the curves marked as |+〉 and |−〉 amounts to ∆U/h and gives rise to the dipolar |rS〉−|rP 〉 exchange. (c) Imaginary part of the
probe susceptibility (|g〉 ↔ |e〉) for variable Rydberg-Rydberg distance and δp = 0. The blue curve takes the four most relevant
Rydberg pair potentials with |Cr′r′′ |2 > 0.05 into account, resulting in an EIT-blockade of rb = 4.63 µm (vertically-dashed line)
where Im[χ/χ0](rb) = 1/2. Approximating the potentials by an effective van der Waals potential with CSP

6 /h ≈ 35 GHz µm6,
we find excellent agreement of the optical response as shown by red dashed curve. Note that the dipole-dipole interaction
coefficient C3 becomes negligible for r > 4 µm, as resonant dipole-dipole coupling between |rS〉 and |rP 〉 is forbidden as the
difference in magnetic quantum number amounts to ∆mJ = 2.

ence the transmission detection. The data in the main
text was measured at much lower probe photon of 0.36(2)
photons/site where such heating was negligible, resulting
in a smaller linewidth and transmittance dip.

B. Interaction potentials and derivation of the
EIT-blockade radius

We calculated the interaction potentials for Rydberg
pair states |rSrP 〉 and |rP rS〉 using the software “Pair-
interaction” [53]. For Rydberg pair states composed of
opposite parity Rydberg states, interactions are typically
described by resonant dipole-dipole interactions following
a ∝ 1/r3 -scaling. In our case however, the first-order
dipole-dipole matrix elements vanish as the magnetic
quantum numbers of |rP 〉 and |rS〉 differ by ∆mJ = 2.
As a consequence, the interactions are described in sec-
ond order perturbation theory by van der Waals inter-
actions CSP

6 /r6, originating from off-resonant coupling
to pair states formed by neighboring Zeeman sublevels.
Due to the constant bias field of Bz = 28.5 G, these mag-
netic Zeeman sublevels are split by tens of Megahertz,
see Fig. S4a and b. Fitting the resulting interaction po-
tential for r > 4 µm, we find a van der Waals coefficient
of CSP

6 /h ≈ 35 GHz µm6, see red dashed line in Fig. S4a
and b.
Using the calculated interaction potentials, we derive the

EIT-blockade radius rb by analysing the single-particle
optical response function Im[χ] of the probe transition.
We model our system with all relevant Rydberg pair
states, assuming δp = δc = 0 and Rydberg interactions to

neighboring pair states as Ur
′r′′

int (r) with the Hamiltonian

H =
~
2

Ωp|e〉〈g|+
~
2

∑
r′,r′′

ΩcCr′r′′ |r′r′′〉〈e|

+
~

2π

∑
r′,r′′

Ur
′r′′

int (r)|r′r′′〉〈r′r′′|+ h.c..

(S5)

Here, |r′r′′〉 are Rydberg pair states and
Cr′r′′ = 〈r′r′′|rSrP 〉 is the overlap of |r′r′′〉 with
the bare state |rSrP 〉. By accounting for Rydberg pair

states |r′r′′〉 with |Cr′r′′ |2 > 0.05 and Ur
′r′′

int < 100 MHz,
we calculated the steady-state solution of the probe tran-
sition density matrix (ρeg) using the QuTiP package [54]
and obtained the distance dependence of the optical
probe response Im[χ](r) with χ = −2χ0γeρeg/Ωp, see
Fig. S4c. Defining the EIT-blockade radius rb at the
point where Im[χ/χ0] reduces to half of its maximum
value, we find an EIT-blockade radius of rb = 4.63 µm,
in agreement with rb = (2C6Γe/Ω

2
c)

1/6 = 4.6 µm for
CSP

6 /h ≈ 35 GHz µm6. This estimated blockade radius is
also in good agreement with the experimental measure-
ments in Fig. 1c and Fig. 5. We note that the simplified
model of pure van der Waals interactions CSP

6 /r6, with



13

CSP
6 ≈ 35 GHz µm6, leads to a very similar spatial

optical response, see the red dashed line in Fig. S4c.

