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Abstract. In this paper, correlated photon pair generation in a piece of highly nonlinear microstructure
fiber with birefringence is investigated experimentally under different pump polarization directions. In
the experimental condition, correlated photon pairs are generated by two independent scalar scattering
processes along the two fiber polarization axes. Under linearly polarized pump light with a polarization
direction of 45° with respect to the fiber polarization axes, the polarization entangled characteristics of
generated two-photon state is demonstrated. The two-photon interference fringes are measured with fringe
visibilities of 96 4+ 3% and 87 + 4% under two non-orthogonal detecting polarization directions at signal side.
The experimental results are discussed using the quantum theory of spontaneous parametric fluorescence in
birefringent fibers, showing that the pump polarization dependence of correlated photon pair generation in
the highly nonlinear microstructure fiber is due to its group birefringence. The experiment and theoretical
analysis show that fiber birefringence has important impact on correlated photon pair generation, which

provides a simple way to generate maximum polarization entanglement in fibers.

1 Introduction

Operating in low loss transmission window of commer-
cial silica fibers, 1.5 um correlated photon pair sources
have important applications in quantum communication
and quantum information process over large geographical
scale [1,2]. Correlated photon pair generation in fibers by
spontaneous parametric fluorescence provides a promis-
ing way to realize efficient, compact and all fiber corre-
lated photon pair sources, which attracts much attention
due to their compatibility with current optical fiber net-
works [3-5]. Thanks to their high nonlinearity and flexibil-
ity in dispersion design, highly nonlinear microstructure
fibers (HN-MSFs) have been proven as important candi-
dates for this application. Compared with traditional dis-
persion shifted fibers used in previous experiments, the
fiber length can be shortened from hundreds of meters
to several meters for the high nonlinear characteristics of
HN-MSFs, [6-10]. On the other hand, correlated photon
pair generations at 800 nm band and 800 nm/1.5 pum are
realized in HN-MSFs respectively [11,12], utilizing their
unique dispersion characteristics. The former is a poten-
tial competitor with correlated photon pair sources based
on spontaneous parameter down conversion in nonlinear
crystals. The latter provides a new way to realize all
fiber 1.5 pum band heralded single photon sources, which
have important applications in quantum key distribution
systems.

# e-mail: zwei@mail.tsinghua.edu.cn

In most experiments of fiber based correlated pho-
ton pair generation, the impact of fiber birefringence is
not considered. In some of them, fibers with low birefrin-
gence are used, while in others, photon pairs are gener-
ated along one fiber polarization axis to avoid the impact
of fiber birefringence. Recently, theories of spontaneous
parametric fluorescence in birefringent fibers are devel-
oped [13], showing that four spontaneous parametric pro-
cesses should be considered in birefringent fibers. In two
of them, two pump photons are annihilated and a pho-
ton pair is generated along the same fiber polarization
axis (scalar scattering process), while in the other two,
two annihilated pump photons and the generated pho-
ton pair are along two orthogonal fiber polarization axes
(vectorial scattering process). Theoretical analysis shows
that the fiber birefringence can extend the two-photon
state of the generated photon pairs. HN-MSFs have non-
neglected birefringence, induced unavoidably in their fab-
rication process [14]. Hence, the impact of fiber birefrin-
gence is unavoidable in HN-MSF's based correlated photon
pair generation. An experiment generating cross polarized
photon pairs at 800 nm has been reported [15], in which
the impact of pump pulse delay between the two fiber po-
larization axes is discussed. However, the impact of fiber
birefringence on the spontaneous parametric fluorescence
and the two-photon state of generated photon pairs has
not been explored experimentally.

