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The ultimate goal of quantum information science is to build a global quantum
network, which enables quantum resources to be distributed and shared between
remote parties. Such quantum network can be realized by all fiber elements, which
takes advantage of low transmission loss, low cost, scalable and mutual fiber
communication techniques such as dense wavelength division multiplexing (DWDM).
Therefore high quality entangled photon sources based on fibers are on demanding for
building up such kind of quantum network. Here we report multiplexed polarization
and time-bin entanglement photon sources based on dispersion shifted fiber (DSF)
operating at room temperature. High qualities of entanglement are characterized by
using interference, Bell inequality and quantum state tomography. Simultaneous
presence of entanglements in multi-channel pairs of a 100GHz DWDM shows the
great capacity for entanglements distribution over multi-users. Our research provides
a versatile platform and moves a first step toward constructing an all fiber quantum
network.

Entanglement is one of the key resources in quantum information processing, which
enables some incredible applications such as quantum teleportation [1-3], dense
coding [4], enhanced sensitivity in image and metrology [5-7]. Usually, entanglement
can be created in various physical systems based on second or third order nonlinear
processes, some instances of entanglement generation include: spontaneous
parametric down conversion (SPDC) based on bulk or waveguide nonlinear crystals
[8, 9]; spontaneous Raman scattering(SRS) or spontaneous four wave mixing (SFWM)
in atomic ensembles [11, 12], dispersion shifted fibers (DSF)[13-15], silicon
waveguide [16-18] and photonic crystal fibers(PCF)[19]. For conserving of energy,
linear momentum and angular momentum in these nonlinear interaction processes,
entanglement can be created in different degree of freedoms of photon, the common
generated photonic entangled source are polarization, time-bin, path, and orbital
angular momentum entanglement[20].
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Though various system can be used for preparing different kinds of entanglements,
for the purpose of constructing a global quantum network and distributing
entanglement over remote parties, to generate photonic entanglements lie in the low
loss transmission windows of fiber is indispensable [21]. To generate entanglement
photon source using commercial DSF shows evident advantages over other methods
for its directly connectable to fiber, free of free space alignment, a large amount of
cheap fiber elements can be used at your hand, easily to be integrated for scaling and
some mutual fiber communication techniques such as dense wavelength division
multiplexing (DWM) and time division multiplexing can be used to enhance the
information transmission capacity. In the past decades, big advances in preparing
polarization and time-bin entangled photon sources are made by using DSF [13-15] or
photonic crystal fiber [19]. Also significant progresses in suppressing the intense
Raman scattering noise of photon pair generating in DSF have been achieved by using
pulse pumping, polarization filtering, high performance superconducting nanowire
single photon detectors for time filtering and cooling with liquid gasses [22, 23], the
coincidence to accidental coincidence ratio is increased to very high level, which is
feasible to be used in quantum information processing task. Very recently, ground
break works on quantum storage of telecom band photonic polarization qubit,
time-bin entangled state and frequency multiplexed modes in erbium doped optical
fiber are demonstrated [24-26], which show great potential for implementing a long
distance all fiber quantum networks. All fiber entangled photon sources are good
candidate for achieving this goal. Though there are many works reported on preparing
entangled photon source based on DSF, no one reported wavelength multiplexed
entangled source based on DSF, which has the same figure of merits as reported in ref.
[18], these merits include: realizing entanglement over multi-frequency modes, which
enable engineering a complex quantum state; compatible with contemporary telecom
fiber and quantum memories, and with chip-scale semi-conductor technology, which
is capable for compact, low cost and scalable applications.

