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In this Letter, the generation of a 1.5 pm discrete frequency-entangled two-photon state is realized based on a piece of
commercial polarization-maintaining fiber (PMF). It is connected with a polarization beam splitter to realize a modi-
fied Sagnac fiber loop (MSFL). Correlated two-photon states are generated through a spontaneous four-wave-mixing
process along the two propagation directions of the MSFL, and output from the MSFL with orthogonal polarizations.
Their quantum interference is realized through a 45° polarization collimation between polarization axes of PMFs
inside and outside the MSFL, while their phase difference is controlled by the polarization state of the pump light.
The frequency-entangled property of the two-photon state is demonstrated by a spatial quantum beating experiment
with a fringe visibility of 98.2 + 1.3%, without subtracting the accidental coincidence counts. The proposed scheme
generates a 1.5 pm discrete frequency-entangled two-photon state in a polarization-maintaining way, which is
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desired in practical quantum light sources.
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Discrete frequency-entangled two-photon states are a po-
tential resource for quantum information applications,
such as quantum networks with distributed stationary
quantum nodes [1,2], quantum communication and cryp-
tography with higher capacity [3-5], improved quantum
communication in noisy quantum channels [6], enhanced
quantum clock synchronization [7,8], and nonlocal
dispersion cancellation in quantum interferometry [9].
One way to generate the discrete frequency-entangled
two-photon state is based on the quantum interference
of two frequency nondegenerate correlated two-photon
states, which has been demonstrated in nonlinear crys-
tals [10], dispersion-shifted fibers [11], and silicon
waveguides [12] through second-order or third-order
spontaneous nonlinear optical processes. Among them,
the fiber-based scheme has the advantages of being com-
patible with current technologies in optical fiber commu-
nication and easy to develop practical quantum light
sources at the telecom band [11,13-19]. The two-photon
state is efficiently generated in well-defined single fiber
modes through spontaneous four wave-mixing (SFWM),
and can be conveniently manipulated by linear optical
devices to develop complex quantum information func-
tions with high efficiency due to the low loss properties
of optical fibers and fiber-based devices. However,
polarization fluctuations in optical fibers may impact the
long-term stability of the fiber-based scheme in Ref. [11],
in which the two correlated two-photon states are gener-
ated in a piece of dispersion-shifted fiber in a Sagnac fi-
ber loop, and their quantum interference is controlled by
a fiber polarization controller in the loop to collimate
their polarization states. In this Letter, we propose and
demonstrate a scheme of discrete frequency-entangled
two-photon state generation based on a piece of
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commercial polarization-maintaining fibers (PMFs). It
is connected with a polarization beam splitter (PBS) to
realize a modified Sagnac fiber loop (MSFL). Correlated
two-photon states are generated through SFWM along
the two counterpropagation directions of the MSFL, re-
spectively, and output from it with orthogonal polariza-
tions. Their quantum interference is realized through a
45° polarization collimation between polarization axes
of the PMFs inside and outside the MSFL, while their
phase difference is controlled by the polarization state
of pump light. This scheme generates 1.5 pm discrete fre-
quency-entangled two-photon states in a polarization-
maintaining way, which is desired in practical quantum
light sources.

Figure 1 shows the experimental setup for this scheme.
The pulsed pump light is provided by a gain-switched
semiconductor laser diode. The peak power of the pump
pulses is amplified by an erbium-doped fiber amplifier
(EDFA). The central wavelength, pulse width, and repeti-
tion rate of the pump pulses are 1552.562 nm, 19 ps, and
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Fig. 1. Experimental setup. VOA, variable optical attenuator;
PM, power meter; FB, fiber bench; DWDM, dense wavelength
division multiplexer; PBS, polarization beam splitter; SPD, sin-
gle photon detector; QWP, quarter-wave plate; HWP, half-wave
plate; 50/50, 50/50 fiber coupler.
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4 MHz, respectively. A variable optical attenuator is used
to control the level of pump power, which is monitored
by a 50/50 fiber coupler and a power meter in the experi-
ment. A manual polarization controller fixed on the fiber
bench (FB1, Thorlabs Inc., PC-FFB-1550) is used to ad-
just the polarization state of the pump light. A dense
wavelength division multiplexer (DWDM) at 1555.52 nm
(ITU-C31, side-band rejection >120 dB) is used to sup-
press the amplified spontaneous emission noise of the
EDFA, ensuring the effective detection of the generated
photon pairs. In the experiment, the DWDM is also used
to inject pump light into the MSFL from transmission port
to common port (T to C) and extract generated two-
photon states exiting from the MSFL (C to R). All the de-
vices are connected by PMF pigtails.