In this paper, the impact of birefringence on the non-
linear parametric processes in fibers is shown by the am-
plified parametric fluorescence spectra in the HN-MSF
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Table 1. Parameters of the HN-MSF used in the experiment.
Nonlinear coefficient 66.7 /W /km
Phase birefringence (An) 3.5 x107°
Group birefringence 0.158 ps/m
Dispersion of the two polarization axes at 1552.8 nm 7.5 ps/km/nm
(the pump wavelength in the experiment) 9.8 ps/km/nm
Zero dispersion wavelengths of the two polarization axes 1563.4 nm
1564.8 nm
0p : ' : ' : ' ' ' ' 0.89 pm, respectively. It has two zero dispersion wave-
a3 lengths, one of them is 1565 nm (provided by the manufac-
o turer). In our previous work, its nonlinear coefficient [16]
: and parameters of fiber dispersion and birefringence [17]
10 in 1.5 gm band have been measured, listed in Table 1.
Sl To observe the amplified parametric fluorescence,
g ™ 3 pump lights with high power level should be injected into
£ f the HN-MSF. The pump light is generated by a pulsed
“0F light source with a master oscillator power amplifier con-
sof b AT, : figuration, including a continuous wave distributed feed-
e - back semiconductor laser at 1552.8 nm, an external mod-
“F % E ulator and an erbium doped fiber amplifier (EDFA). The
70 B frequency, pulse width and peak power of the pump pulse

1530 1535 1540 1545 1550 1555 1560 1565 1570 1575
Wavelength (nm)

Fig. 1. Amplified parametric fluorescence spectra in the HN-
MSF under different pump polarization directions. Solid and
dashed lines: fluorescence spectra when pump lights are polar-
ized along the two fiber polarization axes, respectively; dotted
line: fluorescence spectrum when pump light is polarized along
the direction 45° to the two fiber polarization axes; inset: SEM
image of the HN-MSF used in the experiment.

under different pump polarizations firstly. Then, 1.5 pm
correlated photon pairs are generated in the HN-MSF by
an experiment setup based on commercial fiber compo-
nents. The characteristics of the generated photon pairs
under different pump light polarization directions are in-
vestigated experimentally, showing that they are contribu-
tions of two independent scalar scattering processes along
the two fiber polarization axes and their two-photon state
shows characteristics of polarization entanglement. The
content is structured as follows: the amplified parametric
fluorescence spectra in the HN-MSF under different pump
polarizations is shown in Section 2, followed by the exper-
iment results of 1.5 um correlated photon pair generation
in Section 3. Section 4 provides a theoretical discussion
of the generated two-photon state under our experiment
condition. The conclusion is presented in Section 5.

2 Birefringence in the HN-MSF
and its impact on the amplified
parametric fluorescence spectra

The HN-MSF used in the experiment (fabricated by Crys-
tal fiber A/S Inc.) is 25 m in length. It has triangle hole
array structure, as shown in the inset of Figure 1. The
diameters of the silica core and air holes are 1.8 pym and

series are 1 MHz, 10 ns and 5 W, respectively. A polariza-
tion controller is used to ensure the pump light in linear
polarization, while its polarization direction is adjusted
by a half wave plate before the HN-MSF. The fluores-
cence spectra are observed by an optical spectrum ana-
lyzer (Agilent 86142B), shown in Figure 1.

Figure 1 shows that the fluorescence spectrum varies
obviously with polarization direction of the pump light,
which could not be expected in a fiber without birefrin-
gence. At a certain pump polarization direction, the flu-
orescence intensity reaches its maximum. Rotating the
pump polarization direction, the fluorescence intensity re-
duces rapidly and reaches its minimum when the rotated
angle of pump polarization direction is 45°, then it in-
creases and reaches another maximum when the rotation
angle is 90°. The difference between the intensity maxi-
mum and minimum is higher than 20 dB. This obvious
pump polarization dependence shows that the amplified
parametric fluorescence is generated by two independent
scalar parametric processes along the two fiber polariza-
tion axes, whose intensities grow exponentially with pump
polarization components along the two axes respectively if
the phase matching conditions are satisfied [13]. The pump
polarization direction corresponding to the maximum flu-
orescence intensity is along one of the fiber polarization
axes.

