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Narrowband telecom-band polarization-entangled photon source by superposed monolithic cavities
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A high-quality narrowband polarization-entangled source in the telecom band is preferred to avoid frequency
dispersion for long-distance transmission in optical fibers and to efficiently couple with telecom-band quantum
memories. Here, we report narrowband, telecom-band, polarization-entangled photon pair generation based on
the superposition of single-longitudinal-mode photon pairs from two monolithic nonlinear crystal cavities in a
passively stable interferometer based on beam displacers. The photon pairs generated from the cavities exhibit
a high coincidence to accidental coincidence ratio of 20 000 and a bandwidth below 500 MHz. Two-photon
polarization interference, Bell inequality, and quantum state tomography are performed to indicate the high
quality of the entangled source. The current configuration demonstrates greater stability than traditional free
space cavity-enhanced polarization-entangled state generation, which is promising for quantum communication
applications.
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I. INTRODUCTION

For long-distance entanglement distribution, the tem-
poral duration of the photon will be broadened due to
frequency dispersion in optical fibers [1,2]. A narrowband
polarization-entangled photon source is preferred in this ap-
plication. To construct a global quantum communication
network [3], quantum memories are indispensable compo-
nents for a quantum repeater [4]. However, most quantum
memories require photonic states with bandwidths below
GHz for effective light-matter interactions [5–8]. Sponta-
neous parametric downconversion (SPDC) in single-pass
bulk crystals usually has a bandwidth of more than 100
GHz, which is far beyond the requirement of some quan-
tum communication applications [9]. To address this issue,
cavity-enhanced SPDC has been proposed for decades [10].
In cavity SPDC, the bandwidth of the photon pairs is deter-
mined by the bandwidth of the cavity. Substantial progress
has been made since the initial demonstration [11–18]. For
instance, ultrahigh brightness, narrowband photon pairs have
been prepared in triple-resonant configurations [11,12]. A
two-color heralded single-photon source with one photon in
the telecom band and the other in the memory band and
a polarization-entangled photon source have been prepared
[13,14]. Single-longitudinal-mode photon pairs can be gen-
erated directly from a monolithic cavity based on frequency
cluster effects in type-II phase matching [15–18].
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Previous demonstrations have focused primarily on prepar-
ing narrowband heralded single-photon sources [11–13,15–
18], and only a few demonstrations have been conducted on a
narrowband polarization-entangled photon source [14]. More-
over, existing demonstrations of single-longitudinal-mode,
narrowband, polarization-entangled photon sources based on
free space cavities are very complicated, and require com-
plex auxiliary optical and electrical control systems to lock
the cavity [14]. Based on the intrinsic single-longitudinal-
mode emission of photon pairs generated in two monolithic
cavities formed by two type-II periodically poled potassium
titanyl phosphate (PPKTP) crystals, a high-quality, single-
longitudinal-mode, narrowband, polarization-entangled pho-
ton source obtained by superposing two-photon pairs in a
passively stable interferometer formed by beam displacers
(BDs) is reported. The spectral bandwidth of the source is
less than 500 MHz, and the maximal coincidence to acci-
dental coincidence ratio (CAR) is greater than 20 000. The
achieved entanglement qualities include the following: two-
photon interference visibilities in 0◦ and 45◦ bases are (99.97
± 0.03)% and (87.09 ± 0.72)%, respectively; the obtained
Clauser-Horne-Shimony-Holt (CHSH) Bell S parameter is
S = 2.639 ± 0.048; and the fidelity of the experimentally re-
constructed density matrix is 0.907 ± 0.006. All of these
values indicate that the source is of high quality and will have
broad applications in quantum communications.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. Two PP-
KTP crystals with nearly the same specifications are used to
generate type-II degenerate SPDC photons. The crystal has
dimensions of 1 mm (thickness) × 2 mm (width) × 1.47 mm
(length) and a poling period of 46.2 µm. The beam propagates
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FIG. 1. Experimental setup. Inset shows the setup for measuring
the spectral linewidth for each of the polarizations modes (see Fig. 2).
SMF: single-mode fiber; FC: fiber coupler; PBS: polarization beam
splitter; Q(H)WP: quarter- (half-) wave plate; L: lens; M: mirror;
BD: beam displacer; PPKTP: periodically poled KTP crystal; LPF:
long-pass filter; BF: bandpass filter; DWDM: dense wave division
multiplexing; PD: photodiode; OSC: oscilloscope.

