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We propose a method to induce strong effective interactions between photons mediated by an atomic
ensemble. To achieve this, we use the so-called stationary light effect to enhance the interaction. Regardless
of the single-atom coupling to light, the interaction strength between the photons can be enhanced by
increasing the total number of atoms. For sufficiently many atoms, the setup can be viable as a controlled-
PHASE gate for photons. We derive analytical expressions for the fidelities for two modes of gate operation:
deterministic and heralded conditioned on the presence of two photons at the output.
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Optical photons are ideal carriers of quantum information
over long distances, and such quantum communication may
enable a wealth of applications [1]. Quantum information
processing with photonic qubits is, however, severely limited
by the lack of efficient two-qubit gates. In principle, such
gates could be realized by strongly coupling photons to a
single atom [2,3]. Experiments have pushed towards realizing
such strong coupling, e.g., in cavityQEDstructures [4–8] and
optical waveguides [9–12], but the realization of two-qubit
gates remains challenging. For some applications, it is
possible to use atomic ensembles where a large number of
atoms compensates for a weak single-atom coupling strength
[13]. However, this approach typically does not enhance
the nonlinear interactions required for quantum gates. Gate
operation is often pursued by extending the ensemble
approach with strong dipole-dipole interactions of the atomic
Rydberg levels [14–19]. In recent years, experiments in, e.g.,
tapered optical fibers [20–24] and hollow core photonic-
crystal fibers [25,26] have realized an intermediate regime
where the single-atom coupling to light is sizable, but still not
sufficient to realize photonic gates based on single atoms. It
remains an open question to which degree such moderate
couplings enable processing of quantum information.
In this Letter, we propose a controlled-PHASE gate that

works even if the individual atoms are not coupled strongly
either to light (e.g., optical cavities) or to each other (e.g.,
Rydberg interactions). We show that by using sufficiently
many atoms, it is possible to compensate for the limited
single-atom coupling to light and achieve ideal gate
operation [27]. The main physical mechanism behind the
gate is stationary light [28,29] where polaritons (coupled
light-matter excitations) have very low group velocity due
to counterpropagating classical drives. These polaritions
experience reflections at the ends of the ensemble. This
leads to transmission resonances whenever the polaritons
form standing waves inside the ensemble [27], akin to an
optical cavity. We show that the storage of a single photon

completely changes the scattering properties of the ensem-
ble because the cavitylike structure created by the remain-
ing atoms enhances the interaction with the stored
excitation. This can be used to mediate a gate between
photons that can be either deterministic or heralded
(successful operation is conditioned on subsequent detec-
tion of two photons).
Overview.—We consider two different level schemes for

the atoms in the ensemble: Λ-type and dual-V [Figs. 1(a)
and 1(b), respectively]. The linear properties of these two
schemes are described in detail in Ref. [30]. In the Λ-type
scheme, two counterpropagating classical drives have the
same polarization and frequency. This results in a standing
wave of the Rabi frequency ΩðzÞ ¼ Ω0 cosðk0zÞ, where k0
is the wave vector of the classical drive, assumed to be
the same as the wave vector of the probe field Ê (single
photon). For the Λ-type scheme, we assume that N atoms
are placed at positions zj ¼ jπ=ð2k0Þ with 0 ≤ j ≤ N − 1

to achieve the lowest possible group velocity (increasing
the interatomic distance by integer multiples of π=k0 does
not change the results) [30]. Low group velocity can also
be achieved by separating the two counterpropagating
classical drives either in polarization [31] or frequency
[32]. We choose the separation in polarization, i.e., the
dual-V scheme, but separation in frequency is expected to
yield similar results [30]. From a practical perspective, the
dual-V scheme is desirable since it does not require careful
placement of the atoms. However, we focus on the Λ-type
scheme in the analysis below, since it admits an approxi-
mate analytical solution. We also perform the numerical
analysis for both of the schemes and show that the
analytical results obtained for the Λ-type scheme provide
the correct scaling for the dual-V scheme.
The single-atom coupling to light is characterized by the

