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ABSTRACT

Based  on  new  obtained  analytical  results,  the  main  properties  of  photon
echo  quantum  memory  protocols  are  analysed  and  discussed  together
with recently achieved experimental results. The main attention is paid to
studying the influence of spectral dispersion and nonlinear interaction of
light  pulses  with  resonant  atoms.  The  distinctive  features  of  the  effect  of
spectral dispersion on the quantum storage of broadband signal pulses in
the  studied  echo  protocols  are  identified  and  discussed.  Using  photon
echo area theorem, closed analytical solutions for echo protocols of quan-
tum  memory  are  obtained,  describing  the  storage  of  weak  and  intense
signal pulses, allowing us to find the conditions for the implementation of
high efficiency in the echo protocols under strong nonlinear interaction of
signal and control pulses with atoms. The key existing practical problems
and  the  ways  to  solve  them  in  realistic  experimental  conditions  are
outlined.  We  also  briefly  discuss  the  potential  of  using  the  considered
photon echo quantum memory protocols in a quantum repeater.

d

ω/∆in

t
t

Photon
echo

quantum
memories t

z

∆j −∆j

∆j → −∆j

π-pulsesτ τSignal Echo

Keywords  optical  quantum  memory, photon  echo, crystals  with  rare
earth ions, quantum repeater

Contents

1　Introduction 1
2　CRIB/GEM protocol 2
3　AFC protocol 9
4　ROSE protocol 12
5　Multimode repeater with absorptive memory 14
6　Conclusion 16
 　Declarations 17
 　Acknowledgements 17
 　References 17
 

1   Introduction

Optical  quantum  memory  (QM)  is  a  device  that  is
designed  to  store  the  quantum  state  of  light,  e.g.,
photonic qubits, for a given time. Optical QM is considered
as a crucial element in many quantum technologies, for
example,  in  a  quantum repeater  [1],  a  universal  optical
quantum  computer  [2],  quantum  light  sources  [3–5]  as
well as in experiments on fundamental tests of quantum
theory [6–8]. The optical QM must provide high efficiency
(low energy losses), high fidelity of the recalled quantum
states,  a  sufficiently  long  lifetime  and  high  information
capacity.  Practically  important  physical  parameters  of
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the QMs are the operating wavelength of light fields and
the  possibility  of  integration  into  existing  devices.
Performing additional operations with quantum states of
light  [9]  and  quantum  addressing  [10, 11]  is  becoming
increasingly important.

In the last two decades, significant progress has been
achieved in the development of optical QM based on the
photon echo effect [12–20]. The interest in echo-protocols
QM is caused by their ability to store a large number of
photonic qubits in a single QM cell. Such a multi-mode
QM  has  great  versatility,  allowing  quantum  storage  of
both  single-photon  and  intense  light  fields  in  arbitrary
quantum states, while preserving their quantum proper-
ties, which is of great importance for quantum communi-
cations and quantum computing.

Generalizing  the  ideas  of  spin  echo  [21]  and  photon
echo  [22, 23],  echo-based  QM  protocols  ensure  the
reversibility of quantum dynamics not only of an ensemble
of  spins  or  atoms,  but  also  of  signal  fields  resonantly
interacting with them. Conceptually, the full reversal of
the  quantum  dynamics  in  an  atom-field  system  makes
the echo based QM protocols a variant of the Loschmidt
echo  [24, 25]  with  a  key  difference  in  presence  of  an
intermediate  state  in  which  an  input  light  pulse  is
completely absorbed by atoms. The possibility of imple-
menting  such  a  variant  of  photon  echo  was  proposed
and justified in Refs. [26–29] for an optical depth atomic
ensemble  with controlled  reversible  inhomogeneous
broadening (CRIB)  of  the  resonant  atomic  detunings
called  later  by  the  CRIB  protocol  in  Refs.  [30–32]  and
then used in the development of modified echo protocols
adaptable  for  easier  practical  implementation  [13, 15,
16].

In  this  article,  based  on  obtaining  a  number  of  new
analytical results, we analyze the basic physical properties
and  conditions  for  the  effective  implementation  of
photon  echo  QM  protocols  of  weak  and  intense  light
fields, discover their specific unknown features, advantages
and  difficulties  in  practical  implementation.  Using  the
concepts  of  the  developed  theory,  the  most  important
experimental  results  obtained  in  the  studied  QM  echo
protocols  and  the  existing  problems  in  achieving  basic
parameters are also discussed.

Following  the  original  works  of  the  CRIB  protocol
[26–29]  and  its  further  generalizations  [30, 33–36],  we
first  consider  the  basic  scenario  and physical  properties
of  the  QM  echo  protocol.  Then  we  study  the  physical
features that arise in its modified versions caused by the
use of  various inhomogeneous broadening of  the atomic
transition and methods of controlling the excited optical
quantum coherence. Here we show new manifestations of
spectral  dispersion  and  the  resulting  problems  in  the
implementation  of  broadband  QM  echo  protocols  and
their relationship to the presence or absence of temporal
reversibility,  and  discuss  ways  to  solve  the  problems
that  have  arisen.  The  analysis  is  summarized  by

discussing  the  properties  of  the  echo  protocols  while
storage  of  intense  signal  pulses.  Nonlinear  patterns  in
the  storage  of  signal  pulses  are  studied  on  the  basis  of
obtaining closed analytical solutions for the pulse area of
the stored signals, which allows us to find more general
conditions  for  achieving  the  maximum efficiency  of  the
echo-protocols.  Analyzing  the  properties  of  the  studied
QM echo  protocols,  we  focus  on  the  best  experimental
results  achieved  and  ways  of  its  further  improvement.
At the end of the article, we briefly discuss the potential
of  using  the  considered  photon  echo  quantum  memory
protocols in a quantum repeater. 

2   CRIB/GEM protocol

N

G(∆/∆in) ∆in

|1⟩ → |3⟩ |1⟩

The  CRIB  protocol  proposed  and  justified  in  Refs.
[26–29]  is  based on the use  of  an ensemble  of  three-
level  atoms  having  an  inhomogeneous  broadening

 with  a  linewidth  at  optical  transition
. All atoms are prepared in the state .

π

∆

|1⟩ ↔ |3⟩ −∆

Figure  1 shows  a  diagram  of  atomic  levels,  the  time
sequence of the signal and two controlling laser  pulses
followed by photon echo emission in backward geometry.
The  implementation  of  optical  QM  with  intermediate
storage of information about the signal pulse on the long-
lived spin coherence of the atomic ground state is called
the  spin-wave  protocol.  At  stage  of  echo  emission,  the
initial  frequency  detuning  of  atoms  at  the  atomic
transition  is reversed  to restore the macro-
scopic  atomic  coherence  excited  by  the  signal  pulse.  In
the  first  works,  the  CRIB protocol  was  proposed  to  be
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Fig. 1  (a) Atomic  energy  levels,  a  time-reversible  scheme
and (b) a spatial (backward) geometry of CRIB protocol.
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implemented using the Doppler  effect  in  a  gas  [26]  and
controlling  hyperfine  interactions  of  rare  earth  ions
(REI)  by  changing  the  orientation  of  the  neighboring
nuclear  spins  [28].  Experimentally,  it  is  convenient  to
implement CRIB protocol in crystal with REIs by creating
a narrow line within inhomogeneous broadening resonant
transition  by  using  a  laser  hole  burning  technique  [37].
The  Stark  (Zeeman)  effect  can  then  be  applied  in  an
external  electric  (magnetic)  field,  the  gradient  of  which
is  oriented  perpendicular  to  the  propagation  of  the
signal  light  field  and  to  change  its  polarity  on  demand
[31, 38].

|1⟩ → |3⟩
δts

δts ≪ γ = 1/T2

δωs ∼ δt−1
s < ∆in

|1⟩ → |3⟩

σj(τ)

as(Z, τ) [âs(Z, τ), â
†
s(Z

′, τ)] =

δ(z − z′) Z = z

τ = t− z/vg vg

The  signal  light  pulse  is  launched  into  the  QM  cell
with a carrier frequency that is resonant with the center
of the atomic transition line . The signal duration

 is  assumed  to  be  shorter  than  the  phase  relaxation
time  of  the  optical  transition  ( ),  and  its
spectral width is less than the inhomogeneous broadening
of  the  optical  transition .  Weak  signal
pulses  does  not  significantly  change  the  population
difference  of  atomic  states  at  the  resonant  transition

.  Taking  this  into  account,  the  quantum
Maxwell–Bloch  (MB)  equations  are  linearized.  The
equations for slowly varying atomic coherence  and
field  annihilation  operator  (

)  in  the  co-moving  coordinate  system ,
 (  is the group velocity) have the form: 

vg
∂

∂Z
âs(Z, τ) =

i
2

N∑
j=1

Ω(rj⊥)σ̂
j
−δ(Z − Zj),

∂σ̂j
−

∂τ
= −i∆j σ̂

j
− +

i
2
Ω∗(rj⊥)âp(Zj , τ), (1)

∆j

Ω(rj⊥)

Ω(rj⊥) =

Ω0f(r
j
⊥) j

Ω0 = E0⟨d · e⟩/ℏ
j rj

f(r⊥)

r⊥

where  is  a  frequency offset  of j-th  atom.  In  Eq.  (1)
the effect of relaxation and Langevin forces during inter-
action with the signal pulse are neglected. By introducing
the  interaction  constant ,  we  also  included  echo
protocols  in  a  single-mode  waveguide  [39]  (

 is  a  coupling  constant  between -th  atom and
waveguide  mode  with  being  a  single
photon Rabi-frequency of -th atom located at ). The
membrane function  determines the dependence of
the interaction constant of an atom on its position  in
the transverse plane of the waveguide.

