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We demonstrate experimentally the simultaneous generation and detection of two types of continuous
variable nonclassical states from one type-0 phase-matching optical parametric amplification (OPA)
and subsequent two ring filter cavities (RFCs). The output field of the OPA includes the baseband
ω0 and sideband modes ω0 ± nωf subjects to the cavity resonance condition, which are separated by
two cascaded RFCs. The first RFC resonates with half the pump wavelength ω0 and the transmitted
baseband component is a squeezed state. The reflected fields of the first RFC, including the sideband
modes ω0±ωf , are separated by the second RFC, construct Einstein–Podolsky–Rosen entangled state.
All freedoms, including the filter cavities for sideband separation and relative phases for the measure-
ments of these sidebands, are actively stabilized. The noise variance of squeezed states is 10.2 dB
below the shot noise limit (SNL), the correlation variances of both quadrature amplitude-sum and
quadrature phase-difference for the entanglement state are 10.0 dB below the corresponding SNL.
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1 Introduction

Continuous variable (CV) nonclassical states, including
squeezed and Einstein–Podolsky–Rosen (EPR) entangled
states, have been proven to be valuable resources in
quantum information technology and have spread a vari-
ety of applications including quantum communication [1–
7], quantum metrology [8–12], ultrahigh precision sens-
ing [13–16], and quantum computer [17–19], etc. As cen-
tral to the quantum system, nonclassical states generation
is crucial to improve the quantum system performance.
Intensive researches have focused on the improvement of
squeezed or entanglement degree [20–27]. On the basis, it
is fascinating to generate two types of nonclassical states
simultaneously from one optical parametric amplification
(OPA) without degrading squeezed or entanglement de-
gree.

The optical parametric process has been proven as one
of the most successful systems for nonclassical states gen-
eration, especially for the generation of high-level squeezed
states [28–31], which has continually held the record for
the largest amount of quantum noise reduction [32]. In
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such a process, a high energy pump photon is converted
into a pair of lower energy photons subject to energy
conservation and the cavity resonance condition, via a
second order nonlinear interaction [33–40]. The gener-
ation of a photon pair initiates a nonclassical correla-
tion between the symmetric cavity modes along half the
pump frequency. For a type-0 phase-matching parametric
process, the downconversion modes with near-degenerate
frequency and degenerate polarization are inseparable in
space (squeezed state) [41]. The nonclassical noise corre-
lation makes the noise variance of the photon pair beyond
the shot noise limit (SNL). The downconversion modes
from a type-II phase-matching parametric process with
mutually orthogonal polarization can be conveniently sep-
arated by using a polarization beam splitter (PBS) [3],
which presents nonclassical noise correlation, named as
EPR entangled state. The different phase-matching re-
quirement is a main obstacle of simultaneous generation
of two types of nonclassical state from one OPA. Encour-
agingly, several types of phase-matching have been simul-
taneously realized in a single periodically poled KTiOPO4

(PPKTP) crystal [42], and then the frequency up- and
down-conversion processes were experimentally demon-
strated at different operating temperature of the PP-
KTP [43, 44]. The switching operation was performed by
manipulating the crystal temperature and the polarization
direction of the pump and seed beams [44]. By time shar-
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ing multitask idea, two types of nonclassical states were
successively obtained from one OPA.

Here, we present an experimental demonstration of gen-
erating simultaneously squeezed state (quantum fluctu-
ation of 10.2 dB below the SNL) and EPR entangled
state (quadrature amplitude-sum and quadrature phase-
difference of 10.0 dB and 10.0 dB below the SNL) from one
OPA. The output field of the OPA is spatially separated
by employing two ring filter cavities (RFCs) as frequency-
dependent beam splitter, which effectively saves quantum
resource. The baseband around half the pump wavelength
within the linewidth of the OPA is squeezed states. The
sideband modes ω0 ± ωf construct EPR entangled states.
The robust extension of the generation of two types of high
performance CV nonclassical states from time sharing op-
eration to simultaneous one will certainly promote their
versatile applications in quantum information technology.

