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Progress in the field of quantum simulation and computa-
tion is fuelled by efforts made on a variety of platforms (for 
example, superconducting (SC) qubits, quantum dots, trapped 

ions, neutral atoms and so on) to reach a critical fidelity of quan-
tum operations. This requires operation on these systems to be 
orders of magnitude faster than the timescale set by the coupling 
to the environment; thus, there are continuous attempts to better 
insulate qubits1–5 and design faster quantum operations6–9. Among 
the latter, a critical operation is the entanglement of two qubits, 
which requires a time lower-bounded by a speed limit tJ = π/J, set 
by a platform-dependent interaction strength J, which is, for exam-
ple, proportional to a capacitance between two superconducting 
qubits10. Although gates were often first realized in an adiabatic 
regime t ≫ tJ (refs. 11–14) to minimize couplings with unwanted states 
or degrees of freedom (DOF) giving unitary errors, entanglement 
protocols saturating the bound while dealing with these parasitic 
couplings are highly sought after as they minimize decoherence 
(non-unitary errors). Devising and realizing such protocols are the 
subject of intense efforts on all platforms10,15–23.

Arrays of Rydberg atoms in optical tweezers are one of the most 
exciting systems for quantum simulation24–27 and computation28–32. 
At its core, the dipole–dipole interaction Ĥdip ≈ d̂1d̂2/4πϵ0R3  
(refs. 33,34, ϵ0 is the vacuum permittivity) is used to operate entangle-
ment between two neutral atoms separated by a microscopic dis-
tance R owing to the large matrix elements of the dipole operator 
d̂ (~1,000 e a0, with a0 the Bohr radius). For Rydberg atoms with 
principal quantum number n = 40, distant by R ≈ 1 μm (to trap them 
in independent tweezers), the coupling strength between pairs of 
orbitals (r) reaches J = ⟨r′r′′|Ĥdip|rr⟩ ≈ 2π × 1 GHz, which sets 
the speed limit of entanglement at tJ ≈ 1 ns—five orders of mag-
nitude faster than the 100 μs radiative lifetime of Rydberg states  
(Fig. 1a). The best entangling protocols of Rydberg atoms28–31 are 
currently performed deeply in the adiabatic regime compared with 
the available interaction strength, with a typical duration of 0.5 μs, 

as they rely on Rydberg blockade35. In this scenario, the interac-
tion strength—either the dipole–dipole coupling, J, or more often 
the weaker second-order van der Waals shift, V—is larger than the 
coupling ΩCW from ground to Rydberg states with continuous-wave 
(CW) lasers, such that excitation of two atoms is prohibited. This 
gives rise to entanglement on a timescale π/ΩCW ≫ tJ, which is tech-
nically limited by the available power of CW lasers, and is orders of 
magnitude longer than possible with the available gigahertz interac-
tion strength.

Here we explore a novel ultrafast direction to realize an entan-
glement protocol with Rydberg atoms at the speed limit set by the 
dipole–dipole interaction. Holographic tweezers are used to trap 
single ultracold 87Rb atoms, which are separated by R as small as 
1.5 μm, with precision limited by quantum fluctuations of the atoms 
in their traps. The single valence electrons of these atoms are then 
both efficiently excited simultaneously to a nD Rydberg state by using 
ultrashort laser pulses with a duration of 10 ps—much faster than 
the timescale of interaction and thus far beyond the Rydberg block-
ade36,37, but slow enough to resolve Rydberg orbitals. A natural reso-
nance between the pair states |43D, 43D⟩ and |45P, 41F⟩ then gives 
rise to a coherent energy exchange, that is, Förster oscillation38,39. This 
interaction-driven dynamics ideally imprints a conditional π-phase 
shift |43D, 43D⟩ → eiπ |43D, 43D⟩ after a time t = π/J: the key resource 
for a controlled-Z (CZ) gate10,21–23,28,29, enabling quantum computing.

