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On-demand and efficient storage of photons is an essential element in quantum information processing and
long-distance quantum communication. Most of the quantum memory protocols require bulk systems in order
to store photons. However, with the advent of integrated photonic chip platforms for quantum information
processing, on-chip quantum memories are highly sought after. In this paper, we propose a protocol for
multimode photonic quantum memory using only a single-atom-cavity setup. We show that a single atom
containing a frequency comb coupled to an optical cavity can store photons efficiently. Further, this scheme can
also be used to store polarization states of light. As examples, we show that rubidium and cesium atoms coupled
to nanophotonic waveguide cavities can serve as promising candidates to realize our scheme. This provides the
possibility of a robust and efficient on-chip quantum memory to be used in integrated photonic chips.
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I. INTRODUCTION

A photonic quantum memory is a device that can store and
reemit photons on demand [1-3]. It is an essential component
in quantum information processing applications such as quan-
tum networks [4,5], quantum repeaters [6,7], and long-range
quantum communication [8]. In a typical atomic-ensemble-
based quantum memory, a weak light pulse is absorbed as
delocalized atomic excitation over all the atoms in the en-
semble. This collective atomic excitation is then transferred
to a long-lived spin state of the atoms using control pulses.
In order to retrieve the photons from the atomic ensemble,
a trigger pulse is used to transfer the excitation from the
long-lived spin state to the excited state of the atom, which
emits the photons at a desired time [2,3].

Some of the commonly used quantum memory proto-
cols are electromagnetically induced transparency [9-12],
controlled reversible inhomogeneous broadening [13-16],
gradient echo memory [17-19], Raman memory [20-22],
and photon echoes using an atomic frequency comb (AFC)
[23-26] and an intra-atomic frequency comb (IAFC) [27-29].
All these techniques use a large ensemble of atoms or bulk
materials to store photons.

To gain scalability and the practical advantage in quan-
tum information processing, many efforts are being devoted
towards integrated photonic chips [30-37]. On-chip single-
photon sources, on-chip beam splitters, and on-chip pho-
ton detectors are already available on integrated platforms
[38—42], while on-chip quantum memory is still a work in
progress and is a highly sought after device [43,44]. Atomic-
ensemble-based quantum memories pose challenges for their
on-chip integration. So far only the AFC-based quantum
memory protocol has been repurposed for on-chip implemen-
tation [43,44]. Further, the Raman quantum memory protocol
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has been extended to a single-atom level which can potentially
be used on integrated photonic chips [45].

In this paper, we propose a scheme for storing weak light
pulses and single photons using a single atom coupled to an
optical cavity. The trapped atom contains an IAFC. We show
that this joint single-atom-cavity setup results in a photon
echo, similar to the IAFC-based quantum memory protocol
[27]. The efficiency of storing the light in this setup depends
on the finesse of the optical cavity and the quality of the
frequency comb. We can also achieve robust and efficient stor-
age for polarization and time-bin qubits using this setup. As
examples, we show that cesium and rubidium atoms coupled
to nanophotonic waveguide cavities can serve as promising
candidates for the implementation of this quantum memory
protocol.

In principle, the efficiency of this protocol can reach up
to 100%, whereas in AFC and IAFC protocols the maximum
efficiency in the forward propagation can be only 54%. This
is because, unlike in the bulk AFC and IAFC protocols, the
reabsorption of the photon in the reemission process is elimi-
nated by keeping the atom-cavity setup in the Purcell regime
and using only one atom to store the light.

One of the biggest advantages of the proposed scheme is
that it provides a possible realization of an on-chip quantum
memory. Furthermore, since our protocol requires only a fre-
quency comb coupled to a cavity, it can also be implemented
using the quantum dots inside a cavity [46—49]. On-demand
single-photon sources have already been realized using quan-
tum dots [38,40,50,51]. Combining these two can pave the
way for efficient on-chip photonic quantum computation.

This paper is organized as follows: In Sec. II we introduce
the relevant background required for our results. In Sec. III,
we present our result, where we show the photonic quantum
memory using a single atom trapped inside an optical cavity.
The examples of rubidium and cesium atoms for the imple-
mentation of the quantum memory are also presented in this
section. We conclude in Sec. IV.

