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Abstract: We report an experimental realization of an atomic vapor
guantum memory for the photonic polarization qubit. The perfor-
mance of the quantum memory for the polarization qubit, realized with
electromagnetically-induced transparency in two spatially separated ensem-
bles of warm Rubidium atoms in a single vapor cell, has been characterized
with quantum process tomography. The process fidelity better than 0.91 for
up to 16 us of storage time has been achieved.
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1. Introduction

Photons are one of the most convenient physical systems for encoding quantum information
(or the qubit) and the photonic qubits (or the flying qubits) are known to be essential for imple-
menting many novel ideas in quantum communication and quantum computing [1,2]. In recent
years, alot of research efforts have been focused on devel oping photonic qubit technologies es-
sential for quantum information, including the photon source, encoding methods, propagation,
storage, and detection. In particular, the photon storage device or the ability to store a photonic
qubit has been known to be one of the most important problems, for example, in realizing linear
optical quantum computing and long-distance quantum communication [3,4].

Among the experimentally feasible approaches to quantum memory [4], the method based on
electromagnetically-induced transparency (EIT), which enables adiabatic transfer of aquantum
state between an optical mode and a collective atomic excitation mode, stands out as the most
promising approach to date [5-7]. Notably, storage and retrieval of a pulse of light have been
demonstrated using the EIT effect in an atomic vapor cell [7]. Furthermore, the EIT-based
storage/retrieval processis known to be ableto preserve certain quantum properties of light. For
instance, preservation of nonclassical properties of light during the storage/retrieval processin
the EIT-medium has been reported for a conditional single-photon [8, 9], filtered spontaneous
parametric down-conversion photons [10], and squeezed vacuum [11, 12]. In addition, it was
recently demonstrated that thermal light can al so be stored and retrieved in an EIT medium[13].

Since the photonic qubit is encoded with the superposition of a two-dimensional degree of
freedom of a photon, e.g., polarization, path, time-bin, etc., a conventional A-type EIT scheme
with asingle dark state cannot store the photonic qubit which consists of two basis states. The
use of two spatially separated atomic ensembles in a magneto-optical trap, however, allowed
storage and retrieval of a heralded single-photon state superposed in two optical paths [14, 15].
Reference [15] reports the storage/retrieval of the 45° linear polarization state: the retrieved
field, after 1 us storage duration, shows the interference visibility of 0.91. Reference [16] re-
ports storage/retrieval of photon polarization states with two spatially overlapped cold atomic
ensembles in an optical cavity: the polarization fidelity of 0.90 for 0.5 us storage duration has
been demonstrated.
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Fig. 1. Schematic diagram of the experiment. The photonic polarization mode is mapped
onto two spatially separated atomic ensembles in a single warm vapor cell by the means
of electromagnetically-induced transparency. The coupling fields are both vertically polar-
ized. The polarization state of retrieved field is analyzed by a set of wave plates (WP) and a
polarizer (P). BD: Beam displacer, PBS: Polarizing beam splitter, HWP: Half-wave plate,
¢ plate: AR coated glass plate, D: single-photon detector.

In this paper, we report an experimental demonstration of an atomic vapor quantum memory
for the photonic polarization qubit. The atomic quantum memory for the polarization qubit is
realized with the EIT effects of two spatially separated ensembles of warm Rubidium atoms
in asingle vapor cell. We have performed storage/retrieval experiments with arbitrary states of
the photonic polarization qubit and quantified the performance of the atomic quantum memory
with quantum process tomography. The atomic quantum memory for the polarization qubit
exhibits the process fidelity better than 0.91 for up to 16 us of storage time. Not only does our
scheme exhibit high fidelity, long-storage of the polarization qubit, it does so in an inexpensive
warm vapor cell rather than in cold atoms or optical cavities. This implies practicality of our
scheme.

2. Schematic of polarization qubit memory

Let usfirst describe overall schematic. To store an arbitrary photonic polarization qubit,
|Win) = cosO|H) +€?sing|V), €

where |H) and |V) refer to horizontal and vertical polarization states, respectively, we map
each of the polarization basis states to a warm atomic ensemble in a single atomic vapor cell
via the EIT process. The two EIT media, each interacting with the [H) and |V) basis states
for the photonic polarization qubit propagating in the z direction, form the dark-state polaritons
W (z,t) and Wy (z ), respectively. For the two EIT media, we can write the two-state dark-state
polariton as .

¥(zt) = cosOWy (z,t) + €950y (z 1), )

where the dark-state polaritons W (zt) and Py (z,t) can be coherently manipulated by adia-
batically changing the strengths of the coupling fields [5, 6]. The state of the atomic ensembles
after the storage process can be considered as an atomic polarization state and we can map the
state back to the photonic polarization qubit (or flying qubit) by turning on the coupling field.
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The schematic of the experiment is shown in Fig. 1. The probe field isinitially prepared in
an arbitrary polarization state, photonic polarization qubit |yn), with a set of half-wave and
quarter-wave plates (WP). A calcite beam displacer (BD) splits the probe beam into two spatial
modes separated by 4 mm and BD is oriented such that the photons in the two modes are
orthogonally polarized in |H) and V). The vertical polarization probe mode, labeled asV in
Fig. 1, is then rotated to horizontal polarization by using a half-wave plate (HWP). The two
probe modes (both now horizontally polarized) are then combined with strong coupling fields
(vertically polarized) at the polarizing beam splitter (PBS) and directed into the Rubidium vapor
cell. The 75 mm long vapor cell isfilled with isotopically pure ®Rb with 10 Torr Ne buffer gas
and iswrapped with layers of p-metal to block the stray magnetic field. The temperature of the
vapor cell was kept at 53°C during the experiment and the corresponding optical depth d was
approximately 4[17,18].

