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Single photon at a configurable quantum-memory-based beam splitter
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We report the demonstration of a configurable coherent quantum-memory-based beam splitter (BS) for a
single-photon wave packet making use of laser-cooled **Rb atoms and electromagnetically induced transparency.
The single-photon wave packet is converted (stored) into a collective atomic spin state and later retrieved (split)
into two nearly opposing directions. The storage time, beam-splitting ratio, and relative phase are configurable

and can be dynamically controlled. We experimentally confirm that such a BS preserves the quantum particle
nature of the single photon and the coherence between the two split wave packets of the single photon.
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I. INTRODUCTION

Beam splitters (BSs), as one type of the most common
and essential linear-optical components, have been widely
used and thoroughly investigated in both fundamental research
and engineering applications. They are particularly important
elements for building amplitude-splitting interferometers [1—
4], such as Mach-Zehnder (MZ) interferometer, Michelson
interferometer, Sagnac ring interferometer, etc. In quantum
optics, BSs act as keys for revealing nonclassical photon corre-
lations and intriguing quantum nature of single photons, with
typical examples of the Hanbury Brown-Twiss experiment
[5] and the Hong-Ou-Mandel interference [6]. BSs are also
important ingredients in photonic entanglement generation,
distribution, and analysis [7], thus interconnecting different
quantum nodes to form the backbone of a quantum computer
[8] or a quantum network [9]. On the other hand, quantum
memory, which allows on-demand interconversion between
flying and stationary qubits, is another necessity in building
up a practical quantum network [10]. Therefore, integration of
the BS with quantum memory marks an important step toward
scalable quantum networks. Recently, dynamical temporal BSs
have been demonstrated based on Raman memory [11] and
electromagnetically induced transparency (EIT) [12]. Xiao
et al. demonstrated a BS using EIT coherence with flying
atoms in a hot vapor cell [13]. These experiments all work with
coherent classical pulses, so whether the quantum properties of
single photons is preserved or modified in such active systems
remains a question. One of the challenges to address this is to
obtain narrow-band single photons matching the atomic tran-
sitions, because the efficient atom-photon interaction in those
memory-based BS requires sufficiently narrower bandwidth of
single photons as compared to a conventional passive BS.

In this paper, we produce narrow-band heralded single
photons from one cold atomic ensemble and demonstrate a
dynamical BS for single-photon wave packet based on EIT
quantum memory in a second cold atomic ensemble. The
input photon state |\W;,) is first stored in the quantum memory
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and then read out as a superposition state of two different
momentum modes (k; and k;) with forward and backward
simultaneous retrieval:

|Win) = [Wou) = AlcosO1k)) + €/ sinflk2)], (1)

where A represents the total transmission and ¢ is the relative
phase between the two modes. The splitting ratio and relative
phase can be dynamically controlled. With narrow-band her-
alded single photons, we confirm the single-photon particle
nature on the BS with the antibunching effect and verify the
phase coherence in a MZ interferometer.

II. EXPERIMENTAL SETUP

Our experimental setup and relevant %Rb atomic
energy level diagrams are illustrated in Fig. 1. Backward
time-frequency entangled Stokes and anti-Stokes photon pairs
are produced from spontaneous four-wave mixing with 5Rb
atoms in a dark-line two-dimensional (2D) magneto-optical
trap (MOT) in site A with counterpropagating pump and
coupling laser beams [14,15]. The optical depth (OD) of the
cold atoms at MOT A is 40 on the anti-Stokes transition
[1) — |3).The pump and coupling laser beams, with the same
beam diameter (1/e? intensity) of 1.5 mm, are aligned with
3° angle to the Stokes and anti-Stokes directions. The pump
laser (780 nm, Rabi frequency 27 x 3 MHz)) is blue detuned
by 60 MHz from the transition |1) — |4), and the coupling
laser (795 nm, Rabi frequency 2m x 14 MHz) is on resonance
to the transition |2) — |3). These generated narrrow-band
photons have a bandwidth of 5 MHz. Upon detecting a Stokes
photon at a single-photon-counting module (SPCM;) with a
time resolution of 4 ns, we project the anti-Stokes photon in
a highly pure temporal quantum state [16,17]. The heralded
anti-Stokes photon, with its central frequency on resonance
to the transition |1) — |3), is then coupled into a 110-m
single-mode fiber and sent into a second ¥ Rb MOT at site B
(MOT B) along the longitudinal z axis. The OD of MOT B is 70
at the anti-Stokes transition |1) — |3). In site B, a control laser
beam with a beam diameter of 1.5 mm, which is on resonance
to the transition |2) — |3), passes through an electro-optic
amplitude modulator (EOAM) and is split after a 50:50 BS into
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FIG. 1. Schematic of a single photon at a quantum-memory-based beam splitter (BS). Triggered by the detection of a Stokes photon (w;)
at the single-photon counting module SPCM;, a heralded single anti-Stokes photon (w,,) is produced from SFWM in ¥Rb magneto-optical
trap (MOT) A. The anti-Stokes photon is then coupled into a single-mode fiber (SMF) and sent to cold 8Rb atoms in MOT B. With forward
(FW) and backward (BW) control beams, the single-photon wave packet is stored and then retrieved into two spatial modes k, and k,. The two
output modes are combined at a conventional BS to form a Mach-Zehnder interferometer, whose output is measured by a second single-photon
detector SPCM,;. FP; and FP, are Fabry-Perot filters with a bandwidth of 60 MHz. AOMP; and AOMPjy are acousto-optic modulator pairs
for controlling the amplitude and phase of the FW and BW control beams. The electro-optical amplitude modulator (EOAM) is used to switch
on and off the control beams. The relevant >Rb atomic energy levels are [1) = [585, F = 2), |2) = (5812, F =3),13) = |5P2,F = 3), and

