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Abstract: In this paper, a heralded single photon source (HSPS) at 1.5 μm 
with two independent orthogonally polarized outputs is realized based on a 
piece of polarization maintaining dispersion shifted fiber (PM-DSF). The 
HSPS is based on two scalar spontaneous four wave mixing (SFWM) 
processes along the two fiber polarization axes, while two vector SFWM 
processes are suppressed due to the high birefringence in the PM-DSF. The 
preparation efficiencies of the two independent outputs are about 73.7% and 
69.1%, respectively, under a second-order correlation function g(2)(0) of 
0.059. The indistinguishability between the two independent heralded single 
photons is demonstrated by Hong-Ou-Mandel (HOM) interference with a 
visibility of 78.9%, showing its great potential in quantum optics 
experiments and applications of quantum information. 
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1. Introduction 

1.5 μm single photon sources play important roles in applications of quantum communication 
and quantum information processing [1–3]. The traditional way to obtain single photons is 
based on the attenuated coherent light pulses. Physically the photon number in an attenuated 
coherent light pulse satisfies the Poisson distribution, the average photon number in the pulse 
should be attenuated to a level far lower than 1 to reduce the possibility of multi-photon 
events, leading to a low single photon generation efficiency. Hence, the performance of 
attenuated coherent light pulses is limited by the trade-off relation between the efficiency and 
the multi-photon level. Heralded single-photon sources (HSPSs) [4, 5] hold the promise to 
overcome the intrinsic problem of the attenuated coherent light pulses. The HSPS is based on 
the generation of correlated photon pair by spontaneous optical nonlinear parametric 
processes, in which one photon of the correlated photon pair is detected, providing an 
electrical trigger signal to herald the arrival of the other photon. 

Two kinds of nonlinear parametric processes are employed to realize 1.5 μm correlated 
photon pair generation. One is spontaneous parametric down-conversion process in nonlinear 
bulk crystals [6] or periodically poled crystal waveguides. The other is spontaneous four wave 
mixing (SFWM) in the third order nonlinear waveguides, such as optical fibers [7–10] and 
silicon wire waveguides. Recently, fiber based 1.5 μm correlated photon pair generation 
focused more and more attention, which is based on commercial optical fibers and fiber-based 
components, compatible with current techniques of optical fiber networks. Suppressing the 
spontaneous Raman scattering by fiber cooling technique, high quality correlated photon pairs 
generation has been realized in several types of fibers, such as dispersion shifted fibers, high 
nonlinearity fibers and micro-structured fibers [11, 12]. By optimizing the fiber selection, 
pump level and filtering frequency of the signal and idler photons, a fiber based HSPS with a 
preparation efficiency of ~80% was demonstrated under a g(2)(0) of 0.06 [13–15]. On the 
other hand, quantum interferences between the heralded photons generated from two pieces of 
optical fibers utilizing the pump light from the same source has been demonstrated [16,17], 
showing their indistinguishability which is required in quantum optics experiments and 
applications of quantum information. In this paper, a 1.5 μm all-fiber HSPS with two 
independent orthogonally polarized outputs is proposed and demonstrated. The two 
independent heralded single photon outputs are realized based on one piece of commercial 
birefringent fiber, reducing the complexity of the quantum interference experiment between 
non-classical light. In the experiment, the two heralded photon generation is based on two 
independent correlated photon pairs, which are obtained through the same one filter and 
splitting system, eliminating the impact of bandwidth mismatching between the two heralded 
photons in interference. 

The content is structured as follows. The scheme of the orthogonally polarized dual-output 
HSPS is introduced in section 2 and the experiment setup for it is shown in section 3. The 
experiment results are discussed in section 4. In subsection 4.1, the independence between the 
two correlated photon pair generation processes along the two fiber polarization axes is 
demonstrated. Then the performances of the two heralded single photon outputs are 
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demonstrated in subsection 4.2. Subsection 4.3 shows the results of quantum interference 
between the heralded photons from the outputs and discussion is included in subsection 4.4. 
The conclusion is presented in section 5. 

