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A great challenge in current quantum science and technology 
research is to realize artificial systems of a large number of 
individually controlled quantum bits for applications in quantum 
computing and quantum simulation. Many experimental 
platforms are being explored, including solid-state systems, 
such as superconducting circuits1 or quantum dots2, and atomic, 
molecular and optical systems, such as photons, trapped ions or 
neutral atoms3–7. The latter offer inherently identical qubits that are 
well decoupled from the environment and could provide synthetic 
structures scalable to hundreds of qubits or more8. Quantum-gas 
microscopes9 allow the realization of two-dimensional regular 
lattices of hundreds of atoms, and large, fully loaded arrays of 
about 50 microtraps (or ‘optical tweezers’) with individual control 
are already available in one10 and two11 dimensions. Ultimately, 
however, accessing the third dimension while keeping single-atom 
control will be required, both for scaling to large numbers and for 
extending the range of models amenable to quantum simulation. 
Here we report the assembly of defect-free, arbitrarily shaped 
three-dimensional arrays, containing up to 72 single atoms. We use 
holographic methods and fast, programmable moving tweezers to 
arrange—atom by atom and plane by plane—initially disordered 
arrays into target structures of almost any geometry. These results 
present the prospect of quantum simulation with tens of qubits 
arbitrarily arranged in space and show that realizing systems of 
hundreds of individually controlled qubits is within reach using 
current technology.

Three-dimensional atomic arrays at half filling have been obtained 
using optical lattices with large spacings12, which facilitate single-site 
addressability and atom manipulation13. As an alternative approach, 
here we use programmable holographic optical tweezers to create 
three-dimensional (3D) arrays of traps. Holographic methods offer 
the advantage of higher tunability of the lattice geometry because the 
design of optical potential landscapes is reconfigurable and only limited 
by diffraction14–16. In our experiment14, arbitrarily designed arrays of 
up to about 120 traps are generated by imprinting a phase pattern on a 
dipole trap beam at 850 nm with a spatial light modulator (Fig. 1a). This 
phase mask is calculated using the 3D Gerchberg–Saxton algorithm, 
simplified for the case of point traps17. The beam is then focused with 
a high-numerical-aperture (0.5) aspheric lens under vacuum, creating 
individual optical tweezers with a measured 1/e2 radius of about 1.1 μm 
and a Rayleigh length of approximately 5 μm. After recollimation with 
a second aspheric lens, the intensity of the trapping light is measured 
using a standard charge-coupled device (CCD) camera. An electrically 
tunable lens (ETL1) in the imaging path allows us to acquire series of 
stack images along the optical axis z, from which we reconstruct the 
full 3D intensity distribution. The imaging system covers a z-direction 
scan range of 200 μm.

Figure 1b–d shows some examples of patterns suitable for experiments  
with single atoms. The images are reconstructed using a maximum- 
intensity projection method18 from 200 z images obtained with the 
diagnostics CCD camera. With about 3.5 mW of power per trap we 

reach depths of U0/kB ≈ 1 mK, where kB is the Boltzmann constant, and 
radial (longitudinal) trapping frequencies of around 100 kHz (20 kHz). 
We produce highly uniform microtrap potentials (with peak inten-
sities differing by less than 5% root mean square) via a closed-loop 
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Fig. 1 | Experimental setup and trap images. a, We combine a spatial light 
modulator (SLM) and a high-numerical-aperture aspheric lens (AL) under 
vacuum to generate arbitrary 3D arrays of traps. The intensity distribution 
in the focal plane is measured with the aid of a second aspheric lens, a 
mirror (M) and a diagnostics CCD camera (d-CCD). The fluorescence of 
the atoms in the traps at 780 nm is separated from the dipole trap beam 
with a dichroic mirror (DM) and detected using an electron-multiplying 
CCD camera (EMCCD). For atom assembly we use moving tweezers 
superimposed on the trap beam with a polarizing beam splitter (PBS). 
This extra beam is deflected in the plane perpendicular to the beam 
propagation with a 2D acousto-optical deflector (AOD), and its focus 
can be displaced axially by changing the focal length of an electrically 
tunable lens (ETL3). The remaining electrically tunable lenses (ETL1 
and ETL2) in the camera paths allow imaging of different planes along 
z. The inset depicts the intensity distribution of the trap light forming a 
bilayer array (red) and the action of the moving tweezers on an individual 
atom (purple). b–d, Intensity reconstructions of exemplary 3D patterns 
obtained from a collection of z-stack images taken with the diagnostics 
CCD camera. The regions of maximum intensity form a trefoil knot (b), 
a 5 × 5 × 5 cubic array (c) and a C320 fullerene-like structure (d). The 
dimensions, Lx, Ly, Lz, of the images are the same in all the examples.
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optimization14. Rubidium-87 atoms are then loaded in the traps from 
a magneto-optical trap (MOT), with a final temperature of 25 μK. We 
detect the occupancy of each trap by collecting the fluorescence of the 
atoms at 780 nm with an electron-multiplying CCD camera for 50 ms. 
A second tunable lens (ETL2) in the imaging path is used to focus the 
fluorescence of different atom planes.

