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Abstract

®
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Assembled arrays of individual atoms with Rydberg-mediated interactions provide a powerful
platform for the simulation of many-body spin Hamiltonians as well as the implementation of
universal gate-based quantum information processing. We demonstrate the first realization of
Rydberg excitations and controlled interactions in microlens-generated multisite trap arrays of
reconfigurable geometry. We utilize atom-by-atom assembly for the deterministic preparation
of pre-defined 2D structures of rubidium Rydberg atoms with exactly known mutual
separations and selectable interaction strength. By adapting the geometry and the addressed
Rydberg state, a parameter regime spanning from weak interactions to strong coupling can be
accessed. We characterize the simultaneous coherent excitation of non-interacting atom
clusters for the state 57Ds, and analyze the experimental parameters and limitations. For
configurations optimized for Rydberg blockade utilizing the state 87Ds,, we observe

collectively enhanced Rabi oscillations.

Keywords: quantum information, quantum simulation, quantum computing, Rydberg atoms,

tweezer arrays
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1. Introduction

Individual atoms in arrays of optical traps constitute a versatile
platform of experimentally well accessible quantum systems
for quantum simulation and computation [1-7]. Their multi-
site geometry facilitates the allocation of large-scale quantum
resources [8—10] while being configurable [11-14] in order
to represent a broad range of model systems. Atom-by-atom
assembly of the target patterns provides the crucial ability to
deterministically prepare the system of interest in a defect-free
manner [8, 15—19]. Interactions of variable strength and range
can be introduced on demand by the site-resolved excitation of
Rydberg states [11, 20—24]. High-fidelity coherent control of
the dynamics has led to the creation of entanglement [25-28],
the implementation of quantum gates [29-31], and the sim-
ulation of quantum Ising models and XY magnets including
the study of topological phases [12, 32—34]. At the same time,
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these systems hold potential for the parallelization of univer-
sal gate operations en route to large-scale quantum computing
[1,2,31,35].

In this work, we expand Rydberg many-body physics to our
scalable micro-optical platform [8, 36—-39]. We demonstrate
significant progress for microlens-generated trap arrays facil-
itating the deterministic preparation of 2D Rydberg-coupled
systems of tunable interactions and adaptable geometry. The
implementation of defect-free and controllable ordered con-
figurations with defined atom positions enables the time- and
site-resolved observation of coherent dynamics in the
Rydberg-blockaded regime.

2. Methods

2.1. Microlens-generated arrays of single atoms

The illumination of a microlens array (MLA) with laser
light of suitable wavelength creates a multitude of focused-

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Microlens-generated arrays of single atoms. A top view schematic of the experimental setup and the relevant beam paths is
shown. The incident dipole trap beam passes a quadratic-grid microlens array (MLA). The resulting focal spot array is reimaged into a
vacuum chamber to generate the trap array by demagnifying relay optics of lens L1 and microscope objective L2 (numerical aperture

NA = 0.25(2)). This same objective is used in conjunction with a dichroic mirror DM to image the fluorescence light of trapped atoms onto
an EMCCD camera. Captured single shot images of individual atoms stored in trap arrays with pitch of 14.1 pum, 10.3 pum, and 7.0 um are
displayed on the bottom. An independent beam of trapping light directed through a 2D acousto-optic deflector (AOD) creates a moveable
optical tweezer. Its beam path is superposed with the trap array light on a polarizing beam splitter PBS1 and the polarizations are aligned
using half wave plate W and PBS2. After passing the vacuum chamber, the light fields of trap array and tweezer are imaged onto a CCD
camera for analysis and optimization using a second microscope objective L3. The laser beams for two-photon Rydberg excitation of 480 nm
(780 nm) are linearly (circularly) polarized and address the trap array through L3 (L4) on orthogonal beam paths. A magnetic field B is
applied along the x direction to create a quantization axis and lift the degeneracy of Zeeman levels. (b) Two-photon scheme for excitation to
Rydberg states. Atoms are initially prepared in the |g) = |F = 3, mp = —3) ground state. The combination of o~ - and 7-polarized light
excites the Rydberg state [r) = nDs/, with magnetic quantum number m} = —3/2.

