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Abstract: We demonstrated a two-color quantum correlation between the down-conversion beams
with a telecommunication wavelength at 1.5 µm and mid-infrared wavelength at 3.3 µm generated
by a singly resonant optical parametric oscillator (SRO) operated above the pump threshold with a
magnesium-oxide doped periodically-poled lithium niobate crystal in the cavity. A maximum of
1.8 dB noise reduction of the intensity difference of the twin beams was measured at the analysis
frequency of 5 MHz. Based on a theoretical model for the quantum correlation between the twin
beams given by a semi-classical approach, the influence of the analysis frequency and pump parameter
on the quantum correlation between the twin beams was discussed theoretically and experimentally.
The quantum correlation between the twin beams was degraded at the analysis frequencies above
5 MHz due to the limitation of the bandwidth of SRO cavity and was degraded at the analysis
frequencies below 5 MHz due to the excess intensity noise of the pump. The two-color quantum
correlated twin beams at 1.5 and 3.3 µm have potential applications in high-precision measurements
beyond the shot noise level.
Keywords: quantum correlation; twin beams; singly resonant optical parametric oscillator;
telecommunication wavelength at 1.5 µm; mid-infrared wavelength at 3.3 µm

1. Introduction
Continuous wave (CW) light beams that exhibit nonclassical statistics and quantum correlation are
of interest for fundamental tests of quantum physics, and potential applications including high-precision
measurements beyond the shot-noise level (SNL) and quantum information such as quantum key
distribution and quantum teleportation [1–6]. The common method to generate quantum correlated
light beams is using an optical parametric oscillator (OPO) with a nonlinear crystal in the cavity [7–12].
In 1987, the quantum correlated twin beams generated by OPO was firstly proposed [7], and the
intensity difference fluctuations of the twin beams below the corresponding SNL was experimentally
observed [8]. Furthermore, with the help of high-quality nonlinear crystals, high-level quantum
correlations between down-conversion beams from OPO could be obtained [9–12]. In these studies,
the frequencies of quantum-correlated twin beams (the signal and idler beams) were degenerate,
and polarizations of that were orthogonal. However, the quantum-correlated beams with different
frequencies have significant advantages when they are used in the above-mentioned applications. As a
matter of fact, the optical entangled state with different frequencies, which is an essential quantum
source for constructing continuous variable (CV) quantum information networks and establishing
connections between systems with different natures, consists of two sub-modes with quantum
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correlation at different frequencies between the quadrature amplitudes and between the quadrature
phases [13–15]. In recent years, two-color, even three-color quantum correlations between signal-idler
or pump-signal-idler beams were demonstrated using a non-degenerate optical parametric oscillator
(NOPO) with doubly or triply resonant configurations [13–17]. The two-color quantum correlated
beams at 0.8 and 1.5 µm can be utilized directly to make a connection between a quantum memory
device based on alkaline atoms and a quantum communication device based on telecommunication
optical fibers [16,17]. In addition, the quantum-correlated twin beams had been successfully employed
to improve the sensitivity beyond the SNL for signal recovery, absorption measurement, two-photon
absorption spectroscopy, and realize the sub-shot-noise imaging of weak absorbing objects [18–24].
When a light beam transmits an absorbing medium, the absorption spectroscopy can be directly
recorded with light frequency scanning through resonance. The sensitivity of the measurement is
limited by the intensity noise of the light beam, which is usually above or near the SNL. If one of the
quantum correlated twin beams is used to transmit an absorbing medium, the quantum correlation
between twin beams would be partially destroyed because the absorptions are regarded as kinds
of losses. The absorption signal can be measured precisely according to the change of the quantum
correlation between twin beams. Owing to the possibility of the intensity difference fluctuations of
twin beams being reduced below the SNL, sub-shot-noise high-sensitivity absorption spectroscopy
would be realized [18,19]. It is well known that the light beam at the telecommunication wavelength of
1.5 µm is particularly suitable for distribution over long-distance optical fibers because the attenuation
of light beam at 1.5 µm is as low as 0.17 dB/km in optical fibers [25], while various hydrocarbons,
hydrochlorides, soil pollutants, components of human breath, and some explosive agents display
strong absorption features in the range of 3.3 µm [26–28]. So, the two-color quantum-correlated twin
beams at 1.5 and 3.3 µm are of interest for high-precision measurements beyond the SNL using a
3.3 µm beam and for optical signal distribution over long-distance optical fiber using a 1.5 µm beam.
