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Narrowband photonic entanglement is a crucial resource for long-distance quantum communication and quantum information processing, including quantum memories. We demonstrate the first polarization entanglement
with 7.1 GHz inherent bandwidth by counterpropagating domain engineering, which is also confirmed by Hong–
Ou–Mandel interference with 155-ps base-to-base dip width and 97.1  0.59% high visibility. The entanglement is harnessed with 18.5-standard-deviations Bell inequality violation, and further characterized with state
tomography of 95.71  0.61% fidelity. Such narrowband entanglement sets a cornerstone for practical quantum information applications. © 2021 Chinese Laser Press
https://doi.org/10.1364/PRJ.413075

1. INTRODUCTION
Quantum entanglement is the basis of fundamental quantum
mechanics studies and quantum information technologies
[1–3]. So far, the most developed entangled sources are via
the optical approach because of its low decoherence and high
purity. However, the entangled photon source needs to be compatible with information-processing devices for practical applications, where the photon–electron interaction is normally
required. One important example is the memory [4–6] for
quantum information, which is not only essential for quantum
computation [7,8], but also necessary to realize quantum
repeaters for long-distance quantum communication [9–12].
It is the ultimate solution to overcome the inevitable photon
loss over large communication distances and regain the channel
security and data rate. In the above cases, the bandwidth of
such photon–electron interaction is fundamentally limited
by the energy level of the electrons. The recent breakthrough
in the solid-state quantum memories has pushed this bandwidth limit to the order of gigahertz [13–18], though such
bandwidth is still too narrow for the conventional entangled
photon sources based on spontaneous parametric downconversion (SPDC) [19,20]. Much effort has been devoted to shrinking the biphoton bandwidth, such as passive filtering [21,22] or
cavity enhancement [23]. But it either reduces the brightness,
or adds complexity and instability of the system. On the other
hand, the counterpropagating phase-matching [24] geometry
can inherently reduce the phase-matching bandwidth [25–28]
without cavity interactions. This geometry relies on the optical
2327-9125/21/101998-08 Journal © 2021 Chinese Laser Press

microstructure manufacture, and such counterpropagating domain engineering has been demonstrated for mirrorless optical
parametric oscillation [29] and SPDC [30–33].
Here we report the first narrowband photonic polarization
entanglement generation using counterpropagating domain engineering. The state-of-the-art manufacture of 1.3 μm poling
period in a Type II periodically poled potassium titanyl phosphate (PPKTP) waveguide enables 7.1 GHz biphoton bandwidth at telecom wavelength, as well as the deterministic
separation of the counterpropagating signal and idler photons
even at wavelength degeneracy. The bandwidth is directly measured in the spectral domain with scanning narrow-line filters,
and also confirmed with the Hong–Ou–Mandel (HOM) interference [34]. Its high visibility of 97.1  0.59% reveals the
generation of high-quality identical photon pairs. With a bidirectional pump, polarization entanglement can be constructed,
with the Clauser–Horne–Shimony–Holt S-parameter of
2.720  0.039. The state tomography further shows a high
state fidelity of 95.71  0.61%. This entangled state fulfills
the bandwidth requirement of solid-state quantum memories
and is thus important for the quantum information processing
and communication.
2. EXPERIMENTAL SETUP
In experiment, the PPKTP waveguide is designed for Type II
quasi-phase matching (QPM) backward spontaneous parametric downconversion (BSPDC). The waveguide was fabricated
by ion implantation in ADVR Inc., with a length of 10 mm.
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Fig. 1. Scheme of the counterpropagating polarization-entangled
photon source. (a) Phase-matching diagram of the BSPDC; (b) polarization entanglement generation from the BSPDC with bidirectional
pump light.
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To avoid spurious back reflections from the waveguide end
faces, the sample is angle-polished at 10°. The poling length
is also 10 mm, and the period is designed to be 1.3 μm. The
measured coupling efficiency into/out of the waveguide is
about 20% and 50% for laser light at 780 and 1550 nm, respectively. As illustrated in Fig. 1(a), a forward pump photon
can generate a forward signal photon and a backward idler photon with polarizations along the y, y, and z axes of the potassium titanyl phosphate (KTP) crystal, respectively. The
corresponding phase matching requires a large reciprocal vector, thus, an ultrashort poling period. For our design, this
BSPDC process can be phase-matched with the third-order
reciprocal vector of the 1.3 μm poling period in the PPKTP
waveguide. The QPM condition for BSPDC is
6π
 0,
(1)
Δk  k p0 − k s0  ki0 −
Λ
where kj0 , j  p, s, i, are the pump, signal, and idler wave
vectors at the center frequencies, respectively. As shown in
Fig. 1(b), the horizontal (H) and vertical (V) polarizations correspond to the KTP y and z axes, respectively. With the bidirectional pump at frequency degeneracy, two Type II BSPDC
processes can happen with reversed directions, thus resulting in