In Fig. 2 we show the fluorescence of single atoms trapped in  
various complex 3D structures, some of which are relevant, for instance, to  
the study of non-trivial properties of Chern insulators19–21. Each exam-
ple is reconstructed from a series of 100 z-stack images covering an  
axial range of about 120 μm. With no further action, these arrays are  
randomly loaded with a filling fraction of about 0.5; we thus average 
the fluorescence signal over 300 frames to reveal the geometry of the 
structures.

For deterministic atom loading, we extend our two-dimensional 
(2D) atom-by-atom assembler11 to 3D geometries. For that, we super-
impose a second 850-nm laser beam (with 1/e2 radius of about 1.3 μm) 
on the trapping beam, which can be steered in the x–y plane using a 
2D acousto-optical deflector and in the z direction by changing the 
focal length of a third tunable lens (ETL3). Combined with a real-time 
control system, the moving tweezers can perform single-atom transport 
with fidelities exceeding 0.993, as shown in ref. 11, and produce fully 
loaded arrays by using independent and sequential rearrangement of 
the atoms for each of the np planes in the 3D structures.

To explore the feasibility of plane-by-plane atom assembly, we first 
determine the minimal separation between layers so that each tar-
get plane can be reordered without affecting the others. To quantify 
this, we perform the following experiment in a 2D array containing 
46 traps. We randomly load the array with single atoms and demand 
the atom assembler to remove all the atoms. We average over about 
50 realizations and then repeat the experiment for different axial sep-
arations between the position of the moving tweezers and the trap 
plane. The result is shown in Fig. 3a, where we see that for separations 
beyond about 17 μm the effect of the moving tweezers on the atoms 

is negligible. This distance can be further reduced to about 14 μm by 
operating the moving tweezers with less power, without any degrada-
tion in the performance of the sorting process. In a complementary 
experiment, where we fully assembled small arrays, we also checked 
that the assembling efficiency is not affected by slight changes (below 
about 3 μm) in the exact axial position of the moving tweezers.

We now demonstrate full loading of arbitrary 3D lattices using plane-
by-plane assembly. We start by creating a 3D trap array that can be 
decomposed in several planes normal to z. In each plane we generate 
approximately twice the number of traps that we need to load, so that 
we can easily load enough atoms to assemble the target structure. The 
sequence used to create fully loaded patterns (see Fig. 3b) starts by 
loading the MOT and monitoring the atoms entering and leaving the 
traps by sequentially taking a fluorescence picture for each plane. We 
trigger the assembler as soon as there are enough atoms in each plane 
to fully assemble it. We then freeze the loading by dispersing the MOT 
cloud and record the initial positions of the atoms by another series of 
z-stack images. Analysis of the images reveals which traps are filled with 
single atoms. We use this information to compute (in about 1 ms) the 
moves needed to create the fully loaded target array and perform plane-
by-plane assembly by changing the z position of the moving tweezers 
after the assembly in each plane is completed. Finally, we detect the final 
3D configuration with another series of z-stack images.

