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Hybrid matter-photon entanglement is the building block for quantum networks. It is very fa-
vorable if the entanglement can be prepared with a high probability. In this paper, we report the
deterministic creation of entanglement between an atomic ensemble and a single photon by harness-
ing Rydberg blockade. We design a scheme that creates entanglement between a single photon’s
temporal modes and the Rydberg levels that host a collective excitation, using a process of cyclical
retrieving and patching. The hybrid entanglement is tested via retrieving the atomic excitation as
a second photon and performing correlation measurements, which suggest an entanglement fidelity
of 87.8%. Our source of matter-photon entanglement will enable the entangling of remote quantum

memories with much higher efficiency.

The construction of quantum networks [1-3] over long
distance requires matter qubits with an efficient optical
interface, since photons are an excellent candidate for
long-distance transmission, and matter qubits are nec-
essary to connect different segments. A paradigm for
this situation is an entanglement pair between a single
photon and a matter qubit. For application in quantum
networks, it is necessary that the hybrid entanglement
has a very high preparation efficiency and fidelity, at the
same time the matter qubit can be preserved for a long
duration [4].

It is very promising of harnessing atomic ensembles [4—
6] for quantum networks, since an ensemble of atoms
are relatively easier to prepare in comparison with single
atoms, and it has additional advantage of collective en-
hancement, which enables efficient interaction with sin-
gle photons. In the past years, plenty of efforts have
been paid to improving the performances of laser-cooled
atomic ensembles [7-29]. Notably, very high retrieval ef-
ficiency has been achieved either by using large optical
depth [16, 22, 24, 27] or with the assistance of a low-
finesse cavity [7, 13, 17, 29], sub-second storage has been
achieved by confining the atoms with optical lattice and
compensating the differential light shift [11, 12, 17, 29],
telecom frequency conversion has also been employed to
extend distance of remote entanglement [28].

When atomic ensembles are employed as quantum
memories, they are typically modeled as non-interacting
atoms, and collision between atoms are unfavorable. In
this situation, the preparation of entanglement with a
single photon is probabilistic, and the preparation prob-
ability is kept very low typically to minimize the con-
tribution of high-order events [4, 5]. However, Rydberg
interaction provides a promising solution to create en-
tanglement deterministically [30, 31], as a single atom
excited in a Rydberg state can block further excitations
into the Rydberg state [32, 33]. In recent years, plenty
of research have been performed on Rydberg quantum

optics [34-49]. In particular, L. Li et al [38] demon-
strated entanglement between a Rydberg excitation and
a number-state encoded light field. The number-state
encoding suffers from being phase sensitive. To avoid
this, J. Li et al realized entanglement between a Ryd-
berg excitation and a polarization encoded single pho-
ton [48]. This scheme nevertheless succeeds merely 50%
in principle, limiting its efficiency in entangling remote
nodes [28, 50| via entanglement swapping [51].

In this paper, we propose and experimentally realize a
scheme that entangles an atomic ensemble with a single
photon’s time-bin modes deterministically. The detailed
scheme is depicted in Fig. 1. We consider a mesoscopic
atomic ensemble in the regime of full blockade [33]. All
atoms initially stay in a ground state |g). Two Ryd-
berg levels |r1) and |rs) are employed to host a collec-
tive excitation. Our scheme starts from a Rydberg state
preparation phase, in which we first apply a collective
/2 pulse coupling |g) and |r;) resulting in a collective
state of (|R1)+|G))/v/2, and apply a subsequent 7 pulse
coupling |g) and |ry) resulting in a superposition state
of (|R1) + |R2))/v/2, where |G) denotes all atoms in |g)
and |R;) = N~1/2 sz\; lg'g®---ri -+ g") denotes a col-
lective excitation in |r;), with N being number of atoms
and ¢ being an atom index. We name the 2nd 7 pulse as
a “patching” pulse, since it creates a full excitation out of
a half excitation, harnessing Rydberg blockade between
|r1) and |r2). In the next phase of our scheme, atom-
photon entanglement is generated via a cyclical process
of “retrieving and patching”. We first retrieve |R;) to
a single photon and patching it back by applying a 7
pulse coupling |g) and |r1). Rydberg blockade between
|r1) and |re) again plays a key role, ensuring that a |Ry)
excitation is recreated only if there was a |R;) excita-
tion previously. Afterwards, we apply the retrieving and
patching process for |Ry), creating a photon in a delayed
temporal mode. After these steps, the joint atom-photon
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FIG. 1. Scheme of generating deterministic time-bin entanglement. In the first phase, we prepare a Rydberg superposition state
(|R1) + |R2))/v/2. In the second phase, we apply the cyclical “retrieving and patching” process for |R1) and |R2) in sequence,
which results in retrieval photon whose temporal mode is entangled with the Rydberg levels of the collective excitation. In the
last phase, we detect the atomic state via retrieving it to the temporal mode of a second photon. The excitation and patching
process involve a two-photon Raman process. Spatial arrangement of the Raman beams is shown in Fig. 2. Numerically filled