Fig. 2. Experimental setup. HWP, half-wave plate; QWP, quarter-wave plate; PBS, polarization beam splitter; DM, dichroic mirror; PC, polarization controller; LPF, long-pass filter; BPF, bandpass filter; FPF, Fabry–Perot filter; P, prism; SNSPD, superconducting nanowire single-photon
detector; C.C., coincidence counts.
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the generation of the polarization-entangled
state jΨi 
pﬃﬃﬃ
jH iR jV iL  e iφ jV iR jH iL ∕ 2, where the subscripts R
and L denote the right and left propagating directions, respectively. Here the phase φ is determined by the relative phase
difference between the bidirectional pump beams.
Our experiment setup is shown in Fig. 2. The pump light is
from a continuous-wave Ti:sapphire laser (SolsTis) and transmits in a triangle loop with the polarization beam splitter
(PBS0). The power ratio between the R and L is controlled
by rotating the optical axis angle of a half-wave plate
(HWP0), and the relative phase can be finely tuned by the optical axis angle of HWP3 sandwiched between two 45° quarterwave plates (QWP3 and QWP4). HWP4 is oriented as 45° to
rotate pump polarization to H for SPDC. Then the two pump
light beams are reflected by two dichroic mirrors (DMs) and
coupled into the PPKTP waveguide in two opposite directions.
The above state preparation setup is integrated on a solid metal
housing, where the temperature is finely controlled by Peltier
elements within accuracy of milli-Kelvin level. Therefore, the
phase difference in the pump loop can be stabilized. The DMs
are designed for high transmission for BSPDC outputs at telecom wavelengths, for direct output at R and L ports. The output photon pairs are then detected by two superconducting
nanowire single-photon detectors (SNSPDs) with efficiencies
over 90% at 1550 nm. Filter sets are used in the R and L ports
for spectral cleaning, including a long-pass filter (Thorlabs
FEL0900), a bandpass filter (Semrock NIR01-1570/3-25),
and a homemade Fabry–Perot filter (FPF) (for details, see
Appendix A) in each set.
3. RESULTS
We first check the phase matching of the PPKTP waveguide
by the backward second-harmonic generation (SHG) process.
A tunable semiconductor laser (Santec TSL-710) with a linewidth of 100 kHz is used as the fundamental light (FL). It is
first split into two beams and coupled into the waveguide
through the R and L BSPDC output ports, which are set to V
and H polarizations, respectively, so that the SHG light is phasematched for the right propagation. By varying the laser wavelength, we record the SHG output power with a power meter
(Thorlabs S154C) as a function of fundamental wavelength. As
shown in Fig. 3, when the fundamental wavelength was tuned to
1553.48 nm, a maximum SHG output power of 99.5 nW was
obtained. The main peak agrees well with the theoretical simulation from the function sinc2 ΔkSHG L∕2, where ΔkSHG 
k SHG,H  kFL,H − kFL,V − 6π∕Λ is the phase mismatch in the
SHG process. The nonideal satellite peaks could result from
fabrication imperfections. The normalized SHG conversion
efficiency can be calculated according to ηSHG  P SHG ∕
P FL,H P FL,V , where the FL powers are P FL,H  13 mW
and P FL,V  13.5 mW at the maximum SHG power of
P SHG  99.5 nW. Thus, the peak efficiency of SHG is about
ηSHG, max  5.67 × 10−4 W −1 . With pump wavelength fixed
at 776.74 nm, we expect to obtain the required frequencydegenerate BSPDC that is a reversed nonlinear optical process
of SHG, namely, H 776.74 nm → H 1553.48 nm  V 1553.48 nm .
For simplicity, we focus on the BSPDC pumped in a single
direction by setting HWP0 to 0°. The BSPDC spectrum
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Fig. 3. SHG measurement. SHG output power as a function of FL
wavelength. The red curve is a sinc2 -function fit.