along the x axis of the crystal. The horizontal (H) and ver-
tical (V) polarizations correspond to the y and z axes of the
crystal, respectively. The crystal has a high-reflection coating
at 1550 nm and an antireflection coating at 775 nm on one
face, while the other face has a partially reflective coating at
1550 nm (the reflectivity equals 96%) and an antireflection
coating at 775 nm. The two surfaces of the crystal therefore
form a Fabry-Perot (FP) cavity where photons resonate [18].
A continuous-wave laser at 775.1 nm (TA pro, TOPTICA,
linewidth <1 MHz) was used as a pump beam, which was
output from FC2, and was incident on BD1 (further details
about BD are provided in the Appendix) through a lens group
(150–50 mm). BD1 separated the input pump beam into H
and V output pump beams. The V pump beam was converted
into the H pump beam after passing through a half-wave plate.
The two beams passed through two separate temperature-
controlled crystals (temperature stability of ±1 mK, Anhui
KunTeng Quantum Technology, Co. Ltd.) to produce type-II
cavity-enhanced SPDC. The photon polarization states gener-
ated by PPKTP0 (PPKTP1) are labeled H0 and V0 (H1 and
V1). The H and V photons were separated perpendicularly
to the top and bottom of the paper after passing through
BD2. Thus far, four photons had propagated separately. The
photon polarization state V0 (H1) in the upper left (lower
right) was adjusted to H0 (V1) by the half-wave plate. The
polarization states of the other two photons H0 and V1 re-
mained unchanged. Subsequently, the H and V photons at
the same height converged after four photons passed through
BD3. The process of photon transport from BD1 to BD3 is
shown in Fig. 5 in the Appendix. After BD3, the photons
in the upper part passed over M0 and were finally collected
into FC1, while the photons in the lower part were reflected
by M0 and finally collected into FC0. SMF1 was connected
to the C34 channel (with a center wavelength of 1550.12
nm) of a 200 GHz spacing dense wave division multiplexing

FIG. 2. Bandwidths of the (a),(c) horizontal polarization modes
and (b),(d) vertical polarization modes of PPKTP0 and PPKTP1,
respectively. The blue parts are the raw data from the oscilloscope.
The fringes might be caused by cavity temperature instability. The
red curves are the results of fitting these data using the Lorentzian
function.

to retain the single-longitudinal mode and remove a small
amount of other low-intensity longitudinal modes. SMF0 and
SMF2 were connected to the superconductor nanowire single-
photon detectors and, finally, the coincidence measurement
was performed with a time window of 3.2 ns and a cumulative
time of 10 s.

III. CHARACTERIZATION OF THE FP CAVITIES AND
CORRELATION MEASUREMENT

First, a wavelength-tunable infrared laser (CTL 1550,
TOPTICA) was used to characterize the two FP cavities. The
laser was output from FC0 and reflected by M0, and the
remaining setup is shown in the inset of Fig. 1 (the unlabeled
components are the same as those shown outside the inset).
The transmission spectrum was obtained by scanning the
piezoelectric transducer (PZT) voltage of the CTL 1550 (the
PZT voltage linearly corresponds to the laser wavelength) us-
ing a photodiode and an oscilloscope, as shown in Fig. 2. The
angle of the half-wave plate in front of the PPKTP is adjusted
to switch the cavity spectrum in V or H polarization mode.
The H polarization mode bandwidth of PPKTP0 (PPKTP1) is
454 MHz (422 MHz), and the V polarization mode bandwidth
is 462 MHz (384 MHz). The free spectral range (FSR) of the
H polarization mode is 57.91 GHz (57.41 GHz) and the FSR
of the V polarization mode is 54.91 GHz (54.91 GHz). The
FSR difference between the two modes is 3 GHz (2.5 GHz),
which is greater than the average bandwidth of 0.459 GHz
(0.403 GHz). This ensures that there will be only a single
mode in a cluster [15]. The crystal cluster spacing is 1.06 THz
(1.26 THz), which is greater than half of its bandwidth (the
full width at half maximum is 2.04 THz).
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FIG. 3. (a),(b) are coincidence to accidental coincidence ratios
(CARs) corresponding to PPKTP0 and PPKTP1, respectively; (c),(d)
are second-order cross-correlation functions g(2) corresponding to
PPKTP0 and PPKTP1, respectively.