After the vapor cell, the coupling beams are separated from the probe fields at the second
polarizing beam splitter (PBS). The second PBS is a Glan-Thompson type with the extinction
ratio better than 10~° for completely removing the coupling beams. The probe mode which
wasinitially horizontally polarized, labeled asH in Fig. 1, was then rotated to vertical polariza-
tion with another half-wave plate (HWP) and the two orthogonally polarized probe modes are
combined at the second beam displacer (BD). The relative phase between the two modes are
set with an AR-coated glass plate, ¢ plate, inserted in the setup. The BD based interferometer
offers excellent phase stability without active phase locking between the two modes because
the two modes are in fact quite close to each other and they share common optical mounts. No
appreciable phase change was observed at least for a day. The fina half-wave plate (HWP),
located after the second BD, is necessary to recover the original polarization state of the optical
field at the input of the first BD. Finally, the polarization state of the retrieved probe field was
analyzed with a set of half-wave and quarter-wave plates (WP) and a polarizer.

For demonstrating the scheme experimentally, a 795 nm external cavity diode laser (ECDL)
and two acousto-optic modulators (AOM) are used to generate the probe and coupling fields
which are 3.035 GHz apart, equal to the hyperfine splitting of the two ground states of 8°Rb.
The probe beam and the coupling beam are obtained by diffracting the ECDL output at the 1.5
GHz AOM in the double-pass configuration and at the 80 MHz AOM, respectively [13]. Typical
peak powers of the probe and the coupling beamswere 20 uW and 1.2 ~ 1.6 mW, respectively,
for each path.

3. Experimental results

The atomic vapor quantum memory for the photonic polarization qubit is realized by the means
of electromagnetically-induced transparency using the 8Rb D1 transition line. The atomic en-
ergy level for the EIT configuration is shown in Fig. 2(a). The probe field and coupling field
areresonant with 5°S; j, F =3 — 5%P; , F' = 3and 5%S; ), F = 2 — 5Py, F/ = 3transitions,
respectively. The frequency of the probe field is blue-detuned by A ~ 100 MHz to obtain the
better transmission for the storage and retrieval experiment and the coupling field is set in the
two-photon resonance.

Inthe Doppler broadened medium asin the warm atomic vapor, the EIT resonance is strongly
dependent on many parameters such as the coupling power, the external magnetic field, tem-
perature, and the angle between probe and coupling fields [19]. Since the linewidth of EIT
resonance is relevant to the decoherence rate, the retrieval efficiency of the light storage and
retrieval process decays faster asthe EIT linewidth gets broader [20]. For an ideal atomic vapor
guantum memory for the photonic polarization qubit, the EIT linewidths for two spatially sep-
arated atomic ensembles should be identical. (The polarization state of the retrieved probe field
will be biased, if otherwise.) We, therefore, carefully aligned the coupling beams and adjusted
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Fig. 2. (8) The energy level configuration of Rubidium 85. (b) Measurement of the EIT
spectra for the two spatial modes, the H labeled and the V' labeled modes in Fig. 1(a), by
detuning the coupling frequency. The two EIT spectra are matched at FWHM linewidths
of 90 kHz. Note that the spectra are vertically shifted for ease of comparison

the coupling power so that the EIT spectra from the two atomic ensembles are matched. The
full width half maximum (FWHM) EIT resonances were measured to be 90 kHz for both paths,
see Fig. 2(b).

The time segquence for the light storage and retrieval inthe EIT medium is shown in Fig 3(a).
We shaped the probe field as a rectangular 7 us pulse by turning on and off the 1.5 GHz
AOM. The coupling field is initially turned on. After the probe pulse is completely entered
into the vapor cell, the coupling beam is turned off. The probe field is, then, stored in atomic
collective excitation modes. After some duration of storage time, the photonic polarization
qubit is retrieved by turning on the coupling field, see Fig. 3(b). For the measurement of the
retrieved field, a single-photon counting detector was used in the gated mode. (The single-
photon detector was single-mode fiber coupled so that additional reduction of probe intensity
was not necessary.) The detector is gated for 1 psto detect only the retrieved pulse.

To quantify the performance of the atomic vapor quantum memory for the photonic polar-
ization qubit, we consider the storage-retrieval process as a quantum operation and we analyze
the quantum operation on the photonic polarization qubit by performing quantum process to-
mography [21]. Note that a quantum process & on the quantum state p can be represented by a
completely-positive linear map as & (p) = Ym xmEmPES, where ymn represents a positive su-
peroperator, which fully characterizes a quantum process, and the set of {En} isan operational
basis set.