characterization is performed by scanning a homemade Fabry–
Perot cavity (FPC) with a FWHM linewidth of 7.8 pm (for
details, see Appendix A). This FPC transmission is much narrower than the bandwidth of BSPDC, where the transmitted
signal or idler frequency can be tuned by varying its temperature. The BSPDC spectrum is achieved in a coincidence measurement for the best signal-to-noise ratio during the FPC scan.
The measured signal and idler photon spectra are shown
in Fig. 4(a), with identical bandwidth fitted to be 57 pm
(7.1 GHz). Their central wavelengths can be finely tuned to
match each other by varying the PPKTP waveguide temperature. The satellite peaks are higher than the expectations and
nonsymmetric, which is due to fabrication imperfections of the
waveguide. To clean the nonideal satellite peaks, we insert a
pair of 100 μm thick FPFs (for details, see Appendix A). As
shown in the Fig. 4(a) inset, the FWHM linewidth of each
FPF is measured to be about 132 pm, which is larger than
the 57 pm BSPDC bandwidth, and thus does not affect the
central spectrum of the source.
The quantum feature of a two-photon source can be
presented by a high-visibility quantum interference. Here it is
tested using the HOM interferometer, and the narrow bandwidth of the BSPDC spectrum can be also characterized from
the correlation time in the interference measurement.
Keeping the single-direction-pumped setup, we set the polarizations of the L and R output ports to make photons be reflected at
PBS1 and PBS2, so that the BSPDC light is directed to a 50:50
fiber coupler for the HOM interference. A fiber polarization controller (PC3) is used to make the polarization of the two arms
identical. The relative delay Δt is controlled by a motorized optical delay line in the idler photon arm. The outputs of the
HOM interferometer are coupled to SNSPD for coincidence
measurement. The coincidence counts in 15 s as a function
of Δt are presented in Fig. 4(b), and the visibility is calculated
to be 90.1  0.91%, or 97.1  0.59% after subtracting the
accidentals. A triangle fit of the HOM dip shows a base-to-base
dip width of 155 ps. This result agrees well with the 7.1 GHz
BSPDC bandwidth in the spectrum measurement.
The spectrum and HOM interference measurements directly show that we do produce photon pairs with narrow
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Fig. 5. Entanglement correlation measurement. Coincidence
counts are recorded as a function of HWP1 angle for changing the
linear polarization projection measurement on one photon with the
other photon projected to four states: H (blue), V (pink), D (red),
and A (black), respectively. The curves are fitted with sine and cosine
functions.
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Fig. 4. BSPDC measurements. (a) Measurement of BSPDC spectrum. Black and red dots correspond to signal and idler photon spectra, respectively. The curve is fitted to sinc2 functions in solid curves.
Inset, transmission spectrum of the FPF for spectral cleaning.
(b) Quantum interference measurement with HOM interferometer.
The HOM dip is fitted to a triangle function.

bandwidth in the BSPDC process. Then we can produce
the polarization entanglement by rotating HWP0 away
from 0°, and here we fix it at 45° for maximum entanglement generation, and adjust HWP3 topgenerate
the singlet
ﬃﬃﬃ
state jΨ− i  jH iR jV iL − jV iR jH iL ∕ 2.
We first characterize the entanglement via polarization correlation measurement, where HWP2 is set to 0°, 45°, and
22.5° to project the R photon to H, V, and 45° polarization
states, respectively. Under each projection, we record the
coincidence counts against the angle of HWP1 for projection measurement on the L photon. The measured interference fringes are shown in Fig. 5, which all fit well with
sine and cosine functions, with visibilities calculated to be
96.6  0.45%, 99.5  0.19%, 97.2  0.53%, and
97.1  0.53%, respectively. With 10 mW pump, the maximum coincidence rate exceeds 1260 counts in 15 s, and the
total photon collection efficiency is about 2%, corresponding
to a source brightness of 3.4 kHz/(GHz · mW). Then we perform the Clauser–Horne–Shimony–Holt (CHSH)-type Bell
inequality test [35], and obtain an S value of 2.720  0.039,
indicating a violation of the Bell inequality by 18.5 standard
deviations.

