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We present a scheme for the quantum storage of single photons using electromagnetically induced transparency (EIT)
in a low-finesse optical cavity, assisted by state-selected spontaneous atomic emission. Mediated by the dark mode of
cavity EIT, the destructive quantum interference between the cavity input—output channel and state-selected atomic spon-
taneous emission leads to strong absorption of single photons with unknown arrival time and pulse shapes. We discuss the
application of this phenomenon to photon counting using stored light.
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1. Introduction

Quantum information is easily transmitted by traveling
photons, but the photons need to be stored locally to process
the information.[!! Motivated by this idea, techniques that fa-
cilitate the quantum storage of single photons are actively be-
ing explored.>>! A promising approach to the quantum stor-
age of single photons uses classical laser fields to manipulate
pulses of light in optically dense media, such as atomic en-
sembles, using the electromagnetically induced transparency
(EIT) technique in free space!® or in an optical cavity.!”!
Nowadays, EIT-based light storage is extensively being stud-
(8-101 1ong lifetime, [11-16]
I broadband character!'®! and its ability
to store the quantum states of light.['-2”! The key to quantum
storage that uses EIT is to control the power and shape of the

control field in such a way that it depends on the arrival time
[28,29
S.

ied, due to its high storage efficiency,

spatial multiplexing,!!”

and pulse shapes of the input photon I However, due to
the intrinsic randomness of a single photon in real-world ap-
plications, the arrival time and pulse shape of a single photon
are always unknown.

In this paper, we present an alternative scheme for quan-
tum storage using EIT in a low-finesse optical cavity as-
sisted by state-selected spontaneous atomic emission.*%! Un-
der certain conditions, the resonant frequencies of the dark
and bright modes of cavity EIT are clearly separated.!! Un-
der these conditions, input photons whose frequencies are
near the resonant frequency of the dark mode are strongly

DOI: 10.1088/1674-1056/abfbd3

absorbed by the destructive quantum interference between
the cavity input—output channel and the state-selected spon-
taneous atomic emission channel. Compared with previous
quantum storage schemes!®2°! that used the EIT technique,
the control field in our proposed scheme is independent of the
arrival time and pulse shapes of the input photons. Thus, we
can continuously activate the coupling field to allow the atom—
cavity system to store input photons with unknown arrival time
and pulse shapes. We also discuss the application of this tech-

nique to photon counting using stored light.[3%33!

2. Quantum storage of single photons

The basic component of our model is an ensemble of N
cold atoms trapped in a low-finesse one-sided optical cavity,
as illustrated in Fig. 1(a). The atomic transition from a stable
ground state |g) to an excited state |e) is resonantly coupled
to the cavity mode a with an effective single-atom coupling
strength of g, while a coupling laser with a Rabi frequency
of 2 resonantly drives the atomic transition from the excited
state |e) to a special state |f). Just as in state-selective fluores-

cence experiments,m]

we choose a state |f) that only decays
by spontaneous emission back to a ground state |s). The inter-

action Hamiltonian for this system is given by
Hi = Hgrr + Hypon + Hin—out- (1

Here, Herr = XYY, (gle;) (gj]a+2|fj)(ej|+Hc.) ac-
counts for coherent atom-light coupling in the A-type
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EIT configuration, Hepon = XY_i%7|f;) (fj| /2 represents
the spontaneous emission process, where ¥y is the de-
cay rate of state |f), and Hiy o = [0d0OT(0)O(0) +
[ifda)\/K/Zn@T(a))a—i—H.c.} describes the cavity input—
output process, where k and ®(w) are the bare cavity decay
rate and the one-dimensional free-space mode, respectively.
Assuming that all atoms are initially in the ground state |g) and
using the collective operators Cj, = ﬁz’};l | wi) g j‘ (u =
e, f,s), the Hamiltonians Hgrr and Hgpon can be rewritten as
Hyp = VNgCla+QCjC,+H.c.?¥ and H}y,, = i7,C}Cy/2,
respectively.

(a) ‘control filed
N
) ﬁ'

(b) le) (c) le)
ST L NG

T o T

2) o) &)

Fig. 1. (a) Schematic setup for the quantum storage of single photons
with unknown arrival time and pulse shapes. (b) The relevant atomic-level
structure and transitions for the A-type EIT configuration assisted by state-
selective spontaneous emission |f) — |s). (¢) The atomic transitions relevant
to photon counting. After the photons have been stored in state |s), the con-
trol field € for EIT is turned off and a pump field €, that is resonant with
the atomic transition |s) — |f) is turned on. By fluorescence detection, one
can realize photon counting for small photon numbers.

To clearly see the photon absorption assisted by state-
selected atomic spontaneous emission, one can define two po-
lariton modes for the EIT configuration: a dark-state polariton
mode by = acos 8 —Cysin 6 and a bright-state polariton mode
by = asin® + Cycos @, where cos @ = Q(Q? +Ng?)~!/2 and
sinf = /Ng(Q? +Ng2)_1/2 6] In terms of these two polari-
ton modes, the Hamiltonians HEIT, H! and Hj,_oy can be

spon»
rewritten as[3!]

