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Two-color continuous variable quantum entanglement at 0.8 and 1.5 um was experimentally
demonstrated by using an above-threshold optical parametric oscillator based on a periodically
poled KTiOPO, crystal. The system presented here has potential applications in future quantum
information networks, e.g., it can be used to made a connection between a quantum memory device
based on alkaline atoms and a quantum communication device based on telecommunication optical
fibers. © 2010 American Institute of Physics. [doi:10.1063/1.3467045]

Quantum entangled states are the fundamental resources
of quantum communication and quantum information pro-
cessing. Alkaline atoms that absorb and emit at wavelengths
around 0.8 wm have been employed to store the optical
quantum states."” The presence of telecommunication low-
loss optical fibers make the wavelength of 1.5 um suitable
for distribution of optical quantum states over long
distances.” In future quantum information network, systems
of different nature need to be linked together. Two-color
quantum entangled states at 0.8 and 1.5 wm are of interest
for long-distance quantum information processing,“’5 for ex-
ample, it can be utilized to make a connection between a
quantum memory device based on alkaline atoms and a
quantum communication device based on telecommunication
optical fibers. Polarization-entangled photons at 0.8 and
1.6 um have been generated in quasi-phase-matched two-
crystal and single-crystal sources.®™® By using above-
threshold nondegenerate optical parametric oscillator
(NOPO), two-color and three-color continuous variable (cv)
entangled states have been prepared.9711 Entanglement of
fundamental and second-harmonic fields was also observed
in a depleted optical parametric ampliﬁer.12 In this letter,
two-color cv entangled beams at 0.8 and 1.5 wm were gen-
erated experimentally by using an above-threshold NOPO.
Amplitude quadrature difference correlation of 1.2 dB and
phase quadrature sum correlation of 0.7 dB were observed.
The entanglement was verified according to the inseparabil-
ity criterion."?

The schematic diagram of our experimental setup is
shown in Fig. 1. The laser source is a frequency-doubled
neodymium-doped yttrium lithium fluoride (Nd:YLF) single-
frequency continuous wave laser at 526.5 nm. A Faraday
isolator was set in the input light of the NOPO to eliminate
the back reflection. The NOPO cavity14 consists of two pl-
anoconcave mirrors with 30 mm radii of curvature and the
beam waist of the resonator is about 50 wm inside the non-
linear crystal. The input coupler was coated for high reflec-
tivity at 0.8 and 1.5 wm and high transmission at 526.5 nm.
The output coupler was coated for high reflectivity at 526.5
nm and partial transmission (about 3%) at 0.8 and 1.5 wm.
A 20 mm long periodically poled KTiOPO, crystal (PPKTP)
was chosen as the nonlinear crystal for its relatively high
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nonlinear coefficient and room temperature operation. Both
end faces of the PPKTP crystal were antireflection coated at
526.5 nm, 0.8, and 1.5 wm. The crystal was put in a
temperature-controlled oven with accuracy of 0.01 °C. In
our current experiment, the temperature of the crystal oven
was set to 15 °C and the measured wavelengths of the signal
and idler beams were 806 nm and 1518 nm, respectively. The
corresponding threshold power of the NOPO was 11.6 mW.

To observe the quantum entanglement, the NOPO cavity
was actively controlled to maintain resonance with the
down-converted light fields. The generated signal and idler
beams were separated by a dichroic beam splitter and each
directed to a single-ended analysis cavity (Al and A2). Here
the analysis cavities were used to investigate the phase noise
properties of the signal/idler field,"'® because it was shown
that for analysis frequencies larger than \E&fac, the phase
fluctuations of the incident optical field can be completely
converted into amplitude fluctuations of the reflected optical
field when A=~ = §f,./2, here &f,. is the bandwidth of the
analysis cavity (full width half maximum) and A is detuning
between the incident field central frequency and the analysis
cavity resonance frequency. In our experiment, two three-
mirror ring cavities with bandwidth of 6.25 MHz were uti-
lized as shown in Fig. 1. Each reflected signal/idler optical
field from the analysis cavity was directed to a homodyne
detection system, which were built from two ETX-500 (Epi-
taxx) and two FND-100Q (EG&G) photodiodes, respec-
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FIG. 1. Schematic diagram of the experimental setup. FI, Faraday isolator;

DBS, dichroic beam splitter; PD, photodetectors; PBS, polarizing beam
splitter; SA, spectrum analyzer; and Al, A2, analysis cavity.
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FIG. 2. Measured amplitude quatrature difference noise spectrum between
the 0.8 and 1.5 um optical fields. (a) Quantum noise limit. (b) Amplitude
quadrature difference noise spectra. The settings of the spectrum analyzer:
resolution bandwidth is 75 kHz and video bandwidth is 10 Hz.

tively. A half-wave plate in front of a polarizing beam splitter
acts as a 50/50 beam splitter. The photocurrent signals were
recorded using a spectrum analyzer. For each beam (signal/
idler), the noise power of the difference photocurrent signal
corresponds to the quantum noise limit (QNL), and the noise
power of the sum photocurrent signal corresponds to the am-
plitude quadrature noise power. When both analysis cavities
are far detuned (A> &f,.), no conversion was occurred be-
tween the quadratures of the incident optical field and those
of the reflected optical field, so the difference of the sum
(difference) photocurrent signal of each beam corresponds
to the amplitude quadrature difference noise power (the
combined QNL) of the twin beams. When both analysis
cavities are locked on half maximum of the resonance peak
(A= = &f,./2), because of the conversion of the quadrature
fluctuation between the incident optical field and reflected
optical field, the sum of the sum (difference) photocurrent
signal of each beam corresponds to the phase quadrature sum
noise power (the combined QNL) of the twin beams.