2 Experimental setup

A schematic of our experimental setup is illustrated in
Fig. 1. The laser source of our experiment is a home-
made single-frequency Nd:YVO4 laser at 1064 nm with
the output power of 2.5 W. The laser preparations, includ-
ing spatial-mode improvement, intensity noise suppres-
sion, polarization purification and second harmonic gen-
eration, are similar to our earlier experiments presented
in Refs. [29, 45, 46]. Our OPA is a semi-monolithic cavity
consisting of a piezoactuated concave mirror and a PP-
KTP crystal with the dimensions of 1mm×2mm×10mm.
The crystal end face with a radius of curvature of 12 mm
is coated as high reflectivity (HR) for the fundamental
field, thus serving as the cavity end mirror. The concave
mirror with a radius of curvature of 30 mm has a trans-
missivity of 12%±1.5% for 1064 nm. The air gap between
the crystal and the coupling mirror is 27 mm, correspond-
ing to a free spectral range (FSR) ωf of 3.328 GHz. The
phase-matching bandwidth of the PPKTP crystal is ap-
proximately 2 THz, corresponding to more than 300 pairs
of downconversion modes subject to cavity resonance con-
dition.

The laser beam at 532 nm serves as the pump field of
the OPA and does not resonant with the OPA, which has
good immunity to temperature variation. The laser at
1064 nm is divided into three beams B1, B2, and B3. The
B1, which is modulated by EOM1 with frequency of 36
MHz, serves as the initial alignment beam of OPA and
the seed beam for stability of the OPA cavity length and
relative phase between pump and seed beams. We use
PD1 to collect the reflected beam of OPA for extracting
these error signals. The beam B2 is employed as the local
oscillator (LO) for squeezed noise detection at baseband
ω0.

The beam B3 passes through the WGM with a modu-
lated frequency of ωf , and its output includes the carrier

frequency ω0 and higher harmonics ω0 ± ωf . The power
of each sideband mode produced by the WGM is large
enough to generate error signals for downstream experi-
ment. Small part of the WGM output is split by a PBS
and passes through an optical mode cleaner (OMC+1) im-
mediately to get rid of the unwanted carrier and transmit-
ted corresponding upper sideband components LO+1. The
linewidth (FSR) of the OMC is 2 MHz (1.29 GHz), which
ensures that about 10−5 of the other sideband modes
transmits through the OMC after the cavity resonating
with one of the sidebands. The reflection light of OMC+1

passes through another OMC−1 to extract the correspond-
ing low sideband components LO−1. Then, the frequency-
shifted LO±1 with frequency of ω0 ± ωf are generated for
further quadrature measurements.

The beam, emitting out from the OPA, includes many
pairs of downconversion modes subject to the cavity reso-
nance condition within the spectral acceptance bandwidth
of the PPKTP. Besides that, the output of the OPA is
bright squeezed light with coherent amplitude and can
be used as a sensor to lock the RFC1 to resonate with the
baseband mode of squeezed light. However, we cannot ex-
tract any signals needed for actively stabilizing RFC2 res-
onance at a required sideband mode owing to these side-
band modes of squeezed light are vacuum fields without
coherent amplitude. The relative phase between a given
sideband and the corresponding LO0 in the downstream
experiment is also out of control due to the same dilemma.
For resolving the problem, we use the rest component of
B3 as the auxiliary beam for stabilizing the RFC2 length
and the relative phase between the sideband modes and
frequency-shifted LO±1.

The auxiliary beam is modulated by EOM2 with fre-
quency of 28 MHz and coupled with the bright squeezed
beam on a 1:99 beam-splitter (BS). Then, the PD2 col-
lects the one port of the coupled light to extract the error
signal for stably locking the carrier of the auxiliary beam
to that of the squeezed beam to zero. Finally, the auxil-
iary beam, including its sideband modes ω0 ± ωf , can be
adopted for controlling the length of downstream RFCs
and relative phase stability of balanced homodyne detec-
tors (BHD) instead of vacuum sideband modes. Then, we
can use the auxiliary beam to lock the two RFCs to res-
onate respectively with the sideband modes ω0±ωf of the
bright squeezed light.

A cascade of two RFCs is employed as the band fil-
ters to carry out the sideband modes separation. Two
RFCs resonate respectively with the baseband mode ω0

and sideband modes ω0 + ωf , and thus the different fre-
quency components are transmitted from each RFC. The
RFC consists of two plane mirrors and one curved mirror
with the round-trip length of 210 mm, and the curved cav-
ity mirror shows a transmissivity of 0.008% with the cur-
vature radius of 1 m. The two plane cavity mirrors have a
power transmissivity of 13.5% for s-polarized beam. These
provide finesse value of 21.6 and linewidth of 66 MHz for s-
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Fig. 1 Schematic diagram of the experimental setup. OPA, optical parametric amplifier; PM, phase modulation; WGM,
waveguide electro–optic modulator; EOM1−3, electro–optic phase modulator; OMC±1, optical mode cleaner; RFC1−2, ring
filter cavity; FI, faraday isolator; PS, phase shifter; DBS, dichroic beam splitter; PBS, polarized beam splitter; BS, beam
splitter; BHD1−3, balanced homodyne detector; PD1−6, photodetector; ωf , free spectral range of the OPA; SA, spectrum
analyzer; JM, joint measurement.

polarized beam, in accordance with the round-trip length.
These parameters can ensure that the resonance mode has
a high transmission and the neighboring sideband modes
are effectively reflected.