C. Estimating the |rS〉 − |rP 〉 exchange rate

As described in the main text, for larger atomic arrays,
the measured radial transmission profile in Fig. 5b devi-
ated from the theoretical expectation. In those systems,
we observed an overall reduction of the central transmis-
sion as compared to the small array, see Fig. 5a. In addi-
tion, we observed a “halo” of reduced transmission reach-
ing to distances beyond the ancilla-induced EIT-blockade
radius rb. We attribute these observations to dipolar ex-
change processes between the ancilla atom in state |rP 〉
and the surrounding atoms dressed to |rS〉 [38, 42, 55].
In contrast to previous studies, where the exchange pro-
cess was given by resonant dipole-dipole coupling, in our
case the exchange arises only in second-order as the mag-
netic Zeeman sublevels of the Rydberg state |rS〉 admixed
to the mirror and the ancilla prepared in |rP 〉 differ by
∆mJ = 2. In the following, we quantitatively estimate
the effective exchange rate Jeff

ex mediated by off-resonant
coupling to other Zeeman sublevels.
In a first step, we consider the dynamics of two iso-
lated Rydberg atoms in states |rS〉 and |rP 〉 and derive
the exchange coupling rate Jex. For distances r > 4 µm,
only two pair-potentials are relevant, see Fig. S4b.
These potentials can be decomposed in the sym-
metric |+〉 = 1√

2
(|rSrP 〉+ |rP rS〉) and anti-symmetric

|−〉 = 1√
2

(|rSrP 〉 − |rP rS〉) superposition of the |rSrP 〉
pair basis. Initializing the atoms in the bare state
|rSrP 〉 = 1√

2
(|+〉+ |−〉) results in a coherent exchange to

a state |rP rS〉 with rate Jex/(2π) = ∆U/(2h), where ∆U

is the energy splitting of the two pair-potentials. The
coherent exchange dynamics of the bare states is thus
described by

|Ψ〉(t) ≈ cos(Jext) |rSrP 〉+ eiφsin(Jext) |rP rS〉, (S6)

where φ is a global phase. For smaller distances
(r ≤ 4 µm), a multitude of pair states contribute to Jex.

In principle, any two pair potentials Ur
′r′′

int and Ur
′′′r′′′′

int

with energy splitting ∆r′r′′r′′′r′′′′

U = |Ur′r′′int −Ur
′′′r′′′′

int | will
result in a coherent |rS〉 − |rP 〉 exchange, as long as the
overlaps Cr′r′′ and Cr′′′r′′′′ are significantly large. Focus-
ing only on pair states with |Cr′r′′ |2 > 0.01, we find the
exchange rates as illustrated in Fig. S5a. While for larger
distances the exchange is restricted to two pair states
(|rSrP 〉 ↔ |rP rS〉), a multitude of states are contributing
for shorter distances resulting in strong dephasing and
possible coupling to other states, such as |rSrP 〉 → |r′r′′〉.
In a next step, we estimate the Rydberg fraction PrS (r)
quantifying the probability to find an atom surround-
ing the ancilla atom in Rydberg state |rS〉 using Eq. S4.
Due to the large interaction energy shift between atoms
in Rydberg states |rS〉 and |rP 〉, PrS (r) vanishes for
small distances, see Fig. S5b. Finally, we combine the
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FIG. S5. Dipolar exchange. (a) |rS〉 − |rP 〉 exchange
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tween neighboring interaction potentials (Ur′r′′
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int ),
while the intensity of the blue coloring indicates the overlap
|Cr′r′′Cr′′′r′′′′ |2 with the bare state |rSrP 〉. (b) |rS〉 Ryd-
berg fraction as calculated by Eq. S4. (c) Effective exchange
rate, given by the product of the upper and middle graph
Jeff

ex (r) = PrS (r) × Jex(r). For larger distances r > 4 µm,
the effective exchange rate is predominantly given by the dif-
ference of the symmetric and antisymmetric pair states |+〉
and |−〉, respectively. For smaller distances r < 4 µm how-
ever, a multitude of pair states contribute, resulting in strong
dephasing.

exchange rate Jex(r) with the distance-dependent prob-
ability PrS (r) to an effective dipolar exchange rate by
Jeff

ex (r) = PrS (r) × Jex(r) [38], resulting in a maximum
rate of Jeff

ex /2π ≈ 3.2 kHz peaked at around r ≈ 3.7 µm
(see Fig. S5c).
To compare to the dynamics in our array, we extend this

two-particle model towards a larger many-body system,
where the ancilla can undergo coherent exchange Jeff

ex (r)
with all atoms in the vicinity. We include an incoherent
coupling γ(r) to the environment and solve the resulting
Lindblad master equation using the QuTiP package [54].
We find the dynamics of the ancilla to be well described
by an effective exchange rate of Jcol

ex ≈ 2π × 30 kHz. In
contrast to two-atom exchange, here the dynamics is col-
lectively enhanced as a consequence of the indistinguisha-
bility of all coupled atoms at a certain distance from the
ancilla. A single exchange is concluded after a duration
of 1/(2 × 30 kHz) ≈ 16 µs, which is on the order of our
probe duration (tp = 20 µs). As the ancilla undergoes
collective exchange with all atoms at around r ≈ 3.7 µm,
the original |rP 〉 excitation at the center of the array
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agreement with the transmittance oscillation. On the contrary, the reflection data set has improved preparation fidelities with
negligible two atom fraction and consequently exhibits a pure single-frequency sinusoidal Rabi oscillation. Error bars denote
the s.e.m..