Next, we characterize the quantum properties of each crys-
tal. By changing the pump power, coincidence counts and
accidental counts were obtained at the different pump powers,
and the CAR was obtained accordingly, as shown in Figs. 3(a)
and 3(b). The fitting model provided in Ref. [19] is used. At
a low pump power, the photon generation rate increases and
the effective coincidence counts relative to the dark counts
increase, leading to an increase in the CAR. However, at a
high generation rate, the obvious multiphoton effect results
in a decrease in the CAR. The maximal CAR of PPKTP0
(PPKTP1) exceeds 3 × 104 (2 × 104), and the CAR exceeds
6 × 103 (4 × 103) in the power range of 0.5–250 mW. We
then measured the second-order cross-correlation function g(2)

of each crystal using a pump power of 75 mW and a coinci-
dence resolution of 25 ps. The results are shown in Figs. 3(c)
and 3(d). The fitting function is e−2πγ |τ |. Based on the fitting
curve, the g(2) of PPKTP0 (PPKTP1) has a full width at half
maximum (FWHM) value of 0.502 ± 0.022 ns (0.519 ± 0.025
ns). The time jitter of the detectors and the coincidence system
is approximately 60 ps. The FWHM of g(2) is defined as
TFWHM = 1.39/2πγ ′, where γ ′ is the geometric mean of γs

and γi. In our cavity, γs and γi are 454 and 462 MHz (422 and
384 MHz) respectively; thus the calculated FWHM is 0.483
ns (0.550 ns), which agrees with the value obtained from
g(2). The above FWHM data indicate that single-longitudinal-
mode narrowband photon pairs are generated [18].

IV. CHARACTERIZATION OF THE POLARIZATION
ENTANGLEMENT

We then characterize the polarization entanglement. Af-
ter the photons pass through BD3, the polarization-entangled
state is |�〉 = (|HH〉 + eiθ |VV 〉)/

√
2, where θ can be mod-

ified by adjusting the phase of the pump (by HWP5 and

FIG. 4. Polarization entanglement characterization for the pro-
duced state. (a) Polarization interference curves in 0◦ and 45◦ bases;
(b),(c) are the reconstructed real and imaginary parts of the density
matrix ρ, respectively.

QWP3) or fine-tuning the angle of the BDs. Finally, the
state |�−〉 = (|HH〉 − |VV 〉)/

√
2 is generated by changing

the relative phase θ of the state |�〉. The pump power was
set to 150 mW and a polarization correlation measurement
was first performed. The visibilities in the 0◦ and 45◦ bases
are (99.97 ± 0.03)% and (87.09 ± 0.72)%, respectively, as
shown in Fig. 4(a). The reason for the decrease in visibility
at the 45◦ basis is mainly because of the incomplete overlap
of the spectra and temporal of the photons generated by the
two crystals. The spectral and temporal overlap can be esti-
mated by Roverlap = T1/T0 = √

γs0γi0/
√

γs1γi1 ≈ 0.88, where
T0(T1) is the FWHM of the g(2) of PPKTP0 (PPKTP1). The
maximal visibility at the 45◦ basis is equal to the spectral
and temporal overlap. The visibility at the 45◦ basis can be
improved by using an FP cavity with a bandwidth of less than
384 MHz. The estimated total photon collection efficiency
(including transmittance loss, coupling efficiency, and detec-
tion efficiency) is 12.5%, so the emission spectral brightness
is 0.7(s mW MHz)−1. Next, we performed the CHSH-Bell
inequality test [20] and the result obtained is S = 2.639 ±
0.048, which violates the Bell inequality by 13 standard devi-
ations. Finally, we performed quantum state tomography. The
reconstructed real and imaginary parts of the density matrix
are shown in Figs. 4(b) and 4(c), respectively, and the fidelity
compared with the ideal state is 0.907 ± 0.006 [21]. It is
worth mentioning that all the error estimates are obtained by
assuming a Poisson distribution of the data.

