
Abstract.We present a review of current theoretical and experi-
mental studies focused on the development of a quantum repeat-
er, a key device for extended quantum networks that allows
entangled states to be distributed over long distances. We also
consider the most promising approaches to designing basic
devices for quantum repeaters, including quantum memory,
sources of nonclassical states of light, and quantum frequency
converters.
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1. Introduction

The development of quantum networks that allow quantum
information to be transmitted over long distances is one of the
most relevant issues in the field of quantum technologies. Its
solution can significantly expand the frontiers of quantum
communication, quantum computing, and quantum metrol-
ogy. In particular, quantum networks are necessary for long-
range quantum key distribution with untrusted nodes [1, 2],
unification of quantum processors for distributed quantum
computing [3±9], blind quantum computing [10±13], quan-
tum clock synchronization [14±20], distributed quantum
measurements [21±32], increasing the accuracy of astronom-
ical observations [33±35], and other applications (see reviews
[36±39]). In general, the point at issue is the development of
the quantum Internet, the use of whichÐtogether with the
conventional InternetÐwill markedly expand the capabil-
ities of information distribution and processing. Presently,
there are only demonstrations of the simplest quantum
networks that allow three quantum nodes to be entangled
within a laboratory (see review [40]), and the first experiments
on distributing entanglement between nodes separated by a
distance of about 10 km have been conducted [41±43]. The
development of fully functional quantum networks capable
of transmitting and controlling entangled quantum states in
field conditions is an important research topic in the field of
quantum technology and requires sustained and coordinated
efforts in the fields of physics, computer science, and
engineering. Nevertheless, quantum network architectures,
where problems of routing, resource allocation, etc., are
solved, are already being actively discussed [44±46]. In
addition, much attention is directed to simulating quantum
networks and developing the corresponding software (see
reviews [39, 47]).
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The key point in the functioning of quantum networks is
the distribution of entangled quantum states between remote
nodes. However, losses in typical quantum channels, such as
fiber or atmospheric optical communication lines, make it
almost impossible to directly transmit quantum states over
long distances. For example, in an optical fiber with a loss of
0.2 dB kmÿ1, 99% of photons are lost every 100 km, so that,
when transmitting 1010 photons per second through a 1000-
km-long fiber, the rate of their reception will be about
1 photon every 175 years. As a result, the range of quantum
communication is limited to a distance of about 100 km (see,
for example, experiments on quantum teleportation [48, 49]).
It is important to note that, unlike classical optical commu-
nication systems, amplification of optical signals in inter-
mediate nodes (repeaters) is impossible in quantum networks,
which is explained by the impossibility of cloning unknown
quantum states [50]. The only currently available solution is
the use of trusted intermediate nodes [51], which convert
quantum information into classical information. This
approach enables long-range quantum key distribution (see,
for example, [52]); however, it is not suitable for distributing
quantum states and constructing quantum networks.

A promising approach to building large-scale quantum
networks is the use of quantum repeaters [53, 54], i.e.,
intermediate nodes in which quantum information can be
stored for some time in memory devices in order to distribute
entangled states over long distances. In recent years, quantum
repeaters have become the subject of active theoretical and
experimental research, which is reflected in a number of
reviews [55±62]. To date, there have been no examples of the
implementation of quantum networks based on quantum
repeaters, which is primarily due to the lack of effective
long-lived quantum memory devices. Efficient operation of
quantum repeaters also largely relies on sources of entangled
light states and quantum frequency converters, as well as on
the possibility of implementing multiplexing, entanglement
purification (distillation), and quantum error correction. All
this makes the development of quantum repeaters a rather
complex task, solving which requires, among other things,
fundamental research.

This review describes the operating principles of quantum
repeaters, the key device of a full-scale quantum network, and
presents an analysis of the existing situation in the field of
long-range quantum communication systems. We also con-
sider the current andmost promising approaches to designing
the main components of quantum repeaters, including
quantum memory, sources of nonclassical states of light,
and quantum frequency converters.

2. Operating principles of quantum repeaters

When use is made of quantum repeaters, a long communica-
tion line is divided into short elementary segments, within
which it is still possible to transmit quantum states of light
without significant losses, and the entangled quantum state is
distributed between the end nodes using such protocols as
entanglement swapping [63], entanglement purification [64,
65], and error correction [66, 67]. These protocols no longer
require the transmission of quantum states over long
distances, but imply the storage of information in quantum
memory devices located at intermediate nodes. The main task
is to distribute the entangled state between the end nodes of
the chain at a rate exceeding the limit of direct transmission.
According to fundamental theory, the maximum rate of

entanglement distribution or key distribution that can be
reached using quantum repeaters is determined by the end-to-
end capacity [68],

C�Z;N� � ÿ log2
ÿ
1ÿ ���

ZN�1p �
; �1�

where Z is the transmissivity of the entire optical line,N is the
number of intermediate nodes (insert repeaters), andN� 1 is
the number of elementary segments (lossy channels). In the
case of large losses, when Z5 1, C�Z;N� � 1:44

���
ZN�1p . The

quantity C�Z; 0� � ÿ log2 �1ÿ Z� � 1:44Z corresponds to the
limit of direct transmission and is known as the Pirandola±
Lorenza±Ottaviani±Banchi bound (PLOB bound) [69]. In
particular, Z � exp �ÿL=Latt�, where Latt � 22 km for a
standard fiber with a loss of 0.2 dB kmÿ1. Thus, if the
number N of insert repeaters increases proportionally to the
total channel length L, the end-to-end capacity will no longer
decrease exponentially with increasing distance, but will be
determined by the transmission of only an elementary
segment, the length of which is fixed.

2.1 Basic protocols
Let us consider some basic protocols that underlie the
operation of various schemes of quantum repeaters.

2.1.1 Bell measurement. Measurement in the Bell-state
basis is a key element of several quantum communication
and quantum computing protocols, such as quantum
teleportation [70] and one-way computation [71]. The
deterministic version of the Bell measurement involves the
implementation of a single-qubit Hadamard element and a
two-qubit CNOT element, so that four Bell states at the
input,

jF�i � 1���
2
p �j00i � j11i� ;

�2�
jC�i � 1���

2
p �j01i � j10i� ;

correspond to four measurement results in the computational
basis (Fig. 1a). Examples of the implementation of photonic
two-qubit elements are available in Refs [72±74]. Nondeter-
ministic versions can be implemented much more simply
within the framework of linear optical schemes, among
which the most well known are those for single-photon
qubits in polarization, time, and Fock bases (see Fig. 1). The
first two variants are examples of dual-rail encoding when the
states of the computational basis j0i and j1i correspond to
two orthogonal modes of the electromagnetic field. In the first
case, they correspond to two basis states of linear polarization
(horizontal jHi and vertical jVi (Fig. 1b)); and in the second
case, to two time windows or modes (time-bin encoding) (the
first (early) jei and the second (late) jl i (Fig. 1c)). The third
variant corresponds to single-rail encoding when the states of
the computational basis differ in the filling number of one
mode: the vacuum state j0i and the single-photon state j1i
(Fig. 1d). Regardless of the basis in use, Bell measurements
within the framework of linear optics make it possible to
determine only two of the four Bell states, so that the overall
efficiency of the scheme does not exceed 1=2 [75]. A higher
efficiency can be achieved using linear optical schemes and
multiphoton encoding. Thus, when use is made of a logical
qubit consisting of 2N photons and detectors that resolve
states with the number of photons j0i, j1i, and j5 2i, the
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probability of a successful Bell measurement increases to
1ÿ 2ÿN [76].

2.1.2 Entanglement swapping. The entanglement swapping
protocol [63] is a variant of quantum teleportation and allows
an entangled state of two qubits to be produced without their
direct interaction. Let us consider this protocol in the context
of a linear quantumnetwork consisting of three nodes (Fig. 2).
Let the entangled states jC�AC1

i and jC�C2B
i be distributed

between nodes A and C and C and B, respectively. Then, at
the intermediate node C, a Bell measurement is performed
with qubits C1 and C2, which, in the case of a deterministic
measurement, yields four possible results. The measurement
result is transmitted to one of the end nodes, for example, to
node B, where a single-qubit transformationUB is performed
with the qubit located there, the type of which depends on the
obtained result. Thus, the maximally entangled state jC�ABi is
distributed between nodes A and B, despite the fact that
qubits A and B did not directly interact with each other.
Obviously, the entanglement swapping protocol can be
viewed from a recursive point of view as a way to successively
increase the `length' of the entangled pair, which forms the
basis of a two-way quantum repeater (see Section 2.2).

2.1.3 Entanglement purification (distillation). To date, a
number of entanglement purification schemes have been
proposed (see the review [77]), the most well known of which
are those by Bennett et al. [64] andDeutsch et al. [65]. It is also
worth mentioning the entanglement pumping scheme pro-
posed in [53, 54]. Let us consider the first scheme as an
example, representing imperfectly entangled states as Werner
states [78]:

r � 4Fÿ 1

3
jBihBj � 4�1ÿ F �

3
I ; �3�

where jBi is one of the Bell states,F is the quality (accuracy) of
the state, and I is the unit operator in the state space of two
qubits. The procedure can be carried out repeatedly in a
recursive manner. At each step, use is made of two copies of
the entangled state, which are distributed between two nodes
(Fig. 3). Within each node, the CNOT operation (U � I
transformation) is applied to the qubits of these states.
Then, the states of the qubits that played the role of
controlled ones are measured in the computational basis j0i,
j1i, and the measurement results are transmitted over the
classical channel connecting the nodes. If the results are the
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Figure 1. Examples of Bell measurement methods: (a) full deterministic measurement (based on two-qubit CNOT gate) of one-qubit Hadamard gate and

projection measurement of qubits, (b) two-photon Bell measurement for entangled states in polarization basis, (c) two-photon Bell measurement for

entangled states in time basis, and (d) single-photon Bell measurement for entangled states in Fock basis. Measurement efficiency is 1 in (a) and 1=2 in all

other variants, since they allow only two of four states to be distinguished. In (b) and (c), this requires a certain combination of photon count coincidences,

as shown by dashed lines, while in (d), a count on only one of two detectors is needed (BS is beam splitter; PBS is polarizing beam splitter; jHi and jVi are
single-photon states with orthogonal linear polarization; jei and jl i are single-photon states with different time delays; and j0i and j1i are vacuum and

single-photon states, respectively).
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Figure 2. Schematic of entanglement swapping protocol (see explanations

in text).
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same, the purification procedure is considered successful, and
one state with a higher quality is obtained, provided that the
original quality of the states exceeds 50%. If the measurement
results are different, the purification protocol fails, and it is
necessary to start over with new entangled states. Thus, a
heralded entanglement purification scheme is implemented,
the recursive application of which allows one state with high
quality to be produced from a set of pairs of entangled states.
Recursive formulas describing the probability of success and
the quality of the resulting states are given in [53].

The protocol proposed by Deutsch et al. [65] works in a
similar way, but, in this case, before performing CNOT
operations on each side, single-qubit transformations

U � 1 ÿi
ÿi 1

� �
=
���
2
p

are added, which allows entanglement

to be purified not only in the case of theWerner state, but also
in the case of an arbitrary two-qubit state of the form

r � AjF�ihF�j � BjFÿihFÿj � CjC�ihC�j �DjCÿihCÿj :
�4�

2.1.4 Quantum error correction.The development of quantum
error correction methods (see reviews [79±81]) is an urgent
problem in the field of quantum computing, and the level at
which they can be mastered is currently called the era of noisy
intermediate scale quantum (NISQ) devices [82, 83]. Themain
idea is to use a system with redundant state space dimension-
ality, for example, several physical qubits, and to encode a
single logical qubit in such a way that errors can be detected
and corrected. Most quantum error correction schemes
involve the following steps: (i) encoding a logical qubit
through the entangled state of many physical qubits,
(ii) determining the type and location of the error by
entangling the qubit system with additional qubits and then
measuring the additional qubits (finding the error syndrome),
and (iii) correcting the error. The first and one of the best
known quantum error correction codes is the Shor code [66],
in which a logical qubit is encoded as an entangled state of
nine physical qubits. Much attention is currently being paid
to the development of various versions of topological codes
that aremore robust to local errors due to the use of the global
(topological) properties of the encoding structure, which has
the form of a two-dimensional or three-dimensional lattice of
qubits (see review [81]). Of particular interest is also the
development of encoding methods through the states of a
harmonic oscillator (bosonic encoding), when a large dimen-
sionality of the state space is achieved within one degree of
freedom of the physical system, which can significantly
simplify the experimental implementation (see review [80]).
Thus, using the example of a quantum repeater of two
elementary segments, Chelluri et al. [84] have recently
considered the possibilities of using bosonic quantum error
correction to suppress memory loss errors. From the point of

view of quantum communication, of great interest is the
correction of errors in cluster photon states by performing
single-qubit or dual-qubit measurements [85±88], which
forms the basis of second- and third-generation quantum
repeaters (see Section 2.2). In general, deterministic error
correction schemes make it possible to combat both state
distortions and qubit losses, but the probability of the latter
should not exceed 50%.

2.1.5 Generation of entangled states between quantum memory
devices. From the point of view of quantum communication,
an important task is to generate entangled states between two
stationary qubits or quantum memory devices without their
direct interaction. In this regard, several methods have been
proposed, oriented towards single atoms [89±95], including
superconducting qubits [96], and towards atomic ensembles
[97±104] with heralded entangled states, which is important
for applications in quantum repeater schemes.