©2023 American Physical Society
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II. BACKGROUND

In this section, we introduce the TAFC-based quantum
memory protocol and the dynamics of an atom-cavity setup
interacting with electromagnetic field.

A. Intra-atomic frequency comb

In TAFC-based quantum memory, we consider an atom
with degenerate ground and excited hyperfine levels. This
degeneracy is lifted by applying an external magnetic field
which results in multiple ground and excited states. All these
multiple dipole-allowed transitions considered together result
in a comblike structure known as the IAFC [27].

The interaction picture Hamiltonian for an atom that ex-
hibits an IAFC, interacting with electric field £(z,t) with
mean frequency wy,, reads

N
H="hY8ulen)(eal — E[Z Q2. Dlen) (gal + Hc] e
n=1 n

We have considered an atom with N ground states {|g,)} and
N excited states {|e,) }. For simplicity, the transition is allowed
only between |e,) <> |g,) for all n, and the corresponding
transition dipole moment is given by d,. Here, the Rabi fre-
quency 2,(z,1) = d,E(z,1)/2h, and §, = 0 — wh — wy, is
the detuning between the |e,) <> |g,) transition frequency
and wy .

All these dipole-allowed multiple transitions collectively
yield a frequency comb. The linewidth of each of the transi-
tions is y,, and the mean frequency is §, + w,. The spacing
between the (n + 1)th and nth teeth is given by A, = 8,4+ —
8,. For simplicity, we consider an ideal IAFC with uniform
comb spacing A, = A and equal tooth width y such that the
detuning can be written as §, = nA.

We consider the absorption of a single photon pulse £(0, t)
with spectral width y,, in the IAFC such that y, > A. If the
atom is initially prepared in an equal superposition of multiple
ground states, i.e., |G) = \LW > lgn), the initial state for the

ensemble of M atoms becomes |G)®M. The state of the IAFC
at time ¢ after absorbing the single photon pulse can be written
as

M
W®) =) (@16 VED))), @)
j=1
where the index j runs over the number of atoms in the
ensemble. The state |E(1)); = \/LN >, %" |e,) ; represents the
collective excited state of the jth atom, and «; denotes the
absorption coefficient of each atom.

The probability of photon emission is given by P(r)
|(G|Zj Si|¥)?, where S; =", |gn) ; (eal; is the step-down
operator for the jth atom [27]. Using §, = nA in Eq. (2),
we see that the probability of photon emission maximizes at
t =2mm/A for integer m. The output lights corresponding
to different m values are called photon echoes. The time of
an echo can be adjusted by changing A, which in turn is
controlled by the strength of the applied magnetic field. The
storage time in IAFC is limited by the peak width y, which
is determined by the natural broadening of the concerned
transition.

To achieve on-demand storage using this protocol, the exci-
tation is transferred from the excited level to a spin state with
a long lifetime by applying a 7 pulse before the echo time
2 /A. Applying another r pulse transfers the excitation back
to the excited state, causing the photon echo at an appropriate
time. The storage time in the case of spin-state transfer is
limited by the lifetime of the chosen spin state. Theoretically,
a 100% transfer to the spin state is possible if the frequency
comb in the excited state is identical to the one in the spin state
[27]. However, in the case of realistic systems such as Cs and
Rb atoms, it is difficult to find such a perfect spin state. The
closest we can get in the case of Cs atoms is the 5p°5d level
[27] with a lifetime of ~900 ns. However, since the protocol
proposed here works well for quantum dots and other systems
as well, one may be able to design a system with near-ideal
spin states to yield an on-demand long-time quantum memory.

Another possible method to achieve on-demand storage in
IAFCs is based on dynamically changing the magnetic-field
interaction. This can be achieved by switching off the mag-
netic field before the echo time 27 /A and then switching it on
again after an off time T,g. Switching off the magnetic field
results in freezing of the rephasing process since the energy
levels of the ground and excited states become degenerate and
the frequency-comb structure disappears, while the rephasing
resumes again when the field is switched on again since the
frequency comb is restored. This results in an echo time of
21 /A + Toie. The storage time in this method is limited by the
lifetime of the excited state of the atomic transition. A similar
method based on the approach of freezing and restarting the
rephasing dynamics was used in [52].