beam dipole traps in a parallelized fashion [37, 39]. The trap
positions reflect the arrangement of lenslets on the micro-
fabricated optical element where large-scale periodic quadratic
and triangular as well as custom geometries are available. On
top of this, rapid prototyping of user-defined trap patterns has
been implemented by 3D printing of micro-optics using direct
laser writing techniques [14]. Configurations of interleaved
trap arrays add further flexibility by enabling the parallelized
dynamic positioning and transport of stored-atom quantum
systems [10, 40]. The number of traps with sufficient depth
is determined by the number of lenslets that are illuminated
with sufficient power. As lithographically produced MLAs
may contain millions of lenslets, the number of traps in cur-
rent experiments is only technically limited by the available
laser power.

Figure 1(a) depicts the current experimental platform of our
rubidium atom array. We use MLAs of plano-convex lenslets
with spherical curvature in a quadratic grid. As visualized in
the schematic, the MLA is illuminated with a Gaussian beam
of linearly polarized trapping light produced by a titanium-
sapphire laser. The typical trap depth is Uy ~ kg - | mK, which
requires about 1 mW of trapping light per site at a typical
wavelength of 798 nm, and results in a maximum number of
trapping sites on the order of 2500 [8] in the focal plane. The

Table 1. Parameters of microlens arrays (MLA) and trap arrays. All
MLAS have a quadratic grid geometry.

Microlens array L1 Trap array
Par.set  Pitch (um) NA fi (mm) Pitch (um) A (nm)
1 30 0.14 80 14.1(4) 798.6
110 0.03 400 10.3(3) 797.3
3 75 0.03 400 7.012) 797.3

Note: Parameters common to all trap arrays:
trap waist (1/e*-radius) wy = 1.45(10) pm
trap depth Uy =~ kg- 1 mK.

spot pattern of the focal plane is reimaged into the vacuum
chamber using demagnifying relay optics consisting of an
achromatic lens (L1, focal length f}) and a microscope objec-
tive (L2) of 37.5(10) mm effective focal length and numerical
aperture of NA = 0.25(2). This creates an array of diffraction
limited spots with waists of 1.45(10) pum. Geometry and pitch
are adaptable by either changing the MLA or the focal length
fi. Table 1 lists the parameters of three trap arrays utilized in
this work.

In order to uniformly fill the array, we superpose a cloud of
85Rb atoms that is collected and cooled in a six-beam magneto-
optical trap (MOT) at a detuning of —10 MHz relative to the
|5S1/2, F = 3) <+ [5P3,,F' = 4) transition and subsequently
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Figure 2. Defect-free assembly of a 2D cluster of individual atoms. The initial distribution of individual atoms in the array (left) is analyzed
and converted to a Boolean occupation grid (middle). Occupied sites are marked with a black dot. All sites are classified as correctly
occupied (white), reservoir atom (green), and empty target site (red). A shortest-move heuristic is used to compute the required
rearrangement sequence. Upon successful execution of the atom moves, defect-free filling of the target structure (red box) is observed (right).

expanded during a short time-of-flight phase. The atoms are
loaded into the traps during a 30 ms stage of polarization-
gradient cooling and light assisted collisions at a detuning of
—52 MHz. The collisional blockade effect [19, 41, 42] causes
a trap occupation of either zero or one atom. The single atoms
are probabilistically distributed in the array. We observe an
upper bound of 55% for this initial filling fraction.

Out of the multilayer trapping geometry created by the Tal-
bot effect [10], for this work we restrict our system to one
single layer of atoms by removing all atoms from the layers
outside the focal plane by radiation pressure. For this purpose,
we apply a beam of laser light resonant to the |5S, », F = 3) <
|5P3/,, F' = 4) transition perpendicular to the dipole trap axis
with a shadow along the focal plane.