In this work, we show multiplexed entanglement photon sources over three pairs
of 100GHz DWDM channels for both polarization and time-bin based on DSF for the
first time. Our source has good entanglement quality operating at room temperature,
the coincidence to accidental coincidence ratio (CAR) reaches 30 without cooling the
DSF with liquid gases. The visibilities are nearly 90% without subtraction of
background coincidences, and reaches near unity after the background is subtracted.
The CHSH equality measured for the polarized entangled source has S value of 2.38
+ 0.12 with violation of more than 3 standard deviations. By quantum state
tomography for the time-bin entangled source, we obtain a fidelity of 0.912040.0120
(0.9723£0.0070)without (with) background subtraction. All three channel pairs have
high two-photon interference visibilities, which show the capability to distribute
entanglement over multi-users. The present multiplexed entangled photon sources are
of great importance for realizing an all fiber quantum networks and enhancing the
transmission capacity by using the state-of-art DWDM technique.

Multiplexed polarization entangled source



The experimental setup for generating polarized entangled photon source is showed in
figure 1. A homemade mode locked fiber laser centered at 1550.1nm, which has
repetition rate of 27.9MHz and pulse width of 25 ps, is used as the pump beam []. The
pump beam is firstly passed through a variable attenuator for adjusting the pump
power, then the broad band background fluorescence photon is filtered out with
cascading of 100GHz DWDM filters. The clean pump beam is used to pump a fiber
loop with 300 m DSF for generating polarization entangled photon pairs through
SFWM. The strong pump beam is removed by cascading 200GHz DWDM filters,
then a 32 Channel 100GHz DWDM is used for distributing polarization entanglement
at correlated channel pairs. Output ports of each channel pairs are connected to
avalanched photon detector (APD1, APD2, IDQ, 1D220), output signals from ADP1,
2 are sent to our coincidence count device (Pico quanta, timeharp 260, 0.4 ns
coincidence window).
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Figure 1. Experimental setup for multiplexed polarization entangled photon pairs.

The principle for this fiber loop is similar to a Sagnac interferometer loop for
generating polarization entangled photon source based on second order nonlinear
crystals in the SPDC processes [9]. In the present case, the pump beam is split into

clockwise and counterclockwise directions by a polarized beam splitter (PBS) for
generation photon pairs with polarization states of |[H) [H) and |v) |v) . After

photon pairs from the two counter propagation directions recombined at the PBS, the
photonic state at the output port of the fiber loop can be expressed as [14]

|®@)=|HH)+7e" W) (1)
Wherenis determined by the ratio of pump power; &§=2(¢,+Ak L)depends on the

initial phase ¢, of the pump beam at the input port and the birefringence



Ak, =k, —k,, experienced by the pump beam in the H and V polarizations. By

changed the pump power and initial phase, we can generate the maximally entangled
states|®)" =1/2(HH)£|W)) .

In order to characterize the quality of our entangled source, different methods are
used in our experiment. We firstly measure the two-photon polarization interference
fringes at different settings. The experimental result is showed in figure 2(a), the raw
(net) visibilities in the 0 and 45 degree basis for channel C31-C37 are 89.33%+1.91%
(96.6141.06%) and 87.9241.95% (94.3941.33%) respectively. The greater than 71%
visibilities imply the presence of quantum entanglement.

To further characterize the performance of the entangled source, we measure the
CHSH inequality S parameter [27]. The S parameter measured for two sets of

polarization direction settings (9,=-22.5°, 67.5°%, 22.5°, 112.5% ¢ =-45°, 45°, 0°, 90°)

is 2.38+0.12 without background subtracted, which violates the inequality with more
than 3 standard deviations. After subtracting the background, the S parameter is 2.50
+0.12.
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Figure 2. Two photon interference fringes and CARs for multiplexed polarization
entangled source. (a)Coincidences in 60 s for channel pair C31-C37 as function of
signal polarizer angle, when the idler angle is fixed at 0 and 45 degree. (b)CARs for
different correlated channel pairs as function of average pump power.

To show the capability of entanglement distribution over multi-users by using
wavelength multiplexing, we measurement the CARs over three correlated channel
pairs by varying the pump power. The result is depicted in figure 2(b), the maximum
CAR reaches 30 at the average pump power of 20 uW. Channel pairs C31-C37 and
C32-C36 have similar behaviors, but channel pair C30-C38 has relative lower CAR
because of the spectral of photons in channel C30 and C38 are near the boundary of
the emitted photon pairs. The high CAR at room temperature demonstrates the
abilities for polarization entanglement distribution over multi-users by using DWDM



technique.