The efficiency 1 of the IAFC quantum memory protocol is
defined as the ratio of the intensity of light obtained in the first
echo to the total intensity of the input light, which reads [27]

e =LoPdt

(1€ =0,0)*dt

where L is the length of the atomic ensemble along the direc-
tion of the propagation of light. The maximum efficiency that
can be achieved using the standard IAFC scheme is 54% in
the forward mode and 100% in the backward mode [27].

3)

B. Dynamics of an atom-cavity system interacting
with an electromagnetic field

Consider a two-level atom coupled to an optical cavity.
Let {|g), |e)} be the two energy levels of the atom, a be the
annihilation operator of the cavity mode, and w, and w,, be the
cavity-mode frequency and the atomic-transition frequency,
respectively. The Hamiltonian for the atom-cavity setup can
be written as [53]

H = lwa'a + hwogle) (e| — hlgo.a + goga’l,  (4)

where o;; = |i) (j| represents the transition operators of the

fiw,
2€QV

tween the atom and the cavity, and d,, is the transition dipole
moment between levels |e) and |g).

The optical cavity is also coupled to an input electro-
magnetic field mode &, and yields an output mode doy
upon interaction of the input field with the cavity. Using the

two-level atom, g = % is the coupling constant be-
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standard input-output formalism [54], the input, output, and
cavity modes are related as

aou(t) — Gin(t) = i a(t), ®)

where « is the decay rate of the cavity mode at which the
photon leaks out from the cavity. Our goal is to calculate the
output field mode g, (¢) as a function of time for the given
input field mode a;,(¢). In order to achieve that we need to
solve for a(t). The dynamical equations for the atom-cavity
setup can be written as [54]

d, 1. K\, N

a0 = —[a.H] - (5 )a - vean. ©)
d 1 y
Z000) = —low H] = (5 )0 ™

where y is the free-space spontaneous emission rate of the
atom.

The atom-cavity setup is usually operated in two parameter
regimes: (i) In the strong-coupling regime the atom-cavity
coupling is the highest, i.e., g > k, y. As a result, the system
undergoes a series of damped Rabi oscillations before the
photon leaks out of the cavity [53]. (ii) In the bad cavity
regime or Purcell regime the cavity decay rate « is maximum
and is characterized by x > g*/k > y [55]. In the Purcell
regime, the atomic decay rate into the cavity mode is enhanced
over the free-space decay, as a result of which the atom pre-
dominantly decays into the cavity mode with rate ', ~ g%/«
on resonance [53]. We use this regime in our protocol since it
enables the emission of the photon echo into the cavity mode,
and the emitted photon quickly leaks out of the cavity at a
rate k before it can get reabsorbed. In both cases, in order for
an efficient atom-photon coupling to occur, the cooperativity
parameter C = g*/(ky) > 1 [53].

III. RESULTS

The conventional IAFC-based quantum memory scheme
uses an ensemble of atoms to store single photons. However,
since each atom in IAFC contains a frequency comb, it can
be argued that a single atom is capable of storing photons
provided the atom and light couple strongly. In principle, one
can use a single-mode optical cavity to tune the coupling
between the atom and the photons and can realize quantum
memory using a single atom. In this section, we explore this
feasibility and show that with a proper choice of atom-cavity
parameters, one can realize an efficient quantum memory. We
also present the implementation scheme using rubidium and
cesium atoms coupled to nanophotonic waveguide cavities as
examples.

