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We develop a frequency-tunable two-color continuous variable entangled state and demonstrate the entanglement
distribution over a telecom single mode fiber. One beam of the entangled state (795nm) can be continuously
tuned over a range of 2.4 GHz and the hyperfine transitions of a rubidium D1 line are measured based on saturated
absorption spectroscopy. The other beam (1560 nm) is injected into a 5-km single mode fiber to distribute the
entanglement, and the entanglement evolution between the transmitted beam and its entangled counterpart is
investigated. The system presented here will find potential applications in long-distance quantum information

processing.

PACS: 03.67.Bg, 03.67.Hk

For future long-distance quantum information pro-
cessing networks,") quantum states need to be trans-
ferred with minimum disturbance between two or
more parties who are far away from each other. Fur-
thermore, faithful storing and retrieval of quantum
states on demand is also required. Alkaline atoms that
absorb and emit at wavelengths around 0.8 pm are
strong candidates for quantum memory devices and
have been employed to store optical quantum states.
Current installed telecom optical fibers with the lowest
loss band around 1.5 um are suitable for the distribu-
tion of optical quantum states over long distances. In
this case, one can benefit from the low linear loss of
the fiber which is very desirable because any losses will
inevitably introduce vacuum noise and deteriorate the
quantum properties of vulnerable quantum states.

During the past few years, great progress has been
seen on the generation of squeezed light at atomic
wavelengths and telecom wavelengths, respectively.
Squeezed light resonating with the rubidium (Rb) D1
linel>~ ™ or the cesium D2 linel®~ "] has been obtained.
Based on the atomic ensemble consisting of alkaline
atoms, the quantum memories of squeezed vacuum
and even a two-mode squeezed state were successfully
demonstrated.['>~ "] Squeezed light was also gener-
ated at the telecom band around 1.5 pm.!""~'“l On the
other hand, the two-color quantum entangled state
at 0.8 and 1.5um has attracted particular interest
recentlyl;**~ 2% such entangled states can be utilized
to make a connection between an alkaline-atom quan-
tum memory device and a quantum communication
device based on telecom optical fibers. In this Let-
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ter, we present a two-color continuous variable (CV)
entangled source at the Rb DI line (795 nm) and the
telecom wavelength (1560 nm). The entanglement dis-
tribution is achieved by injecting the 1560 nm beam
into a 5-km single mode fiber and the entanglement
property between the distributed beam and the lo-
cal beam is investigated. Furthermore, the frequency
tunability of the entangled state is demonstrated by
measuring the hyperfine transitions of the Rb D1 line
based on saturated absorption spectroscopy.

The experimental setup is sketched in Fig.1. A
526.5-nm single frequency laser was employed to pump
a ring nonlinear resonator from two opposite direc-
tions. The ring entangler is in a bow tie configura-
tion consisting of two spherical mirrors and two plane
mirrors. A 20-mm-long periodically poled KTiOPO4
(PPKTP) was used as the nonlinear medium. In
the forward direction, the nonlinear resonator oper-
ated as an above-threshold optical parametric oscilla-
tor (OPO) at a pump level approximately 1.2 times
the oscillation threshold. The generated twin beams
have three purposes: acting as local oscillator (LO)
for homodyne detection, providing the 1560 nm seed
field for the backward optical parametric amplifier
(OPA), which is pumped below (0.6 times) the thresh-
old, and supplying the 795nm beam for wavelength
tuning based on saturated absorption spectroscopy.

