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Abstract: We demonstrated a two-color quantum correlation between the down-conversion beams
with a telecommunication wavelength at 1.5 um and mid-infrared wavelength at 3.3 um 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 um 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 pm; mid-infrared wavelength at 3.3 um

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 pm 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 pm is particularly suitable for distribution over long-distance optical fibers because the attenuation
of light beam at 1.5 um 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 um [26-28]. So, the two-color quantum-correlated twin
beams at 1.5 and 3.3 pm are of interest for high-precision measurements beyond the SNL using a
3.3 pm beam and for optical signal distribution over long-distance optical fiber using a 1.5 pm 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 um and a
mid-infrared wavelength at 3.3 um 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 pm and 1.5 um.
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 (wp), is shown in Figure 1. The two-color
quantum correlation between the signal (ws) and idler (w;) 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. @ i, is the input mode operator of pump. as i, and f; i, are the coupled vacuum mode operator
introduced by the coupling mirror of the signal and other intra-cavity losses, respectively. a; (as, @;) is
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the pump (signal, idler) mode operator in the cavity. ap,out (@s,out, @i out) is the output mode operator of
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Figure 1. Schematic of the singly resonant optical parametric oscillator.

The fluctuation characteristics of the SRO emission can be computed simply using a semi-classical
approach [35,36]. The quantum Langevin equations of motion for the intra-cavity modes can be

expressed by
Tas + (7/ + i(P)as = 2X0fp04f + \/mas,in + \/Z_,US s,in
o = xasap , (1)
ap = Qpin — XAsj

where 7 is the cavity round-trip time of the signal. y is the total intra-cavity losses, y = ys + s, Vs
is the intra-cavity losses due to the output coupler transmission, y; = t:2/2, t, is the transmission of
the output coupler of the signal, and us is the other intra-cavity losses include crystal absorption,
surface scattering, and imperfections of mirrors. x is the second-order nonlinear coefficient of the
nonlinear crystal. @ is the detuning between the round-trip phase of the signal and the cavity resonance.
Generally, ¢ is assumed to be small.

The input-output relations of down-conversion modes are given by

Asout = 2]/sofs — Qg in (2)
7
Qiout = J2Yiti

where y; is the intra-cavity losses of the idler due to the output coupler transmission.
The stationary mean fields a; (j = p, s, i) can be calculated considering vacuum input as iy = g ;,, = 0.
ayp iy is the mean field of the pump. The stationary state equation for the intra-cavity modes can be

written as
(y +ip)as = 2)(5;75;‘
o = xa.ap . 3)
ap = ap,in_)(asai

1/4
The pump threshold of SROis a4, = (7/2 + goz) / / V2, which can be obtained using Equation (3).
The pump parameter is defined as 0 = ;i / ap 4. The mean fields of signal and idler in the cavity can
be written as '
a = (o-1)"%/x
— 1/4 .
4= (0-1)"2 (2 +¢?) "/ V2x

In order to obtain the fluctuation dynamics, we linearize Equation (1) for small fluctuations
daj (j =p, s, i) around the mean field value of a;, and the fluctuation equations of the signal and idler
in the cavity can be obtained as

(4)

{ Tods + (y +ip)0as = 2xapda; + 2X0;00p + 2500t i + A21ts0Bs,in )

daj = XAy0ap in — X20sas00; — X Agtidcts + XapOy
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Hence, combining Equations (4) and (5) leads to

Va(o-1) 2 (12 492)

oas + (y +ip)das = = (604;1.” + 60(,,,1',,) + 2500s,in + 21s0Ps in ¢
1/2 (0-1) (72 +¢2)""* (Pe?)t - ©®
oda; = (0 —1)""“0ap,in — Téas + Téas

The fluctuations of amplitude and phase quadratures can be defined as 6X; = 6a; + 6a; and

0Y; = —i(6a; — 6a*). Taking the Fourier transform of Equation (6), the fluctuation equations of signal
and idler in the cavity can be expressed by

