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High-performance quantum memory for quantized states of light is a prerequisite build-

ing block of quantum information technology. Despite great progresses of optical quantum

memories based on interactions of light and atoms, physical features of these memories still

can not satisfy the requirement for applications in practical quantum information systems,

since all of them suffer from trade off between memory efficiency and excess noise. Here,

we report a high-performance cavity-enhanced electromagnetically-induced-transparency

memory with warm atomic cell in which a scheme of optimizing the spatial and tempo-

ral modes based on the time-reversal approach is applied. A quantum memory with the

efficiency up to 78 ± 1% and the noise level close to quantum noise limit has been experi-

mentally achieved. The realized quantum memory platform has been capable of preserving

quantized optical states, and thus is ready to be applied in quantum information systems,

such as distributed quantum logic gates and quantum-enhanced atomic magnetometry.

The high-performance quantum memory featuring both high memory efficiency and low excess

noise is an indispensable building block in quantum physics, distributed quantum computation

and quantum metrology. The multiple spatial separated macroscopic objects can be entangled

by storing multipartite entangled state of optical modes. And multiple high efficiency quantum

memories with noises at the quantum noise limit (QNL) are demanded, which can be used to

store multipartite entangled state of optical modes [1, 2]. Constructing a large-scale quantum

processor is challenging due to the existence of unavoidable decoherence in real-world quantum

systems [3–5]. For scaling up the computational power, modular quantum processors provide a

solution by integrating smaller quantum modules to a larger computing cluster. Modular quantum

platforms are to keep smaller individual processing units, then connect them to one another via

quantum entanglement among multiple quantum-network modules, and thereby implement more
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complex quantum operations, such as distributed quantum logic gates [6, 7]. Enhancing the ability

to entangle different modules (nodes) is significant for achieving such a modular approach, and

its realizing depends on the memory fidelity of storing the multipartite entangled optical modes

among quantum modules (nodes). In modular quantum architecture, the element registers of the

distributed quantum logic gates can preserve, control and read out quantum states, which performs

quantum operations. For example, the controlled-phase gates using a cluster-state resource of four

quantum nodes are the building block of a one-way quantum computation. For implementing

controlled-phase gates, the most basic requirement for storage of entangled state is to reduce the

noises of high efficiency quantum memory to QNL, since only at this noise level one is able

to preserve and distribute quantum states among nodes of processors; otherwise, the transmitted

quantum information will be merged in the sea of noises. Besides, the atom-based measurement

sensitivity ultimately is restricted by the QNL. Spin squeezing holds the promise to overcome this

limit, and becomes a key strategy for precision measurements, including the improved sensitivity

of atomic magnetometry [8, 9]. In quantum-enhanced atomic magnetometry, the spin squeezing

can be generated by storing the squeezed optical mode, and then used to measure weak signal

merged in the quantum noise, thus a high efficiency quantum memory at QNL is necessary [10].

Over the past decades, various light-atom interactions have been utilized to implement quan-

tum memory, such as electromagnetically-induced-transparency (EIT) [11–16], far-off-resonance

Raman [17], quantum non-demolition [18], Autler–Townes splitting [19] and photon echo inter-

action [20]. The high memory efficiency is crucially important for practical quantum information

[21, 22]. Towards the aim of high efficiency, coherent optical memories based on strong EIT in-

teractions have been achieved by using an optically dense cold atomic media [23]. The memory

efficiency in warm atomic cell can also be improved by using optimal input signal mode [24]. The

other main challenge for the memory of quantized optical states is to suppress the excess noise,

which will destroy quantum features of stored states. In the processing of atom-light interaction

with a Λ-type energy configuration, the coupling of the control mode on the signal mode tran-

sition will induce unwanted four-wave-mixing (FWM) noise, which is the main noise source of

quantum memory [25]. In near-resonant EIT memory with the proper atomic number, the inter-

action strength for quantum memory is dominant and the influence of FWM noise is relatively

less, thus the EIT memories are able to reach the QNL, which have been applied to preserve the

squeezed light with atomic ensemble [26, 27]. However, the memory efficiencies in the com-

pleted experiments were lower than 23%, because the memory interactions are limited in order to
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avoid unwanted excess noises [2, 27, 28]. Alternatively, optical cavity can enhance the light-atom

interaction [29–35] and suppress the noise [36]. Optical cavity has been used as an intriguing

approach to reduce the excess noises in quantum memory. Although the cavity-enhanced warm

vapor scheme had been applied in the Raman memory to suppress FWM noises, the obtained

memory efficiency was low for the requirement of practical applications [25]. Despite impres-

sive progresses, so far, all completed atomic memories suffer from trade off between memory

efficiencies and excess noises.