We use an electron-multiplying camera (EMCCD) for site-
resolved atom detection. Atom fluorescence is induced by
the cooling light and collected by the microscope objective
(L2). The fluorescence is separated from the trapping light
by a dichroic mirror (DM) and imaged with a magnification
of 20, ensuring a clear spatially resolved detection of the
atoms. We obtain a single atom detection fidelity larger than
99% for every array site using an integration time of 50 to
70 ms. Figure 1(a) shows single shot images of trapped atoms
in a selection of microlens-generated arrays where we have
varied the trap period (pitch) between 14.1 ym and 7.0 pm.
Additional parameters are listed in table 1.

2.2. Atom-by-atom assembly

The deterministic assembly of a target structure is visualized
in figure 2. We use a path finding algorithm to calculate a
sequence of atom rearrangements from the detected initial
distribution of atoms (left). The source array consists of up
to 19 x 19 traps. Within this grid, all occupied traps other
than the centered target structure (red box) serve as reservoir
(middle). The moveable optical tweezer carries out the rear-
rangement sequence in order to achieve a defect-free pattern
(right). We employ a greedy algorithm which pairs each vacant
target site with the closest available reservoir atom, starting
in the center of the target structure. Atoms are moved along
the virtual grid lines connecting the sites. If a calculated path

contains an occupied trap, this obstacle atom is moved into
the target trap instead and the original reservoir atom takes its
place. The algorithm optimizes the rearrangement sequence by
choosing the path with the fewest obstacles for every single-
atom move. This approach ensures a time-efficient solution. It
shows a polynomial scaling with the number of vacant target
sites and generates a not necessarily optimal, but sufficient set
of single-atom moves.

The tweezer position can be dynamically controlled using
a 2D acousto-optic deflector system and signal generation
by FPGA-controlled direct digital frequency synthesis. As
depicted in figure 1(a), the tweezer beam path is superposed
onto the trap array beam on a beam splitter. The light fields are
of near-identical wavelength with a frequency offset of sev-
eral hundred megahertz. After being focused into the vacuum
chamber by the microscope objective (L2), the spot size is
2.0(1) pm and the potential depth evaluates to kg- 0.5 mK.
The addressable region exceeds 400 pm x 400 pm.

The elementary rearrangement operation between two array
sites is implemented by (1) setting the tweezer’s depth to zero
and superposing its position with the source site, (2) captur-
ing the atom in the tweezer by ramping the tweezer depth
to maximum, (3) moving the tweezer to the target site, and
(4) transferring the atom to the target trap by ramping the
tweezer depth to zero again. For the data presented in this
paper, we linearly ramp the depth with a typical ramp duration
of 200 ps and use sine-shaped transport trajectories. A typical
duration for a single transport is 1 ms, which is well within the
limits of adiabaticity [43]. The full rearrangement sequence
consists of (1) lowering the array depth by typically a fac-
tor of five, (2) applying the required set of atom moves,
(3) restoring the original array depth, and (4) detecting the
resulting atom positions. This amounts to a total duration of
60 to 120 ms, depending on the number of atom moves. We
perform up to 15 rearrangement sequences in rapid succes-
sion in order to increase achievable structure sizes and success
probabilities [8].

Intentionally empty target sites in the assembled patterns
are realized by either transporting surplus atoms to outly-
ing sites within the rearrangement sequence or by removal



J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 144001

M Schlosser et al

Figure 3. Gallery of assembled atom patterns (see text for details). The underlying array is of parameter set 2 (table 1).

of these atoms from the array upon successful assembly. The
gallery of figure 3 demonstrates the capabilities of the imple-
mented atom-by-atom assembler. Within the trap array of
parameter set 2 (table 1), the pattern of an atomtronic diode
[44] (left), a supergrid of occupied sites of the underlying
periodic array (middle) and a 1D system of atoms with peri-
odic boundary conditions (right) are created. After generating
the targeted cluster, the tweezer can be used to redistribute
atoms between different target structures [8] also preserving
quantum state coherence, as we have demonstrated in [40].