As an example, we consider three schemes (Fig. 4) based
on entanglement swapping, in which sources of single-photon
or two-photon states are used (see review [55]). In the first one
(Fig. 4a), the sources emit pairs of photons in an entangled
state, so that one of the photons is immediately stored in the
memory device, and the second is transmitted to the central
unit, where a two-photon Bell measurement is performed, the
scheme of which, as noted above, depends on the qubit
encoding. If successful, an entangled state of two quantum
memory devices is generated in the corresponding basis. Since
storage of one of the photons in the memory means creating a
correlation between the remaining photon and the atomic
system, this method can be implemented without using two-
photon sources if there is a possibility of directly generating
an entangled state of the field and the atomic system, as
proposed in [90±92]. In the second scheme (Fig. 4b), the
sources emit pairs of photons in a factorized state, which are
also sent to the quantummemory devices and the central unit,
where a one-photon Bell measurement is performed. If
successful, an entangled state of two quantum memory
devices is generated in the Fock basis. This scheme, unlike
the first one, can be used only with probabilistic two-

Entangled state 1

Entangled state 2

Information about result

U

U

A B
Uÿ1

Uÿ10=1 0=1

Figure 3. General schematic of heralded entanglement purification (see

explanations in text).
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Single-photon
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measurement

j1i j1i
L=2 L=2

Information about result

c

Single-photon
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Figure 4. Examples of methods for generating entanglement between two

quantummemories (gray squares) based on entanglement swapping using

sources of (a) two-photon entangled, (b) two-photon factorized, and

(c) single-photon states.
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photon sources, which significantly limits the entanglement
generation rate. At the same time, it is equivalent to the well-
known Duan±Lukin±Cirac±Zoller (DLCZ) scheme [97] (see
Section 3.1), in which similar correlations are created using
radiative quantum memory. Finally, the third scheme (Fig. 4c)
uses sources of single photons, which with some probability
either are reflected from the beam splitter and enter the
quantum memory or pass through the beam splitter and are
directed to the central unit, where a single-photon Bell
measurement is performed. Therefore, as in the second
scheme, an entangled state of two quantum memory devices
in the Fock basis is generated; however, the maximum
generation rate is achieved with deterministic photon sources.
Table 1 contains formulas describing the heralded probability
and the success probability of entanglement generation in the
described schemes. The ratio of the success probability to the
heralded probability determines the conditional efficiency of
generation or the quality of the prepared state. For two- and
single-photon Bell measurements, the heralded probability is
defined as the probability of detecting a single-photon state at
each detector and at one of the two detectors, respectively. In
the second case, the success probability only takes into
account those events when only one photon enters the Bell
measurement unit from either side.

It is important to note that the entangled state in the Fock
basis, which corresponds to the distribution of single-photon
excitation between two quantummemory devices, has limited
application, since it is difficult to perform measurements in
bases other than the Fock basis. Therefore, to produce a two-
photon entangled state, one more step is needed, namely,
post-selection of this state using two pairs of quantum
memories with single-photon entanglement [97]. Another
approach to generating a two-photon entangled state,
recently proposed in [105], is based on post-matching of
single-photon measurements (see Section 2.3).

The above schemes assume that the Bell measurement is
performed at an intermediate station between the nodes, each
of which contains a memory device and a photon source (or
emitting memory). Other options are also possible: when the
Bell measurement is localized in one of the nodes or when a
source of photon pairs is placed between the nodes and the
Bell measurement is performed at each node. A comparative
analysis of such schemes can be found in [106, 107].

An alternative approach is nonlocal schemes that use an
additional photon, which first sequentially interacts with two

memory cells (atoms in cavities) and then is detected. The
measurement result is reported to perform local transforma-
tions, as a result of which a nonlocal logical element is
implemented, for example, CNOT, or an entangled state of
twomemory devices is generated [43, 108±110] (Fig. 5). In this
case, the main scheme for the interaction of a photon with an
atom in a cavity is the CNOT operation between an atomic
qubit and a photon qubit, implemented when a photon is
reflected from the cavity [111, 112]. Finally, an entangled state
of two atoms can be generated using the effect of heralded
photon absorption [113], which is a promising development
of the known scheme for transferring a quantum state from
one atom to another [114, 115] (see Section 3.1).

Various schemes for generating (both heralded and
unheralded) entanglement for the general case of a multi-
node quantum network are reviewed in [116].

2.2 Main types of quantum repeaters
Quantum repeater protocols are usually divided into two
categories: two-way quantum repeaters and one-way quantum
repeaters. The first is based on probabilistic heralded
entanglement generation between neighboring intermediate
nodes (Fig. 6). Once an entangled state is successfully
generated on a segment, it is stored in the local quantum
memory until an entangled state is produced on a neighboring
segment. After that, an entanglement swapping protocol is
performed, which leads to its distribution over a larger
distance. The procedure is repeated until the entangled state
is distributed between the end nodes. The entanglement
swapping protocol helps eliminate photon losses in quantum
channels, but it is still necessary to combat the distortions of
quantum states that arise during their generation, transmis-
sion, and transformation. This can be done by using a
probabilistic heralded entanglement purification protocol,
which allows many low-precision Bell pairs to be converted
into fewer, higher-precision states, implying two-way classical
communication between nodes. The combined use of prob-
abilistic heralded entanglement generation and purification
protocols is the basis of first-generation quantum repeaters [53,
54, 95, 97±104, 117±122]. The need for two-way heralding
within the entire communication link, at least for purifica-
tion protocols, is the main factor limiting the rate of
entangled state generation between end nodes; moreover,
it places the highest demands on the storage time of
quantum states at intermediate nodes. In the worst case,
entanglement purification has to be performed at the scale
of the entire chain of quantum repeaters, which slows
down the achievable repetition rate to values on the order
of c=L, where c � 2:14� 108 m sÿ1 is the speed of light in
fiber. To avoid this slowdown, quantum error correction
can be used instead of heralded entanglement purification,

Table 1. Heralded probability and success probability of entanglement
generation for schemes based on entanglement swapping (see Fig. 4).

Generation scheme Heralded
probability

Success
probability

Two-photon source and
two-photon Bell measure-
ment (Fig. 4a)

Z2sZ
2
t Z

2
d=2 Z2sZ

2
t Z

2
d=2

Two-photon source and sin-
gle-photon Bell measure-
ment (Fig. 4b)

2ZsZtZd�1ÿ ZsZtZd� 2ZsZtZd�1ÿ Zs�

Single-photon source and
single-photon Bell measure-
ment (Fig. 4c)

2gZsZtZd�1ÿ gZsZtZd� 2gZ2sZtZd�1ÿ g�

Notations: Zs is source efficiency, Zt � ZL=2 is transmission of channel

between source and central unit, Zd is detector efficiency, and g is

probability of photon passing through beam splitter. In all cases, it is

assumed that photon-number resolving detectors are used.

j1i

L

Information about result

Single-photon
projection

measurement

Figure 5. Schematic diagram of generating entanglement between two

atoms in cavities (gray squares) using a source of single photons (blue dot),

which sequentially interact with cavities via optical circulators (circles with

circular arrows) and are directed to a unit where a projectionmeasurement

of a single-photon qubit is performed.
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resulting in second-generation quantum repeaters [86, 123±
127].

In this case, two-way heralding is required only between
adjacent nodes, and so the upper bound on the repetition rate
is now determined by the ratio c=L0, which gives a value of
about 1 kHz for L0 � 100 km. Even higher repetition rates
can be achieved by abandoning two-way heralding altogether
and using quantum error correction to combat both losses
and state distortions. This approach is implemented in one-
way quantum repeaters or third-generation quantum repeaters
[85, 87, 88, 128±139]. In this case, quantum information is
encoded via multiphoton logical qubits and transmitted
directly over noisy channels (Fig. 7). If the error rate is
below the noise immunity threshold, the damaged logical
qubits are restored at the nodes by quantum error correction
and transmitted from node to node until they reach the end
point. As a result, the repetition rate is limited only by the rate
of state preparation, local operations, and measurements at
intermediate nodes. Moreover, the entire scheme can be
implemented even without quantum memory devices [85,
140]. However, each individual node must contain a small-
sized quantum computer for error correction. In addition, in
the case of a third-generation quantum repeater, the loss in
each section must be less than 3 dB (50%) to implement
deterministic error correction (which corresponds to the
general theory regarding the possibility of one-way quantum
communication [141]), and so the distance between nodes
should not exceed 15 km (for a standard fiber with a loss of
0.2 dB kmÿ1). As a result, taking into account other losses
such as input/output losses from memory devices, it is
necessary to place nodes every few kilometers along the
entire communication line [129]. A more detailed discussion
of the different generations of quantum repeaters is presented
in reviews [55, 57, 60, 142].

2.3 Analysis of first-generation quantum repeaters
We will consider in more detail first-generation quantum
repeaters. Let an extended communication line of length L be
divided into 2 n elementary segments of the same length L0

�L � L0 � 2 n�. We introduce the following parameters: pg is
the probability of successful generation of an entangled state
within an elementary segment, and ps is the probability of
successful entanglement swapping. The main task of statis-
tical analysis is to estimate the average number of attemptsNn

required to distribute the entangled state between the end
nodes of the chain. In some cases, this value can be calculated
analytically, but, in the general case, it is possible to estimate
only its lower and upper bounds (Table 2).

Since the number n of entanglement swapping levels (the
degree of protocol nesting) depends on the number of
segments only logarithmically, the fundamental point is the
dependence Nn / 1=pg, where pg increases with decreasing
length of the elementary segment. In particular, for the three
variants of entangled state generation via Bell measure-
ment, considered in Section 2.1, we have pg / Z2L0=2

�
exp �ÿL0=Latt� and pg / ZL0=2

� exp �ÿL0=2Latt� in the case
of two-photon and one-photon Bell measurements, respec-
tively. Thus, for a fixed value of L, the average number of
attempts required to distribute the entangled state between
the end nodes decreases with increasing number of segments,
demonstrating an exponential speedup compared to direct
transmission.

Having estimated the average number of attempts, one
can estimate the average waiting time and the rate of
entanglement distribution. The simplest approach is to
define the average waiting time as Tn � NnTc, where Tc is
the minimum time interval between attempts to generate a
heralded entangled state within an elementary segment (see
[60, 61]). This approximation works well if the purifications
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Figure 6. Schematic diagram of distributing entangled state using two-way

quantum repeater. Upper line depicts communication link divided into

four elementary segments and containing three intermediate nodes, each

of which has two memory devices (gray squares). Protocol starts with (1)

generating a set of entangled qubit pairs (red dots connected by dotted

line) within each elementary segment, then (2) performing entanglement

purification, and (3) swapping first-level entanglement via Bell measure-

ment at second and fourth intermediate nodes. Next, (4) entanglement

purification and (5) second-level entanglement swapping are performed
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memory device.

862 R.A. Akhmedzhanov, Yu.Yu. Balega, A.D. Deev, A.A. Kalachev Physics ±Uspekhi 68 (9)



protocols are applied only at the level of elementary segments.
In the above-mentioned schemes for generating heralded
entanglement, Tc � L0=c, which is equal to the sum of the
photon propagation time from a node to the central beam
splitter and the return propagation time of the heralded signal
from the central beam splitter to the node. Then, the rate of
the entangled state distribution, which can be defined as 1=Tn,
turns out to be proportional to����������

Z�L�N�1p � exp

�
ÿ L0

Latt

�
in the case of a two-photon Bell measurement or to���������������

Z�L=2�N�1p � exp

�
ÿ L0

2Latt

�
in the case of a single-photon one, where N is the number of
intermediate nodes, and N� 1 � 2 n is the number of
elementary segments, which agrees with the fundamental
limit for the end-to-end capacity (1).

Note that the use of a single-photon Bell measurement
allows one to achieve a distance twice as large as the two-
photon version at the same generation rate, but this requires
stabilization of the optical length of the channel to observe
stable interference, which is a technically challenging task for
large distances. Li et al. [105] proposed a scheme of a repeater
based on an asynchronous two-photon Bell measurement
[148, 149] by post-matching two successful single-photon
measurements, which makes it possible to overcome this
drawback: to achieve scaling of the form exp �ÿL0=2Latt�,
without high-precision stabilization of the optical length.

A fundamental point is to take into account relaxation in
quantum memory devices. Wu et al. [150] considered the
simplest case with two elementary segments, for which
analytical estimates can be obtained. In particular, it follows
from the results of the theory that, for a given entanglement
distribution rate, a decrease in the memory efficiency can be
compensated within certain limits by increasing the storage
time and vice versa. For example, when use is made of an
entanglement generation scheme with deterministic two-
photon sources (Fig. 4a) and a total system length of 100 km,
the entangled state generation rate can reach units of Hz,

provided that the memory efficiency exceeds � 0:5 �� 0:65�,
and the storage time is no less than � 10 ms (� 1 ms). In any
case, the storage time in quantum memory determines the
maximum length of the communication line, at which the
presence of an intermediate repeater node provides an
advantage in rate compared to direct transmission. As the
number of segments increases, the situation becomes more
complicated, since the total storage time in quantum memory
devices, which determines the efficiency of the protocol,
depends on the order of entanglement generation and
swapping operations, so that optimization of the entire
scheme becomes important [151, 152]. A detailed analysis of
this issue for a small number of nodes and deterministic
entanglement exchange is given in [153], where, in particular,
it is shown that the optimal strategy is a dynamic exchange
order, in which entanglement swapping is performed in any
order as segments become ready (the `swap as soon as
possible' method).

Analysis of the influence of losses in quantum repeater
nodes on the maximum quantum communication rate is
presented in [154]. Examples of numerical calculations of
entanglement distribution using quantum repeaters with
entanglement purification taken into account can be found
in [144, 155, 156]. The general conclusion is that, for the
efficient operation of a first-generation quantum repeater, the
information storage time in quantum memory devices should
exceed the propagation time of optical signals between the
end nodes of the chain [157]. On the other hand, this time
determines the maximum repetition rate of entanglement
distribution attempts when using the purification protocol,
which significantly reduces the distribution rate over large
distances. A promising approach to solving the problem is
multiplexing. Its various schemes are proposed in [95, 98, 124,
143, 158±164], which involves the development of corre-
sponding multimode or multi-qubit quantum memory
devices (see Section 3.3). At the same time, beyond the
PLOB bound, an increase in the repeater rate due to
multiplexing of M channels is practically equivalent to an
increase in the rate due to an increase in the coherence time of
quantum memory by M times [153]. Another resource for
increasing the efficiency of quantum repeaters is the transi-
tion to deterministic entanglement swapping schemes [95,
117, 165, 166], the development of which is also an important
research task.