2 \/5(0—1)1/2 (y2+(p2)1/4

—(wT+ @)0Ys(w) + yoXs(w) = = 0Xp,in(@)
+ Zyséxas,in ((U) + V Zyséxﬁs,in ((U)
((L)T + @)6){5 (CL)) + VéYS (CL)) = szséyas,in ((4)) + \Y Zyséyﬁs,in (a)) (7)

oy 12y P+
00Xj(w) = (6 -1)""76X, in(w) + —
1/4

06Y;i(w) = (0= 1)"/%6Y, in(w) + % (2—0)8Ys(w)

(2 - 0)6Xs(w)

where w 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

23y(0-1)1/2 (yz+q,z)1/4

0Xp,in (@) +Y V2ys0Xag,in (@) +y \2us 6Xﬁs,in (w)

0Xs(w) = L
(wt+9) V2V56Y0‘s,in (0)+(wt+9) \/2;456)/[;5/{” (w) , 8)
(0T+9)*+72 i
1/2 oV (V2ro?
oXi(w) = 5% (@) + EA o ()

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

16y2ysAC?
2yy;B2C? 2y;,A . 8yy;ABC? | 8)2y;AB2C* ’
Var(X;ou) = L= + (Z—z + T )Var((SXp)

where A = (6-1),B= (2-0),C= (y*+ (pz)%, D = (w7 4 ¢)* + 2, 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(0Xa,,,) = Var(0Xg,, ) = Var(6Ya,,) = Var(6Yp,,,) = 1. Var(6X,) 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 (6Xs,out/ 6Xs,out) = <A2 (Xs,out - Xi,out)>
2yBC(0 y2yiys—7iBC)
1- 02D
SyAC[ V2yiys (2yaBC2+02D) —yiBC(UD+yBC2)—ZUzys)/C]—ZyiazADz
adD2

(10)

Var(6Xp) ,

If the signal and idler are coherent states without quantum correlation, the intensity difference
fluctuations of two beams is equal to the sum of their intensities; that is <A2(Xs,out - Xl-,out)> =
Ksouty + <Xi,0ut>, which corresponds to the SNL. (X; out), <Xi,gut> are the intensity of the signal and
idler, respectively. If the intensity difference fluctuations of the two beams satisfy the following
relation of <A2(Xs,0ut - Xi,out)><(Xs,Ol,t) + (Xz’,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 um and 3.3 um 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 um > 95%) and high reflection (HR) for the signal (Ry5 um >
99.8%). Plane mirror M3 was the HR for the signal (Ry5 um > 99.8%). Plane mirror M4 was the output
coupler for the signal, which provided partial transmission at 1.5 um (T 5 ;;m = 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 pm (Ry 5 ym < 0.5%), 3.3 um (R33 ym < 1%), and 1064 nm
(R1064 nm < 2%). MgO:PPLN crystal, with dimensions of 30 mm (length) X 10 mm (width) X 1 mm
(thickness) and a poling period of 30.6 pm, 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.

MgO:PPLN M2 M7
oy S\ Lf Idler
&

[

M6 L2

SRO

Out
+
lnlx Inl
6 Ref
out LTA 1,

Figure 2. Schematic of the experimental setup used to generate two-color quantum correlated twin

beams at 1.5 pm and 3.3 um. OI: optical isolator; SRO: singly resonant optical parametric oscillator;
PZT: piezo-electric transducer; PD: photodetector; SA: spectrum analyzer; EA: electronic attenuator;
+/—: positive/negative power combiner; LIA: lock-in amplifier; PID: proportional-integral-derivative;
HV: high voltage amplifier; +: adder.