A. Quantum memory using single-atom IAFC
coupled to a cavity

Consider an atom that contains a frequency comb coupled
to a high-finesse single-mode optical cavity [Fig. 1(a)]. The
Hamiltonian for such an atom-cavity system consists of three
parts, the free Hamiltonian of the single-mode cavity, the free
Hamiltonian of the atom, and the interaction between the two

(a) Y,

—— = T72.02%
-<- 1 =094.22%

I out

A N ST Y
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FIG. 1. (a) Schematic diagram of an IAFC inside a cavity. Here,
the IAFC is interacting with a single cavity mode with decay rate
K. &y, and a,, represent the input and output field mode opera-
tors. y is the spontaneous decay rate of the atom into free space.
(b) Photon echo after a delay of 3.5 ns for an ideal IAFC cou-
pled to a cavity with uniform comb spacing of A = 2w x300 MHz,
tooth width y = 7.5 MHz, and cavity detuning A. = 0. The input
field in Eq. (12) is a Gaussian pulse given by e~/ with b =
27 x270 MHz. The two photon echoes shown by dashed purple and
solid black curves correspond to cavity decay rates of 7 and 4 GHz,
respectively, with corresponding efficiencies of 94.22% and 72.02%,
respectively. Here, I,, represents the rate of photons in the output
field (ns~!), which is related to the input field through Eq. (12).
The blue dotted curve shows the corresponding input field intensity,
Ly = (@, (1)an(1)).

systems, which reads
H= Hc + Ha + Hint

N N
= hod'a+ Y hofle)len + Y hwflgn) (gl

n=1 n=1

- h[z gnlen) (gala + th,|gn><en|a*}, ®)
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A

where a is the photon annihilation operator for the cavity
mode. |g,) and |e,) denote the nth ground state and the excited

dy, | ho, .
T 2ev d, is

the transition dipole moment of the |g,) <> |e,) transition, and
w, is the resonance frequency of the cavity. Here, it is assumed
that a particular ground state |g,) is coupled only to a single
excited state |e,).

The dynamical equations for the cavity field operator
a and the atomic lowering operator o, = |g,){e,| for a
dipole-allowed transition |g,) <> |e,) using the input-output
formalism as discussed in Sec. II B read

state, respectively, with coupling strength g, =

da
o = —iodti n§m gioy = 34— ean, )

dO’,: e — . e\n 4
dt = _l(wn - C051)0’11 + lg”(o—rfn - Unn)a - EO— » (10)

Vi a(t) = aou(t) — @i (7). (1)

Here, oy, = |g0){(gnl, 0, = |en)(enl, ¥ is the spontaneous de-
cay rate of the atom in free space, and « is the decay rate of
the cavity field.

Solving these equations in the frequency domain using the
low-intensity approximation (& indin) < 1) which amounts to
ot ~ 0[56] yields

nn

K
i@+ A)+D@) +5

dou(w) = |:1 }&m(w)- 12)

Here,

2
O—rﬁz|gn|

D)=y B (13)
Z [l(a) + &) + %]

n

is the IAFC propagator [27], and A, = . — @y, §, = (@), —
w}§) — wy, are the detunings with respect to the input light. The
inverse Fourier transform of Eq. (12) yields the output field in
time dou (1) [57].

In order for this atom-cavity setup to qualify for a quan-
tum memory, there must be a delay between the input and
output light. In Fig. 1(b), we plot the output intensity Io, =
(&l'm(t)&om(t)) as a function of time, which we get by solving
Eq. (12) numerically. Here, we consider a Gaussian input
pulse of spectral width 27 x270 MHz. The IAFC associated
with the atom has seven teeth with uniform comb spacing
A = 27 x300 MHz and tooth width y = 7.5 MHz, and the
detuning A, = 0. The solid curve and the dashed curve in
Fig. 1(b) correspond to two different values of the cavity
decay rates k. In this plot, we can clearly see that the first
prominent output pulse of light is at time # = 2 ns, which is
due to the immediate reflection from the cavity. The second
prominent output pulse occurs at ¢ ~ 5.5 ns, which is due to
the emission from the cavity. There is a delay of 3.5 ns, which
is approximately 27t /A due to the interaction of light with the
setup. Hence, the atom-cavity setup behaves like an IAFC.

Equations (12) and (13) suggest that the output field from
the atom-cavity setup also depends on the cavity parameters
gn, k, and A_; hence, they can affect the quality of the mem-
ory. To quantify the quality of the quantum memory we can
generalize the definition of the efficiency [Eq. (3)] for the bulk
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FIG. 2. Effect of various parameters on the efficiency n of quan-
tum memory in the single-atom-cavity setup for an ideal comb. In
(a) and (b), we plot the variation of 1 as a function of the cavity detun-
ing A, = w. — w; and the comb finesse F, respectively, for (¢, k) =
(1.8,11) GHz with uniform comb spacing A = 27 x300 MHz.
(c) shows the plot of the variation of 7 as a function of cooperativity,
C' = g?/(ky), for different values of «. (d) shows the variation of
n as a function of « given in terms of the parameter a such that
k = ax5 GHz for fixed values of cooperativities, as shown by the
vertical lines in (c).