circles indicate relative time sequences of all the steps.

state can be expressed as
Wap) = (1/V2)(|R1)|E) + |Rs) L)), (1)

where |E) or |L) denotes a single photon in the temporal
early or late mode. We note that all the atomic ma-
nipulation steps are deterministic. The retrieving pro-
cess from a Rydberg excitation to a single photon [52]
is also deterministic in principle, as long as the optical
depth is high enough. Thus we claim that our scheme
is deterministic, which differentiates from the traditional
DLCZ scheme [5] that creates entanglement probabilisti-
cally through spontaneous Raman scattering. In the last
phase, we retrieve the atomic state |R;) and |Rsg) in se-
quence to a second photon in the temporal mode of |E’)
and |L’) to verify the entanglement.

Our experimental setup is illustrated in Fig. 2. An
ensemble of 8”Rb atoms is captured by a conventional
magneto-optical trap (MOT) lasting 30 ms, and a follow-
ing dark spontaneous force optical trap (dark SPOT) [54,
55] lasting 70 ms. Afterwards, the atoms are loaded into
an optical dipole trap formed by a 1064 nm laser prop-
agating along the y direction with a power of 2 W and
a waist of 5 um in the z direction and 25 pm in the z
direction, resulting in an optical depth of 1.7 along the x
direction and a density of 10'* cm™3. The energy levels
include a ground state |g) = |55 /2, F =2, mp = +2),
an intermediate state |e) = [5P; /5, F' =1, mp = +1),
and two Rydberg states |ry) = |8151 /2, m; = +1/2) and
lr2) = [8151/2, m; = —1/2). We employ a two-photon
Raman process to excite an atom to a Rydberg level, in-
volving a 795 nm laser and a 474 nm laser. Single-photon
detuning is set to A = —40 MHz. The two Rydberg lev-
els are selected to be close to each other. Thus we are
able to share the same 474 nm laser instead of seeking
a second blue laser for the other Rydberg state. Deter-
mined by the phase-matching condition [52], retrieved

single photons propagate in the z direction, which is the
same as the 795 nm Raman laser. At the same time,
the single photons also have the same polarization as the
Raman laser, thus slight leakage of the Raman laser will
spoil the single photons. In our experiment, we solve this
problem by using a temporal filter involving an acousto-
optic modulator (AOM; in Fig. 2b)) to deflect the op-
tical field only when retrieving the single photons. Af-
terwards, the single photon enters an active unbalanced
Mach—Zehnder (MZ) interferometer, in which the early
mode goes through the long arm while the late mode goes
through the short arm. The MZ interferometer is em-
ployed not only to measure the first photon but also the
second photon retrieved for atomic state detection, which
is enabled with an optical switch (AOM; in Fig. 2b). Fi-
nally, the photons are measured with single-photon de-
tectors (SPDs) and analyzed in polarization.