Results
Pair of ultracold atoms with tunable spacing. The experiment 
starts by trapping single 87Rb atoms in a two-dimensional array 
of optical tweezers obtained by focusing a 810 nm trapping beam 
with a high-NA objective (Fig. 1b). The use of a 0.75 NA objec-
tive—unusually large for atom-tweezers experiments—is motivated 
by the achievable narrow beam waist (~0.6 μm; see Methods for a 
complete characterization of the tweezers). This allows one to bring 
two tweezers to a closer R where interactions are stronger. The 
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array of tweezers—comprising pairs of traps with adjustable spac-
ing ranging from 1.5 to 5 μm (Fig. 1c,d)—is engineered by imprint-
ing a phase hologram on the trapping beam with a spatial light 
modulator. We sum two holograms: one computed by the weighted 
Gerchberg–Saxton algorithm to generate a regular two-dimensional 
array, and the other a binary phase grating with a tunable period to 
diffract each single trap into a pair.

By operating in a regime where the dynamics is driven by the 
dipole–dipole interaction J = C3/R3, with C3 the interaction coeffi-
cient (by contrast to the blockade dynamics driven by the laser cou-
pling ΩCW), it becomes crucial to precisely control the inter-atomic 
R and to minimize its uncertainty (ΔR) as it translates into an inter-
action noise ΔJ/J = 3ΔR/R. A first source of error is the distance 
between two traps. To address this, we extract the position of the 
tweezers from the fluorescence images of the trapped atoms (such 
as in Fig. 1), with a fitting uncertainty of less than 10 nm, giving 
an error of ΔR/R ≈ 1%. The next source of uncertainty is the atom 
position in the trap. Experiments with Rydberg atoms in tweezers 
are usually performed with hot atoms (T ≈ 30 μK) with large fluc-
tuations on the order of 

√
kBT/mω2 ≈ 100 nm (500 nm along z), 

which are only tolerable as these experiments rely on blockade, 
or because large distances (R ≈ 10 μm) are used24,40,41. This gives 
an unacceptable thermal uncertainty (ΔRth/R ≈ 10%) that would 

strongly affect the interaction-driven dynamics. These thermal 
fluctuations can be suppressed by applying Raman sideband cooling 
to bring the atoms into the quantum motional ground state of the 
optical traps. Although this technique has been demonstrated for 
a few tweezers42,43, scaling up is made challenging by trap inhomo-
geneities over the large array. To overcome this issue, we introduce 
the use of adiabatic cooling pulses with hyperbolic-secant profiles 
that address all atoms with high efficiency44. After this cooling step, 
we perform Raman sideband spectroscopy (see Fig. 1e) and extract 
the remaining mean motional quanta n̄x,y,z = (0.11, 0.11, 0.56) 
along each direction. This translates into a position spread √
n̄+ 1/2

√
h̄/mω = (22, 25, 60) nm and thus a quantum uncer-

tainty ΔRqu = 35 nm (ΔRqu/R < 2%) dominated at 90% by zero-point 
quantum fluctuations. This combination of holographic tweezers 
and robust Raman sideband cooling allows fast preparation of 
two ultracold atoms with a well-defined wavefunction ψ(R) that 
describes the relative position of the two atoms.

Ultrafast pulsed excitation to Rydberg states. We then proceed 
with the ultrafast coherent transfer of atoms to Rydberg orbit-
als. Although CW laser technology has proven to be effective for 
high-fidelity manipulation of Rydberg states29,30,45, excitation typically 
requires more than 100 ns. Pulsed-laser technology, offering much 
higher peak power, has enabled the excitation of a single Rydberg 
state in nanoseconds46–48 and even down to 10 ps (refs. 36,37), reaching 
the limit set by the Rydberg level spacing (ΔEn/Δn)−1. However, this 
picosecond excitation is so far limited to an efficiency of 3%, which is 
far from the unit-fidelity requirement for quantum information pro-
cessing. Here we demonstrate a scheme allowing near-unity popula-
tion transfer to a Rydberg state comprising two single-photon Rabi 
π-pulses (Fig. 1b). First, a 2 ps pulse at 780 nm transfers more than 
95% of electronic population from the ground state |g⟩ = |5S⟩ to the 
intermediate state |e⟩ = |5P⟩. A 480 nm laser pulse then performs the 
excitation to the Rydberg state |d⟩ = |43D⟩. To resolve the Rydberg 
series, the pulse spectrum is cut, giving a longer duration of 14 ps. 
We achieved a peak Rabi frequency of up to ΩP ≈ 2π × 60 GHz, allow-
ing one to drive Rabi oscillations greater than 2π. Adjusting the pulse 
energy for a π-pulse, we obtain a maximum population transfer of 
75% to the Rydberg state—a factor of 20 larger than in previous dem-
onstrations. This is currently limited by pulse-to-pulse energy fluc-
tuation of the commercial 480 nm source, and would be improved 
with a more stable pulsed-laser system. Optical pumping and polar-
izations of the lasers ensure that we saturate the projection of orbital 
angular momentum |mL = 2⟩ while decoupling the spin DOF. The 
excitation is performed fast enough to neglect spontaneous emission 
from the 5P orbital (25 ns), as well as interaction.