The transmitted field ω0 (squeezed state) from the
RFC1 is interfered with the LO0 at the frequency to detect
the quadrature noise variances at baseband. The trans-
mitted and reflected fields from the RFC2 (entanglement
state) are interfered with the LO+1 and LO−1, respec-
tively, to quantify the quantum correlations between the
sideband modes ω0 ± ωf . We split 1% of the coherent
sideband modes at the outputs of these RFCs and the
reflected fields of OMCs to stabilize their cavity lengths,
respectively. The error signals are extracted by resonant
photodetectors with high Q value. After corresponding
beam splitter (BS), the output beams are coupled toward
BHDs with a particular phase control branch to detect the
noise variance of the quadrature components. The detec-
tor is built from a pair of p-i-n photodiode with the photo
surface of 100 µm. To recycle the residual reflection from

photodiode surfaces, three pairs of concave mirrors with
the curvature radius of 50 mm are used as retroreflectors.

3 Experimental results

Locking the relative phase between the pump and seed
beam to π, the OPA operates at deamplification. The
RFC1 resonating with half the pump wavelength trans-
mits the baseband mode of the bright squeezed light. Fig-
ure 2 presents the measured results of the transmitted
baseband mode (squeezed state) at the pump power of
150 mW. All traces are measured by a spectrum analyzer
(Agilent N9020A with the uncertainty of 0.2 dB). Trace I
corresponds to the shot noise limit of 5.5 mW LO0 power
and is measured with the squeezed light blocked. Trace II
shows the quantum noise reduction when squeezed states
are injected with the relative phase 0 between the signal
beam and LO0. The directly observed squeezing level is
10.2 dB at the analysis frequency of 2 MHz without sub-
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Fig. 2 Quantum noise levels of the squeezed and anti-
squeezed state are recorded at the analysis frequency of 2 MHz
with resolution bandwidth (RBW) 300 kHz and video band-
width (VBW) 200 Hz. These data still include electronic noise,
and represent direct observations.

tracting electronic noise. Trace III is a variational noise
level with the local oscillator phase scanned. Trace IV is
a noise level with the relative phase π/2, corresponding
to the anti-squeezing of 20.3 dB above the SNL. Trace V
is electronic noise, which is 25.2 dB below the SNL at the
LO0 power of 5.5 mW.

The RFC2, resonating with the sideband mode ω0+ωf ,
is located at the reflection end of the RFC1. The trans-
mitted and reflected sideband modes ω0 ± ωf are sepa-
rated by the RFC2, resonating with the sideband mode
ω0 + ωf , constructing EPR entangled state. We per-
form the detection of quantum correlation between the

Fig. 3 Normalized correlation noise of amplitude-sum (a)
and phase-difference (b) between the upper and lower side-
bands ω0 ± ωf . Trace I, shot noise limit; Trace II, correlation
noise of ⟨∆2(X+ +X−)⟩ (a) and ⟨∆2(Y+ −Y−)⟩ (b); Trace III,
correlation noise variance with one of the BHD’s phases of 0
(a) and π/2 (b) while another BHD’s phase is scanned linearly
in time; Trace IV, noise spectrum with one of the BHD signal
port is blocked.

two sideband modes ω0 ± ωf . The correlation measure-
ments of amplitude-sum and phase-difference between the
upper and lower sidebands measured by BHDs are shown
in Fig. 3. With the signal ports of the two BHDs blocked,
the output of the power combiners corresponds to the
SNL (trace I in Fig. 3). When the relative phases be-
tween the LO±1 and two sidebands of squeezes states are
0(π/2), the outputs of two BHDs are combined with the
upper (low) power combiners to obtain the noise pow-
ers of amplitude sum (phase-difference) shown in trace II
in Fig. 3(a) [Fig. 3(b)]. Either of the BHD’s phase keeps
constant while another BHD’s phase is scanned linearly in
time and the measured noise variances are shown in trace
III in Fig. 3. When one of the BHDs signal port is blocked,
the noise spectrum is higher than the SNL, which is insen-
sitive to the relative phase [trace IV in Figs. 3(a) and (b)].
The variances of amplitude sum and phase difference of
the EPR sideband entanglement are both 10.0 dB, with-
out the electronic noise subtracted.

