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In this paper we present universal broadband multiresonator quantum memory based on the spatial-frequency
combs of the microresonators coupled with a common waveguide. We find a Bragg-type impedance matching
condition for the coupling of the microresonators with a waveguide field that provides an efficient broadband
quantum storage. The analytical solution obtained for the microresonator fields enables sustainable parametric
control of all the memory characteristics. We also construct an experimental prototype of the studied quantum
memory in the microwave spectral range that demonstrates basic properties of the microwave microresonators,
their coupling with a common waveguide, and independent control of the microresonator frequencies.
Experimentally observed narrow lines of the microresonators confirm the possibility of multiresonator quantum

memory implementation.
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I. INTRODUCTION

Control and manipulation of electromagnetic fields play a
basic role in quantum information technologies [1]. In the past
decade these matters have attracted a wave of interest among
those working on quantum storage of single photon fields
used as quantum information carriers [2—4]. Herein, quantum
memory (QM) devices being experimentally elaborated seem
to be key elements of the quantum computer [5—7] and the
repeater [8] of long-distance quantum communication. The
mainstream in current theoretical and experimental works on
the QM creation is based on the usage of the resonant atomic
ensembles as the robust keepers of a large amount of quantum
data. The use of solid-state media, especially ensembles of
the electron-nuclear-spin systems, is very promising for the
creation of long-lived quantum storage. The rare-earth ions
doped in inorganic crystals [9,10], nitrogen-vacancy centers
in diamonds [11,12], and P donors in an isotopically pure Si
crystal [13] can serve as such media, particularly for the use
in microwave quantum storage [5,14—19].

The use of the photon echo approach [9,20] with the
atomic system being in the high-Q single-mode resonator is
considered especially promising for the practical implementa-
tion of multimode quantum storage. This happens due to the
impedance matching enhancement of the resonant interaction
of a weak-signal light field with a small number of atoms
[21-26]. However, this impedance matching scheme has a
limited spectral range, since its range is determined by the
quality factor of the resonator [22,27,28].

In this paper we propose an approach providing broadband
impedance matching QM. Instead of atomic ensembles (elec-
tron spins, etc.) in a single-mode resonator, in this approach
[we call it the multiresonator (MR) QM approach], we use
an array of high-Q single-mode microresonators located at
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the distance of a whole number of half wavelengths from
each other and coupled to a broadband waveguide. The
microresonator frequencies form a periodic structure that
covers the broadband frequency range. The principle spatial
scheme of the MR QM is depicted in Fig. 1.

It is worth noting that waveguide structures in which many
microresonators are connected to the common waveguide [29]
have been intensively studied in optics [30-32]. Great attention
was paid to the structures consisting of microresonators
with equal frequencies. In this case the realized nano-optical
structures have demonstrated promising properties for the
on-chip optical time delay lines [33]. We would also like to
highlight various schemes in which optical waveguides are
coupled with microresonators characterized by frequencies
that are tunable within a wide spectral range [34] by using
on-chip comb filters based on linear chirped fiber Bragg
gratings (LCFBGs) [35-37], microring resonators [38,39], and
cascaded Sagnac loop mirrors [40,41] (see also recent reviews
in [42,43]). Here silica [44] and crystalline microresonators
[45,46] are the most encouraging for quantum processing
purposes due to their higher-quality factors. These optical
integrated waveguide structures may also be useful for the
implementation of the proposed MR QM.

We show that the MR scheme can be interesting for the uni-
versal quantum storage of a light field in a broadband frequency
range. Here we find that perfect storage is possible at the
optimal parameters of the microresonators and their coupling
with the waveguide. The optimal parameters are determined
by a single impedance matching condition for the interaction
of a freely propagating light field with microresonators due to
the fact that they form a spatial Bragg grating. We decided to
call it the Bragg-type impedance matching condition.

