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In this paper, a generation scheme for telecom band hyper-entanglement is proposed and demonstrated
based on the vector spontaneous four wave mixing (SFWM) processes in optical fibers. Two kinds of
two-photon states are generated, one is hyper-entangled in the degree of freedoms (DOFs) of energy-time
and polarization, the other is hyper-entangled in DOFs of energy-time and discrete-frequency. Experiments
of Franson-type interference, two-photon interference under non-orthogonal polarization bases and spatial
quantum beating are realized to demonstrate the entanglement in energy-time, polarization and frequency,
respectively. This scheme provides a simple way to realize telecom band hyper-entanglement, which has
potential for large geographic-scale applications of quantum communication and quantum information
over optical fibers.

pairs' are important resources in quantum information applications including quantum super-dense

coding®® and quantum key distribution*. Previous schemes for hyper-entanglement generation were
usually based on spontaneous parametric down-conversion (SPDC) in nonlinear crystals®. Polarization,
momentum and energy-time are most commonly used DOFs of photons in hyper-entanglement based on
SPDC. In recent years, as the development of quantum engineering, entangled photon-pair generation schemes
based on spontaneous four wave mixing (SFWM) in optical fibers have attracted much attention. These schemes
support entanglement generation at low loss transmission window of silica optical fibers, based on technologies of
optical communication and networks®'?. Recently, the generation of energy-time entangled photon pairs is
realized in optical fibers'®, which has great potential for large geographic-scale quantum information applications,
such as long distance quantum key distribution'*"?, thanks to its robustness to environment variations. It can be
expected that hyper-entanglement in energy-time and other DOFs would further extend the applications of
entangled photon pairs over optical fibers.

In this paper, we propose and demonstrate a scheme to generate 1.5 pm hyper-entangled photon pairs in
optical fibers. Two kinds of hyper-entangled two-photon states are realized, one is hyper-entangled in DOFs of
energy-time and polarization, the other is hyper-entangled in DOFs of energy-time and discrete-frequency. This
scheme is based on the indistinguishability of the two vector SFWM processes in optical fibers, which are
stimulated simultaneously by two pump lights with orthogonal polarizations and different frequencies. The
experiments of Franson-type interference'®, two-photon interference under non-orthogonal polarization bases,
and spatial quantum beating'” are realized to demonstrate the entanglements in the generated photon pairs in the
DOFs of energy-time, polarization and discrete-frequency, respectively.

W ith entanglement in more than one degrees of freedom (DOFs) of photons, hyper-entangled photon

Results

Principle of hyper-entanglement generation based on vector SFWM in optical fibers. The SFWM is a kind of
nonlinear processes caused by the y*® nonlinearity, in which two pump photons are annihilated, while two
photons are generated simultaneously. Traditionally, the photon with higher frequency is named as signal
photon, and the other photon is named as idler photon. The energy conservation is satisfied in the SFWM
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processes, leading to the frequency relation of w,; + Wy, = , + w;,
where wy,;, 0,,, @, and ; denote the frequencies of the two pump
photons, the signal photon and the idler photon, respectively. For an
isotropic medium, the nonzero elements of the third order nonlinear

() 6 0

tensor 7% are y;i, Ziyi» 1j5i» where i, j € {x, y, 2}, x, y and z are three

orthogonal coordinate directions. In optical fibers, the 71(13”) i € {x,y}
supports scalar SFWM processes, in which the annihilated pump
photons and generated signal and idler photons are all polarized in
the same direction. While, the /1(;3 ) X,(-;-j), and A](;) L] € yhi# g,
may support vector SFWM processes. Two kinds of vector SFWM
processes are shown in Fig. 1, in which the annihilated two pump
photons are polarized in two orthogonal directions, the generated
signal and idler photons are also polarized orthogonally. H and V in
the figure denote two orthogonal polarization directions (H:
Horizontal direction, V: Vertical direction) in the fiber.

In the proposed schemes for the hyper-entanglement generation
in optical fibers, two orthogonally polarized continuous wave (CW)
pump lights with different frequencies are injected into the optical
fiber to stimulate the two vector SFWM processes simultaneously.
The two processes are indistinguishable and coherently superposed,
which is the basis for the hyper-entanglement generation. In each
vector SFWM process shown in Fig. 1, the signal and idler photons
are generated simultaneously, ensuring the property of energy-time
entanglement. The two-photon states generated by the two vector
SFWM processes can be expressed as®

wi= [ aoxep@mi-avo.