For our generation scheme of entanglement state, the
two sidebands of squeezed states are Gaussian state and
strictly symmetric, which can be verified by the Duan in-
separability criterion in the following form [47]:

V ar
(
X̂A + X̂B

)
+ V ar

(
ŶA − ŶB

)
< 2, (1)

where Var denotes the variance, with the variance of a
vacuum field normalized to unity. X̂A and X̂B are the
quadrature amplitude operators. ŶA and ŶB are the
quadrature phase operators orthogonal to X̂A and X̂B ,
respectively. All the generated EPR entangled beams
above satisfy the inseparable criteria V ar

(
X̂A + X̂B

)
+

V ar
(
ŶA − ŶB

)
= 0.20 < 2.

4 Conclusion

In conclusion, we demonstrate experimentally the simul-
taneous generation and detection of two types of nonclas-
sical states by a type-0 phase-matching OPA and subse-
quent two RFCs. The scheme effectively saves quantum
resource. The output field of the OPA includes the base-
band ω0 and sideband modes ω0±ωf subject to the cavity
resonance condition. The RFC1 resonates with half the
pump wavelength and transmits the baseband mode of
the OPA. The baseband includes these symmetric down-
conversion modes along half the pump wavelength within
the linewidth of the OPA, which presents noise variance
below the SNL (squeezed state). The sideband modes
ω0±ωf reflected from the RFC1 are spatially separated by
the RFC2, constructing EPR entangled state. Both of the
correlation noises of squeezed and entanglement states are
superior to 10 dB below the SNL. In virtue of the auxiliary
beam generated by a WGM, all freedoms in downstream
experiment are actively stabilized. As central to the CV
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quantum system, the simultaneous generation of squeezed
and entanglement states will promote a practical and ver-
satile requirement of quantum information technology.

Acknowledgements This work was supported by the National
Natural Science Foundation of China (Grant Nos. 11654002,
11804207, 11874250, and 11804206), the National Key Research and
Development Program of China (Grant No. 2016YFA0301401), the
Program for Sanjin Scholar of Shanxi Province, the Key Research
and Development Program of Shanxi (Grant No. 201903D111001),
the Fund for Shanxi 1331 Project Key Subjects Construction, the
Program for Outstanding Innovative Teams of Higher Learning In-
stitutions of Shanxi, and the Natural Science Foundation of Shanxi
Province (Grant No. 201801D221006).

References

1. S. L. Braunstein and P. van Loock, Quantum informa-
tion with continuous variables, Rev. Mod. Phys. 77(2), 513
(2005)

2. S. Liu, Y. Lou, and J. Jing, Orbital angular momentum
multiplexed deterministic all-optical quantum teleporta-
tion, Nat. Commun. 11(1), 3875 (2020)

3. S. Shi, L. Tian, Y. Wang, Y. Zheng, C. Xie, and K. Peng,
Demonstration of channel multiplexing quantum commu-
nication exploiting entangled sideband modes, Phys. Rev.
Lett. 125(7), 070502 (2020)

4. X. Y. Li, Q. Pan, J. T. Jing, J. Zhang, C. D. Xie, and
K. C. Peng, Quantum dense coding exploiting a bright
Einstein–Podolsky–Rosen beam, Phys. Rev. Lett. 88(4),
047904 (2002)

5. J. T. Jing, J. Zhang, Y. Yan, F. G. Zhao, C. D. Xie, and K.
C. Peng, Experimental demonstration of tripartite entan-
glement and controlled dense coding for continuous vari-
ables, Phys. Rev. Lett. 90(16), 167903 (2003)

6. X. Pan, S. Yu, Y. Zhou, K. Zhang, K. Zhang, S. Lv, S.
Li, W. Wang, and J. Jing, Orbital–angular-momentum
multiplexed continuous-variable entanglement from four-
wave mixing in hot atomic vapor, Phys. Rev. Lett. 123(7),
070506 (2019)

7. S. Pirandola, J. Eisert, C. Weedbrook, A. Furusawa, and
S. L. Braunstein, Advances in quantum teleportation, Nat.
Photonics 9(10), 641 (2015)

8. R. Schnabel, N. Mavalvala, D. E. McClelland, and P. K.
Lam, Quantum metrology for gravitational wave astron-
omy, Nat. Commun. 1(1), 121 (2010)

