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Long-lived and high-fidelity memory for a photonic polarization qubit (PPQ) is crucial for constructing
quantum networks. We present a millisecond storage system based on electromagnetically induced
transparency, in which a moderate magnetic field is applied on a cold-atom cloud to lift Zeeman
degeneracy and, thus, the PPQ states are stored as two magnetic-field-insensitive spin waves.
Especially, the influence of magnetic-field-sensitive spin waves on the storage performances is almost
totally avoided. The measured average fidelities of the polarization states are 98.6% at 200 us and 78.4%

at 4.5 ms, respectively.
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Quantum memories [1] for single-photon polarization
qubits are crucial for establishing entanglement between
two remote atomic ensembles in quantum repeater proto-
cols [2-7]. In recent years, many physical processes, such
as spontaneous Raman emission (SRE) [8,9], electromag-
netically induced transparency (EIT) [10-12], atomic-
frequency combs (AFC) [13,14], off-resonant Raman
interaction [15], and others [16,17] have been exploited
to store quantum states of light. The absorptive EIT and
emissive SRE processes in cold atoms provide promising
storage schemes, based on which high retrieval efficiencies
[18,19] and long lifetimes [8,9,11,12] have been demon-
strated. The SRE process is an elementary step in the
Duan-Lukin-Cirac-Zoller (DLCZ) protocol [2], which
can create a single photon correlated with one collective
excitation. By detecting a single photon which could be
emitted from either of the two ensembles, a heralded
entanglement between two ensembles can be established
[2,7]. However, with the DLCZ protocol the probability p
of generating an excitation in two ensembles has to be very
low (p < 1) for suppressing the errors resulting from
unwanted multiple emissions [3,20]. But as p — 0, the
influences of the experimental imperfections, such as stray
light scattering and detector dark counts on the fidelity of
entanglement will be more conspicuous [21]. To overcome
this drawback, alternative approaches based on single-
photon sources [3] and polarization-entangled photon pairs
(see Sec. IIIC in Ref. [4]) in combination with quantum
memories have been proposed, in which the absorptive
memory schemes such as EIT [10] or AFC [14] are used
for storing single-photon qubits. Since single photons are
provided by ideal or quasi-ideal single-photon sources, the
multiple emission errors existing in the DLCZ protocol are
naturally eliminated [3-5] in these protocols. To complete
the protocols based on single-photon detections [2,3], the
phase stability over a long distance is required and the
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requirement is difficult to be realized experimentally
[4,5,7]. However, the protocol proposed in Ref. [4] relies
on the two-photon detections to construct the long-distance
entanglement, and thus relaxes the requirement for the
phase stability [4,5]. To perform the two-photon detec-
tions, quantum storage of photonic polarization qubits
(PPQs) is needed [4]. Quantum memories [1] capable of
storing arbitrary polarization states of light have been
implemented in a number of different media, including
single atoms [22], cold atoms [20,23-27], warm vapors
[28,29], and rare-earth-ion-doped crystals [30-32]. Toward
realizing the quantum repeater, several experiments of EIT-
based storage of a PPQ have been implemented in the
quantum region [20,23,24]. In the experiments of
Refs. [20,23], single-photon polarization qubits are split
into vertical and horizontal components and then stored in
two atomic systems, respectively, placed at two spatially
separated arms of an interferometer, and the achieved
storage lifetime is several microseconds. Another EIT-
based storage experiment of PPQ is realized in a Bose-
Einstein condensation [24], in which the memory qubit is
preserved in two atomic magnetic-field-sensitive (MFS)
coherences m = 0 — m’ = =1, and the residual magnetic
field is actively compensated to reduce the decoherence.
The measured polarization fidelities in Ref. [24] are ~0.95
for the storage period of 2 ws and ~0.75 for 470 ws,
respectively, which is the longest storage lifetime of PPQ
obtained with an EIT-based scheme, so far. To increase the
storage lifetime PPQs should be encoded in atomic coher-
ences associated with magnetic-field-insensitive (MFI)
transitions, which have been utilized in the DLCZ-type
experiments [26,27]. In Ref. [26], Kuzmich’s group creates
a memory qubit whose logical states are preserved in two
spin waves (SWs) associated with the MFI coherences
m = *1 < m' = F1 of two overlapped atomic ensembles
confined in a 1D optical lattice. Although the experiment
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demonstrates the violation of Bell’s equality for the storage
time of 3 ms, the unwanted MFS SWs are also produced
during the creation of the qubit memory, which leads to the
retrieval efficiency decreasing promptly after the storage
time of 100 us [9,26]. Besides, due to the interference
between the clock SW (m = 0 — m’ = 0) and the MFI
SWs, the higher entanglement appears only at the periodi-
cal interval of T = nt, where t =054 ms and n =
1,2,3... [26]. Also, the same group realizes the quantum
memory with a lifetime of 100 ms by encoding qubit states
in two spatially distinct SWs associated with the m = 0 <
m' = 0 clock coherence and applying a magic-valued
magnetic field to eliminate the lattice-induced dephasing
[27]. However, because of the spatial splitting of the SW
qubit states, some extra steps, such as the interferometric
stability [7] and spatially matching the two SW modes, are
required.