To accomplish quantum memory with the necessary features of both high memory efficiency

and low excess noise, we present a cavity-enhanced EIT memory with warm atomic cell. For

realizing high performance quantum memory, the optimal temporal and spatial modes matching

technology is applied to implement the mode matching based on time-reversal approach [37]. In

this way the FWM effect is off-resonance with the optical cavity and forbidden by destructive

interference in the optical cavity, while the memeory interaction is enhanced with the assistance

of resonating the signal mode with the optical cavity. Thanks to the cavity-enhanced EIT interac-

tion and the perfect mode matching, the memory efficiency up to 78± 1% for the storage time of

100 ns and the excess noise close to QNL have been simultaneously achieved. The deterministic

memory fidelity has reached 0.98 ± 0.01 for a single photon level coherent state, which exceeds

the quantum no-cloning limit [38, 39]. For optical continuous-variable (CV) quantum information

systems, the quantum information is encoded in the quadrature amplitudes and phases of optical

signal modes, which have been used to implement quantum information protocols, such as quan-

tum teleportation [40], quantum dense coding [41] and quantum dense metrology [42]. For the

presented memory experiment of optical coherent state, the quantum information is also encoded

and stored in the quadrature amplitudes and phases of optical signal modes. Besides, photons

carrying information in discrete variable (DV), such as its arbitrary polarization state, can also

be stored in the presented system by replacing the Glan-Thompson polarizer with a polarization

insensitive beam splitter [43]. Thus, the cavity-enhanced memory works equally well for both CV

and DV quantum information because the cavity-enhanced quantum memory is a linear mapping

technique [44].
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Results

Principle of cavity-enhanced quantum memory. In quantum optics, the optical mode is

represented by the annihilation operator â, the amplitude (phase) quadrature X̂L (ŶL) of light

corresponds to the real (imaginary) part of the annihilation operator â, as X̂L = (â+â†)/
√
2 ( ŶL =

(â − â†)/
√
2i). Under the Holstein-Primakoff approximation, the collective atomic spin wave is

described by the lowering operator Ŝ =
∑

i |g〉 〈m|, amplitude (phase) quadrature X̂A (ŶA) of the

atoms is associated with the y (z) component of the Stokes operator Ŝy (Ŝz) on the Bloch sphere,

which is represented by X̂A = (Ŝ+ Ŝ†)/
√
2 = Ŝy/

√

〈

Ŝx

〉

(ŶA = (Ŝ− Ŝ†)/
√
2i = Ŝz/

√

〈

Ŝx

〉

)

[18]. The coherent state of light is a minimum uncertainty state with equal uncertainty between two

conjugate quadrature components, which is usually used to describe the quantized state of laser.

The quantum natures of an optical memory can be characterized by means of preserving coherent

state, thus the coherent state of optical mode is utilized as the input state of quantum memory in our

experiment. The quantized state can be transferred between light and atomic superposition in the

EIT memory [16]. The Λ-type three-level system of a ground state |g〉, a meta-stable state |m〉 and

an excited state |e〉 is employed in the EIT configuration, which is presented in the insert of Fig. 1

(a). The signal mode is near resonant with the transition between a ground state |g〉 and an excited

state |e〉, while control mode is near resonant with the transition between a meta-stable state |m〉
and an excited state |e〉. In our system, the control mode is much stronger than the signal mode,

and is treated as a classical mode. When the collective atomic spin wave Ŝ(t) interacts with the

signal mode â(t) via EIT process, the quantized state of the signal mode and the atomic ensemble

can be transferred to each other, because the effective Hamiltonian ĤEIT of light-atom interaction

is a type of beam-splitter interaction [45]. The quantum memory process include three stages of

writing, storage, and reading which are implemented by modulating the light-atom interaction with

a control mode. Therefore, the step-like function used as an approximation of switching on and

off processes in EIT interaction can be shown as follows: Ĥ(t) = ~κâ†Ŝ + ~κŜ†â, −∞ < t < 0;

Ĥ(t) = 0, 0 < t < T0; Ĥ(t) = ~κâ†Ŝ + ~κŜ†â, T0 < t < ∞, where κ =
√
NaµΩ/∆ is the

effective light-atom interaction constant, Na is the atomic number, µ is the light-atom coupling

constant, Ω is the Rabi frequency of the control mode, and ∆ is the detuning between light and

atom coupling.

Fig. 1 (a) is a diagram for the cavity-enhanced quantum memory with a warm atomic cell.