Finally, we have constructed an experimental prototype of
the studied MR QM in the microwave range that allowed us
to localize the interaction within spatial size comparable to
a few wavelengths and to implement independent control of
the microresonator frequencies. Experimentally characterized
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waveguide resonators

FIG. 1. Spatial scheme of the MR QM: 1-6 are single-mode
microwave microresonators with distance 1/2 between the nearest
ones; the microresonators contain dielectric insertions, which ensure
the smallness of their spatial sizes in comparison with A; and wavy
lines represent the propagating electromagnetic fields interacting with
the microresonators.

spectral properties of the prototype demonstrate its applicabil-
ity for the studied QM.

II. PHYSICAL MODEL

In this section we give a theoretical study of the proposed
QM scheme and analyze its basic properties.

A. Theoretical analysis

To simulate the interaction of a light field with an array
of nearby microresonators in the broadband waveguide, we
use the following multiparticle Tavis-Jaynes-Cummings-type
model [47,48] with the Hamiltonian

A= / dk c|k|bbi + ) [cko + nAlaja,

+g / dky e "bla, + e "albd. (1)

n

where c is the speed of light; the integer index n € {1, ... ,N}
corresponds to the nth microresonator; the continuous index
k € [—ko — 80; —ko + 80] U [ko — 80; ko + So] corresponds to
the forward and backward waveguide field modes located near
the resonant frequency wy = cko; &,,,&,Tl and IQk,IQI are the
annihilation and creation Bose operators of microresonator
modes and of waveguide field modes, respectively; z, = zn
is a spatial coordinate of the nth microresonator, where the
nth microresonator has a frequency of w, = wy + An; and
A is the spectral distance between the nearest microresonator
frequencies.

The first term in (1) corresponds to the energy (in the units
h) of the waveguide modes and the second term describes
the energy of N microresonators. The third term in (1)
corresponds to the interaction of the waveguide field with
the microresonator modes, which is characterized by the
coupling constant g. The point location of microresonators
in (1) is provided by their contact localized coupling with
a waveguide field, as shown in Fig. 1 (see also Fig. 6). We
study the interaction of a single photon field with the analyzed
compound MR system in the broadband waveguide. By taking
into account the Hamiltonian (1), the wave function of this
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compound system has the following form:

) = [/ dk fi(t)b} + Zan(t)&l}lox 2)

where f;(¢) and o, (¢) are the amplitudes of the waveguide
and microresonator field modes that satisfy the normalization
condition [ dk f(t) fi(t) + Y, ek (e, (1) = 1.

By using the Schrodinger equation (3, + i H)|y) = 0, we
get the following equations for the field amplitudes f;(#) and
o (1):

[0 + iclk[1 /i) +ig Y e " a, (1) =0,

3)
[0, +iw0+iAn]ocn(t)+ig/dkeikZ”fk(t) =0.

The basic properties of MR QM can be easily studied for a
retrieval stage. In this case, we assume that the waveguide
mode stays in the vacuum state at time moment ¢ = 0 when
the MR system has absorbed an input single-photon field.
This moment of time corresponds to the middle point between
the absorption and retrieval stages. By substituting the formal
solution fi(t) = —ig [y dtr Y., e Hllct=0+sen®zmly (7 in
the second of Egs. (3) and by replacing variables «,(t) =
e~i™l B (1), we get

2
(8, +i An1Bu(1) + 2= 3 o g (¢ — |n —mlz/c) =0,
¢ m

“4)

where we used the following initial conditions: f;(0) =0,
B.(0) = c,,andt € [0; 2/ A]. Inthe case of a single microres-
onator (n =0), we find the solution By(¢) = exp{—I't/2},
where T' = 27g?/c determines the mode linewidth. For a
sufficiently narrow spectral width of an irradiated light pulse
|(n —m)z/c| K &t; (Where §t, is the typical temporal duration
of the pulse) and periodic spatial positions of microresonators
{z = In/ko,l € Z}, we obtain the following solution:

. I wl -
—iAnt
Bnl o y — — ]+_
B =e |:C 2A< ZA)

sin[A(m —m)t/2] i n 2 ]
XZ )2 e Cm |, ()

m

where we introduced the variables (—1)"8,(t) — B,(t) and
(=D"¢c, = ¢,.