IAFC protocol to the current scenario as

_ fj;tA/A (Gou ()aow (1)) dt 0
" [al @an@)dr

In Fig. 2(a), we plot the variation of the efficiency 7 as
a function of the cavity detuning A. while keeping ¢ and «
constant. As expected, it shows a drop in the efficiency as the
cavity detuning increases. The efficiency also depends on the
comb finesse F = A/y. In Fig. 2(b), we plot the efficiency
as a function of comb finesse for the ideal comb with fixed
comb spacing, A =27 x300 MHz, by changing the peak
width y while keeping the cavity parameters fixed. This plot
shows that the efficiency saturates to ~100% asymptotically
for asymptotic values of the finesse.

Since the storage time is directly controlled by the comb
spacing A, instead of using the spin-state transfer to increase
the storage time, an alternate method would be to decrease
the comb spacing A, which can be achieved by lowering the
applied magnetic field strength. However, reducing A reduces
the comb finesse (F = A/y), resulting in lower storage effi-
ciencies. In order to preserve the efficiency while decreasing
A, one can try to preserve F by reducing the atomic decay
rate y or try to find atomic systems where y is small.
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For an ideal TAFC, since all the peaks are identical, i.e.,
d, = d, we may write g, = g. We define ¢ = g \/c% as the
effective coupling constant and define the cooperativity pa-
rameter for the atom-cavity system as C' = g2/(«y ). In order
to understand the effect of the cavity parameters ¢’ and x on
the efficiency, in Fig. 2(c), we plot the variation of n as a
function of the cooperativity C’ for various values of « and
keeping A, = 0. Figure 2(c) shows that the efficiency first
increases, reaches an optimum value, and then starts decreas-
ing, and there exists an optimum value of C’ for every given
value of x, which maximizes the efficiency. The maximum
efficiencies are obtained in the range C’ ~ 3545 for all the
values of «. Note that in the case of the ensemble-based quan-
tum memories, the efficiency shows a similar behavior with
respect to the optical depth and absorption coefficient [27].
Later, we will show the relation between the cooperativity and
the absorption using the atom-cavity setup, which will explain
the apparent resemblance between the two.

An interesting observation from Fig. 2(c) is that for a
fixed value of C’ the efficiency increases as we increase .
In Fig. 2(d), we plot the efficiency as a function of ¥ while
keeping C’ fixed. This is achieved by scaling the cavity decay
rate ¥ by a number a and scaling g by a factor /a so that
C' = g?/ky remains invariant. Figure 2(d) shows the vari-
ation of the efficiency with respect to the parameter a for
the three different values of cooperativities corresponding to
Fig. 2(c). This shows that for a fixed value of cooperativity
C’, the efficiency increases with increasing « and then gets
saturated to a constant value. The plot shows a slight dip
around a = 3 before reaching the saturation. This is because
the width of the input pulse is kept fixed while the parameter
a varies. Optimizing the efficiency over the input width will
result in the saturation of the efficiency without this slight dip.
Thus, a combination of the parameters C’ and « determines
the optimized efficiency.

So far we have studied numerically the effect of the var-
ious parameters on the efficiency of the quantum memory.
However, there is a point which remains unexplained. While
solving for the output field in Eq. (12), we assumed that there
is a negligible absorption of the input field by the atom, i.e.,
(o,,, ~ 0), but the efficiency of the storage by this system is
still high. To understand this, we consider the expression for
the susceptibility x of the joint atom-cavity system, which
reads [58]

2V (P) as)
cofiwe (@)

X:

where P = ‘1, > . dio, is the atomic polarization of the atom
exhibiting the IAFC and V is the cavity-mode volume. The
above expression for susceptibility is equivalent to the clas-
sical field susceptibility x, = E%, where the classical field
amplitude £ is replaced by the expectation value of the a
operator. The susceptibility x for the IAFC-cavity system can

be written as (see Appendix)