The cavity with a bow tie-type ring configuration consists of two plano mirrors and two concave
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mirrors, which enables to enhance the light-atom interaction and suppress the excess noise. The

input signal mode Â(t)in is coupled into the cavity mode â through the input-output mirror with

the coupling rate to the cavity of input mode γ1 = T/(2τ), where T is the transmissivity of input-

output mirror and τ is the round-trip time of the optical mode inside optical cavity. The other three

cavity mirrors are highly reflective for the signal optical mode, and one of them is mounted on

piezoelectric transducer for scanning or locking the cavity length. When the input signal mode

resonates with cavity mode and the control mode is near-resonance with the cavity mode, the

FWM noise is off-resonance and effectively suppressed. The intracavity loss L is unavoidable in

real experiment due to the imperfect coating, and the corresponding decay rate of intracavity loss

is γ2 = L/(2τ), which introduce the vacuum noise Â(t)inυ . The atomic spin wave decoherence

rate is γ0, and couples the noise of atomic medium Ŝ(t)υ into cavity mode â. Quantum Langevin

equations, describing evolution of observable operators for the cavity mode â(t) and collective

atomic spin wave Ŝ(t) are shown as

dâ(t)

dt
= −γâ(t)− iκ(t)Ŝ(t) +

√

2γ1Â(t)
in +

√

2γ2Â(t)
in
υ , (1)

dŜ(t)

dt
= −γ0Ŝ(t)− iκ(t)â(t) +

√

2γ0Ŝ(t)υ, (2)

where γ = γ1 + γ2 corresponds the sum of the coupling rate and the decay rate of cavity. For an

input signal mode to be stored, a complete mode expansion into the longitudinal modes of the input

optical mode is expressed by Â(t)in = u(t)in
0
âin
0

, where âin
0

is an optical mode operator and u(t)in
0

is a temporal mode function of the input optical mode, which determines the optical mode shape.

The input mode is dynamically shaped in time to provide optimum memory efficiency, and the

temporal mode function in our system is approximately described by a rising exponential function

[37]. By solving quantum Langevin equations with the proper input temporal mode function,

the memory efficiency η(T0) at the user-controlled storage time T0 from input optical mode to

stored-and-retrieved optical mode is given by [46]

η(T0) =
(−γ1γ

2

0
e−γT0 + γ1κ

2e−γ0T0)2

(γ0 + γ)2(κ2 + γ0γ)2
. (3)

Experimental realization of cavity-enhanced quantum memory. Fig. 2 (a) shows temporal

variation of the experimentally measured photon fluxes by photoreceiver detector D1. The red

line and the blue line indicate the photon fluxes of the input signal mode and the stored-and-

retrieved mode that passed through the cavity-enhanced quantum memory system, respectively. In



6

experiment the memory efficiency is the ratio between the photon fluxes of stored-and-retrieved

and input signal modes. From Fig. 2 (a), it can be seen that the memory efficiency has reached

78 ± 1%, when the atomic cell is heated to around 95 ◦C. The plot for memory efficiency v.s.

storage time is shown in Fig. 2 (b). In our system, the buffer gas is filled in the cell to slow

the atomic diffusion and reduce the time-of-flight broadening. The magnetic noise mainly limits

the lifetime, and the lifetime in current memory system with warm atomic cell is 1.2 µs. Since

quantum state can be preserved within the lifetime, the user-controlled storage time can be taken

arbitrary value less than the lifetime, and is chosen as 100 ns in our experiment.

The quantum performance of cavity-enhanced memory is obtained by the time-domain bal-

anced homodyne detector (BHD) measurement. Table 1 shows measured normalized excess noise

of quadrature amplitudes (phases) and memory fidelity for different memory efficiencies, and all

the results of the normalized excess noises are close to QNL. In the quantum memory, the fidelity

F = {Tr[(ρ̂1/2
1

ρ̂2ρ̂
1/2
1

)1/2]}2, which describes the overlap of input states ρ̂1 and the states ρ̂2 re-

leased from the memory node, quantifies the performance of a quantum memory. The calculation

details for the fidelity are given (see Supplemental Note 4). The quantum memory with unit fi-

delity can perfectly preserve quantum information of the input quantized states. From table 1, it

can be seen that the excess noise of the quantum memory are almost independent of the memory

efficiencies, that means the excess noise is effectively suppressed by the optical cavity. As well-

known, the excess noises will degrade the memory fidelity, and only low excess noise enables

to realize a high fidelity quantum memory. Our results have reached the deterministic memory

fidelity of F = 0.98 ± 0.01 for a weak input coherent state (the mean number of photons is 0.4),

which surpass the quantum no-cloning limit of 2/3 [38, 39]. The presented quantum memory with

high efficiency and low excess noise makes the possibility of preserving optical quantum states

such as the squeezed light. The memory system with high efficiency and low excess noise has

been able to be directly applied in executing quantum logic gates [6, 7] between quantum-network

modules (nodes) connected in a small range and realizing sub-QNL atomic magnetometry [9].