3. Basic devices of quantum repeaters

3.1 Comparative analysis
of main quantum memory schemes
Quantum memory, which acts as a controlled delay line for
quantum states of the electromagnetic field, is a key
component of quantum repeaters and allows probabilistic
processes to be synchronized at different stages of the
distribution of entangled states. The main parameters of
quantum memory include the following:
� Efficiency. It is defined as the ratio of the output pulse

energy to the input pulse energy or as the probability of
retrieving a single-photon state. Efficiency is usually deter-
mined for theminimum storage time, which is actually limited
from below by the duration of the input light pulse.
� Fidelity or quality. In the general case, a quantum

memory device converts the input state of the electromag-
netic field, described by the density matrix rin, into some

Table 2. Estimates of average number of attempts, Nn, required to
distribute entangled state within 2 n elementary segments.

Estimates of average number
of attempts

Applicability
conditions

Literature

N1 � 1

ps

�3ÿ 2pg�
�2ÿ pg�

1

pg

[55, 60, 143,
144]

Nn �
X2 n

j�1

2 n

j

� � �ÿ1� j�1
1ÿ �1ÿ pg� j

ps � 1 [145, 146]

Nn �
�

3

2ps

�n
1

pg
pg 5 1, ps 5 1 [55, 144]

1

ps

�
3ÿ 2ps

2ps�2ÿ ps�
�nÿ1

3ÿ 2pg
pg�2ÿ pg� 4Nn

Nn 4
�

3

2ps

�n�
1ÿ 1

ln �1ÿ pg�
�

[147]

Notations: pg is probability of successful generation of entangled state

within elementary segment, and ps is probability of successful entangle-

ment swapping.
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output state, which is described by another density matrix
rout. The accuracy of retrieving the original state, or the
quality of quantum memory, is defined as

F �
�
Tr

����������������������������������
rin
p

rout
������
rin
pq �2

:

For a memory device in which single photons are stored and
retrieved, the fidelity is defined as the correlation of the
amplitudes of the input and output single-photon wave
packets. It is called conditional fidelity, since it arises due to
the re-emission of a photon and is independent of the
efficiency. The maximum fidelity equal to unity (or 100%) is
realized for the case of complete coincidence of the quantum
states of the light pulses stored in and retrieved from the
quantum memory.
� Storage time. For quantum communication through

quantum repeaters, a fundamentally important parameter is
the storage time of quantum states, which is defined as the
time duringwhich thememory efficiency decreases by a factor
of e (or two times) relative to the maximum value achieved at
a minimum storage time. According to this definition, the
storage time is two times shorter than the decoherence time,
which determines the drop in the field amplitude (by the
corresponding number of times) at the device output.
�Mode capacity. This parameter is defined as the number

of electromagnetic field modes that can be stored and
retrieved with the required fidelity and efficiency. In the
general case, the mode functions of the field are specified by
polarization, frequency, time, and spatial degrees of freedom.
Notably, the mode capacity in the time domain is determined
by the maximum ratio of the storage time to the input pulse
duration, which coincides with another important parameter
of quantum memoryÐthe time bandwidth product (TBP).

Ideal quantum memory is characterized by unit fidelity,
unit efficiency, infinite storage time, and infinite mode
capacity. Currently, the main problem on the way to ideal
quantum memory is the combination of high values of these
parameters in a single device. From this point of view,
quantum memory can be called the main locking technology
in the field of long-range quantum communication.

The efficiency of first-generation quantum repeaters
significantly depends on the possibility of using multiplexing
methods. Therefore, much attention is currently being
devoted to the development of quantum memory devices
based on polyatomic ensembles that allow various quantum
states of the electromagnetic field, in particular single-photon
wave packets, to be stored and retrieved in the multimode
regime, thereby implementing high-order multiplexing. On
the other hand, multiqubit quantum memory, which is
essentially a quantum register, makes it possible to combine
long-term storage of information with the execution of
quantum operations, such as quantum error correction or
deterministic Bell measurement.

Various quantum memory schemes are described in a
number of reviews [167±176]. In addition to dividing the
proposed schemes into the two classes mentioned above
(multimode memory based on atomic ensembles and multi-
qubit memory based on quantum registers), a distinction is
also made between absorbing and emitting quantum mem-
ory. The first case implies storing and retrieving quantum
states of light coming from outside; therefore, such devices
are also called write/read memory. In the second case,
quantum memory is combined with a photon source, so that

emission from the latter indicates the transfer of quantum
memory to a superposition state, which is equivalent to
writing information. This memory is also called `write-only
memory' or `heralded memory.'

From the point of view of quantum repeaters and
quantum networks, of interest are long-lived quantum
memory devices. As a rule, two elements can be distinguished
in such devices: an information carrier with a long coherence
time but that weakly interacts with the field, and an interface
that interacts well with the field and acts as an intermediary
between it and the carrier. In this regard, there are two basic
options: multilevel andmultiparticle. For example, in the case
of a polyatomic ensemble, the presence of a L-type energy
level structure is usually assumed, where one of the optical
transitions is used to absorb/emit photons (interface), and the
low-frequency transition is used to store information
(carrier). This is a multilevel scheme. In the case of multi-
qubit memory, the second option is obviously also possible:
the memory cell consists of two interacting particles, one of
which interacts well with the field (qubit for communication),
and the second has a long coherence time (qubit for memory).
However, the second option is also possible for ensembles,
such as amixture of two atomic gases, where one type of atom
is used for bonding (alkali metal atoms) and the other is used
for storage (noble gas atoms). Below, we consider the main
quantum memory schemes that are most actively used in
experiments and exemplify the above-mentioned varieties. A
detailed analysis of theoretical models of quantum memory
can be found in review [172].

3.1.1 Electromagnetically induced transparency. Electromag-
netically induced transparency (EIT) is a quantum inter-
ference effect that can be observed in a multilevel atomic
system, where the interference of two different excitation
paths results in a narrow transparency window within the
atomic absorption spectrum [177, 178]. The atoms are
assumed to have a L-type energy level structure, as shown in
Fig. 8, and interact with a strong control field at one of the
optical transitions. The action of the control field is
equivalent to the opening of a gap (transparency window) in
the absorption spectrum of the atoms at the frequency of the
probe field, the width of which is proportional to the intensity
of the control field and inversely proportional to

���
d
p

, where d
is the optical thickness of the sample for the probe field. The
probability of transition from the ground state jgi to the
excited state jei under the action of the probe field is inhibited
due to destructive interference between the probability
amplitudes of the two transition paths: jgi ! jei and
jgi ! jei ! jsi ! jei [177].

If the frequency of the probe pulse is inside the transpar-
ency window, the probe pulse undergoes strong normal
dispersion, which leads to a decrease in the group velocity of
light. So-called `slow light' arises, the group velocity of which
is proportional to the intensity of the probe field. In this case,
a state appears binding the probe field acting at the jgi ! jei
transition with the polarization of themedium at the jgi ! jsi
transition, a so-called dark polariton. A remarkable feature
of the dark polariton is the possibility of complete transfer of
the field energy into coherence at the low-frequency transition
jgi ! jsi when the control field is switched off and the group
velocity is reduced to zero. This effect is the basis of quantum
memory (see Fig. 8) [179, 180]. The general procedure for
storing and retrieving weak light pulses (in particular, single-
photon ones) is as follows.
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First, all the atoms are prepared in the ground state jgi
using optical pumping, so that the initial state of the atomic
ensemble takes the form jf0i � jg1 . . . gNi. Then, the control
field is switched on, creating a transparency window. During
the slow propagation of the probe field in the medium, the
control field is switched off, and the atomic ensemble
undergoes a transition to a state of collective excitation of
the form

jfsi �
XN
j�1

fj jg1 . . . sj . . . gNi ; �5�

where N is the total number of atoms, jgji and jsji are the
ground state and the long-lived state of the jth atom, and the
amplitude fj takes into account the difference between the
wave vectors of the control and probe fields. This step
corresponds to the storage of information. Further switching
on of the control field leads to the reverse recovery of the dark
polariton, which eventually leaves the medium as a light
pulse. The memory time is obviously determined by the
relaxation time of the coherence at the low-frequency
transition jgi ! jsi.

Since the group velocity of light inside the medium is
proportional to the power of the control laser and inversely
proportional to the optical thickness d, while the EIT
bandwidth or the transparency window width is inversely
proportional to

���
d
p

, the TBP value turns out to be propor-
tional to

���
d
p

. Thus, the mode capacity of EIT-based memory
is low at typical optical thicknesses, which is the main
drawback of this approach. In addition, fluorescence noise
may occur, which cannot be filtered out due to its identity
with signal photons [181]. On the other hand, the EIT effect
can be observed in a wide variety of materials. EIT-based
quantum memory has long been realized in gases at room
temperature [182], ultracold gases [183], and crystals doped
with rare earth ions at helium temperatures [184], with the

highest (above 90%) quantum memory efficiencies being
achieved in cold atoms in the EIT regime [185].

3.1.2 Off-resonant Raman absorption/emission of photons.
This scheme, like EIT, implies the interaction of a strong
control field and a weak probe field with a three-level atomic
system under Raman resonance conditions; however, neither
of these fields is in resonance with optical transitions [186]. It
is assumed that the atoms have a L-type energy level
structure, as shown in Fig. 9, and are prepared in the ground
state jgi by optical pumping. The simultaneous action of a
weak probe field (photon) and a strong control field leads to
the absorption of a photon and the transfer of one of the
atoms to the state jsi by stimulated Raman scattering of the
control field. As a result, the atomic ensemble undergoes a
transition to a collective state that is similar to state (5). The
action of the readout pulse leads to the generation of a single-
photon state due to spontaneous Raman scattering on the
generated atomic coherence.

Compared to EIT, the off-resonant Raman absorption/
emission scheme is less susceptible to fluorescence noise and
provides the ability to store data with high throughput
(storage and retrieval of broadband pulses). However, these
advantages are achieved at the expense of a stronger control
field, which compensates for the weak coupling under
conditions of large single-photon detuning. As a result, the
four-wave mixing noise in Raman memory is usually higher
than that in EIT-based quantummemory. An effective way to
suppress noise is to use a cavity that is resonant with the probe
field and anti-resonant with the noise field [187].

The main disadvantage of the scheme in question is the
need tomatch the pulse shape of thewrite field with that of the
probe field to achieve high efficiency. However, combining
off-resonant Raman absorption/emission with controlled
inhomogeneous broadening [188], for which it is sufficient to
use angular modulation of the control field [189, 190], makes
it possible to eliminate such synchronization and implement
multimode memory in the time domain.

3.1.3 Controlled reversible inhomogeneous broadening. Con-
trolled reversible inhomogeneous broadening (CRIB) is one
of the main mechanisms for implementing quantum memory
based on a photon-echo approach(see reviews [169, 176]), due
to which an atomic system can experience a fully reversible
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Figure 8. Illustration of operating principle of EIT-based quantum

memory (see explanations in text): n�o� is refractive index of medium

near transition frequency jgi ! jei with control field turned on, and Ts is

information storage time on long-lived transition jgi ! jsi.
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information storage time on long-lived transition jgi ! jsi.

September 2025 Quantum repeaters: current research trends and latest achievements 865



evolution. This protocol requires the presence or creation of a
narrow spectrally isolated absorption line in the atomic
ensemble, the inhomogeneous broadening of which can be
controlled using an external electric or magnetic field. For
example, CRIB can be achieved using an electric field
gradient and the linear Stark effect in solids doped with rare
earth elements, which have a permanent dipole moment [191,
192]. The cycle of writing and reading the probe field begins
with the absorption of the probe field by the broadened line.
After absorption, the external field is switched off, which
allows the coherence to be transferred to a long-lived spin
transition using an optical p pulse. The stored state is
retrieved on demand by translating the coherence back to
the optical transition and changing the sign of the external
field to generate a photon echo. When the direction of
propagation of the probe field is parallel to the gradient of
the external field, the result is called gradient echo memory
(GEM) [193] or the longitudinal version of CRIB (Fig. 10). A
distinctive feature of the GEM protocol is its high forward
retrieval efficiency [194, 195], since the presence of a long-
itudinal gradient eliminates reabsorption of radiation in the
medium.

It should also be noted that, instead of additional pulses, a
method with off-resonant Raman absorption can be used to
store information on long-lived spin states [188]. Unlike EIT
orRamanmemory, whosemode capacitance scales as

���
d
p

, the
CRIB protocol is characterized by a mode capacitance that
scales linearly with the optical thickness d [196]. The main
problem of the protocol is a significant decrease in the optical
thickness with the broadening of the initial absorption line.

In the case of transverse CRIB, the storage and retrieval
efficiency approaches unity with increasing optical thickness,
provided that readout is performed in the opposite direction

to the propagation of the input pulse, which is realized using
counterpropagating control field pulses. Otherwise, it does
not exceed 54% at an optical thickness of about 2. In the case
of GEM (longitudinal CRIB), the efficiency approaches unity
with increasing optical thickness and with forward retrieval.
An alternative method for achieving high efficiency without
increasing optical thickness is to use a cavity [197, 198].