The two-color quantum correlation between twin beams was usually obtained using NOPO with
doubly or triply resonant configurations [13–17]. However, stable operation and frequency tuning
continuously without mode hopping are difficult to achieve using doubly or triply resonant NOPOs
because simultaneous cavity resonance conditions should be fulfilled. In this case, the stability of
system will be reduced, and the level of quantum correlation between twin beams will be limited.
Two-color nonclassical states can be achieved experimentally using a singly resonant OPO (SRO) in
which only the signal is resonant in the cavity [29,30]. Using this configuration of SRO, continuous
tuning without mode hopping can be realized by locking the transmission peak of intra-cavity etalon
to the oscillating mode of SRO [31–34]. SRO is a good choice to generate two-color quantum correlated
twin beams that are large frequency separated.
In this paper, down-conversion beams with a telecommunication wavelength at 1.5 µm and a
mid-infrared wavelength at 3.3 µm were generated experimentally from an SRO operated above the
pump threshold with a magnesium-oxide doped periodically-poled lithium niobate (MgO:PPLN)
crystal in the cavity. The two-color quantum correlation between the generated down-conversion
beams was detected using home-made high-gain broad bandwidth detectors at 3.3 µm and 1.5 µm.
A theoretical model for the two-color quantum correlation between the twin beams was given using a
semi-classical approach. Then, the influence of the analysis frequency and pump parameter on the
quantum correlation between twin beams was discussed theoretically and experimentally.
2. Theoretical Analysis
An SRO device, which is pumped by a fundamental wave (ωp ), is shown in Figure 1. The two-color
quantum correlation between the signal (ωs ) and idler (ωi ) can be observed when the SRO is operated
above the pump threshold. A type-I phase matched periodical poled nonlinear crystal is employed in
the cavity. The signal is resonant in a ring cavity. The idler and pump single pass through the nonlinear
crystal. αp,in is the input mode operator of pump. αs,in and βs,in are the coupled vacuum mode operator
introduced by the coupling mirror of the signal and other intra-cavity losses, respectively. αp (αs , αi ) is
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Hence, combining Equations (4) and (5) leads to
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where ω is the analysis frequency with the unit of hertz. The fluctuations for the amplitude quadrature
of signal and idler in the cavity can be expressed by
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Using the input–output relation of Equation (2), the output variance for the amplitude quadrature
of the output signal and idler can be deduced as
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1

where A = (σ − 1), B = (2 − σ), C = (γ2 + ϕ2 ) 4 , D = (ωτ + ϕ)2 + γ2 , and the variance of the vacuum
mode introduced by the coupling mirror of signal and other intra-cavity losses is equal to 1, i.e.,
Var(δXαs,in ) = Var(δXβs,in ) = Var(δYαs,in ) = Var(δYβs,in ) = 1. Var(δXp ) is the variance for the
amplitude quadrature of the pump.
The noise power spectrum of the intensity difference between the signal and idler can be written as
Sout (δXs,out , δXs,out )
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If the signal and idler are coherent states without quantum correlation, the
D intensity difference
E
fluctuations of two beams is equal to the sum of their intensities; that is ∆2 (Xs,out − Xi,out ) =
D
E
D
E
Xs,out + Xi,out , which corresponds to the SNL. Xs,out , Xi,out are the intensity of the signal and
idler, respectively.
If the intensity
difference
D
E
D
Efluctuations of the two beams satisfy the following
2
relation of ∆ (Xs,out − Xi,out ) < Xs,out + Xi,out , the two beams are quantum correlated. According
to Equation (10), the impact factors of spectrum of quantum correlation between the signal and idler
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include the pump parameter, the intra-cavity losses, the detuning, the analysis frequency, the cavity
round-trip time of the signal, and the variance for the amplitude quadrature of the pump.
3. Experimental Setup
The schematic of the experimental setup used to generate the two-color quantum correlated
down-conversion beams at 1.5 µm and 3.3 µm from an SRO is shown in Figure 2. The pump source
was a home-made low noise CW single-frequency laser with output power of 30 watts at 1064 nm.