Before characterizing the atom-photon entanglement,
it is crucial to verify that the “patching” process is coher-
ent and a Rydberg excitation is genuinely created in a su-
perposition state. Therefore, we first perform an experi-
ment that retrieves the atomic excitation immediately af-
ter its creation. In other words, we skip the second phase
in Fig. 1. Thus the initial atomic state (|R1) + |R2))/v2
is directly converted to (|E’) + €'|L’))/+/2, with an in-
ternal phase ¢ being dependent on the relative phases of
B4, Bs, Cq, and Cy. In order to get a stable phase, we
make use of an arbitrary function generator (AFG) with
dual outputs to control the AOMs for B;/C; and Bo/Cs
respectively as shown in the inset of Fig. 2b, which sets
a common phase for all the 4 pulses. We perform mea-
surement in the basis of |+) = (|E’') + |L'))/v/2, with
the result shown in Fig. 3. We vary the phase of C;
and measure the single photon counts. As expected, the
relative counts show as complementary sinusoidal oscilla-
tions as a function of phase. By fitting the result, we get
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FIG. 2. Experimental setup. (a) Observed collective Rabi
oscillations. Light blue dots represent the oscillation between
|G) and |R1) and dark blue dots represent the oscillation be-
tween |G) and |Rz). Dashed lines are the fitting results, in-
dicating a 7 pulse duration of 92.95 ns and 92.18 ns for |R1)
and |R2) respectively. (b) Layout of the experiment. The
795 nm beam counterpropagates with the 474 nm beams, all
of which are tightly focused to address a small region of the
atomic cloud to define a mesoscopic ensemble with full block-
ade (more details available in [53]). Single photons are re-
trieved in the z direction, afterwards subjected to fiber cou-
pling, temporal filtering, interfering through an unbalanced
MZ interferometer, switching, rotating in polarization and fi-
nal detecting sequencially. The fibers used in the two arms of
the the MZ interferometer are 65 m and 5 m which give a rel-
ative photon delay of about 300 ns. The interferometer is ac-
tively stabilized by injecting a locking beam into the idle port.
Our experiment involves four blue beams (B;/B2/C1/C2),
which differentiate each other in polarization , frequency, or
both. We make use of a multiplexing scheme shown as inset
of Fig. 2b to adjust the frequencies dynamically and combine
the beams into a single-mode fiber. AOMz: is merely used for
the Bell measurement. Some abbreviations: halfwave plate
(HWP), quarterwave plate (QWP), polarizing beamsplitter
(PBS), high reflection mirror (HR), dichroic mirror (DM),
photodiode (PD), electro-optic modulator (EOM).

an interference visibility of V., ,_ = 0.909 + 0.006, which
is mainly limited by inhomogeneity of the two temporal
modes, optical misalignment, and detector aflterpulse.
The overall measured photon efficiency is about 1.7%,
which includes preparation efficiency of a Rydberg exci-
tation (~90%), retrieval efficiency (~13%), transmission
and fiber coupling efficiency (~69%), AOM deflecting ef-
ficiency (~77%), transmission efficiency through unbal-
anced MZ interferometer (~47%), and detector efficiency
(~60%). We note that by harnessing enhancement with
a low-finesse ring cavity [13], the retrieval efficiency may
be improved significantly.

Next, we implement the whole scheme shown in Fig. 1.
We add back the phase of atom-photon entanglement
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FIG. 3. Verification of the initial Rydberg state preparation.
(|R1)+|R2))/V/2 is converted to (|E') +e*®|L’))/+/2 and mea-
sured in the basis of (|E’) & |L’))/+/2. Dependence on the in-
ternal phase ¢ is plotted. Dashed lines are the fitting results.
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FIG. 4. Characterization of the entanglement |¥,,) via cor-
relation measurement. In the eigenbasis, the sum of |E)|E")
and |L)|L') coincidences is shown in dark blue, while sum of
|E)|L') and |L)|E’) coincidences is shown in orange. In the
superposition basis, The sum of |+)|+’) and |-)|-’) coinci-
dences is shown in red, while sum of |+)|—') and |—)|+') is
shown in light blue. The dash lines are the fitting results.