2.3. Two-photon excitation of Rydberg states

We use the two-photon excitation scheme depicted in
figure 1(b) to coherently couple the ground-state 83Rb atoms
via the D2-line to Rydberg states. The setup consists of
an interference-filter-stabilized external cavity diode laser
(ECDL) at 780 nm and a grating-stabilized ECDL at 960 nm
whose output is amplified and frequency doubled to 480 nm.
Both lasers are frequency-locked to an ultra-stable reference
cavity using the Pound—Drever—Hall technique. The cavity
finesse was determined to F759 = 31 500(100) and Fogy = 46
700(120). We obtain an upper bound on the laser linewidths
of 11 kHz (4.5 kHz) for the 780 nm (960 nm) laser on a
timescale of 1 ms from analyzing the light transmitted through
the cavity. The cavity is housed in a vacuum chamber and oper-
ated at its zero crossing of thermal expansion. This strongly
decouples the system from drifts in air pressure and ambient
temperature. The cavity resonance is monitored by tracking
the frequency beat of the 780 nm Rydberg laser and a reference
laser stabilized to a rubidium transition [45]. The observed
drift is in accordance with the predicted aging of the spacer
material. Acousto-optic modulators (AOM) are used to off-
set the laser frequency with regard to the cavity modes. The
detuning from the intermediate state |SP3/,, F' = 4) is set to
410(10) MHz.

In figure 1(a) the beam paths of the Rydberg excitation
lasers on the experimental table are depicted. The beams excite
the atoms into the Rydberg state |r) = nDs/, with magnetic
quantum number m] = —3/2 viaa o~ — polarization scheme,
as is illustrated in figure 1(b). To ensure a well-defined quanti-
zation axis, a magnetic field (|B| = 2.75 G) is applied along
the x-axis, which lifts the degeneracy of the magnetic sub-
levels. The resulting splitting of Zeeman levels with Am =

1 is AB =2r- 1.3 MHz for the ground state, AB’ = 27 -
1.9 MHz for the intermediate state and AB” = 27 - 4.6 MHz
for the Rydberg state. The 780 nm Rydberg beam is circu-
larly polarized and has a waist (1/ e?) of 550(50) pm and a
power of up to 760 uW at the position of the atoms. The
480 nm beam is linearly polarized, illuminating the atoms with
an estimated optical power of 45 mW and a beam waist of
19(2) pum (see section 3). Both Rydberg lasers are stabi-
lized in intensity via a sample-and-hold scheme to ensure
pulses with constant laser power over the course of a mea-
surement. In a typical experimental sequence, we initially pre-
pare all atoms in the |5S;,,F = 3,mg = —3) state. For this
purpose, the trap depth is ramped down by a factor of five
and o~ -polarized laser light near-resonant to the |5S;,, F =
3) <+ |5P3),, F' = 3) transition is applied. The state prepara-
tion beam is superposed with the beam of the 780 nm Ryd-
berg laser. Directly afterwards, the traps are switched off for
10 ps and the two-photon Rydberg excitation light is applied.
The effective pulse length is controlled through an AOM in
the 780 nm Rydberg beam with switching times on the order
of 50 ns. While ground-state atoms are recaptured into the
traps, Rydberg atoms are lost, allowing for state-dependent
detection.

