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Combining a Ti-diffusion periodically poled lithium niobate (PPLN) waveguide with a Sagnac interferometer, two
opposite directions type-II spontaneous parametric down conversions (SPDC) occur coherently and yield a high bright-
ness, high stability polarization entanglement source. The source produces degenerate photon pairs at 1540.4 nm with a
brightness of B = (1.36+0.03) x 106 pairs/(s-nm-mW). We perform quantum state tomography to reconstruct the density
matrix of the output state and obtain a fidelity of F = 0.983 +0.001. The high brightness and phase stability of our waveg-
uide source enable a wide range of quantum information experiments operating at a low pump power as well as hold the
advantage in mass production which can promote the practical applications of quantum technologies.

Keywords: polarization entanglement source, Sagnac interferometer, quantum information, lithium niobate

waveguide
PACS: 03.65.Ud, 03.67.—a, 42.50.Dv, 42.65.-k

1. Introduction

Polarization entangled photons are crucial quantum re-
sources for various applications in quantum information, such
as quantum key distribution,'* quantum computing, %! and
teleportation.[®~!!1 To achieve high brightness, stability, and
entanglement purity, various methods have been employed for
generating polarization entangled photons. The first practi-
cal solution for preparing a polarization entangled light source
utilizes B-barium-borate (BBO) crystals, which produces po-
larization entangled photon pairs emitted at the intersection
of two conical surfaces.!!?! With advancements in nonlinear
optics, periodic poling (pp) of nonlinear crystals consider-
ably relaxes the phase-matching conditions for spontaneous
parametric down conversion (SPDC) by enabling quasi-phase-
matching (QPM) and allows full exploration of the material’s
nonlinear properties.

In the past few decades, various schemes have emerged
for generating polarization entanglement using periodically
poling bulk crystals or waveguide structures. For in-
stance, one approach involves combining two co-linear SPDC
processes, '>14! or designing a dual-period structure that gen-
erates two SPDC processes simultaneously.! >~ The photons
generated by these methods can be split using a dichroic mir-
ror (DM) or polarizing beam splitter (PBS). Some schemes
use a dual-channel structure to combine two SPDC processes
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to generate a polarization entanglement sourc
mature solution is to build the source using the Sagnac interfer-
ometer. This method generates polarization entanglement by
creating a temporally distinguishable superposition of orthog-
onally polarized identical photon pairs and then removing that
temporal delay. The Sagnac structure has been widely used
to generate polarization entangled sources because the two
SPDC processes come from opposite directions of the same
periodically polarized crystal. Compared to the dual-structure,
this method ensures that the parametric spectra of the two pro-
cesses coincide exactly and that the relative phases of the two
processes are very stable. The original scheme for generating
polarization entanglement using the Sagnac interferometer in-
volved a type-I down-conversion process in BBO crystals.[>?!
However, this source suffered from a 50% photon loss rate
due to the use of a pump beam splitter to separate the out-
put photon pairs. Since then, a variety of schemes for Sagnac
polarization entanglement sources have been proposed.?>~2!
Benefiting from longer crystal lengths and higher nonlinearity,
the brightness of polarization entanglement sources at a given
pump light intensity has been increasing in recent years. To
further improve the brightness, experiment[?®! has been con-
ducted to design a non-collinear type-I SPDC in periodically
poled KTiOPO,4 (PPKTP). However, it is difficult to obtain a
significant increase in the brightness of a polarization entan-
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glement source based on a bulk crystal.

In this paper, we adopt a Ti-diffusion periodically poled
lithium niobate (PPLN) waveguide for the first time into
a Sagnac interferometer to produce a higher brightness de-
generate polarization entanglement source in the telecom
regime. The brightness of the source reaches (1.36 4 0.03) x
10° pairs/(s-nm-mW) and the polarization entanglement state
violates Bell’s inequality by 36 standard deviations with S =
2.76 £0.02.