The MSFL consists of a PBS (PBS1) installed on a fiber
bench (FB2, Thorlabs Inc., PFS-FFT-1X2-15650) with two
rotatable half-wave plates (HWP1 and 2) and a piece of
commercial PMF (50 meters in length, Fujikura Ltd.),
which is cooled by liquid nitrogen to reduce Raman noise
photons [14]. The PBS1 has two polarization axes de-
noted by H and V, while the PMF and PMF pigtails of
the devices have fast and slow polarization axes, which
are collimated with V and H, as shown in Fig. 1. In order
to realize discrete frequency-entangled two-photon state
generation, polarization direction rotations need be intro-
duced, which is achieved by setting HWP1 and HWP2 at
22.5° and 45° with respect to the V axis, respectively. Let
the elliptically polarized pulsed pump light, with its long
elliptical axis paralleling with the V axis, be injected into
the MSFL. After passing through the HWP1 and PBS1, the
pump light is equally split into H and V components with
a phase difference ¢,, which is calculated by [15]
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where R, is the polarization extinction ratio of pump
light; + and — correspond to right- and left-handed ellip-
tically polarized light, respectively. And then the H com-
ponent is rotated into the V component after passing
through the HWP2. Hence, the two pump components in-
ject into the commercial PMF, paralleling with the same
polarization axis. One propagates in the clockwise direc-
tion and the other propagates in the counterclockwise
direction. The two pump components would generate
correlated two-photon states through SFWM processes
and output from the MSFL with orthogonal polarizations.
Considering that the correlated photon pair generation
rates are far smaller than one pair per pulse, two-photon
states output from PBS1 can be expressed as
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where w; and w, are the angular frequencies of idler and
signal photons, respectively. The obtained two-photon
states pass through HWP1, then enter into the DWDM
from the common port (C), and finally are output from
the reflection port (R). Another PBS with PMF pigtails
(PBS2) is connected to the reflection port (R) of DWDM.
Thanks to the 22.5° setting of the HWP1, polarization
axes of PMFs outside the MSFL, i.e., PMF pigtails of

the DWDM and the PBS2, have a 45° offset with respect
to the polarization axes inside the MSFL, which realizes
the quantum interference between the two correlated
two-photon states paralleling along the H and V polari-
zation directions output from the MSFL. The two output
ports of the PBS2 are denoted by port a and port b,
respectively. Due to the quantum interference, the
two-photon states output from PBS2 are
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where |ws;), and |ws ;), are the photon states with signal
or idler photon outputs from port a and port b, respec-
tively. Hence, v, is the spatial bunched path-entangled
two-photon state, i.e., the two photons output from the
same port simultaneously; v, is the spatial antibunched,
path-entangled two-photon state, i.e., the two photons
output from different ports simultaneously. From Eq. (3),
it can be seen that the two-photon state exiting from
PBS2 is a superposition of the spatial bunched and anti-
bunched two-photon states. The output possibilities of
them can be expressed as

Py, = 0.5 x (1 + cos(2¢,)).
Py, = 0.5 x (1 - cos(2¢,)). C))

where P, and P, are the output possibilities of y, and
W, Tespectively. It can be seen that the output possibil-
ities of the two two-photon states are varied with ¢,
which is due to the quantum interference of the two
correlated two-photon states. Pure spatial bunched or
antibunched path-entangled two-photon states can be ob-
tained under ¢,, of kz or (k + 0.5)z, where k is an integer.
The spatial antibunched two-photon states are the dis-
crete frequency-entangled two-photon state due to the
frequency nondegenerate property of the generated cor-
related two-photon state in the commercial PMF. It is
worth noting that the fiber bench devices are used in
our experiment demonstration; however, these devices
can be substituted by PMF devices with very small bire-
fringence walk-off [16,17].