To know the actual performance of our multi-channel polarization entangled photon
pairs, we also measured the visibilities in 0 and 45 basis for the three channel pairs at
average pump power of 100 puW. The results are listed in table 1. All the raw
visibilities are greater than 80%, and the net visibilities are greater than 96%. The
simultaneous presence of high visibilities implies the high quality of our
multi-channel polarized entangled photon source. The average losses excluding the
detectors efficiency for signal and idler photon is around 8 dB, therefore the photon
pairs generation rates in 100GHz bandwidth of the channel pair C31-C37 is 1MHz,
which is equal to 0.11 Hz per pulse.

Table. 1. Visibilities for different channel pairs for 100 uW pump and 30 S coincidences

Channel Raw VO (%) Net VO (%) Raw V45 (%) Net V45 (%)
C31-C37 90.86+1.76 98.3440.72 90.50+1.70 97.0740.93
C32-C36 89.85:+1.50 98.9140.47 87.05+1.73 95.96:40.96
C30-C38 80.8743.11 98.2540.93 82.79+2.71 97.48+1.03

Multiplexed time-bin entangled source

Time-bin entangled photon pair source is another vital important quantum
resource, which is suitable for quantum key distribution over telecom fibers. The
scheme for time-bin entanglement generation is shown in figure 3, the pump laser,
forward and backward filters are the same as previous experiment. The pump beam is
split into two time bins by using a 1.6 ns unbalanced Michelson fiber interferometer
(UMI) [28, 29], which is consist of one fiber coupler and two Faraday rotator mirrors.
Each pump time-bin generated a pair of photon pair, after removing the pump beam,
the generated photon pairs are separated by a 32 Channel 100GHz DWDM. The
correlated channel pairs are connected to two UMIs with the same parameters as the
first UMI. Each UMI is separately sealed in an copper box and thermal insulation
from the air, the temperature of the copper boxes are controlled with homemade
semiconductor Peilter temperature controller with temperature fluctuation of +2mK.
Output of one of the interferometer is connected to an APD1(lightwave Princeton ,
100MHz trigger rate, 1 ns detection window, 15% detection efficiency), which is
gated by the synchronize signal from the mode-locked laser. The output from another
interferometer is connected to APD2 (IDQ, 1D220, free running detection, 20%
detection efficiency, 10 us dead time). The electrical detection output signal from
APD1 and APD2 are sent for coincidence measurement.
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Figure 3. experimental setups for multiplexed time-bin entangled photon pairs.

First of all, we’ll give a brief theoretical description of our time-bin entanglement
source. After the pump beam is divided into two time slots by forward UMI, the pump

photon is converted to state|'¥) =1/2(S)-e"|L)), where |s) and |L) denote the

photons pass through the short and long arms of the UMI respectively, ¢, is the

relative phase between the two arms. After transmitting of the pump beam from the
DSF, time-bin entanglement is created from the two time slots, which can be
expressed as [15]

1

NA

|D)=—=(|SS)—e*?|LL)) (2)

When the entanglement state in equation (2) is further transformed by two UMIs in
the signal and idler ports, and we post-select the central slot, we will obtain
two-photon interference fringes. The coincidence of the two photon is proportional to

1-Vcos(2¢, — ¢, —4) , here g, and ¢ are the relative phase of the UMIs in the signal and

idler ports respectively.



To characterize the quality of our time-bin entangled source in detail. We first
measure dependences of the two photon interference with respected to the pump,

signal and idler UMIs phases (4, , 4,, ¢ ) by tuning the temperatures of the three UMIs.