Hyr = V/Ng2+ Q2 (b1Cf +H.c), 2)

Hypon = iyf(bgsine—b*cose)(bosine—blcose)/z 3)
_ /a;dco@T /dw\/K/Zn(BT

% (b cos 6 + by sin9)+H.c.}. (4)

H/

mn—out

The bright-state polariton mode b; in the Hamiltonian Hf/y
resonantly coupled to the collective state C, will induce an ef-
fect analogous to vacuum Rabi splitting, which splits mode
by into two normal modes A4, with frequencies given by
oy = £[Q? + Ng?|~!/2. As shown in an experiment using
the optomechanical dark mode,®!! when |y | > Kk, 77, 7% (%
is the decay rate of state |e)), the dark mode by is clearly sep-
arated from the bright mode b;, and thus we can neglect the

terms including mode b, if the frequencies of the input pho-
tons are all near the resonant frequency of the dark mode by,
thus leading to the reduced form of the Hamiltonian Hj,

H{ = iyobgbo/2+/wdw@*(m)@(w)

[ /da)\/i )bo+Hc] )

Here, 1 = v¢ sin? @ and Ky = Kk cos” @ are the effective decay
rates of the dark mode due to the spontaneous emission of state
|f) and cavity decay, respectively.3*!

The Hamiltonian in Eq. (5) is similar to that for a one-

sided cavity. 3!

According to the quantum Langevin equation,
the evolution equation of the dark mode by, governed by the

Hamiltonian H = Hj + coobTbo, is given by!*]

- 7b0+ \/>am7 (6)

where @y is the resonant frequency of the dark mode by,
and aj, = % [dwe1®t~%)@y(w) is the input field operator,
where @y (w) is the value of O () at t = 1y (the input). The
relationship between the input and output field operators is
ain (1) + Gou (1) = /Kobo(),3%! where the output field opera-
tor agyt (1) = \/%fda)e_i“’(’_’l)& (w) and O; () is the value
of ®(w) at t = 1, (the output). Using Fourier transformations
on A1) = /2 [ doA (@)e 100 with A = b, ain, dou.
we can obtain

by = —i |bo,(@p + ﬁ)bT

(K0 —1)/2+i(0—ay)

(K0 +%)/2—i(w—ay)

If the frequencies of the input photons are near the resonant

frequency of the dark mode, i.e., |® — ay| < Kp, then the ex-

pression in Eq. (7) reduces to

2D, (w),
0+ Yo

Clin(a)). (7)

aout(w) =

®)

aout(w)

when ¥ = 0, and aoy(®) = ajn(®), which means that the in-
put photons are not absorbed. However, when ¥ # 0, then
aout(®) < aip(®), i.e., the input photons are absorbed. Fur-
thermore, if Ky = Y, we can obtain doy(®) ~ 0, i.e., the prob-
ability for photon absorption approaches unity. Therefore, the
spontaneous radiation of state | f) is the determining factor for
photon absorption. Since the state |f) only decays by sponta-
neous emission back to the state |s), the input photon is then
stored in the long-term storage state |s).

The physical reason for the above results can be explained
by quantum interference, as shown by both theory 337! and
experiment,3!! where the destructive quantum interference
between two different cavity input—output channels, medi-
ated by the optomechanical dark mode, induces the transfer
of traveling photons from one cavity input—output channel
to the other. In our scheme, mediated by the dark mode
of cavity EIT, the destructive quantum interference between
the input—output channel and the state-selected spontaneous
atomic emission channel leads to the transfer of single input

084207-2
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photons from the cavity input—output channel to the state-
selected atomic spontaneous emission channel. It should be
noted that due to the use of quantum interference, the cou-
pling field in our scheme is not directly coupled to the storage
state |s); furthermore, it is independent of the arrival time and
pulse shapes of the input photons. In this way, we can contin-
uously activate the coupling field to prepare the atom—cavity
system for the storage of the input photons; therefore, our
scheme can be distinguished from the scheme that uses the
conventional EIT technique, ®! in which the controlling power
and the shape of the control field strongly depend on the
arrival time and pulse shapes of the input photons.[?8! To con-
firm the results, we can perform exact numerical simulations
through the Schrédinger equation d |¥(¢)) /dt = —i(Hgrr +
Hin-ou — 1%:CICe/2 — i7CCr/2) [2(1)), where (1)) =
/724040 (1)0 () + Bt)a' +C(1)C] +D(1)CH| vac) @)L,
’g j> is the stochastic wave function describing the system;
here, |vac) denotes that all the free-space modes and the
cavity mode are in their vacuum states. For the numerical
simulations, we follow the method described in Ref. [38] to
discretize the free-space field ®(w) by introducing a finite
but small frequency interval d ® between two adjacent modes.
For convenience, the input pulse is taken to be Gaussian with
£(t) < exp[—(t — T /2)?/(T /5)?];P) here, T is the pulse du-
ration.

0kt .

0 0.5 1.0 1.5 2.0
VR

Fig. 2. The probability P for photon absorption versus the spontaneous

emission rate ¥y with % = 0 (solid) and k (dashed), on the assumption that

V/Ng = Q = 5k, and kT = 120.