Figure 3c–h shows a gallery of fully loaded 3D atomic arrays arbi-
trarily arranged in space. We can create fully loaded 3D architectures 
with up to 72 atoms distributed in several layers with different degrees 
of complexity. The selected structures include simple cubic lattices 
(Fig. 3d), bilayers with square or graphene-like22 arrangements (Fig. 3c, 
e, g), lattices with inherent geometrical frustration such as pyrochlore23 
(Fig. 3f) and lattices with cylindrical symmetry (Fig. 3h), which are 
suitable, for example, for studying quantum Hall physics with neutral 
atoms24. The arrays are not restricted to periodic arrangements, and the 
positions of the atoms can be controlled with high accuracy (<1 μm). 
The minimum interlayer separation that we can achieve depends on 
the type of underlying geometry. This is illustrated in Fig. 3e, which 
shows the full 3D assembly of a bilayer square lattice (with a layer sep-
aration of dz = 5 μm). There, sites corresponding to the second layer 
are displaced by half the lattice spacing. Because traps belonging to 
neighbouring layers do not have the same (x, y) coordinates, there is 
no limitation to the minimum interlayer distance that we can produce. 
In both images we can observe a defocused fluorescence at intersite 
positions due to atoms trapped in the neighbouring layer. By contrast, 
whenever traps are aligned along the z axis (for example, in Fig. 3d), we 
set a minimum axial separation of about 17 μm to avoid any disturbance 
from the moving tweezers on the atoms while assembling neighbouring 
planes. However, for some trapping geometries this constraint can be 
overcome by applying a small global rotation of the 3D trap pattern 
around the x or y axis, so that neighbouring traps do not share the 
same (x, y) coordinates. The minimum interlayer spacing ultimately 
depends on the Rayleigh range of our trapping beam (about 5 μm) and 
could be further reduced, for example, by using an aspheric lens with 
higher numerical aperture. The range of interatomic distances that we 
can achieve (3– 40 μm) is suitable for implementing fast qubit gates25 
or simulating excitation transport26 and quantum magnetism with 
Rydberg atoms, because interaction energies between Rydberg states 
at those distances are typically in the megahertz range.

To illustrate this possibility, we performed a proof-of-principle 
experiment with two atoms belonging to the cylindrical lattice dis-
played in Fig. 3h. The atoms are separated by a total distance of 
R12 = 20 μm (dx = 10 μm, dz = 17 μm); see Fig. 4. We first initialize the 
atoms in state |g〉 = |5S1/2, F = 2, mF = 2〉, where F and mF are the hyper-
fine and magnetic quantum numbers, respectively, by optical pumping 
in a 47-G magnetic field that defines the quantization axis and is 
aligned perpendicular to the internuclear axis. Then, the dipole trap is 
switched off and a two-photon Rydberg stimulated Raman adiabatic 
passage27 excites both atoms to the |↑〉 = |60S1/2, mj = 1/2〉 Rydberg 
state, where mj is the spin projection along the magnetic field direction. 
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Fig. 2 | Single-atom fluorescence in 3D arrays. a–f, Maximum-intensity-
projection reconstruction of the average fluorescence of single atoms 
loaded stochastically into exemplary arrays of traps. The x, y, z scan range 
of the fluorescence (Lx, Ly, Lz) is the same for all the 3D reconstructions.
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We further use a resonant microwave field and local addressing28 to 
transfer the second atom to the |↓〉 = |60P1/2, mj = −1/2〉 state, while 
the first atom remains in |↑〉. In these two Rydberg levels, the atoms are 
coupled by a direct dipole–dipole interaction with a strength of 

= /U C R3 12
3 , and a calculated C3 coefficient of C3 = h×1,357 MHz μm3, 

where h is the Planck constant. The prepared pair-state |↑↓〉 evolves 
under the XY-spin Hamiltonian σ σ σ σ= / ++ − − +H C R( ) ( )3 12