V. CONCLUSIONS

In summary, a high-quality, single-longitudinal-mode, nar-
rowband, polarization-entangled photon source is prepared
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here by combining a passively stable interferometer (the in-
terferometer was placed on our laboratory optical table and no
other steps were taken to protect it from environmental pertur-
bations) and SPDC in two monolithic cavity-enhanced SPDCs
using two type-II PPKTP crystals. The source has a bandwidth
of less than 500 MHz and high CARs. The entanglement
quality is characterized by various methods, and the quality
of entanglement can be further improved with narrowband FP
filters to increase the spectral and temporal overlap between
the photon pairs generated in different monolithic cavities.
The present work offers an effective method for generat-
ing high-quality, narrowband, polarization-entangled photon
sources, which is very promising for quantum communication
applications.
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APPENDIX: DETAILS ABOUT THE BEAM DISPLACERS

The beam displacer (BD) can separate an input beam into
two orthogonal linearly polarized output beams or combine
two orthogonal linearly polarized input beams. The beam
displacement is approximately 4 mm. The beam displacement
in the horizontal or vertical plane can be achieved by rotating

FIG. 5. Experimental setup of the beam displacers. BD: beam
displacer; PPKTP: periodically poled KTP crystal; HWP: half-wave
plate.

the optical axis of the BD. BD1 (BD2 and BD3) is (are)
coated with an antireflection coating at 775 nm (1550 nm).
The process of photon transport from BD1 to BD3 is shown
in Fig. 5 (The long-pass filter is not shown). The blue arrows
on the BDs indicate the direction of beams that separate or
converge within them.

[1] Q. Zhang, H. Takesue, S. W. Nam, C. Langrock, X. Xie, B.
Baek, M. M. Fejer, and Y. Yamamoto, Distribution of time-
energy entanglement over 100 km fiber using superconducting
single-photon detectors, Opt. Express 16, 5776 (2008).

[2] J. F. Dynes, H. Takesue, Z. L. Yuan, A. W. Sharpe, K. Harada,
T. Honjo, H. Kamada, O. Tadanaga, Y. Nishida, M. Asobe,
and A. J. Shields, Efficient entanglement distribution over 200
kilometers, Opt. Express 17, 11440 (2009).

[3] H. J. Kimble, The quantum internet, Nature (London) 453, 1023
(2008).

[4] B.-S. Shi, D.-S. Ding, and W. Zhang, Quantum storage of
orbital angular momentum entanglement in cold atomic ensem-
bles, J. Phys. B: At., Mol. Opt. Phys. 51, 032004 (2018).

[5] A. I. Lvovsky, B. C. Sanders, and W. Tittel, Optical quantum
memory, Nat. Photonics 3, 706 (2009).

[6] E. Saglamyurek, J. Jin, V. B. Verma, M. D. Shaw, F. Marsili, S.
W. Nam, D. Oblak, and W. Tittel, Quantum storage of entangled
telecom-wavelength photons in an erbium-doped optical fibre,
Nat. Photonics 9, 83 (2015).

[7] J. Jin, E. Saglamyurek, M. Grimau Puigibert, V. Verma,
F. Marsili, S. W. Nam, D. Oblak, and W. Tittel, Telecom-
wavelength atomic quantum memory in optical fiber for
heralded polarization qubits, Phys. Rev. Lett. 115, 140501
(2015).

[8] K. Shinbrough, D. R. Pearson, B. Fang, E. A. Goldschmidt, and
V. O. Lorenz, Broadband quantum memory in atomic ensem-
bles, Adv. At., Mol. Opt. Phys. 72, 297 (2023).

[9] S. Wengerowsky, S. K. Joshi, F. Steinlechner, H. Hübel,
and R. Ursin, An entanglement-based wavelength-multiplexed
quantum communication network, Nature (London) 564, 225
(2018).

[10] Z. Y. Ou and Y. J. Lu, Cavity enhanced spontaneous parametric
down-conversion for the prolongation of correlation time be-
tween conjugate photons, Phys. Rev. Lett. 83, 2556 (1999).