3. Results

3.1. Spatially resolved coherent ground-to-Rydberg-state
dynamics in assembled atom arrays

Applying the Rydberg excitation light at the two-photon res-
onance with increasing pulse length causes the system to
coherently oscillate between the ground and Rydberg state.
These Rabi oscillations are shown in figure 4 for the Ryd-
berg state |57Ds),,my = —3/2).The trap array is of param-
eter set 3 (table 1) with a separation of neighboring sites
of 7.0 pm. In order to reduce the van der Waals interaction
between neighboring Rydberg atoms in the array and thus iso-
late the undisturbed Rabi frequencies, atom assembly is uti-
lized to prepare a supergrid of atoms in a checkerboard pattern.
The pattern is inverted in a second measurement. Averaged
fluorescence images of both patterns are shown in figure 4
(left). The Rydberg excitation probability is extracted from
analyzing the atom recapture rate after the excitation pulse.
Figure 4 (right) displays the merged data from both patterns
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Figure 4. Simultaneous Rabi oscillations in the 7.0 ym pitch array (parameter set 3 of table 1). (Left) The single atom array is coupled to the
Rydberg state |57Ds ,, my = —3/2) using a two-photon o—m scheme. In two separate measurements, the atoms are assembled in a
checkerboard pattern (averaged images) to avoid nearest neighbor interactions when excited to the Rydberg state, which would increase
dephasing. The data of the complementary patterns (red and green frames) is combined for analysis (right). Error bars correspond to

statistical uncertainties.

as a function of pulse length, leading to the observation of
Rabi oscillations with varying amplitude and frequency across
the array. Each data point is based on an average number
of 70 experimental realizations where an atom was initially
present, with error bars corresponding to a statistical uncer-
tainty.

The red solid lines are fits to the data based on a simple
model obtained from solving the optical Bloch equations for
the effective two-level system including spontaneous emis-
sion from the intermediate state. We extract Rabi frequencies
in the range of ©/(2m) = 0.15 to 0.75 MHz. The average
damping constant is v = 0.37(9) us~!. As the 780 nm Ryd-
berg beam can be assumed to be homogeneous within the
analyzed area, information about the position and spatial pro-
file of the 480 nm Rydberg laser beam is obtained from the
distribution of Rabi frequencies across the array. A fit to
Q*(r) yields a beam waist of 19(2) pm and a maximum Rabi
frequency of ©2/(2w) = 0.77(2) MHz at the beam center.

3.2. Rydberg blockade and collective enhancement of Rabi
frequencies

While the above characterization of the coherent ground-to-
Rydberg-state coupling relied on measures to decouple the
dynamics of atoms in different sites, we can easily adapt
the experimental parameters to incorporate strong interactions
within the array. Large interaction energy shifts |AE| = | —
Cs/R°| > hQ) result in the blockade of excitation of more

than one atom inside a blockade radius R, = ¢/ Cg/(hS2),
where Cg is the van der Waals coefficient. For these systems,
Rydberg blockade results in a collective enhancement of the
Rabi frequency, scaling with the atom number N as Qy =
VN where Q = Qy_; [46, 47].

In the set of experiments presented in figure 5, assembled
atom structures within this strongly interacting regime are real-
ized. The targeted Rydberg state is [87Ds/,,my = —3/2) and
the site separation is 7.0 um. As the orientation of interatomic
axes in the array varies relative to the quantization axis, we
have to take the anisotropic interaction potential for D states
into account. Limiting the considerations to direct neighbors
and diagonal neighbors, the calculated blockade energies are
in the range of |AE|/h = 5 to 24 MHz [48, 49]. In order to
minimize damping due to beating of incommensurate Rabi fre-
quencies within the blockaded ensemble, the 480 nm Rydberg
beam was aligned such that a comparable single-atom Rabi
frequency of Q/(2m) = 0.32(3) MHz could be detected for
a cluster of three traps without neighboring atoms. Figure 5
(left) shows Rabi oscillations in the probability of detecting
a single Rydberg excitation in the prepared structures. From
top to bottom, the number of atoms in the initially prepared
configuration was increased from one, to two, to three, with
the corresponding structures indicated in the insets. The data
are corrected for static preparation and detection errors (see
section 4). Solid lines correspond to fits to the data using the
same model as above. The extracted values for the collective
Rabi frequencies and damping constants are listed in table 2.
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Figure 5. Collective enhancement of the Rabi frequency through
Rydberg blockade. The ground state atoms are coupled to the
Rydberg state [87Ds,,my = —3/2) and the pulse length of the
excitation light is varied. The graphs depict the probability of
observing a single Rydberg excitation in a system of one, two and
three atoms, respectively (top to bottom). Error bars correspond to
statistical uncertainties and the data are corrected for static
preparation and detection errors. The observed damping of the
oscillations is due to a combination of effects such as spontaneous
decay, Doppler broadening, and position fluctuations of the atoms
(see section 4 for details). The insets indicate the initially prepared
atom structures contributing to the signal. Exemplary fluorescence
images are shown on the right. Atom rearrangement was applied and
the data were post-selected to ensure exclusive occupation of the
central target structure within an otherwise empty 8 x 8-site region.