3.1.4 Atomic frequency comb. An atomic frequency comb
(AFC) is a special case of inhomogeneous broadening of a
resonant transition, in which the absorption spectrum has the
form of a periodic system of narrow lines. Such a structure
can be prepared, for example, in crystals doped with rare-
earth ions using spectral hole burningmethods, provided that
the inhomogeneous broadening Ginh of the transitions is
significantly greater than the homogeneous one Gh. A
distinctive feature of the structure of inhomogeneous broad-
ening is the possibility of periodic phasing of the atomic
polarization, similar to the effect of mode locking in a laser
cavity, which served as the main idea for the quantum
memory protocol proposed and implemented in [199, 200]
(Fig. 11). To begin with, in the inhomogeneously broadened
absorption profile at the jgi ! jei transition, an AFC with
some period D is generated by transferring atoms to a long-
lived auxiliary energy level jauxi (not shown in the figure)
using frequency-selective optical pumping. When such a
system interacts with a resonant probe field (photon) at the
jgi ! jei transition, the field is absorbed and collective
atomic excitation is created, which can be written in the form

jfei �
XN
j�1

fj exp �idjt� jg1 . . . ej . . . gNi ; �6�
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whereN is the total number of atoms in the AFC, jgji and jeji
are the ground state and the excited state of the jth atom, dj is
the laser frequency detuning from the atomic transition
frequency, and the amplitude fj depending on the position
of the atoms is determined by the parameters of the light pulse
and the AFC.

It is assumed that the spectral width of the photon is
limited from below (above) by the distance D between the
AFC peaks (the total width of the AFC). After a photon is
absorbed, different members in the collective excitation state
jfei having different detunings dj begin to accumulate
different phases. However, due to the periodic structure of
the AFC, for which dj � mjD, all members in the state jfei
again acquire the same phase (with an accuracy of 2p) at time
t � 2p=D. This phasing process leads to re-emission of the
input photon at time t � 2p=D, which is interpreted as a
retrieval of the recorded state. To implement on-demand
readout at the required time, one can use the third long-lived
(spin) state jsi, transferring coherence from the jgi ! jei
transition to the jgi ! jsi transition and back using p pulses
of the control field. When coherence is transferred to the
jgi ! jsi transition before photon emission, the dephasing
progress is frozen [the ensemble state again has form (5)].
Then, after a time T, the coherence returns to the jgi ! jei
transition, and the phase evolution continues, so that a
photon is emitted when the total time after absorption
becomes equal to T� 2p=D. In this way, it is possible to
simultaneously realize the on-demand readout of the single-
photon state at the time T� 2p=D and to attract the long-
lived spin state for storage.

Alternative approaches to on-demand readout include a
combination of CRIB and AFC protocols for each absorp-
tion line [201] and using the Stark shift to control interference
in the atomic ensemble [202±204].

Unlike many other memory protocols, the mode capacity
of the AFC is not limited by the optical thickness, which is a
major advantage of this protocol [196]. This is because the
ratio of storage time to pulse duration, which determines how
many time modes can be stored in quantum memory, is
independent of the optical thickness, making the AFC a
promising candidate for multimode memories. The storage
and retrieval efficiency approaches unity as the optical
thickness increases, provided that the readout is performed
in the direction opposite to the input pulse propagation,
which is achieved using counterpropagating control field
pulses. Otherwise, it does not exceed 54% at an optical
thickness of about 2. An alternative method for achieving
high efficiency without increasing the optical thickness is to
use a cavity [197, 198], which has recently been used to
demonstrate an AFC-based memory efficiency of 62% [205].
We also note paper [206], which reported a 15-fold increase in
the memory efficiency in a cavity compared to that in the
single-pass regime.

In the context of AFC-based quantum memory, we can
also note the recent work by Moiseev et al. [207], who
proposed a new quantum memory protocol using coherence
created in advance on a long-lived transition. This coherence
allows echo signals to be observed at specified times, as is the
case of the AFC, but has the advantage of using the entire
inhomogeneous absorption linewidth.

3.1.5 Revival of silenced echo. One more interesting approach
is the protocol known as revival of silenced echo (ROSE)
[208]. In this protocol, optical p-pulses are applied to an

unstructured inhomogeneously broadened ensemble to
rephase the collective atomic coherence generated by an
absorbed single photon pulse. To avoid noise resulting from
the inverted atomic population, the first echo is suppressed by
the spatial phase mismatch generated by the first optical p-
pulse. A second p-pulse with appropriate phase matching
transfers the population to the ground state and allows the
suppressed echo to be reconstructed. The advantage of the
ROSE protocol is that it exploits `natural' inhomogeneous
broadening of the resonant transition, which eliminates the
need for preparing narrow absorption lines. In addition, this
protocol allows broadband quantum memory to be imple-
mented, since it uses all the potential of the inhomogeneous
broadening of the optical transition. Note, however, that an
increase in the band leads to a decrease in efficiency [209].
This protocol, despite its attractiveness, requires very precise
implementation of p-pulses, and so the possibility of its
application in the single-photon regime has not yet been
demonstrated.

3.1.6 DLCZ protocol. The DLCZ scheme proposed in [97] is
the main one for radiating memory based on atomic
ensembles. It is based on the effect of spontaneous Raman
scattering of light in a three-level system of atoms. In
comparison to memory based on off-resonant Raman
absorption, in the DLCZ protocol, instead of converting the
input photon into low-frequency atomic coherence, atomic
coherence is generated during spontaneous Raman scattering
of pump radiation, which is accompanied by the emission of a
heralding photon (write photon). As a result, an entangled
state of the atomic ensemble and the single-photon field is
generated. The general scheme of writing and readout is as
follows (Fig. 12). We consider atoms with the L-type energy
level structure. An atomic ensemble containing N atoms is
initially prepared in the ground state jgi and then illuminated
by a short, coherent, off-resonant pulse of the write field with
the wave vector kw. A combination transition, occurring with
a low probability, transfers one of the atoms to the state jsi,
emitting a photon with the wave vector kwo. Although the
write photon is generated with a low probability, its detection
unambiguously leads to the conditional preparation of a
collective atomic excitation of the form

jfsi �
XN
j�1

fj exp
�
i�kw ÿ kwo�rj

� jg1 . . . sj . . . gNi ; �7�
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Figure 12. Illustration of operating principle of DLCZ quantum memory

(see explanations in text): Ts is information storage time at long-lived

transition jgi ! jsi.
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which is stored in the quantum memory. This excitation
can subsequently be transformed into a readout photon
with the wave vector kro using spontaneous Raman
scattering of a strong readout pulse with the wave vector
kr; as a result, the atomic ensemble will return to its
original state. When the phase matching condition is met,
the readout photon will be emitted in the kro direction with
a high probability, which makes the readout process very
efficient.

The advantage of the DLCZ method is the maximum
efficiency of generating an entangled state of quantum
memory and a single-photon field, since the result of
spontaneous Raman scattering is equivalent to storing
information in an absorption-type quantum memory with
unit efficiency. From this point of view, this scheme is ideal
for implementing a first-generation quantum repeater, which
was demonstrated in [97]. However, to reduce the contribu-
tion of multiphoton states to the scattered field, it is necessary
to limit the radiation intensity of the write pulse, which
significantly reduces the rate of generation of entangled
states. In this case, the possibility of DLCZ scheme operation
in the multimode regime is limited, in fact, by spatial
multiplexing [210±214]. However, a combination of the
DLCZ and AFC schemes allows multimode memory to be
implemented in the time domain [215], which was demon-
strated in doped crystals [216, 217].

3.1.7 Quantum memories with single atoms in cavities. The
development of methods for coherently controlling single
atoms in cavities makes these systems versatile building
blocks for distributing and generating entanglement between
nodes of a quantum network. However, their limited mode
capacity imposes severe limitations on the rate at which
entanglement can propagate in a quantum repeater. Even
so, this limitation is mitigated by the potential for determi-
nistic implementation of Bell state measurements [95, 117,
165, 166]. In addition, multiplexing techniques can also be
used to increase the rate in the presence of multi-qubit
memories, as recently demonstrated in [218±221].

The reversible dynamics of an atomic-field system, which
makes it possible to efficiently store and retrieve quantum
states of light, can be implemented not only using an ensemble
of atoms, but also using a single atom placed in a cavity, in the
presence of strong coupling between the atom and the cavity
field. Therefore, such a system has long been considered
promising for the development of both single-photon
sources [222] and quantum network nodes [223±225]. In
particular, a D-type three-level atom, which strongly inter-
acts with an off-resonant control field at one of the high-
frequency transitions and with a cavity mode (also off-
resonant) at the other, allows a single-photon state to be
highly efficiently generated into a cavity mode with a
simultaneous transition of the atom to a long-lived state due
to the so-called vacuum stimulated Raman adiabatic passage
(v-STIRAP) [114, 226]. From the point of view of quantum
communication, such a single-photon source is a single-atom
analogue of the DLCZ-based quantum memory, but has an
advantage of being deterministic and not making multi-
photon contributions to the Raman field. By directing the
emitted photons from two such sources to a beam splitter and
performing a Bell measurement, it is possible to generate an
entangled state between two distant atoms (see Section 2.1.5)
[227, 228]. In addition, the emitted photon can be simply
transmitted over an optical link and absorbed by another

atom in the cavity with high efficiency using the stimulated
Raman adiabatic passage (STIRAP), which in this case
implements the inverse dynamics of the atomic-field system
[114, 115, 229]. The basic setup shown in Fig. 13 includes a
three-level atom with ground states jgi and jsi and an excited
state jei. The optical cavity is coherently coupled to the atom
at the jsi ! jei transition with a coupling constant g, and a
classical field with Rabi frequency O�t� controls the atom at
the jgi ! jei transition. If the field is turned on adiabatically,
the state jg; 0i is transformed into the state js; 1i, and the state
js; 0i remains unchanged, where jg; ni and js; ni denote the
states in which the atom is in the states jgi and jsi,
respectively, and the cavity field contains n photons. This
process corresponds to the deterministic generation of a
single-photon state (Fig. 13a). When the field is turned off
adiabatically, the inverse transformation occurs, which is
used to store the single-photon state (Fig. 13b). The absence
of resonance between the control field and the atomic
transition makes it possible to not transfer the population to
the excited level and to eliminate losses due to spontaneous
emission.Moreover, the presence of resonant transitions with
different polarizations in atoms allows one to store and
retrieve states encoded in the polarization basis [230], as well
as to generate (ideally in a deterministic manner) polariza-
tion-entangled states between unheralded single-atom nodes
[115].

3.2 Comparative analysis
of promising materials for quantum memory
The search for new materials that can keep stored quantum
information for a sufficiently long time is a fundamental
issue. Many years of experience in developing the hardware
for information systems and technologies stipulates the
priority of research in the field of solid-state systems. Here,
particular emphasis is placed on crystals doped with rare-
earth ions [174, 231±233], since they have a number of
properties that are very important for storing, processing,
and transmitting quantum information:
� long time of maintaining coherence both at optical

(several ms) and ultrafine (up to several hours) transitions;
� large ratio of inhomogeneous and homogeneous widths

of resonant transitions (up to 106), which determines high
mode capacity in the frequency-time domain;
� high density of active ions/atoms, making it possible to

provide high optical thickness with small sample sizes;
� absence of thermal diffusion, compactness, simplicity,

ease of handling, and improved mechanical stability; and
� ability to be connected to other integrated quantum

devices, i.e., single-photon sources and detectors.
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Figure 13. Illustration of operating principle of (left) single-photon source

or emitting quantum memory and (right) absorbing quantum memory

based on single atoms in a cavity and using stimulated Raman adiabatic

transmission (see explanations in text).
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The most important parameter of quantum information
carriers, determining the storage time, is the coherence time.
In most systems, decoherence is caused by fluctuations in
magnetic fields, in particular, fluctuations in the fields
produced by the nuclear spins of crystal atoms in the
locations of rare-earth ions. These fluctuations lead to
irreversible phase shifts and attenuation of the amplitude of
induced dipolemoments, which are excited during absorption
(storage) of photons and carry the stored quantum informa-
tion. Consequently, the coherent properties of the medium
can be significantly improved, for example, by choosing
monoisotopic crystals with minimal concentrations of
nuclear spins surrounding impurity ions. The above-men-
tioned increase in the concentration of rare-earth ions above a
certain threshold also leads to a decrease in the coherence time
due to the occurrence of interactions between these ions.

At low temperatures, from 1.5 to 4 K, at which such
experiments are usually carried out, the coherence times at
optical and hyperfine transitions are limited by spin±spin
interactions of rare-earth ions with each other and with the
atoms of the crystal in which they are located. To reduce these
interactions, crystalline matrices with a low density of nuclear
spins (for example, Y2SiO5) and small (less than 1%)
concentrations of rare-earth elements are used. Non-Kra-
mers rare-earth elements, such as praseodymium Pr (with
a transition wavelength of l � 606 nm), europium Eu
(l � 580 nm), and thulium Tm (l � 793 nm), have sup-
pressed electron spin moments in the ground state, which
leads to weak spin±spin interactions. Kramers ions of erbium
Er (l � 1530 nm) and neodymium Nd (l � 880 nm) do not
exhibit this suppression, resulting in stronger interactions
both between rare earth ions and between ions and lattice
atoms, which leads to a decrease in the coherence time.
Nevertheless, strong external magnetic fields make it possi-
ble to obtain optical coherence times of several milliseconds
for erbium-doped crystals with Kramers ions, such as
Y2SiO5. In neodymium- and praseodymium-doped crystals,
the optical coherence times are hundreds of microseconds. It
should be noted that the use of dynamic decoupling methods
(see reviews [234, 235]) and full clock transitions, which are
also called zero first-order Zeeman (ZEFOZ) transitions [236,
237], makes it possible to significantly increase the coherence
times of both hyperfine and optical transitions. To date, the
longest phase relaxation time for the spin transition of
impurity ions has been achieved in the Y2SiO5:Eu

3� crys-
talÐup to 6 h at temperatures of 1.4 K [238] and 6 K [239]
and up to 13 h at a temperature of 125 mK [239] (with the
relaxation time of the nonequilibrium population of spin
sublevels reaching 23 days [240]). This fact makes this crystal
the most promising material for quantum repeaters. It is
important to note that an increase in coherence time for both
optical and spin transitions upon cooling crystals doped with
rare-earth ions to ultra-low temperatures (below 1 K) was
demonstrated previously in a number of experiments [241±
245]. Thus, it can be asserted that such temperatures are
necessary to achieve the maximum possible values of
relaxation times. On the other hand, the observation of
multi-hour spin coherence times at 6 K is an important step
in terms of simplifying the cooling system and placing long-
lived quantum memory devices on satellites.