2
Omnlgnl® /K

1
=08 v+ 7]

n

(16)

x1074

1 05 0 05 1
0 (GHz)

FIG. 3. Plot for absorption of a joint atom-cavity system
for an ideal frequency comb with uniform comb spacing A =
2w x300 MHz, tooth width y = 7.5 MHz, and cavity detuning
A, =0.

where Q is the quality factor of the cavity given by Q = w./k.
The imaginary part of x gives the absorption for the atom-
cavity system.

In Fig. 3, we plot the absorption for the IAFC-cavity
system. From Fig. 3, we can see that the absorption profile
of the joint atom-cavity system shows a comblike structure
similar to the absorption profile in IAFC. This comblike
structure is responsible for the photon echo, as shown in
Fig. 1(b). Thus, the atom and the cavity together account for
the photon storage, even though the absorption by the atom
is negligible.

Moreover, as discussed earlier, Eq. (16) clearly shows the
direct relation between the absorption and the cooperativity
parameter C’. This is similar to the dependence of the absorp-
tion in the case of the conventional ensemble-based protocol
on the optical depth [27]. Hence, C’ can be considered a pa-
rameter analogous to the optical depth in the ensemble-based
protocol which gives the optimized efficiencies for C' ~ 35—
45. This eventually leads to the condition for obtaining the
optimized efficiencies given by TC’y ~ 1, where t is the input
pulse width and y is the atomic decay rate.

Storing polarization and time-bin qubits. The quantum
memory protocol presented here can also be used to store
polarization and time-bin photonic qubits. AFC- and IAFC-
based quantum memories are known for storing time-bin
qubits efficiently [23,59,60]. In time-multiplexing or time-
bin qubits a single photon is placed in a superposition of
two time bins, say, an early time ¢ and a later time ¢ + .
Storing these qubits involves storing a single photon arriving
at two different times. The corresponding photo echo will
occurat? + 2w /A andt 4+ v 4+ 2 /A. Since only one photon
needs to be stored in this process, our scheme can easily
achieve that task. Further, storing polarization states of light
in IAFC-based quantum memory was already proposed in
[29]. To store polarization qubit, our aim is to store a single
photon which is in a superposition of two orthogonal polar-
izations. This can be achieved using the IAFC-cavity setup
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with the single atom consisting of two overlapping frequency
combs which satisfy the selection rules corresponding to the
two orthogonal polarizations. This results in an independent
storage of the two polarization components [29]. Generally,
the efficiency and the photon-echo time for the two polar-
izations can be different. By choosing the cavity parameters
appropriately, one can store arbitrary polarization in these
systems [29].

To conclude this section, we have shown that a single atom
with an IAFC coupled to an optical cavity can store photons
efficiently. We have studied the effect of various parameters on
the quality of the storage and estimated the optimum values
of the parameters for the most efficient storage. The results
obtained here are also interesting from a fundamental point of
view. We see that even though the IAFC is necessary to store
the photons in the atom-cavity system proposed here, the ex-
citation probability of the atom is negligible. The interaction
of the IAFC with the cavity yields the comblike absorption
profile of the joint atom-cavity system, which enables efficient
quantum memory. In the following section, we present ex-
amples of systems capable of realizing this quantum memory
protocol.

B. Realizing the quantum memory using Rb and Cs atoms

So far, we have discussed the photon storage assuming an
ideal frequency comb with uniform comb spacing and the
same peak height which interacts with an optical cavity. How-
ever, if we consider realistic systems such as Rb and Cs atoms,
the frequency combs obtained from them are usually nonuni-
form with unequal peak heights, which affects the storage
process [27,28]. In this section, we discuss the possibilities for
experimental implementation of the single-atom-based quan-
tum memory protocol in realistic systems such as Rb and Cs
atoms coupled to a nanophotonic waveguide cavity and show
that the current scheme can be implemented with the existing
experimental techniques.