9. F. Hudelist, J. Kong, C. Liu, J. Jing, Z. Y. Ou, and
W. Zhang, Quantum metrology with parametric amplifier-
based photon correlation interferometers, Nat. Commun.
5(1), 3049 (2014)

10. K. Goda, O. Miyakawa, E. E. Mikhailov, S. Saraf, R.
Adhikari, K. McKenzie, R. Ward, S. Vass, A. J. Wein-
stein, and N. Mavalvala, A quantum enhanced prototype
gravitational-wave detector, Nat. Phys. 4(6), 472 (2008)

11. H. Grote, K. Danzmann, K. L. Dooley, R. Schnabel, J.
Slutsky, and H. Vahlbruch, First long-term application of
squeezed states of light in a gravitational-wave observa-
tory, Phys. Rev. Lett. 110(18), 181101 (2013)

12. T. Eberle, S. Steinlechner, J. Bauchrowitz, V. Händchen,
H. Vahlbruch, M. Mehmet, H. Müller-Ebhardt, and R.
Schnabel, Quantum enhancement of the zero-area sagnac
interferometer topology for gravitational wave detection,
Phys. Rev. Lett. 104(25), 251102 (2010)

13. A. Thüring, R. Schnabel, H. Lück, and K. Danzmann, De-
tuned twin-signal-recycling for ultrahigh-precision inter-
ferometers, Opt. Lett. 32(8), 985 (2007)

14. Q. Zhuang, Z. Zhang, and J. H. Shapiro, Distributed quan-
tum sensing using continuous-variable multipartite entan-
glement, Phys. Rev. A 97(3), 032329 (2018)

15. S. Liu, Y. Lou, and J. Jing, Interference-induced quantum
squeezing enhancement in a two-beam phase-sensitive am-
plifier, Phys. Rev. Lett. 123(11), 113602 (2019)

16. C. Xu, L. Zhang, S. Huang, T. Ma, F. Liu, H. Yonezawa,
Y. Zhang, and M. Xiao, Sensing and tracking enhanced by
quantum squeezing, Photon. Res. 7(6), A14 (2019)

17. R. Raussendorf and H. J. Briegel, A one-way quantum
computer, Phys. Rev. Lett. 86(22), 5188 (2001)

18. M. V. Larsen, X. S. Guo, C. R. Breum, J. S. Neergaard-
Nielsen, and U. L. Andersen, Deterministic generation of
a two-dimensional cluster state, Science 366(6463), 369
(2019)

19. W. Asavanant, Y. Shiozawa, S. Yokoyama, B. Charoen-
sombutamon, H. Emura, R. N. Alexander, S. Takeda,
J. Yoshikawa, N. C. Menicucci, H. Yonezawa, and A.
Furusawa, Generation of time-domain-multiplexed two-
dimensional cluster state, Science 366(6463), 373 (2019)

20. Z. Y. Ou, S. F. Pereira, and H. J. Kimble, Quantum noise
reduction in optical amplification, Phys. Rev. Lett. 70(21),
3239 (1993)

21. S. Suzuki, H. Yonezawa, F. Kannari, M. Sasaki, and A.
Furusawa, 7 dB quadrature squeezing at 860 nm with pe-
riodically poled KTiOPO4, Appl. Phys. Lett. 89(6), 061116
(2006)

22. Y. Takeno, M. Yukawa, H. Yonezawa, and A. Furusawa,
Observation of −9 dB quadrature squeezing with improve-
ment of phase stability in homodyne measurement, Opt.
Express 15(7), 4321 (2007)

23. H. Vahlbruch, M. Mehmet, S. Chelkowski, B. Hage, A.
Franzen, N. Lastzka, S. Goßler, K. Danzmann, and R.
Schnabel, Observation of squeezed light with 10 dB quan-
tum noise reduction, Phys. Rev. Lett. 100(3), 033602
(2008)

24. M. Mehmet, S. Ast, T. Eberle, S. Steinlechner, H.
Vahlbruch, and R. Schnabel, Squeezed light at 1550 nm
with a quantum noise reduction of 12.3 dB, Opt. Express
19(25), 25763 (2011)

25. A. Schönbeck, F. Thies, and R. Schnabel, 13 dB squeezed
vacuum states at 1550 nm from 12 mW external pump
power at 775 nm, Opt. Lett. 43(1), 110 (2018)