When considering solid-state quantum memory, we
should also mention ensembles of nuclear spins in epitaxial
quantum dots, since such systems can integrate spin quantum
memory and a single-photon source [58]. In quantum dots,

storage and retrieval of quantum states of light on a spin
subsystem are possible using an electron qubit as an
intermediary [246, 247], with the spin coherence time reach-
ing 100 ms (at a temperature of 4.2 K, an external magnetic
field of 5.16 T, and the use of dynamic decoupling) [248],
which is already sufficient to test the concept of quantum
repeaters.

Among other promising materials for quantum memory,
we should also mention alkali metal vapors, which demon-
strate coherence times of � 1 s at room temperature [249].
Moreover, alkali atoms can act as intermediaries for the
interaction of the light field with the nuclear spins of noble
(inert) gases, the coherence time of which can potentially
reach hours [250]. These results are of great interest from the
point of view of developing long-lived quantum memory and
a quantum repeater operating at room temperature [251, 252].
One of the recent results in this area is the creation of a high-
quality entangled state of quantum memory based on 87Rb
vapor and a single-photon field at a telecommunication
wavelength of 1324 nm [253]. In this case, an ensemble of
rubidium atoms was used not only for memory, but also for
generating entangled two-photon states (at wavelengths of
1324 nm and 795 nm), so that storage of one of the photons in
the memory did not require additional frequency conversion.
Also worth noting is a recent experiment on generating
entanglement between 133Cs atomic ensembles at room
temperature [254].

To date, the record-high values of information storage
time in experiments on quantum memory with attenuated
laser pulses are � 1 s in 133Cs atoms at room temperature
[249], � 10 s in cold 87Rb atoms [255], and � 20 s in cold Cs
atoms [256]. Also demonstrated were storage times of� 1min
and � 1 h in a Y2SiO5:Pr

3� crystal using the EIT protocol
[257] and a Y2SiO5:Eu

3� crystal using the AFC protocol
[258], respectively. When writing optical signals at the single-
photon level, the longest storage time (� 1 s) was achieved in
87Rb atoms [259].

As for multi-qubit quantum memory, two-component
(hybrid) systems combining a communication qubit and a
memory qubit are very promising. A typical example is color
centers in diamond interacting with the 13C nuclear spin or
other spins (see review [40]). Notably, Stas et al. [260] have
recently demonstrated a quantum network node based on an
SiV center in diamond (a communication qubit) interacting
with an 29Si nuclear spin (a memory qubit) with a coherence
time of more than two seconds at liquid helium temperature.
Grimm et al. [261] have reported the results of coherent
control of 13C nuclei interacting with one GeV center, which
can form the basis of a multi-qubit register. The use of
dynamic decoupling methods made it possible to increase
the nuclear spin coherence time from 2 ms to 2.5 s at mK
temperature. A similar approach can be implemented based
on pairs of ions in traps [262, 263], the coherence times of
which reach 1 h [264]. Such systems are very promising for
quantum repeaters [117, 165, 265].

A very interesting and relevant issue is the combination of
the capabilities of multimode atomic-ensemble quantum
memory (convenient for multiplexing) and multi-qubit
quantum memory (convenient for processing quantum
information). Thus, Gu et al. [266] proposed a structure of a
quantum repeater that makes it possible, by means of such a
combination, to simultaneously obtain multiplexing, deter-
ministic generation of entangled photon pairs, and nearly
deterministic entanglement swapping. It is also worth
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mentioning the paper by Cussenot et al. [267], who showed
that the presence of a cavity allows the AFC protocol to be
modified in such a way that a change in the shape of the light
pulse makes it possible to connect repeater nodes based on
ensembles of rare-earth ions and nodes based on single atoms,
which differ greatly in spectral characteristics.

3.3 Review of experimental achievements
in field of quantum memory
The efficiency of first-generation quantum repeaters depends
markedly on the possibility of long-term storage of quantum
states in quantum memory devices and on the prospects for
using multiplexing methods. Therefore, much attention is
currently being focused on the development of quantum
memory devices based on polyatomic ensembles that allow
various quantum states of the electromagnetic field, in
particular single-photon wave packets, to be stored and
retrieved in the multimode regime, thereby implementing
high-order multiplexing. Among the most striking experi-
mental results, one can note the demonstration of the high
efficiency of quantum memory protocols based on electro-
magnetically induced transparency (up to 92%) [185, 268,
269], photon echo (up to 87%) [194, 195, 205, 270±274], off-
resonant Raman scattering (up to 82%) [275], storage and
retrieval of broadband (THz) photons in a diamond crystal in
the off-resonant Raman scattering regime [276], a large (up to
5000) ratio of storage time to pulse duration [277, 278], and
storage and retrieval of large (about 1000) pulse sequences
[279±281]. Let us consider some of the results in more detail.

Cho et al. [273] presented the results of experiments
conducted with an ensemble of cold 133Cs atoms in a
magneto-optical trap. Use was made of a gradient echo
protocol. An efficiency of 87% was achieved at short storage
times. Also, using atom±photon coupling enhancement with
a ring cavity, an extraction efficiency of 76� 5% was
achieved in the DLCZ scheme at a lifetime �1=e� of
0:22� 0:01 s on 87Rb atoms in a magneto-optical trap [259].
A memory system based on electromagnetically induced
transparency was described in [282], in which a moderate
magnetic field is applied to a cloud of cold atoms to remove
the Zeeman degeneracy, and thus the states of the polariza-
tion qubits are stored as two magnetic field-insensitive spin
waves. The measured average polarization state accuracies
are 98.6% at a delay of 200 ms and 78.4% after 4.5 ms. The
maximum memory time in a cloud of cold atoms (87Rb)
achieved to date is � 16 s [255].

Memory protocols based on warm atomic vapors are very
attractive, since they do not require a good vacuum system or
cooling to cryogenic temperatures. Leung et al. [274] reported
microsecond storage of single photons with an efficiency of
up to 84� 3% in a gradient echo memory system using an
ensemble of warm rubidium atoms with a single-photon
source based on spontaneous parametric scattering in a
cavity. Guo et al. [275] demonstrated memory based on
Raman absorption/emission of photons in 87Rb vapor at
room temperature. A memory efficiency of more than 82% is
achieved for optical pulses with durations from 6 to 20 ns.
Tomography of the states at the memory output when
coherent input signals of the single-photon level were applied
showed that an unconditional accuracy of 98% was reached.
Ji et al. [251] reported a record-high storage time of about 1 s
in cesium vapor at room temperature. The development of
quantum memory devices based on alkali metal vapor at
room temperature [251, 283, 284] is of great interest from the

point of view of simplifying and lightening the design, which
is especially important for space applications. In this regard,
the use of hollow-core light cages, which make it possible to
implement quantummemory on a chip inside a gas cell, seems
very promising [285]. Finally, it should be noted that the first
commercial quantum memory device proposed by Qunnect
(www.qunnect.inc) is also based on the EIT effect in rubidium
vapor. The device operates at room temperature and provides
a memory time of 160 ms with an efficiency of 5±10%.

As noted above, memory protocols based on photon echo
in rare-earth ion-activated crystals can be incomplete (using
two levels) and complete (using three levels). The two-level
protocol has a short storage time, while most quantum
repeater protocols require long-term, on-demand quantum
memory. However, this does not mean that the two-level
variant is useless in the field of quantum communications.
Sinclair et al. [159] showed that frequency-multiplexed
quantum memory with a fixed storage time can be used to
perform quantum repeater tasks. The basic idea is to use
multiple modes in the frequency domain to ensure a close-to-
one probability of successful Bell measurement at an
intermediate node. This protocol can significantly accelerate
entanglement distribution compared to direct transmission of
single photons, and so quantummemory with a given storage
time can also be useful for constructing quantum commu-
nication channels. In addition, the two-level AFC protocol
can be used in applications such as quantum computing due
to its low noise figure, which enables high write/readout
accuracy. Since the early work on storage and retrieval of
the quantum state of light, many experimental studies have
been conducted to improve memory efficiency. In particular,
a storage efficiency of 69% was achieved with a storage time
of 1.3 ms in a Pr3�:Y2SiO5 crystal using the gradient echo
protocol [194]. The high efficiency of GEM with the simplest
forward signal readout is undoubtedly a great advantage of
this approach. The data storage efficiency of the AFC
protocol can also be improved by using an impedance-
matched cavity [198], which was demonstrated in 2013 [270].
Sabooni et al. [270] used the AFC protocol in a cavity with a
weakly absorbing Pr3�:Y2SiO5 crystal and obtained an
efficiency of 56%. The latest result in this area was reported
by Duranti et al. [205], who demonstrated an increase in the
efficiency up to 62% in the same crystal.

To obtain long storage times using crystals doped with
rare earth ions, long-term collective spin excitation is used.
The main problem is the signal-to-noise ratio (SNR), since a
strong control field is required to convert optical coherence to
spin coherence and vice versa. Typically, noise from control
fields is suppressed by using spatial and temporal separation
of the control field and the signal pulse or a second crystal as a
filter. Coherence times in crystals activated by rare-earth ions
are limited by stochastic magnetic interactions between the
dopant ions and the host matrix. As noted above, there are
several ways to increase the spin coherence time using an
external magnetic field and dynamic decoupling. The first one
relies on the use of hyperfine transitions or states with a zero
first-order Zeeman (ZEFOZ) shift [236, 237], when, in a
certain external magnetic field, the spin transition becomes
insensitive to magnetic field fluctuations (in the first order)
induced by the host. Dynamic decoupling is similar to the
above-mentioned photon echo method and is realized by
acting on the impurity particles with a sequence of radio-
frequency pulses [235]. Notably, using these techniques,
coherence times of 6 to 13 h were obtained in the
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Eu3�:Y2SiO5 crystal for transitions between hyperfine sub-
levels of the ground state [238, 239]. Holz�apfel et al. [286]
reported optical storage for 0.53 s and an efficiency of 3.7% in
memory using the dynamic decoupling. Ma et al. [258]
reported one-hour storage and an efficiency of 0.035% using
a combination of dynamic decoupling and ZEFOZ techni-
ques.

The efficiency of spin wave storage has also been
improved in recent years. Using an impedance-matched
cavity [272], the storage efficiency in the AFC in a two-level
version was 53%, and the storage efficiency of spin waves
reached 12% in the 153Eu3�:Y2SiO5 crystal. Kutluer et al.
[287] demonstrated a 31% efficiency of spin wave storage
using amemory based on stopped light in a long-lived spectral
hole at the single-photon level. With a bright source, the
efficiency reached 39%.

Of course, decoherence control with static magnetic fields
and radio-frequency pulse sequences, used to extend the
storage time, as well as the use of multi-pass regimes and
cavities to increase the efficiency, are also applicable to other
protocols, for example, based on electromagnetically induced
transparency. Thus, Hain et al. [288] experimentally demon-
strated memory for radiation at a level of several photons in a
Y2SiO5 crystal doped with rare-earth Pr

3� ions. Even without
decoherence control, the setup allows single photons of
microsecond duration to be stored with an efficiency of
42%. Using dynamic decoupling, a memory storage time of
up to 10 s was achieved for weak coherent pulses containing
about 10 photons with a storage efficiency of several percent.
Note, however, that the residual background noise turned out
to be approximately an order of magnitude greater than that
required for storing and retrieving single-photon pulses with a
long (about a second) storage time. Ma et al. [289]
implemented an EIT memory with a cavity in a simple heated
atomic cell. Due to the cavity and almost perfect matching, a
highmemory efficiency of up to 67� 1%and a low noise level
close to the quantum noise limit (QNL) were simultaneously
achieved.

In addition to storing time and frequency qubits, storage
of the polarization states of photons is also of interest. Thus,
Zhou et al. [290] used two crystals sandwiched between a half-
wave plate to store arbitrarily polarized photons. The
compact design of the memory reduced the complexity of
the setup and improved stability, allowing an accuracy of
99.9%. This is the highest accuracy ever achieved for storing
polarization qubits, which makes this method very promising
for applications. An ideologically similar method, but using a
single crystal and a multi-pass regime, was implemented by
Akhmedzhanov et al. [291, 292] to store polarization states.
Zhou et al. [293] demonstrated on-demand quantummemory
for polarization qubits using a waveguide made of
151Eu3�:Y2SiO5 crystal. Ions occupying site 2 in the crystal
provide nearly uniform absorption for arbitrary polarization
states when light propagates along the D2 axis. An accuracy
of 99:4� 0:6% was achieved when storing and retrieving
polarization qubits at a level of 0.32 photons per pulse and a
bandwidth of 10MHz. A recently proposed Stark-modulated
atomic frequency comb (SMAFC) protocol has been used
[202, 204, 294]. It should be emphasized here that the idea of
combining the Stark effect with the standard atomic fre-
quency comb schememay prove to be very fruitful. Storage of
single-photon states with the transfer of optical coherence to
the spin subsystem is difficult to implement due to excessive
optical noise generated by the emission of ions excited by

strong control pulses. This emission can be a consequence of
incoherent fluorescence of ions excited off-resonantly. It can
also be coherent emission in the form of (i) a free induction
decay (FID) signal emitted due to resonant excitation of
background ions under the action of the control field or
(ii) unwanted echo emission due to off-resonant excitation of
the AFC ensemble. The Stark effect allows the ion ensemble
to be separated into two electrically different ion classes,
which can be coherently controlled by electric field pulses.
When an appropriate electric field pulse is applied, the
coherent oscillations of the two ion classes are phase-shifted
by 180� before the first optical control pulse is applied. As a
result, any coherent emission, including photon echo, is
suppressed. The echo emission will also remain suppressed
after the control pulses are applied until a second electric field
pulse is applied. The second electric field pulse returns the
stored collective excitation into phase and simultaneously
turns off any coherent processes initiated during the time
between the two electric field pulses. In particular, the
coherent emission of the control pulses that transfer coher-
ence to the spin state is suppressed. In addition, the control of
the electric field provides greater flexibility in choosing the
timing of the first control pulse without the risk of re-echoing.
The second electric pulse can also be independently adjusted
to delay the echo emission after the second control pulse,
introducing another degree of control into the spin-wave
quantum memory scheme.