) jm W @V)ET(~QH). (@)

0

where |¥,) and |¥,) are the states for the left and right processes in
Fig. 1, respectively. Q = (wp; + 02)/2 — 0; = 0; — (wp1 + 04)/2, s
the frequency detuning, where Wp1> Dp, O and w; are the frequencies
of the two pump lights, the signal photon and idler photon, respect-
ively. In an optical fiber without birefringence, the amplitudes of the
two-photon states generated by the two vector SFWM processes are
the same, which are denoted by £(Q).

Equation (1) and (2) show that in each vector SFWM process, the
two photons in a pair are polarized orthogonally. To generate the
hyper-entanglement in DOFs of energy-time and polarization, a
proper optical filter system should be applied to route the generated
photons to two paths by their frequencies. In each path, the polariza-
tions of the generated photons are not determined due to the indis-
tinguishability of the two vector SFWM processes, leading to the
polarization entanglement generation. The central frequencies of
the filters for the signal and idler photons can be denoted by w
and w;q, respectively, which satisfy the relation of wy + wjo = w,; +
;. The filter bandwidths for the signal and idler photons are the
same and denoted by J. If the bandwidth 6 is narrow, the two-photon
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Figure 1| Vector SFWM processes stimulated by two pump lights with
orthogonal polarizations and different frequencies for the hyper-
entanglement generation. H and V denote two orthogonal polarization
directions (H: Horizontal direction, V: Vertical direction). The proposed
scheme for the hyper-entanglement generation is based on the coherent
superposition of the two vector SFWM processes.

state at the two paths after the optical filter system can be expressed as

Q) +0/2
|¥5)=¢ JQ o dQal, (Q.H)a!, (—Q.V)|0)
Qo +9/2
e L 2L, @V, (~QH)) (3)
-

Wy +0/2
~ J dcos\ws)|wp1—|—wp2—w5>®(|HV>+|VH)),
Wy —0/2

where, &I,so and &:[m denote the creation operators at the two paths for
the signal and idler photons, respectively. €, is defined by Qg = (w,,
+ wp)2 — wip = 0y — (Wp1 + Wp)I2. E(Q) is approximated to a
constant ¢ = &(Q). The state |'¥';) shows hyper-entanglement in
DOFs of energy-time and polarization.

To generate hyper-entanglement in DOFs of energy-time and
discrete-frequency, a polarization beam splitter should be used to
route the generated photons by the two vector SFEWM processes to
two paths by their polarizations. The polarization relation of signal
and idler photons in the vector SFWM processes ensures that the two
generated photons in the same process would exit via the two paths
separately. While, in each path the frequencies of the generated
photons are not determined due to the indistinguishability of the
two vector SFWM processes, leading to the frequency entanglement
generation. Especially, if the frequencies of the signal and idler
photons are defined by narrow band optical filters at w and ;o
with bandwidths of J, the discrete-frequency entanglement can be
generated. If the bandwidth 6 is narrow, the two-photon state can be
expressed as

Qy+0/2
wo=c|  doa @ -
Qy+0/2 ) +
ve|  aaa (-0 @p @)

W +0/2
~ [ dws\ws>|wp1+wp2*ws>®(|wsowio>+|wiowso>)7
Jwg—0/2

where, &L and &:r/ denote the creation operators at the two paths for
the photons polarized in H and V directions, respectively. Q is
defined by Qy = (wp; + @2)/2 — Wi = 0 — (Wp + @y2)/2 and
£(Q) is approximated to a constant & = £(Q). The state |'¥4) shows
hyper-entanglement in DOFs of energy-time and discrete-frequency.

Hyper-entanglement in energy-time and polarization. The ex-
periment setup for the demonstration of hyper-entanglement in
energy-time and polarization is shown in Fig. 2. The two pump
lights are generated by two CW lasers (Agilent 81980 A and Book-
ham TL5000DCJ), under wavelengths of 1551.80 nm (C32, ITU
channel 32) and 1553.33 nm (C30, ITU channel 30), respectively.
The linewidths of the two lasers are 100 kHz (Agilent 81980A) and
5 MHz (Bookham TL5000DC]J), respectively. Each of the pump light
passes through an optical filter module to suppress noise photons at
the signal and idler frequencies. The two pump lights are combined
under orthogonal polarization directions by a polarization beam
combiner (PBC). A piece of dispersion shifted fiber (DSF) is used
as the nonlinear medium, which is about 500 meters in length. The
DSF is cooled by liquid nitrogen bath to suppress the noise photons
generated by the spontaneous Raman scattering'®. Correlated signal
and idler photons are generated in the DSF by the vector SFWM
processes with orthogonal polarization directions.