Until now, the EIT-based scheme of storing PPQs as
MFI SWs has not been implemented. Here, we present an
effective long lifetime and high-fidelity EIT-based storage
experiment for PPQs. By applying a moderate magnetic
field on a cold 3’Rb atomic cloud, only two pairs of MFI
transitions appear respectively in two EIT systems existing
within a cold atomic cloud, which will be used for storing
the PPQ states. At the same time, all MFS transitions are
removed outside of the EIT systems when the degeneracy
of Zeeman sublevels is lifted. Thus, the influences of MFS
coherences on the storage are eliminated and the perfor-
mances of the qubit memory are significantly improved.

The involved levels of 3’Rb atoms and the experi-
mental setup are shown in Figs. 1(a)-1(c), respectively,
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FIG. 1 (color online).

Overview of the experiment. (a) and
(b) The atomic level schemes of 8’Rb with a weak (B, =
0.59 G) and a moderate (By, = 13.5 G) magnetic field, respec-
tively. ot and o~ are right-and left-polarized signal light fields,
respectively. (c) The experimental setup. Acronyms are defined
in the text except for neutral density filters (NDF) and the Glan-
laser polarizer (GLP).

where |a) = |52S1/2,F =1), |b) =528
le) = 152P, .
ent mixture of the m = =1 states (i denotes the magnetic
quantum number). The signal and writing-reading light
fields are tuned to transitions |a) < |e) and |b) < |e),
respectively; their frequency difference is w,;,, which
matches the resonance of the two-photon transition |a) <
|b) at the case of Zeeman degeneracy. For suppressing the
dephasing effect resulting from atomic motion, we make
the signal and writing-reading light beams collinearly go
through the cold-atom cloud along the z direction. Such a
collinear configuration was first proposed and demon-
strated by Zhao et al. [8] in the DLCZ-type experiment,
in which they achieved the storage lifetime of ~1 ms for
single photons with a fixed polarization. In the presented
experiment, the input signal-light field may be set in an
arbitrary polarization state, which can be regarded as the
superposition of the right-circularly (o") and left-
circularly (o™) polarized components. Since the quantum
axis is defined by applying a bias magnetic field B, along
the z direction, the o*-polarized components of a signal
photon couple to |a,,) < |e,,+) and |a,,) < |e,_,) tran-
sitions, respectively. The writing-reading light field is ver-
tically polarized and its o~-polarized components
(W*/R*) drive the |b,,) < le,,+1) and |b,) < |e,_1)
transitions, respectively. In previous EIT-based storage of
PPQs [20,24], the typical value of the magnetic fields used
to define the quantization axis is about several hundreds of
mG. When such a weak field is applied on the 8’Rb atomic
ensembles, the degeneracy of the Zeeman sublevels of F' =
1 and 2 ground states is not lifted [see Fig. 1(a)]. In this
case, for the ot-(o™-) polarized component, the
EIT occurs in the four-level tripod system [33] formed by
|am:—l> - |bm=—1> - |em:0> - |bm=l> (lam=l>_|bm=l>_
le,u=0)— |b,u=—_1)). By switching off the writing beam, the
ot -(o~-) polarized component of the input signal is trans-
ferred into SWs S_; 1 (§1,-;) and S_; —; (Sy,1), and stored
in the cloud of cold atoms, where S_; ; (S| —) is associated
with the MFI coherence |a,—_;) < |b,—1) (la,—) <
|b,,——1)), while S;; (S_; _) is associated with the MFS
coherence |a,—1) < |b,=1) (|a,=—1) < |b,=—1)). In our
experiment, the degeneracy of Zeeman sublevels is obvi-
ously lifted [see Fig. 1(b)] by applying a moderate mag-
netic field along the z direction. The frequency of the MFI
lay—1) < |bpy——1) (ayu——1) < |b,,—1)) transition still
matches w,;,, while the frequency of the MFS |a,,—,) <
|b,,—=1> (a,——,) < |b,—_,)) transition becomes mis-
matching w,;,. Therefore, the four-level tripod EIT system
will change to the three-level A-type EIT system
formed by |am:71> - |em=0> - |bm:1> (lam=l> -
le,y—o) — |by——1)) and the o*-or o~ -polarized compo-
nent of signal photons will be only transferred into the
MFI SW S_,; or §;_;. By using dark-state polariton
concepts [10,33,34], we obtain the retrieval efficiencies
of o= -polarized signal photons