quickly delocalizes onto a ring. Starting from there, the
excitation then again undergoes collective exchange, ulti-
mately leading to a complete loss of |rp〉-state fraction at
the center. To suppress such exchange processes, one can
either operate on shorter probe timescales or reduce the
probe power, as the exchange process scales with ∝ Ω2

p

in the limit Ωp � Ωc [42].

III. DATA EVALUATION

In this section, we provide general information on how
the data was analysed and also describe simulation meth-
ods used in the main text.
For the transmittance and reflectance analysis, we used
a region-of-interest (ROI) of 5 × 5 binned pixels, equiv-
alent to an area of 5× 5 µm that is centered around the
ancilla atom. The ROI area covers ≈ 100 lattice sites,
smaller than the atomic array, which has a diameter of
9.4(14) µm. For each measurement, we recorded and sub-
tracted a background image, which removed an offset on
the camera signal. We then evaluated the transmittance
and reflectance by comparing it with a reference image
including the probe beam, yet after dropping the atoms.

A. Details on the observed Rabi oscillations

The single-atom Rabi oscillation was detected indi-
rectly through the loss of the Rydberg-excited ancilla
atom due to the anti-trapping of the Rydberg state.
After the UV pulse and the measurement of the trans-
mittance or reflectance, we removed the surrounding
array atoms in the ground state |g〉 by a resonant
push-out pulse and waited several milliseconds to ensure
that the Rydberg state |rP 〉 left the trap. Subsequently,
we detected the atoms in |g′〉, the only state which
had not been removed, using site-resolved fluorescence
imaging.
Investigating the oscillation of the transmission signal
presented in Fig. 3 reveals a slight discrepancy from the
presented single-frequency sinusoidal model. To obtain
further insight, we analyse the histogram of fluorescence
counts in a region of 3 × 3 lattice sites around the
ancilla atom, see Fig. S6. Interestingly, for transmission,
the data set shows three separate peaks. We identify
the two left peaks as Ng′ = 0 and Ng′ = 1 atoms in
|g′〉. The rightmost peak is located between the signal
corresponding to Ng′ = 1 and the expected value for
Ng′ = 2 atoms. This enlarged signal can be explained by
the presence of two atoms occupying different adjacent
sites in the vertical lattice, originating from imperfect
preparation of the initial state. We verified this by
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intentionally preparing systems of atoms occupying
neighboring layers of the vertical lattice, which results in
identical distributions. Using thresholds to discriminate
between Ng′ = 0, Ng′ = 1 and Ng′ = 2 based on the
fluorescence count histograms presented in Fig. S6, we
obtain probabilities of 0.42, 0.44 and 0.14, for the three
cases averaged over the time evolution, respectively.
In our standard reconstruction of lattice site occupancy,
the two cases Ng′ = 1 and Ng′ = 2 would not be dis-
criminated. We therefore reevaluated the atom numbers
contributing to the oscillating 〈Ng′(t)〉 with the new
thresholds for Ng′ , see Fig. S6a. First, this procedure
introduces a contribution with Ng′ > 1 resulting in
an overall positive offset to the Rabi oscillation signal.
Second, the Rabi oscillation signal 〈Ng′(t)〉 exhibits
a deviation from a pure sinusoidal single-frequency
oscillation, in much better agreement with the observed
time-dependent transmission data T (t).
Based on this observation, we also extend our model to
describe the observed transmissions T (t) presented in
Fig. 3. We allow for a beating of the Rabi oscillation
between the initial configurations Ng′ = 1 and Ng′ = 2

originating from the
√
Ng′ enhancement of the Rabi

frequency [56, 57]. Their relative amplitudes, which are
directly connected to the probability of Ng′ = 0, Ng′ = 1
and Ng′ = 2, were left as free fit parameters. From the
fit, we obtain an initial fraction of P2(t = 0) = 0.28(5)
for Ng′ = 2. During the dynamics, this initial fraction
averages to 〈P2(t)〉 = 0.14(3), in excellent agreement
with the value obtained from the histogram. For the
reflection data set, we improved the initial state prepa-
ration to suppress any Ng′ = 2 occupation, resulting in
pure single frequency oscillations.