2. Scheme of the orthogonally polarized dual-output HSPS 

When a pump light injects into a piece of optical fiber, usually two kinds of SFWM processes 
will occur shown by Fig. 1, in which the two annihilated photon have the same frequency 
denoted by ωp. the two generated photons are denoted by ωs and ωi, while ωs is for the photon 
with higher frequency. H and V denote the polarization directions corresponding to the fast 
and slow axes of optical fibers, respectively. One of the SFWM processes is the scalar 
scattering processes, shown in Fig. 1(a), in which two pump photons polarized along the same 
fiber polarization axis annihilated, while, a photon pair with the same polarization is 
generated. The other is the vector scattering processes, shown in Fig. 1(b), in which the two 
annihilated pump photons polarized in different fiber polarization axis, so do the two photons 
of the generated photon pair. 
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Fig. 1. SFWM processes. (a) Scalar scattering process. (b) Vector scattering process. (c) Two 
scalar SFWM processes along both axes. 

However, things are different in a fiber with high birefringence. Considering that a 
linearly polarized pulsed pump light injects into a birefringent fiber with a polarization 
direction of 45° respecting to fiber polarization axes, the two pump components polarized 
along the two polarization axes will walk off rapidly due to the high birefringence as shown in 
Fig. 1(c), resulting an effective suppression of vector scattering processes. While, correlated 
photon pairs with orthogonal polarization directions are generated by the two scalar scattering 
processes independently. This effect has been utilized to realize polarization entangled photon 
pair generation in our previous work [15]. In this paper, it is utilized to realize heralded single 
photon generations along the two fiber polarization axes, respectively, realizing an 
orthogonally polarized dual-output HSPS. 

3. Experiment setup 

The experimental setup is based on the commercial fiber components, which is shown in Fig. 
2. The part I is the setup of the orthogonally polarized dual-output HSPS. The pulsed pump 
light with a repetitive frequency of 4.05 MHz is generated from a passive mode locked fiber 
laser and amplified by an EDFA. Then, by a pump filter system which consists of a distribute 
fiber grating (FBG), a circulator and fiber dense wavelength division multiplexing (DWDM) 
devices, a side-band suppression of more than 110 dB is achieved at wavelengths where the 
signal/idler photon detection is performed. The center wavelength and line width of the pulsed 
pump light after the filter system are 1552.52 nm and 0.2 nm, respectively. The pulse width is 
about several tens of picoseconds estimated by the line width. Before the pump light injects 
into the nonlinear medium, a piece of nonlinear birefringent fiber, a variable optical attenuator 
(VOA1) is used to control its power level, while a polarizer (P), a rotatable half wave plate 
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(HWP1) and a polarization controller (PC1) are used to achieve linear polarization and adjust 
its polarization direction. The nonlinear birefringent fiber used in the experiment is a piece of 
polarization maintaining dispersion shifted fiber (PM-DSF, fabricated by Fujikura Ltd.). To 
suppress the noise photons generated by spontaneous Raman scattering, the fiber is cooled by 
liquid nitrogen. The PM-DSF is 500m in length and spliced to a circulator and a Faraday 
mirror at its two ends. The pump light injects into the fiber by the port 1 of the circulator, then 
the two polarization components walk off rapidly. At the other end of the PM-DSF, the pump 
light reflects by the Faraday mirror, the two polarization components swap and walk together 
again when the pump light propagates along this direction. Finally the pump light is out of the 
PM-DSF from port 3 of the circular with the same polarization state of the input pump light, 
ensuring that the two polarization components are out of the fiber simultaneously. 
Considering that the birefringence beating length is about 2mm, the two pump polarization 
components will walk off entirely in several meters, far smaller than the fiber length, hence, 
vector processes can be effectively suppressed in this process, while the two scalar scattering 
processes along the two fiber polarization axes generate correlated photon pairs with 
orthogonal polarization directions independently. 

 

Fig. 2. Experiment Setup. VOA, variable optical attenuator; P, polarizer; HWP, half-
wavelength plate; PC, polarization controller; FM, faraday mirror; PBS, polarization beam 
splitter; PD, photon detector; VDL, variable delay line; SPD, single photon detector; Hi, Idler 
photons along H-axis; Vi, Idler photons along V-axis; Hs, Signal photons along H-axis; Vs, 
Signal photons along V-axis. 