Ultrafast Förster oscillation. Following excitation, atoms in 
state |dd⟩ = |43D;43D⟩ experience the effect of Ĥdip dominated 
by the coupling to the state |pf⟩ = |45P;41F⟩, as shown in Fig. 2. 
The detuning ΔE of this channel is especially small (−8 MHz), 
leading to the so-called Förster oscillation between |dd⟩ and 
the symmetric state |p̃f⟩ = (|pf⟩+ |fp⟩) /

√
2 with a coupling of 

J =
√
2C3/R3. With increasing interaction time t, the atoms evolve 

into |Ψ(t)⟩ = cos(Jt) |dd⟩ − i sin(Jt)|p̃f⟩, and at t = π/J they are back 
into state − |dd⟩ having acquired a π-phase shift. A refined descrip-
tion of the system requires to account for the finite size ΔRqu of 
the wavefunction ψ(R). We emphasize that, having efficiently sup-
pressed thermal fluctuations, the coupling between the electron 
dynamics and atomic motion becomes coherent. This leads to the 
following entangled state of internal and external DOF:

|Ψ(t)⟩ =
∫

dR ψ(R)
[
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Fig. 1 | Ultrafast Rydberg platform. a, rydberg physics timescale. ΩcW 
and ΩP are the typical laser couplings to a rydberg state with cW and 
pulsed lasers, respectively. b, Experimental set-up: the 780 and 480 nm 
picosecond laser pulses are shined—along the quantization axis (y)—on 
the atoms trapped at the focus of the objective to excite them to a rydberg 
state. c, Averaged fluorescence image of the atomic array containing 
14 × 16 pairs of atoms. All pairs are aligned along the quantization axis. 
The rydberg experiments are performed with the column highlighted blue, 
where the intensity of the 480 nm pulsed laser is highest. d, Magnification 
on a pair of atoms for a few R. e, raman sideband spectra—averaged 
over all atoms—for two orientations of the raman beams (orange, x 
and y; black, y and z) showing all three modes of atomic motion at the 
trap frequencies ωx,y,z = 2π × (147, 117, 35) kHz (dashed lines). From the 
asymmetry of the sidebands we extract the mean motional number for 
each mode n̄x,y,z = (0.11,0.11,0.56).
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Other channels or DOF could perturb this dynamics. We find 
that |44P;42F⟩ is the next relevant channel and that it adds a per-
turbative V (Fig. 2c). Other dipole–dipole channels, as well as 
higher-order ones (for example, dipole–quadrupole channels) are 
more negligible: they are left out of the discussion but considered 
in numerical simulations49,50. Finally, we ensure that mL remains 
decoupled from the Rydberg dynamics, as shown in Fig. 2b.

To observe the Förster oscillation, we perform the pump–probe 
experiment illustrated in Fig. 3a. A pair of identical 480 nm pulses 
are generated from a single pulse going through a delay-line Mach–
Zehnder interferometer, with an adjustable delay t of up to 6.5 ns. 
The first 480 nm π-pulse brings the atoms to state |d⟩, initiating 
the interaction-driven dynamics. After a delay t, a second π-pulse 
de-excites the atoms remaining in state |d⟩ to state |e⟩. Figure 3b,d 
shows the probability for atoms to be detected in state |d⟩ as a func-
tion of the measured R, which is varied by adjusting the binary 
phase grating. We also display the oscillation as a function of the 
interaction area Jt =

√
2C3t/R3 (Fig. 3c,e). The period matches the 

ab initio theory (dotted curves) for the two datasets, clearly dem-
onstrating that the dynamics is coherently driven by the identified 
Förster channel, even at such a close R.

