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: The non-measurement based coherent feedback control (CFC) is a control method without

. introducing any backaction noise into the controlled system, thus is specially suitable to manipulate

. various quantum optical systems for preparing nonclassical states of light. By simply tuning the

. transmissivity of an optical controller in a CFC loop attached to a non-degenerate optical parametric
amplifier (NOPA), the quantum entanglement degree of the output optical entangled state of the
system is improved. At the same time, the threshold pump power of the NOPA is reduced also. The
experimental results are in reasonable agreement with the theoretical expectation.

In recent years, quantum control theory has been widely used in various protocols of quantum optics
© research'™. The control methods are usually divided into two kinds: measurement-based feedback con-
. trol' and non-measurement based coherent feedback control (CFC)**. CFC is a control approach which

never introduces any backaction noise into the controlled system®°, and thus it extensively attracts
. interest since the initial concept was proposed by H. M. Wiseman et al.®. R. Hamerly et al. pointed out
. that CFC could outperform the best possible linear quadratic Gaussian measurement-based schemes in
- the quantum regime of low steady-state excitation number®. A CFC system for testing basic principles of
. linear quantum stochastic control theory was experimentally realized by H. Mabuchi’. The simple and

general algebraic methods for describing a series of connections in quantum networks were presented'.

J. Kerckhofthave et al. designed a novel approach for the quantum error correction based on CFC'2.

Nonclassical states of light, such as squeezed and entangled states are important resources for the fun-
damental study of quantum optics and continuous variable (CV) quantum information processing!®-'6. It
is necessary to find effective schemes of manipulating quantum states of light. Firstly, the manipulation
of optical nonclassical states was realized by the phase-sensitive operations. G. S. Agarwal theoretically
studied the interferences of the quantum fluctuations from a cavity driven by a quantized squeezed state
of light'” and then the quantum manipulation phenomenon was experimentally demonstrated by inject-
ing a squeezed state of light into an optical cavity's. Successively, the phase-sensitive manipulation of
entangled state of light was theoretically proposed and experimentally realized'®-*!. Because there is no

. measurement element in CFC, i.e. no the access noise, the CFC is a excellent approach to implement the
. manipulation of the noise-sensitive optical squeezed or entangled states. The enhancement of squeezing
. of optical field based on CFC was proposed and experimentally realized, which proved the applicability
of the CFC in nonclassical regime!??-?*. Then a scheme of manipulating the multipartite entangled
states of light through CFC was theoretically proposed and detailedly analyzed by our group?. Very
recently, the CFC feedback-optimized extraordinary optical transmission of CV entangled states through

a hexagonal metal-hole array was experimentally realized”. In this paper, we present the experimental

demonstration of the theoretical proposal®. The experiment shows that the entanglement degree of the
. entangled state produced by a non-degenerate optical parametric amplifier (NOPA) can be manipulated
. by a tunable beam splitter in CFC loop and the entanglement up to —6.0dB is obtained. Especially, the
. threshold pump power of the NOPA is decreased and thus the same entanglement can be achieved under

State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics, Shanxi
University, Taiyuan 030006, P. R. China. Correspondence and requests for materials should be addressed to X.J.
(email: jiaxj@sxu.edu.cn)

SCIENTIFIC REPORTS | 5:111232 | DOI: 10.1038/srep11132 1


mailto:jiaxj@sxu.edu.cn

www.nature.com/scientificreports/

Ain

es(i)

Ain

Figure 1. The principle schematic of CFC-NOPA system. The pump field (4" ) and a weak signal (idler)
beam (a (i )) are coupled into the NOPA. The output entangled state < aout ) from the NOPA is injected in a
CFC control loop. The output optical field (“’” ) of the system is made up of two parts, one part is the
reflected input field of the CBS and the other part is the transmitted field of the optical mode d (1) in the
CFC loop.

a relative lower pump level for a given NOPA. The experimental measurements reasonably agree with the
theoretical calculations. The advantages and the restrictions of the CFC scheme are discussed.