We further characterize the entanglement state using the
standard quantum state tomography [36]. By inserting
QWP1 and QWP2 in the L and R outputs, we can perform
projection measurements
on the four states jHp
i, ﬃﬃjV
pﬃﬃﬃ
ﬃ i, jDi 
jH i  jV i∕ 2, and jRi  jH i − ijV i∕ 2 for each
photon separately, and record the coincidence counts for all
the combinations. The reconstructed real and imaginary parts
of the density matrix ρe are shown in Fig. 6, with the
fidelity [37] calculated as F ρe , jΨ− i  hΨ− jρe jΨ− i 
95.71  0.61%. Note that the above errors are estimated
by considering a Poisson fluctuation in our data measurement.
The above polarization measurements confirm high-fidelity
polarization entanglement generation, which is achieved in
narrow bandwidth without cavities for the first time.
Our photonic polarization-entangled source relies on the
superposition of two bidirectional BSPDC processes. As shown
in Fig. 1(b), the superposition phase stability depends on the
optical length difference between two pump arms from PBS0
to the PPKTP waveguide, which needs to be stabilized to subwavelength level. It is achieved by the balanced design in the
two arms, and the whole source sits on a monolithic aluminum
housing for temperature equilibrium. This design greatly

Fig. 6. (a) Real and (b) imaginary parts of the reconstructed density
matrix for the produced polarization entanglement state.
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Fig. 7. Phase stability test. Coincidence counts for jDDi (black
square dots) and jDAi (red dots) projection measurements. The inset
is a zoom-in for jDDi measurement in 6 min.

cancels the phase sensitivity of the temperature change. For
further stabilization, our source is built with the temperature
stabilized by a Peltier cooler and sealed in a metal box. By
using high-performance temperature controllers, the entangled
source can be stabilized to milli-Kelvin level.
To test the phase stability, we project the entangled
photons on the
pﬃﬃﬃ 45° polarization basis states jD∕Ai 
jH i  jV i∕ 2, and measure the twofold coincidence.p
For
ﬃﬃﬃ
the target singlet state jΨ− i  jH iR jV iL − jV iR jH iL ∕ 2,
minimum and maximum coincidence counts are obtained in
the jDDi and jDAi measurements, respectively. As shown
in Fig. 7, the visibility stays higher than 97% in 6 min, corresponding to a phase fluctuation of less than 1°. The test
verifies the high phase-stability of our source.
4. CONCLUSION AND DISCUSSION
We have demonstrated the first narrowband photonic quantum
entanglement generation by the state-of-the-art backward domain engineering in a PPKTP waveguide. The BSPDC geometry enables an inherent bandwidth of 7.1 GHz as well as
deterministic separation of collinear frequency-degenerate
polarization-entangled photon pairs. A phase-stabilized bidirectional pump can be easily achieved in balanced arm loop with
only temperature control. We show an example of singlet state
generation with a fidelity of 95.71  0.61%, which can be
Table 1.
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generalized to any arbitrary polarization-entangled photon pair
state in our setup. In this work, our fabrication is limited by the
current lithography capability to the third-order QPM for the
BSPDC realization, where the spectral brightness of the photonic entanglement exceeds 3.4 kHz/(GHz·mW). Further improvement on the source brightness is possible with better
fabrication toward first-order QPM, which can increase the
brightness by 9 times. In Table 1, we list several narrowband
polarization-entangled photon sources [38–44]. We can see
that our source shows the advantage of preparing narrowband
photons compared to the conventional PDC approaches. Our
result is already comparable with cavity-enhanced experiments
in conventional QPM geometry [43,44], while the cavityenhanced sources are greatly complex with the cavity locking
optics and electronics, and requires the postselection technique
to produce polarization entanglement.
The counterpropagating domain engineering can also be
adopted into the fast-developing lithium liobate thin-film platform, and the tight mode confinement can further boost the
conversion efficiency in a much smaller footprint for large-scale
integration. Therefore, it is a unique and powerful tool for narrowband photonic quantum entanglement generation, which
links the photonic qubits to other key elements in the quantum
information processing that requires photon–electron interaction, including quantum memory, which is important for
quantum information technologies.
APPENDIX A: FABRY–PEROT RESONATORS
FOR BSPDC SPECTRUM MEASUREMENT
AND CLEANING
We develop two types of Fabry–Perot resonators for the
BSPDC spectrum measurement and cleaning, which are called
the FPC and the FPF, respectively. Both resonators are doublesided coated plate (etalon) made of lithium niobate and polished to the thickness as required. The FPC has a linewidth
much smaller than the BSPDC bandwidth, so that it can scan
across the BSPDC spectrum, while the FPF linewidth is designed larger than the BSPDC bandwidth so that BSPDC spectral feature does not change after cleaning. The free spectral
range (FSR) of the FPF is designed larger than the bandpass
filter linewidth for best noise reduction.
High finesse is required for both resonators to achieve a high
rejection ratio. From the coating design, the FPC and FPF have
target finesses of 155.5 and 50.8, respectively. High-quality
mechanical polishing and coating techniques are required to