The signal and idler photons of generated correlated photon pairs and the residual pump 
light out of the fiber are separated by a filter and splitting system. Since the photon number in 
a residual pump pulse is far larger than the level of generated correlated photon pairs, high 
pump photon suppression is required for signal/idler photon detection. The filter and splitting 
is realized by a DWDM module, which packages 8 DWDM components together without 
fiber connection between them. This design reduces the transmission loss and improves the 
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polarization stability of the light propagating through the filter and splitting. The center 
wavelength and spectral width of selected signal photons are 1549.32 nm and 0.81 nm, 
respectively, while, 1555.75 nm and 0.85 nm for the idler ones. The total pump suppression is 
higher than 110 dB at both sides. The idler photons of the correlated photon pairs generated 
along the fast and slow axes of the PM-DSF are separated by a polarization controller (PC4) 
and a polarization beam splitter (PBS2) and directed to the output ports denoted by Hi and Vi, 
respectively. So do the signal photons. The two ports for the signal photons are denoted by Hs 
and Vs, which are also corresponding to the fast and slow axes of the PM-DSF, respectively. 
The residual pump light is detected by a photon detector (PD) to provide the trigger signals 
for the photon counting measurements. 

Part II ~Part IV show the photon counting measurement setup for different experiments, 
which will introduced in detail with the experiment results in section 4. It is worth to note 
here that the single photon detectors used in the experiments are based on InGaAs/InP 
avalanche photodiodes (Id201, Id Quantique), and operate in gated Geiger mode with a 
detection window width of 2.5 ns and a deadtime of 10 μs. The detection efficiencies and the 
dark counts of the SPDs are collimated before the experiment and shown in Table 1. 

Table 1. Characters of SPDs 

 SPD1 SPD2 SPD3 SPD4

Efficiency 15.17%, 15.42% 14.05% 14.23%
Dark Count 
Rates (/gate) 

57.79 10−×  56.01 10−×  58.63 10−×  58.49 10−×  

4. Experiment results and discussion 

4.1 Independence between correlated photon pairs generated along two polarization axes of 
the PM-DSF 

Firstly, the independence between the two correlated photon pair generation processes along 
the two fiber polarization axes is demonstrated. In this experiment, the pump light is aligned 
to the H-axis of the PM-DSF. Photon count rates of the two idler side ports, Hi and Vi, under 
different pump levels are measured by SPD3 and SPD4, respectively, and shown in Fig. 3. 
The measurement setup of this experiment is shown by the Part II of Fig. 2. In the following 
experiment results, all the photon count rates are statistical results of five measurements with 
a counting duration of 30 s. 

Figure 3(a) shows the photon generation rates with alignment to the H-axis in the PM-
DSF and the measured photon count rates at port Hi, the photon generation rates are 
calculated from the measured photon count rates with loss of optical path and efficiency of 
SPDs. It can be seen that, the quadratic term is higher than the constant and linear terms when 
the total photon generation rates is greater than 0.015 per pulse and dominate at generation 
rates level of 0.05~0.3, which is the range that the following experiments of HSPS are used. 
Figure 3(b) shows the photon generation rates with alignment to the V-axis in the PM-DSF 
and the measured photon count rates at port Vi. It can be seen that the photon generation rates 
at Vi port is far lower than that at Hi port. Furthermore, the linear term dominates the relation 
between the photon generation rates and the increasing pump level. Similar results are also 
demonstrated in the two ports at signal side. 

The results of Fig. 3 shows that the pump light polarized along one of the polarization axis 
of the PM-DSF could realize correlated photon pair generation along this axis by the scalar 
scattering process, while has little contribution on the correlated photon pair generation along 
the other fiber axis. The independence of the correlated photon pair generations along the two 
fiber axes is the base of the orthogonal polarized dual-output of the HSPS utilizing the 
birefringent fibers. 
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Fig. 3. Photon generation rates and measured photon count rates under different pump levels. 
(a) Photon count rates at Hi (Idler photons along H-axis) ports. The circles with error bars in 

the figure are measured photon count rates, which is fitted by a polynomial of 
2

aP bP c+ + , 
where P is the pump level, a, b and c are the fitting parameters. The fitting result is shown by 
the solid line. The dash-dot, dot and dash lines in the figure are the fitting results of the 
constant, linear, and quadratic terms of the fitting polynomial, which represent the 
contributions of SPD dark counting, noise photons generated by spontaneous Raman scattering 
or residual pump light and generated correlated photon pairs by the scalar SFWM, respectively. 
(b) Photon count rates at Vi (Idler photons along V-axis) ports, which are of the same symbol 
and line definitions as Fig. 3(a). 