âs(Z, ω) =

âs(Z, 0)e−α(ω)Z/2

The solution of Eq. (1) describes the resonant absorp-
tion by atoms of a signal field, the Fourier components
of  which  are  attenuated  by  Behr’s  law 

 with an absorption coefficient 

α(ω) = βχ(ω) = β

∫
dδ

G(δ/∆in)

1/T2 + i(δ − ω)
, (2)

β = N⟨|Ω(r⊥)|2⟩
2Lvg

N

⟨|Ω(r⊥)|2⟩ = 1
S

∫∫
|Ω(r⊥)|2dxdy S L

T2

where ,  is  a  number  of  atoms,
,  and  are  the  cross-

section  area  and  the  length  of  the  waveguide,  respec-
tively,  is a time of phase relaxation. For example, for

G(δ/∆in) → GL(δ/∆in) =
δin

π(∆2
in+δ2) χ(ω) = χL(ω) =

1
∆in−iω α(ω)

the Lorentzian shape of the line 
 and  where  is  char-

acterized by a spectrally dependent absorption coefficient
and dispersion.

t > δtsAfter an absorption of the signal ( ), the excited
optical coherence of atoms passes into free evolution 

σ̂j
−(τ) = i

√
π/2Ω∗(rj⊥)âs(0,∆j)e−α(∆j)Zj−i∆jτ . (3)

Re{α(∆)}L ≫ 1

σ̂j
−(τ > δts)

∆in/γ ≫ 1

δωs ∼ ∆in

α(∆)

This behavior demonstrates the characteristic properties
of  QM echo protocols:  the  spectral  components  of  light
pulses are recorded in the corresponding spectral compo-
nents  of  atomic  coherence  and  the  condition

 determines  the  maximum  achievable
spectral  width  of  the  QM.  The  spatial  distribution  of
coherence  does  not  depend  on  the  temporal
shape of the signal pulse. The signal field can contain a
large  number  of  pulses,  which  is  limited  only  by  the
ratio .  However,  short  signal  pulses
( ) acquire undesirable phase modulation in the
depth  of  the  medium  due  to  the  growing  influence  of
spectral dispersion . Below, we discuss the negative
effect of the spectral dispersion on the properties of echo
protocols and the possibilities of its suppression.

π

k1 ↑↑ ks δt1 ≪ δts

|2⟩ ↔ |3⟩ π

σ̂j
−(t1) t1

σ̂j
12(t1)

|1⟩ → |2⟩

To  increase  the  QM  storage  time,  it  is  common  to
apply  a  short  control  laser  pulse  that  propagates
parallel to the signal pulse  ( ) and being
in resonance with the frequency of the atomic transition

 [26]. The  pulse, without experiencing absorp-
tion, converts the optical coherence  at time  to
the  long-lived  spin  coherence  between  transition

 which  completes  the  mapping  of  the  quantum
state  of  the  signal  pulse  into  the  QM  cell.  During  the
storage time T, spin coherence is negatively affected by
static  and  dynamic  local  fluctuations  of  the  magnetic
field, dipole-dipole interactions with neighboring electron
and  nuclear  spins,  which  lead  to  irreversible  decay  in
spin  coherence.  Highly  efficient  suppression  of  these
effects  can  be  achieved  by  using  additional  rephasing
radio-frequency  pulses  [40–44],  as  well  as  placing  the
crystal  in  an  external  magnetic  field  [45–47],  in  which
the  frequencies  of  spin  transitions  are  not  sensitive  to
weak  local  fluctuations  of  the  magnetic  field.  These
methods  open  up  ways  to  create  QM  with  a  lifetime
reaching minutes and hours [48, 49].

π δt2 ≪ δts
∆j → −∆j π

k2 ↑↓ ks

|2⟩ → |3⟩ σ̂j
12(t2)

t2 = T + t1 σ̂j
−(t2)

|1⟩ → |3⟩ te = T + 2t1
σ̂j
−(t) =

−i
√
π/2Ω∗(rj⊥)âs(0,∆j) · e−α(∆j)Z+i∆j(t−te)

In the CRIB protocol, before applying a short second
laser  pulse ( ), the frequency detuning of each
atom changes to the opposite ( ). The second 
pulse  propagates  in  the  opposite  direction to  the  signal
pulse ( ) and, being resonant to the atomic transi-
tion ,  transfers  the  spin  coherence  at
time  to  the  optical  coherence  of  the
atomic transition . At the time , the
coherence  of  atoms  is  phasing  when 

,  which  leads  to
the generation of a photon echo in the opposite direction
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ke ↑↓ ksto the signal pulse  (see Fig. 1).

π

Z = z τ̃ = t+ z/vg

∂
∂Z → − ∂

∂Z
∆j → −∆j

âe(Z = 0, t) =
1√
2π

∫
dωãe(0, ω)eiω(t−te) Z = 0

Here  we  should  note  that  in  a  waveguide,  the  exact
realization  of  laser  pulses  becomes  impossible  for  all
the  atoms  located  at  different  points  of  the  waveguide
cross-section.  In  this  case,  as  shown  in  a  recent  work
[39],  it is still  possible to obtain analytical solutions for
strong  nonlinear  interaction  of  the  control  laser  pulses
with atoms when analysing the pulse areas of the studied
light  pulses.  However,  the  QM  protocol  efficiency  is
becoming less and we will conduct further studies under
the  assumption  of  plane  waves  for  the  control  laser
pulses having the same intensity in the cross section of
the  signal  and  echo  fields.  The  echo  signal  emission  is
described by a system of linear equations for slow variables
of atomic coherence and amplitude of the echo signal in
a  moving  coordinate  system , .  The
equations  differ  from  Eq.  (1)  only  in  replacing

, ,  and  non-zero  initial  conditions
for  the  atomic  coherence.  The  solution  is  written  using
the Fourier components of the echo signal 

 on the output medium ( ):
 

ãe(0, ω) = Γ(te)ãs(0,−ω)

× 2πβG(−ω/∆in)

[α(ω) + α(−ω)]
{1− e−[α(ω)+α(−ω)]L},

(4)

Γ(te) = ⟨e−iδϕj(te)⟩

δϕj(te)

where  takes  into  account  the  phase
relaxation  of  atomic  coherence  at  the  time  of  the  echo
emission [  is a random phase acquired by a atom
during  the  time  the  signal  is  stored  in  the  QM  cell].
Taking  into  account  the  symmetric  inhomogeneous
broadening, due to which 

1

2
[α(ω) + α(−ω)] = πβG(ω/∆in) ≡ αR(ω), (5)

αR(ω) ≡ αRL(ω) = β ∆in

∆2
in+ω2

where  for  the  Lorentzian  inhomogeneous  broadening
 is an absorption coefficient.

At the output of the medium, we get [27, 50] 

ãe(0, ω) = Γ(te)ãs(0,−ω){1− e−αR(ω)L}. (6)

αR(ω)L ≫ 1

Γ(te) ∼= 1 ãe(0, ω) = ãs(0,−ω)

ãe(0, t) = ãs(te − t)

ωs

αR(δωs)L

According to Eq. (6), the effect of spectral dispersion
is  fully  compensated  in  the  backward  CRIB  protocol
[27].  In  the  presence  of  sufficient  large  optical  depth
( )  and  weak  atomic  phase  relaxation
( )  the  photon  echo  ( )
completely  restores  the  signal  pulse  in  the  form  of  its
time-reversed copy  [26, 27]. The maxi-
mum spectral width  of the signal pulse is determined
only  by  the  optical  depth  of  the  medium  in
Eq. (6).

It is worth noting that the absence of the influence of
spectral dispersion on the properties of the CRIB protocol
in the backward geometry is due to the accuracy of the
reversibility  of  MB  equations  describing  the  stages  of

∆j → −∆j τ → −τ̃ as(Z, τ)

→ −ae(Z, τ̃)

signal  absorption  and  photon  echo  emission  when
performing transformations: , , 

,  which  is  valid  even  in  the  case  of  intense
signal pulses [30, 35].  Using this property, it  is  possible
to  find  the  wave  function  of  echo  signals  even  for  the
complex  (entangled)  multiphoton  states  of  the  input
signal pulses [51]. The use of a superposition of quantum
states of the initial signal pulse and a photon echo with
spectrally  inverted  wave  function  parameters  provides
an interesting resource for the preparation of new entangled
states of multiphoton fields. It was also shown [36] that
using the symmetry of MB equations of the both stages
in  CRIB  protocol  on  off-resonant  Raman  transitions
makes  it  possible  to  manipulate  the  temporal  duration
and carrier frequency of echo signal. The possibilities of
the wavelength conversion in the photon echo QM tech-
nique are also considered in the work [52]. The concept
of backward geometry of echo retrieval proposed in the
CRIB  protocol  was  also  applied  in  the  effective  imple-
mentation  of  QM based  on  electromagnetically  induced
transparency  [53],  Autler–Townes  splitting  [54, 55]  and
QM  on  off-resonant  Raman  scattering  [56].  From  an
engineering  point  of  view,  the  implementation  of  such
geometry  is  not  difficult.  Similar  propagation  of  signal
and  control  laser  fields  has  been  experimentally  imple-
mented in such works as [57, 58].

π k1 ↑↑ k2

ke ↑↑ ks

âe(Z, t) =
1√
2π

∫
dωãe(Z, ω)eiω(t−te−Z/vg)

If  the -pulses  of  equal  wave  vectors  are
applied, then the echo signal will be emitted in the same
direction . In this forward geometry, the solution
of the MB equations for the echo signal in the medium
has  the  form ,
where 

ãe(Z, ω) = Γ(te)ãs(0,−ω)

× 2πG(−ω/∆in)

[χ(ω)− χ(−ω)]
[e−α(−ω)Z/2 − e−α(∆)Z/2].

