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Fig. 1. Transition diagram of a three-level system. |1) and
|2) are ground states, while |3) is the excited state, 2
represents the Rabi frequency of the probe light, and (2
represents the Rabi frequency of the control light. ¢ de-
notes the two-photon detuning, I3 is the dephasing rate
from state |3) to |1), and I% is the dephasing rate from
state [2) to |1), Ac and Ap are the detunings of the
probe and control fields, respectively. “Magnon” refers to
the existence of photons in the medium in the form of dark-
state polaritons.
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Fig. 2. Schematic diagram of EIT storage and retrieval for
two pulses with random time intervals. The black line rep-
resents the incident pulse, the red line represents the
readout pulse, and the blue line indicates the status of the
control light, where the high level corresponds to the “on”

state and the low level corresponds to the “off” state.
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Abstract

Quantum memory is a key enabling component for quantum communication and large-scale quantum
networks, as it allows for the storage and on-demand retrieval of quantum states while preserving their
coherence and fidelity. In particular, time-multimode quantum storage, which enables the simultaneous storage
of multiple temporal modes, plays a crucial role in improving communication rates and expanding storage
capacity. In this work, we propose a high-efficiency time-multimode quantum storage scheme based on
electromagnetically induced transparency in cold atomic ensembles. By dynamically tailoring the Rabi frequency
of the control field and optimizing the switching-off process of the control field, the storage and retrieval
processes of multi-pulse photons are coherently controlled. A theoretical model is developed to systematically
analyze the storage performance under large optical depth conditions. The results show that the proposed
scheme can simultaneously achieve high storage efficiency and large multimode capacity. Specifically, the
storage efficiency exceeds 70% for multiple temporal modes and can reach up to ~90% in the few-mode regime.
Furthermore, we quantitatively reveal that the number of accessible temporal modes is fundamentally limited
by the optical depth, and demonstrate that both storage capacity and efficiency can be significantly improved
through optimization of the medium parameters. These results provide an effective approach to overcoming the
trade-off between storage capacity and efficiency in quantum memory, and offer a promising route toward high-

throughput quantum information processing and long-distance quantum communication.

Keywords: quantum memory, cold atoms, electromagnetically induced transparency, multi-mode quantum

storage
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