In recent years, significant effort has been made to
develop integrated quantum memory based on waveguides
in rare-earth-doped crystals (see review [295] and recent
papers [202, 293, 296±298]). For example, Liu et al. [202]
reported on-demand storage and retrieval of qubits in an
embedded waveguide memory fabricated on the surface of a
151Eu3�:Y2SiO5 crystal using a Stark-modulated atomic
frequency comb protocol. A qubit storage accuracy of
99.3% is achieved using coherent pulses at the single-photon
level. Quantum memories based on such structures may have
additional advantages in terms of ease of use, robustness, and
low loss for scalable network applications (see also [299]). Liu
et al. [298] have recently demonstrated quantum memory for
photonic qubits with a storage time of 1 ms and an efficiency
of 12%. In this case, a noiseless quantum memory protocol
based on photon echo was used [300], andmillisecond storage
times were achieved due to multi-pulse dynamic spin decou-
pling implemented using a coplanar waveguide. Quantum
memory devices on a chip based on single color centers in
diamond [301] and on atomic chips are promising options in
terms of miniaturization and integration [302].

Efficient multimode quantum memory is a critical
resource for long-range quantum communication based on
quantum repeaters. Variants of temporal [216, 279±281, 303],
frequency [159, 304, 305], and spatial [210±214, 306±308]
multiplexing, as well as hybrid schemes [309, 310], are being
developed. Afzelius et al. [200] showed that the optimal
protocol for implementing multimode quantum memory is
the one based on an atomic frequency comb. The width of the
AFC spectrum allows many time modes to be efficiently
stored without the need to increase the optical thickness of
the material. Long-term storage and on-demand readout are
achieved by using the transfer of optical coherence to spin
transitions. It was shown that AFC quantum memory
implemented in solids doped with rare-earth metal ions can
store hundreds of modes or more with a close-to-one
efficiency. Bonarota et al. [280] presented a convincing
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demonstration of the storage of 1060 temporal modes in a
thulium-doped crystal using an atomic frequency comb. The
comb covered a frequency range of 0.93 GHz. Simultaneous
storage of 26 qubits, each containing an average of
0.5 photons, with an accuracy of 97% was demonstrated in
[159]. The qubits are written in separate spectral modes and
alternating temporal modes, and each is read out individu-
ally. A compact and hardware-efficient implementation of a
quantum repeater node using a single atomic ensemble for
multi-cell �3� 4� quantum memory in a cold atom ensemble
is reported by Li et al. [311]. The lifetime of an individual
memory cell is milliseconds after suppression of the magnetic
field-induced inhomogeneous broadening and the atomic
motion-induced spin wave dephasing. Pu et al. [211] reported
the implementation of a multiplexed DLCZ quantum
memory with 225 individually accessible memory cells in a
macroscopic atomic ensemble. A spectro-temporally multi-
plexed quantum memory for single photons at 1532 nm using
an atomic frequency comb protocol is implemented in a 10-m
cryogenically cooled erbium-doped fiber [312]. The multi-
plexing covers five spectral band channelsÐeach 10 GHz
wideÐand each of them uses up to 330 temporal modes,
which results in the simultaneous storage of 1650modes at the
single-photon level. Unfortunately, the residual absorption
caused by the small branching ratio of the Zeeman sublevels
and the short optical coherence time resulted in low efficiency
(on the order of 1%) and storage time (slightly more than
200 ns). The experimental implementation of multiplexed
quantum memory with many individually accessible memory
cells and programmable addressing is an important step for
its application in quantum information technologies.

Recently, the storage and retrieval of single-photon and
entangled multiphoton states encoded in the orbital angular
momentum (OAM) basis of light has attracted attention
[313]. Nicolas et al. [314] demonstrated quantum memory
for OAM qubits using the electromagnetically induced
transparency protocol. According to tomographic measure-
ments, the accuracy achieved during readout was more than
92%. Also, using the EIT protocol in a cold atomic ensemble,
quantum memory was implemented for single-photon states
encoded in three-dimensional space in the orbital angular
momentum. The storage accuracy was 85:3� 1:8% [315]. In
their recent work, Ye et al. [316] reported the implementation
of quantum memory for OAM qutrits, providing a storage
time of 400 ms, which is two orders of magnitude greater than
that demonstrated in the previouswork.Yang et al. [317] have
recently demonstrated high (more than 70%) memory
efficiency based on EIT in cold 87Rb atoms in the multi-
plexing regime using four OAM states and four spatial
channels.

An active search for and implementation of quantum
memory for telecom photons, as well as efficient methods for
converting single photons of the visible range into the telecom
range, is underway. Thus, Dajczgewand et al. [318] reported
the implementation of the ROSE protocol in a solid doped
with erbium, compatible with telecommunication devices.
The ROSE scheme is a modification of the standard two-
pulse photon echo, making it suitable for quantum memory.
An efficiency of 40% for a weak laser pulse in the forward
direction has been demonstrated using certain orientations of
light polarizations, magnetic field, and crystal axes. However,
effort is still required to achieve the required signal-to-noise
ratio when storing single-photon pulses. Experiments on the
implementation of memory for weak coherent states of light

of telecom wavelengths (1536 nm) using an erbium-doped
crystal activate (Er3�:Y2SiO5) are presented in [204]. Quan-
tum memory protocols based on both controlled reversible
inhomogeneous broadening and atomic frequency combs
have been investigated. The efficiency was on the order of
1% in both cases. However, quantummemory in the 1550-nm
fiber optic data transmission range with a storage time greater
than 1 ms has not been demonstrated. It should be noted that
this material is quite promising for producing efficient
broadband quantum memory at telecom wavelengths. In a
study of hyperfine spin dynamics in the presence of a strong
magnetic field, a coherence time of 1.3 s was observed [319].
Askarani et al. [299] demonstrated storage and re-emission of
single photons with a wavelength of 1532 nm in a cryogeni-
cally cooled crystalline waveguide made of lithium niobate
doped with erbium. In the experiment, use was made of a
photon pair source based on spontaneous parametric
scattering and a memory protocol based on an atomic
frequency comb with a bandwidth of 6 GHz obtained by
burning spectral holes in an inhomogeneously broadened
absorption line. The actual memory efficiency was on the
order of 0.1%.

On the other hand, the need to match the wavelength of
the transition used in the crystal with the telecom wavelength
can be eliminated by using quantum frequency conversion. At
present, the main developments of such converters are
focused on the effects of sum or difference frequency
generation in quadratic nonlinear media with waveguide
structures, since waveguide arrays are relatively easy to use
and, in addition, there are examples of a record-high internal
efficiency of the process (above 90%). There are a number of
papers in which elements of quantum repeater protocols with
an integrated frequency conversion system based on crystals
with a waveguide structure are implemented. This topic is
discussed in more detail in Section 3.5 of this review.

In conclusion, Table 3 presents examples of experiments
on the implementation of long-lived quantum memory, in
which information is stored at a low-frequency (spin)
transition. This type of memory is of interest for quantum
repeaters. Note for comparison that the characteristic
memory time in the case of an ideal controlled optical delay
line based on optical fiber with a loss of 0.17 dB kmÿ1 is
125 ms. The dependence of the efficiency on the storage time
for such experiments is presented in review [61].

3.4 Comparative analysis
of main methods for generating single-photon
and entangled two-photon states of light
3.4.1 Single-photon sources.An ideal source of single photons
should meet the following criteria:
� a single-photon wave packet (single-photon pulse) is

emitted with unit probability (efficiency), which means that
the contribution of the vacuum state or multiphoton states to
the source radiation field is zero;
� photons are emitted at any given moment in time (i.e.,

on demand); and
� successively emitted photons are indistinguishable and

correspond to a pure single-photon state (transform-limited
pulses).

From the point of view of physical implementation, we
distinguish three methods of generating single photons. The
first involves the use of a single quantum system, an emitter,
in which two energy levels can be isolated and used, with a
spontaneous transition between the levels leading to the
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emission of a single-photon wave packet. The resulting
sources are deterministic, also called on-demand sources,
which can be realized in systems such as semiconductor
quantum dots [321±325] (see also review [326]), single
molecules [327, 328], single atoms [329], single ions [330,
331], and color centers [332±334]. Single Rydberg atoms,
which are released from an atomic ensemble due to the
Rydberg blockade effect, can also be included in this
category [335]. The second method involves the use of
nonlinear optical effects, in which a pair of photons is
randomly emitted, so that the detection of one photon
heralds the appearance of another one. In this case, we are
dealing with heralded probabilistic sources. These single
photon sources may be based on spontaneous parametric
scattering [336, 337], which is increasingly observed using
nonlinear waveguides and microcavities [338, 339]. The third
method is to use a strongly nonlinear filter based on the
photon blockade phenomenon [340, 341]. In this case, an
attenuated laser pulse is directed into amedium that transmits
only single-photon states and does not transmit multi-
photon states. Such a medium can be a cavity contain-
ing a single atom that strongly interacts with the cavity
field.

In practice, the distinction between deterministic and
probabilistic sources is not clear-cut. Deterministic sources
can become more probabilistic with increasing extraction
losses or decreasing coupling efficiency, and probabilistic
sources can become more deterministic through multiplexing
[342±344]. In recent years, significant experimental progress
has been observed in improving the characteristics of both
options. Incidentally, Ding et al. [345] presented a source
based on a quantum dot in a microcavity, with a total
efficiency (the probability of a photon appearing at the fiber
output of the device) of 71% at an average two-photon
interference visibility of 98.56%, which characterizes photon
indistinguishability. The obtained efficiency for the first time
exceeds the value of 2=3, which corresponds to the threshold
condition for scaling linear optical quantum computing [346].
The previous record-high value of 57% with an average two-
photon interference visibility of 97.5% and a generation rate
of 1 GHz was obtained in 2021 [347]. However, it should be
noted that efficiencies of this level are currently only obtained
for sources emitting at wavelengths from 780 to 950 nm. In
the case of telecom wavelengths of the O- and C-band, the
best value of the photon collection efficiency (the probability
of a photon appearing on the first lens) is 36% when using a

photonic crystal cavity [348] and 23% when using a circular
Bragg cavity [349] (see also review [350]) with an overall
efficiency of about 1%.

Among the latest results on increasing the determinism of
heralded sources, we can note the work on the use of photon-
number resolving detectors [351±353]. Theoretically, this
approach makes it possible to increase the probability of
conditional preparation of single photons to 25% [354],
which significantly simplifies a further increase in the
determinism due to various multiplexing methods (see
reviews [342, 344]). Such detectors can distinguish up to
32 photons with an overall efficiency of 98%, which provides
high accuracy in detecting multiphoton states [355]. More-
over, the number of distinguishable photons can also be
significantly increased using spatiotemporal multiplexing
techniques [356].

In general, the main advantages of sources based on
spontaneous parametric down-conversion (SPDC) or spon-
taneous four-wave mixing (SWM) are the possibility of
generating photons in a wide frequency range, of generating
pure quantum states (transform-limited pulses) at room
temperatures, and of preparing single-photon pulses of
various durations and time shapes. The main disadvantages
are the random nature of the generation (during the action of
the pump field, pairs of photons are generated at random
moments in time) and the nonzero contribution of multi-
photon states (in addition to pairs of photons, fours, sixes,
etc., are generated). To suppress multiphoton contributions,
the pump field intensity is set to be low, which makes the
process of generating a photon pair inefficient. The solution
to the problem seems to consist, as noted above, in using
heralded photon-number resolving detectors and subsequent
multiplexing of several nonlinear processes.

The main advantages of sources based on single quantum
emitters are the ability to generate on-demand photons and
the absence of contributions from two- ormultiphoton states.
The main disadvantages include the low efficiency of
radiation output from a point source (especially when it is
located in a high-index material); the incoherent nature of
single-photon pulses (lack of spectral limitation) due to the
large homogeneous broadening of optical transitions at room
temperature; and the uniqueness of each individual center in a
solid-state matrix (inhomogeneous broadening of optical
transitions), which leads to distinguishability of photons
emitted by different centers. In addition, it should be noted
that the temporal shape of the emitted single-photon pulses

Table 3. Examples of experiments on implementing long-lived quantum memory in polyatomic ensembles.

Physical system Memory schemes Eféciency 1 Memory time 2 Probe pulse duration Literature

Y2SiO5:Eu3� AFC 0.00035
0.065
0.037

26 min
129 ms
0.26 s

2 ms
700 ns
7 ms

[258]
[320]
[286]

Y2SiO5:Pr3� EIT 0.0033
0.01

42 s
2 s

10 ms
20 ms

[257]
[184]

Cold Cs atoms EIT 0.9 325 ms 200 ns [185]

Cold Rb atoms DLCZ
EIT
GEM

0.75
0.14
0.75

220 ms
16 s
1 ms

ì
82 ns
6.66 ms

[259]
[255]
[273]

Cs atoms EIT 0.14 490 ms 5.5 ms [249]

1 Eféciency is deéned as ratio of output éeld energy to input éeld energy at minimum memory time.
2 Memory time is determined by eféciency decay level 1=e from initial one.
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has the form of a decaying exponential with a sharp leading
edge, which complicates the synchronization of light pulses
when implementing quantum algorithms and reduces the
efficiency of storing and retrieving single-photon pulses in
quantum memory devices.