To measure the output possibilities of the spatial
bunched and antibunched two-photon states under dif-
ferent ¢,, the exiting photons from PBS2 are sent into
two filtering and splitting modules with insertion losses
of 0.8 dB. Signal and idler photons satisfying the energy
conservation are selected by the two filtering and split-
ting modules with a pump light isolation of 120 dB. The
selected wavelengths of signal and idler photons are cen-
tered at 1555.75 and 1549.32 nm respectively, with a
-3 dB spectral width of 2z x 32 GHz. The photon states
exit from ports D, E, F, and G corresponding to |wg),,
|@;i)a, |@s)p, and |w;), photon states in Eq. (2), respec-
tively. The spatial bunched and antibunched two-photon
state can be distinguished by coincidence measurement
with different combinations of the output ports. To



measure the spatial bunched two-photon states, ports D
and F (or F and G) are connected to two single-photon
detectors (SPD1 and 2, ID201, ID Quantique), respec-
tively, while for spatial antibunched two-photon states,
ports D and G (or E and F) are connected to SPDI1
and 2, respectively. The two SPDs are operated in gated
Geiger mode with a 2.5 ns detection window, triggered by
residual pump light detected by a photon detector. The
detection efficiencies of SPD1 and 2 are 21.8% and 22.6%,
respectively. The dark count rates are 5.82 x 10~® and
4.60 x 1075 per gate, respectively. The output electronic
signals of the two SPDs are sent into a coincidence cir-
cuit, and the coincidence counts are recorded.

From Eqgs. (1) and (4), it can be seen that ¢, is different
for left- and right-handed elliptically polarized light with
the same R,; however, output possibilities of the two
two-photon states are the same for both the left- and
right-handed elliptically polarized lights with the same
R,.,. Hence, in the experiment, the nonclassical two-
photon interference (TPI) resulting from the quantum in-
terference is measured under different R, while the
long elliptical axis of pump light is set to 0° respective
to the V axis without regarding the left- or right-handed
polarization property of the pump light. The polarization
state of the pump light is monitored by a polarization
analyzer (Santec PEM-320) at the end of PMF pigtail at
the common (C) port of DWDM.

Figure 2 shows the experimental results of the non-
classical TPI. In the experiment, ports D and E are
connected with SPD1 and 2 for the spatial bunched
two-photon state, while ports D and G are connected
with SPD1 and 2 for the spatial antibunched two-photon
state. The inset of Fig. 2 gives the measured coincidence
counts under different R,. The output possibilities of
the two two-photon states are obtained by normalizing
the coincidence counts with the sum of them, and are
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Fig. 2. Experimental results of the nonclassical TPI. The main
figure shows the output possibilities. Circles and squares are
the experimental results of the spatial bunched and anti-
bunched two-photon states, respectively. Solid and dashed lines
are their respective fitting curves. The inset gives the measured
coincidence counts under different polarization extinction
ratios of pump light.
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shown in the main figure of Fig. 2, where ¢, is calculated
by Eq. (1). In these figures, circles and squares are the
experimental results of the spatial bunched and anti-
bunched two-photon states, respectively. Solid and
dashed lines are the fitting curves of them following
Eq. (1) and (4). Both fitting curves show a nonclassical
TPI visibility of 98.0 + 1.2% without subtracting acciden-
tal coincidence counts (99.1 + 1.2% if accidental coinci-
dence counts are subtracted).