We now discuss the contrast and damping of the oscillation. 
The finite contrast is not inherent in the interaction-driven dynam-
ics but is caused by state preparation and measurement (SPAM) 
errors that originate from imperfect preparation in state |d⟩, which 
would be improved by replacing the laser system with a more stable 
one. These errors are independently measured and used to rescale 
simulations. Concerning the damping, a first source is the quan-
tum uncertainty of R. Calculations that involve tracing over R (see 
equation (1)) demonstrate that this effect is responsible for most 
of the damping for large values of Jt, as clearly seen in Fig. 3e. The 
presence of perturbing off-resonant channels (solid lines) gives a 
more pronounced leakage in Fig. 3c, where we use smaller R, which 
increases the perturbation. By plotting data for each pair, we also 
notice a horizontal scatter that increases with Jt, pointing to errors 
in the measured R. Eventually, there remains a slight discrepancy in 
damping that is attributed to imperfect laser polarization leading to 
coupling of the Förster dynamics with the mL DOF. These last two 
technical points could be addressed in future experiments by devis-
ing additional in situ measurements of R and laser polarization.

Conditional phase. We next investigate the conditional phase ϕ 
imprinted on a pair of atoms. To this end, we consider atoms initial-
ized in a coherent superposition of states |e⟩+ |d⟩. The interaction 
drives the state of atom 1 of a pair into |e⟩+ |c|eiϕ |d⟩ when atom 2 

in state |d⟩ (whereas nothing happens when atom 2 is in state |e⟩), 
where |c|eiϕ = cos(Jt) would realize a CZ gate when ϕ = π at Jt = π. 
Having measured the population ∣c∣2 above, we now gain sensitivity 
to ϕ by performing a Ramsey interferometry experiment36,51–54. Our 
Ramsey pump–probe technique can directly visualize the ultrafast 
temporal oscillation of the superposition with attosecond preci-
sion and a period of 1.6 fs in real time36,53, and can thus monitor  
ϕ directly.

As depicted in Fig. 4a, a first π/2-pulse prepares the coherent 
superposition of states |e⟩+ |d⟩ in each of the atoms 1 and 2. The 
temporal oscillation of the superposition in atom 1 is monitored 
after an interaction time t = 6.51 ns with a second π/2-pulse. The 
passively stable delay-line Mach–Zehnder interferometer is used to 
finely scan for the arrival of this second pulse over 3 fs with atto-
second precision to record a Ramsey fringe with period T = h/
(Ed − Ee) = 1.6 fs, which is given by the energy difference between 
the two states. The Ramsey signal given by atom 1—conditioned on 
the state of atom 2—could be observed with single-atom address-
ing techniques9,29. Here, Ramsey fringes are recorded irrespective of 
the state of atom 2 (refs. 41,55), thus giving a signal from atom 1 that 
oscillates with the phase θ of the second laser pulse (in the rotating 
frame) as 12 [cos(θ) + |c| cos(θ + ϕ)] = CR cos(θ + θR), where the 
first and second terms on the left side correspond with atom 2 in 
states |e⟩ and |d⟩, respectively. We compare this signal with reference 
fringes obtained with single isolated atoms (oscillating as cos(θ)) 
and extract the relative contrast CR and phase shift θR.

In Fig. 4b we show the signals for Jt = 0, π and 2π. At Jt = π, the 
interaction should ideally produce a maximally entangled state of the 
two atoms giving a signal with zero contrast (∣c∣ = 1, ϕ = π → CR = 0), 
and we have indeed observed a strong reduction of the contrast. At 
Jt = 2π, the atoms should be returned back to a pure product state 
and the contrast should revive (∣c∣ = 1, ϕ = 2π → CR = 1, θR = 0), and 
we have observed this revival. Our result shown in Fig. 4b thus 
demonstrates that ϕ ≈ π for the CZ gate at Jt = π. However, there are 
deviations from this ideal picture: there is a finite contrast and small 
phase shifts of the Ramsey fringes.