Table 2. Collective Rabi frequencies and damping constants.

Measured values

Collective scaling

Atoms N Qy/(27m) (MHz) Y(pus™h) On/(VNQ)

1 0.33(2) 0.32(5) 1
0.45(3) 0.54(11) 0.97(9)

3 0.52(5) 0.66(16) 0.92(11)

The predicted scaling of the Rabi frequency with the initial
number of atoms is clearly confirmed.

Exemplary fluorescence images of the structures are shown
in figure 5 (right). In order to rule out any residual interactions
from atoms outside the target structure, a region spanning three
trap pitches in each direction of the target cluster was emp-
tied prior to the application of the Rydberg excitation pulses.
The closest distance to the atom frame around the target clus-
ter is 28 pm, corresponding to an interaction strength below
|AE|/h = 30 kHz. This is less than the transform-limited
linewidth of the excitation, even for the longest occurring
pulse durations of 5 us. In addition to the near-deterministic
preparation of the structures, the data were post-selected
to only include measurements in which the depicted initial
configurations including the empty surrounding area were

achieved. Atoms in the surrounding frame and beyond served
as a reservoir for reloading the structure after a Rydberg exci-
tation cycle. This allowed for up to five repeated reconstruc-
tion and Rydberg excitation cycles within one experimental
cycle of MOT loading.

4. Discussion

4.1. Simultaneous Rydberg dynamics

Simultaneous excitation in a 5 x 5 site region of the array
could be realized and studied effectively, allowing for an accu-
rate mapping of the individual Rabi frequencies and light
shifts (figure 4). The observed damping and reduced con-
trast of the oscillation amplitude point to fast decoherence and
dephasing of the dynamics as well as to imperfect excitation
and detection of Rydberg states [50, 51].

From a comprehensive analysis of our experimental param-
eters and limitations, we have identified the main sources
of error and their contributions to the observed dynamics.
The main static effect causing a reduced initial value of the
observed Rydberg excitation probability is the false nega-
tive detection error of 0.19 (n = 57). This corresponds to a
reduction of the observed probability of Rydberg excitation
to 81%, even for a factually achieved probability of 100%.
This value has been obtained by a simulation of the Ryd-
berg atom recapture probability. This takes into account the
thermal motion corresponding to the measured temperature of
52(1) pK, the ponderomotive potential (A = 797.3 nm) and
the decay rate to the ground state of 0.005 us~'. Additional
contributions stem from the state preparation fidelity of 0.96
and a general atom loss of 0.05 for the whole sequence asso-
ciated with the truncation of the Boltzmann distribution due to
decreasing the trap depth as well as losses during fluorescence
imaging.

A noticeable damping of the oscillations is expected due to
the relatively small detuning from the intermediate state. The
calculated scattering rate is 0.08 us~!, with each scattering
event leading to instantaneous loss of coherence. The domi-
nant contributors to dephasing are the Doppler effect and laser
power fluctuations: the thermal distribution of atom velocities
gives rise to a Doppler-broadened distribution of the effec-
tive resonance frequency of the two-photon excitation with a
width of 27 - 170 kHz. This causes a variation of the Rabi
frequency (2 for diffent atoms and increased dephasing. The
power fluctuations of the Rydberg excitation light are esti-
mated to 5% (480 nm) and 2% (780 nm). This results in
a variation of the Rabi frequency 2 with an uncertainty
of AQ/(2m) = 37 kHz and a possible modification of the
effective resonance frequency of 24 kHz, arising from the
intensity-dependent Stark shift. While the estimated position
fluctuations of the atoms in the trap potentials are negligible
in radial direction (Ax = Ay = 0.3 pm) an axial variation of
Az = 2.4 pm leads to a fluctuation of interaction strengths,
contributing to the damping of Rabi oscillations as well.