As discussed in Sec. III A, one of the requirements to
achieve efficient quantum memory in the IAFC-cavity setup
is a cavity with high coupling strength g of the order of
gigahertz (see Fig. 2). This, in turn, requires a cavity with a
low mode volume of the order of approximately cubic mi-
crometers. Such strong coupling is difficult to achieve using
conventional Fabry-Pérot cavities but can be achieved using
nanocavities [61,62] where mode volumes V ~ A3 have al-
ready been realized. Apart from this, the strong coupling has
been realized in a fiber-based Fabry-Pérot cavity [63] where
the mirror surface of the cavity is designed on the optical
fiber end faces. This tight confinement using nanophotonic
cavities gives an additional advantage of potential integration
with nanophotonics. Trapping in such low mode volumes
results in atom-cavity strong coupling of the order of g
of approximately gigahertz along with the quality factor
0 = w./k ~ 103 [61].

Although the scheme presented in this paper is applicable
to a large class of atoms, molecules, and quantum dots, here,
we consider Cs and Rb atoms as examples to realize this quan-
tum memory protocol. The parameters, such as the atomic
transitions used in the Cs and Rb atoms, the wavelength,

TABLE I. Rb and Cs parameters used in numerical calculations.
A is the wavelength of transition. B is the magnetic field used in
obtaining the IAFC. V, «, and Q are the mode volume, decay rate,
and quality factor of the cavity, respectively.

Atom Transition A (nm) B(T) V (um)® « (GHz) Q
Cs [65] 6512 < Tp3;n 455.66 0.1 20 ~8 10°

the applied magnetic field strength, and so on, for Rb and
Cs atoms used for our calculations are given in Table I. In
Figs. 4(a) and 4(b), we plot the frequency combs obtained
in Rb and Cs atoms. Clearly, these frequency combs are not
uniform in comb spacing, nor do they have equal absorption
peaks. In Fig. 5(a) we show the photon echo from Rb and
Cs atoms calculated numerically by solving Eq. (12). The
maximum efficiencies for Rb and Cs atoms are found to be
92.9% and 90.36%, respectively, for the parameters specified
in Table I.

Since, in the case of Cs and Rb atoms, each transition
|gn) — |en) constituting the frequency comb corresponds to
a different value of the coupling constant g,, it is difficult
to study the behavior of the efficiency with respect to the
cooperativity parameter C’. However, we can consider the
variation of the efficiency for Cs and Rb atoms as a function of
1/« for fixed g, and y, which essentially captures the behavior
of the efficiency as a function of the cooperativity. In Fig. 5(b),
we plot the variation of the efficiency as a function of 1/«
for Rb and Cs atoms. It is clear that the trend is similar to
that of an ideal comb in Fig. 2(c) with maximum efficiency
of ~90%. The lower value of the efficiencies in the case of
Rb and Cs atoms is due to the inherent nonuniformity present
in the frequency combs. This nonuniformity is attributed to
different values of the comb spacing A, and the dipole matrix
element d, corresponding to the transition |e,) <> |g,). Our
calculations show that an efficient quantum memory using a
single atom coupled to an optical cavity can be implemented
using current experimental techniques.

While solving the dynamics for an IAFC coupled to a
cavity, it is assumed that the single atom is at a fixed location.
However, there might be an induced light shift when the atom

%1074 5 x10 4

3 4
E 2
1
| 1
-2 -1 0 1 -1 0 1
§ (GHz) § (GHz)

(a) (b)

FIG. 4. (a) and (b) represent the frequency comb in Rb and Cs
atoms for transitions between 551/, <> 6p3,» for Rb and 6s,/, <
7p3» for Cs. The applied magnetic field strengths for Rb and Cs are
taken to be 0.15 and 0.1 T, respectively.

012614-6



INTRA-ATOMIC FREQUENCY-COMB-BASED PHOTONIC ...