At pump power of 15 mW, both the amplitude quadra-
ture and phase quadrature correlations were measured using
the method mentioned above. Figure 2 is the measured am-
plitude quadrature difference noise spectrum between the
0.8 wm signal and 1.5 um idler fields from 10.5 MHz to 13
MHz. 1.2 dB of amplitude quadrature difference quantum
correlation was observed at 11.7 MHz. Figure 3 is the mea-
sured phase quadrature sum noise spectrum. The observed
phase quadrature sum quantum correlation was 0.7 dB at
11.7 MHz. In Figs. 2 and 3, the electronic dark noise of the
detectors which is 4.5 dB below the QNL has been sub-
tracted. The quantum entanglement between the 0.8 wm sig-
nal and 1.5 wm idler optical fields was verified according
to the inseparability criterion'? (AX(X,=X,))+(A%(Y,+Y,))
=1.61<2, here X; and Y,(j=1,2) are amplitude and phase
quadratures. As shown in Fig. 3, there are some narrow
peaks which are about 4 dB above the noise floor in the
phase quadrature sum noise spectra. We hypothesized that
these peaks came from the phenomenon of guided acoustic
wave Brillouin scattering (GAWBS).>!"!8 First, we checked
the individual noise spectra of signal/idler beam and it was
found there exist similar noise peaks in the phase quadrature
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FIG. 3. Measured phase quadrature sum noise spectrum between the 0.8 and
1.5 wm optical fields. (a) Quantum noise limit. (b) Phase quadrature sum
noise spectra. The settings of the spectrum analyzer are same with those of
Fig. 2.

noise spectra but the noise peaks were absent in the ampli-
tude quadrature. This is consistent with the prediction of
GAWBS. Second, we measured the additional phase noise of
1.5 wum idler beam as a function of its output power and it is
shown that the additional phase noise (normalized to QNL)
increases linearly with the idler power (Fig. 4). It is noted
that similar phenomena were also observed in Ref. 18. At
last, the additional phase noise consists of many peaks; we
attribute this to the guided acoustic modes (phonons).

The amplitude/phase quadrature correlation noise spec-
trum from a NOPO above threshold can be given by19

1

Ra(f)=1—mmocm, (1)
1

R, (f)=1- MNOC 2 () )

where R,(f) [R,(f)] is amplitude (phase) quadrature correla-
tion noise spectrum (normalized to the QNL), 7, is the de-
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FIG. 4. Measured additional phase noise power as a function of idler power
at 11.2 MHz. Solid squares are the experimental results and solid curve is a
linear fitting
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tection efficiency, 7o is the escape efficiency, f, is the band-
width of the NOPO cavity, o=\ P/P,;, is the pump parameter
(P is the pump power and Py, is the threshold power of the
NOPO). By using the following experimental parameters:
7p=0.63, 7oc=0.76, f.=12 MHz, f=11.7 MHz, and o
=V1.3, the theoretical prediction from Egs. (1) and (2) are
R,(f)=0.75 and R,,(f)=0.79, and the corresponding values in
decibel units are 1.2 and 1.0 dB. The theoretical value of
R,(f) is in good agreement with the experimental value of
1.2 dB, while it is not the case for the phase quadrature
correlation. The possible reason for such discrepancy is the
influence of the excess noises including the excess phase
noise of pump laser and the potential GAWBS noise.

The theoretical simulation suggests that the nonperfect
detection efficiency (including the quantum efficiency of the
photodiode and the optical propagation efficiency) and the
escape efficiency were the main limitations in our current
experiment. These can be partially overcome by using high
quality optical elements with better coatings to reduce
greatly unwanted linear losses. For the excess noises, a filter
cavity can be built to suppress the excess phase noise of the
pump laser. It is noted from Eq. (2) that the quantum corre-
lation in the phase quadrature sum improves as the pump
power approaches the threshold, at the same time the reduced
pump power will lead to lower down-conversion power that
is preferred for the suppressing of the potential GAWBS
noise. In our current experiment, the NOPO can only be
operated above 1.3 times threshold because of the output
stability. By improving the stability of the pump laser and the
NOPO cavity length, etc., it is possible to operate the NOPO
at lower pump power.

In conclusion, two-color cv quantum entanglement at 0.8
and 1.5 um was experimentally demonstrated by using an
above-threshold NOPO based on PPKTP crystal. The quan-
tum entanglement was verified according to the inseparabil-
ity criterion. The source presented here has potential appli-
cations in future quantum information networks, such as
transfer of the cv quantum information between alkaline at-
oms and light fields of telecommunication wavelength.
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