The intensity variation of amplified parametric fluo-
rescence with the pump polarization shows that birefrin-
gence in the HN-MSF is sufficient to bring obvious im-
pact on the nonlinear parametric processes in the fiber.
It can be expected that if the pump power level are re-
duced, correlated photon pairs would be generated by
spontaneous parametric fluorescence based on the two in-
dependent scalar parametric processes, i.e. the two scalar
scattering processes mentioned in reference [13]. Hence,
they should have a superposed two-photon state and show
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Fig. 2. (Color online) Experimental setup.

characteristics of polarization entanglement. If the pump
polarization components along the two fiber polarization
axes have the same power, maximum polarization entan-
glement could be expected, which is demonstrated exper-
imentally in Section 3.

3 1.5 um correlated photon pair generation
in the HN-MSF under different pump
polarization directions

3.1 Experimental setup

The experimental setup is shown in Figure 2, based on
commercial fiber components. The pulsed pump light is
generated from a passive mode locked fiber laser. A filter
based on a fiber Bragg grating and a circulator is used to
extend its pulse width by narrowing its spectrum. Then
it is amplified by an EDFA. Amplified spontaneous emis-
sion of the EDFA is suppressed by a filter system based
on a tunable optical band-pass filter, a fiber Bragg grat-
ing and a circulator, achieving a side-band suppression of
115 dB at wavelengths where the signal and idler pho-
ton detection is performed. The center wavelength, line
width and repeating frequency of the pulsed pump light
are 1552.75 nm, 0.2 nm and 1 MHz, respectively. The
pulse width is several tens of pico-seconds, estimated by
the pump line width. Before it injects into the HN-MSF,
a variable optical attenuator (VOA1) is used to control
its power level, while a polarizer (P), a rotatable half-
wave plate (HWP1) and a polarization controller (PC1)
are used to achieve linear polarization and adjust its po-
larization direction.

1.5 pum correlated photon pairs are generated when
pump pulses pass through the HN-MSF. Since the photon
number in a pump pulse is far larger than the number
of generated photon pairs, high pump photon suppression
is required for signal and idler photon detection. Hence,
photon pairs generated in the HN-MSF are directed into
two single photon detectors through a filtering and split-
ting system based on fiber Bragg gratings (FBG1 ~ 4),
circulators (C1, C2) and tunable optical band-pass filters
(TOBF1, TOBF2). The center wavelength and spectral
width of selected signal photons are 1549.9 nm and 0.2 nm,
respectively, while, 1555.6 nm and 0.2 nm for the idler
ones. The total pump suppression is higher than 105 dB

at both of the signal and idler wavelengths. The two single
photon detectors (SPD1, SPD2, 1d201, Id Quantique) are
based on InGaAs/InP avalanche photodiodes. The SPD1
and SPD2 are for the signal and idler photons, respec-
tively. They are operated in gated Geiger mode with a
detection time window of 2.5 ns, triggered by the residual
pump light using an optical detector (PD).

3.2 Correlated photon pair generation in the HN-MSF

Four photon count rates are measured in the experiment.
The single-side photon count rates of signal and idler pho-
tons are denoted by Ny and N; respectively. N, denotes
the coincident count rate, representing the result that
both single photon detectors record photons simultane-
ously and the detected photons are generated by the same
pump pulse. On the other hand, N,. denotes the rate that
both single photon detectors record photons generated by
different pump pulses, called accidental coincident count
rate. N., and N,. can be measured by a count system
with a coincident logic circuit. All the experimental data
are obtained under a photon count time of 30 s.