An optical isolator (OI) was used to eliminate the back-reflection light of the infrared laser. The SRO
was composed of two concave mirrors with a radii of 100 mm, two plane mirrors, and a type-I
phase-matched MgO:PPLN crystal. Concave mirrors M1 and M2 provided high transmission (HT)
for the pump and idler (T1064 nm & 3.3 µm > 95%) and high reflection (HR) for the signal (R1.5 µm >
99.8%). Plane mirror M3 was the HR for the signal (R1.5 µm > 99.8%). Plane mirror M4 was the output
coupler for the signal, which provided partial transmission at 1.5 µm (T1.5 µm = 1.5%). Only the signal
resonated in the ring cavity. The pump and idler single-passed MgO:PPLN crystal. Both end faces of
MgO:PPLN were antireflection coated for 1.5 µm (R1.5 µm < 0.5%), 3.3 µm (R3.3 µm < 1%), and 1064 nm
(R1064 nm < 2%). MgO:PPLN crystal, with dimensions of 30 mm (length) × 10 mm (width) × 1 mm
(thickness) and a poling period of 30.6 µm, was housed in a copper oven and temperature-controlled by
a homemade temperature controller with an accuracy of 0.01 ◦ C. The concave mirror M3 was mounted
on a piezo-electric transducer (PZT) to control the length of the SRO cavity. The optical cavity length of
the SRO was 569 mm.
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the incident power of 4 mW. PD2 (Lms-36PD-03-R, LED Microsensor NT) with a quantum efficiency
of 60% was used to detect the idler at 3.3 μm. The working mode of the photodiode is photovoltaic
mode. In this mode, the photodiode was used under no reverse bias, which means that there is no
dark current. A high gain, low noise, and broad bandwidth detector for the 3.3 μm laser was designed
by paralleling the feedback capacitor on the feedback resistor. The measured saturation power of PD2
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incident power of 4 mW. PD2 (Lms-36PD-03-R, LED Microsensor NT) with a quantum efficiency of
60% was used to detect the idler at 3.3 µm. The working mode of the photodiode is photovoltaic mode.
In this mode, the photodiode was used under no reverse bias, which means that there is no dark current.
A high gain, low noise, and broad bandwidth detector for the 3.3 µm laser was designed by paralleling
the feedback capacitor on the feedback resistor. The measured saturation power of PD2 was 8 mW,
and the clearance between the SNL and ENL was more than 8 dB at a frequency range of 5–20 MHz
with the incident power of 2 mW. The alternating currents (ac) from the two detectors were input
with a positive/negative power combiner and recorded by a spectrum analyzer (SA). An electronic
attenuator (EA) was used to attenuate the current output from PD1 to be equal to that from PD2 before
the positive/negative power combiner. The direct currents (dc) from PD1 was used to lock the length
of the SRO cavity employing the Pound–Drever–Hall (PDH) technique [37]. The intensity of the signal
and idler are defined as I1 and I2 , respectively. The noise of the intensity difference I− = I1 − I2 between
the two down-conversion beams is expected to be below the corresponding SNL. The corresponding
SNL is the shot noise level for a beam with an intensity of I1 + I2 [8–11].
4. Experimental Results and Discussion
The measured pump threshold of the SRO was 7.3 W. When the pump power was 7.96 W, the
SRO was operated above the threshold. The measured signal output was 10 mW and the idler output
was 2 mW. The noise powers of the signal and idler were detected by PD1 and PD2 and recorded by an
SA, respectively. The intensity noises of the signal and idler reach the SNL for analysis frequencies
above 5 MHz, respectively.
When the current output from PD1 was attenuated by an EA so that it was equal to the current
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Curve (ii) is the calculated normalized noise power spectrum of the intensity difference between the
signal and idler using Equation (10) with experimental parameters of γ = 0.0135, γs = 0.0075, τ = 1.9 ×
10−9, σ = 1.04, φ = 0 and the cavity length of 569 mm. The measured intensity noise of the pump (as
shown in the inserted figure in Figure 4) was used in the calculation. Curve (i) and (ii) in the inserted
figure in Figure 4 are the normalized SNL and the normalized intensity noise spectrum of the pump,
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Curve (ii) is the calculated normalized noise power spectrum of the intensity difference between
the signal and idler using Equation (10) with experimental parameters of γ = 0.0135, γs = 0.0075,
τ = 1.9 × 10−9 , σ = 1.04, ϕ = 0 and the cavity length of 569 mm. The measured intensity noise of the
pump (as shown in the inserted figure in Figure 4) was used in the calculation. Curve (i) and (ii) in
the inserted figure in Figure 4 are the normalized SNL and the normalized intensity noise spectrum
of the pump, respectively. The intensity noise of the pump reaches the SNL for analysis frequencies
higher than 5 MHz. It can be seen that the normalized noise power of the intensity difference between
the twin beams is below the normalized SNL at analysis frequencies from 4 to 11 MHz. It means that
the two-color quantum correlation between down-conversion beams can be observed at the analysis
frequency range. Obviously, the observed quantum correlation between the twin beams degraded
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4. Normalized
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difference between
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Figure
beams. Curves (i): normalized SNL, curve (ii): theoretical prediction, blue diamonds: experimental
beams. Curves (i): normalized SNL, curve (ii): theoretical prediction, blue diamonds: experimental
data. The inserted figure is the normalized intensity noise power spectrum of the pump.
data. The inserted figure is the normalized intensity noise power spectrum of the pump.