The results are showed in figure 4(a) and 4(b). In figure 4(a), the pump phase is kept
at 0, the idler phase is kept at 0 and n/4 for the red solid and green dashed curves
respectively. The raw (net) visibilities are 90.4532.30% (98.5840.85%) and
87.6542.59% (95.14+1.62%) respectively. Two curves in figure 4(b) show the results

when ¢, =¢ =0andg¢, =4 =0 , which verify that the two photon interference fringe

has oscillation period of &t for pump phase and 2r for signal (idler) phase.

To fully characterize a quantum state, quantum state tomography is required. We
use the method introduced in ref. [30] for projected measurements on different basis.
The real and imaginary part for our reconstructed density matrix are showed in figure
4(c) and 4(d), the raw (net) fidelity of our experimental density matrix from the ideal
density matrix is 0.9120 + 0.0120 (0.9723 =+ 0.0070). High fidelity of the
reconstructed density matrix shows the good quality of our time-bin entangled source.

To show the feasible of distribution our time-bin entangled source over
multi-channels, we measured the visibilities of the three correlated channel pairs, the
results are listed in table 2, the raw visibilities are greater than 84% and the net
visibility is greater than 95%, which implies that all the channel pairs have high
entanglement quality, and suitable for all fiber distribution of time-bin entanglement
to multi-users by using DWDM technique.

Table. Visibilities for different channel pairs for 100 uW pump and 30 S coincidences

Channel Count(APD1, k/s) | Count(APD2, k/s) | Raw visibility (%) | Net visibility (%)
C31-C37 5.8 18.0 89.42+2.35 96.85+1.26
C32-C36 6.4 20.0 87.35+2.41 97.74+0.99
C30-C38 5.0 19.0 83.98+3.65 95.24+1.99
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Figure 4. Two photon interference fringes and reconstructed density matrix for
multiplexed time-bin entangled photon pairs. (a) Coincidences in 30 s as function of
phase of signal UMI, when the pump UMI phase is fixed at 0, and the idler UMI
phase is fixed at 0 and n/4, respectively. (b)Coincidences in 30 s when pump and idler
UMIs phases are fixed at 0 and signal and idler UMIs phases are fixed at O,
respectively. (c), (d) Real and imaginary parts of our experimental reconstructed
density matrix.

Discussion and conclusions

Polarization entangled and time-bin entangled photon source are two kinds of most
important quantum resources for quantum computation and quantum communications.
In this work, we prepare both kinds of entangled source based on SFWM in DSF at
room temperature, the highest CAR is reached for room temperature operation of DSF
based photon pair source. We also verify simultaneous presences of high
entanglement over three channel pairs and the capability to use our source to
distribute both kind of entanglement to multi-users by using DWDM technique, which
is reported for the first time for DSF based photon pair source.

Though relative high performances are obtained for our source, further
improvements of our DWDM entangled sources are feasible. In the present
demonstration the number of channel pairs is limited to three, by engineering the
dispersion properties of the DSF or using high nonlinear fiber with shorter fiber
length, the number of channel pairs will be greatly extended. The intense Raman
scattering noise for room temperature operation of DSF photon source limited the
further increasing of CAR, by cooling the fiber to liquid nitrogen (77K) or helium (4K)
temperature, the noise photon will be greatly reduced. The APDs used in our
experiments have relative low efficiency, large time jitters and long dead time, by
using high performance superconductor single photon detectors, the coincidence
count rate will be greatly enhanced and the CAR will be further improved by apply a
narrower coincidence window.



Quantum information processing based on integrated optical elements such as
optical fibers and silicon on insulator waveguide is very promising for future quantum
networks. With great advances in chip scale quantum state engineering and telecom
band fiber based quantum memory, our all fiber based entangled source is directly
compatible with these systems for realizing more complex computation and
communication tasks.

For conclusion, we prepare both polarization and time-bin entangled photon pairs
based on DSF working at room temperature. By taking advantage of the state-of-art
DWDM technique, our entanglement source is very promising in entanglement
distribution over multi-users. The present work fits in the aim of constructing an all
fiber based long distance quantum networks, which provides a scalable, practical and
compact platform for quantum technology.
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