Firstly, correlated photon pair generation is demon-
strated when the pump light polarized along one of the
fiber polarization axes. In this case, only one scalar scat-
tering process would take place. Figure 3 shows the mea-
sured single-side photon count rates at the signal side
and idler side. A second-order polynomial, N,, N; =
sle—l—szNg, is used to fit the experimental data (the solid
line), in which s; and so are the linear and quadratic fit-
ting coefficients, IV, is the pump photon number per pulse,
the quadratic term represents the contribution of sponta-
neous parametric fluorescence. Experimental results shows
s1 = 1.79 and sy = 1.865 for the signal side, while
s1 = 0.8478 and so = 0.8883 for the idler side, showing
that photons detected in either side have the contribution
of spontaneous parametric fluorescence.

Figure 4a shows the coincident and accidental co-
incident count rates with increasing signal side photon
count rates. It can be seen that the coincident count rates
are obviously higher than the accidental coincident rates,
demonstrating the quantum correlation of generated sig-
nal and idler photons. To show this more clearly, the ratio
between them is shown in Figure 4b. The maximum ratio
in our experiment is 5.3 under a low pump level, similarly



312

N_(10"/Pulse)
2o e
T T T T
1 1 1 1

\

[N}
T

\
1

-

0.0 0.2 0.4 0.6 0.8 . 1.0 .
Pump Photon (10°/Pulse)

(a)

The European Physical Journal D

4.5 T T T T T T T LI

40 F

30 F E

N. (10°/Pulse)

P

0.0 [N 1 1 1 1 1 1 1 J
0.0 0.2 0.4 0.6 0.8 31'0 1.2 1.4 1.6
Pump Photon (10°/Pulse)

(b)
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Fig. 4. The coincident and accidental coincident count rates with increasing signal side photon count rates: (a) the coincident
(the square dots) and accidental coincident (the triangular dots) count rates; (b) the ratio between them.

with previous works of fiber based 1.5 pum correlated pho-
ton pair generation in room temperature [3]. The limited
maximum ratio is due to the contribution of noise photons
without quantum correlation characteristics, represented
by the linear term in Figure 3.

To investigate the impact of HN-MSF birefringence on
correlated photon pair generation, the influence of noise
photons should be removed. In our experiment, the four
measured photon count rates can be expressed as

Ny =ns(R+ R,) + ds
N; = m(R + Rl) +d;
Neo =nsmi(R+ RRs + RR; + RsR;)
+ns(R+ Rs)di +ni(R+ R;)ds
Nue = ns1i(R? + RRs + RR; + Ry R;)
—I—?]s(R—FRS)di +77i(R+Ri)dsa (1)
where R is the generation rate of correlated photon pairs
by spontaneous parametric florescence; Rs and R; are gen-
eration rates of noise photons on the signal and idler side,
respectively, which are mainly due to spontaneous Raman

scattering. Another noise contribution is dark count rates
of the two single photon detectors, which are denoted by

ds and d; for the SPD1 and SPD2 respectively. The photon
count rates are also influenced by collection efficiencies of
signal and idler photons, including detection efficiencies of
the two single photon detectors and losses of the filtering
and splitting system before them. They are denoted by
ns and 7); for the signal and idler photons, respectively.
Since dark count rates and collection efficiencies have
been measured during the experiment setup preparation
(ns = 3.36%, n; = 2.38%, ds = 5.98 x 107° +1.001 x 1076
and d; = 4.67 x 107° £ 0.999 x 107%), R, R, and R; can
be calculated from experimental results of the four count
rates according to equation (1), shown in Figure 5. It can
be seen that, R increases with pump level quadratically,
while, R and R; increases with pump level linearly. In the
following section, the impact of HN-MSF birefringence on
R is investigated experimentally.

3.3 Impact of birefringence on correlated photon pair
generation in the HN-MSF

By rotating HWP1 before the HN-MSF, four photon count
rates are measured under linearly polarized pump lights
with different polarization directions and the same pump
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Fig. 5. Generation rates of photons in HN-MSF. The square,
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ton pairs, noise photons at idler side and noise photons at signal
side. The solid, dash-dotted and dashed lines are their fitting
curves.

power. The generation rate of the correlated photon pairs,
R, is calculated and normalized, shown in Figure 6. It can
be seen that R varies with the pump polarization direc-
tion obviously, reaching its maximum when the pump po-
larization direction is along the two polarization axes of
the HN-MSF, while, reaching its minimum when the angle
between the pump polarization direction and one of the
fiber polarization axes, which is denoted by 6, is 45°. It
can be fitted by a sine curve between 0.5 and 1 with a
period of 90°.