(7)

Considering  Lorentzian  inhomogeneous  broadening  in
Eq. (7), we get 

ãe(Z, ω) = Γ(te)ãs(0,−ωa)

×
sin[ ω

2∆in
αRL(ω)Z]

ω/(2∆in)
e−αRL(ω)Z/2. (8)

η(ω,Z) = ⟨Ie(Z,ω)⟩
⟨Ie(0,ω)⟩

⟨Ie,s(z, ω)⟩ = ⟨â†e,s(z, ω)âe,s(z, ω)⟩

According to Eq. (8), the spectral dispersion contributes
to  a  decrease  in  spectral  efficiency 
(where ) as follows:
 

η(ω,Z) ∼ e−αRL(ω)Z

sin2
[

ω

2∆in
αRL(ω)Z

]
[ω/(2∆in)]2

. (9)

Note that the exponential factor in the expression (9)
reflects  the  effect  of  the  absorption  coefficient,  and  the
second  factor  describes  the  influence  of  spectral  disper-
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δωs

∆in
< 0.1

ηm(ω) αR(ω)L ≈ 2
ω

2∆in
αR(ω)Z ≪ π/2

sion. For narrowband signal pulse , the maximum
 reaches at  and Eq. (5) reduces to the

well-known solution for : 

ãe(0, ω) ∼= Γ(te)ãs(0,−ω)αR(ω)Ze−αR(ω)Z/2, (10)

η(ω) ∼ α2
R(ω)Z

2eαR(ω)Z

η(ω)

L(ω) = 2/αR(ω)
|ω|
∆in

ηn : αR(0)L = n) η(ω,Z)

ηm(ω,L) αRL(ω)L =
∆in

ω arctan ( 2ω
∆in

) ηm(ω,L)= 4
1+4( ω

∆in
)2 · exp{−αRL(ω)L}

where  the  spectral  efficiency  no  longer  depends  on  the
dispersion of the medium, but is determined only by the
spectral  properties  of  the  absorption  coefficient

 shown in Fig. 2. The maximum of
spectral  efficiency  reaches  the  same  value  of  54%,
but  at  the  optimal  distance  that
increases with increasing of the frequency detuning .
The spread of optimal distances reduces the overall effi-
ciency of  the protocol  while  storage signal  fields with a
larger spectral width. However, the spectral efficiency of
storing  broadband  signals  is  even  more  influenced  by
spectral  dispersion.  The  effect  of  spectral  dispersion  on
spectral efficiency depending on the optical depth of the
medium  is  shown  in  top  graphic  images  of Fig.  3
( .  The  efficiency  reaches  its
maximum  at  optical  depth 

 where .

αR(0)L

In Fig.  3 it  is  evident  that  the  influence  of  spectral
dispersion also leads to a decrease in the maximum spectral
efficiency with increasing optical depth . Accord-
ingly,  due  to  the  influence  of  spectral  dispersion,  the
storage of short light pulses will be also accompanied by
their  stronger  attenuation  and  an  additional  narrowing
of  their  spectrum  (an  increase  in  their  durations)  (see
Fig.  4).  Thus,  unlike  the  backward  geometry,  spectral
dispersion  strongly  affects  the  efficiency  and  fidelity  of
the  implementation  of  the  forward  CRIB  protocol.  It
should be noted that the negative manifestation of spectral
dispersion  in  the  quantum  storage  of  broadband  signal
pulses is characteristic of all QM echo protocols that do
not have full temporal reversibility of the interaction of
light pulses with resonant media. This problem becomes
especially important when using optically depth media.

δωs ≪ π∆in

αR(0)L

Nonlinear  effects. To  study  the  efficiency  of  CRIB
protocol  (and  other  QM  echo  protocols)  for  intense
narrowband  signal  pulses  ( ),  the  equation
for  the  pulse  area  of  the  photon  echo  can  be  used
[59–62]: 

± ∂

∂z
θe(z) =

αR(0)

2

[
2Pe(0, z) cos2

θe(z)

2

+We(0, z) sin θe(z)
]
, (11)

+ −
Pe(0, z)

Pe(0, z) = Γ(te) sin θ1(z) sin2 θ2(z)
2

We(0, z)

We(0, z) =

− cos θ1(z) cos θ2(z)

Pe(0, z) = 0 We(0, z) = −1

where signs “ ” and “ ” correspond to the forward and
backward geometry of  the  echo signal  emission, 
is the amplitude of the phasing coherence component at
a  resonant  frequency.  For  example,  for  a  two-pulse
photon  echo  and 
is  a  component  of  the  atomic  inversion  which  slowly
changes  from  frequency  detuning,  taken  at  the  central
frequency.  For  the  two-pulse  (primary)  echo 

 [62]. Eq. (11) describes the pulse area
of  the  generated  echo  signal  in  the  two-level  medium.
Assuming ,  and ,  Eq.  (11)
reduces  to  the  well-known  McCall–Hahn  area  theorem
[63].

Everywhere below we focus on the case of plane waves
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Fig. 2  Spectral  efficiency  for  storage  of  narrowband
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θs(z)=2 arctan
{
tan

(
θs(0)
2

)
e−αR(0)L/2

}
π

Pcrib(0, z)=

Γ(te) sin θs(z) Wcrib(0, z) = − cos θs(z)

θe(0 ≤ z ≤ L)

of signal radiation and controlling laser pulses. The well-
known  solution  for  the  pulse  area  of  the  signal  (first)
pulse [63] . By applying
two laser -pulses at an adjacent atomic transition and
inverting  the  frequency  offsets  of  atoms,  we  obtain  the
following expressions for phasing polarization 

 and atomic inversion 
corresponding to the formation of photon echo emission
in  the  backward  CRIB  protocol.  Analytical  solution  of
Eq. (11) for the pulse area of echo signal in the medium

 is 

tan
(
θe(z)

2

)
= Γ(te) tan

(
θs(0)

2

)
× e−αR(0)z/2[1− e−αR(0)(L−z/2)]

1 + tan2
(
θs(0)

2

)
e−αR(0)L

. (12)

θe(z = 0)

Below we will  focus on the solution (12) describing the
photon echo at the medium output ( ): 

θe(0) = 2 arctan
{
Γ(te) tan

(
θs(0)

2

)
× 1− e−αR(0)L

1 + tan2
(
θs(0)

2

)
e−αR(0)L

}
. (13)

θs(0)

θs(0) π

The solution (13) shown in Fig. 5 generalizes Eq. (6)
to  an  arbitrary  pulse  area  of  the  signal  pulse.  As
can  be  seen  in Fig.  5,  increasing  the  pulse  area  of  the
input  signal  pulse  close  to  leads  to  additional

αR(0)L ≫ 1

αR(0)L ≫ ln
{
tan2

(
θe(0)
2

)}

ln
{
tan2

(
θe(0)
2

)}
≫ 1 θs(0) → π

requirement  for  the  optical  depth:  and
 to ensure sufficiently high effi-

ciency. The last inequality expresses the manifestation of
nonlinear  interaction  of  light  with  atoms  (since

 when ). Two limiting cases
are interesting:

αR(0)L ≪ 11) 
θe(0) = Γ(te) sin θs(0)αR(0)L

∼ sin θs(0)
,  which  shows  that  an  echo

signal is emitted by the atomic polarization ( )
excited by a signal pulse. This solution describes typical
modes of the photon echo emission in the optically thin
media [21–23].

αR(0)L ≫ 12) 
θe(0) = 2 arctan

{
Γ(te) tan

(
θs(0)
2

)}
θe(0) = θs(0) Γ(te) ∼= 1

.  The  solution  shows  a
complete  reconstruction  of  an  arbitrary  input  signal
pulse area  at .

Thus, the solutions (12) and (13) make it possible to
understand  the  effect  of  phase  relaxation  of  atoms  and
the optical depth of the medium on the reconstruction of
an echo signal in conditions of nonlinear resonant inter-
action with atoms. It should be noted that the study of
these effects cannot be carried out using the well-known
method of  the  inverse  scattering problem [64],  which is
aimed  at  finding  analytical  solutions  for  light  pulses
(solitons)  arising  in  the  depth  of  the  medium  without
taking into account the influence of phase relaxation of
atoms [65].

Solution  (13)  reproduces  the  reversibility  of  the
nonlinear Maxwell–Bloch equations in the CRIB protocol
[30],  demonstrating  that  the  photon  echo  area  theorem
(11)  plays  the  role  of  a  time-reversed  version  of  the
McCall–Hahn area  theorem [63].  Thus  the  photon echo
area theorem [59, 62] provides important tool for analytical
study of photon echo at the conditions of nonlinear light-
atoms interaction and can be useful for studies of different
echo signals [62, 66] and QM echo-protocols, as it will be
used below.

Substituting  the  same  values  of  phasing  polarization
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Fig. 4  Gaussian  input  pulses  with  energy  spectral  widths
(HWe M) of 0.7  (black circles) and 1.5  (blue trian-
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maximum (blue and red curves), showing an increase in echo
pulse  duration  with  increasing  input  pulse  spectral  width.
The echo signals for these two input pulses (green and black
curves) are normalized to the input pulse intensity and show
the decreasing efficiency with increasing input pulse spectral
width.
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Pcrib(0, z) Wcrib(0, z)

θe(z)

 and  atomic  inversion  in  Eq.  (11),
but  taking  into  account  the  propagation  of  the  photon
echo in the forward direction, we find the following solution
for its pulse area  in the medium: 

tan
(
θe(z)

2

)
= Γ(te) tan

(
θs(0)

2

)
× αR(0)ze−αR(0)z/2

1 + tan2
(
θs(0)

2

)
e−αR(0)z

. (14)

θs(0) ≪ 1

θe(z) = ΓR(te)θs(0)αR(0)ze−αR(0)z/2

θs(0)

αR(0)L =

2/| cos θs(L)| ≥ 2

ηt(θe(z)) = | tan(θe(z)/2)tan(θs(0)/2) |
2

ηt(θe(z)) θs(0) αR(0)L

For  weak  input  signal  pulse  in  Eq.  (14),  we
obtain  corresponding
to the above linear solutions for the photon echo of weak
spectrally  narrow  signal  pulse  (8).  From  Eq.  (14),  we
found that with increasing  the efficiency reaches its
maximum  at  a  larger  optical  depth 

.  If  we  evaluate  the  overall  performance
behavior  of  the  protocol  in  Eq.  (14)  using  a  seemingly
acceptable  ratio ,  we  get  fast
decrease  of  with  increasing  and 
(see Fig. 6).

ηθ(θe(z)) =

|θe(z)/θs(0)|2

ηθ(θe(z))

θs(0) → π

θ = π

It  is  more  correct  to  use  a  measure 
,  which  is  confirmed  in  experiments  with

light pulses, the spectral width of which is much smaller
than  the  inhomogeneous  broadening  of  the  resonant
transition  [39, 67].  Under  these  conditions,  the  time
profile  of  photon  echo  signals  can  reproduce  the  time
profile  of  signal  pulses  even  under  conditions  of  strong
nonlinear interaction, but not at too large optical depth
of the resonant medium, where optical solitons have not
yet had time to form. Using the efficiency measurement

, we find that the efficiency can increase asymp-
totically  approaches  unity  at  (see Fig.  7),
reflecting the nonlinear nature of the self-induced trans-
parency effect near the bifurcation point , but then
falling to zero over long distances (see Fig. 7).