Results

Schematic of CFC-NOPA system. The schematic of the system is shown in Fig. 1. The NOPA is an
optical cavity involving a type-II phase matching nonlinear crystal. The pump field (";‘) at the
harmonic-wave frequency (2w) and a weak signal (idler) beam (”s”( )> at the subharmonic-wave fre-

quency (w) are coupled into the NOPA. Via an intracavity frequency-down conversion of the pump field
inside the NOPA, the produced two nondegenerate subharmonic-wave modes form an
Einstein-Podolsky-Rosen (EPR) optical entangled state with quantum correlations of both amplitude and

phase quadratures?®-*°. The output entangled state ( "’E‘ from the NOPA is injected in a CFC control
loop composed of two mirrors (M and M,) and a control beam splitter (CBS) with the transmissivity T
at w. The total extra loss in the CFC loop is regarded as a vacuum noise (¢ s(i) ) coupled from the mirror
M with a transmissivity L at w. The input signal (idler) mode of the entire CFC—NOPA system is a weak
optical field of coherent state at w (éi"(i) ) which is coupled into the system from CBS. The output optical
field E"“t ) of the system is made up of two parts: one part is the reflected input field of the CBS

TE;"( ) and the other part is the transmitted field of the optical mode d s() in the CFC loop

JTd S() ) . The transmissivity of the input coupler of the NOPA for the pump field and the subhar-
monic optical field are expressed by ~,, and ~;, respectively. All the unwanted other losses in NOPA

l;in(z.> can be thought as the intracavity losses of the signal (idler) mode (v,) and the pump field (),

respectively.

Theoretical analysis of the pump threshold and correlation variances of CFC-NOPA sys-
tem. The quantum Langevin motion equations of the pump optical field <fz P) and the parametric
down-conversion optical field (4, and ;) when the NOPA and the CFC loop resonate are®-**:

da i
P A~ i ~in
7'7 =2xaa; — (Vo + V20)@p + 27108 + +[2720b
da n At
TdtSI—Z Xa,d; — (71 + 72)a, + . [27,a" +ﬂ/2fybs,
d& ~ A N i ~in
Td_tt = ZXaP“;r = (i +72)a; + 278" + 27,6, (1)

where 7 is the round trip time of light in the NOPA,  is the parametric coupling constant of the crystal.
In the linearized description of fields, the operators (a (A J> can be expressed by the sum of an average steady

j
tionary equation and the relationship between the input and output field of the NOPA system?®, the

oscillation threshold (P,,) of the CFC-NOPA can be easily calculated:

state value (a;) and a fluctuating component <(5a Lthat is,a.= =a;+ 6a ; P (j=p, s and i). From the sta-
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Figure 2. The dependence of the threshold of the CFC-NOPA cavity on the transmissivity of CBS for
subharmonic optical field. The traces (1) (2) and (3) are the calculated threshold pump power when ~, is
selected as 0.07, 0.05 and 0.03, respectively. The star is the experimentally measured result when ~, = 0.05.

(710 + 720)2 Nl —ya-7)(1 - L))

o 8x 1o 1+ @ =T)(1 - 1) . (2)

The dependence of the threshold of the CFC-NOPA system on the transmissivity of CBS (T) is shown
in Fig. 2. The trace (1) (2) and (3) are the calculated threshold pump power when ~, is selected as 0.07,
0.05 and 0.03, respectively. It can be seen that the threshold of the CFC-NOPA system reduces a lot com-
paring with the NOPA without the CFC control (T=1). When T is 1, the CFC-NOPA system works as
an usual NOPA. If T < 1, the CFC loop feeds back a part of its output optical field into the NOPA. The
lower the T is, the stronger the intensity of the feedback light is. Since the feedback subharmonic-wave
field increases the intracavity intensity of the signal and idler modes in the NOPA, its threshold pump
power for the frequency-down conversion is reduced naturally.