PHYSICAL REVIEW A 107, 012614 (2023)

100
A‘ .
oo
b
) | “Rb|| =&
O, + -+ Cs o~
= ' - =
3 ' g
~5 ' ~
2.75 ngt .
33308 |
,“I:, i O N
WA AP V.Y ot
0 2 4 6 8 10
t (ns)
(a) (b)

FIG. 5. (a) Photon echo for the IAFC in Rb and Cs atoms.
(b) Variation of efficiency as a function of 1/« in Rb and Cs atoms.

is trapped using an optical dipole trap. Another factor that
can affect the protocol is the spatial inhomogeneous magnetic
field. The induced light shift can change the detuning §, of
the concerned transition |g,) <> |e,). Since the detuning of
each transition in the frequency comb changes identically,
the comb spacing remains the same, and the echo time is
not affected. On the other hand, the spatially inhomogeneous
field will directly affect the comb spacing of the generated
frequency comb. However, there will still be a photon echo at
time 27t /A’, where A’ is the modified comb spacing due to the
inhomogeneous magnetic field. To avoid such effects arising
from trapping a single atom, one can choose quantum dots or
defect centers with a frequency-comb structure.

IV. CONCLUSION

On-chip photonic quantum memories are essential for scal-
able and integrated photonic quantum information processing.
Most of the currently available quantum memory protocols
require atomic ensembles or bulk materials to store photons.
Here, we have proposed a scheme to store photons using
only a single atom coupled to an optical cavity. The atom
exhibits an IAFC which enables the joint atom-cavity sys-
tem to store photons. This provides us with a possibility to
realize an on-chip quantum memory suitable for integrated
photonic chips. The proposed setup is capable of storing time-
multiplexed photons, along with their polarization degree
of freedom, efficiently, hence providing multimode photonic
quantum memory. Theoretically, our quantum memory proto-
col can store photons with ~100% efficiency. Although we
have presented this quantum memory protocol using trapped
atoms, this can work very well with quantum dots and quan-
tum defect centers. The advantage of working with quantum
dots and defect centers is that for the case of atoms, the work-
ing temperature of the protocol is 1073~107% K, whereas this
temperature is ~1 K for quantum dots. Since deterministic
single-photon sources have already been realized using quan-
tum dots, combining them with the on-chip quantum memory
can provide a robust integrated platform for photonic quantum
computation.
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APPENDIX: SOLVING DYNAMICAL EQUATIONS

To solve Eqgs. (9) to (11), we apply the low-intensity ap-
proximation ((&Tin&m) < 1), which gives o, = 0 [56], and
introduce the following transformations to go into the rotating
frame with respect to the laser frequency wy :

a—> ae” . Gy — Gne ™, o7 — G e L (Al
Then, Egs. (9) to (11) can be written as
dgl A:"‘Z * o~ — K % \/_: (A2)
— =—iAda+i *G — = — /K,
dt - 8 2
dé- 5
;’; S i(a,, - i%)&; +iguot &, (A3)
ou(t) =K 0+ Gin(t), (A4)

where the detunings with the input light are defined as A, =
w.—wp and A, = (0 —w) —wp and & and &, are in
the rotating frame. Next, we take the Fourier transforms of
Egs. (A2)-(A4) (t — w). The Fourier transform of Eq. (A3)
gives

; 8
18n0nn

—[i(a) o) %] a(w).

G, (@) = (A5)

Taking the Fourier transform of Eq. (A2) with respect to ¢
and using Eq. (AS), we get

d(w) = — (A6)

. o lanl? . ajn(w).
i+ A+ X, motsser + 5]
Finally, taking the Fourier transform of Eq. (A4) and using

Eq. (A6) give the following expression for the output field in
the frequency domain:

K
(o + A+ D(w)+ 5

50u[(a)) = [1 :|5in(a))’ (A7)

where

2
Urﬁl|gn|

D=2, [iw+8,)+ %]

n

(A8)

Further, the atomic polarization of the single atom exhibit-
ing the IAFC in the frequency domain reads

1 o
P=< Xn:d;on , (A9)
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where V is the cavity-mode volume. Substituting &, from
Eq. (AS5) and using Eq. (15) gives the following expression
for the joint susceptibility y:

2
O‘rfnlgn|

2i
N ()

Wc

(A10)

Further, using the definition of the quality factor, Q = w,/«,
it can be written as

2i Ol gnl® /1
x@=52 [i@+60+35]

n

(Al1)

The imaginary part of x gives the absorption coefficient for
the atom-cavity system.
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