generation, by applying the retrieving and patching pro-
cess for |R;) and |Rs) in sequence, which creates a
first photon that is entangled with atomic excitation in
the form of |¥,,). To verify the entanglement, we re-
trieve the atomic excitation as a second photon that
entangles with the first photon in the form of |¥,,) =
(1/V2)(|[E)|E") 4 €™ |L)|L')), with an internal phase v
dependent on the Raman and retrieving fields. To ver-
ify the entanglement, we perform correlation measure-
ment both in the eigenbasis of |E)/|L), and in a su-
perposition basis of |+)/|—). The detectors SPD; and
SPDs are employed for this measurement through tem-
poral multiplexing, and measurement settings are config-
ured by rotating the waveplates. Experimental results
are shown in Fig. 4. As expected, when we vary the



internal phase ¢ linearly, coincidences in the eigenbasis
show no dependence, while coincidences in the superpo-
sition basis show as sinusoidal oscillations. By fitting
the results, we get a visibility of V3 = 0.890 & 0.010 for
the eigenbasis, and V5 = 0.811 4+ 0.008 for the superposi-
tion basis, which together give an entanglement fidelity
as F~ (1+V; +2V3)/4 = 0.878 + 0.005 [56]. A moder-
ate visibility in the superposition basis contributes most
for the entanglement infidelity. Feasible measures for im-
provement includes using faster switches, using detectors
with a lower probability of afterpulse, and using two Ry-
dberg levels of different principal quantum number to
reduce crosstalk.

TABLE I. Measurement results for Bell-CHSH test.

o, B 225,45 22.5,0 67.5,45 67.5,0
E(a, B) 20415 -0.531 -0.568 0.659
o 0.029 0.028 0.026 0.025

Finally, we verify the entanglement directly via testing
the Bell-CHSH inequality [57, 58]. In this test, the two
photons need to be measured in different settings, thus
the previous detector multiplexing scheme does not work.
We make use of an active switcher (AOMy) to solve this
problem. The AOM lets the first photon pass through
and directs it to SPD; and SPD», while deflects the sec-
ond photon and directs it to SPD3 and SPD,4. To perform
the Bell test, we need to measure the S parameter that is
defined as S = |E(a, B)+E(a*, B)+E(a, 5*)—E(a*, 5%)|,
with E(q, 8) being the joint expectation value when one
photon is measured in the « setting and the other photon
is measured in the 8 setting. A setting 6 refers to a mea-
surement in the basis of |#) = cos(0)|E) + sin(0)|L) and
|6+) = sin(0)|E) — cos(9)|L). E(a,3) takes a maximal
value 1 for perfect parallel correlation, and —1 for perfect
anticorrelation. For perfect entanglement and optimized
settings, the S parameter can take a maximal value of
21/2. The threshold to certify entanglement is S > 2.
We set the internal phase ¢ of |¥,,) to 0 and perform
the measurements. The results are shown in Tab. I, and
we get S = 2.173 + 0.055, which violates the inequality
by 3.16 standard deviations.

In summary, we propose and experimentally realize
a scheme of deterministic time-bin entanglement be-
tween a single photon and a mesoscopic atomic ensem-
ble. We harness two Rydberg levels to host a collec-
tive atomic qubit, and employ a cyclical “retrieving and
patching” process to create atom-photon entanglement.
Self-blockade in each Rydberg level, and cross blockade
between the two levels play key roles for the scheme. Our
experiment fully implements the scheme. Via performing
correlation measurements, we estimate an entanglement
fidelity of 87.8%. We also perform a Bell inequality test
to verify the entanglement directly. Further improve-
ments include using a low-finesse cavity to improve the
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retrieval efficiency [7, 13], transferring the atomic qubit
from Rydberg levels to ground state levels [41, 43], and
using optical lattice to achieve long-lived storage [17, 29]
etc. With these developments, the atom-photon entan-
glement created in our work may become a strong can-
didate as a fundamental element for constructing large-
scale quantum networks [1-4].
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