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Tremendous progress in quantum technologies during the past decades enables us to
benefit from quantum properties to overcome certain classical limits of measurement
precision, sensor’s sensitivities, computational speed etc. Especially for quantum
simulation and computation, various platforms such as trapped ions, superconducting
qubits, and cold atoms have now reached a control of up to several tens of individual
quantum objects with controllable interactions, or gates, between them. To obtain
useful simulation and computation results in such systems, it is important to reach a
critical fidelity of quantum operations. This requires the operations orders of
magnitude faster than the timescale set by couplings to environments which cause
decoherence. There has thus been a continuous strive to better insulate qubits from
environments and to design faster quantum operations. Among the latter, a
particularly important quantum operation is the entanglement of two qubits. As this
operation is mediated by an interaction between those two qubits, the operation time
should be lower-bounded by a platform-dependent speed limit determined by its
interaction strength. Devising and realizing two-qubit gates operating at this speed
limit are the subjects of intense efforts on all platforms.

Ultracold atoms, with their scalability, long coherence time, high degree of
controllability, efficient detection methods, and large range of physical properties
(broad and narrow optical transitions, nuclear and electronic spins, long lived Rydberg
orbitals...), are a powerful platform for quantum simulation and quantum computation.
In this thesis work, we trap ultracold single 87Rb atoms in arrays of optical tweezers.
In order to induce an interaction between two atoms, they are laser excited to Rydberg
states, which are highly excited states with large dipole moments. The strong dipole-
dipole interaction at the atomic distance of few micrometers can then be used to operate
entanglement between those two atoms. However, entangling protocols using such
Rydberg atoms were always performed so far in an adiabatic regime much slower than
the speed limit set by the dipole-dipole interaction strength. Here we design and
construct a new experimental method and apparatus to perform quantum simulation
and computation on an ultrafast timescale to reach this quantum speed limit for the
first time. With this apparatus, we have performed experiments observing an ultrafast
energy exchange between two Rydberg atoms. This ultrafast coherent dynamics gives

rise to a conditional phase which is the key resource for an ultrafast controlled-Z gate



faster than any other Rydberg gates by two orders of magnitude. This groundbreaking
result opens the path for quantum simulation and computation operating at the speed-
limit set by dipole-dipole interactions with this ultrafast Rydberg platform.

In this thesis, I first describe the new experimental apparatus including a vacuum
system, lasers, and optics. This apparatus was designed and constructed to overcome
the stringent requirements to manipulate the atoms at a short interatomic distance
down to 1 um for strong dipole-dipole interactions, and at the same time to fulfill the
request to conduct experiments using Rydberg atoms. We succeeded in assembling
defect-free arrays of up to 50 87Rb atoms and characterizing the properties of those
single atoms in the tweezers (trap frequencies, trap depths, temperatures etc.). The
distances between the atoms are controlled precisely using a spatial light modulator
and detected with a precision of 10 nm. Then, we developed a new ultrafast-excitation
scheme using picosecond laser pulses to excite the atoms in only tens of picoseconds
from the ground state to a Rydberg state with a high population. With this method, we
realized a Rabi oscillation between the 5P and Rydberg states for up to 2m, which is
required to perform a pump-probe experiment with two m pulses. Furthermore, we
extended the delay line of the attosecond-phase-modulator (APM), our homemade ultra-
stable optical interferometer generating pump and probe pulses, from 500 ps to 6.5 ns,
allowing us to probe an interaction on the GHz scale (i.e. nanosecond timescale). The
APM was used to perform Ramsey-interferometric experiments in which the pump-
probe delay was controlled with attosecond precision.

Finally, we observed and controlled the ultrafast dynamics between 2 single Rydberg
atoms. We performed a pump-probe experiment with an interaction time of 6.5 ns as a
function of the distance between a pair of atoms, which was tuned from 5 to 1.5
micrometers, to observe their ultrafast energy exchange, which is the Forster
oscillation between the |43D,43D) and |41F,45P) pair states. This Forster dynamics is
well explained by considering the position uncertainty of the atoms in the tweezers as
well as the full interaction including resonant and off-resonant couplings with other
pair states. In addition, we performed a Ramsey-interferometric pump-probe
experiment to observe the conditional phase ~ n acquired during the interaction, with
the results matching ab-initio calculations considering the full interaction Hamiltonian.
This conditional phase ~ = is acquired in only 6.5 ns, more than 100 times faster than
in any other Rydberg experiments with individual atoms to date, and is the key
resource for a novel ultrafast two-qubit gate operating at the fundamental speed limit.

The work presented here will be the first step to realizing ultrafast quantum
simulation and quantum computation with the cold-atom-tweezers platform, and also
provide new knowledge for the Rydberg physics community. Moreover, the ultrafast
approach demonstrated here might contribute to the progress of other platforms such
as trapped ions and superconducting qubits, which also share the common aim of

performing high-fidelity quantum simulation and quantum computation.
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