3.4.2 Two-photon sources. An entangled photon source is a
device that generates the entangled states required for robust
quantum communication and most quantum networking
applications. An ideal entangled photon source should
satisfy the following criteria [357]:
� a two-photon wave packet is emitted with unit prob-

ability (efficiency) at any given time (i.e., on demand);
� the contribution of the vacuum state or multiphoton

states to the source radiation field is zero; and
� successively emitted photon pairs are indistinguishable

and correspond to the standard Bell state.
There are at least two approaches that are often used in

practice to implement entangled photon sources. The first is
based on nonlinear parametric processes: spontaneous para-
metric down-conversion and spontaneous four-wave mixing
[338, 343, 358, 359]. Despite the fact that entangled photon
pairs are generated without heralded signals in this case, and
the efficiency of nonlinear conversion is significantly less than
unity, probabilistic generation of entangled pairs using SPDC
or SFWM remains a widely used method, mainly due to its
relative simplicity and versatility. Photons can be entangled in
polarization, frequency, and time, demonstrating a high
degree of entanglement. Thus, Zhong et al. [360] have
recently reported polarization entanglement using narrow-
band spectral filters that eliminate spectral correlations, and
have demonstrated high indistinguishability (96%) and
heralded efficiency (97%) of single-photon states, which
made it possible to prepare 12-photon entangled states.

Typical spectral widths of biphoton fields generated in
nonlinear crystals or waveguides are several nanometers,
which corresponds to terahertz in the frequency domain.
However, storage and retrieval of single photons in quantum
memory devices requires a spectral width of about 10±
100 MHz, for example, if we are talking about quantum
memory based on impurity crystals doped with rare-earth
ions. In this regard, the use of SPDC or SFWM in a cavity is
promising, which allows the generation spectrum to be
narrowed to tens of MHz or less with a simultaneous
increase in the spectral brightness of the source [361].
Recently, much attention has been focused on photon
pair sources based on SPDC in quadratically nonlinear
ring microcavities, which makes it possible to obtain very
high efficiency [362] and tune the generation frequency
using electric fields.

Small linewidths in a cavity are achieved due to the greater
length of the cavity and/or high finesse of the cavity. In
particular, a number of studies [363±366] have demonstrated
photon sources with a spectral width of less than 1 MHz.
Schemes with short cavities and high finesse [367±370] are
convenient in that they provide a larger value of the
dispersion region (free spectral zone), thereby facilitating
and increasing the efficiency of passive filtering, which is
usually necessary to isolate one cavity mode at the source
output. For example, Monteiro et al. [368] obtained a
dispersion region of almost 30 GHz at a small effective
cavity length of about 1 cm, which agrees with the multi-
plexing systems used in optical communications. In this
regard, studies of the possibility of single-mode generation

of a narrow-band counter-directional SPDC inmaterials with
a short period of nonlinearity modulation [371±376] are of
interest, since losses can be avoided when passing through
additional filters. In addition, when using a dual-cavity setup,
when the cavity maintains both the signal and idle fields,
generation in one mode is possible due to the cluster effect
[377]. This arrangement has been recently used in [378] to
obtain polarization-entangled two-photon states with a
spectral width of 500 MHz.

One of the advantages of two-photon sources based on
SPDC or SFWM is the possibility of generating correlated
photons with very different wavelengths, one of which may
correspond to the absorption line in a quantum memory
device, and the other may correspond to a fiber-optic
communication channel. In this case, the presence of a cavity
allows narrow-band photons to be efficiently generated,
which can be used to form correlated states of a single-
photon field and quantum memory without frequency
conversion [379±381]. In addition, narrow-band entangled
states can be generated in this regime. Thus, Turaykhanov et
al. [382] have recently implemented a source of polarization-
entangled photons, one of which is compatible with quantum
memory based on aY2SiO5:Eu

3� crystal (wavelength 580 nm,
spectral width 8 MHz), and the second of which corresponds
to the O-band of fiber-optic communication (wavelength
1342 nm). In this case, use was made of a simple compact
configuration of a sequence of two periodically poled lithium
niobate crystals with crossed optical axes in one common
cavity.

Recently, much attention has been paid to the develop-
ment of methods for generating multifrequency entangled
states of a light field, in particular, using a biphoton frequency
comb (see review [383]). This approach turns out to be very
promising for generating multidimensional quantum states
[384±388], including cluster states [389, 390], as well as for
high-order frequency multiplexing [386, 391]. The use of
frequency encoding is of great interest both for the imple-
mentation of a frequency-multiplexed quantum repeater
[159, 305, 392] and for quantum information processing in
general [383, 393, 394]. In the case of biphoton sources
based on SPDC, frequency multiplexing makes it possible
to significantly increase the generation rate of entangled
qubit pairs (see paper [395] and references therein). In this
case, it is possible to generate single-photon qubits in the
frequency representation by controlling their state with the
pump field [396], thereby minimizing the losses at the
source output.

An alternative approach to developing entangled photon
sources is the use of emitting cascades in single quantum
systems, such as quantum dots [397, 398] (see also review
[399]). Thus, Wang et al. [400] reported an entangled photon
source based on an InGaAs quantum dot in a circular Bragg
cavity, which provides high fidelity (quality) of entanglement
(90%), extraction efficiency of photons from the cavity
(79%), and photon indistinguishability (90%). Rota et al.
[401] reported a 96% fidelity of entangled states with a 69%
extraction efficiency (the efficiency at the first lens was 13%)
by placing a GaAs/AlGaAs quantum dot in a circular Bragg
cavity and controlling the fine structure of the source levels
through a piezoelectric actuator. The highest value of the
efficiency of photon extraction from a ring Bragg cavity,
equal to 85%, with photon indistinguishability of 90% was
demonstrated in [402] (while the source efficiency at the first
lens was 65%).
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3.5 Quantum frequency converters
One pressing problem in the field of quantum network
development is frequency conversion of quantum states of
light [403]. More specifically, this conversion is necessary to
match sources, quantum channels, and memory devices that
differ in frequency in order to achieve a maximum efficiency
of quantum state distributions. Of particular importance are
converters between the optical and microwave ranges [404,
405]. On the one hand, superconducting quantum computers
that manipulate quantum information via microwave signals
are one of the most advanced platforms for quantum
computing. On the other hand, it is generally accepted that
optical photons should be used as information carriers for
long-distance communication. As a result, a scalable quan-
tum network connecting disparate quantum computers
requires a quantum converter that reliably converts quantum
signals between microwave and optical regimes (used in
quantum computing and quantum communication, respec-
tively). In particular, by combining the deterministic genera-
tion of multi-qubit cluster states in superconducting quantum
circuits [406] with frequency conversion, it is possible
efficiently generate such states in the optical range, which is
important for the development of one-way quantum repeat-
ers (see Section 2.2). However, since the difference in energy
(frequency) between these two regions exceeds five orders of
magnitude, such conversion of microwave radiation into
optical radiation turns out to be an incredibly challenging
task. To date, the highest conversion efficiency between the
microwave and optical ranges has been achieved in optome-
chanical systems (a membrane in a cavity at a temperature of
0.035K) and is 47% [407] (see review [408]), whichmeans that
the 50% threshold necessary for quantum information
processing has yet to be overcome. A significant drawback
of such systems is the small conversion bandwidth (in this
experiment, 12 kHz).

However, quantum frequency conversion between differ-
ent optical ranges is also of great practical importance. Such
quantum frequency converters (QFCs) are actively used in the
development of single-photon detectors [409±411]; interfaces
between quantum memory devices and fiber-optic networks,
in particular, entanglement of remote quantum memory
devices [412±420]; and devices that erase photon color
information [421, 422] (see also review [423]). The quality of
an ideal quantum converter can be assessed by its high
conversion efficiency, wide bandwidth, and low added noise
[424]. In addition, a fundamental characteristic is the
quantum bandwidth [425], which tends to infinity at unit
conversion efficiency and vanishes at a 50% loss (100% in the
presence of two-way classical communication) of the signal.
To date, frequency conversion based on three- or four-wave
mixing has been demonstrated using various platforms, such
as nonlinear waveguides [426, 427], nonlinear crystals in
cavities [428, 429], microcavities [430, 431], and atomic or
molecular systems [432, 433].

Currently, the best results have been demonstrated by
sum- or difference-frequency-based QFCs in quadratic-non-
linear media with waveguide structures, since waveguide
circuits are relatively easy to use and, in addition, there are
examples of work with record-breaking internal efficiency of
the process. When using nonlinear waveguides, the internal
conversion efficiency can reach 96%, and the resulting
efficiency of the device, taking into account all losses, can
reach 57% in a single-pass circuit [416, 418]. In this case, the
phase-matching conditions for the processes of sum or

difference frequency generation make it possible to obtain
photons at the output that have a narrow spectrum (several
MHz or less). Moreover, when using a waveguide structure,
spatial matching of radiation incident on a nonlinear medium
is simplified, and the efficiency of interaction of three modes
of optical radiation is significantly increased.

If a nonlinear crystal placed in a cavity is used as the main
conversion element, the conversion efficiency can reach 80%
[428]. This makes it possible to convert states corresponding
to high-order transverse modes or spatial images [434]. In
addition, such systems can demonstrate a lower noise level
compared to that in nonlinear waveguides due to a higher-
quality periodic domain structure, which will be discussed
below. However, to use this QFC, it is necessary to take into
account the intracavity matching conditions, which can lead
to a broadening of the output signal to several ten MHz and
even to several hundred MHz in the case of a cavity with low
finesse. If this type of QFC is to operate together with
quantum memory devices, the absorption line width of
which is on the order of several MHz, then the useful signal
may be lost, whichwill lead to a general decrease in the quality
of the entire system. Moreover, to achieve high frequency
conversion efficiency, a high accuracy of spatial matching of
the modes interacting inside the cavity is required.

When using integrated optical systems with microcavities,
the overall efficiency of the devices can reach 60% [430] at a
pump power of less than 60 mW. Since typical materials for
microcavities are silicon oxide and silicon nitride, which have
cubic nonlinearity, the QFC in these systems is based on
Bragg-scattering SFWM. The main advantage of using
microcavities is a significant increase in the efficiency of
nonlinear processes and, as a consequence, a decrease in the
required pump power, which is hundreds of mW in nonlinear
waveguides.

In addition to efficiency, a fundamentally important
characteristic of the QFC is the noise level. Efficient and
low-noise QFCs are usually demonstrated using difference
and sum frequency generation (DFG and SFG) for frequency
down-conversion (frequency up-conversion) in materials
with quadratic nonlinearity. Notably, low noise is possible
in situations where the required spectral shift is small enough
that the pump field is well separated from the input signal and
the frequency-converted idler and has the longest wavelength.
This configuration provides low noise in platforms such as
lithium niobate waveguides with a periodically poled struc-
ture and has been used in a number of experiments, for
example, to convert single photons with a wavelength of
900±950 nm emitted by quantum dots to photons with a
telecomwavelength of 1550±1560 nm [435, 436].However, for
quantummemory operating at shorter wavelengths, differing
from the C-band by more than a factor of two, it is no longer
possible to use the pump as the field with the longest
wavelength (within a single-step conversion process). As a
result, the presence of a strong pump field in the range
between the input signal and output idler fields leads to the
appearance of noise caused by Raman scattering, fluores-
cence, and parasitic SPDC (Fig. 14a).

The currently known approaches to solving the problem
are spectral filtering (usually accompanied by large insertion
losses), down-conversion to 1310 nm [437], and a two-stage
conversion process in which long-wavelength pumping is
used at each stage [438]. The contribution of parasitic SPDC
caused by imperfections in the periodically poled structure
[439] can be reduced by better fabrication of the nonlinear
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crystal, which was recently demonstrated using the example
of a QFC of photons emitted by NV centers [429]. In the case
of a QFC based on four-wave mixing with Bragg scattering,
the frequency shift is determined by the difference between
the frequencies of the two pump fields, and when large
frequency shifts are required, the same problem arises, since
the frequency of one of the pump fields is located between the
frequencies of the signal and idler fields (Fig. 14b). One
promising option for solving the problem is to use sum
(difference) frequency generation in materials with cubic
nonlinearity [440], in which the pump field can have a long
wavelength even in the case of a short-wavelength signal field.

In conclusion, we note that, from the point of view of
frequency multiplexing in quantum repeaters or single-
photon sources, an important task is to implement, not
frequency conversion, but a small frequency shift (frequency
shifting) of quantum states in order to achieve their indis-
tinguishability. This problem can be solved using phase light
modulators acting directly on the signal field [441±444] or on
the pump field used in the QFC [445, 446].