21502-5 Long Tian, et al., Front. Phys. 16(2), 21502 (2021)

https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1038/s41467-020-17616-4
https://doi.org/10.1038/s41467-020-17616-4
https://doi.org/10.1038/s41467-020-17616-4
https://doi.org/10.1103/PhysRevLett.125.070502
https://doi.org/10.1103/PhysRevLett.125.070502
https://doi.org/10.1103/PhysRevLett.125.070502
https://doi.org/10.1103/PhysRevLett.125.070502
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/PhysRevLett.88.047904
https://doi.org/10.1103/PhysRevLett.90.167903
https://doi.org/10.1103/PhysRevLett.90.167903
https://doi.org/10.1103/PhysRevLett.90.167903
https://doi.org/10.1103/PhysRevLett.90.167903
https://doi.org/10.1103/PhysRevLett.123.070506
https://doi.org/10.1103/PhysRevLett.123.070506
https://doi.org/10.1103/PhysRevLett.123.070506
https://doi.org/10.1103/PhysRevLett.123.070506
https://doi.org/10.1103/PhysRevLett.123.070506
https://doi.org/10.1038/nphoton.2015.154
https://doi.org/10.1038/nphoton.2015.154
https://doi.org/10.1038/nphoton.2015.154
https://doi.org/10.1038/ncomms1122
https://doi.org/10.1038/ncomms1122
https://doi.org/10.1038/ncomms1122
https://doi.org/10.1038/ncomms4049
https://doi.org/10.1038/ncomms4049
https://doi.org/10.1038/ncomms4049
https://doi.org/10.1038/ncomms4049
https://doi.org/10.1038/nphys920
https://doi.org/10.1038/nphys920
https://doi.org/10.1038/nphys920
https://doi.org/10.1038/nphys920
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.104.251102
https://doi.org/10.1103/PhysRevLett.104.251102
https://doi.org/10.1103/PhysRevLett.104.251102
https://doi.org/10.1103/PhysRevLett.104.251102
https://doi.org/10.1103/PhysRevLett.104.251102
https://doi.org/10.1364/OL.32.000985
https://doi.org/10.1364/OL.32.000985
https://doi.org/10.1364/OL.32.000985
https://doi.org/10.1103/PhysRevA.97.032329
https://doi.org/10.1103/PhysRevA.97.032329
https://doi.org/10.1103/PhysRevA.97.032329
https://doi.org/10.1103/PhysRevLett.123.113602
https://doi.org/10.1103/PhysRevLett.123.113602
https://doi.org/10.1103/PhysRevLett.123.113602
https://doi.org/10.1364/PRJ.7.000A14
https://doi.org/10.1364/PRJ.7.000A14
https://doi.org/10.1364/PRJ.7.000A14
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1126/science.aay4354
https://doi.org/10.1126/science.aay4354
https://doi.org/10.1126/science.aay4354
https://doi.org/10.1126/science.aay4354
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1126/science.aay2645
https://doi.org/10.1103/PhysRevLett.70.3239
https://doi.org/10.1103/PhysRevLett.70.3239
https://doi.org/10.1103/PhysRevLett.70.3239
https://doi.org/10.1063/1.2335806
https://doi.org/10.1063/1.2335806
https://doi.org/10.1063/1.2335806
https://doi.org/10.1063/1.2335806
https://doi.org/10.1364/OE.15.004321
https://doi.org/10.1364/OE.15.004321
https://doi.org/10.1364/OE.15.004321
https://doi.org/10.1364/OE.15.004321
https://doi.org/10.1103/PhysRevLett.100.033602
https://doi.org/10.1103/PhysRevLett.100.033602
https://doi.org/10.1103/PhysRevLett.100.033602
https://doi.org/10.1103/PhysRevLett.100.033602
https://doi.org/10.1103/PhysRevLett.100.033602
https://doi.org/10.1364/OE.19.025763
https://doi.org/10.1364/OE.19.025763
https://doi.org/10.1364/OE.19.025763
https://doi.org/10.1364/OE.19.025763


Research article

26. K. McKenzie, N. Grosse, W. P. Bowen, S. E. Whitcomb,
M. B. Gray, D. E. McClelland, and P. K. Lam, Squeezing
in the audio gravitational-wave detection band, Phys. Rev.
Lett. 93(16), 161105 (2004)

27. T. Eberle, V. Händchen, and R. Schnabel, Stable control
of 10 dB two-mode squeezed vacuum states of light, Opt.
Express 21(9), 11546 (2013)

