Reducing Laser Phase Noise for Enhanced Fidelity in Rydberg Gates
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Quantum computing holds the potential to solve complex computational problems that classical methods are incapable of resolving [1]. However, a substantial number of logical qubits are needed for the actual implementation of quantum algorithms, and this necessitates a large improvement in quantum gate fidelities. Single atoms in optical traps is one of the promising platforms for quantum computing. This system has long coherence times, high-fidelity single qubit gates, and beyond nearest neighbors’ connectivity.

Most proposals for high-fidelity two-qubit gates for neutral atoms rely on strong interaction in highly excited Rydberg states. The excitation is typically achieved through the use of laser light. However, the presence of laser noise greatly impacts the quality, reducing efficiency and accuracy of coherent optical excitation of single atoms to Rydberg states. The noise arises due to instabilities in the laser source, phase drifts in the optical path, and technical limitations in the laser control and stabilization systems [2]. In order to minimize the effect of laser phase noise and improve the coherence of Rydberg excitation, we propose to use high-finesse filtering cavities.

We discuss a design and perform a preliminary test of a tunable filter cavity to explore the impact of finite phase noise in excitation lasers on the damping of oscillations in a Rydberg atom system. The experimental setup uses two extended-cavity diode lasers and locks the phases using the Pound-Drever-Hall technique [2]. We have performed simulations to validate our estimate of the phase noise and its effect on the system, which gives us the finesse of 30,000 approximately. The cavity parameters are characterized by cavity ringdown spectroscopy and compared to a numerical model considering diffraction and scattering losses.
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