The solution (5) demonstrates quite complex dynamics
of the microresonator fields for arbitrary parameters of the
interaction. Further, from Eq. (5) we find the quantum
efficiency n(r)=1-3", | B.(1)|? of the field irradiation as
the following product of two factors:

n() = no(g)m(),

_2arf AT - .
ﬂo(g)—T oAl (6)

At/
m) = / dv
0

2

§ 6’7[27”“)6‘,1
n
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First, we note that the solution (6) is time reversible and
the quantum efficiency of the entire process is given by
Niotal = n2(T) (where T = 27 /A). In this case, the temporal
evolution of the system under consideration describes a storage
of the input light pulse at the absorption stage (i.e., for t < 0).
Second, as shown in Eq. (5), the input and output light pulses
are identical to each other for the symmetric initial conditions
¢ = c_,, which means perfect fidelity for the retrieval of
the input pulse. These two findings complete the analytic
description of the studied MR QM scheme. The solutions (5)
and (6) are the main analytic results of our work. Specific
details of the calculation are given in the Appendix.

The studied quantum storage is valid for the light pulses
with spectral width up to ~N A, which can be much larger in
comparison with the linewidth I" of a single microresonator
mode. Below we analyze a condition for realization of highly
efficient quantum storage.

B. Optimum condition and universality

The general properties and role of the impedance matching
condition are well known in laser physics [49,50]. Recently,
such conditions became important for the QM realization on
atomic ensembles in a single-mode resonator [21,22,27,28]
and for controlling the perfect light-atom quantum dynamics
[17,51,52] in similar systems. The impedance condition
physically adjusts the optimal interference effects of the light
medium interaction in the resonant cavities that significantly
facilitates the implementation of the main requirements to
the quantum dynamics of light. Early experiments of the
impedance matched photon echo QM schemes have been
successfully demonstrated in optical cavities [23-25].

By using Eq. (6) we can analyze the condition of efficient
light field irradiation. The temporal evolution of the irradiation
is governed by the factor 7,(¢), which can be close to unity at
time moment¢ = 27/ A, as discussed in the next section. From
the factor 7(g), we find that the maximum quantum efficiency
[i.e., n(T) = 1] is reached under the following condition for
the coupling constant g (or linewidth I" of the microresonator
mode) and spectral distance A between the microresonator
frequencies:

A=3T 7)

we call it the Bragg-type impedance matching condition
providing the perfect MR QM operation.

As can be seen in Fig. 2, the quantum efficiency
clearly depends on the dimensionless coupling constant § =
(rT/2A)'/? = gm/(cA)'/2. We can experimentally control
the values of g and A (see Sec. III), which facilitates the
implementation of the condition (7). We also see in Fig. 2
that the efficiency no(g) is higher than 90% in the interval
g € [(V/10 — 1)/3,(1 4+ +/10)/3], in which it is possible to
change the coupling constant in the range g < 2/3. The
variations of g and A show a stability of high efficiency. In
turn, the fulfillment of the requirement n;(2w/A) = 1 for all
the initial conditions of the microresonator states means that
MR QM is universal within some spectral range (see also
Appendix).
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FIG. 2. Quantum efficiency ny = 4g%/(1 + g*)* vs the dimen-
sionless coupling constant § = (7 I"/2A)"/?; the maximum efficiency
& = 1 corresponds to the Bragg-impedance matching condition.

For comparison, we also note that the usual impedance
matching scheme based on using the atomic ensemble in
a single-mode high-Q cavity [21-26] requires at least two
impedance conditions (one of which is a spectral condition)
for the quantum storage in a spectral width comparable to
the linewidth of an empty cavity, as shown in a series of
works [22,27,28]. However, it is sufficient to satisfy only
one Bragg-type impedance condition (7) for implementation
of perfect QM within an even broader spectral range in the
considered scheme.