parameter Γ1D=Γ (half of the resonant optical depth per
atom), where Γ1D is the decay rate from each of the states
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jbi and jei [see Fig. 1(a)] into both right-moving and left-
moving guided modes (assumed to be equal), Γ0 is the
decay rate into all the other modes, and Γ ¼ Γ1D þ Γ0 is the
total decay rate. In the dual-rail encoding of photonic qubits
shown in Fig. 1(c), two identical atomic ensembles are
required, where the upper one only functions as a memory.
Alternatively, the single-rail encoding can also be imple-
mented with one atomic ensemble [18], but the dual-rail
encoding allows heralded operation that has better fidelity.
Each ensemble is placed inside a Sagnac interferometer
[Fig. 1(d)].
The operation of the CPHASE gate is sequential. First,

photon A is stored either in the upper (j0iA) or the lower
(j1iA) ensemble using electromagnetically induced trans-
parency (EIT) [33]. Then photon B is scattered from the
lower ensemble under stationary light conditions (j1iB) or
passes through a beam splitter with transmission coefficient
tb (j0iB). The role of this beam splitter will be explained
below. The Sagnac interferometer can be set up such that
most of the incident power in each of its two input ports
is reflected back through the same port, regardless of
whether the ensemble is reflective or transmissive
[34,35]. Reflection or transmission of the ensemble instead
controls the phase of the reflected field. The scattering of
photon B can be arranged such that if there is no stored
photon in the lower ensemble (photon A is in the state j0iA),
the atomic ensemble is completely transmissive in the ideal

case, and photon B is reflected from the Sagnac interfer-
ometer with no additional phase. If there is a stored photon
(photon A is in state j1iA), photon B is reflected from the
interferometer with a π phase shift. The latter case performs
the desired CPHASE gate operation j11iAB → −j11iAB,
while the rest of the basis states are unchanged. Finally,
photon A is retrieved using EIT.
Storage and retrieval.—Before the EIT storage, all atoms

are initialized in state jai, and after storage, the incident
photon is mapped onto an atom being in state jci. To
produce an optical nonlinearity, we assume that state jci is
subsequently transferred to state jdi using a π pulse. Under
EIT storage and retrieval, both the incident photon and the
classical drive are assumed resonant with the respective
atomic transitions for simplicity. The classical drive is
incident from one side only. Entering the Sagnac interfer-
ometer, photon A is split into two parts by the 50∶50 beam
splitter [see Fig. 1(d)]. The two parts reach the ensemble
from the opposite sides with opposite spatial phase factors
eik0z and e−ik0z. Inside the ensemble, the two parts will
interfere, resulting in a stored spin wave with cosðk0zÞ
spatial modulation. Such storage procedure is necessary (for
the Λ-type scheme only), since the part of the excitation that
is stored on the nodes of the standing wave of the classical
drive (that is applied during scattering of photon B) does not
change the scattering properties of the ensemble.
Reflection and transmission.—We use the (multimode)

transfer matrix formalism [30,36] to model the scattering
process. To illustrate the scattering behavior, we assume
that photon A was stored in the center of the atomic
ensemble at an antinode of the classical drive. The
reflectances and transmittances of an ensemble of Λ-type
atoms are plotted in Fig. 2 as functions of the two-photon
detuning δ ¼ Δ − Δc, where Δ (Δc) is the detuning of the
probe field (classical drive). The reflectance jr0j2 (jr1j2) and
transmittance jt0j2 (jt1j2) are for an ensemble without (with)
a stored photon. The ensemble is seen to have transmittance
resonances with a large jt0j2 and a small jr0j2. These
resonances occur when the standing wave condition is

(a) (b)

(c) (d)

FIG. 1. (a) Level diagram of Λ-type atoms (levels jai, jbi, and
jci) that can be switched to two-level atoms (levels jdi and jei)
by the storage of a photon followed by a π pulse. Green dots
indicate the initial state of the atoms. (b) Level diagram of
dual-V atoms that can be switched to V-type atoms. (c) Dual-
rail Bell-state measurement setup with the controlled-PHASE
(CPHASE) gate as a part of it. An ensemble of atoms is placed
inside a Sagnac interferometer, shown as a triangle in (c) and
defined by (d). In the rail corresponding to state j0iB, a beam
splitter is added with transmission coefficient tb. All the other
beam splitters (BS) are 50∶50.