The amplitude quadrature (5( j and the phase quadrature (f/ j> of the optical mode (fz j) equal to:
X, =(a,+af)and ¥, = (a, - aj /i> respectively. According to the relationship between the input

and output field of NOPA®! and Eq. (1), the correlation variances of the quadrature amplitude and quad-
rature phase of the output field for the CFC-NOPA system are calculated:

2 out 2 out A out A out
<§2[Xcs + Xci ]> = <62[ch - Yci }>

2
— mivl - L =T
1-mJ(1-T)(1-1)
/LA -1 -1D) ’
m. - -
+2 + +/TL
1-mJ(1-T)(1-1)
2
5 nyT(1—1L)
+ .
1-mJ(1-T)(1-1) (3)
where, m=(—r+~, =, —IQD)/(k+ N+, +iQ7) n = 2.7, /(K + 7, + 7, + Q7). XZSM ()A(Z,ut>
and l?zsu ' f/‘;ut are the quadrature amplitude and quadrature phase of the output signal (idler) mode %

(Ef“t), Q is the analysis frequency and « stands for the non-linear conversion coefficient which is related
to the parametric coupling constant x '°. In the calculation, we have assumed that the signal and the idler

modes are totally balanced, which is easily realized in usual experiments.

Experimental setup and results. Figure 3 shows the experimental setup. The laser source is a
solid-state single-frequency and stable-frequency continuous wave Nd: YAP/LBO laser with two output
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Figure 3. Experimental setup of manipulating and enhancing the EPR entangled states with the CFC
loop. Laser: Nd: YAP/LBO laser source; MC1: Mode cleaner of 1080 nm; MC2: Mode cleaner of 540 nm;
HWP1-4: \/2 waveplate; PBS1-3: Polarizing beam splitter; ISO: Isolator; PZT1-6: Piezoelectric transducer;
BHD1-2: Balanced homodyne detector ; SA: Spectrum analyzer.

wavelengths at 540 nm and 1080 nm (CDPSSFG-VIB made by YuGuang company). The maximal output
power are 4 watt for 540nm and 1 watt for 1080 nm, respectively. The two output lasers are separated
into two parts by a dual-color mirror with a high-reflection coated for 1080 nm and an anti-reflection
coated for 540 nm. The mode cleaner (MC1) is a three-mirror ring cavity that provides the spatio-temporal
filtering of the 1080 nm laser for the downstream experiment and is used as the reference cavity for sta-
bilizing the frequency of the laser source also. The finesse of the MC1 is 500 for 1080 nm. The mode
cleaner (MC2) which has the identical structure with MCI is used for reducing amplitude and phase
fluctuations of the pump field and its finesse is 650 for 540 nm. The lengths of MC1 and MC2 are
servo-controlled to resonate with their carrier field by lock-in amplifiers. The cleaned pump laser
(540 nm) is injected into the NOPA cavity from M3 as the pump field. One part of the cleaned infrared
laser (1080 nm) serves as the local oscillators of the balanced homodyne detectors (BHD1 and BHD2)
and the other part is used as the seed beam of the CFC-NOPA system. The NOPA cavity is a four-mirror
ring cavity consisting of two plat mirrors (M1, M2) and two spherical mirrors (M3, M4). A a-cut type-1I
phase matching KTP (KTiOPO,, potassium titanyl phosphate) crystal is placed between M3 and M4.
The plat mirror M1 is used as the input and output coupler of the NOPA, which is coated with