This result reflects the impact of birefringence on cor-
related photon pair generation in the HN-MSF. When 0 #
0 and 90°, the pump light is decomposed into two polar-
ization components along the two fiber polarization axes.
Both scalar scattering processes and vectorial scattering
processes would take place, generating correlated photon
pairs in different two-photon states. However, wavelengths
of photon pairs generated by the scalar and vectorical
scattering processes would be different due to the birefrin-
gence in HN-MSF. In our experiment, detected signal and
idler photons are selected by narrow band filters, whose
center wavelengths close to the pump wavelength, where
scalar scattering processes are dominant. Hence, the de-
tected correlated photon pairs are generated through two
independent scalar scattering processes along the two fiber
polarization axes respectively. The relation between R and
0 should be R o sin®# + cos*# = 1 — 0.5sin?(26), con-
sidering the pump light polarization decomposition and
that the generation rate of correlated photon pairs by one
scalar scattering process increases quadratically with the
pump level, which is shown in Figure 5. It is exactly the
fitting sine curve in Figure 6.

A direct conclusion of the above analysis is that the
generated photon pairs should be polarization entan-
gled when 6 # 0 and 90°. Especially, when 6 = 45°,
the two pump polarization components along two fiber
polarization axes have the same power, leading to a
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maximally polarization entangled state in the form of
\}2 (|s) |@i) + €™ |ys) [yi)), where z and y denote the two
polarization axes of the HN-MSF, s and ¢ denote the sig-
nal and idler, respectively. « is an arbitrary phase. The
polarization entangled characteristics of the two-photon
state is demonstrated experimentally, by inserting polar-
ization analyzer systems before the two SPDs shown in the
dashed square in Figure 2, which are composed of polar-
ization controllers (PC2, PC3), half-wave plates (HWP2,
HWP3) and polarization beam splitters (PBS1, PBS2).

Firstly, the pump polarization direction is set along
one of the fiber polarization axes and the PC2 and PC3
are adjusted to achieve the maximum single-side count
rates of the signal and idler sides respectively. In this case,
the detected signal and idler photons are generated by the
scalar scattering process along this fiber polarization axis.
Then, the pump polarization direction is set as 0 = 45°,
while the states of PC2 and PC3 are unchanged. The four
photon count rates are measured as the HWP2 at signal
side and HWP3 at idler side are rotated to different angles,
which is equivalent to rotate the detectable polarization
directions of signal and idler sides. The double angle of
the HWP3 rotation is 0;, defined as the detecting angle at
idler side, while, the double angle of the HWP2 rotation is
s, defined as the detecting angle at signal side. Figure 7
shows the experimental results.

Figure 7a is the coincident count per 30 s (accidental
coincident count has been subtracted) under different 6;.
Circular and square dots are the experiment data when 6,
is set to 0 and 135°, respectively. Solid and dashed lines
are the fitting curves, showing that the fringe visibilities
of two photon interference are 96 &= 3% and 87 4= 4% for
0 = 0 and 135°, respectively. The inset of Figure 7b shows
the photon count (square dots) of the idler side under dif-
ferent #; and the contributions of noise photons (circular
dots) mainly generated by spontaneous Raman scatter-
ing, calculated by equation (1). It shows that the idler
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side photon count varies with 6; due to the noise photons,
which are mainly co-polarized with the pump light, [21].
Subtracting the contribution of noise photons from the
idler side photon count results, the contribution of pho-
ton pairs can be calculated and shown in the main figure
of Figure 7b. It is almost unchanged with 6;, showing the
single side polarization indistinguishableness of the pho-
ton pairs. Hence, the experiment results demonstrate that
the photon pairs generated in the HN-MSF with birefrin-
gence under # = 45° have the characteristics of maximum
polarization entanglement.