To do the quantum process tomography isto do an experimental reconstruction of the quan-
tum process tomography matrix y and this can be done by analyzing the state of the retrieved
polarization qubit for four input states, |H), |V), |R) = (JH) —i|V))/v/2, and |D) = (|H) +
IV))/v/2. The retrieved polarization qubit is analyzed with a set of projection measurements
in following basis set: {|H), V), |R), |L) = ([H) +iV))/v2, D), |&) = ([H) — |V))/v2}.
With these projection measurement resultsin hand, the quantum process tomography matrix y,
which fully characterizes the quantum process (i.e., the storage and retrieval process) can be
determined with the maximum likelihood estimation process [21].

Figure 4 shows the result of quantum process tomography. The reconstructed quantum pro-
cess tomography matrix y in the Pauli operator basis {I,X,Y,Z} for the storage duration of 7

#133219 - $15.00 USD Received 10 Aug 2010; revised 12 Oct 2010; accepted 20 Nov 2010; published 24 Nov 2010
(C) 2010 OSA 6 December 2010 / Vol. 18, No. 25/ OPTICS EXPRESS 25790



G T . Femmesamaeaaaaa.

coupling : :
probe pulse b amemaa '
detector gating pulse

(b)

9 —— H-mode

= S (0 e —— V-mode

=

¥e)

8

N—"

>

=

5 N

= 1o ™ 0 5 10 15

Time (us)

Fig. 3. (a) Time sequencefor the storage and retrieval process. A detector gating pulseisap-
plied to the single-photon detector D for detecting the retrieved probefield only. (b) Storage
and retrieval of the |D) polarization state with 7 us storage duration. For this measurement,
two photocurrents detectors and a PBS are used instead of the state tomography setup.

usare represented in Fig. 4(a). For an ideal quantum memory device, the storage and retrieval
process should be represented as an identity operation, i.e the y matrix should be peaked only
at {I,1}. Asdepictedin Fig. 4(a), the storage and retrieval process operates nearly as an identity
operation.

In order to analyze the quantum process more quantitively, we cal culate the quantum process
fidelity defined as F = Tr [YexpXideal ], Where xexp is the experimentally reconstructed quantum
process tomography matrix and yiqgea in this case is the identity operation I. In Fig. 4(b), we
show measured process fidelity as well as the retrieval efficiency as a function of the storage
duration. The atomic vapor quantum memory for the photonic polarization qubit operates well
with high fidelity: the process fidelity over 0.91 for up to 16 us storage duration is demon-
strated. (We note that the data shown here are not corrected for dark counts and noise counts.)
Slight fidelity decrease in this case (from 0O usto 16 us storage duration) is largely caused
by the reduced retrieval efficiency which is due to the decoherence of the atomic coherence,
thus making contribution from the noise (from the environment and the coupling beam) more
significant as the storage duration is increased.

4, Discussion

Although, in this work, we have tested the polarization qubit quantum memory with the polar-
ization state of aweak laser pulse, our scheme should perform similarly for the single-photon
polarization state in principle [22]. However, for the single-photon probe field, the following
problems need to be considered. First, it is necessary to completely remove the coupling field
from the probe field. The polarization filtering with a Glan polarizer, used in this work, offers
up to 10~ extinction ratio and additional filtering can be done, for example, using a multi-
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Fig. 4. (8) Plot of the quantum process tensor ) for the storage duration of 7 us. (b) The
fidelity of quantum process and the retrieval efficiency as a function of storage duration.
The process fidelity is over 0.91 for up to 16 us storage duration.

pass Fabry-Perot etalon at the extinction ratio of 10~° [23]. Second, there might existsintrinsic
background noise photons originated from the spontaneous emission of thermal excited atoms.
However, it has been shown that very large signal to noise ratio can in fact be obtained due to
the collective enhancement of the atomic ensemble even when the number of stored photon is
much less than the number of thermally excited atoms [3, 8, 9]. Finally, collision-induced fluo-
rescence background noise can limit the performance of the warm vapor qubit memory when
the vapor cell isfilled with buffer gas for the longer ground-state hyperfine coherence [24, 25].
We note, however, that the collision-induced fluorescence noise can be greatly suppressed with
abuffer-gas-free cell, such as a paraffin-coated vapor cell [25].

5. Summary

We have reported an experimental demonstration of an atomic vapor quantum memory
for the photonic polarization qubit. The atomic quantum memory is redlized with the
electromagnetically-induced transparency effects of two spatially separated ensembles of warm
Rubidium atoms in a single vapor cell. We have also characterized the performance of the
atomic vapor quantum memory by performing quantum process tomography which shows that
the atomic vapor quantum memory operates as an identity operation with fidelity better than
0.91 for up to 16 us storage time. Since the photonic polarization qubit plays an important
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role in photonic quantum information technologies, we believe that the atomic vapor quantum
memory for the photonic polarization qubit (built with a warm atomic vapor cell, rather than
cold atoms which require magneto-optical traps) described in this paper will find awide range
of applicationsin photonic quantum computing and communication research.
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