In Fig. 2, it can be seen that pure spatial bunched or
antibunched path-entangled two-photon states can be
prepared with a linearly or circularly polarized pump
light injected into the MSFL, respectively. Actually, the
spatial antibunched, path-entangled two-photon state
is just the frequency-entangled two-photon state. By
adjusting the polarization controller installed in FB1, a
circularly polarized pump light with R, of 0.1 dB is ob-
tained. Under this condition, the discrete frequency-
entangled two-photon state is prepared at the output
of PBS2. The frequency entanglement of the two-photon
state is demonstrated by an experiment of spatial quan-
tum beating. Figure 3(a) shows the experiment setup.
The photons output from port a and port b input into
a 50/50 fiber coupler with a relative arrival time delay
of Az, which is controlled by a variable delay line (VDL,
MDL-002, General Photonics Corp.). PC1 and 2 are used
to ensure that the input photons of the 50/50 coupler are
in an identical polarization state. At the output ports of
the 50/50 coupler, photons pass through signal and idler
filters and then are detected by SPD1 and 2, respectively.
The outputs of two SPDs are sent into the coincidence
circuit to obtain coincidence counts. Normalized coinci-
dence counts can be expressed as [11,20]
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Fig. 3. (a) Setup for measuring spatial quantum beating: VDL,
variable delay line; 50/50, 50/50 coupler; PC, polarization con-
troller. (b) Spatial quantum beating of discrete frequency-
entangled two-photon state. Circles are experimental results;
solid line is the fitting curve with a fitting visibility of
98.2 £ 1.3%, without subtracting accidental coincidence counts.
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where V|, is the visibility of spatial quantum beating.
&(o x A7) is related to the spectral properties of signal
and idler side filters, which is sinc(c x A7) if the transmis-
sion property of filters for signal and idler photons have
Gaussian profiles. ¢ is the angular frequency bandwidth
of the filters, which is ¢ = 2z x 32 x 10° Hz in the experi-
ment; v; ; are the frequencies of idler and signal photons;
the frequency spacing of them is 800 GHz in the experi-
ment. Figure 3(b) shows the experimental result of the
spatial quantum beating, under a photon pair generation
rate of about 0.01/pulse with an average pump power
level of 12.6 pW. Circles are experimental results, in
which accidental coincidence counts are not subtracted.
The solid line is a fitting curve according to Eq. (b),
showing a visibility of 98.2 + 1.3%, without subtracting
accidental coincidence counts (99.2 &+ 1.1% if the acci-
dental coincidence counts are subtracted). The period
of spatial quantum beating fringe is 1.25 ps, i.e., a period
of 375 pm in length, which is determined by the frequency
spacing between the idler and signal photons. It can be
seen that the experimental result agrees well with the
predication of Eq. (5), demonstrating the frequency en-
tanglement of the prepared two-photon state.

In summary, in this Letter, the generation of a 1.5 pm
discrete frequency-entangled two-photon state has been
realized based on a piece of commercial PMF in a MSFL.
Correlated two-photon states are generated along the
two propagation directions of the MSFL, respectively,
and are output from it with orthogonal polarizations.
Their quantum interference is realized through a 45°
polarization collimation between polarization axes of
PMFs inside and outside the MSFL, while the phase dif-
ference of the two correlated two-photon states is con-
trolled by the polarization state of the pump light. A
nonclassical TPI was experimentally measured with a fit-
ting visibility of 98.0 £ 1.2%, without subtracting acciden-
tal coincidence counts. Discrete frequency-entangled
two-photon states were obtained at the output ports of
the PBS2, while a circularly polarized pump light is in-
jected into the MSFL. The frequency-entangled property
was measured by a spatial quantum beating experiment
with a fitting visibility of 98.2 4+ 1.3%, under a photon pair
generation rate of 0.01/pulse. The experimental results
demonstrate that this scheme generates a 1.5 pm discrete
frequency-entangled two-photon state in a polarization-

maintaining way, which is desired in developing practical
quantum light sources for quantum information.
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