To generate hyper-entanglement in energy-time and polarization,
the generated photons are routed to two paths according to their
frequencies by an optical filter module composed of cascaded com-
mercial density wavelength division multiplexers (DWDMs). The
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Figure 2 | The experiment setup for the demonstration of hyper-entanglement in energy-time and polarization. (a) Two CW pump lights with
orthogonal polarizations and different frequencies are combined by a PBC, then injected into a piece of DSF to stimulate the vector SFWM processes,
generating correlated signal and idler photons with orthogonal polarizations. The signal and idler photons are routed to two paths according to their
frequencies by an optical filter module realized by cascaded DWDMs. The generated photon pairs are measured by the quantum states analyzer for
specific entanglement and two SNSPDs. The measurement results are recorded by a TCSPC module. (b) The quantum state analyzer for energy-time
entanglement, composed of two UMZIs. (c) The quantum state analyzer for polarization entanglement, composed of two fiber polarization controllers

(FPCs) and two rotatable polarizers (Ps).

central wavelength and full width at half maximum (FWHM) of the
filter for the signal photons are 1549.32 nm (C35, ITU channel 35)
and 118 GHz, respectively. Those for the idler photons are
1555.75 nm (C27, ITU channel 27) and 139 GHz, respectively [see
Methods for more details]. Then, the selected signal and idler
photons are detected by two NbN superconducting nanowire single
photon detectors (SNSPDs)'** after quantum state analyzers for
energy-time entanglement or polarization entanglement.

The two SNSPDs are operated at 2.2 K in a Gifford-Mcmahon
cryocooler. Since the detection efficiencies of the SNSPDs depend on
the polarization of the injected photons, two fiber polarization con-
trollers (FPCs) are used to maximize the detection efficiencies before
the two SNSPDs. The detection efficiencies, timing jitters and dark
count rates of the two SNSPDs are about 30%, 60 psand 100 Hz. The
detection events of the SNSPDs are recorded by a time correlated
single photon counting module (TCSPC, PicoQuant, PicoHarp 300)
with a bin width of 4 ps and time resolution of 12 ps rms. The small
timing jitters of SNSPDs and high resolution of the TCSPC module
ensure that a narrow time domain filter can be utilized in the coin-
cidence measurement to suppress the impact of noise photons [see
Methods for more details].

The experiment of Franson-type interference is realized to char-
acterize the energy-time entanglement property, in which two unbal-
anced Mach-Zehnder interferometers (UMZIs) are used as the
quantum state analyzer as shown in Fig. 2(b). The UMZIs are com-
mercial DPSK demodulators (Kylia mint-1x2-L-2.5 GHz) with arm
length differences of Aty = 400 ps in time domain. The relative
phase differences between the two arms of the UMZIs can be tuned
by the voltages applied on the DPSK modulators, which are denoted
by o and f3, respectively. According to the FWHM of filters for signal
and idler photons, the coherence time of the single photon wave
packet of generated photons is about 7, ~ 8 ps. On the other hand,
the coherence time of the two-photon wave packets generated by the
vector SFWM processes is determined by the coherence times of the
two pump lights. Since the linewidth of one pump light is far larger

than that of the other, the coherence time of the two-photon wave
packets can be estimated by the coherence time of the pump light
with wider linewidth, which is about 7, ~ 0.2 ps. Hence, a Franson-
type interference with high visibility can be expected under the con-
dition of 7} K Atypz1 <K 13.