By utilizing the phase-insensitive signal-injected
OPA, two-color CV entangled fields can be pre-
pared robustly, i.e., the scheme eliminates the ne-
cessity of precise phase control between the signal
and pump fields. Amplitude quadrature difference
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(phase quadrature sum) noise power spectrum be-
tween down-converted fields at 795 and 1560 nm is
recorded by using homodyne detection and a spectrum
analyzer. The frequency tuning of the 795 nm beam
to the hyperfine transitions of the Rb D1 line is per-
formed as follows. Firstly, the oscillating wavelength
of the 795 nm signal light was tuned coarsely within
40.01 nm from the target wavelength by varying the
temperature of the PPKTP crystal (the temperature
tuning coefficient is about 0.2nm per degree centi-
grade). Next, the signal wavelength was mode-hop
tuned with a step size of one OPO free spectrum range
(FSR, 950 MHz) by scanning the OPO cavity length
at the fixed temperature (the overall mode-hop tuning
range is approximately 0.2 nm when the cavity length
varies half of the pump wavelength). During the above
two steps the signal wavelength was monitored using
a high-resolution wavelength meter. Once the signal
wavelength falls within one FSR from the target wave-
length, the OPO cavity length was actively locked to
the selected signal-idler mode pair. Then, the satu-
rated absorption spectrum was recorded by smooth
scanning the signal frequency which was achieved by
continuously tuning the pump laser. It is stressed here
that the continuous tuning range of the 795 nm light
field should be larger than the step size of the mode-
hop tuning to ensure full wavelength coverage.
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Fig.1. (Color online) Schematic of the experimental
setup. PBS: polarizing beam splitter; DBS: dichroic

beam splitter; BS: beam splitter; LO: local oscillator;
SMF': single-mode fiber; FPC: fiber polarization controller;
HWP: half waveplate; QWP: quarter waveplate; NDF:
neutral density filter.

For observation of the hyperfine level transition of
Rb, a portion of the 795 nm beam was directed to a
polarizing beam splitter (PBS) where part of the beam
was injected into the wavelength meter and the rest
was deflected to a Rb cell as a pump beam. After a
double-pass through a neutral density filter, the pump
beam was reflected back into the cell to act as a weak
probe beam. The position of the quarter wave plate
was chosen such that the probe beam goes straight
through the PBS and was detected by a photodetec-

tor. Figure 2 shows the measured saturated absorp-
tion spectrum of hyperfine level transition for the Rb
D1 line (551/2-5P, /o transition). This transition is of
great interest for its capability in the field of quantum
memory.
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Fig.2. (Color online) Saturated absorption spectra of
hyperfine level transition for the Rb D1 line: (a) 37Rb
551 /2(F = 1)-5P; j5(F’ = 1,1 cross over 2,2), (b) 8°Rb

5512(F = 2)-5P; j5(F' = 2,2 cross over 3,3), (c) 8°Rb
551/2(F = 3)-5P; 5(F’ = 2,2 cross over 3,3), (d) 8"Rb
551 /9(F = 2)-5P; j5(F’ = 1,1 cross over 2,2).

To realize quantum information processing tasks
such as quantum teleportation and quantum cryptog-
raphy, the distribution of entangled states over long
distances is required.l’’! Because the wavelength of
one beam of the two-color entangled light lies in the
telecom band, it is straightforward to utilize a stan-
dard single mode telecom fiber to transport the beam
and distribute the entanglement. The single-mode
fiber utilized here has a mode field diameter of 10.4 um
and numerical aperture of 0.12. The 1560 nm signal
beam from the OPA was firstly collimated by a lens
with focus length of 150 mm, and then an aspheric
lens with focus length of 3.9mm was used to pre-
cisely couple the beam into the fiber. At the output
port of the fiber, an aspheric lens with focus length
of 6.2mm was used to collimate the beam emitting
from the fiber. The single-path transmission efficiency
for the fiber is determined by measuring the power
in front of and behind the fiber. To avoid undesired
polarization and phase drifts between the signal and
LO over long-distance transmission, the LO and sig-
nal beams were combined on a PBS and were coupled
into the same single mode fiber (polarization multi-
plexing). Due to the random fluctuations of birefrin-
gence of the ordinary single mode fiber, the polariza-
tion state will evolve rapidly as the light propagates
along the fiber and the output polarization state will
differ greatly from the linearly polarized input.[*!) To
compensate for such polarization state variation, an
in-line fiber optic polarization controller was used to
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restore linearly polarized light at the fiber output.