Thus, the enhancement of the nonlinear interaction of
the signal  pulse with a two-level  medium leads both to

an increase in the optimal optical depth and to maximum
protocol  efficiency.  The  counter  intuitive  enhancement
of the efficiency is obviously associated with an increase
of  the  penetration  depth  of  an  intense  light  pulse  into
the  medium  caused  by  the  effect  of  self-induced  trans-
parency  [63].  However,  these  efficiency  measures  based
on the estimation of the echo pulse area, require further
clarification when switching to using on an energy efficiency
measure.

The  study  of  quantum  properties  in  the  storage  of
intense signal pulses is already gaining interest for optical
quantum communications [68] and it can be carried out
using  the  capabilities  of  the  inverse  scattering  method
[64, 65]  and  its  quantum  generalization  [69].  This,
however, will require its further development in obtaining
non-soliton solutions.

The discussed properties of CRIB protocol are basically
repeated  in  studied  below  AFC  and  ROSE  protocols,
with  the  advent  of  some  new  features  and  practically
significant advantages. However, the departure from the
exact  reversibility  of  the  light–atoms  equations  of
motion in some cases lead to the additional problems in
effective  implementation  of  these  protocols.  We  discuss
some of them in the next sections.

∆j → −∆j

The Gradient Echo Memory (GEM) protocol has been
proposed as a way to implement the CRIB protocol [31],
where  the  CRIB  procedure  ( )  is  provided
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∆ = χz

χL

χL > δωs

using a switchable electric field gradient along the prop-
agation of a signal light pulse ( ) causing a linear
Stark effect of narrow homogeneously broadened optical
transition  in  REI  ensemble,  where  is  the  spectral
width  of  the  GEM  cell  that  satisfies  the  condition

.

3+
2 5

Λ

The  GEM  protocol  has  been  demonstrated  in  solids
and atomic gases [32, 38, 70]. In Ref. [70], an efficiency
of 69% was achieved on a Pr :Y SiO  crystal.  Due to
the  application  of  the  Zeeman  effect  with  a  switchable
magnetic field gradient in Refs. [38, 71, 72], using GEM
protocol with Raman transition ( -scheme) of rubidium
in  a  vapor  gas,  the  efficiency  of  87%  was  achieved  for
quantum states of  light,  which remains the best among
optical quantum memory protocols.

αR(0)L

κeff = 2β/χ

The GEM protocol coincides with the CRIB protocol
when  signal  is  retrieved  in  the  backward  direction,
respectively,  while  having  full  temporal  reversibility  of
the Maxwell–Bloch equations corresponding to the stage
of  absorption  of  the  signal  pulse  and  the  stage  of  its
retrieval  in  the  photon echo.  However,  as  it  was  firstly
shown numerically [73] in the GEM protocol it is possible
to achieve efficiency close to 100%, not only in the backward
but  also  in  the  forward  direction  of  the  photon  echo
emission  (see Fig.  8).  The  efficiency  of  GEM  protocol
with  forward  and  backward  echo  emission  is  described
by the same equation (6) where  is replaced by an
effective  optical  depth  [38, 74].  This  useful
property arises due to the fact that resonant atoms are
always located at one point in the medium, which does
not lead to reabsorption of echo signals and gives great
advantages  in  using  this  protocol.  In  particular,  the
retrieval  of  the  signal  field  in  the  forward  direction
makes GEM protocol very attractive for use in quantum
optical holography.

eiϕn(t)

At  the  same  time,  due  to  the  violation  of  temporal
reversibility,  the  echo  signal  emitted  in  the  forward
direction acquires additional nonlinear phase modulation
factor  [74]: 

ãe(t) ∼ Γ(te)ãs(te − t)eiϕn(t), (15)

ϕn(t)=κeffLn{1+ t−te
t1+tm

} tm=κeff/(χL)

te

ϕn(t) t1

t1 ≫ δts
√
κeff/π tm ≪ t1

t1

where  the  phase , ,
 is  the  time  moment  of  photon  echo  emission.  Phase

chirping  caused by the  nonlinear  behavior  of  the  phase
 is  weakened  if  the  interaction  time  of  a  signal

pulse  with  the  atoms  is  longer  than  the  pulse  duration
( ,  for ).  Therefore,  after  the
signal has entered the medium, it is necessary to wait a
certain time  before turning off  the external gradient.
This  requirement  arises  because  in  the  space  region  of
the  exact  resonance,  the  signal  pulse  experiences  a
significant slowdown in its propagation due to the mani-
festation of strong spectral dispersion.

χL/γ ≫ 1

Characterizing  the  specific  properties  of  GEM proto-
col, it is also important to note that the signal pulse is
stored in the spatial shape of the excited atomic coher-
ence. Unlike the slow-light QM protocol [75], the spatial
shape  is  determined  by  the  shape  of  the  signal  pulse
spectrum.  Accordingly,  unlike  slow-light  QM,  a  large
number of signal pulses can be stored in the same area
of  the  QM  cell  space,  so  the  number  of  which  is  only
limited by the ratio of inhomogeneous broadening to the
homogeneous  linewidth  of  the  resonant  transition
( ). At the same time, the specific nature of the
inhomogeneous broadening of the resonant transition of
the GEM protocol does not allow the application of the
pulse  area  theorem  in  the  study  of  general  nonlinear
patterns  of  interaction  of  light  pulses  with  atoms,  the
understanding of which remains an unsolved theoretical
task.

The ability to control  the magnitude and sign of  the
gradient of the external electric (or magnetic) field gives
researchers additional opportunities to control the opera-
tion of GEM protocol. These are particularly relevant to
the  GEM  protocol  on  the  Raman  transitions.  The
following can be noted:

∆ → −∆

−∆ → ∆

1) Typically, the CRIB/GEM protocol is characterized
by obtaining a photon echo with a time-reversed shape
compared  to  the  time  shape  of  the  signal  pulse.  Using
Raman  transitions  in  GEM  protocol,  it  is  possible  to
restore  the  photon  echo,  which  will  have  the  temporal
shape of a signal pulse. To do this, after absorption of a
signal  pulse  we  first  reverse  the  frequency  detuning  of
atoms  ( )  without  using  a  control  laser  pulse,
ensuring  complete  dephasing  of  the  spin  coherence  of
atoms with a sufficiently long time of  evolution of  spin
coherence.  Then  change  the  frequency  offsets  again
( ) in the presence of the control laser pulse will
lead to the photon echo emission with a time profile of
the signal pulse.

2)  The  possibility  of  reducing  the  inhomogeneous
broadening of the optical transition by switching off the
gradient of the applied electric (magnetic) field makes it
possible  to  realize  enhanced  off-resonant  interaction  of
the quantum coherence stored in the medium with probe
quantum  light  fields.  Such  interactions  are  used  to
provide  nonlinear  Kerr  interactions  of  single-photon
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Fig. 8  An efficient forward scheme of GEM protocol: storage
and  retrieval  of  a  light  pulse  with  a  pulse  area  of ,  the
absorption  coefficient ,  the  gradient  sign  is  changed
at  (numerical results of Ref. [73]).
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wave packets in order to deterministically implement the
conditional  cross-phase  shift  gates  [76–80].  Recently
demonstrated  GEM  protocol  [81]  appears  to  be  a
promising alternative  to  the  slow-light  protocol  [76, 82]
in the deterministic implementation of two-photon qubit
gates, which can be free from the limitations inherent in
the  use  of  nonlinear  interaction  of  two  propagating
photon wave packets detailed in Refs. [83, 84].

3) It is also worth noting that by changing the magnitude
of  the  gradient  of  the  electric  (magnetic)  fields,  the
duration  of  the  photon echo  signal  can  be  manipulated
while  maintaining  high  efficiency  [71, 85],  which  is
impossible  when  using  a  transverse  inhomogeneous
broadening  to  the  propagation  of  the  signal  field  (that
is, for the usual CRIB protocol [26]).

4)  Another  promising  area  of  Raman  GEM  protocol
development is the creation of a quantum light generation
using  reservoir  engineering  with  a  help  of  four-wave
interaction [86].

5) The record efficiency achieved in the GEM protocol
on the Raman transition in atomic gas stimulated work
on the implementation of QM echo protocols in crystals
with REIs [87, 88]. The solution to this problem is possible
by  using  a  resonator  schemes  with  crystals  having  a
sufficiently  narrow  inhomogeneous  broadening  of  the
optical transitions. The search for such crystals continues
[89–92].

6)  It  is  worth  noting  that  the  inverted  time  form  of
the  photon  echo  signal  in  CRIB/GEM  protocol  allows
the implementation of a NOT gate plus phase gate with
a  signal  pulse  prepared  in  the  time-bin  state  of  the
photonic qubit [85]. The implementation of CNOT gate
is  a  big  challenge  for  further  development  of  the
CRIB/GEM protocol. Among the possible ways to solve
it, one can try to use a two-resonator scheme of time-bin
quantum RAM scheme [10].

A significant limitation of the CRIB/GEM protocol is
the  difficulty  of  achieving  the  required  high  optical
depth  of  the  resonance  transition  in  a  wide  spectral
region.  This  problem  can  be  solved  to  some  extent  by
additional  using  methods  that  allow  significantly
increasing the constant of photon-atom interaction. For
example, this is possible when implementing this protocol
in  a  high-Q  resonator  [93],  by  using  surface  plasmon
polaritons  [94, 95]  instead  of  flying  light  fields  and
applying other nanooptics methods [96]. 