The experiment results for the energy-time entanglement are
shown in Fig. 3. Figure 3(a) is a typical result recorded by the
TCSPC in the coincidence measurement, under the single side count
rates of 3.77 X 10° Hz and 3.38 X 10° Hz for signal and idler
photons, respectively (the insertion losses of the UMZIs for the signal
and idler photons are 3.89 dB and 4.16 dB, respectively). There are
three coincidence peaks due to the arm length differences of the two
UMZIs at signal and idler sides. The central coincidence peak is
contributed by two cases, corresponding to that both photons pass
through the long arms of the UMZIs and that both photons pass
through the short arms of the UMZISs, respectively. The two cases are
indistinguishable and their states are coherently superposed, show-
ing the property of energy-time entanglement'®. As a result, the
central coincidence peaks show an interference fringe under varying
relative phase differences of the UMZIs. The measurement results of
the interference fringes are shown in Fig. 3(b). The raw coincidence
counts are calculated by the sum of 20 time bins, equivalent to a time
domain filter of 80 ps, which is the FWHM of the coincidence peak.
The counting time for each measurement is 1 minute. The accidental
coincidence counts are calculated by the sum of the counts in 20 time
bins outside the coincidence peaks. The net coincidence counts are
obtained by subtracting the accidental coincidence counts from the
raw coincidence counts. Figure 3(b) shows the interference fringes of
the net coincidence counts, in which the coincidence counts are
measured under different o when f is fixed at 6.38 rad or 7.29 rad,
respectively. The interference visibilities are calculated by curve fit-
ting. The interference visibilities for net coincidence counts are 99 *
1% for both § = 6.38 rad and § = 7.29 rad. For the raw coincidence
counts, the interference visibilities are 84 + 1% for both § = 6.38 rad
and f# = 7.29 rad. During the measurement, the single side count
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Figure 3 | Franson-type interference induced by the energy-time entanglement. (a) A typical result of the coincidence in the experiment of Franson-
type interference. The square with dashed line indicates the time domain filter used to extract the coincidence counts. (b) The interference fringes
of the net coincidence counts in the experiment of Franson-type interference. The visibilities are 99 = 1% (f = 6.38 rad), 99 * 1% (f = 7.29 rad),

calculated by curve fitting.

rates are almost unchanged under different relative phase differences
of the two UMZIs, showing that the fringes are induced by the energy-
time entanglement rather than the interference of single photons.
Either the measured visibilities for the net coincidence counts or that

for the raw coincidence counts are higher than 1 / V2, which is the

benchmark for the violation of the Bell inequality*', indicating the
energy-time entanglement generation. Comparing with previous
works about the energy-time entanglement'>”, the raw visibilities
are limited mainly due to the noise photons generated by the spon-
taneous Raman scattering in optical fibers. The ways to improve the
raw visibilities are discussed in the section of Discussion.

The entanglement property on the DOF of polarization is explored
by the two-photon interference under two non-orthogonal polariza-
tion bases, using two polarization analyzers as the quantum state
analyzer, which is shown in Fig. 2(c). Each polarization analyzer
includes a fiber polarization controller (FPC) and a rotatable polar-
izer (P). The angles of the polarizers for signal and idler photons are
denoted by 0, and 0,, respectively. Firstly, 0; is set to 0 and 0; is set to
7/2 rad, then the fiber polarization controllers are adjusted to max-
imize the coincidence counts. By this process, the detecting direc-
tions of the two polarization analyzers are collimated. Figure 4(a) is
the single side count rates of signal photons when 0; is varied and 0 is
set to 0 or —7/4 rad. It is shown that the single side count rates are
almost independent on the angle of polarizer, indicating that
photons at single sides are not polarized in some specific direction.
Figure 4(b) is the results of net coincidence counts obtained under a
time domain filter of 80 ps. The counting time for each measurement
is 30 seconds. It can be seen that the two-photon interference can be
observed under two non-orthogonal polarization bases, with fringe
visibilities of 94 * 1% under 6, = 0 and 96 = 1% under 0, = —n/
4 rad. For the raw coincidence counts, the visibilities are 88 = 1%
under 0; = 0 and 89 * 1% under 0, = —n/4 rad, respectively. Both
the measured visibilities for the net coincidence counts and that for
the raw coincidence counts are higher than 71%%, indicating the
polarization entanglement of the generated two-photon state.

Hyper-entanglement in energy-time and discrete-frequency. The
experiment setup for the demonstration of hyper-entanglement in
energy-time and frequency is shown in Fig. 5(a). Comparing with
Fig. 2(a), the two setups are similar, however, the optical filter module
for separating signal and idler photons in Fig. 2(a) is replaced by a
polarization beam splitter (PBS) in Fig. 5(a), which 8separates the
generated photons by polarization. The quantum state analyzers for
energy-time entanglement and frequency entanglement are shown in
Fig. 5(b) and (c), respectively.