It is worth noting that the first scheme with a periodic
spatial-frequency structure of resonant atomic lines was
considered for optical QM in [53]. However, we have found
that the pointlike spatial grating scheme can demonstrate
the Bragg-type impedance matching condition for quantum
storage in the broadband waveguide. That is, the impedance
matching condition becomes possible due to the pointlike
coupling of the light field with the microresonators forming
a spatial grating (see Fig. 1). Herein, the spatial grating of
the microresonators fulfills the role of a broadband distributed
resonator for the light fields. Thus, any use of an additional
(spectral) impedance matching condition is not necessary.

C. The MR QM dynamics

The MR scheme has a unique quality: The simple analytical
solution (5) of the microresonator fields enables sustainable
parametric control of all the memory characteristics. However,
adetailed analysis of the dynamic structure of the QM schemes
is a laborious fundamental problem for all multiparticle
quantum systems and a general approach to this problem for
the studied MR scheme is beyond the scope of the present
paper.

Primarily, we focus on the important case of a short
rectangular signal pulse when the initial data satisfy the
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FIG. 3. Current efficiency n;(r) over time ¢ in units of 27t /A for
N = 6. The time interval ¢ € [0,7r/A] corresponds to half the storage

phase.

condition ¢, = (—1)" N~!/? and the relation

mQ@mu/A)
u . _ 2
=l/ dv[S“,l[N”(” 1/2)]} N g —1/2) (8)
N Jo sin[m (v — 1/2)]

is obtained for the factor n;(2mwu/A) of quantum efficiency
(6), where 6(u) is a Heaviside step function [6(0) = 1/2]. The
dynamic structure of QM behavior for N = 6 is determined
by the curves in Figs. 3 and 4. The time interval ¢ € [0,71/A]
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FIG. 4. Normalized intensity of echo pulse emission /(¢) =
d,n1(t) as a function of time ¢ in units of 27/A for N = 6; the
pulse duration is about 8¢, ~ 2w /N A, which allows the use of short

pulses.
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corresponds to half the storage phase. We already see good
enough light storage for N = 6. The envelope curve in Eq. (8)
has a typical decay of the form e~"*, which provides a quite
perfect storage phase for any N > 6. The maximum intensity
I,(¢) of the irradiated field is observed at¢ = 7/ A. In this case,
the current quantum efficiency of the field irradiation is given
as n1(t) = fot dt I;(t)/ [° dt I)(t) and, respectively, I,(t) =
0;1n1(¢) [where we have used a normalization fooo dt1(t) =1
and Bragg-type impedance matching condition (7)]. Thus,
all the energy stored initially in the microresonators will be
irradiated eventually into the common waveguide. Herein, the
minimum pulse duration of the signal pulses is limited by
the value &z, ~ 2w /N A, which is determined by the total
spectral width NA of the frequency comb structure, while
shorter signal pulses will be out of the resonant interaction
with the MR structure.

In turn, we can significantly increase the storage time
by dynamic control of the spectral detunings between the
microresonator modes after complete absorption of the input
signal pulse. Namely, in accordance with Eq. (5), the evolution
of each microresonator mode will be frozen for a given
time interval 7 if all the microresonator frequencies are
adiabatically aligned quickly with each other (i.e., A =0).
Herein, the microresonator field modes will stay in the
so-called nonradiative dark state during this time interval.
However, after restoring the original frequencies, the behavior
of the MR system is recovered and the emission of the recorded
signal will be moved on the time interval 7', as numerically
demonstrated in Fig. 5 for a sufficiently high intrinsic quality
factor of the microresonators Q = wy/2y,where yT < 1 (see
also the Appendix).
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FIG. 5. Current efficiencies of the echo emission 7,(¢) over time
t in units of 2w /A for N = 6 at the matching condition (7). The blue
dotted line shows the free evolution and the red solid line the evolution
with increased lifetime of the stored pulse due to the alignment
of the microresonator frequencies (A = 0) during the time interval
T =2n/A.
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FIG. 6. Experimental prototype of the MR scheme: The waveg-
uide is connected with six cylindric metallic resonators, the frequen-
cies of which can be tuned using the handles fixing the lengths of the
cylinders.

