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Photonic quantum memory constitutes the ability to store and retrieve single-photon-level quantum states of light in a quantum-information-preserving manner. This primitive operation is a critical enabling resource for a wide range of photonic quantum technologies. Of particular importance to the creation of useful, real-world quantum memories is the speed at which the memory can store and retrieve quantum information; quantum memories that operate at high speed need to be compatible with photons that are short in duration and therefore broad in spectral bandwidth. Here we review the state of the art in photonic quantum memory in the broadband regime, we discuss the landscape and limitations of quantum memory protocols based on atomic ensembles, and we present our experimental demonstration of a low-noise, ultra-broadband quantum memory in barium vapor with storage efficiency exceeding 95%.

Figure 1 shows the performance of all broadband atomic-ensemble quantum memories presently in the literature with respect to two metrics: storage efficiency and bandwidth. We observe that, prior to this work, a tradeoff exists between these two performance criteria, and we trace the cause of this tradeoff to the mismatch between the typically narrowband atomic linewidths in these systems and the broad photon bandwidths they are meant to store [1]. Here we present a resource-efficient method for solving this problem: homogeneous collisional broadening. The introduction of high-density argon perturbers in dilute barium vapor broadens the optical transition linewidths in barium, reducing linewidth-bandwidth mismatch, and allowing for high-efficiency memory operation in the ultra-broadband regime. 
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In addition to these recent experimental results, we present theoretical results showing that three physically distinct quantum memory protocols—electromagnetically induced transparency (EIT), Autler-Townes splitting (ATS), and absorb-then-transfer (ATT)—are smoothly connected via continuous transformation of the control field and memory parameters [2]. Further, we examine the criterion of memory sensitivity (how sensitive a quantum memory is to experimental noise) and show that all resonant memory protocols are ‘stable,’ meaning that fluctuations in memory efficiency are always fractionally smaller than the fluctuations in external parameters causing them [3].
Figure 1. State-of-the-art memory efficiency and bandwidth for atomic ensembles. Adapted from Ref. [1].
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