The energy-time entanglement is also demonstrated by the experi-
ment of Franson-type nonlocal interference. The quantum state ana-
lyzer for this experiment is similar with the one shown in Fig. 2(b),
except that two optical filters at signal and idler frequencies are
inserted before the UMZIs to suppress the noise photons. The experi-
mental methods and conditions are also similar with the ones in
previous experiment and the results are shown in Fig. 6(a). It can
be seen that the interference visibilities for the net coincidence counts
are 98 = 1% under § = 6.38 rad and 99 * 1% under f§ = 7.29 rad,
respectively. For the raw coincidence counts, the interference visibi-
lities are 91 = 1% for both f# = 6.38 rad, and f§ = 7.29 rad. Either the
measured visibilities for the net coincidence counts or that for the
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Figure 4 | Two-photon interference under two non-orthogonal
polarization bases induced by polarization entanglement. (a) The single
side count rates of signal photons under 0, = 0 or 0; = —n/4 rad. (b) The
interference fringes of the net coincidence counts. The interference
visibilities are 94 = 1% (0, = 0) and 96 * 1% (0, = — /4 rad), calculated
by curve fitting.
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and idler photons; (c) The quantum state analyzer for the spatial quantum beating induced by frequency entanglement. A polarization-maintaining
variable delay line (PM-VDL) is used at one arm to adjust the arrival time difference of the two photons at the 50: 50 polarization-maintaining fiber
coupler (50:50 PM-FC). Two optical filters at signal and idler frequencies are set at the two output ports of the fiber coupler, respectively.

raw coincidence counts are higher than 1 / V2, indicating the

energy-time entanglement generation.

To demonstrate the discrete-frequency entanglement property, an
experiment of spatial quantum beating is realized utilizing the
quantum state analyzer shown in Fig. 5(c). The two photons entang-
led in frequency are injected to a 50:50 polarization-maintaining
fiber coupler (50:50 PM-FC). A polarization-maintaining variable
delay line (PM-VDL) is inserted in one input port of the fiber coupler
to adjust the arrival time difference between the two photons. Two
optical filters at signal and idler frequencies are set at the two output
ports of the 50:50 PM-FC, respectively.

The experiment results of the spatial quantum beating are shown
in Fig. 6(b). The squares are measured net coincidence counts under
different delay times of the VDL. The solid line is the fitting curve
according to"”

y=A[1—V f(1)cos(w,7)], (5)
where 7 is the delay times between signal and idler photons at the
50:50 PM-FC, V is the visibility of the spatial quantum beating
fringe. @, is the frequency difference between the signal and idler
photons. f(7) is a normalized function determined by the transmis-
sion spectra of the optical filters for the signal and idler photons. In
the experiment, the optical filters have flat top and steep falling edges
(See Fig. 7 in Method). Hence, their transmission spectra can be
approximated by a rectangular function with a bandwidth of w,,
while, f(t) can be approximated by a sinc function, f(r) =
sin(c, )/, 7. Figure 6(b) shows that the fitting curve agrees well
with the experiment results of spatial quantum beating. The fitted
results are @, = 21 X 112 GHz and w, = 27 X 788 GHz. Both of
them are close to the values calculated by the transmission spectra of
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® B=7.29rad
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Figure 6 | Quantum interference induced by hyper-entanglement in energy-time and discrete-frequency. (a) The interference fringes of the net
coincidence counts in the experiment of Franson-type interference. The interference visibilities are 98 * 1% (f = 6.38 rad) and 99 * 1% (ff = 7.29 rad),
respectively. (b) The spatial quantum beating fringe of the net coincidence counts induced by the frequency entanglement. The visibility of the spatial

quantum beating fringe is 91 = 3%.
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the optical filters for the signal and idler photons, which are w; o =
21 X 118 GHzand w, 5 = wy — w;o = 21 X 800 GHz, respectively.
The differences between the fitting results and the calculated values
may be due to that the two pump frequencies (wp; and w,;) and
central frequencies of the optical filters for signal and idler photons
(wy and w;p) have a small mismatch. The interference visibility is V'
= 91 * 3% for net coincidence counts. For the raw coincidence
counts, the visibility is 85 = 3%. According to Ref. 23, the nonzero
visibility of spatial quantum beating in our experiment indicates the
discrete-frequency entanglement property in the generated photon
pairs. Comparing with previous works of frequency entanglement™,
the net visibility of spatial quantum beating in this paper is mainly
limited by the polarization misalignment at the PBS or 50:50 PM-
FC.