FIG. 2. (a) Reflectances (jr0j2, jr1j2) and transmittances (jt0j2,
jt1j2) of an ensemble of Λ-type atoms without (jr0j2, jt0j2)
and with (jr1j2, jt1j2) a stored photon for different frequencies
(two-photon detunings) δ. The vertical dotted line marks the
operation point δres. The parameters are N ¼ 104, Γ1D=Γ ¼ 0.05,
Δc=Γ ¼ −10, and Ω0=Γ ¼ 10.
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fulfilled, i.e., sinðqLÞ ¼ 0, where q is the Bloch vector of
the stationary light polaritons and L is the length of the
ensemble [27,30]. When a photon is stored in the ensemble,
an atom changes from state jai to jdi. In state jdi, the atom
acts as a two-level atom that is resonant with the incident
photon [see Fig. 1(a)]. Since the effective interaction is
enhanced by the cavitylike behavior of the ensemble, this
single two-level atom can make the entire ensemble
become reflective instead of transmissive.
We focus on the behavior at the resonance nearest δ ¼ 0

(vertical dotted line in Fig. 2). In the limit of large atom
number N and for jΔcj ≠ 0, this resonance is at a two-
photon detuning δres ≈ −4π2ΔcjΩ0j2=ðΓ2
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Here, t1 and r1 were obtained by solving the discrete
problem where a photon is stored in a single discrete atom,
and then taking the continuum limit such that the index of the
atom is replaced by its position inside the ensemble ~z ¼ z=L.
By aligning the interferometer, the reflection coefficients
of the combined interferometer-ensemble system are given
by R0¼−ðr0− t0Þ and R1ð~zÞ¼−½r1ð~zÞ− t1ð~zÞ� [37]. If we
take ~z ¼ 1=2 and a detuning jΔcj ∼ Γ1DN3=4, we have r0,
t1 ∼ Γ0=ðΓ1D

ffiffiffiffi
N

p Þ, r1 ≈ 1 − t1, and t0 ≈ 1 − r0. Hence, even
for small Γ1D=Γ0, we can achieve an ideal CPHASE gate
(R0 ¼ 1, R1 ¼ −1) with sufficiently many atoms.
Fidelity.—To quantify the errors of the gate, we calculate

the Choi-Jamiolkowski (CJ) fidelity [18,45]. The EIT
storage is described using the storage Ks and retrieval
Kr kernels derived in Ref. [33] (suitably modified to take
into account storage from both directions [37]). When
photon A is stored and retrieved without scattering of
photon B, the output wave function of photon A is
ϕA;out;0ðtÞ ¼ ∬Krð~z; tÞKsð~z; t0ÞϕA;inðt0Þdt0d~z, where ϕA;in

is the input wave function. The efficiency of the storage
and retrieval is ηEIT ¼ R jϕA;out;0ðtÞj2dt. If photon B was
reflected from the interferometer while photon Awas stored
in the ensemble (state j11iAB), the output wave function is
instead ϕA;out;1ðtÞ ¼ ∬Krð~z; tÞR1ð~zÞKsð~z; t0ÞϕA;inðt0Þdt0d~z.

Neglecting bandwidth effects of photon B to find the
upper limit set by the atomic ensemble, we obtain the
CJ fidelity [45–47]

FCJ ¼
ηEIT
16

j2tb þ R0 − R1;1j2; ð5Þ

where R1;1 ¼ ð1=ηEITÞ
R
ϕ�
A;out;0ðtÞϕA;out;1ðtÞdt. If the gate

is conditioned on the presence of two photons after the gate
operation [18,48,49], we find the success probability

Psuc ¼
ηEIT
4

ð2jtbj2 þ jR0j2 þ R1;2Þ; ð6Þ

with R1;2 ¼ ð1=ηEITÞ
R jϕA;out;1ðtÞj2dt. The conditional CJ

fidelity is FCJ;cond ¼ FCJ=Psuc.
To optimize the performance of the gate, we set tb ¼ 1

and optimize Δc and the width of the stored spin wave
~σ ¼ σ=L such that FCJ is maximal. In Fig. 3 we plot the
numerically calculated FCJ ≈ Psuc and FCJ;cond, where pho-
ton A was chosen to have a Gaussian temporal profile, and
photon B is centered on δ ¼ δres and assumed to be narrow
in frequency compared to the resonance width. As seen in
the figure, bothFCJ andFCJ;cond approach their ideal value of
unity for large N, but FCJ;cond approaches it much faster.
For large N, we can find analytical expressions for the