[4) = |5P3), F = 3).

forward (FW) and backward (BW) control laser beams. The
FW control beam is shined to MOT B with a small angle of
0.5° to the heralded anti-Stokes photon propagation direction
(+4z axis), and the BW control beam counterpropagates toward
the anti-Stokes photon. The storage-based BS mechanism can
be described as follows. With the FW control laser beam on,
it creates EIT, slows down, and compresses the anti-Stokes
photon wave packet in MOT B. As the photon enters MOT B,
we switch off the FW control beam and convert (or store) the
photon into a long-lived atomic spin wave—this is the storage
process. After a controllable time delay, we switch on both
FW and BW control beams simultaneously—this process
converts the stored atomic spin wave into a photonic state that
is a superposition of two different momentum modes |k;) and
|k2), as described in Eq. (1). The splitting process satisfies the
phase-matching condition: k; = kin — kpw + kew = kin and
ky = kin — krw + kpw >~ —kgw, where k represents the wave
vector. The angle of 0.5° between kpw and —kgw is large
enough to prevent the stationary light pulse effect [12,18].

III. RESULTS

EIT optical storage and retrieval in forward and backward
operations has been intensively studied in both experiment
[19-21] and theory [22,23]. The temporal wave form of the
heralded anti-Stokes photons generated from MOT A is shown
as the black curve in Fig. 2(a), which has a coherence time of
about 180 ns. The green dashed curve is the delayed wave
form when the EIT slow light is present continuously (with a
steady-state Rabi frequency of 2 x 21 MHz), which shows at
7 = 200 ns that the photon wave packet is mostly compressed
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FIG. 2. Photon wave forms after the atomic BS measured as
coincidence counts in 35 min with 4-ns time bin width. (a) FW or
BW storage retrieval when only one retrieval (FW or BW) control
beam is present. (b) BS output wave forms when both FW and BW
retrieval control beams are present simultaneously.
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FIG. 3. Autocorrelation of a single-photon wave packet measured by a BS. (a) Incident anti-Stokes photon wave form and (b) its
autocorrelation g(z) measured with a conventional BS as a function of the coincidence time window length At. (c) Retrieved anti-Stokes

photon wave form and (d) its autocorrelation g‘” measured with the atomic BS.

inside the atomic medium. Then we adiabatically and linearly
ramp down the power of the FW control beam from t = 125
to 200 ns, and store the photon state information into the
atomic spin state. As the first step of realizing the BS, we
need to balance the two retrieval outputs, which is crucial for a
BS-based interferometer. To do so, we optimize the powers of
FW and BW laser beams. The blue squares (or red circles) in
Fig. 2(a) shows the retrieved photon wave form in the k1 (or kg)
mode, when only one control beam (FW or BW) is switched
on at T = 400 ns with a ramp time of 75 ns and the same Rabi
frequency Qpw = Qpw = 27 x 21 MHz. Figure 2(b) displays
the k; and k, photon wave forms when both FW and BW
control beams are switched on simultaneously. These two wave
forms are nearly identical. Besides the loss caused by the finite
dephasing between the two hyperfine ground levels |1) and |2),
the spatial interference of the FW and BW beams introduces
additional loss [24]. The total storage- retrleval efficiency in
the BS operation is 28% [k1 A%cos?6 = (13 £2)%, k2
A?sin? 0 = (15 + 3)%]. From these data, we obtain the total
transmission efficiency A% = 0.28 as defined in Eq. (1) with
0 = m /4. It is clear that in the FW k1 mode there is a leakage
(t <200 ns) resulting from the unstored part of the wave
packet, which is not present in the BW &, direction.