3   AFC protocol

∆n = n∆afc ∆afc

The atomic  frequency  comb (AFC)  protocol  uses  an
ensemble  of  atoms  with  equidistantly  spaced  narrow
resonant  lines  with  is  the  distance
between the lines (n = 0, ±1, ±2, ...). Such inhomogeneous
broadening  was  first  proposed  for  photon  echo  in  1985
and demonstrated on a system of nonlinear oscillators in

Refs. [97, 98].
t = 0

∼ e−in∆afct

tn = 2πn/∆afc

δts ≪ ∆−1

αafc(ω) =
Υ

∆afc
α(ω) Υ

α(ω)

f = ∆afc/Υ

âe(Z, t) =
1√
2π

∫
dωãe(Z, ω)

e−iω(t−te−Z/vg)

After excitation by a resonant pulse at time , the
n-th group of oscillators goes into free oscillation, acquiring
a  phase .  When  the  phases  of  all  oscillators
coincide again at  time ,  the echo signal  is
emitted. In 2008, this variant of inhomogeneous broadening
was  proposed  for  echo-based  QM  in  Ref.  [99].  During
the  interaction  time  of  a  short  light  pulse  with  AFC
structure  of the inhomogeneous line broadening
is  characterized  by  an  averaged  (effective)  optical
density ,  where  is  the  spectral
width of a single peak,  is determined from Eq. (4),

 is  a  finesse  of  AFC  structure.  Due  to  this
property, the MB equations can be solved independently
for each non-overlapping input light pulse at absorption
and  echo  emission  stages.  A  solution  for  the  Fourier
component  of  an  echo  signal 

 emitted  in  parallel  to  the  signal  pulse
after its absorption in the medium has the form: 

ãe(Z, ω) = Γafc(te)ãs(0, ω)

× αR,afc(ω)Ze−αafc(ω)Z/2, (16)

αR,afc(ω) = αR(ω)/f

Γafc(te = 1/∆afc) = e−7/2f2

∆afc/Υ > 20 Γafc(1/∆afc) ∼= 1 αafc(ω) =

αR,afc(ω)(1 + i ω
∆in

)

α(ω) = αR(ω)(1 + i ω
∆in

)

ηL(ω,Z) ∼ [αR,afc(ω)Z]2 exp{−αR,afc(ω)Z}

where  is  an  effective  absorption
coefficient,  [100],  which  requ-
ires  the  creation  of  a  high  finesse  AFC  structure  with

 to  get .  Since 
 (for Lorentzian inhomogeneous broad-

ening), and  the echo signal in Eq.
(16)  acquires  phase  modulation [see  in  comparison (6)],
which obviously distorts the time profile of the broadband
echo signal, but not affects the spectral efficiency of the
AFC protocol .

η(ω,Z)

αR,afc(0)L = 2 δωs ≪ ∆in

Γafc(1/∆afc) ∼= 1

âe(Z, t)

αafc(ω)

ṽg = vg
1

1−
vgαR,afc(0)

2∆in

δte = −αR,afc(0)L
2∆in

αR,afc(0)L = 2

δte = −∆−1
in

The  maximum  of  remains  equals  to  52%  at
 for  narrowband  signal  pulse  ( )

and , that is similar to the CRIB proto-
cols. However, the echo pulse  of Eq. (16) reproduces
the  temporal  shape  of  the  signal  pulse  that  indicates  a
violation of the temporal reversibility in the AFC proto-
col.  Taking  into  account  the  spectral  dispersion  in

, we get that narrowband echo signal propagates
with  modified  group  velocity ,  which
leads to an additional (negative) time delay in the emission
of the echo signal  caused by the interaction
of the light pulses with resonant atoms. For the maximum
efficiency (i.e., at ) we have the same time
delay .

π

Now  we  consider  AFC  protocol  in  a  3-level  scheme
with  echo  emission  in  the  backward  direction.  This  is
implemented  similarly  to  the  CRIB  protocol  ([26]  and
see above) by applying two counter propagating laser 
pulses at an adjacent atomic transition after signal pulse
absorption  (see  backward  geometry  in Fig.  1).  After
similar calculations, we get 
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ãe(0, ω) = Γafc(te)ãs(0, ω)

× αR(ω)

α(ω)
[1− e−αafc(ω)L]. (17)

αR,afcL ≪ 1

ãe(0, ω) = Γafc(te)ãs(0, ω)αR,afcL

αR,afcL ≫ 1

At low optical depth ( ) in Eq. (17), we have
, this indicates no influence

of  spectral  dispersion  to  the  echo  pulse  parameters  at
low  efficiency,  which  is  observed  experimentally.  At  a
high  optical  depth  ( ),  we  get  by  assuming
the Lorentzian inhomogeneous broadening: 

ãe(0, ω) = Γafc(te)ãs(0, ω)
1− i

ω

∆in

1 +
ω2

∆2
in

. (18)

ηL(ω)

ηL(ω) =
(
1 + ω2

∆2
in

)−1

It is seen in Eq. (18) that the spectral efficiency 
of  the  AFC  protocol  decreases  with  an  increase  in  the
spectral  width  of  the  signal  pulse ,
which  leads  to  a  narrowing  of  the  spectrum  of  the
restored signal 

|ãe(0, ω)|2 ∼ |ãs(0, ω)|2

1 +
ω2

∆2
in

. (19)

(1− i ω
∆in

) ∼= exp{−i ω
∆in

}
δωs ≪ ∆in

δte = −∆−1
in

δωs ∼ ∆in

∆QM

By taking into account that  for
narrowband  signal  pulse  ( ),  we  get  from
Eqs. (17) and (18) that the spectral dispersion only leads
to an additional  time delay in the emission of  the echo
signal .  However  in  the  case  of  broadband
photon  echo  signal  ( ),  the  spectral  dispersion
causes too large phase distortions that reduce the efficiency
and fidelity of the signal pulse retrieval [101]. The sensi-
tivity of a high-performance AFC protocol to the spectral
dispersion  distinguishes  it  from  the  CRIB  protocol,
which does not acquire additional phase distortions. The
need to suppress the spectral dispersion caused by inter-
action  with  resonant  atoms  becomes  important  already
when  an  efficiency  of  more  than  60%  is  realized  [101].
The  increasing  the  operation  spectral  range  while

maintaining high efficiency and fidelity when using AFC
protocol requires an additional suppression of the spectral
dispersion.

∆QM

The existing experiments on AFC protocol in crystals
with  RE  ions  are  being  implemented  by  creating  the
AFC  structure  of  a  certain  spectral  interval  inside  an
inhomogeneously broadened resonant transition [18, 19].
Taking  into  account  such  a  spectral  design  of  AFC
structure,  it  is  possible  to  propose  an  optimal  way  to
create such a structure in which spectral dispersion will
be  maximally  suppressed  in  a  given  operating  spectral
range  of  AFC  protocol  [102, 103].  The  approach  [102,
103]  is  based  on  the  creation  of  AFC  structure  with
optimal  spectral  parameters  inside  a  inhomogeneously
broadened  line  for  the  given  operating  spectral  range

 inside  this  AFC-structure  and  necessary  protocol
efficiency [102].

∆0

Full consideration of the effect of the spectral dispersion
of  atoms  when  creating  an  AFC structure  in  a  limited
frequency range  (see Figs. 9–11) of an inhomogeneously
broadened  transition  includes  two  terms.  A  detailed
analysis  of  their  influence  is  the  subject  of  a  separate
study,  taking  into  account  the  real  parameters  of  the
optical  transition  [104].  One  of  them  is  due  to  the
frequency dispersion of the AFC structure itself, and the
other  is  caused  by  the  influence  of  the  remaining  two
spectral regions (side “wings”). Atoms whose frequencies
belong  to  the  side  wings  of  the  resonant  transition

 

∆afc

γ

d

ω/∆in

d0 0 1 2−1−2

∆in

∆0

∆QM

ωph

 

∆0 = 1.25∆in

f = ∆afc/Υ = 10

∆QM = 0.9∆in

αR(0)L = 80

Fig. 9  Spectral  design  of  atomic  frequency  comb  created
within spectrum  of inhomogeneously broadened
atomic transition with finesse , providing effi-
ciency  90%  within  operating  spectral  range ,
optical depth  [103].
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Fig. 10  The contour  map image  shows  within  AFC
structures  for  the  various  AFC structure  witdh  is
changed within inhomogeneously broadening . Due to
the spectral dispersion, there is some area where the opposite
effects  of  the  frequency  response  of  AFC  structure  and  the
side “wings” take  place  causing  the  creation  of  a  plateau
with a slowly changing line.
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αafc(ω) iαR,afc(ω)χ(ω)

change  the  frequency  dispersion  without  practically
affecting the resonant absorption coefficient, leading to a
specific change in  to a form  [101],
where 

χ(ω) = χ′(ω) + iχ′′(ω)

= χ0(ω) + χ′
1(ω) + χ′

2(ω). (20)

χ(ω)

χ0(ω) = χ′
0(ω) + iχ′′

0(ω)

The first term in  is caused by the from AFC structure
,  where  by  taking  into  account

Gaussian shape of the inhomogeneous broadening 

χ′
0(ω) = − 1

f
exp (−ζω2/∆2

in)Erf i(−
√
ζω/∆in),

χ′′
0(ω) = − 1

f
exp (−ζω2/∆2

in), (21)

ζ = 4Ln2 αR,afc(ω)χ
′′
0(ω)where ,  describes  the  average

value of the absorption coefficient within the AFC struc-
ture.

From the left and right “wings” of the inhomogeneously
broadened line we have dispersion terms 

χ′
1(ω) =

(
1− 1

f

)
1

π

−∆0/2∆in∫
−∞

exp (−ζx2)
ω

∆in
− x

dx, (22)

 

χ′
2(ω) =

(
1− 1

f

)
1

π

∞∫
∆0/2∆in

exp (−ζx2)
ω

∆in
− x

dx. (23)

The amplitude of photon echo in backward AFC protocol
is given by [102, 103] 

ãe(0, ω) = Γafc(te)ãs(0, ω)D(ω), (24)

where 

D(ω) =
1− exp[iω0χ(ω)L/c]

1− iχ′(ω)/χ′′(ω)
. (25)

χ′(ω)

∆0

χ′(ω) ≈ 0
d
dωχ

′(ω) ≈ 0 −0.25∆in < ω <

0.25∆in ∆0/∆in
∼= 1

ηL(ω) = |D(ω)|2

> 0.93

The  behavior  of  the  dispersion  depending  on  the
spectral width  of the AFC structure is shown in Fig.
10. It is seen that there is a plateau where  and

 within  spectral  range 
 for .  The  efficiency  of  AFC protocol

( )  is  shown  in Fig.  11,  where  its  high
value ( ) exists in the same spectral range with the
used  parameters.  Moreover  the  spectral  scheme  [103],
which provides strong suppression of spectral dispersion,
allows achieving protocol efficiency of more than 95% for
broadband light pulses as shown in Fig. 11.