Λ-type curves in Fig. 3 if we neglect distortions of photon A
under storage and retrieval, but still account for the errors
due to the spatial extent of the stored excitation. The stored
spin wave is approximately Gaussian of the form Sð~zÞ ¼
ð2π ~σ2Þ−1=4 exp½−ð~z − 1=2Þ2=ð4~σ2Þ�. Consequently, ηEIT ≈
1 − Γ0=ð2NΓ1D ~σ

2Þ [37,50], R1;1 ≈
R
R1;sð~zÞjSð~zÞj2d~z, and

R1;2 ≈
R jR1;sð~zÞj2jSð~zÞj2d~z. Here, R1;sð~zÞ ¼ ½R1ð~zÞ þ

R1ð1 − ~zÞ�=2 is the symmetrized version of R1 that
accounts for storage and scattering from both sides of
the ensemble.

VV

FIG. 3. Numerically calculated FCJ and FCJ;cond. For the tb < 1
curves, tb is optimized numerically such that FCJ;cond is maximal.
The dual-V scheme uses regular interatomic distance d ¼
0.266π=k0. The common parameters are Γ1D=Γ ¼ 0.05, and
Ω0=Γ ¼ 1. Under EIT (storage and retrieval), ΩðzÞ ¼ Ω0. Under
stationary light (scattering), ΩðzÞ ¼ Ω0 cosðk0zÞ and Ω�ðzÞ ¼
Ω0e�ik0z for Λ-type and dual-V, respectively.
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For fixed Γ1D and large N, after choosing ~σ2¼
1=ðπ3=2N1=4Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Γ0=ðΓ1DþΓ0Þp
, Δ2

c ¼ ðΓ2
1DN

3=2Þ=ð8πÞ, and
tb ¼ 1, FCJ is maximal, and

FCJ;tb¼1 ≈ Psuc;tb¼1 ≈ 1 −
πΓ0

Γ1D

ffiffiffiffi
N

p ; ð7Þ

FCJ;cond;tb¼1 ≈ 1 −
π2Γ02

4Γ2
1DN

: ð8Þ

These expressions confirm that the gate fidelity improves
with N and that the conditional fidelity has better scaling.
With tb ¼ 1, the losses are different for the different

computational basis states. By setting tb ≈ R0 we approx-
imately equalize the losses, leading to a substantial improve-
ment of FCJ;cond at the cost of increasing 1 − Psuc by a
constant factor. Whether this is a desirable trade off, depends
on the particular application. Taking the same values of Δc
and ~σ,

FCJ;tb¼R0
≈ Psuc;tb¼R0

≈ 1 −
2πΓ0

Γ1D

ffiffiffiffi
N

p ; ð9Þ

FCJ;cond;tb¼R0
≈ 1 −

11π3ðΓ1D þ Γ0ÞΓ0

16Γ2
1DN

3=2 : ð10Þ

Here, 1 − FCJ;cond is limited by the nonzero ~σ.
Numerical simulations suggest that the fidelities are

independent of Ω0 over a wide range of values. For
example, for Γ1D=Γ ¼ 0.05 and N ¼ 104, jΩ0j can be up
to 30Γwith a negligible change in the optimalΔc, and up to
at least 100Γ with some increase in the optimal Δc [37].
Dual-V scheme.—First, some technical differences from

the Λ-type scheme. The decay rate Γ1D is from each of the
states jb�i and je�i [see Fig. 1(b)]. When switched to state
jdi, the atom becomes a resonant V-type atom. For storage
and retrieval, the Λ-type and dual-V schemes behave the
same, since only one classical drive is incident. For the
numerical calculation of the fidelities for the dual-V scheme
in Fig. 3, the distance d between the atoms was set to be
incommensurate with the wavelength of the classical drive,
d ¼ 0.266π=k0. The results are, however, almost indepen-
dent of d, and the gate can function even with completely
random placement of the atoms [37]. The dual-V scheme is
seen to have the same scaling as the Λ-type scheme.
Gate time.—The total gate time is split between EIT

storage and retrieval, two π pulses, and scattering. The EIT
time tEIT is equal to the time to pass the ensemble, i.e.,
tEIT ∼ L=vg, where vg ¼ ð2LjΩ0j2Þ=ðNΓ1DÞ is the EIT
group velocity [50]. The π-pulse time tπ is set by the splitting
between states jai and jdi. In the SupplementalMaterial [37],
we discuss a specific implementation in 87Rb where that
splitting is proportional to Δc, resulting in tπ ≳ 1=jΔcj.