4.2 Performances of the two orthogonal polarized outputs of the HSPS 

Then, the pump polarization direction is rotated to 45° respecting to the fiber polarization 
axes. In this case, the two pump polarization components have the same intensity and 
generate correlated photon pairs along the two fiber axes independently with the same rate. 
The two orthogonal polarized outputs of the HSPS are realized by detecting the idler side 
photons at Hi and Vi ports to herald the arrivals of signal side photons at Hs and Vs ports. 
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Fig. 4. Measured preparation efficiencies under different idler photon generation rates. (a) 
Preparation efficiencies at Hs (Signal photons along H-axis) ports. (b) Preparation efficiencies 
at Vs (Signal photons along V-axis) ports. 

The measurement setup for the preparation efficiencies of the two orthogonal polarization 
outputs is shown in Part III of Fig. 2. The photons of Hi port is detected by the SPD3 utilizing 
the detected residual pump pulse as the trigger signal. The port Hs is one of the HSPS output, 
which is detected by SPD1 utilizing the output signal of the SPD3 as the heralding signal. The 
other output of the HSPS is the port of Vs, which is detected by the SPD2 utilizing the output 
signal of SPD4 as the heralding signal. SPD4 is used to detect the photons of port Vi. 

Figure 4 is the measured preparation efficiencies of the two ports for the heralded single 
photon generation under different idler photon generation rates. The result of port Hs is shown 
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in Fig. 4(a), which is calculated by the ratio between the count of SPD1 and the count of 
SPD3. The results of port Vs is calculated by the ratio between the counts of SPD2 and SPD4 
and shown in Fig. 4(b). It can be seen that for both ports the preparation efficiencies rise 
monotonously with the increasing idler photon generation rate. At low trigger rate, noise 
photons generated by the spontaneous Raman scattering and residual pump light worsen the 
preparation efficiencies a lot. While, as the idler photon generation rate increases with the 
pump level, the contribution of correlated photon pair dominates, improving the preparation 
efficiencies. On the other hand, since the correlated photon pair generation satisfies the 
thermal statistical distribution, multi-pair events cannot be neglected when the idler photon 
generation rate is above some threshold, which leads to the further rise of the measured 
preparation efficiencies with the increasing trigger rate. However, multi-pair events increase 
the multi-photon possibility so as to limit the quality of the heralded single photon output. 

The multi-photon possibilities of the heralded single photon output can be evaluated by 
the measurement of the second-order correlation degree g(2)(0). The Hanbury Brown–Twiss 
setup [18] for the measurement of g(2)(0) at the port Hs is shown in the Part IV of Fig. 2. SPD3 
detects the photons from port Hi to give the heralding signal for the port Hs. The photons of 
port Hs are separated by a 50:50 fiber coupler and detected by SPD1 and SPD2, respectively, 
utilizing the heralding signal as their triggers. g(2)(0) can be calculated by 

(2)
21(0) ( )g N N N∞= , where N1 and N2 are the photon counts of SPD1 and SPD2, 

respectively, while Nco is their coincidence count. Similar setup is also used to measure the 
g(2)(0) at the port Vs. 

Figures 5(a) and 5(b) are the measured g(2)(0) of the port Hs and Vs under different idler 
photon generation rates, respectively. It can be seen that for both ports, the g(2)(0) also 
increases with the increasing idler photon generation rate. Hence, the pump level should be 
optimized to take trade-off between the preparation efficiency and g(2)(0) of the HSPS. Under 
a g(2)(0) of 0.059, the preparation efficiencies of the two independent outputs are 73.7% and 
69.1%, respectively. While, the idler photon generation rates of H-axis and V-axis are 0.241 
and 0.238, respectively. 
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Fig. 5. Measured g(2)(0) under different idler photon generation rates. (a) g(2)(0) at Hs (Signal 
photons along H-axis) ports. (b) g(2)(0) at Vs (Signal photons along V-axis) ports. 

4.3 Indistinguishability between the heralded photons of the two independent ports 

The Hong-Ou-Mandel (HOM) interference experiment [19, 20] is taken to demonstrate the 
indistinguishability between the heralded photons of the ports Hs and Vs. The measurement 
setup for this experiment is shown in the Part V in Fig. 2. The SPD3 and SPD4 are used to 
detect the photons of port Hi and Vi, respectively. Their coincidence count provides a 
heralding signal that both port Hs and Vs generate photons, simultaneously. The heralded 
photons at port Hs and Vs inject into a 50:50 fiber coupler and detected by SPD1 and SPD2 
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(triggered by the heralding signal) at the output ports of the coupler. The polarization 
controller (PC3) before the fiber coupler is used to ensure that the heralded photons from port 
Hs and Vs have the same polarization. The variable delay line (VDL) before the fiber coupler 
is used to adjust the difference of the times when the heralded photons of the two ports arrive 
at the fiber coupler. 