Discussion

In the experiments shown in this paper, although the interference
visibilities for the raw coincidence are all higher than the criterion for
entanglement, they are limited by noise photons mainly generated by
the spontaneous Raman scattering. In our experiments, two methods
have been applied to suppress the impacts of the spontaneous Raman
scattering. On one hand, the optical fiber is cooled to 77 K by liquid
nitrogen bath to reduce the Raman noise photon generation rates'®.
On the other hand, narrow time domain filters are used to reduce the
contribution of the noise photons to the coincidence counts [see
Methods for more details]. However, since the raw fringe visibilities
indicate the performances of the proposed hyper-entanglement gen-
eration scheme in quantum information applications, higher raw
fringe visibilities are always desired. A direct way to increase the
raw fringe visibility is cooling the fiber to lower temperature.
Previous works of fiber based quantum light sources have shown
that Raman noise photon generation rates can be highly reduced
by cooling the fiber to 4 K through liquid helium bath®. Recently,
photon pair generations in on-chip integrated waveguides, such as
silicon waveguides®®*” or chalcogenide waveguides®, have attracted
much attention. Quantum light sources based on these waveguides
have the potential for room temperature operation thanks to their
properties of low Raman noises. Hence, the scheme proposed in this
paper provides a way to realize on-chip integrated hyper-entanglement
sources with high performance, if proper waveguide designs are made
to support the two vector SFWM processes in these waveguides.

It is worth noting that when the two pump lights propagate
through the optical fiber, scalar SFWM processes by single pump
light would also be stimulated. Since the frequency relations among
the pump lights and generated signal and idler photons in the scalar
processes are different from those of vector SFWM processes, the
scalar processes have no contribution on the hyper-entanglement
generation if proper optical filters are used to select signal and idler
photons. Hence, in this scheme the scalar SFWM processes only
introduce noise photons at both sides without correlation, like the
noise photons generated by the spontaneous Raman scattering. Our
previous work' about energy-time entanglement generation in
optical fibers has shown that the photon generation rate by the scalar
SEWM processes under CW pumping is far smaller than the noise
photon generation rate by the spontaneous Raman scattering.
Furthermore, the impact of noise photons can be effectively sup-
pressed by the technique of time domain filters [see Methods for
details]. Hence, the scalar SFWM processes in the fiber have little
impact in this scheme.

Asasummary, we proposed and demonstrate a generation scheme
for telecom band hyper-entanglement based on vector SFWM pro-
cesses, which are stimulated by two orthogonal polarized CW pump
lights with different frequencies. Two kinds of hyper-entangled two-
photon states are generated. One is hyper-entangled in DOFs of
energy-time and polarization. Its property of energy-time entangle-
ment is demonstrated by the Franson-type interference with fringe
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Figure 7 | The transmission spectra of optical filters for the signal and
idler photons. The measured sideband isolations are about —70 dB, which
are limited by the dynamical range of the swept test system (Santec,
STS510).

visibilities (for the net coincidence counts) of 99 * 1% for both f§ =
6.38 rad and f§ = 7.29 rad. Its property of polarization entanglement
is demonstrated by the two-photon interference under two non-
orthogonal polarization bases, with fringe visibilities (for net coin-
cidence counts) of 94 = 1% under 0, = 0 and 96 = 1% under 0, =
—mn/4 rad, respectively. The other is hyper-entangled in DOFs of
energy-time and discrete-frequency. The property of energy-time
entanglement is also demonstrated by the Franson-type interference,
with fringe visibilities (for net coincidence counts) of 98 = 1% under
p = 6.38 rad and 99 = 1% under f§ = 7.29 rad, respectively. Its
property of frequency entanglement is demonstrated by the experi-
ment of spatial quantum beating, with a fringe visibility (for net
coincidence counts) of 91 * 3%. This scheme provides a simple
way to realize telecom band hyper-entanglement, which has poten-
tials for long distance distribution over optical fiber, preferred in
large geographic-scale applications of quantum communication
and quantum information.

Methods

Optical filtering for signal photons, idler photons and pump lights. In the
experiments, the optical filters for signal photons, idler photons and pump lights are
realized by cascading 4 DWDMs, respectively, which are commercial devices for
optical communication. The insertion losses of these filters are all lower than 2 dB.
Their isolations at adjacent channels are larger than 120 dB, estimated by the
parameters of each DWDM device and the fact that commercial DWDM devices have
very high return loss. For non-adjacent channels, their isolations are even much
higher. The transmission spectra of the filters for signal and idler photons are shown
in Fig. 7, measured by a swept test system (Santec, STS510).