Our numerical simulations show that our scheme works
remarkably well. In Fig. 2, we plot the probability P for pho-
ton absorption versus the spontaneous emission rate yy with
¥. = 0 and k, on the assumption that \/Ng = Q. From Fig. 2,
one can see that (i) with an increase in ¥y, the probability P
first increases and then decreases, reaching a maximum when
¥r = k; (ii) the influence of the decay rate ¥, can be ignored,
so that the bright-state polariton mode b; is strongly inhib-
ited under the condition \/Ng2+Q2 > k,7%,,%"!! and the
absorption of single photons is almost stored in the state |s)
through the decay process from state | f) to the stored state |s).
The coupling field in our scheme is not directly coupled to the
storage state |s), and thus it can be continuously active, allow-
ing the atom—cavity system to be ready to store a input photon.

Figure 3 shows the probability P for photon absorption versus
the normalized time 7/, for different arrival time and pulse
durations: (z,7) ={(0,90/x),(0,210/x),(150/x,150/x)}.
It is clear that even though the photons have different ar-
rival time and pulse shapes, they are absorbed by quantum
interference. Due to fluctuations in the number of atoms, the
number of the atoms trapped in the cavity cannot be exactly
controlled in experiments. Figure 4 shows the probability P
versus number-of-atom fluctuations AN. We note that there are
high photon-absorption probabilities (above 93%), even with
large number-of-atom fluctuations |AN| = 0.4N. To return the
stored state to the photonic state, the coupling field € is turned
off, and another laser field Qg () coupled to the atomic transi-
tion |s) > |e) is turned on. Adiabatically changing Qg(¢) will
then map the stored states onto photon states. By adiabatic
evolution with an atomic ensemble in a low-finesse optical
cavity, experiments have demonstrated the retrieval of the
stored states with high efficiencies of up to 84%.%! One po-
tential application of the scheme analyzed in this paper could
be photon counting for a small photon number. One can turn
on the coupling field Q2 to make the atom—cavity system con-
tinuously store input photons. Following storage of the pho-
tons, the control field €2 is turned off and a pump field £2, reso-
nant with the atomic transition |s) — | f) is turned on, as shown
in Fig. 1(c). The atoms will then continuously fluoresce, which

0.20 | (a) ty=0, T=90/r
to =150, T=150/x
t,=0, T=210/k
5
£
8
0 100 200 300
t/k
Fig. 3. (a) Gaussian shape for the input single-photon pulse: g(z) <

exp[—(t —to — T/2)? /(T /5)?], with different arrival time and pulse dura-
tions: (9, 7) = {(0,90/x), (0,210/x), (150/x,150/x)}. (b) The probability
P for photon absorption versus the normalized time ¢/ , on the assumption
that y; = 7. = k, and v/Ng = Q = 5k.
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can be detected with a probability approaching unity. Further-
more, by detecting this fluorescence, one can realize photon
counting for a small photon number. We note that using flu-
orescence detection, James et al.*?! and Imamoglu!**! have
proposed schemes for photon counting with far-from-resonant
Raman and conventional EIT techniques, respectively. In con-
trast to these approaches,3>33! the quantum storage used here
even allows the storage of input photons with unknown arrival
time and pulse shapes.

1.0F
0.8r
0.6
a8

0.4r

0.2

0
—1.0

—0.5 0 0.5 1.0
AN/N

Fig. 4. The probability P for photon absorption with varying number-of-atom

fluctuations AN. The other parameters are: Yy = %, = K, VNg = Q =5k, and

kT = 120.

3. Feasibility and conclusion

Finally, we address the experimental feasibility of the
proposed scheme. The relevant atomic configuration can be
chosen from the hyperfine states of 8’Rb atoms. For in-
stance, the hyperfine levels |F = 1,m = 1) and |F =2,m =2)
of 55/, could correspond to the stable ground states |g) and
|s), respectively. The excited state |F = 2,m = 2) of 5Py ), cor-
responds to |e), while the state |[F = 3,m = 3) of 5Pz, corre-
sponds to |f). This choice guarantees that the state-selected
spontaneous emissions |f) — |s). The coupling of atomic
transitions |e) <> |f) can be realized by using a Raman transi-
tion via an intermediate level. Even in a low-finesse cavity, a
large ensemble of N cold atoms can be in the collective strong-
coupling regime Ng?/(k7.) ~ 27 > 1.141] Hence, our scheme
is a good fit for the status of current experimental technology.
In summary, we have proposed a scheme for photon storage
that uses quantum interference with an atomic ensemble in a
low-finesse optical cavity. For this scheme, we have explored
the destructive quantum interference between the cavity input—
output channel and a state-selected spontaneous atomic emis-
sion, which leads to the strong absorption of input photons.
We have shown that this effect can be used for the storage of
single photons with unknown arrival time and pulse shapes.
Our scheme could find application in the photon counting of
small photon numbers using stored light. The quantum inter-
ference between two different dissipated channels would pro-
vide an alternative way to study dissipative quantum phenom-
ena, as well as a powerful strategy for exploring them.
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