2. Theory

We utilize QPM type-II SPDC process as the foundation
of our source. In the type-II SPDC process, energy conser-
vation and momentum conservation should be met, which are
given by

wp:wo+wea (1)
kp = ko + ke + G- 2)

The subscripts p, o and e represent the pump, signal and ideal
photons, respectively. The reciprocal vectors (G,,) have the
form

Gm: A (3)

where m represents the different orders of the reciprocal vec-
tors and A is the poling period. We choose m = 1 to uti-
lize the maximal nonlinear coefficient. Assuming a pump
at 780 nm, to generate degenerate down converted photon
pairs at telecommunication band, the period is cited to be
A =9.07 um and the temperature is cited to 120 °C. The two-
photon state produced by the SPDC process has the following
form:

)=t [ dviW)al(@d+v)a - v, @
where Vv represents the frequency detuning of the signal and
idler photons. f(v) denotes the spectral amplitude, which has
the following form:

F(v) = eV sinc(ve/2),

1 1

where L is the length of the SPDC region and us and u; are
the group velocities of the signal and idler photons. The co-
efficient ¥ absorbs all the constants which has the following

7 — iEpLdn | 0dw?
Ac note

where E}, is the electrical field amplitude of pump, d is the ef-

form:

fective nonlinear coefficient. n, and n. denote the refraction
index of photons at frequency a)g and a)g.

3. Experiment

According to the theoretical calculation, we fabricated
a Ti-diffusion PPLN waveguide with SPDC region length of
350 mm and a poling period of 9.07 pm. Figure 1 shows the
simulated mode field distribution of mode TMj in the waveg-
uide by Lumerical simulation software. The mold field area
is 66 um?. The waist area of a bulk LN crystal of the same
length is about 2.7 x 10° um?. According to Eq. (4), the pho-
ton pair generation rate in Ti-diffusion LN waveguide is much
higher than that in bulk crystal by three orders. To determine
the wavelength of the pump light required for generating the
degenerate spectrum and to test the nonlinear characteristics
of the PPLN waveguide, we conducted second harmonic gen-
eration (SHG), a reverse process of SPDC. The SHG intensity
with varied pump wavelength is recorded in Fig. 2. The full
width at half maximum (FWHM) of the spectrum is 0.3 nm
and the SHG process is phase matched at A = 1540.5 nm.
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Fig. 1. The mode field distribution of mode TMj in the Ti-diffusion
PPLN waveguide.
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Fig. 2. SHG spectrum of the PPLN waveguide. The black dots cor-
respond to SHG process at different wavelengths and the red line is a
simulated curve.

The experimental setup is shown in Fig. 3. Here we gen-
erate a polarization entangled photon source with frequency
degenerate at 1540.4 nm through this periodically poling ti-
tanium diffusion lithium niobate waveguide and a polarized
Sagnac loop. A continuous-wave, single-frequency laser at
770.2 nm is used as the pump laser. Two aspherical mirrors
(AM) with a focus length of 7.5 mm are used to focus the
pump and collimate parametric light on the waveguide edge.
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The polarized Sagnac interferometer consists of a dual wave-
length polarizing beam splitter, a dual wavelength half-wave
plate and two high reflecting (R > 99%) mirrors at 770 nm and
1540 nm. The working principle of the device is described as
follows. The pump is directed into the interferometer with a
DM that is highly reflective for the pump and highly transmis-
sive for the parametric light. The HWPy and QWP at 770 nm
placed before the DM control the ratio and relative phase of
the horizontal (H) and vertical (V) polarizations of the pumped
light. The H-pump travelling in clock-wise direction in the
Sagnac interferometer generates H and V polarized photons
at 1540.4 nm through type-II quasi-phase-matched SPDC in
the PPLN waveguide. The D-HWP plate transforms the polar-
ization of both pump and SPDC photons from H to V and vice
versa. Therefore, the down-converted H (V) polarized photons
propagating in the clock-wise direction of the Sagnac interfer-
ometer are transformed into V (H) polarized photons and pass
through the D-PBS. At the same time, the V-pump travelling
in the counter clockwise on the Sagnac interferometer is trans-
formed into H polarization after passing through the D-HWP
plate and generates H and V polarized photons in the same
PPLN waveguide. The photons generated in both clock-wise

ter are combined by the D-PBS. It is well known that the sum
of the phases of the photons generated through SPDC process
equals the pump phase.*”! Since the clockwise and counter-
clockwise pump lights pass through the same optical path in
opposite directions, the polarization entangled photons gener-
ated by this scheme have ultra stable phases and are robust
against any change in the optical path. The state combined by
the D-PBS has the following form:

W) e (1) Vi) + ¢ BIVe) ), )