Noise suppression by the narrow time domain filter. In the experiment, under the
CW pumping configuration, the generation rate of noise photons in optical fibers,
including those by the spontaneous Raman scattering and those by the scalar SFWM
processes, is much higher than that of entangled photon pairs by vector SFWM
processes. A narrow time domain filter is applied in the experiment to suppress the
impact of noise photons. To measure the coincidence counts and accidental
coincidence counts, the detection events of the two SNSPDs are delivered to the
trigger port and signal port of the TCSPC, respectively. The event sent to the trigger
port starts the timer in the TCSPC. The event sent to the signal port stops the timer in
the TCSPC, forming a start-stop event. In the measurement, a histogram is carried out
by the statistics on the spans of recorded start-stop events. If the start-stop event is
generated by an entangled photon pair, its span should be a fixed value, which is
determined by the travel time difference of the two photons to the two SNSPDs. On
the other hand, the spans of the start-stop events due to noise photons are random in
time. Hence, the contribution of entangled photon pairs can be discriminated in the
histogram and selected out by a time domain filter. It can be expected that the
narrower the time domain filter, the better the noise suppression, however, the peak
for the coincidence counts would be extended by the timing jitters of single photon
detectors and the TCSPC module, which provides a limit to the filter width.
Comparing with the single photon detectors based on APDs (Avalanche
photodetectors), SNSPDs have far lower timing jitters. In the experiment, the timing
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jitters of the two SNSPDs are 60 ps, respectively, and the timing jitters of the TCSPC is
12 ps. Such low timing jitters of SNSPDs and the TCSPC support a time domain filter
width as narrow as 80 ps, leading to a high suppression of the impact of noise photons
on coincidence count measurement.

1. Kwiat, P. G. Hyper-entangled states. J. Mod. Opt. 44, 2173-2184 (1997).

2. Barreiro, J. T., Wei, T.-C. & Kwiat, P. G. Beating the channel capacity limit for
linear photonic superdense coding. Nat. Phys. 4, 282-286 (2008).

3. Walborn, S. P. Hyperentanglement: Breaking the communication barrier. Nat.
Phys. 4, 268-269 (2008).

4. Gauthier, D. J. et al. Quantum key distribution using hyperentangled time-bin
states. In Conference on Coherence and Quantum Optics (Optical Society of
America, 2013), pp. W2A-2.

5. Barreiro, J. T., Langford, N. K., Peters, N. A. & Kwiat, P. G. Generation of
hyperentangled photon pairs. Phys. Rev. Lett. 95, 260501 (2005).

6. Wang, L., Hong, C. & Friberg, S. Generation of correlated photons via four-wave
mixing in optical fibres. J. Opt. B: Quantum and Semiclass. Opt. 3, 346 (2001).

7. Fiorentino, M., Voss, P. L., Sharping, J. E. & Kumar, P. All-fiber photon-pair
source for quantum communication. Photon. Technol. Lett. 27, 491493 (2002).

8. Brainis, E. Four-photon scattering in birefringent fibers. Phys. Rev. A 79, 023840
(2009).

9. Zhou, Q., Zhang, W., Cheng, J., Huang, Y. & Peng, ]. Polarization-entangled bell
states generation based on birefringence in high nonlinear microstructure fiber at
1.5 um. Opt. Lett. 34, 2706-2708 (2009).

10. Zhou, Q., Zhang, W., Cheng, J., Huang, Y. & Peng, J. Noise performance
comparison of 1.5 pm correlated photon pair generation in different fibers. Opt.
Express 18, 17114-17123 (2010).

. Fang, B., Cohen, O., Moreno, J. B. & Lorenz, V. O. State engineering of photon
pairs produced through dual-pump spontaneous four-wave mixing. Opt. Express
21, 2707-2717 (2013).

. Halder, M. et al. Nonclassical 2-photon interference with separate intrinsically
narrowband fibre sources. Opt. Express 17, 4670-4676 (2009).

13. Dong, S. et al. Energy-time entanglement generation in optical fibers under CW

pumping. Opt. Express 22, 359-368 (2014).