∆in

The discussed effects of spectral dispersion are due to
the lack of precise temporal reversibility of the quantum
memory protocol. Note that the strong negative effect of
dispersion  effects  becomes  significant  when  trying  to
achieve  high  efficiency  in  a  wide  spectral  range
compared  with  the  inhomogeneous  broadening  of
the  resonant  transition.  A  large  influence  of  spectral
dispersion  also  occurs  when  implementing  the  protocol
in  a  resonator,  the  study  of  the  specific  properties  of
which requires special consideration [93].

∆0

∆0 f

Tst

∆0

αR(0)

The AFC protocol was experimentally implemented at
different  wavelengths  in  several  crystals  with  different
REI  [105–110].  In  these  studies,  the  AFC structure  are
usually created in a small spectral range  of an inho-
mogeneously broadened optical transition. The magnitude
of  and finesse  have not yet been chosen optimally
to  ensure  strong  suppression  of  spectral  dispersion.  An
efficiency of 62% was achieved [111], a storage time ( )
of 1 hour [49], fidelity of > 99% [112, 113] (for efficiency
of 11 and 7%), the storage of more than 1000 temporal
light  modes  [114–116]  and  a  large  operating  spectral
width (  > 6 GHz) were demonstrated [115, 117, 118]
but  with  efficiency  of  <10%.  In  these  experiments,  the
efficiency  of  AFC  protocol  was  severely  limited  by  the
small  finesse.  Increasing  finesse  to  values f >  10  with
appropriate suppression of the negative effect of spectral
dispersion  will  require  an  increase  in  the  initial  optical
depth of the atomic transition  > 30. This will be
possible when using a crystal that combines the presence
of a high concentration of ions and a long optical coherence
time.

So  far,  practically  significant  results  have  been
obtained in different experiments and on different crys-
tals.  In  most  of  the  above  experiments,  AFC  memory
acted as a passive delay line. For practical applications,
on-demand reading is required. This can be achieved in

 

Din

−0.4 −0.2 0.0 0.2 0.4
0.0

0.5

1.0

1.5

2.0

0.10

0.60

0.75

0.90

0.93

D0

D0/Din

/D0

 

ηafc(ω) = |Γafc(te) ∗ D(ω)|2 ω/∆0

∆0

∆0/∆in

Fig. 11  The  contour  map  image  shows  spectral  efficiency
,  within  AFC  structures  for

the  various  width  of  AFC  structure  is  changed  within
inhomogeneously broadening .
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≈

π

two ways.  Firstly,  the  Stark effect  can be applied as  it
was implemented in the works [119, 120]. However, this
method has a limitation on storage time associated with
a finite AFC peak width (  100 kHz). Another way to
implement on demand signal reading is transferring optical
coherence  using a  pulse  to  an additional  pre-emptied
spin sub-level [see discussion of Eq. (10)]. At this point,
it  is  also  possible  to  use  dynamic  decoupling  pulses  to
increase  storage  time.  Such  schemes  were  implemented
in the following works [105, 121–125].

η ≈
≈

The real way to increase the efficiency of AFC protocol
is  associated  with  its  implementation  in  an  optical
resonator. The AFC protocol was already demonstrated
in an optical resonator [111, 126, 127],  in an integrated
waveguide  circuit  [128–130]  and  in  a  photonic-crystal
cavity [120, 131]. The maximum efficiency   60% was
achieved  for  storage  time  of  1  μs  [111, 126].  The
results  demonstrate  a  great  practical  potential  of  this
protocol even in conditions of low efficiency. In this case,
it will be necessary to resolve the issue of increasing the
working  bandwidth,  since  it  cannot  become  large  when
using high-quality resonators [93]. 

4   ROSE protocol

The  use  of  a  natural  inhomogeneous  broadening  of
atomic  transition  would  significantly  facilitate  the
achievement  of  high  efficiency  and  a  large  spectral
width. In 2011, QM echo protocols were proposed using
the  natural  inhomogeneous  broadening  of  the  atomic
transition [132–135], among which the protocol using the
revival of silenced echo (ROSE) signal received the most
attention [133].

π

The  original  scheme  of  ROSE protocol  was  proposed
for  a  system  of  two-level  atoms.  The  retrieval  of  the
stored  signal  light  pulse  is  implemented  by  using  two
subsequent rephasing  pulses. The ROSE echo signal is
the result of the primary echo retrieval, the radiation of
which is blocked by suppression of wave synchronism, or
controlled  dephasing  of  atomic  coherence  by  external
fields  [132, 136, 137].  Thus,  the  ROSE  protocol  turns
out to be the closest to the primary photon echo, which
is  most  often used in optical  echo spectroscopy.  In this
case, the echo signal is emitted in an uninverted atomic
medium in a similar way to the CRIB protocol, without
the appearance of additional quantum noise. An important
advantage  of  ROSE  protocol  in  comparison  with  other
QM  echo-protocols  is  the  possibility  of  using  a  long
natural lifetime of optical coherence and a higher optical
density  of  the  resonant  transition.  These  properties  of
the ROSE protocol make it promising for further devel-
opment.

The  ROSE protocol  was  experimentally  implemented
in bulk crystals [133, 138, 139], in a waveguide [39, 140]
and  in  an  impedance-matched  cavity  [67, 141].  The

≥

π

retrieval efficiency of  40% was achieved in the works
[57, 58].  However,  a  significant  problem  of  the  ROSE
protocol  is  the  difficulty  of  implementing  pulses  in
atomic media, which causes noise in the emitted photon
echo signal [58, 67, 142, 143].

π

η ≈

π

Recent  work  [144]  demonstrated  the  possibility  of
significantly  suppressing  the  optical  noise  in  ROSE
protocol through the use of a 4-level atomic scheme. In
this  protocol,  called  by noiseless  photon-echo (NLPE)
protocol,  laser  pulses  acted  on  an  adjacent  optical
transition, and the resulting optical noise was suppressed
using a filter crystal (see Fig. 12). Thus, it was possible
to  increase  the  SNR  to  42.5  with  a  storage  time  of
22.5  μs  and  efficiency  6.4%.  Despite  a  significant
increase in SNR, in order to achieve a practically significant
value  of  QM  efficiency,  it  is  necessary  to  improve  the
implementation of rephasing control laser pulses, so that
their pulse area will be close to .

At the same time, it should be noted that the ROSE
protocol  differs  significantly  from the  CRIB,  GEM and
AFC  protocols  by  using  intense  control  laser  pulses  at
resonant atomic transitions of high optical depth. Presence
of  high  optical  depth  leads  to  nonlinear  propagation
effects  of  control  laser  pulses,  leading  to  considerable
changes of its parameters and quantum noises in ROSE
signal.  Studying  these  effects  and emerging  problems is
very  important  to  find  optimal  conditions  and  ways  to
implement ROSE protocols.

π

π

The nonlinear effects of coherent control and propagation
of  control  pulses  are  enhanced  when  the  pulse  areas  of
these  pulses  become  different  from .  The  consequence
of these effects may be a significant deterioration of the
properties  of  the  ROSE  protocol,  even  when  working
with  weak  signal  pulses.  It  should  be  noted  that  this
situation remains typical for the current level of experi-
mental implementation of optical QM due to the difficulties
of implementing laser  pulses.

By  using  photon  echo  area  theorem  (11),  we  focus
below  on  the  study  of  nonlinear  propagation  effects  of
controlling  laser  pulses  in  experimentally  implemented
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Fig. 12  (a) Schematic  energy  level  structure  and  optical
transitions  of  rare-earth  ion  in  crystal.  Pulse  sequences  in
two-level ROSE (b) and four-level NLPE (c) protocols.
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versions of the ROSE protocol [58, 133, 142] using a two-
level  system  of  atoms  (see Fig.  12).  It  is  also  worth
noting  that  the  approach  based  on  the  use  of  the  area
theorem allows us to obtain basic information about the
properties  of  photon  echo  signals  when  the  spectral
width of the signal pulses is much smaller than the inho-
mogeneous  broadening  of  the  atomic  transition.  It  has
been demonstrated in recent works for ROSE protocol in
a two-level medium with a forward geometry of the echo
signal emission [58, 142], in a cavity [67] and in a single
mode waveguide [39].

π

θs(z) = θs(0)e−
α
2 z θs(0) ≪ 1

Here  we  are  particularly  interested  in  the  nonlinear
properties  of  the  two-level  ROSE  protocol,  which  are
manifested by the  use  of  control  laser  pulses,  the  pulse
areas of which begin to differ from . The studied ROSE
protocols  [58, 144]  were  implemented  in  the  forward
geometry  of  the  echo  signal  emission.  In  this  case,  the
control  laser  pulses  propagate  in  the  opposite  direction
to the signal pulse, which makes it possible to noticeably
attenuate the optical noise caused by the action of laser
pulses.  In  experiments  [58, 144],  weak  coherent  signal
pulse  were  used  which  can  be  characterize  by  small
input  pulse  area  (where ).
Therefore, ignoring the population of the excited optical
level after the absorption of the signal pulse, we get the
solutions  for  pulse  areas  of  intensive  first  and  second
control laser pulses by using McCall–Hahn area theorem
[63, 145]: 

tan
[
θ1(z)

2

]
∼= β1e−αz/2,

tan
[
θ2(z)

2

]
∼= β2

(
1 + β2

1

eαz + β2
1

)
eαz/2, (26)

β1,2 = tan[ θ1,2(0)2 ]

π

β2
1 ≫ eαz

where  and as can be seen from the solution
(26), if the pulse area of the first pulse is close to  and

,  the  second  pulse  experiences  amplification
during its propagation in the medium.