N
9=6,+6—6—0 B=1" (©)
\%

where 65 + 6; — 6, — ¢, is the phases of the pump, signal and
idler light introduced by the D-HWP, which will not vary in
time and Ny /Ny is the photon generation rate ratio in both
directions. After filtering the pump light with two high-pass
filters, the 1540.4 nm photons emitted from the PBS are col-
lected into the single-mode fiber through two high-reflectivity
mirrors. The analyzer consisting of a HWP and a PBS is
used to characterize the polarization entangled photons pro-

duced, where different HWP angles represent different mea-

and counter clockwise directions of the Sagnac interferome-  surements.
PBS D-PBS FELH1200 DM  HWP AM
2 »
~ | PBSI HWPI1
‘;{ D-HWP
A
w@ \ 5 ;ﬁ W “; g

Fig. 3. The experimental setup. PBS: polarizing beam splitter, HWP: half wave plate, QWP: quarter wave plate, D-PBS: polarizing beam
splitter at dual wavelengths, D-HWP: half wave plate at dual wavelengths, FELH-1200: long-pass filter, DM: dichroic mirror, AM: aspherical
mirrors. HWPy and QWP are used to adjust the relative amplitude of the two counterpropagating down-conversion path and the phase of the

output biphoton state.

4. Result

To verify that the SPDC process occurring in the waveg-
uide produces degenerate polarized entangled photon pairs, we
measured the central wavelengths of signal and idle photons at
different pump wavelengths. Before the collected photons en-
ter the superconducting single photon detector, the measured
photon path is filtered with an adjustable filter (Santec710)
with a bandwidth of 0.1 nm. By varying the center wavelength
of the filter and measuring the coincidence count, the photon
spectra of the signal and idler photons can be obtained. Ul-
timately, the signal photon and idler photon wavelengths are
determined to be degenerate at 120 °C with a pump wave-

length of 770.2 nm, and Fig. 4 illustrates the spectra of the
signal and idler photons at this pump wavelength. The full
width at maximum of the curve is 2.4 nm, and we confirmed
the degenerate wavelength of the signal and idler photons to
be A = 1540.4 nm. The side peaks in the spectrum are proba-
bly induced by fabrication errors, such as uneven width?®! or
poling period. >

The next step is to characterize the quantum performances
of the source. We measured the photon pair production rate
at different pump powers with a 0.4 nm filter bandwidth at
the central wavelength of 1540.4 nm, as shown in Fig. 5.

The slope of the curve represents the photon pairs genera-
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tion rate per unit pump power. The brightness of the source
is B = (1.360.03) x 10° pairs/(s:nm-mW). To assess the en-
tanglement quality of the source, we performed a two-photon
interference test on the source. Figure 6 shows the coinci-
dence counts as a function of the angle of HWP; when the
angle of HWP; is fixed at four different values 0°, 22.5°, 45°,
and 67.5°. These four angles represent the four measurement
bases H, V, D and A. In addition to the interference curve, the
CHSH-type Bell inequality was also tested.*"] The measured
S parameter is 2.76 £ 0.02 which confirms a strong violation
of Bell inequality by 38 standard deviations.
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Fig. 4. The spectra of the degenerate photons. The black and red curves
represent the spectra of H and V photons.
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Fig. 5. Generation rate of photon pairs at different pumping powers.
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Fig. 6. Correlation measurements for four different bases: H/V
(black/red) and diagonal D/A (blue/green).

of

Furthermore, in order to fully characterize our quantum
state, we performed quantum tomography to reconstruct the

density matrix,*! with the real and imaginary parts shown
in Fig. 7. The fidelity of the quantum state is F(¢,p) =
(p|p|@) = 0.983 £0.001. These data demonstrate that the
source is of high quality.

Fig. 7. (a) Real and (b) imaginary parts of the experimental density
matrix of the state generated by our source.

5. Conclusion

In this paper, by using a type-II, degenerate SPDC pro-
cess in a single PPLN waveguide with Sagnac interferometer,
we produce a high brightness, high stability source of polar-
ization entanglement. We evaluate the entanglement quality of
the source through a two-photon interference test and achieve
a high interference visibility and a fidelity of 0.983 £0.001.
Furthermore, by measuring the CHSH inequality of the out-
put state, we obtain an S value of 2.76 £0.02, violating the
inequality by more than 38 standard deviations. Compared
with the bulk schemes, the waveguide source has a stronger
confinement to the light field and therefore allows more pho-
tons to be obtained at a lower pump power than the bulk sys-
tem. Overall, our results demonstrate the high performance
of our polarization entangled photon source, which has poten-
tial applications in quantum communication and information
processing.
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