Figure 6(a) shows the coincidence count of the SPD1 and SPD2 with different time delay 
of the VDL when the idler correlated photon pair generation rates in the fiber is 0.187 per 
pulse. Since SPD1 and SPD2 are triggered by the coincidence count of the SPD3 and SPD4, it 
is actually a 4-fold photon coincidence count for the four ports of the sources (Hs, Vs, Hi and 
Vi). It can be seen that a clear dip of HOM interference appears when the time delay of the 
VDL is adjusted to a proper value to realize the simultaneous arrival of the heralded photons 
of the two ports. The indistinguishability between the two heralded photons can be evaluated 
by the visibility of the dip. Since the filter spectra for the signal and idler photons in the 
experiment setup can be well approximated by a Gaussian function, the shape of the HOM dip 
can be fitted with the following function [9], 

 
( )1 20.5( / )

0 1 T l c
c HOMN C V e

−− Δ Δ= −
 (1) 

and shown in Fig. 6(a) as the solid line. Where, C0 is the coincidence counts without HOM 
interference, VHOM is the visibility of the dip, ΔΤ is the width of the pump pulse, c is the light 
speed in vacuum, and ΔL is the light path difference of the heralded photons from the two 
ports. The center of the dip is corresponding to Δl = 0. It can be seen that VHOM in Fig. 6(a) is 
more than 62.5% with 95% confidence bounds without subtraction of background noise. 
VHOM can be farther improved by reducing the pump level to suppress the possibility of mult-
pairs events. Figure 6(b) shows the coincidence count of the SPD1 and SPD2 without 
subtraction of background noise when the correlated photon pair generation rates in the fiber 
for the Hi port is 0.0048 per pulse. Fitting with Eq. (1), the visibility of fitted curve VHOM in 
Fig. 6(b) is more than 78.9% with 95% confidence bounds, indicating obvious 
indistinguishability between the heralded single photons of the two ports. 
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Fig. 6. Results of HOM interference between the heralded photons of ports Hs and Vs as a 
function of length difference between two paths. (a) Result with 60s accumulation when idler 
photon generation rates is 0.187 per pulse. (b) Result with 180s accumulation when idler 
photon generation rates is 0.0048 per pulse. 

4.4 Discussion 

The scheme proposed in this paper has some advantages on realizing 1.5μm HSPSs and 
observing their quantum interference. In this scheme, two output ports of HSPS are based on 
one PM-DSF and share the same filter and splitting system for their signal and idler photons. 
It not only simplifies the experiment setup for the HOM interference experiment, but 
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guarantees that the two ports have the same output photon spectrum, which is helpful to 
improve the indistinguishbility of the output single photons of the two ports. 

On the other hand, this scheme is more robust to the environment variation. It is well 
known that changes of environment temperature and stress on the fiber would lead to the 
polarization state variation when light propagates through a fiber without birefringence. 
Hence, in many reported interference experiments of fiber-based quantum light source [16] 
[17], although polarization controllers are used to collimate the polarization of the photons, 
their long term performance is doubtful due to the impact of environment variation. In the 
scheme proposed in this work, the output photons for each port are generated in one specific 
polarization axis of the PM fiber. Although polarization controllers are used in the parts of 
pump source and interference measurement, the experiment setup has potential on developing 
all polarization maintaining dual-output HSPS to realize long term operation. 

5. Conclusion 

As a kind of fundamental quantum devices, 1.5 μm HSPSs have important applications in 
quantum communication and quantum computing. In this paper, one kind of all fiber HSPS at 
1.5 μm band with two independent orthogonally polarized outputs is realized, which is based 
on the suppression of vector SFWM processes in a piece of PM-DSF due to its high 
birefringence. The preparation efficiencies of the two independent outputs are 73.7% and 
69.1%, respectively, under a g(2)(0) of 0.059. The HOM interference experiment between the 
heralded photons of the two ports is carried out and shows a HOM dip visibility of 78.9% 
without subtraction of background noise, which demonstrates the indistinguishability between 
the heralded single photons generated by the two orthogonal polarized output ports. 
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