4. Review of experimental achievements towards
implementation of an elementary segment
of a quantum repeater

Currently, a number of experiments have been performed to
generate entangled states of two quantum memory devices,
representing both individual atoms (qubits) and atomic
ensembles. The most widely used method for generating
heralded entanglement is based on Bell measurements,
which have been demonstrated using 87Rb atoms [228, 418,
447], 171Yb� ions [227, 448], 88Sr� ions [449], 40Ca� ions [450],
138Ba3� ions [451], NV centers in diamond [452±455], SiV
centers in diamond [43], InGaAs quantum dots [456, 457],
single 171Yb3� impurity ions in YVO4 crystals [220], ensem-
bles of cold 87Rb atoms [42, 415, 458±460], vapors of 133Cs
atoms [254, 461], and impurity crystals of Pr3�:Y2SiO5 [462]
and Nd3�:YVO4 [463]. The most important parameters
characterizing progress in this area are the distance between
the devices (the quantum channel length), the probability of
generation per attempt, and the rate of generation of the

entangled state. In addition, an important parameter is the
ratio of the last to the decay rate of the quantum memory,
since the larger this value, the greater the possibility of using
the generated entanglement in long-range quantum commu-
nication. This ratio is sometimes called the link efficiency
[225]. In particular, with an efficiency higher than � 0:83, a
deterministic distribution of entanglement becomes possible
[454]. To date, a link efficiency greater than unity has only
been achieved at short distances (about 1 m) [448, 454], which
indicates the difficulty of demonstrating scalable quantum
communication based on quantum repeaters. In this case, the
values of the probability of generation per attempt reach an
order of 10ÿ4 [454, 456, 457], and the generation rate can
reach kHz [254, 456, 457, 462]. However, at distances of 30±
50 km, the generation rates drop significantly: 1/85 sÿ1 [418]
and 1/0.65 sÿ1 [460]. Note that much higher values of the
probability of generation per attempt can be obtained using
other schemes, such as forwarding and absorption �2� 10ÿ2�
[115] and distributed logical operation �6� 10ÿ3� [107]. The
use of quantum memory with multiplexing also makes it
possible to significantly increase the link efficiency [213, 303].
Thus, Zhang et al. [213] demonstrated an entanglement
generation efficiency of 0.46 through a 12-km-long fiber
optic channel due to the multiplexing of 70 spatial and four
angular modes.

Among the latest experiments, we can mention the
generation of entangled states between quantum memory
devices connected to each other via urban fiber-optic
communication channels about 10 km in length [41±43]. Liu
et al. [42] constructed a network of three nodes containing
quantum memory based on cold 87Rb atoms which were
entangled with single-photon states using the DLCZ scheme
and one server allowing any two nodes to be entangled via a
single-photon Bell measurement. The probability of condi-
tional entanglement preparation reached 8� 10ÿ4. Single-
photon frequency converters with a total efficiency of 46%
were used. Stolk et al. [41] prepared entanglement between
two nodes based on single NV centers in diamond using a
protocol that assumed a single-photon Bell measurement at
an intermediate station. Each node was equipped with a
single-photon frequency converter with an efficiency of
about 50%, and the probability of successful entanglement
generation per attempt in the post-selection mode (the states
of the qubits are measured before the Bell measurement and
then selected taking into account the result of the latter) was
7:2� 10ÿ6. Finally, Knaut et al. [43] were the first to
implement quantum communication between two nodes
based on SiV centers in a nanophotonic diamond cavity,
where spin states of 29Si, demonstrating coherence times of
about 2 s [260], were used for information storage. In this
case, an entanglement generation protocol was used based on
the sequential interaction of a single-photon pulse with two
qubits, followed by measurement of the single-photon state
[464] (see Section 2.1). The success probability was 2� 10ÿ5

and was limited mainly by the efficiency of single-photon
frequency conversion (5.4%).

In addition, particularmention should bemade of the first
implementation of quantum communication between two
single rare-earth ions in impurity crystals [220]. The authors
of this paper succeeded not only in generating an entangled
state of two ytterbium ions in different YVO4 crystals made in
the form of nanophotonic cavities, but also in preparing a
three-qubit entangled W-state using two ions in one crystal.
Moreover, they proposed a method for compensating for the
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Figure 14. Illustration of noise sources in process of quantum

frequency conversion based on (a) sum (difference) frequency genera-

tion in quadratic nonlinear materials and (b) Bragg-scattering four-

wave mixing (BS-FWM).
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frequency fluctuations of the optical transitions of ions,
which opens up the possibility of scaling the technique using
frequency multiplexing. The capabilities of such multiplexing
were demonstrated using two ions at each node, which made
it possible to increase almost twofold the rate of entanglement
generation between nodes.

In addition to experiments on entangling two quantum
memory devices, problems of memory-assisted quantum key
distribution, aimed at implementing hardware-independent
quantum cryptography protocols by replacing trusted nodes
with untrusted ones, are also being solved. Among the latest
experiments in this field, we can mention the implementation
of hardware-independent quantum key distribution (QKD)
via optical fiber using quantum memory based on cold 87Rb
atoms [465] and 88Sr� ions in traps [466], with the vulner-
ability of detection due to violation of Bell's inequality being
eliminated. On the other hand, Yin et al. [467] experimentally
implemented the E91 QKD protocol using an untrusted
satellite node and demonstrated the distribution of entangled
photons over a record-high distance of 1200 km. Further
progress in the deployment of multi-node hardware-indepen-
dent networks requires the practical implementation of
efficient quantum repeaters. Among the studies in this area,
we can note paper [468], which demonstrated that the use of a
single intermediate node increases the rate of the measure-
ment-device-independent QKD (MDI-QKD) compared to
direct transmission. In this work, it was possible to demon-
strate an improvement in the rate relative to the PLOB bound
[69] and a fourfold increase in the QKD rate compared to the
experiment where direct transmission was used [469]. In this
case, the intermediate node consisted of a single SiV center
built into a photonic crystal cavity, which had a coherence
time of 0.2 ms at a temperature of 300 mK. In the future, a
single SiV center can use several of its 13C neighbors to design
a multi-qubit register [464] and implement deterministic Bell
measurement or error correction.

The next experiment in this sphere was a demonstration of
QKD using an intermediate node containing two 87Rb atoms
in the cavity [470]. Both atoms were entangled with photons
that were sent to two users via optical fibers, and the resulting
photon entanglement was achieved by swapping due to a Bell
measurement with two atoms. The resulting QKD rate was as
high as 0.57 bit sÿ1, which corresponded, as expected, to a
twofold increase in the velocity decay length as a function of
distance.

Finally, among the most recent experiments, one can note
the paper by Krutyanskiy et al. [419], who used an inter-
mediate node with two 40Ca� ions in the cavity. The resulting
entanglement distribution rate was 9.2 Hz with a total fiber
line length of 50 km between the end points. In this case, the
quality of the distributed entangled state was 0.7. Using two
ions in one node is also a promising approach for implement-
ing a deterministic Bell measurement.

Finally, let us dwell on the issues of constructing multi-
node quantum networks. Due to the technical complexity of
the problem, an obvious direction for development is to build
small networks in a laboratory setting and then scale them up.
Recent paper [471] presents the first implementation of such a
small quantum network consisting of three nodes, each
containing quantum memory for local processing of quan-
tum information. The nodes were linked by optical fibers
about 10 m in length, and the quantum memory was the
electron spin of an NV center in diamond, which played the
role of a qubit for communication. Additionally, one of the

nodes used a nuclear spin of 13C that is close to the color
center, which played the role of a qubit for memory. Several
multi-node operations were performed using this network,
such as the generation of a three-qubit Greenberger±Horne±
Zeilinger state and entanglement swapping. In particular,
after generating heralded entanglement between the NV
center at Alice's node and the NV center at Charlie's node,
Charlie's electron spin state was transferred to the 13C nuclear
spin, so that the electron spin of the NV center could be used
again to generate entanglement with a third NV center at
Bob's node. This left two qubits at one node (Charlie), with
which a Bell measurement could be made and entanglement
implemented between Alice's and Bob's qubits. This experi-
ment was the first demonstration of entanglement swapping
between remote nodes that were not initially connected to
each other. The resulting Bell state generation rate between
Alice's and Bob's spin qubits was 25MHz and the fidelity was
55%. In a subsequent experiment [472], this network was also
used to teleport quantum information between two remote
nodes. Such networks can obviously be viewed as a testing
ground for real-world applications and testing of various
quantum communication protocols.

5. Quantum repeaters and space communications

Quantum communication with satellites has long been
considered a promising technology for distributing entangle-
ment over long distances [473±477]. There has been signifi-
cant experimental progress in this regard [478±483]. Since
photon losses in space are much smaller than those in the
atmosphere or optical fiber, increasing the distance of
quantum communication using a satellite quantum network
seems quite promising. This is also facilitated by the move-
ment of satellites in orbit. The main difficulty arises at the
stage of photon reception, when the aperture of the receiving
telescope is significantly smaller than the diameter of the
beam that has traveled a long distance or traveled through a
turbulent atmosphere. In addition, the movement of satellites
around Earth requires a high-precision guidance system and
limits the time of quantum communication. In this regard, the
use of medium-altitude or geostationary satellites seems
promising. In terms of practical application, an obvious
disadvantage of quantum communication between space
and ground stations is the strong dependence on weather
conditions and time of day. Detailed simulation of the
efficiency of space quantum communication taking into
account various factors is given in a number of papers [474,
484±487].

An urgent avenue of research is the development of hybrid
quantum repeater schemes that combine the advantages of
space communication and quantummemory. For instance, in
order to extend the range of operation of the simplest first-
generation quantum repeaters, Boone et al. [488] proposed a
scheme in which the sources of entangled photon pairs are
located aboard orbital satellites, and the memory is at ground
stations. It was shown that practically significant quantum
key distribution rates can be obtained for intercontinental
distances, even with a small number of ground stations.
However, good weather conditions should be assured for
each ground station during the operation of the entire
communication line, which is extremely unlikely. A comple-
tely space-based quantum repeater system was proposed and
analyzed in [486, 489]. It is expected that launching all
components in space will accelerate the intercontinental
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entanglement distribution rate by several orders ofmagnitude
for a first-generation quantum repeater. Wallnofer et al. [490]
used Monte Carlo simulation to demonstrate that an
intercontinental quantum key distribution rate in the kHz
range is reasonably attainable with three satellites, one of
which carries two quantum memory cells. The characteristics
of the memory devices used, in particular, a high mode
capacity and a memory time on the order of 100 ms, seem
achievable in themedium term. Finally, G�undo�gan et al. [491]
considered the option of using only one satellite with two
quantummemory devices, a source of entangled photons, and
a Bell measurement unit as a mobile quantum memory node.
This option is simpler than the one with a constellation of
satellites, but it is necessary that one of the memory devices be
not onlymultimode (the degree ofmultiplexing is on the order
of 105), but also ultra-long-lived (memory time on the order
of 1 h).

From the point of view of placing quantum memory on
satellites, the development of compact devices on the same
physical platforms that are used for on-board atomic clocks
seems promising. Of interest are memory cells based on alkali
metal vapors functioning at room temperature, as well as on
the basis of impurity crystals, demonstrating multi-hour
coherence times at temperatures above 4 K (see Section 3.2).

6. Conclusions

The development of quantum repeaters is one of the urgent
and fundamental tasks in the field of quantum technology.
The possibility of implementing an efficient first-generation
quantum repeater significantly depends on successes in the
field of designing long-lived quantum memory, and so, in the
near future, the main effort will be aimed at combining a long
storage time, high efficiency, and high mode capacity in one
device. However, in terms of future practical application, it
should be noted that current versions of long-lived quantum
memory imply the use of impurity crystals at the temperature
of liquid helium or cold atoms. Perhaps such devices are
suitable for constructing an extended terrestrial network, but
it is difficult to imagine that such intermediate nodes will be
installed on intercontinental trunk communication lines laid
on the ocean floor. Therefore, particularly relevant areas of
research are (i) the creation of solid-state quantum memory
capable of functioning at temperatures higher than that of
liquid helium (the recent observation of multi-hour spin
coherence times in Y2SiO5:Eu

3� crystal at 6 K opens up the
possibility of demonstrating such quantum memory); (ii) the
creation of quantum memory capable of functioning at room
temperature (in this regard, quantum memory based on a gas
mixture of alkali metal and inert atoms is of great interest);
and (iii) the development of hybrid quantum repeater
circuits that combine the advantages of space communica-
tion channels and quantum memory. The use of a
constellation of satellites with quantum memory aboard
will not only scale the quantum network, but also ensure
an almost continuous distribution of entangled states
between ground stations.

In addition, the most important task is still the develop-
ment of deterministic sources of single-photon or two-photon
states of light, which can be used, among other things, to
implement a one-way quantum repeater based on cluster
states. In the near future, we can expect further improvement
of deterministic sources based on quantum dots in terms of
increasing the overall efficiency. Moreover, of promise is an

increase in the determinism of heralded sources by using
photon-number resolving and multiplexing detectors.

In terms of designing mutually coordinated systems of
sources, memory, and fiber-optic communication lines, of
importance is the development of methods for frequency
conversion of quantum states of light. A quite high efficiency
of quantum frequency converters has already been demon-
strated in experiments, but there are still problems related to
the reduction in the noise level in applications where the
frequency shift is greater than an octave, which is what is
needed in many cases. In addition, to connect superconduct-
ing processors into a single quantum network, converters of
quantum states of light between the microwave and optical
ranges are needed, the development of which is also of great
interest. In fact, the emergence of the need to combine many
quantum computers seems to be one of the main drivers for
the development of full-fledged quantum networks (scaling of
QKD networks has so far been successfully achieved through
trusted nodes). Finally, an interesting area is the development
of methods for frequency conversion between the terahertz
and optical ranges, the implementation of which can become
the basis for the development of terahertz quantum optics.

Another topical area of research in the near future is the
development of deterministic optical Bell measurement
schemes, which is equivalent to the development of determin-
istic optical CNOT gates. Such gates will improve the
efficiency of not only various quantum repeaters, but also
multi-user quantum communication protocols based on
multiphoton entangled states. Since methods for implement-
ing deterministic Bell measurements using pairs of atoms or
ions have already been proposed, while quantum memory
based on atomic ensembles already demonstrates great
multiplexing capabilities, a promising area of research is the
development of schemes for transferring information
between atomic ensembles and individual memory qubits.
This approach corresponds to the known logic of develop-
ment towards hybrid systems, combining a multi-atom
ensemble as a multi-mode interface and individual qubits as
quantum registers.
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