To fully understand these deviations quantitatively, we now 
account for the V caused by perturbing channels and the energy 
defect ΔE of the resonance. In the limit V, ΔE ≪ J, we can derive 
|c|eiϕ ≃ cos(Jt)e−i(V+ΔE)t/2, as represented on the Bloch sphere, 
which modifies the expected Ramsey contrast and phase shift as 
shown in Fig. 4c. The excellent agreement between calculations 
and measurements supports that we accurately capture the evolu-
tion of ϕ. For our experimental parameters, we calculate ϕ = 1.17π, 
thus overshooting the ideal π-phase shift. This could be corrected 
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by tuning the energy of the |pf⟩ state to ΔE = − V with a weak elec-
tric field (<1 V cm–1) applying a Stark shift. Finally, we point that a 
related procedure was used by Jo and colleagues41 to obtain the ϕ 
between Rydberg atoms at a distance R ≈ 10 μm (using a pure van der 
Waals coupling) in a time of π/V = 2.6 μs. Here we demonstrate 
400-fold-faster dynamics thanks to the use of ultrafast pulsed-laser 
technology to excite Rydberg atoms, and much closer distances that 
bring the interaction strength towards the gigahertz range.

Discussion
We now compare the two scenarios to generate entanglement 
with Rydberg atoms: laser-driven Rydberg blockade and the 
interaction-driven dynamics explored here. The advantage of 
Rydberg blockade, already identified in the seminal proposal35, is 
the suppression of population of the strongly interacting state |rr⟩, 
thus avoiding: (1) leakage into other Rydberg states |r′r′′⟩, and (2) 
motional coupling to the atoms’ external DOF ( x̂, p̂) caused by 
the distance-dependent dipole–dipole interaction. This makes it 
robust to the details of the dipole–dipole Hamiltonian and to posi-
tion uncertainty. On the other hand, this slow blockade approach 
requires to spend a relatively long time in Rydberg states affected 
by finite lifetime, black-body radiation56, the Doppler effect, laser 
phase noise45,57, electric field fluctuation and motional coupling  
due to different trapping potentials of ground and Rydberg atoms 
in tweezers58,59.

The ultrafast interaction-driven approach does not suffer from 
such sources of decoherence as it is two orders of magnitude faster, 
but is however affected by unitary errors caused by points (1) and 
(2). Promisingly, other communities have learned to minimize 
exactly such effects (for example, leakage to non-computational 
states in superconducting qubits20, motional coupling in ion 
traps15) while approaching the entanglement speed limit10,17,18,21–23. 
Applying such techniques to our ultrafast Rydberg platform could 
help to control coherent errors. For example, the effects of perturb-
ing channels (that is, leaks in other pair states |r′r′′⟩ and dynamical 
phases) can be eliminated by fine-tuning their energy using elec-
tric38,52 or microwave fields60 to achieve synchronization of maximal 
entanglement and minima of leaks as performed with supercon-
ducting qubits10,21–23. One could also dynamically adjust the Förster 
resonance defect ΔE to perform robust fast adiabatic gates20. The 
fundamental source of infidelity for an interaction-driven gate then 
becomes the entanglement with the external DOF of the atoms, 
with the quantum uncertainty in distance leading to a leakage in 
|pf⟩ of (3πΔR/R)2 = 1.8%. We envision that coherent control tech-
niques can further suppress such errors, for example, by prepar-
ing squeezed states of motions to reduce the position uncertainty 
below the limit set by the ground-state wavefunction61,62 or by using 
a decoupling echo-like sequence that can remove the entanglement 
with the external DOF similar to the one proposed for Rydberg 
atoms16 or used in ultrafast trapped-ion experiments15,17,18.
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(green arrow).
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In summary, we combined ultrafast pulsed-laser technology 
and state-of-the-art control of atoms with optical tweezers to pre-
pare a pair of Rydberg atoms with an inter-atomic distance down 
to 1.5 μm, controlled with a precision limited by quantum fluctua-
tions. These techniques allow one to directly use the strong interac-
tion between a close-by pair of Rydberg atoms, going far beyond 
what is achievable in the usual Rydberg blockade regime. We dem-
onstrate this by observing an ultrafast interaction-driven energy 
exchange giving rise to a calculated ϕ = 1.17π, in excellent agree-
ment with measurements; this ϕ is acquired in only 6.5 ns—over 
100-times faster than in any other Rydberg experiments so far—and 
is the key resource for a novel ultrafast two-qubit gate operating at 
the fundamental speed limit set by the dipole–dipole Hamiltonian. 
The next steps towards an ultrafast CZ gate would be to replace the 
commercial excitation laser with a more stable homemade system 
to improve the issue of excitation fidelity; to combine the ultra-
fast excitation with encoding of a long-lived qubit in the hyperfine 
ground states6; and to implement the aforementioned coherent 
control techniques to manage the identified residual couplings to 
other pair states and motional DOF. Furthermore, our experimental 
platform could also be used to simulate the dynamics of interact-
ing spin-1 models naturally implemented by the Förster resonance, 
to investigate Rydberg interactions when orbitals of neighbor 
atoms overlap37, or the use of Rydberg wavepackets51 instead of  
single levels.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41566-022-01047-2.
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Methods
In the first section we describe the tweezers array and the experimental routine, 
whereas in the second we provide further information on ultrafast Rydberg 
excitation, and the decoupling of spin and orbital DOF during Rydberg dynamics.

