Programmable Quantum Simulator with 256 Atoms
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Quantum simulation with individually trapped and controlled neutral ultracold atoms holds great promise for understanding complex many-body quantum processes in physics and chemistry. Here, we demonstrate a programmable quantum simulator based on deterministically prepared two-dimensional arrays of neutral atoms, featuring strong interactions controlled via coherent atomic excitation into Rydberg states. For sufficiently high quantum number, Rydberg atoms can interact over optically resolvable length scales, enabling individual control and readout of atomic spins.

Using this approach, we realize a quantum spin model with tunable interactions for system sizes ranging up to 256 qubits [1]. We benchmark the system by creating and characterizing high-fidelity antiferromagnetically ordered states, demonstrate universal properties of an Ising quantum phase transition in one and two dimensions, and study the dynamics after a sudden quench of the strongly interacting many-body system. We then create and study several new quantum phases that arise from the interplay between interactions and coherent laser excitation, experimentally map the phase diagram, and investigate the role of quantum fluctuations.  We also demonstrate quantum gates between pairs of atoms with high fidelity [2].
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