To discuss scattering time, we need to model a nonzero
bandwidth of photon B. The reflection coefficient R0 (at
δ ¼ δres) in Eq. (5) should be replaced by

R
R0ðδÞjϕBðδÞj2dδ,

where ϕB is the frequency distribution of photon B. Since r1
and t1 vary much slower than r0 and t0 around δ ¼ δres (see
Fig. 2), we ignore a similar modification to R1;1. By
expanding, we get r0ðδÞ≈r0ðδresÞþð2=w2Þðδ−δresÞ2 with
the resonance width w ¼ ð32 ffiffiffi

2
p

π2Δ2
cjΩ0j2Þ=ðΓ3

1DN
3Þ.

Defining σ2B ¼ R ðδ − δresÞ2jϕBðδÞj2dδ (spectral width of
photon B) and using the optimal Δ2

c ¼ ðΓ2
1DN

3=2Þ=ð8πÞ, this
gives a modification of the fidelity FCJ;tb¼1;σB ≈ FCJ;tb¼1−
ðΓ2

1DN
3σ2BÞ=ð16jΩ0j4π2Þ. Requiring the error from nonzero

σB to be the same as the error in Eq. (7), we find that the
scattering time is 1=σB ¼ ðΓ3=2

1D N7=4Þ=ð4π3=2
ffiffiffiffi
Γ0p
jΩ0j2Þ.

For Γ1D=Γ ¼ 0.05, N ¼ 104, jΩ0j=Γ ¼ 10, we have
tEIT ∼ 5=Γ, tπ ≳ 1=jΔcj ¼ 0.1=Γ, and 1=σB ∼ 52=Γ.
Hence, the scattering time is dominant in the total gate
time (∼1.6 μs for 87Rb [51]). This is short compared to the
coherence time expected for cooled and trapped atoms
(e.g., few hundreds of microseconds in Ref. [52]).
Other imperfections.—Classical drives may couple

states jai and jdi off-resonantly to the excited states.
The coupling of the former results in four-wave mixing
noise, but this can be suppressed by a careful choice of
the energy levels [37,53]. The coupling of the latter
introduces loss of the stored photon with the effective rate
Γeff ∼ Γ0jΩ0j2=Δ2

hfs [37,54], where Δhfs is the hyperfine
splitting of the ground states (jai and jci). Hence, the total
reduction in success probability during scattering is
Γeff=σB ∼ ðΓ3=2

1D

ffiffiffiffi
Γ0p
N7=4Þ=ð4π3=2Δ2

hfsÞ. For example, in
87Rb, Δhfs=Γ ∼ 103 [51], and this error is negligible
compared to other losses for Γ1D=Γ ¼ 0.05 and N ¼ 104

but becomes significant for N ∼ 105.
If the path lengths of the Sagnac interferometer are not

completely stabilized, there is an additional error ∼ðk0lÞ2,
where l is the deviation of the propagation length from the
beam splitter to either end of the ensembles due to misalign-
ment [37]. Finally, the heralded gate is rather insensitive to
imperfections in the π pulses. The conditional fidelity will
only be affected by the part of the excitation that still remains
in states jci after both π pulses and is subsequently read out
with a wrong phase. This error thus only enters to a higher
order and can be eliminated completely by doing EIT
retrieval before the second π pulse [37].
Conclusion.—We have shown, how stationary light can

be used to create a CPHASE gate between photons. Most
importantly, the gate uses a large number of atoms N to
compensate for a limited single-atom coupling to light. In
particular, the gate can have a rapid convergence as N−3=2

towards unit fidelity if it is operated in a heralded fashion.
The gate is ideally suited for the setups currently under
development [21–26], where there is a moderate coupling
efficiency to light Γ1D=Γ ∼ 10−3–10−1 and total number of
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atoms N ∼ 103–105. In the Supplemental Material [37], we
describe how the gate can be directly employed to improve
the communication rate of quantum repeaters based on
atomic ensembles. In general, the gate may serve as a tool
for photonics based quantum information processing.
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Note added.—Recently, we became aware of a related
study [55].
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