3
1 2 1 2  

(where σ±
i  denotes the Pauli matrices acting on atom i = {1, 2}) and 

undergoes coherent spin-exchange oscillations between |↑↓〉 and |↓↑〉 

as a function of the variable interaction time, T. Finally, a de-excitation 
sequence projects the population in |↑〉 to |g〉, but leaves the population 
in |↓〉 unaffected. After switching the dipole trap on again, atoms in |g〉 
are recaptured, while atoms in the excited state |↓〉 are repelled by the 
trapping potential of the optical tweezers and appear as atom losses in 
the final fluorescence images. The outcome of this experiment is shown 
in Fig. 4. We observe coherent ‘flip-flops’ between |↑↓〉 and |↓↑〉 with a 
measured frequency of 2U/h = 333 ± 5 kHz. This value is consistent 
with the frequency 2U/h = 339 kHz expected from our distance 

Fig. 3 | Fully loaded 3D arrays of single atoms. a, Recapture probability 
as a function of the axial distance between the focus of the moving 
tweezers and the plane of the atoms measured experimentally by trying to 
remove all the atoms from a 46-trap array. Error bars denote the standard 
error of the mean and are smaller than the symbol size. The line is a guide 
to the eye. b, Time control sequence of the experiment. We start the 
experiment by recording sequentially an image for each target plane. The 

analysis of the resulting np images reveals the initial position of the atoms 
in the traps. The 2D atom assembler, in combination with an electrically 
tunable lens (ETL3), arranges the atoms plane by plane. Finally, a new set 
of sequential images is collected to capture the result of the 3D assembly. 
c–h, Fully loaded arrays with arbitrary geometries. All images are single 
shots. The models of the 3D configurations are shown for clarity; the 
colours of the frames around the images encode successive atomic planes.
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calibration (R12 = 20 ± 1 μm), which was performed by optical means. 
The finite contrast and the small damping of the oscillations arise from 
experimental imperfections (errors in state preparation and readout, 
residual atomic temperature), as reported in ref. 29. This proof-of- 
principle experiment demonstrates the feasibility of performing  
quantum simulations using our defect-free 3D atomic arrays of single 
atoms. Excitations hopping under the influence of this Hamiltonian 
are equivalent to a system of hard-core bosons. The dipole–dipole  
interactions observed here can be further exploited to engineer 
Hamiltonians containing complex hopping amplitudes, which are  
suitable for the study of, for example, topological insulators30.

Besides the unique tunability of the geometries that it provides, our 
atom-assembling procedure is highly efficient: we reach typical filling 
fractions of 0.95. This measured efficiency is slightly dependent on the 
number of planes and is mainly limited by the lifetime of the atoms in 
the traps (about 10 s) and the duration of the sequence (we typically need 
60 ms per plane to acquire the fluorescence images and about 50 ms per 
plane to perform atom sorting). The repetition rate of the experiment 
is about 1 Hz. The number of traps and the filling fraction of the arrays 
could be further increased with current technology: (i) the volume of 
the trap array and the maximum number of traps can be extended by 
increasing the field of view of the aspheric lens and the laser power;  
(ii) the lifetime of the atoms in the traps can realistically be increased 
by an order of magnitude; (iii) the repetition rate of the experiment 
can be increased by optimizing the atom assembler11, in particular by 
transferring atoms also between different planes31; and (iv) the initial 
filling fraction of the arrays could reach values exceeding 0.8 by using 
tailored light-assisted collisions32,33. Therefore, the generation of three- 
dimensional structures containing several hundred atoms at unit filling  
seems within reach, opening up many new possibilities in quantum 
information processing and quantum simulation with neutral atoms.

Data availability
The data presented in the figures and that support the other findings of this study 
are available from the corresponding author on reasonable request.
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Fig. 4 | Spin-exchange dynamics between two Rydberg atoms in 
different z layers. Excitation-hopping oscillations between |↑↓〉 and 
|↓↑〉, observed in the populations P↑↓, P↓↑, driven by the dipole–dipole 
interaction between two Rydberg states, |↑〉 = |60S1/2, mj = 1/2〉 and 
|↓〉 = |60P1/2, mj = −1/2〉, at a distance of about 20 μm (dx = 10 μm; 
dy = 17 μm). Error bars represent the standard error of the mean and are 
mostly smaller than the symbol size. Solid lines are damped sine fits to the 
data. The direction of the magnetic field, B, is indicated.
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