1/z,F = 2), and
F' = 1). All of the atoms are in an incoher-
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Ret(l‘) = Reoe_(t/Ti)e_(t/TD) = Rgoe_(t/T') (1)

for the case of the lifting-Zeeman degeneracy [see
Egs. (S13)—-(S14) in the Supplemental Material [35]], and

e(—t/ZT‘-l')—iwil,tlf

. 1
RLT (t) = ZREO

+ o125 2T ies 5t 2e*(l/7'n) (2)

for the case of the Zeeman degeneracy [see Eq. (S11) in the
Supplemental Material [35]], respectively, where w,, ,/ is
the Larmor frequency of the SWs SAmym/(z, 0, 7=
Tp75/(Tp + 75), Tp is the lifetime limited by the atomic
motion [7,8], 7; = 7y _; = 72, is the lifetime of the MFI
SWs Sy _jorS_y, 75, _ (7],) is the lifetime of the MFS
SW S_;—1(Sy,1); the lifetimes 7, , are limited by inho-
mogeneous Zeeman broadening [7,9]. We theoretically
evaluate the retrieval efficiencies for both cases of lifting
and nonlifting Zeeman degeneracy according to Egs. (1)
and (2), respectively. For our system with a cloud of cold
atoms of ~200 uK temperature and a signal light beam of
~1 mm diameter, we calculated 7, = 3.3 ms [see Ref. [8]
or Eq. (S4) in the Supplemental Material [35]]. The mea-
sured magnetic field gradients B’ in our magneto-optical
trap are ~10 and 35 mG/cm for a weak (0.59 G) and a
moderate (13.5 G) field, respectively, and the calculated
lifetimes are {r7{=7;_, =7, =162 ms, 72, | =
i, =32 ws}, and 77 = 77 _; = 75, =~ 4.6 ms for the
fields of 0.59 and 13.5 G, respectively [see Ref. [9] or
Eq. (S5) in the Supplemental Material [35]]. Substituting
above data into Egs. (1) and (2), it is shown that the
retrieval efficiency of the o -(o~-) polarized signal pho-
tons for the lifting-Zeeman-degenerate case is about 4
times that for the Zeeman-degenerate case at storage times
longer than ~100 ws. The physical reason is that the
partial optical signals are transferred into the MFS SW
S11 (S-1,—1), which reduces to a very low level within
100 ws.

As shown in Fig. 1(c), the input signal and writing-
reading light beams are combined by a polarization-
insensitive beam splitter (BS). Before arriving at the BS,
the signal beam goes through neutral density filters, a
quarter-wave plate (QWP1) and a half-wave plate
(HWP1). By adjusting the QWP1 and HWPI, the polar-
ization state of the signal light can be arbitrarily set. The
optical mode cleaners MC;, (see the Supplemental
Material [35]) are used to filter the incoherent components
of the writing-reading laser pulses. After reaching the BS,
the signal and the writing-reading beams collinearly propa-
gate through the cold atoms along the z direction. The
writing-reading beam and the stray light are blocked by a
pinhole (PH) and optical spectral filters (OSFs), i.e., Fabry-
Perot cavities [35], while the retrieval signal photons go
through a half-wave plate HWP, and then enter into a

polarization analyzing and measuring (PAM) system. The
HWP, is used to compensate the relative phase between
the o " -polarized and o~ -polarized retrieval photons and
PAM is utilized to perform the polarization analyzing and
measuring of the retrieved photons [35]. In the PAM sys-
tem, D; and D, denote photodiode detectors for measuring
retrieval efficiencies in Fig. 2 or single-photon detectors for
polarization fidelity measurements in Fig. 3 and Table 1.