Discussion

In conclusion, we experimentally demonstrate an cavity-enhanced EIT quantum memory with

both high memory efficiency and low excess noise. Due to the use of an optical cavity with the

optimal temporal and near-perfect spatial mode, the memory efficiency of 78± 1% and the excess
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noise close to QNL have been simultaneously realized. Our scheme provides a promising solu-

tion for optimal quantum memory which is possible to realize near-unity deterministic memory

fidelity. The intracavity loss limits the memory efficiency, and the reduction of the intracavity loss

in this system will furthermore improve the memory performance. If the magnetic noise is re-

duced by optimizing the structure of magnetic shielding, the lifetime will be obviously increased.

Alternatively, the cell-wall paraffin coating onto the inner surface of the cell provides an effective

approach to extend the memory lifetime of warm atom in the cell, and the millisecond-scale life-

time in the paraffin coated cell can be reached by using rubidium and cesium atoms, respectively

[9, 47]. If the magnetic shielding is optimized and paraffin-coated cell is employed as potential

improvements, the current lifetime limitations can be overcome in future. The presented approach

is achievable on a variety of other physical platforms, such as in trapped ions [48–51], supercon-

ductors [52–54], solid states [55–58] and optomechanics [59–63]. Quantized states of light, such

as squeezing [64] and entanglement [65] are kernel resources in quantum information science and

technology, and the cavity-enhanced quantum memory system performs well enough to preserve

quantum information of arbitrary quantized optical states. Due to the experimental simplicity of

a warm atomic cell setup [66, 67], the presented system is robust and easily controlled, which is

ready to be applied in some quantum information systems.

Methods

Experimental setup. The experimental setup for implementing the cavity-enhanced quantum

memory is shown in Fig. 1 (b), and the experimental details are given (see Supplemental Note 1).

A 87Rb atomic cell coated with 795 nm anti-reflection, which is placed in a magnetic shielding,

is used as EIT medium of cavity-enhanced quantum memory system. An input signal mode with

an optimized wave packet originally coming from Ti:sapphire laser is stored in an atomic cell

inside the optical cavity. The time sequence of the cavity-enhanced quantum memory is given (see

Supplemental Note 2). In this experiment, the photoreceiver detector D1 is applied to measure

memory efficiency, which are theoretically analyzed in details (see Supplemental Note 3), and the

excess noises can be analyzed from the time-domain BHD measurement.
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Data Availability

The data that support the findings of this study are available from the corresponding author on

request.
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FIG. 1: Schematic diagram. a Diagram for the cavity-enhanced quantum memory and atomic energy

level for quantum memory. Atoms with a ground state |g〉:
∣

∣5S1/2, F = 1
〉

, a meta-stable state |m〉:
∣

∣5S1/2, F = 2
〉

, and an excited state |e〉:
∣

∣5P1/2, F
′ = 1

〉

are shown. The atomic cell is placed between

two plano mirrors, where the optical cavity simultaneously enhances the light-atom interaction and sup-

presses the excess noise. b Experimental setup for implementing cavity-enhanced quantum memory. TA:

tapered amplifier; PZT, piezoelectric transducer; EOAM, electro-optical amplitude modulator; EOPM,

electro-optical phase modulator; AOM, acousto-optical modulator; BHD, balanced homodyne detector.
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FIG. 2: Experimental results. a Temporal variation of the experimentally measured photon fluxes. The

red line and the blue line indicate the photon fluxes of the input signal mode and the stored-and-retrieved

mode, respectively. b The plot for memory efficiency v.s. storage time. Error bars represent ±1% standard

error.
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TABLE I: Memory excess noise and memory fidelity v.s. memory efficiency.

Memory efficiency Normalized excess noise Normalized excess noise Memory fidelity

of quadrature amplitude of quadrature phase

61± 1% 1.026± 0.02 1.025± 0.02 0.95± 0.01

70± 1% 1.025± 0.02 1.028± 0.02 0.97± 0.01

78± 1% 1.025± 0.02 1.027± 0.02 0.98± 0.01
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