The  solutions  (26)  can  be  used  for  studies  of  the
protocol  efficiency  in  the  case  where  the  spectrum  of
laser  pulses  is  much  narrower  than  inhomogeneous
broadening of the atomic transition, but wider than the
spectrum of the signal pulse [67]. Moreover, the solutions
remain  manageable  when  using  chirped  laser  pulses
[146],  which  allow  a  significant  increase  in  the  working
spectral  range  for  the  perfect  laser  control  of  atomic
coherence.  We  interested  by  the  case  of  weak  signal
pulse  pulse  and intensive  two pulse  sequence of  control
laser  pulses  (see Fig.  12),  where  we  get  the  following
relations for the resonant atomic coherence and inversion
[67]: 

Pe(0, z) = Γ(te)e−αR(0)z/2θs(0)

× sin2
θ1(z)

2
sin2

θ2(z)

2
, (27)

 

We(0, z) = − cos θ1(z) cos θ2(z). (28)

θR(z)

The  formal  solution  of  Eq.  (11)  for  the  pulse  area
 of forward ROSE protocol is 

θR(z) = 2 arctan
{
1

2
Γ(te)θs(0)αR(0)

×
∫ z

0

dz′Pe(0, z
′) exp

{
αR(0)

2

∫ z

z′
dz′′We(0, z

′′)

}}
,

(29)

which we use in further analysis.

π

To  study  the  influence  of  deviation  of  control  pulse
areas  from ,  in  the  theoretical  description  we  limit
ourselves  to  the  case  when the  two control  laser  pulses
propagate  parallel  to  the  first  signal  pulse  and  the
photon  echo.  Substituting  expressions  (26)  in  Eq.  (29)
after calculating the integrals, we get 

θe(z) = 2 arctan
{
1

2
Γ(te)θs(0)Φ(z)A(z)

}
, (30)

where 

A(z) = αR(0)z +
(1− eαR(0)z)

(1 + β2
1)[1 + β−2

1 eαR(0)z]

+ ln
[

1 + β−2
1

(1 + β−2
1 eαR(0)z)

]
, (31)

 

Φ(z) =
e
1
2αR(0)zβ2

2(1 + β2
1)

2(β2
1 + eαR(0)z)

β2
1 [β

4
1 +MeαR(0)z + e2αR(0)z]

. (32)

M = β2
2(1 + β4

1) + 2β2
1(1 + β2

2)Here  and  we  assumed  that
the primary echo signal is  suppressed by the additional
controlled dephasing [124].

π

π

αR(0)z > 2.5 θc ∼ 0.8π

Together  with  the  backward  CRIB  protocols  (13),
(14), the solution (30) is the third example of an exactly
solvable  task  of  photon  echo  QM  protocols  under  the
conditions  of  strong  nonlinear  light-atoms  interactions.
The  question  arises – what  will  be  the  behavior  of  the
ROSE signal  intensity  with  deviation  of  the  pulse  area
of  control  laser  pulses  from  in  the  optically  depth
medium? The depicted in Fig. 13 analytical solution (30)
shows  that  with  a  significant  deviation  in  the  areas  of
control pulses from  can lead to strong amplification of
the  echo  signal  in  the  optical  depth  medium

.  The maximum growth occurs  at .
However the signal amplification is observed even under
conditions  of  the  enlightenment  of  the  atomic  medium,
which cannot yet act as an amplifier. The increase in the
echo signal amplitude is a manifestation of the nonlinear
coherent  interaction  of  light  with  atoms  in  such  a
medium.  At  the  same  time,  the  appearance  of  optical
quantum noise is the result of spontaneous transitions of
atoms  to  the  ground  state.  The  level  of  such  quantum
noise  will  remain  weak  with  a  small  deviation  of  the
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π

αR(0)L = 2

π

pulse area of the control laser pulses from . A detailed
study of  the  level  of  quantum noise  will  require  special
research  based  on  the  application  of  strict  quantum
theory. It is also seen that by choosing an optical depth

,  there  is  a  maximum  echo  signal  amplitude
with  a  minimum gain  for  a  noticeable  deviation  of  the
pulse  areas  of  the  control  laser  fields  from ,  which
ensures  a  low  level  of  optical  quantum  noise,  respec-
tively.

Thus,  the  solution  obtained  using  the  area  theorem,
makes it possible to determine the required accuracy of
choosing the pulse area of control pulses used in an optically
dense  medium.  A  similar  theoretical  study  can  be
carried out for a 4-level NLPE scheme, where, however,
obtaining  a  closed  analytical  solution  requires  a  special
study, and this also concerns the analysis of the backward
geometry of ROSE protocol schemes.

π π

It is also important when implementing the spin-wave
protocol,  in  particular,  directly  using  the  four-level
ROSE protocol. Currently, different groups use pulses of
a  special  time  and  frequency  dependence,  for  example
complex  hyperbolic  secant  pulse  [147, 148]  and
hyperbolic-square-hyperbolic pulse [149] which are espe-
cially  effective  given  the  pulse  duration  limitation.  In
experimental works [58, 67, 125, 133, 143, 144],  a pulse
area in the range from 0.7  to 0.9  was achieved. In this
case the area theorem approach can be useful as well. 

5   Multimode repeater with absorptive
memory

In quantum communication channels, the error probability
scales exponentially with the channel length. To overcome
this limitation a quantum repeater scheme was proposed
in the work [150]. Later it was theoretically shown [151,
152]  that  the  use  of  a  multimode  optical  quantum

memory can increase the rate of generation of quantum
entanglement  by  several  orders  of  magnitude  between
quantum repeater nodes [1, 153] and reduce the require-
ments  for  the  entanglement  storage  time.  Instead  of
generating entanglement between an atom and light, as
in  the  DLCZ protocol  [154],  it  was  proposed  to  use  an
external source of photon pairs (biphotons) in an entangled
quantum  state.  The  requirement  for  the  QM  in  this
version of the repeater is the ability to record, store and
retrieve several independent modes, for example, tempo-
ral, spatial or frequency modes, to ensure the appropriate
multiplexing.

Another  advantage  of  the  multimode  quantum
repeater is the use of two-photon interference in the Bell
state  measurement  nodes,  in  contrast  to  the  single-
photon  interference  used  in  the  DLCZ protocol.  Single-
photon interference  imposes  additional  requirements  for
strict phase stability of the control lasers and the length
of the fiber (interferometer), which is extremely difficult
in practical applications using long distances to transmit
quantum information. An external source of biphotons is
often a nonlinear crystal in which the spontaneous para-
metric  down conversion  (SPDC)  effect  is  realized.  This
effect  is  a  nonlinear  process  of  interaction  of  radiation
with an anisotropic crystal, in which a pair of photons is
spontaneously  born  from  one  photon  of  intense  pump
radiation [155]. In this case, quantum entanglement can
be encoded into various degrees of freedom of biphotons,
such  as  polarization,  frequency,  spatial  or  temporal
modes,  orbital  angular  momentum,  as  well  as  into
temporal  bins  (wave  packets  of  single-photon  states)
[155].

λ ∼

3+
2 5 λ ∼

ηQM =

F >

So far the main optical QM scheme used for quantum
teleportation  of  the  quantum  state  of  a  photon  and  a
qubit in crystals doped with REIs is the AFC protocol.
In the work [156] teleportation of the polarization state
of  a  telecom-wavelength  (  1.3  μm) photon  onto  the
state of a polarization preserving QM cell. Entanglement
is  established  between  a  Nd :Y SiO  crystal  (
883 nm,  5%, storage time 50 ns), which stores a
single  photon  whose  polarization  is  entangled  with  a
flying  photon  of  telecommunication  wavelength.  The
latter is jointly measured with another flying polarization
qubit in the weak coherent state to be teleported, which
heralds  the  teleportation.  The  fidelity  of  the  qubit
retrieved from the memory is shown to be  80%.

3+
3

λ
3+ λ

Quantum  entanglement  between  two  solid-state  QM
cells  was  experimentally  demonstrated  in  Ref.  [118].
Entangled pairs of photons in time-bin modes were used,
with  photon  wavelengths  in  each  pair  of  794  nm  and
1535  nm.  They  were  stored  in  a  Tm :LiNbO  crystal
(  = 794 nm) and in an optical fiber doped with erbium
ions  Er  (  =  1535  nm).  Quantum  entanglement
between  two  different  QM  cells  was  obtained  with  a
fidelity  of  ~93%. Due to the low efficiency of  such QM
cells,  which  was  0.1%  in  the  erbium-doped  fiber  with
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Fig. 13  Efficiency  in  forward  two-level  ROSE  protocol
 as a function of optical depth 

and pulse areas of control laser pulses  calcu-
lated  by  using  exact  solution  Eq.  (30),  it  is  assumed

.
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3 Tst
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storage  time  ( )  of  6  ns  and  0.4%  for  the
Tm :LiNbO  crystal  (  = 32  ns),  the  probability  of
entanglement  of  two  QM  cells  was  about  4  ×  10 ,
which  is  not  sufficient  for  practical  use  and  stimulates
further improvement of this QM.

λ ∼
3+

2 5

−2

−3

ηQM ≈

In Ref. [157] quantum teleportation over a distance of
1 km was experimentally realized between an enegy-time
entangled photonic qubits at a telecommunication wave-
length (  1.43 μm) and a photonic qubit with a wave-
length  of  606  nm,  which  was  stored  in  a  Pr :Y SiO
crystal.  In  the  case  of  successful  interference  of  two
photons at a telecommunication wavelength with subse-
quent measurement of the Bell  state,  the probability of
teleportation of  the qubit  after  the QM cell  for  a short
distance of 5 m was 1.2 × 10 , while for a distance of
1  km  it  decreased  slightly  and  was  7.5  ×  10 .  The
frequency  of  successful  measurement  of  the  Bell  state
was 1 Hz at   18%. In this experiment, a feedback
system was additionally used, implementing a conditional
phase  shift  of  the  qubit  extracted  from  the  QM,  as
required by the quantum teleportation protocol and time
multiplexing  was  also  demonstrated.  Note  that  it  is
possible to improve the parameters of implemented QM
and  the  whole  system,  such  as  on-demand  readout  of
photonic  qubit  [122],  fiber  integration  [129],  heralded
entanglement  between  two  spatially  separated  QMs
[158]  and  increase  in  efficiency  of  QM  cell  up  to  60%
[159] by application of impedance-matched cavity.