The cold #’Rb atomic cloud is collected by the magneto-
optical trap and then a Sisyphus cooling is performed.
After the 0.7-ms Sisyphus cooling, the bias magnetic field
B, is switched on for a duration of 0.5 ms to reach a
stabilization value (0.59 or 13.5 G) and then the pumping
lasers P1, 2, 3 and the writing laser are turned on. Keeping
the optical pumping for 18 us, most of the atoms have
been prepared into the states |a,,—,) or |a,,—_,) with equal
populations, and the measured optical depth for the tran-
sition |a,,—+) < le,—o) is ~4. After the pumping, i.e., at
the time r = 0, the signal pulses (with a pulse length of
100 ns) are switched on and stored into the cloud of cold
atoms by dynamic EIT (see the Supplemental Material
[35]). Waiting for a period ¢, the stored SWs are retrieved
by switching on the reading beam and are detected within a
window of ~100 ns.

First, we perform the storage and retrieval experiments
of the o*-(o~-) polarized signal light with its input peak
power of 25 uW. The measured retrieval efficiencies of
o~ -polarized signal fields as the function of storage time at
By = 0.59 G are shown in Figs. 2(a) and 2(b) (red circle
dots), respectively. We can see that they fast drop to a very
low level around ~80 us, which is because the MFS SWs
are washed out at times longer than ~80 ws. The solid
green lines I7 and 11’ are fits to the experimental data based

Retrieval efficiency (%)

Retrieval efficiency (%)

o 1 2 3 4 5

Storage time (ms) Storage time (ms)

FIG. 2 (color online). Measured retrieval efficiencies as the
function of the storage time ¢ for the o*-polarized (a) and
o~ -polarized (b) signal fields. Black square and red circular
points are the experimental data obtained for By = 13.5 and
By = 0.59 G, respectively. The blue solid lines [ in (a) and I’ in
(b) are the fittings to the experimental data (black square points)
according to R (f) = R,ge "™, respectively, which yields
R.o = 8.3%, 7 = 1.6 ms. The fitting result of 1.6 ms is close
to the calculated value 7, = 7575 /(7p + 77) = 1.9 ms, where
7p = 3.3 ms and 77 = 4.6 ms are the evaluated results in the
text. The green lines /7 in (a) and /I’ in (b) are the fittings to the
experimental data (red circular points) according to theoretical
models in which the imperfect atomic preparation has been taken
into account (see the Supplemental Material [35]).
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FIG. 3 (color online). Quantum process fidelity as the function
of storage time t. The data are fitted by Eq. (3), with the
measured total detection efficiency 7, = 0.19 and background
noise N =22 X 107%. The retrieval efficiencies R (f) =
0.083¢~"/1-% are obtained from both fitting curves I and I’ in
Fig. 2. The fitting yields the ¢! dephasing time of o, = 14 ms.

on theoretical models. In the models, the influences of
imperfect atomic preparation have been taken into account
(see the Supplemental Material [35]), and thus the fittings
are in good agreement with the measured results. The black
square dots in Figs. 2(a) and 2(b) are the measured retrieval
efficiencies of o~ -polarized signal fields at B, = 13.5 G,
respectively. The solid blue lines 7 and I’ are the fits to the
experimental data based on Eq. (1), with a storage lifetime
of 7; = 1.6 ms and the retrieval efficiency R, = 8.3% at
t = 0. Comparing the curves I (I') and I1 (II'), we find that
the measured retrieval efficiencies with B, = 13.5 Gis ~4
times that with By = 0.59 G at times longer than ~80 wus,
which is in perfect agreement with the theoretical predic-
tion mentioned above. At By = 13.5 G, the two retrieval
efficiencies for the o*-and o~ -polarized signal photons
are symmetric and the storages are long lived, which
provides promise for achieving a high-fidelity and long
lifetime storage of a PPQ.

Subsequently, we perform the storage and retrieval of
the PPQ with By = 13.5 G. The input signal pulse is
decreased to the single-photon level (i.e., the mean photon

TABLE 1.

number 7 = 1) by using the neutral density filters. 72 is
determined by detecting the probability per pulse at
the case without the cold atomic cloud and considering
the total detection efficiency of m,; = 19% (see the
Supplemental Material [35]). To characterize the quality
of the qubit memory, we perform experiments of storage
and retrieval for four input polarization states |H), |V), | D),
and |R), respectively. By analyzing the retrieval photon in
three mutually unbiased bases |H) — |V)|, |[R) — |L), and
|D) — |A), we reconstruct the density matrix p, of the
retrieved single photons by means of the quantum state
tomography [35,36], where H, V, R, L, D, and A denote
horizontal, vertical, right circular, left circular, diagonal
(45°), and antidiagonal (— 45°) polarizations, respectively.
The fidelity of the quantum state is defined as the overlap
of the density matrix p,, Wwith the ideal input state
). Fy = (il poucl ¥;). The fidelities of the four input
states at several different storage times are listed in
Table I. The measured average fidelity is 98.6% at
200 ws and decreases to 78.4% at 4.5 ms.