B. Simulating the photon number histogram

In Fig. 4 we recorded two distinct histograms of the de-
tected photon numbers in reflection, with either the an-
cilla being prepared in the ground or the Rydberg state.
In this section, we derive and describe the Monte-Carlo
simulation used to estimate the shape of the recorded his-
tograms. In these measurements, we chose a prolonged
interaction time of tp = 60 µs. With the ancilla prepared
in |g′〉, the system is transparent and all collected photons
within the ROI can be attributed to imperfections in the
EIT-signal, such as self-blockade, see the blue histogram
in Fig. 4. The probability distribution follows a Pois-
sonian distribution with a width exceeding photon shot
noise by a factor of two due to the stochastic EMCCD
amplification process [58]. We find a signal of µ = 18.3(7)
photons, which is slightly larger than the photon back-
ground count of 16.0(7) that was globally subtracted in
Fig. 4.
For the ancilla in |rP 〉, the recorded reflection values
are shifted towards higher values because the mirror is
switched reflective (orange histogram in Fig. 4). We now

observe a broad asymmetric distribution featuring a max-
imum at low photon numbers and an additional tail to-
wards larger photon numbers. To reproduce the detected
shape, we repeatedly run the following steps to generate
a simulated photon number histogram. As a starting
point, we assume the photon numbers to be a combina-
tion of background photons and photons resulting from
reflection, picking two values from two distinct Poissoni-
ans and sum them with their respective weights. The first
Poissonian has a mean of µ = 18.3(7) photons, whereas
the mean of the second “switched” Poissonian remains
to be determined. The relative weight between these two
contributions is given by the preparation fidelity of the
ancilla in |rP 〉 and the Rydberg decay time. We obtain
these values experimentally by performing independent
reference measurements (see inset of Fig. 4), resulting in
an ancilla |rP 〉 preparation fidelity of 0.85(10) and a Ryd-
berg lifetime of τ = 27(6) µs. These experimental num-
bers directly enter our simulation, by means of randomly
sampling the initial Rydberg fraction as well as the mo-
ment of the Rydberg decay within their respective error
bars for each realization from a Gaussian distribution.
Running the aforementioned procedure for 105 indepen-
dent realizations, we can first estimate the mean photon
number for the switched mirror. We do so by varying
the mean photon number of the second Poissonian until
the simulation best fits larger photon numbers exceeding
> 60. Here we find best agreement based on a maximum
likelihood estimate if the second “switched” Poissonian
has a mean value of 65(2) photons. The resulting dis-
tribution in absence of Rydberg decay and with perfect
ancilla preparation is shown in an orange dashed curve
in Fig. 4.
Finally, we derive the theoretical shape of the histogram
by performing 5000 independent runs, each containing
104 independent sets of photon numbers. Having these
5000 realizations, we can then derive a mean value and
standard deviation resulting in the orange solid curve and
shaded region in Fig. 4.

C. Rydberg lifetime of Rydberg |rP 〉-state

We measured the Rydberg lifetime of the |rP 〉-state by
varying the time interval δt between the ancilla excita-
tion pulse and the detected transmission of the probe.
We observed an increase of the transmittance due to the
finite Rydberg lifetime, which continuously reduces the
Rydberg fraction PrP , see Fig. 4 inset. We estimated the
Rydberg fraction PrP via

PrP (δt) =
ηinit

tp

∫ δt+tp

δt

e−t
′/τdt′. (S7)

Here, ηinit is the efficiency of initially preparing the an-
cilla atom in |rP 〉. We fit the transmittance, which is
proportional to the Rydberg fraction PrP (δt), with the
initial preparation efficiency ηinit, the Rydberg decay τ
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FIG. S7. Atom loss during mirror operation. Average
atomic filling after illuminating the sample with a variable
amount of resonant probe photons for either the subradiant
mirror (red) or EIT configuration (blue) where an additional
480 nm beam is applied. Applying a linear fit, we obtain a loss
rate of 0.055(2) atoms/photon and 0.013(1) atoms/photon for
the subradiant mirror and the EIT, respectively. The verti-
cal orange line marks 0.36(2) photons/site for a duration of
tp = 20 µs, which was used for all transmission measurements
except the photon number histogram. Error bars denote the
s.e.m..

and an offset as free fit parameters. The transmittance is
constrained in the fit to lie between the transmittance of
the subradiant mirror and the EIT feature on resonance.
From the fit, we obtain an initial preparation efficiency of
ηinit = 0.85(10) and the Rydberg decay of τ = 27(5) µs.
For these values and δt = 4 µs, we reproduce the experi-
mental setting of Fig. 2b, resulting in PrP = 0.52(8). The
fitted ηinit is in agreement with the independent measure-
ment of |g′〉 preparation efficiency of 0.83(4), assuming
perfect excitation from |g′〉 to |rP 〉 Comparing the Ryd-
berg lifetime τ of |rP 〉 with a theoretical estimation of
65 µs at T = 300K from “ARC” package [59] and an
experimental measurement of 64.2(26) µs of 85Rb atoms
in a magneto-optical trap [60], our measured lifetime is
lower by approximately a factor of two.