We first confirm that the atomic BS preserves the quantum
particle nature of the heralded single photons by measuring
their correlation function g® = (alala,a,)/((ala)(@an))
between the two balanced output ports (6§ = 7 /4): A single-
photon incident to a BS can only go to one output port or
another. This question has not been addressed in the previous
studies where atoms are used to split a coherent laser beam [11—
13]. For a pure single-photon state, g’ = 0 because a single
photon cannot be split into two. A two-photon Fock state gives
g» = 0.5 and a classical state gives g» > 1.0. Figure 3(a)
shows the temporal wave form of the heralded anti-Stokes
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FIG. 4. (a) BS’s FW and BW splitting ratios as functions of the
FW control laser power. (b) Single-photon MZ interference result by
varying the AOM-pair phase difference. The coincidence counts are
measured over a 200-ns coincidence time window and total time of

300 min.
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photons. The measured conditional (or heralded) correlation
function of these input photons after a conventional BS as a
function of coincidence bin width At is shown in Fig. 3(b),
which shows g» < 0.5 (below the two-photon threshold)
within the entire photon coherence time and confirms the
single-photon nature of the input photons. Figure 3(c) shows
the temporal wave forms of the heralded anti-Stokes photons in
the k1 and k, modes after the BS. g/» < 0.5 is well preserved
for At < 150 ns. For 150 ns < At < 400 ns, g® degrades
because of the noise photon counts but it is still below the
classical limit of 1.0. Therefore, we have confirmed the particle
nature of a single photon preserved at the BS.

The splitting ratio 1; = cos’@ and 1, =sin’6 can be
controlled by varying the powers of the FW and BW retrieved
beams. The measured results of n; and n, as functions of
Prw /(Prw + Pgw) are plotted in Fig. 4(a), where the solid
lines are linear fits and agree well with the following re-
lations: n; = cos2h = Prw/(Prw + Ppw) and 1, = sin® 9 =
I — Prw/(Prw + Paw).

Another important property of a BS is preservation of phase
coherence in Eq. (1). In the EIT storage process, the atomic spin
state is prepared by the FW control laser beam and the input
photon so that reversible retrieval in the k; and k, directions
become possible. These phase-matching processes indicate
the BS operation is a coherent process. The relative phase
¢ between the two output ports is determined by the phase
difference between the FW and BW control beams when they
meet at MOT B:

¢ = (¢Lr + daompr) — (PLB + daompB), )

where ¢ r and ¢ g are path-length phases of the FW and BW
beams propagating from the 50:50 BS to MOT B (Fig. 1).
daompr and ¢aompp are the phases introduced by the two
AOM pairs which can be precisely controlled by their driving
radio-frequency sources. We construct a MZ interferometer
to confirm the coherence of the atomic BS. As shown in
Fig. 1, the two outputs of the atomic BS are directed and
combined at the conventional BS that is used for splitting the
control beam, and the interference output is detected by the
photon counter SPCM,;. Figure 4(b) shows the coincidence

counts between SPCM; and SPCM,; as a function of A¢,. =
daomprr — Paomps When the atomic BS is operated under the
balance output mode (6 = m/4). The solid line is the best
fitted sinusoidal curve, and the dashed line is the background
accidental coincidence from stray light and detector dark
counts. Subtracting this background noise, we obtain a visibil-
ity of 89% for the interference signal, which is limited by the
mismatch of retrieval wave forms and stability of the residual
phases. This high interference visibility confirms the coherence
of the atomic BS. As we actually send a single-photon wave
packet into the atomic BS, the interference result reveals the
wave nature of the single photons. That is, the output single
anti-Stokes photon state is a coherent superposition of the k;
and k, modes.

IV. SUMMARY

In summary, we demonstrate a configurable single-photon
BS based on EIT storage in cold atoms. Using narrow-band
heralded single photons, we show that such a BS preserves
the particle-wave duality of photons. We observed the anti-
bunching effect of single photons at the atomic BS in their
autocorrelation. The phase coherence between the two split
modes is confirmed with a single-photon MZ interferometer.
The splitting ratio and phase can be dynamically controlled
with the control beams and the atomic parameters. We note
that the total transmission efficiency (28%) is low in this
proof-of-principle demonstration. This problem is caused by
the low storage-retrieval efficiency and can be improved by
minimizing the atomic ground-state dephasing. For example,
an EIT quantum memory with an efficiency of >90% has been
recently achieved [25]. This quantum-memory-based control-
lable BS may have applications in a quantum information
processing network. It can also be used for testing some
fundamental quantum physics, such as Wheeler’s delayed-
choice experiment [26].
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