Tweezers set-up. Individual tweezers. We use optical tweezers to trap and 
confine a single atom at their focus, where the dipole potential is well 
approximated by an anisotropic harmonic trap that is characterized by a set of 
trap frequencies, ω, and a trap depth, U0. These quantities are determined for 
each tweezer with a precision of 1%, and they vary over the trap array by ~10%. 
The trap frequencies are determined from Raman sideband spectra, giving 
(ωx, ωy, ωz) = 2π × (147, 117, 35) kHz, and they solely determine the spread of the 
motional ground-state wavefunction 

√
h̄/2mω, where m is the mass of 87Rb. By 

combining the trap frequencies with an independent measurement of the trap 
depth U0 = kB × 0.62 mK (= h × 13 MHz), and assuming a Gaussian beam, we 
calculate a tweezers waist of 0.53/0.62 μm and a Rayleigh length of 1.56 μm, which 
is within 15% of the diffraction theory limit for the NA = 0.75 used here. We 
note that the tweezers radial anisotropy of 20% is not caused by aberrations, but 
naturally emerges from vector diffraction theory, which predicts a 18% larger waist 
along the tweezers' linear polarization (y) at our NA.

Distance and alignment of the pairs of tweezers. The dipole–dipole interaction 
depends on R between pairs of atoms, as well as the relative angle with the 
quantization axis. We extract the inter-atomic distance from fluorescence images 
giving the x, y position of each atom with a fitting precision of 10 nm. The 
magnification of the imaging system was calibrated to better than 1% by using 
a 390 nm standing-wave as an in situ ruler. More precisely, we retro-reflect the 
780 nm optical pumping beam resonant on the |5S1/2, F = 2⟩ → |5P3/2, F = 2⟩ 
transition. This gives a scattering rate spatially modulated with a period of 390 nm, 
allowing one to calibrate the atoms’ positions. In addition, this optical pumping 
beam defines the quantization axis such that this measurement is also used to 
adjust the angle between a pair of atoms to the quantization axis. Finally, we note 
that we do not measure the z-positions of the atoms and assume that they all lie 
in the same z-plane. In future experiments, this could be improved by observing 
the atomic fluorescence in different planes, or by using the standing-wave ruler 
method described above with a projection along the optical axis of the microscope.

Experimental routine. Single atoms are randomly loaded in the tweezers from 
a magneto-optical trap and detected by collecting fluorescence photons during 
10 ms on an electron-multiplying CCD camera at the beginning and the end of 
each experiment, with a fluorescence detection fidelity > 97%. We post-select the 
runs where one or two traps of a given pair are loaded when necessary. At the end 
of each Rydberg experiment and before the second fluorescence image, we apply 
a large electric field to field-ionize any atoms left in Rydberg states, while others 
are recaptured in the tweezers and detected. The experiments are repeated every 
150 ms to accumulate statistics.