4 Discussion

Above experiment results can be explained by the quan-
tum theory of spontaneous parametric fluorescence in bire-
fringent fibers, [13]. In the case of § = 45°, the photon
flux spectral density of the two-photon states generated
by scalar scattering processes and vectorial scattering pro-
cesses are

(YRL)?
4
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Where, (2 is the frequency detune between the pump light
and the signal/idler photons. Py is the total pump power.
~ is the fiber nonlinear coefficient and L is the fiber length.
Ap; and (o are the fiber group birefringence and group
velocity dispersion at the pump wavelength, respectively.
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Fig. 8. (Color online) Photon flux spectral densities of the
scalar and vectorial scattering processes in the HN-MSF under
experimental condition.

The photon flux spectral density of different processes
are calculated and shown in Figure 8 based on parameters
of the HN-MSF (shown in Tab. 1, neglecting the polar-
ization dependent dispersion by using the average disper-
sion at the pump wavelength) and experimental setup (the
fiber is 25 m long, the peak pump power is 0.5 W). The
frequency detune of the narrow band filters is 0.25 THz,
marked as the dotted line in Figure 8. It can be seen that
the two scalar scattering processes are dominant at the fre-
quency detune of the filter used in the experiment, agree-
ing well with experiment results.

Equation (2) shows that the difference of photon flux
spectral densities between scalar and vectorial scatter-
ing processes comes from the group birefringence of the
HN-MSF, which impacts the phase-matching condition
of the vectorial scattering processes. To show it more
clearly, the ratios of photon flux spectral densities be-
tween vectorial and scalar scattering processes under in-
creasing group birefringence are calculated and shown
in Figure 9. Figures 9a and 9b are results under 2 =
0.25 THz and {2 = 0.2763 THz respectively, the former
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is the frequency detune of narrow band filters used in
the experiment, the latter is the frequency detune sat-
isfying the phase-matching condition of scalar scattering
processes. Other parameters used in the calculation are
the same as Figure 8. It can be seen that the ratios are re-
duced rapidly with increasing group birefringence, indicat-
ing that vectorial scattering processes can be neglected if
two conditions are satisfied. Firstly, the frequency detune
of the filters should be in the sideband of scalar scattering
processes near the pump wavelength. Secondly, the group
birefringence should be large enough to reduce the intensi-
ties of vectorial scattering processes. The dash-dotted lines
denote the group birefringence of the HN-MSF used in the
experiment, showing that the ratios are lower than -26 dB
in both case. If the narrow band filters are set to the fre-
quency detune satisfying the phase-matching condition of
scalar scattering processes, both ratios are determined by

‘91 sin c? (AEIQQL) according to (2922 + yPy = 0, shown in
Figure 9b.

5 Conclusion

In this paper, the pump polarization dependence of cor-
related photon pair generation in a piece of HN-MSF is
investigated experimentally, showing that the correlated
photon pairs are generated by two independent scalar
scattering processes along two polarization axes of the
HN-MSF. The polarization entangled characteristics of
the generated two-photon state is demonstrated under the
pump polarization direction of § = 45°. The two-photon
interference fringes are measured with fringe visibilities
of 96 + 3% and 87 + 4% under two non-orthogonal de-
tecting polarization directions at signal side. The exper-
iment results are discussed using the quantum theory of
spontaneous parametric fluorescence in birefringent fibers,

demonstrating that pump polarization dependence of the
correlated photon pair generation is due to group bire-
fringence of the HN-MSF. The experiment and theoretical
analysis show that birefringence in HN-MSF's has impor-
tant impact on correlated photon pair generation, which
provides a simple way to realize maximum polarization
entanglement.
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