IV. ADDITIONAL MEASUREMENTS

Here we show additional measurements to provide
more details about the heating of atoms in the array due
to probe photons, the reflectance of disordered atoms via
Bloch oscillations, and derive the camera signal to pho-
ton conversion factor.

A. Atom loss due to heating of the probe photons

To quantify potential probe-beam induced atom losses,
we illuminated the atomic array at a lattice depth of
40Er for a variable amount of resonant probe photons,
see Fig. S7. For the case of the subradiant mirror, where
only the probe beam was on, the loss rate amounted to
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FIG. S8. Reflectance under vertical Bloch oscillation.
The Bloch oscillation at the half period (0.5TB) breaks the co-
operative response by maximally displacing the atoms verti-
cally, resulting in isotropic scattering of the disordered atoms.
The resonant reflectance at half period amounts to 0.16(3).
Error bars denote the s.e.m..

0.055(2) atoms/photon. In contrast, the EIT configu-
ration had a lower loss rate of 0.013(1) atoms/photon
as expected from the transparency window. Since the
switched mirror case is a statistical combination of these
two cases, the atom loss is estimated to be within the
bounds of these two cases depending on the ancilla Ryd-
berg fraction PrP . The vertical orange line marks 0.36(2)
photons/site corresponding to Ωp/2π = 168(5) kHz for a
duration of tp = 20 µs, used for most measurements in
the main text at a lattice depth of 100Er. For these pa-
rameters, we observe negligible atomic loss, thus allowing
in principle for multiple detections before the reduction
in atomic density significantly deteriorates the subwave-
length mirror performance.

B. Inducing spatial disorder through Bloch
oscillations

To compare the cooperative response with the dissipa-
tive free-space scattering from uncorrelated, disordered
atoms, we performed Bloch oscillations along the propa-
gation direction of the probe beam to allow vertical po-
sition spread. We started with the 2D ordered array at
a depth of 15Er and 20Er in the vertical and horizon-
tal lattices, respectively. We instantaneously reduced the
vertical depth to 4Er letting the atoms dynamically os-
cillate under the potential energy difference between ad-
jacent lattice sites of ∆z/h = 360 Hz along the vertical
axis, arising from the magnetic field and gravity gradient.
The ordered array spread out vertically and refocused af-
ter the Bloch period of TB = h/∆z ∼ 2.8 ms with an esti-
mated maximum half width of dz = 4Jalat/∆z ∼ 3.6 alat,
where J is the tunnelling rate in the vertical direction and
alat is the lattice constant. At half period (0.5TB), the
spread of the atoms along the vertical direction is maxi-
mal, resulting in a reflectance of 0.16(3), being equivalent
to the expected isotropic scattering of ≈ 0.13 for a single
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FIG. S9. Calibration of camera conversion. Standard de-
viation (S.D.) of detected camera signal versus mean number
of camera signal for an intensity-stabilized laser impinging on
the EMCCD camera. Fitting the expected square root scal-
ing provides the conversion factor between camera signal to
photon number to be 0.32(3).

particle and the NA of the objective of 0.68.

C. Camera signal to photon conversion

Deriving the conversion of the camera signal (counts)
to incident photons, α = Np/c with Np being the pho-
ton number and c being the camera signal (counts), re-
quires knowledge of the camera performance. We per-
formed two independent measurements to estimate the
EMCCD conversion factor α quantifying the conversion
between detected photons and recorded counts. For the
first method, we illuminated the EMCCD camera with an
intensity-stabilized laser beam and compared the cam-
era signal for settings with and without camera gain.
Here, we retrieved the camera signal to photon conver-
sion factor of α = 0.298(1), including the camera quan-
tum efficiency of 0.8 and sensor conversions. The sec-
ond method exploits the scaling of the photon shot noise,
∆Np =

√
Np. As a consequence, the relation of the stan-

dard deviation of the camera signal and the camera signal
is ∆c =

√
2/α ·

√
c. Here, the factor of

√
2 is the addi-

tional noise originating from the amplification process of
the EMCCD camera [58]. Varying the light intensity, we
extracted the conversion factor of α = 0.32(3) from a
fit, see Fig. S9. Both are in agreement with each other;
therefore, we use their average for analysing our data.
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