anti-reflection of the pump field (Zz p) and partial transmission of the subharmonic optical field (& o 1.))
with a designated transmissivity of ~,=0.05. The mirrors (M2, M3, M4) are all coated with highly
reflecting of the subharmonic modes and anti-reflecting of the pump field. The CFC loop is also a
four-mirror ring cavity which includes two plat mirrors (M1, M7) and two spherical mirrors (M5, M6).
The transmissivity T of the plat mirror M7 for the subharmonic optical field is changeable and M7 is
used as the controller of the CFC-NOPA system. M5 and M6 are highly reflecting for the subharmonic
optical field. The radius of curvature of all four spherical mirrors (M3, M4, M5, M6) equals to 100 mm.
The type-II non-critical phase matching KTP crystal of dimensions 3¥3%¥10 mm? is placed in a copper-made
oven and is temperature-controlled around 63 °C with a peltier element for achieving the optimal phase
matching. M4 is mounted on a piezoelectric transducer (PZT1) to scan actively the cavity length of the
NOPA or lock it on the resonance with the injected signal as needed by the Pound-Drever-Hall tech-
nique. The geometric length and the waist size of the NOPA cavity are 540 mm and 62.8 um, respectively.
In order to effectively manipulate the EPR entangled states generated by the NOPA, PZT2 is mounted
on M6 to actively scan the cavity length of CEC loop.

The input coherent optical beam at w (Ei”( ) ) is equally distributed into two orthogonal intrinsic polar-

izations of the type-II phase matching KTP by a \/2 wave plate (HWP4) placed ahead of CBS (M7 in
Fig. 3). The two orthogonally polarized optical beams serve as the seed beams of the subharmonic-wave
signal and idler modes in the NOPA, respectively. The measured threshold power of the CFC-NOPA is
30mW, 60mW, 130 mW and 1150mW for T=0.3, 0.5, 0.7, 1, respectively, which is marked by a star in
Fig. 2. It can be seen that the measured threshold power of the CFC-NOPA cavity is a little higher than
the theoretically calculated value, that is because some extra loss in the experimental system is not
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Figure 4. The measured amplitude-sum (a) and phase-difference (b) correlation variances noise powers
of the output beams, where (1) is the normalized QNL; (2-5) is the correlation noise powers with T=0.31,
0.50, 0.72 and 1.00, respectively. The measurement parameters of SA: RBW 10kHz; VBW 100 Hz.

accounted in Eq.(2). In the experiment, the power of the injected subharmonic-wave is kept at 200 uW.
When the transmissivity of CBS is chosen as T=0.7 and the pump power is 60 mW, the classical gain
of 4 times is observed if only scanning the length of NOPA. However, if the lengths of both NOPA and
CFC loop are scanned simultaneosly, the maximal classical gain of the NOPA can reach to 35 times.
Locking the relative phase between the pump field and the injected seed optical beam to (2n+ 1)7 (n is
an integer), the NOPA operates at the state of deamplification. In this case, the EPR entangled states of
light with the anti-correlation of the quadrature amplitudes and the correlation of the quadrature phases
are generated”®>”. The output entangled beams with orthogonal polarizations are separated by a polariz-
ing beam splitter (PBS3) and then detected by two sets of BHDs (BHD1 and BHD?2), each of which
consists of a 50/50 beam splitter and two high quantum efficiency InGaAs photo diodes. Meanwhile, we
lock the relative phase between the local beam and the injected signal (idler) to 0 or 7/2 to measure its