28. W. H. Zhang, J. R. Wang, Y. H. Zheng, Y. J. Wang,
and K. C. Peng, Optimization of the squeezing factor
by temperature-dependent phase shift compensation in a
doubly resonant optical parametric oscillator, Appl. Phys.
Lett. 115(17), 171103 (2019)

29. W. H. Yang, S. P. Shi, Y. J. Wang, W. G. Ma, Y. H. Zheng,
and K. C. Peng, Detection of stably bright squeezed light
with the quantum noise reduction of 12.6 dB by mutually
compensating the phase fluctuations, Opt. Lett. 42(21),
4553 (2017)

30. X. C. Sun, Y. J. Wang, L. Tian, Y. H. Zheng, and K.
C. Peng, Detection of 13.8 dB squeezed vacuum states by
optimizing the interference efficiency and gain of balanced
homodyne detection, Chin. Opt. Lett. 17(7), 072701 (2019)

31. C. Cai, L. Ma, J. Li, H. Guo, K. Liu, H. X. Sun, R. G.
Yang, and J. R. Gao, Generation of a continuous-variable
quadripartite cluster state multiplexed in the spatial do-
main, Photon. Res. 6(5), 479 (2018)

32. H. Vahlbruch, M. Mehmet, K. Danzmann, and R. Schn-
abel, Detection of 15 dB squeezed states of light and
their application for the absolute calibration of photoelec-
tric quantum efficiency, Phys. Rev. Lett. 117(11), 110801
(2016)

33. D. F. Walls, Squeezed states of light, Nature 306(5939),
141 (1983)

34. J. Roslund, R. M. de Araújo, S. Jiang, C. Fabre, and
N. Treps, Wavelength-multiplexed quantum networks with
ultrafast frequency combs, Nat. Photonics 8(2), 109 (2014)

35. E. H. Huntington, G. N. Milford, C. Robilliard, T. C.
Ralph, O. Glöckl, U. L. Andersen, S. Lorenz, and G.
Leuchs, Demonstration of the spatial separation of the en-
tangled quantum sidebands of an optical field, Phys. Rev.
A 71(4), 041802(R) (2005)

36. B. Hage, A. Samblowski, and R. Schnabel, Towards
Einstein-Podolsky-Rosen quantum channel multiplexing,
Phys. Rev. A 81(6), 062301 (2010)

37. C. Schori, J. L. Sorensen, and E. S. Polzik, Narrow-band
frequency tunable light source of continuous quadrature
entanglement, Phys. Rev. A 66(3), 033802 (2002)

38. Y. Ma, H. Miao, B. H. Pang, M. Evans, C. Zhao, J. Harms,
R. Schnabel, and Y. Chen, Proposal for gravitational-wave
detection beyond the standard quantum limit through
EPR entanglement, Nat. Phys. 13(8), 776 (2017)

39. M. J. Yap, P. Altin, T. G. McRae, B. J. J. Slagmolen, R.
L. Ward, and D. E. McClelland, Generation and control
of frequency-dependent squeezing via Einstein–Podolsky–
Rosen entanglement, Nat. Photonics 14(4), 223 (2020)

40. J. Südbeck, S. Steinlechner, M. Korobko, and R. Schnabel,
Demonstration of interferometer enhancement through
Einstein-Podolsky-Rosen entanglement, Nat. Photonics
14(4), 240 (2020)

41. S. P. Shi, Y. J. Wang, L. Tian, J. R. Wang, X. C. Sun, and
Y. H. Zheng, Observation of a comb of squeezed states with
a strong squeezing factor by a bichromatic local oscillator,
Opt. Lett. 45(8), 2419 (2020)

42. H. J. Lee, H. Kim, M. Cha, and H. S. Moon, Simulta-
neous type-0 and type-II spontaneous parametric down-
conversions in a single periodically poled KTiOPO4 crys-
tal, Appl. Phys. B 108(3), 585 (2012)

43. M. Pysher, A. Bahabad, P. Peng, A. Arie, and O. Pfister,
Quasi-phase-matched concurrent nonlinearities in period-
ically poled KTiOPO4 for quantum computing over the
optical frequency comb, Opt. Lett. 35(4), 565 (2010)

44. M. R. Huo, J. L. Qin, Z. H. Yan, X. J. Jia, and K. C. Peng,
Generation of two types of nonclassical optical states using
an optical parametric oscillator with a PPKTP crystal,
Appl. Phys. Lett. 109(22), 221101 (2016)