After leaving the fiber, the LO and the signal beam
were polarization-demultiplexed by a PBS with an ex-
tinction ratio over 30dB. Then the beams were di-
rected to two input ports of a 50/50 beamsplitter
for homodyne detection. In the first experiment, a
short 1-m fiber was used and the single-path trans-
mission efficiency was measured to be 85+ 1%. Fig-
ures 3(a) and 3(b) show the measured quantum cor-
relations, the observed quantum correlations for the
amplitude quadrature difference and phase quadra-
ture sum are 1.9dB and 1.8 dB, respectively, at anal-
ysis frequency around 3MHz. In Fig.3, electronic
dark noise of 9dB below the quantum noise limit
(QNL) is not subtracted. The inseparability criteria
are clearly violated by using the experimental values:
([A (X795 — ngﬁo)]?) + ([A (Y795 + Yis60)]?) = 1.31 <
2,2 where X;, Y; (j = 795,1560) is amplitude and
phase quadrature, respectively.
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Fig.3. (Color online) The normalized quadrature cor-

relation noise spectrum of the entangled fields after the
1560 nm signal field transmitted through the single mode
fibers. Here (a) and (b) show the noise spectrum for the
1-m single mode fiber; (c) and (d) illustrate the noise spec-
trum for the 5 km single mode fiber.

In the second experiment, a 5-km-long fiber was
used to transport the 1560 nm signal field and demon-
strates the entanglement distribution. The single-path
transmission efficiency decreases to 65 + 1% due to the
loss of single mode fiber. In this case, the detected
795 nm photocurrent signal is delayed with 25.36 ps to
synchronize the arrival times of the entangled beams
to their photodetectors. The quantum correlation re-
sults are shown in Figs.3(c) and 3(d), the observed
quantum correlations for the amplitude quadrature
difference and phase quadrature sum are 1.1dB and
0.9 dB, respectively, at an analysis frequency of 5 MHz.
The correspgnding Yalue of insepara:bility criteria be-
comes ([A(Xr95 — Xi560)]%) + ([A(Y705 + Yi560)]%) =
1.59 < 2. The degradation of the quantum correla-

tions are caused mainly by the linear loss introduced
by the fiber and partly due to the phenomenon of
guided acoustic wave Brillouin scattering (GAWBS)
in the single mode fiber.[*’]

Considering only the linear loss of the fiber, the
measured quantum correlations can be modeled by a
beam splitter with reflectivity of 1 —n (n = n2/m1).
The amplitude and phase quadratures of the 1560 nm
signal field at the 5km fiber output can be given by

X{560 = \/77X1560 + v 1-—- UXVa

Yise0 = vYis60 + /1 — 1Yy, (1)
where Xy and Yy are the amplitude and phase
quadratures of the vacuum field. By using Eq. (1)
and the experimental values (the analysis frequency is
5MHz and the QNL has been normalized to 1 for the
combination of quadratures): n; = 0.85, 7o = 0.65,
(AX705)%) = ((AYze5)%) 1.00, ((AX1560)%) =
<(AAY1560)A2> = 086, <AX795AX156(]> = 0592, and
(AY795AY1560) = —0.584, the theoretical value of the
inseparability criteria can be calculated by

([A(X795 — X1560)]%) + ([A(Y705 + Yis60)]°)
= ((AX795)%) + ((AX{560)%) — 2(AX705A X 560)

+ <(AY795)2> + <(A§>1/560)2> + 2<AY795A}>1/560>
=1.73. (2)

The theoretical result is in rough agreement with the
observed value of 1.59.

Further experiments will be carried out to optimize
the relevant parameters to obtain higher quantum cor-
relation results. For instance, the fiber end faces can
be antireflection coated to minimize the coupling loss
for the 1560 nm light, and it is noted that single-
path transmission efficiency of 95% has been obtained
with this method.*") Furthermore, homodyne detec-
tors with ultra-low electrical noise will be designed
and built, in this case, the power of 1560 nm LO can
be decreased and the unwanted GAWBS noises will
be suppressed.

The presented entangled source is compatible
with electromagnetically induced transparency (EIT)
based quantum memory in Rb atoms,['*'*%] such
quantum memory is narrowband with a bandwidth
around 5.5 MHz.*®/ The measured entanglement in
the current system appears to be at a sideband fre-
quency above 1 or 2MHz. Although the degree of
entanglement is expected theoretically to be higher in
a low frequency range, there are several reasons!’ %!l
which result in the degradation of entanglement in
practice, i.e., the large technical noise of a laser at
low frequencies, the accuracy of the cavity and phase
locking, and the common mode rejection ratio of ho-
modyne detection at low frequencies. All these issues
will introduce excess noises into the system and con-
taminate the entanglement in low frequency range. By
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