[11] Z.-Y. Zhou, D.-S. Ding, Y. Li, F.-Y. Wang, and B.-S. Shi,
Cavity-enhanced bright photon pairs at telecom wavelengths
with a triple-resonance configuration, J. Opt. Soc. Am. B 31,
128 (2014).

[12] M. Scholz, L. Koch, and O. Benson, Statistics of narrow-band
single photons for quantum memories generated by ultrabright
cavity-enhanced parametric down-conversion, Phys. Rev. Lett.
102, 063603 (2009).

[13] J. Fekete, D. Rieländer, M. Cristiani, and H. de Riedmatten,
Ultranarrow-band photon-pair source compatible with solid
state quantum memories and telecommunication networks,
Phys. Rev. Lett. 110, 220502 (2013).

[14] J. Wang, Y.-F. Huang, C. Zhang, J.-M. Cui, Z.-Y. Zhou, B.-H.
Liu, Z.-Q. Zhou, J.-S. Tang, C.-F. Li, and G.-C. Guo, Universal

033720-4

https://doi.org/10.1364/OE.16.005776
https://doi.org/10.1364/OE.17.011440
https://doi.org/10.1038/nature07127
https://doi.org/10.1088/1361-6455/aa9b95
https://doi.org/10.1038/nphoton.2009.231
https://doi.org/10.1038/nphoton.2014.311
https://doi.org/10.1103/PhysRevLett.115.140501
https://doi.org/10.1016/bs.aamop.2023.04.001
https://doi.org/10.1038/s41586-018-0766-y
https://doi.org/10.1103/PhysRevLett.83.2556
https://doi.org/10.1364/JOSAB.31.000128
https://doi.org/10.1103/PhysRevLett.102.063603
https://doi.org/10.1103/PhysRevLett.110.220502


NARROWBAND TELECOM-BAND POLARIZATION- … PHYSICAL REVIEW A 109, 033720 (2024)

photonic quantum interface for a quantum network, Phys. Rev.
Appl. 10, 054036 (2018).

[15] E. Pomarico, B. Sanguinetti, C. I. Osorio, H. Herrmann, and
R. T. Thew, Engineering integrated pure narrow-band photon
sources, New J. Phys. 14, 033008 (2012).

[16] P. Enrico, S. Bruno, G. Nicolas, T. Robert, Z. Hugo, S. Gerhard,
T. Abu, and S. Wolfgang, Waveguide-based OPO source of
entangled photon pairs, New J. Phys. 11, 113042 (2009).

[17] C.-S. Chuu, G. Y. Yin, and S. E. Harris, A miniature ultrabright
source of temporally long, narrowband biphotons, Appl. Phys.
Lett. 101, 051108 (2012).

[18] Y.-H. Li, Z.-Y. Zhou, S.-L. Liu, Y. Li, S.-K. Liu, C. Yang, S.
Wang, Z.-H. Zhu, W. Gao, G.-C. Guo, and B.-S. Shi, Compact

sub-GHz bandwidth single-mode time-energy entangled photon
source for high-speed quantum networks, OSA Continuum 4,
608 (2021).

[19] K. Harada, H. Takesue, H. Fukuda, T. Tsuchizawa, T. Watanabe,
K. Yamada, Y. Tokura, and S. Itabashi, Frequency and polariza-
tion characteristics of correlated photon-pair generation using
a silicon wire waveguide, IEEE J. Sel. Top. Quantum Electron.
16, 325 (2010).

[20] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Pro-
posed experiment to test local hidden-variable theories, Phys.
Rev. Lett. 23, 880 (1969).

[21] D. F. V. James, P. G. Kwiat, W. J. Munro, and A. G. White,
Measurement of qubits, Phys. Rev. A 64, 052312 (2001).

033720-5

https://doi.org/10.1103/PhysRevApplied.10.054036
https://doi.org/10.1088/1367-2630/14/3/033008
https://doi.org/10.1088/1367-2630/11/11/113042
https://doi.org/10.1063/1.4740270
https://doi.org/10.1364/OSAC.411053
https://doi.org/10.1109/JSTQE.2009.2023338
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.1103/PhysRevA.64.052312