45. S. P. Shi, Y. J. Wang, W. H. Yang, Y. H. Zheng, and K.
C. Peng, Detection and perfect fitting of 13.2 dB squeezed
vacuum states by considering green-light-induced-infrared
absorption, Opt. Lett. 43(21), 5411 (2018)

46. X. C. Sun, Y. J. Wang, L. Tian, S. P. Shi, Y. H. Zheng,
and K. C. Peng, Dependence of the squeezing and anti-
squeezing factors of bright squeezed light on the seed beam
power and pump beam noise, Opt. Lett. 44(7), 1789 (2019)

47. L. M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, Insep-
arability criterion for continuous variable systems, Phys.
Rev. Lett. 84(12), 2722 (2000)

21502-6 Long Tian, et al., Front. Phys. 16(2), 21502 (2021)

https://doi.org/10.1103/PhysRevLett.93.161105
https://doi.org/10.1103/PhysRevLett.93.161105
https://doi.org/10.1103/PhysRevLett.93.161105
https://doi.org/10.1103/PhysRevLett.93.161105
https://doi.org/10.1364/OE.21.011546
https://doi.org/10.1364/OE.21.011546
https://doi.org/10.1364/OE.21.011546
https://doi.org/10.1063/1.5115795
https://doi.org/10.1063/1.5115795
https://doi.org/10.1063/1.5115795
https://doi.org/10.1063/1.5115795
https://doi.org/10.1063/1.5115795
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.1364/OL.42.004553
https://doi.org/10.3788/COL201917.072701
https://doi.org/10.3788/COL201917.072701
https://doi.org/10.3788/COL201917.072701
https://doi.org/10.3788/COL201917.072701
https://doi.org/10.1364/PRJ.6.000479
https://doi.org/10.1364/PRJ.6.000479
https://doi.org/10.1364/PRJ.6.000479
https://doi.org/10.1364/PRJ.6.000479
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1103/PhysRevLett.117.110801
https://doi.org/10.1038/306141a0
https://doi.org/10.1038/306141a0
https://doi.org/10.1038/nphoton.2013.340
https://doi.org/10.1038/nphoton.2013.340
https://doi.org/10.1038/nphoton.2013.340
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1103/PhysRevA.71.041802
https://doi.org/10.1103/PhysRevA.81.062301
https://doi.org/10.1103/PhysRevA.81.062301
https://doi.org/10.1103/PhysRevA.81.062301
https://doi.org/10.1103/PhysRevA.66.033802
https://doi.org/10.1103/PhysRevA.66.033802
https://doi.org/10.1103/PhysRevA.66.033802
https://doi.org/10.1038/nphys4118
https://doi.org/10.1038/nphys4118
https://doi.org/10.1038/nphys4118
https://doi.org/10.1038/nphys4118
https://doi.org/10.1038/s41566-019-0582-4
https://doi.org/10.1038/s41566-019-0582-4
https://doi.org/10.1038/s41566-019-0582-4
https://doi.org/10.1038/s41566-019-0582-4
https://doi.org/10.1038/s41566-019-0583-3
https://doi.org/10.1038/s41566-019-0583-3
https://doi.org/10.1038/s41566-019-0583-3
https://doi.org/10.1038/s41566-019-0583-3
https://doi.org/10.1364/OL.385912
https://doi.org/10.1364/OL.385912
https://doi.org/10.1364/OL.385912
https://doi.org/10.1364/OL.385912
https://doi.org/10.1007/s00340-012-5088-4
https://doi.org/10.1007/s00340-012-5088-4
https://doi.org/10.1007/s00340-012-5088-4
https://doi.org/10.1007/s00340-012-5088-4
https://doi.org/10.1364/OL.35.000565
https://doi.org/10.1364/OL.35.000565
https://doi.org/10.1364/OL.35.000565
https://doi.org/10.1364/OL.35.000565
https://doi.org/10.1063/1.4968801
https://doi.org/10.1063/1.4968801
https://doi.org/10.1063/1.4968801
https://doi.org/10.1063/1.4968801
https://doi.org/10.1364/OL.43.005411
https://doi.org/10.1364/OL.43.005411
https://doi.org/10.1364/OL.43.005411
https://doi.org/10.1364/OL.43.005411
https://doi.org/10.1364/OL.44.001789
https://doi.org/10.1364/OL.44.001789
https://doi.org/10.1364/OL.44.001789
https://doi.org/10.1364/OL.44.001789
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722
https://doi.org/10.1103/PhysRevLett.84.2722

	Introduction
	Experimental setup
	Experimental results
	Conclusion
	References