When the SRO was operated above the pump threshold, twin beams with two colors (1.5 and
3.3 um) were generated. A dichroic beam splitter M6, coated for high reflectivity at 1064 nm and high
transmissivity at 3.3 um, was used to separate the two beams. The noise power of the signal at 1.5 pm
and the idler at 3.3 pm was measured directly using the photodetectors (PD1 and PD2). The balance
homodyne detection cannot be used because there were no suitable half-wave plates and polarization
beam splitters for the 3.3 um laser due to conventional silica-based glass having a high absorption
at 3.3 um. PD1 (ETX 500, Epitaxx) with a quantum efficiency of 90% was used to detect the signal
at 1.5 pm. The photodiode works in photoconductive mode. The saturation power of PD1 can be
increased by increasing the reverse bias, and the gain can be improved by fine tuning the feedback
resistor. The measured saturation power of PD1 was 26 mW, and the clearance between the SNL and
the electronic noise level (ENL) was more than 10 dB at a frequency range of 2-20 MHz with the
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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 pm. 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 pm 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 I; and Iy, respectively. The noise of the intensity difference I = I; — I, 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 I + I, [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
output from PD2, the noise power of the intensity difference between two down-conversion beams at
an analysis frequency of 5 MHz was measured and recorded by an SA with an resolution bandwidth
(RBW) of 100 kHz, a video bandwidth (VBW) of 50 Hz, and the sweep time of 500 ms, as shown in
Figure 3, curve (ii). Curve (i) in Figure 3 is the corresponding SNL that was given by the measured
noise power of intensity sum of two down-conversion beams. It can be seen that the noise power of
the intensity difference between the twin beams is 1.8 dB below the corresponding SNL. It is indicated
that the two-color quantum correlation of 1.8 dB between down-conversion beams at 1.5 and 3.3 pm
from the SRO was observed.
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Figure 3. Measured noise power of the intensity difference between two down-conversion beams.
Curve (i): the corresponding shot-noise level (SNL), curve (ii): the noise power of the intensity difference
between the twin beams. The analysis frequency is 5 MHz.

The normalized noise power spectrum of the intensity difference between two down-conversion
beams is shown in Figure 4. Blue diamonds are experimental data. Curve (i) is the normalized SNL.
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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 y = 0.0135, ys = 0.0075,
7=1.9x107%, 0 = 1.04, p = 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
when the analysis frequency increases from 5 MHz to 11 MHz, a maximum noise reduction can be
observed at an analysis frequency of 5 MHz, and the noise reduction decreases with the decrease
of the analysis frequency from 5 to 4 MHz. In principle, the noise reduction should be increased
with the decrease of the analysis frequency. The fact of noise reduction decrease at the low analysis
frequencies is due to the large excess intensity noise of the pump for analysis frequencies below 5 MHz.
The quantum correlation between the twin beams at high frequencies is limited by the bandwidth of
the SRO cavity. The measured finesse of SRO was 56 and the bandwidth of the cavity was 9.4 MHz.
The discrepancy between the theoretical prediction and the experimental results could be induced by
the extra noise caused experimentally by the effect of guided acoustic wave Brillouin scattering within
MgO:PPLN crystal [38].

0.5
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Figure 4. Normalized noise power spectrum of the intensity difference between two down-conversion
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.

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 0. 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 o 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 o 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
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twin beams was observed. The noise power of the intensity difference between the signal and idler
was not measured when o was larger than 1.11, because photodetectors will be saturated with the
larger incident powers of the signal and idler.

0.0
(i) SNL
)
05
—— Theoretical prediction
10 ¢ Experimental data

Normalized Noise Power (d
i

4
=

1.00 1.02 1.04 1.06 1.08 1.10 1.12 1.14
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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
(ii): theoretical prediction, blue diamonds: experimental data.

5. Conclusions

We demonstrated a two-color quantum correlation between the down-conversion beams with
a telecommunication wavelength at 1.5 um and mid-infrared wavelength at 3.3 um from an SRO
operated above the pump threshold with an MgO:PPLN crystal in the cavity. The noise powers of
the signal and idler were measured directly using home-made high-gain broad bandwidth detectors
at 3.3 um and 1.5 pm, respectively. The intensity noises of the signal and idler reach the SNL for
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 pm 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 um can be developed in the future and a high-quality optical HR coating at 3.3 pm can
be also realized, a two-color CV quantum entanglement at 1.5 and 3.3 um can be achieved in the same
experimental system. The two-color quantum states at 1.5 and 3.3 um 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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