While the above effects lead to simulated signals in good
agreement with the experimental ones, residual discrepan-
cies remain: the simulation underestimates damping and loss
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of contrast for central sites. A natural interpretation is that
the dynamics are influenced by a non-negligible interaction
between the diagonal neighbors. The expected interaction
strength for two atoms at a distance of 9.9 ym with an angle
of 45° between the interatomic and quantization axis amounts
to |AE|/h = 75 kHz. These interactions gain further impor-
tance as the number of neighbors with strong coupling to
the Rydberg state varies within the structure. In particular for
the center sites with four neighbors with high probability of
excitation, this non-negligible energy shift leads to a reduced
amplitude of the oscillations, although 2 > |AE|/A. A fluctu-
ating number of interacting atoms between experimental real-
izations adds to dephasing. This is plausible, as the preparation
efficiency of the checkerboard cluster is finite and the data
were not post-selected for a fixed number of neighbors.

4.2. Collective Rabi oscillations

The Rydberg blockade effect could be verified through the
observation of a collective enhancement of the Rabi oscil-
lation between the ground state and an entangled state with
a single Rydberg excitation shared among two and three
atoms, respectively. The experiments, as presented in figure 5,
were facilitated by increasing the interaction strength with the
use of the higher lying Rydberg state [87Ds,,m; = —3/2)
as well as by the repeated assembly of optimized target
structures. For the obtained dynamics, the above discussion
of experimental limitations applies as well. The depicted sig-
nals are corrected for static effects, including the Rydberg
detection error of 0.06 (n = 87). Even though the damping
of the oscillation becomes more pronounced when more than
one atom is present, the enhancement of the Rabi frequency is
clearly visible and in good agreement with the expected scaling
with v/N (see table 2).

There appears to be an imperfect blockade in the triangular
geometry of three atoms for longer pulse durations. Analy-
sis of the residual double excitation probability reveals it to
be higher than expected from calculated blockade strengths.
This points to either an overestimation of the van der Waals
strength or to a diminution of the blockade through three-body
interactions [52, 53]. These results underpin the notion that,
in order to rely on a robust blockade mechanism in an array
of Rydberg atoms, one has to carefully tune the experimental
parameters when working with D states. For 2D geometries,
switching to S states providing robust and isotropic blockade
interaction may be preferable.

4.3. Future improvements

The analysis of the observed dynamics and experimental lim-
itations leads to the identification of the parameters with
the highest potential for improvement. Increasing the Rabi
frequency and the intermediate state detuning by an appre-
ciable amount would render the system less vulnerable to
incoherent scattering and Stark-shift induced fluctuations in
two-photon detuning. Doppler shift fluctuations could be
reduced by a factor of three by changing the excitation geom-
etry to one utilizing an anti-parallel alignment of the Rydberg
laser beams. The implementation of these measures will allow

us to access the full potential of Rydberg-coupled quantum
systems in large-scale MLA-based single-atom platforms.

5. Conclusion

We have presented the first realization of Rydberg-interacting
systems in microlens-generated single-atom arrays. Atom-by-
atom assembly of defect-free atom patterns enabled the site-
resolved characterization of coherent Rydberg coupling and
the observation of the Rydberg blockade effect. A detailed
analysis of the experimental limitations provides a clear road
toward improved quantum state control. Benefitting from the
versatility and scalability of the micro-optical approach, the
presented platform lends itself to prospect applications in
quantum information sciences, such as quantum computation,
simulation, and sensing [54].
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