III. EXPERIMENTAL PROTOTYPE

For the implementation of the studied QM scheme, we
have made an experimental prototype shown in Fig. 6 and we
have measured its spectral characteristics on a network ana-
lyzer Agilent PNA-X. The prototype contains six cylindrical
metallic resonators filled by the dielectric inserts characterized
by the dielectric permittivity € ~ 29. Each resonator couples
with the microwave waveguide through the thin slit. Our
steady-state experiments have demonstrated the possibility
of a sustainable precise control of the resonator frequencies
in close proximity to each other. It was also observed that
the controllable tuning of the resonant frequencies becomes
complicated when the spectral distance A between the closest
frequencies is less than 5 MHz. However, it was possible
to perform almost independent tuning of each resonator
frequency for larger spectral distance A.

Figure 7 shows three experimental curves demonstrating the
periodically spaced frequencies of six closely situated compact
resonators for three spectral detunings A = 5-15 MHz with
a total average linewidth I'os = I" + y =~ 1.7 MHz. We note
that performing the experiments with varied spectral detuning
A could provide an independent measurement of the constants
I' and y and determine the constant g, respectively. The
increase of the coupling constant g between the resonator
and waveguide field modes usually leads to higher values
of the parameters I" and y. However, in some range of
changes, it is possible to vary g and I', respectively, without
significant changes of y, as was experimentally observed in the
studied prototype. It is obvious that a small decay constant y
determines almost exponential decay of the quantum efficiency
(.e., n~ e 478,

As can be seen from a comparison of the curves in Fig. 7, the
realized MR prototype can be configured for different spectral
distances between the closest frequencies. The tunable control
of the spectral lines is achieved by the appropriate change of
the geometric dimensions of the cylindrical resonators without
variation of any other parameters. However, the frequency of
each resonator mode in Fig. 7 can be significantly shifted
by the interaction with the field modes of other resonators
via the interaction with the common waveguide field. We
observed this effect in experiments with two nearest resonator
modes. The frequency shift of one resonator mode visibly
changed the frequency of another mode for sufficiently small
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FIG. 7. Controllable frequency spectrum of resonator lines in
logarithmic scale: The distance A between the closest frequencies
is (a) 5 MHz, (b) 10 MHz, and (c) 15 MHz.

spectral distance between these modes (i.e., for A ~ ['y¢). In
this spectral range the two frequencies started to get closer to
each other, experiencing some extra attraction due to their
interaction via the waveguide field. That, in our opinion,
indicated the value of T 2> y.

Thus, the prototype of MR QM has demonstrated some
of the basic properties required for implementing the storage
of microwave electromagnetic fields. At the same time, the
Bragg-type impedance matching condition (7) requires the cre-
ation of the periodic frequency combs with a smaller frequency
interval A in comparison with the detunings depicted in Fig. 7.
Such a frequency setting requires an experimental system
providing precise control of the closely situated resonator
frequencies. This is a subject for further study.

We can also apply the currently being elaborated methods of
fast switching of the resonator frequencies [54-59] (see also
reviews in [42,43,60]) for implementation of longer storage
and on-demand retrieval of the absorbed microwave fields.
These methods can work with switching time on the order
of 100 ns, which is applicable in our scheme. In addition,
the quantum storage in the microwave spectrum region [15]
requires perfect control of MR QM parameters and a fairly low
temperature (around 10~2 K) that is necessary for protecting
against microwave quantum noises, which are a topic of our
current investigation.

IV. CONCLUSION

We have studied the system of high-Q microresonators
that have a pointlike coupling with a broadband waveguide
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(MR scheme). The aim of this study is to identify and
demonstrate the optical conditions under which the MR
scheme can ensure high quantum efficiency during the storage
and readout of the broadband microwave fields. Herein, the
microresonators form a spatial Bragg grating system and a
periodic structure of narrow resonance lines. We have obtained
an analytical solution (5) describing the quantum dynamics of
the microresonator fields. Based on this solution, we have
found a single type of impedance matching condition (7)
(we called it the Bragg-type impedance matching condition)
providing perfect storage and retrieval of the microwave light
fields in the MR system. The proposed MR QM scheme is
interesting because it allows us to work with the broadband
microwave fields using a system of high-Q microresonators.
Due to the high- Q factor, it is possible to significantly enhance
the interaction of the microwave fields with the individual
microresonators as well as with the systems of electronic spins
that could be in these microresonators. Such a MR scheme will
greatly facilitate the practical implementation of broadband
QM devices.