Figure 5 shows the normalized noise power of the intensity difference between the signal and idler
at the analysis frequency of 5 MHz with different pump parameters. Curve (i) is the normalized SNL,
and curve (ii) is the calculated normalized noise power of the intensity difference between the signal
and idler using Equation (10) with the experimental parameters mentioned above and a different pump
parameter σ. Blue diamonds are experimental data. The experimental results were recorded by an SA
with an RBW of 100 kHz, a VBW of 50 Hz, and a sweep time of 500 ms. When σ was 1.04, the output
power of the signal and idler was 10 mW and 2 mW, respectively, and a maximum noise reduction
can be observed. Clearly, the quantum correlation between the signal and idler was stronger when
the pump power was closer to the pump threshold of SRO. Increasing the pump power, the observed
quantum correlation between the twin beams degraded. When σ was 1.11, the output power of the
signal and idler was 25 mW and 6 mW, respectively, and a quantum correlation of 1.3 dB between the

Figure 5. Normalized noise power of the intensity difference between the signal and idler at the
analysis frequency of 5 MHz as a function of the pump parameter. Curves (i): normalized SNL, curve
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twin beams was observed. The noise power of the intensity difference between the signal and idler
Figure 4. Normalized noise power spectrum of the intensity difference between two down-conversion
was not measured when σ was larger than 1.11, because photodetectors will be saturated with the
beams. Curves (i): normalized SNL, curve (ii): theoretical prediction, blue diamonds: experimental
larger incident powers of the signal and idler.
data. The inserted figure is the normalized intensity noise power spectrum of the pump.

Figure 5. Normalized
Normalized noise
noise power
power of
of the
the intensity
intensity difference
difference between
between the
the signal
signal and
and idler at the
analysis frequency of 5 MHz as a function of the pump parameter.
parameter. Curves (i): normalized SNL, curve
(ii): theoretical prediction, blue diamonds: experimental data.

5. Conclusions
Conclusions
5.
We demonstrated
two-color quantum
quantumcorrelation
correlationbetween
betweenthe
thedown-conversion
down-conversionbeams
beamswith
with
We
demonstrated aa two-color
a
a
telecommunication
wavelength
at
1.5
µm
and
mid-infrared
wavelength
at
3.3
µm
from
an
telecommunication wavelength at 1.5 μm and mid-infrared wavelength at 3.3 μm from an SRO
SRO
operated above
above the
the pump
pump threshold
threshold with
with an
an MgO:PPLN
crystal in
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The noise
noise powers
of
operated
MgO:PPLN crystal
the cavity.
cavity. The
powers of
the signal
signal and
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idler were
were measured
measured directly
directly using
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home-made high-gain
high-gain broad
broad bandwidth
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detectors
the
at
3.3
µm
and
1.5
µm,
respectively.
The
intensity
noises
of
the
signal
and
idler
reach
the
SNL for
for
at 3.3 μm and 1.5 μm, respectively. The intensity noises of the signal and idler reach the SNL
analysis frequencies above 5 MHz, respectively. The noise power of the intensity difference between
two down-conversion beams was measured by the detectors and recorded by an SA. A maximum
of 1.8 dB two-color quantum correlation between down-conversion beams at 1.5 and 3.3 µm was
observed. A theoretical model for the two-color quantum correlation between the twin beams was
given using a semi-classical approach, and the influence of the analysis frequency and pump parameter
on the quantum correlation between the twin beams was discussed theoretically and experimentally.
The maximum quantum correlation between the twin beams was observed at an analysis frequency
of 5 MHz, which was degraded at the analysis frequencies above 5 MHz due to the limitation of the
bandwidth of the SRO cavity and was degraded at the analysis frequencies below 5 MHz due to the
excess intensity noise of the pump. The quantum correlation between the twin beams was stronger
when the pump power was closer to the pump threshold of the SRO. If the balance homodyne detection
system for 3.3 µm can be developed in the future and a high-quality optical HR coating at 3.3 µm can
be also realized, a two-color CV quantum entanglement at 1.5 and 3.3 µm can be achieved in the same
experimental system. The two-color quantum states at 1.5 and 3.3 µm have potential applications in
high-precision measurements beyond the SNL such as in oil mining, gas pipeline leakage monitoring,
industrial process monitoring, biomedicine, and so on.
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