14. Ali-Khan, I, Broadbent, C. J. & Howell, J. C. Large-alphabet quantum key
distribution using energy-time entangled bipartite states. Phys. Rev. Lett. 98,
060503 (2007).

. Zhang, Z., Mower, J., Englund, D., Wong, F. N. & Shapiro, J. H. Unconditional
security of time-energy entanglement quantum key distribution using dual-basis
interferometry. Phys. Rev. Lett. 112, 120506 (2014).

. Franson, J. D. Bell inequality for position and time. Phys. Rev. Lett. 62, 2205
(1989).

17. Ou, Z. & Mandel, L. Observation of spatial quantum beating with separated
photodetectors. Phys. Rev. Lett. 61, 54 (1988).

. Takesue, H. & Inoue, K. 1.5-pm band quantum-correlated photon pair generation
in dispersion-shifted fiber: suppression of noise photons by cooling fiber. Opt.
Express 13, 7832-7839 (2005).

19. You, L. et al. Jitter analysis of a superconducting nanowire single photon detector.

AIP Advances 3, 072135-072135 (2013).

20. Chen, S. et al. Time-of-flight laser ranging and imaging at 1550 nm using low-
jitter superconducting nanowire single-photon detection system. Appl. Opt. 52,
3241-3245 (2013).

1

—

1

o

1

w

1

(=2}

1

o

21. Tittel, W., Brendel, J., Gisin, N. & Zbinden, H. Long-distance bell-type tests using
energy-time entangled photons. Phys. Rev. A 59, 4150 (1999).

22. Takesue, H., Inoue, K., Tadanaga, O., Nishida, Y. & Asobe, M. Generation of
pulsed polarization-entangled photon pairs in a 1.55-pum band with a periodically
poled lithium niobate waveguide and an orthogonal polarization delay circuit.
Opt. Lett. 30, 293-295 (2005).

. Fedrizzi, A. et al. Anti-symmetrization reveals hidden entanglement. New J. Phys.
11, 103052 (2009).

24.Li, X. et al. All-fiber source of frequency-entangled photon pairs. Phys. Rev. A 79,

033817 (2009).

25. Dyer, S. D, Stevens, M. J., Baek, B. & Nam, S. W. High-efficiency, ultra low-noise
all-fiber photon-pair source. Opt. Express 16, 9966-9977 (2008).

. Sharping, J. E. et al. Generation of correlated photons in nanoscale silicon
waveguides. Opt. Express 14, 12388-12393 (2006).

27. Guo, Y. et al. The impact of nonlinear losses in the silicon micro-ring cavities on
CW pumping correlated photon pair generation. Opt. Express 22, 2620-2631
(2014).

. Collins, M. J. et al. Low Raman-noise correlated photon-pair generation in a
dispersion-engineered chalcogenide As,S; planar waveguide. Opt. Lett. 37,
3393-3395 (2012).

2

[

2

(=2}

2

o«

Acknowledgments

This work was supported by 973 Programs of China under Contract No. 2011CBA00303
and 2013CB328700, Basic Research Foundation of Tsinghua National Laboratory for
Information Science and Technology (TNList), National Natural Science Foundation of
China (91121022), Strategic Priority Research Program (B) of the Chinese Academy of
Sciences (XDB04010200 and XDB04020100).

Author contributions

S.D. designed and performed experiments, analyzed data and wrote the manuscript. L.J.Y.,
J.J.W.and W ]J.Z. performed experiments. W.Z. designed experiments, analyzed data, wrote
the manuscript and supervised the project. LX.Y. and Y.D.H. supervised the project and
edited the manuscript.

Additional information

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

How to cite this article: Dong, S. et al. Generation of hyper-entanglement in polarization/
energy-time and discrete-frequency/energy-time in optical fibers. Sci. Rep. 5, 9195;
DOI:10.1038/srep09195 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
5v License. The images or other third party material in this article are included in the
article’s Creative Commons 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 in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9195 | DOI: 10.1038/srep09195


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

	Generation of hyper-entanglement in polarization/energy-time and discrete-frequency/energy-time in optical fibers
	Introduction
	Results
	Principle of hyper-entanglement generation based on vector SFWM in optical fibers
	Hyper-entanglement in energy-time and polarization
	Hyper-entanglement in energy-time and discrete-frequency

	Discussion
	Methods
	Optical filtering for signal photons, idler photons and pump lights
	Noise suppression by the narrow time domain filter

	Acknowledgements
	References