amplitude or phase quadrature by BHD1 (2), respectively. The noise powers of the amplitude or phase
quadratures measured by BHD1 and BHD2 are combined by the positive (negative) power combiner
(4+/—) and then the correlation variances of the amplitude-sum (phase-difference) are measured by a
spectrum analyzer. The measured noise power spectra of the amplitude-sum (a) and the phase-difference
(b) between the output signal and idler optical fields from 1.5 MHz to 6.5 MHz are shown in Fig. 4. Trace
(1) is the QNL, which is obtained by blocking the output beam of the CFC-NOPA. Firstly, we measure
the entangled degree of the EPR entangled beams directly generated by the NOPA through changing the
transmissivity of CFC controller (M7) to T=1.00 i.e, the CFC loop does not work. The measured cor-
relation variances of the amplitude-sum and the phase-difference are about —3.5dB below the corre-
sponding QNL as shown in trace (5) in Fig. 4. By means of replacing the mirror M7 with mirrors having
different transmissivities, the controller CBS (M7) can be tuned to T=0.72, 0.50 and 0.31, respectively.
When the cavity length of the CFC loop is swept by PZT2, the correlation variance of the output beams
from the CFC-NOPA fluctuates rapidly, and the entanglement even disappears sometimes. To realize the
stable entanglement enhancement and manipulation, the cavity length of CFC loop is locked to resonate
with the injected seed beams during the experiment. Traces (2-4) in Fig. 4 are the measured correlation
variances of the amplitude-sum and the phase-difference corresponding to the T=10.31, 0.50 and 0.72
respectively. We can see that the optimal entanglement enhancement appears at lower analysis frequency
as theoretically expected?. Because the cavity bandwidth of CFC-NOPA is smaller than that of NOPA.
The delay of the light in the feedback loop will affect the control performance at some extent, the influ-
ence becomes stronger at the region of higher frequencies, so the performance of entanglement enhance-
ment of the CFC is limited by the bandwidth of the CFC-NOPA system, which results in that the
correlation variances of output beams from the CFC-NOPA are higher than that of the beams coming
directly from the NOPA at higher frequencies. For the optimal transmissivity (0.72) of CBS (trace (4) in
Fig. 4), the entanglement is no longer increased by the CFC and some extra noises deriving from the
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CFC will raise the correlation variances of the output field from the NOPA when the frequency is higher
than 7 MHz. The entanglement of the output optical field can be manipulated by tuning the transmissiv-
ity of CBS. From Fig. 1, we can see that both the output optical field of the CFC-NOPA system and the
field fed back into the NOPA include two parts. One part is the EPR entangled state of light, which plays
the positive role for the entanglement enhancement. The other part is input coherent optical field and
the extra vacuum noise resulting from the CFC loop, which reduces the entanglement and thus plays the
negative role for the entanglement enhancement. When T is lower, the coherent light directly reflected
by CBS increases and the positive role of the entanglement enhancement possibly becomes smaller than
the negative influence of the input coherent light, which results in the quantum correlation variances of
the output field of the CFC-NOPA system being higher than that without using the CFC loop. For the
given system, the optimal entanglement enhancement is obtained at T'=0.72, which agrees with the
theoretical expectation from Eq.3.