3+
4 λ

ηQM ≈
F ≈

F

Heralded  distribution  of  quantum  entanglement
between two QM cells  was experimentally implemented
in  the  work  [160].  The  experimental  setup  consisted  of
two  separate  sources  of  polarization-entangled  photon
pairs  that  interfered  at  a  beam  splitter  and  were  then
projected  onto  Bell  states,  resulting  in  polarization
entanglement of the two states that were stored in separate
QM  cells  at  a  distance  of  3.5  m.  The  QM  cell  was  a
Nd :YVO  crystal  (  =  880  nm).  The  AFC  protocol
were implemented in these crystals  with a storage time
of 56 ns, a bandwidth of 1 GHz, a signal photon recovery
efficiency of   13%, and a quantum state recovery
fidelity  96%.  Bell  states  were  detected  at  a
frequency  of  100  Hz,  which  predicted  entanglement  of
the two QM cells with each other. The final entanglement
distribution  frequency,  taking  into  account  all  losses,
was 1.1 per hour with a quantum state recovery fidelity

 =  80.4%.  So  far  this  experiment  is  the  closest  to  a
scalable quantum repeater node.

3+
2 5 λ ∼

The  above  works  used  only  one  degree  of  freedom
(DOF) of  photons  for  entanglement  creation.  They can
also  be  entangled  in  more  than  one  of  their  DOF,  i.e.,
hyperentangled, and can share more bits of entanglement
[161, 162].  In the work [163]  the storage of  energy-time
and polarization hyperentanglement. One of the photons
were  stored  in  a  Nd :Y SiO  crystal  (  883  nm),
while  the  other  photon  has  a  telecommunication  wave-
length suitable for transmission in optical fiber.

3+
2 5

It  should  be  noted  that  recently  the  components  of
quantum repeater nodes have also been actively developed
with  importance  for  practical  application.  In  the  work
[164]  storage  in  Er :Y SiO  crystal  of  the  entangled
state of two telecom photons generated from an integrated
photonic chip was implemented. The erbium doped fiber
was  used  as  a  quantum memory  cell  in  the  work  [115,
165]  to  store  photons  at  telecommunications  wave-
lengths, making it easier to integrate into fiber commu-
nication  lines.  Another  way  is  to  connect  fibers  to
waveguides  in  crystals  in  which  QM is  implemented  as
was demonstrated in Refs. [128, 129, 166].

>

π

∼

π

Simultaneous  achievement  of  the  required  values  of
the  QM  characteristics  (telecom  operating  wavelength,
high storage bandwidth and storage efficiency, long storage
time and noiseless) has not yet been implemented in any
of the protocols. Below we summarize the best achieved
parameters  in  the  experimental  implementation  of
photon  echo  based  optical  quantum  memory.  In  the
ROSE QM a relatively high efficiency ( 40%) at telecom
wavelength can be achieved with a storage time of tens
of  μs  [57, 58].  The  ROSE  protocol  compares  favorably
with  other  QM  protocols  in  its  relative  simplicity,  but
the  complexity  of  creating  effective  rephasing  pulses  as
close  as  possible  to  leads  to  a  decrease  in  efficiency
and  the  appearance  of  optical  quantum  noise  greatly
exceeding  the  single-photon  level.  For  example,  in  a
modified  ROSE  protocol  with  four  control  pulses  and
the use of two additional levels [144], it was possible to
increase  the  signal-to-noise  ratio  to 42  with  a  storage
time of 22.5 μs of a signal pulse containing an average of
1.17  photons.  However,  the  use  of  additional  pulses
led to a decrease in efficiency to 6.4%.

3+
2 5

CRIB, GEM and AFC protocols of QM are low-noise,
but their implementation is complicated by the necessity
of  preparation  of  a  narrow  spectral  component  or  a
comb  of  such  components  inside  the  inhomogeneously
broadened line  of  the optical  transition.  In Ref.  [70]  an
efficiency of ~69% was achieved on a Pr :Y SiO  crystal
for  storing  quantum  states  of  light  with  a  low  noise
level. The implementation of the GEM protocol by using
the Zeeman effect in a switchable magnetic field gradient
was  demonstrated  in  works  in  three-level  atomic  gases
on a non-resonant Raman transition [38, 71, 72, 167]. In
these works, rubidium vapor gas was used and an efficiency
of  87% was achieved,  which remains  the best  efficiency
in the implementation of optical QM. At the same time,
the  spectral  width  of  such  memory  was  only  about
100 kHz.

Tst

AFC  protocol  allows  a  significant  increase  in  the
working spectral  width and,  accordingly,  an increase  in
the information capacity of the QM. The AFC protocol
was  experimentally  implemented  for  different  crystals
with  REIs  with  different  optical  transition  wavelengths
[105–107, 110]. In AFC protocol an efficiency of 62% was
achieved  [111],  a  storage  time  ( )  of  1  hour  [49],
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fidelity of  99% [112, 113] (for efficiency of 11 and 7%),
the  storage  of  more  than  1000  temporal  light  modes
[114–116]  and  a  large  operating  spectral  width  (
6 GHz) were demonstrated [115, 117, 118] but with effi-
ciency of <10%.

We also draw the reader’s attention to recent reviews
devoted  to  the  issues  on  theoretical  and  experimental
implementation  of  quantum  repeater  nodes  in  other
physical systems [168], as well as an analysis of requirements
of qunatum memory efficiency and storage time [169]. 

6   Conclusion

We  have  considered  the  basic  photon  echo  QM  proto-
cols, analyzed their main properties and key problems in
achieving  high  efficiency  for  broadband  signal  fields.
Using  the  new  obtained  analytical  results  we  analyzed
effects  of  spectral  dispersion  on  the  efficiency  of  QM
echo-protocols and nonlinear effects of the atomic inter-
actions  with  intensive  signal  and  control  light  pulses.
The presented analytical results and performed analysis
made it possible to find requirements for the atomic and
light parameters  in the efficient storage of  signal  fields.
Basic  properties  and  current  problems  of  QM  echo-
protocols were discussed together with recent experimental
results  demonstrated  significant  progress  in  improving
the performance of the studied echo-protocols. Concluding
the  analysis  of  basic  echo  protocols  of  QM,  it  is  worth
noting  the  need  for  further  development  of  the
approaches to their implementation. In this regard, it is
of  interest  to  use  pre-created  long-lived  macroscopic
coherence  in  the  system  of  atoms  [170],  in  which  the
possibility  of  suppressing  quantum  noise  and  dynamic
programming of storage time appears.

Description  of  optical  quantum  memory  on  atomic
ensembles  requires  taking  into  account  a  large  number
of  parameters,  including  both  the  parameters  of  the
macroscopic  system  and  the  microscopic  parameters  of
atoms, without which it is difficult to expect to achieve
high efficiency of the implemented protocols. At present,
the  fidelity  in  the  implementation  of  quantum memory
protocols remains not as high as necessary for the imple-
mentation  of  quantum  computing,  which  is  due  to  the
complexity  of  describing  all  the  factors  involved  in  the
dynamics  of  the  functioning  of  quantum  memory.  The
description of existing protocols is still carried out using
model  approaches  to  describing  the  dynamics  of  the
behavior  of  atoms  and  light,  which  is  in  satisfactory
agreement  with  existing  experimental  data  within  the
framework  of  experimental  accuracy.  It  should  be
expected  that  subsequent  progress  in  improving  experi-
mental  studies  of  optical  quantum memory will  lead to
the need for a more detailed and more accurate description
of the quantum dynamics of light and atoms interacting
with  it.  These  issues  currently  arise  when  it  comes  to

the need for a more detailed description of the behavior
of atoms experiencing strong interactions with neighboring
atoms  and  the  environment.  To  describe  the  quantum
dynamics of such atomic systems, the use of a quantum
computer  will  soon  become  an  urgent  task.  It  is  also
necessary to expect the receipt of experimental data that
claim  to  be  of  higher  accuracy,  which  will  make  it
important to build more complex theories and the need
for powerful computing resources for their use and verifi-
cation.

Among  the  most  important  tasks  of  the  near  future,
which it is important to solve on the way to improving
the basic parameters of broadband QM on photon echo,
we would like to draw the attention of researchers to the
solution of the following tasks.

i)  Ensuring a  high degree  of  temporal  reversibility  of
protocols and compensation for the influence of spectral
dispersion to achieve high efficiency and fidelity of signal
pulse retrieval.

π

ii) Development of experimental methods for the real-
ization  of  laser  pulses  in  the  excitation  of  optically
dense atomic ensembles.

iii) Improvement of methods for the preparation of the
initial  state  (high-precision  depopulation  of  spin
sublevels) of rare earth ions.

iv)  Further  development  of  dynamical-decoupling  rf-
and microwave pulse sequences providing high preserving
of coherency and techniques of depopulation of spin sub-
levels for high enough SNR. Now the best SNR is 7.4 for
20 ms storage time using AFC protocol [123].

At  the  same  time,  further  improvement  of  the  QM
echo  protocols  should  be  expected  using  optical
resonators  [171, 172].  Cavity  assisted  QMs  will  signifi-
cantly  reduce  the  requirements  for  the  optical  depth of
the  resonant  transition,  involve  off-resonant  Raman
interaction  for  direct  mapping  to  long-lived  states  of
REI  [87, 88],  as  well  as  its  use  in  various  integrated
circuits  [19, 173, 174].  Along  this  path,  there  are  still
many tasks to be solved in the development of new QM
resonator schemes [93, 175] for controlling the interaction
of  photons  with  coherent  atomic  ensembles.  The  devel-
opment of broadband QM using multi-resonator systems
is also of a large interest here [176–178].

When implementing optical quantum memory protocols
in concentrated atomic ensembles, significant development
of the theory is already important problem, which takes
into  account  the  influence  of  interatomic  interactions,
the resulting features of atomic relaxation, the manifes-
tation  of  the  local  Lorentz  field  in  the  dynamics  of
atoms,  the  propagation  of  light  fields  in  waveguide
structures,  etc.  These  questions  arise  in  specific  experi-
ments, the detailed analysis of which will require further
development of the theory, the application of which will
require  the  development  of  numerical  methods  for
analyzing  the  studied  quantum  memory  protocols.  We
also  draw  the  reader’s  attention  to  recent  reviews
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devoted to the issues of experimental implementation of
optical  QM  [18, 20, 179]  and  to  the  reviews  on  first
experimental  results  obtained  in  integrated  QM  using
REI  doped  crystals  [19, 174],  where  the  influence  of
spectral  dispersion  and  nonlinear  interaction  of  light
pulses  with  atomic  systems  also  require  special  study
[93]. 
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