The MR scheme can be implemented by employing differ-
ent physical platforms: for example, using planar microwave
waveguides characterized by highly reduced spatial sizes,
various nano-optical waveguide structures, photonic crystals,
and other systems that allow localized interactions of many
quantum objects with a broadband carrier of signals. In
particular, it seems useful to apply the nano-optical waveguides
integrated with microcavities and LCFBGs (see [29,34,37]).
Herein, it is necessary to satisfy the Bragg-type impedance
matching condition (7) and to achieve a sufficiently high
intrinsic quality factor of microcavity modes. In turn, the
fast frequency switching of the optical microcavities can
be operated by electro-optics and free-carrier dispersion
control [61].

The proposed MR scheme has been experimentally con-
structed in a microwave prototype (see Fig. 6). In this
prototype, we have obtained a spatial localization of many
compact composite resonators coupled to a common typical
microwave waveguide. In addition to that, we have performed
controlled tuning of the resonator frequencies and have created
a periodic frequency structure (see Fig. 7) required for
broadband quantum storage. The constructed prototype has
promising technical properties—compactness, low cost, and
ease of fabrication—which are convenient for controlling the
field dynamics and integration into quantum circuits.

It is worth noting that the proposed MR scheme and its
prototype provide individual control of each microresonator,
which is promising for fast quantum processing with photonic
qubits. In particular, the broadband character and presence
of many interacting local quantum subsystems in these
schemes seem useful to generate and study entangled states
in multiparticle quantum systems [62—64].
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APPENDIX: CALCULATION OF EFFICIENCY

After the Laplace transformation x, (p) = fooo dt e P B, (1),
from Eq. (4) we get

[p+iAn+ ylx.(p)

r : .
+ 5 ; e(lkuz—pz/L)\n—mlxm(p) =, (Al)

where y is a small decay factor that was previously omitted for
simplicity and I'" = 2 g?/c. Assuming a sufficiently narrow
spectral width of an irradiated pulse |n —m|pz/c < 1 in
(A1) and using a spatial condition {z =Im/ky,l € Z} of
microresonators, we obtain

) r Cm
Xn = s Cp — E s s
P p+iAn+y 20p) ~ p+idm+y

m
1

— (A2)
p+iAn+y

r
Q(p)=1+52n:

where we introduce variables (—1)"x,( p) = x,(p) and
(—D"c, — cy.

From Eq. (A2) wehave ), [p+iAn+y]™' =nx/Afora
large number of the microresonators N >> 1 and

1
p+ilAn+y

r r\~' .
Jo-T(+)y p—o ]
2 2A —~ p+iAm+y

(A3)

Xu(p) =

which allows us to correctly recover the dynamics of the
microresonator modes only for the time interval we are
interested in t € [-T;T] (T = 2r/A). Hence, assuming a
high intrinsic quality factor of microresonators y <« 1/T and
applying the inverse Laplace transformation, we have (5). It
is important to note that numerical calculations show that the
solution can also be used for a small N. For example, for
N = 4, the difference between the numerical solution and the
solution of (5) is less than 1%.

Further, from (4) for quantum efficiency n(t) =1 —
>l ()> we have

N6 =1-Y B0 = F/O dr| Y Bu(r)

where with (5) we easily get (6). Since for all initial data
the normalization condition is ), lca|> = 1, the following
relation is true:

1
771(27T/A) — / dv Z ei2:'r(n—m)uc;|;cm

0

2
. (Ad4)

n,m

ngm el2mn—m) _ |

= el D Ty

n,m
= Z |Cn|2 =1,
n

which proves the universality of MR QM.

(AS5)
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