Discussion

For the conclusion, we design and experimentally demonstrate a CFC-NOPA linearly optical system
for the generation and manipulation of optical entangled state. Not only the entanglement between the
output optical modes can be enhanced but also the threshold pump power of the NOPA can be reduced
under appropriate conditions. By simply adjusting the transmissivity T of the CBS in the CFC loop, the
quantum feature of the output entangled state can be manipulated. The presented CFC scheme based on
linear optics is able to be applied in other systems for the generation and control of the entangled states,
such as nonlinear optical fiber or nanophotonic devices**.

References
1. Wiseman, H. M. & Milburn, G. J. Quantum Measurement and Control (Cambridge University Press, Cambridge, England, 2010).
2. Sayrin, C. et al. Real-time quantum feedback prepares and stabilizes photon number states. Nature 477, 73 (2011).
3. Inoue, R, Tanaka, S., Namiki, R., Sagawa, T. & Takahashi, Y. Unconditional Quantum-Noise Suppression via Measurement-Based
Quantum Feedback. Phys. Rev. Lett. 110, 163602 (2013).
4. Wiseman, H. M. & Milburn, G. J. All-optical versus electro-optical quantum-limited feedback. Phys. Rev. A 49, 4110 (1994).
5. Nelson, R. J., Weinstein, Y., Cory, D. & Lloyd, S. Experimental Demonstration of Fully Coherent Quantum Feedback. Phys. Rev.
Lett. 85, 3045 (2000).
6. Hamerly, R. & Mabuchi, H. Advantages of Coherent Feedback for Cooling Quantum Oscillators. Phys. Rev. Lett. 109, 173602
(2012).
7. Mabuchi, H. Coherent-feedback quantum control with a dynamic compensator. Phys. Rev. A 78, 032323 (2008).
8. Dong, D. Y. & Petersen, I. R. Quantum control theory and applications: A survey. IET Control Theory & Applications 4,
2651-2671 (2010).
9. Jacobs, K., Wang, X. & Wiseman, H. M. Coherent feedback that beats all measurement-based feedback protocols. New J. of Phys.
16, 073036 (2014).
10. Yamamoto, N. Coherent versus Measurement Feedback: Linear Systems Theory for Quantum Information. Phys. Rev. X 4, 041029
(2014).
11. Gough, J. E. & Wildfeuer, S. Enhancement of field squeezing using coherent feedback. Phys. Rev. A 80, 042107 (2009).
12. Kerchhoff, J., Nurdin, H. I., Pavlichin, D. & Mabuchi, H. Designing Quantum Memories with Embedded Control: Photonic
Circuits for Autonomous Quantum Error Correction. Phys. Rev. Lett. 105, 040502 (2010).
13. Braunstein, S. L. & van Loock, P. Quantum information with continuous variables. Rev. Mod. Phys. 77, 513 (2005).
14. Furusawa, A. et al. Unconditional quantum teleportation. Science 282, 706-709 (1998).
15. Jia, X. J. et al. Experimental Demonstration of Unconditional Entanglement Swapping for Continuous Variables. Phys. Rev. Lett.
92, 250503 (2004).
16. Jia, X. J. et al. Superactivation of Multipartite Unlockable Bound Entanglement. Phys. Rev. Lett. 108, 190501 (2012).
17. Agarwal, G. S. Interferences in Parametric Interactions Driven by Quantized Fields. Phys. Rev. Lett. 97, 023601 (2006).
18. Zhang, J., Ye, C., Gao, E. & Xiao, M. Phase-Sensitive Manipulations of a Squeezed Vacuum Field in an Optical Parametric
Amplifier inside an Optical Cavity. Phys. Rev. Lett. 101, 233602 (2008).
19. Chen, H. & Zhang, ]. Phase-sensitive manipulations of the two-mode entangled state by a type-II nondegenerate optical
parametric amplifier inside an optical cavity. Phys. Rev. A 79, 063826 (2009).
20. Shang, Y. N, Jia, X. J., Shen, Y. M,, Xie, C. D. & Peng, K. C. Continuous variable entanglement enhancement and manipulation
by a subthreshold Type II optical parametric amplifier. Opt. Lett. 35, 853 (2010).
21. Yan, Z. H. et al. Cascaded entanglement enhancement. Phys. Rev. A 85, 040305(R) (2012).
22. Yanagisawa, M. & Kimura, H. Transfer Function Approach to Quantum Control-Part I: Dynamics of Quantum Feedback
Systems. IEEE Trans. Automat. Contr. 48, 2107-2121 (2003).
23. Iida, S., Yukawa, M., Yonezawa, H., Yamamoto, N. & Furusawa, A. Experimental Demonstration of Coherent Feedback Control
on Optical Field Squeezing. IEEE Trans. Automat. Contr. 57, 2045 (2012).
24. Crisafulli, O., Tezak, N., Soh, D. B. S., Armen, M. A. & Mabuchi, H. Squeezed light in an optical parametric oscillator network
with coherent feedback quantum control. Opt. Express 21, 18371 (2013).
25. Geremia, J. M., Stockton, J. K., & Mabuchi, H. Real-time quantum feedback control of atomic spin-squeezing. Science 304,
270-273 (2004).
26. Yan, Z. H,, Jia, X. J., Xie, C. D. & Peng, K. C. Coherent feedback control of multipartite quantum entanglement for optical fields.
Phys. Rev. A 84, 062304 (2011).
27. Wang, D. et al. Feedback-optimized extraordinary optical transmission of continuous-variable entangled states. Phys. Rev. B 91,
121406(R) (2015).
28. Drummond, P. D. & Reid, M. D. Correlations in nondegenerate parametric oscillation. II. Below threshold results. Phys. Rev. A
41, 3930 (1990).
29. Ou, Z. Y, Pereira, S. E, Kimble, H. J. & Peng, K. C. Realization of the Einstein-Podolsky-Rosen Paradox for continuous Variables.
Phys. Rev. Lett. 68, 3663 (1992).
30. Zhou, Y. Y,, Jia, X. J., Li, E, Xie, C. D. & Peng, K. C. Experimental generation of 8.4 dB entangled state with an optical cavity
involving a wedged type-II nonlinear crystal. Opt. Express 23, 4952 (2015).