List of Narrowband Polarization-Entangled Photon Sources

Polarization-Entangled
Photon Source
Fedrizzi et.al. [38]
Kuzucu et al. [39]
Sansoni et al. [40]
Herrmann et al. [41]
Sun et al. [42]
Bao et al. [43]
Tian et al. [44]
This work

Method

Wavelength
(nm)

Bandwidth

Brightness
[Hz/(mW · MHz)]

Fidelity

Sagnac interferometer
Sagnac interferometer
Two periodically poled waveguides
Biperiodic poling waveguide
Dual-periodic poling waveguide
Cavity and postselection
Cavity and postselection
Counter propagating

810
780.7
1554
1551/1571
1489.9/1335
780
795
1553.5

137 GHz
73.8 GHz
260 GHz
85 GHz
270 GHz
9.6 MHz
15 MHz
7.1 GHz

0.597
4.22
38.7
7
42
6
3
3.4

99.78%
98.85%
97.3%
97.5%
94.5%
94%
95.2%
95.7%
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Fig. 8. Characterization of the two Fabry–Perot resonators. (a) AFM image of FPC before and after coating; (b) Fabry–Perot resonator test setup.
TSL, tunable semiconductor laser; PC, polarization controller; TC, temperature controller; FPC, Fabry–Perot cavity; FBS, fiber beam splitter;
PD, photodetector. (c) FPC transmission intensity as a function of wavelength detuning from the center transmission peak. The upper inset shows
the zoom-in of one transmission peak of 7.8 pm linewidth, and the lower inset is the measured temperature-wavelength relationship.
(d) Transmission measurements for the FPF, with 6.17 nm FSR and 132 pm linewidth for the transmission peak.

Table 2.
Sample
FPC
FPF

Characterization of the FPC and FPF.
Cavity Length (μm)

Reflectivity

Theoretical Linewidth (GHz)

Theoretical Finesse

Experimental Finesse

Cutoff (dB)

400
100

98%
94%

1.1
13.1

155.5
50.8

125.6
46.7

30
30

achieve that. As shown in Fig. 8(a), we use atomic force microscopy (AFM) to measure the surface roughness before and after
coating, with results of 2.95 and 2.81 nm, respectively, in root
mean square (RMS) values within the 5 μm area. In experiment, the FPC and FPF attain a finesse of 125.6 and 46.7,
respectively, showing the high-quality fabrication for both devices, as shown in Table 2. Both resonators are cut to a suitable
size and are finally mounted in thermal conductive metal
housings with thermoelectric coolers for precise temperature
control. Since the refractive index changes with the temperature, we can change the transmission wavelength of the FPC,
which is used as a tunable filter in our experiment.

We use a wavelength-tunable cw laser (Santec TSL-710)
with a narrow linewidth of 100 kHz to scan the resonances,
with absolute wavelength calibration using a wavelength meter
(HighFinesse WS-6), as shown in Fig. 8(b). Both resonators
are connected to the fiber via the fiber–space–fiber coupling
method with two lenses, and the peak transmittance is about
50%. The scan results of the FPC are shown in Fig. 8(c), and
the FSR is measured to be 0.983 nm (122 GHz), which agrees
well with the 400 μm cavity length. The inset shows the zoomin of a resonance, and the FPC linewidth is fitted to be 7.8 pm
(0.96 GHz), which is about one-tenth of the BSPDC bandwidth. Such fineness is sufficient to scan the BSPDC spectrum.

2004
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The relationship between the FPC temperature and its transmission peak is shown in the bottom inset of Fig. 8(c). By adjusting the temperature from 48°C to 62°C, the transmission
peak can be tuned from 1553.4 to 1554.1 nm. We perform
similar measurements for the FPF. The results are shown in
Fig. 8(d), with FSR and linewidth measured to be 6.17 nm
(767 GHz) and 132 pm (16.5 GHz), respectively, which agree
with the theoretical expectation. With such a large FSR, the
FPF can pair with the bandpass filter for a broadband background photon suppression.
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