Ultrafast Rydberg excitation. Picosecond laser pulses. We describe here 
the procedure for ultrafast coherent excitation of Rydberg atoms. A 
titanium:sapphire regenerative amplifier (Spectra Physics; Spitfire Ace) delivers 
Fourier-transform-limited 780 nm pulses at a repetition rate of 1 kHz and average 
power of 5 W, with a spectrum centered on the g ↔ e transition and a bandwidth 
of 700 GHz. A small percentage of the pulse energy is picked up to directly drive 
the transition to the first excited state, with the energy adjusted to achieve a Rabi 
π-pulse. The remaining power pumps an optical parametric amplifier (Spectra 
Physics; TOPAS) to generate 480 nm pulses with an average power of 0.2 W and a 
1-THz-wide spectrum centered on the transition to the selected 43D Rydberg state. 
To account for the finite energy splitting of the Rydberg series, we cut the 480 nm 
bandwidth down to 100 GHz to avoid exciting the nearby 42D and 44D levels36,  
as checked by numerical simulations. For convenience, we also estimate the 
duration of these pulses (2 ps and 14 ps, respectively) by deriving them from their 
bandwidth and approximating their temporal and spectral profiles by Gaussian 
functions. To achieve sufficient driving strength on the weak e ↔ d transition, we 
focus the 480 nm beam to a diameter of 20 μm; consequently only a single column 
of the array experiences the maximum intensity. In this configuration, we succeed 
in driving more than 2π cycles with a single pulse, or two π-pulses in a pump–
probe configuration.

Large pulse-to-pulse energy fluctuation (30%) of the 480 nm laser currently 
limits the π-pulse fidelity to 75%. We found that these technical fluctuations 
originate in the non-linear processes used to generate the 480 nm pulse from a 
stable 780 nm pump36, which comprises optical parametric generation (to create 

a 1,248 nm seed), optical parametric amplification (to amplify the seed) and 
sum-frequency generation (of 1,248 nm and 780 nm to generate the 480 nm pulse). 
We plan to use a carefully designed wavelength conversion system, instead of the 
general purpose commercial product currently used, for suppressing these power 
fluctuations δP and increasing the fidelity F  of transfer to Rydberg state, that 
scales as a 1 − F ∝ (δP)2. To obtain the excitation fidelity F , which exceeds 99%, 
we need to control the power fluctuation to be below 10%.

Spin DOF. We justify here the decoupling of the spin (mS, mI) DOF from the 
Rydberg dynamics. Although the nuclear spin mI has negligible coupling 
with Rydberg orbitals (<100 kHz), the electronic spin mS experiences 
strong spin–orbit coupling (~1 GHz on P orbitals, ~100 MHz on D orbitals 
at n ≃ 40). To avoid entanglement with this spin DOF, we apply optical 
pumping before excitation to spin-polarize the atoms in the ground-state 
|F = 2, mF = 2⟩ = |mL = 0; mS = 1/2, mI = 3/2⟩ and adjust the polarization of 
the lasers to σ+ to prepare the Rydberg state in a decoupled angular momentum 
state |43D,mL = 2⟩ |mS = 1/2, mI = 3/2⟩.

Orbital DOF. We justify here the decoupling of the orbital (mL) DOF from the 
Rydberg dynamics. This projection of orbital angular momentum mL could 
evolve upon action of the dipole–dipole Hamiltonian Ĥdip, which contains terms 
changing each atom angular momentum by ΔmL = 0, ± 1. By preparing atoms with 
saturated |mL = L = 2⟩ and by aligning the pair of atoms with the quantization 
axis such that the total angular momentum projection is conserved, we ensure that 
mL = L throughout the dynamics which effectively decouples this DOF.

Data availability
Source Data for Figs. 3 and 4 are available via Zenodo at https://doi.org/10.5281/
zenodo.6640418 (ref. 63).
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