Alternatively, the storage of PPQ can be characterized
by the quantum process matrix X [37]. After reconstruct-
ing the matrix X (see the Supplemental Material [35]),
we obtain quantum-process fidelity Fprocesss Which is

defined as
, 2
Farcos = Tr( VX R )
with yi¥al = 1 [35]. The function of Fycess as the storage

time is shown in Fig. 3, from which we can see that Foces
decreases with the storage time. We attribute the decrease
to the following two factors. First, since the retrieval
efficiency exponentially reduces with the storage time,
the background noise gradually becomes a main contribu-
tion to the single-photon-counting events which make the
polarization fidelity reduce. On the other hand, the dephas-
ing between the two spin waves S| _; and S_; |, induced by
the temporal fluctuations of the magnetic field in the z
direction will decrease the retrieval fidelity also.
Considering all the above-mentioned factors, a formula
used for evaluating the quantum process fidelity is deduced
(see the Supplemental Material [35]),

Quantum state fidelities of the four input polarization states for several storage times. Fy ) are the measured state

fidelities, respectively, for four different input polarized states of photons (X = H, V, D, R) without any background noise subtraction;
Faa = (Fya + Faw) t Fup) + Fuwr)/4 is the average fidelity; ¢ is the storage time. The errors are obtained by Monte Carlo
simulation which takes into account the statistical uncertainty of photon counts.

1(us) Fam (%) Fyw) (%) Fywp) (%) Far (%) Fava (%)
2 96.7 * 1.2 98 + 1.1 97.7* 1.1 98.7 = 0.85 97.8 = 1.06
200 983+ 1.2 98.1 * 1.1 98.1 + 1.1 99.8 +0.19 98.6 = 0.89
800 955+ 1.5 97 £ 1.3 96 * 1.3 97.6 + 1.2 96.5 = 1.33
1600 94.1 = 1.5 94.5 = 1.7 94.6 + 1.6 96.4 = 1.3 949+ 1.5
2500 90.7 + 2.0 91 +2.0 89 *2.0 91.9 +2.0 90.7 =2
3500 85.7+2.3 82.6 = 2.6 87.7+23 84 2.6 84.0 = 2.45
4500 8228 72+32 79.4 2.9 80 = 2.9 78.4 +2.95
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r 0+ y@InR(1) + N

P T3 maR, (1) + 2N]
where (1) = exp[—#*/02] is the dephasing factor, 7, is
the total detection efficiency, and R,(f) is the retrieval
efficiency. N corresponds to the relative background noise.
The solid line is the fitting to the data of the quantum-
process fidelity according to (3), which is in good agree-
ment with the measured results. The fitting yields the e !
dephasing time of o, = 14 ms, which corresponds to the
magnetic-field temporal fluctuations of op = 3 mG [35].
If an active compensation technology is utilized to reduce
the magnetic-field fluctuations to op = 0.3 mG, the
dephasing time of ~100 ms is expected. Besides, after
the writing process is finished, if we decrease the magnetic
field from ~13.5 to 3.23 G during storage, the used coher-
ences |a,,—+) < |b,,—+;) will become the perfect first-
order magnetically insensitive coherences [11], and thus
the dephasing time will further increase.

In summary, we have proposed and experimentally dem-
onstrated an EIT-based quantum storage approach for
PPQs with long lifetime and high fidelity. By lifting
Zeeman degeneracy, the MFS transitions are removed
from EIT systems and the signal photons are only mapped
on two MFI SWs. In this case, the bad influences of MFS
SWs on the storage ability are eliminated and thus the
storage performance is significantly improved. Within the
storage time of less than 4.5 ms, the measured average
fidelity is higher than the threshold of 78% for the violation
of the Bell inequality [38,39]. The demonstrated approach
is robust because only a cold atomic cloud is applied in the
system and thus the interference between the two spatially
separated modes is not needed. If the cloud of cold atoms is
placed in an optical cavity [19,40] the retrieval efficiency
can be further improved. The demonstrated qubit memory
approach can be utilized to store the polarization-entangled
photon pairs [19] or a single-photon polarization qubit [24]
for realizing long-distance quantum communication
[2,4,7] and implementing distributed quantum computing
[41]. Especially, the achieved millisecond storage
approach is robust and then can be applied in multiplexed
devices for realizing long-distance entanglement distribu-
tion over ~1000 km [42].
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