SCIENTIFIC REPORTS | 5:12132 | DOI: 10.1038/srep11132 6



www.nature.com/scientificreports/

31. Fabre, C., Giacobino, E., Heidmann, A. & Reynaud, S. Noise characteristics of a non-degenerate Optical Parametric Oscillator
- Application to quantum noise reduction. J. Phys. France 50, 1209 (1989).

32. Belavkin, V. P. Quantum stochastic calculus and quantum nonlinear filtering. J. Multivariate Anal. 42, 171 (1992).

33. Bouten, L., van Handel, R. & James, M. An introduction to quantum filtering. SIAM J. Control Optim. 46, 2199-2241 (2007).

34. Mabuchi, H. Coherent-feedback control strategy to suppress spontaneous switching in ultralow power optical bistability. Appl.
Phys. Lett. 98, 193109 (2011).

35. Sheremet, A. S. et al. Coherent control of light transport in a dense and disordered atomic ensemble. arXiv:1411.4771 (2014).

36. Li, X. Y., Voss, P,, Sharping, J. E. & Kumar, P. Optical-Fiber Source of Polarization-Entangled Photons in the 1550 nm Telecom
Band. Phys. Rev. Lett. 94, 053601 (2005).

37. Safavi-Naeini, A. H. et al. Squeezed light froma siliconmicromechanical resonator. Nature 500, 185-189 (2013).

Acknowledgements

This research is supported by Natural Science Foundation of China (Grants Nos. 11322440, 11474190,
11304190), FOK YING TUNG Education Foundation, National Basic Research Program of China (Grant
No. 2010CB923103), Scientific and Technological Innovation Programs of Higher Education Institutions
in Shanxi (Grant No. 2013104).

Author Contributions

X.J. and C.X. conceived the original idea. X.J. and K.P. designed the experiment. Y.Z., X.J., EL. and J.Y.
constructed and performed the experiment. Y.Z. and X.J. accomplished theoretical calculation and the
data analysis. X.J., C.X. and K.P. wrote the paper. All the authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhou, Y. et al. Quantum Coherent Feedback Control for Generation System
of Optical Entangled State. Sci. Rep. 5, 11132; doi: 10.1038/srep11132 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tmm images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:11132 | DOI: 10.1038/srep11132 7


http://creativecommons.org/licenses/by/4.0/

	Quantum Coherent Feedback Control for Generation System of Optical Entangled State

	Results

	Schematic of CFC-NOPA system. 
	Theoretical analysis of the pump threshold and correlation variances of CFC-NOPA system. 
	Experimental setup and results. 

	Discussion

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The principle schematic of CFC-NOPA system.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The dependence of the threshold of the CFC-NOPA cavity on the transmissivity of CBS for subharmonic optical field.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Experimental setup of manipulating and enhancing the EPR entangled states with the CFC loop.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The measured amplitude-sum (a) and phase-difference (b) correlation variances noise powers of the output beams, where (1) is the normalized QNL (2–5) is the correlation noise powers with T = 0.



 
    
       
          application/pdf
          
             
                Quantum Coherent Feedback Control for Generation System of Optical Entangled State
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11132
            
         
          
             
                Yaoyao Zhou
                Xiaojun Jia
                Fang Li
                Juan Yu
                Changde Xie
                Kunchi Peng
            
         
          doi:10.1038/srep11132
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep11132
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep11132
            
         
      
       
          
          
          
             
                doi:10.1038/srep11132
            
         
          
             
                srep ,  (2015). doi:10.1038/srep11132
            
         
          
          
      
       
       
          True
      
   




