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Multi-user distribution of polarization entangled photon pairs
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We experimentally demonstrate multi-user distribution of polarization entanglement using com-
mercial telecom wavelength division demultiplexers. The entangled photon pairs are generated
from a broadband source based on spontaneous parametric down conversion in a periodically poled
lithium niobate crystal using a double path setup employing a Michelson interferometer and active
phase stabilisation. We test and compare demultiplexers based on various technologies and analyze
the effect of their characteristics, such as losses and polarization dependence, on the quality of the
distributed entanglement for three channel pairs of each demultiplexer. In all cases, we obtain a
Bell inequality violation, whose value depends on the demultiplexer features. This demonstrates
that entanglement can be distributed to at least three user pairs of a network from a single source.
Additionally, we verify for the best demultiplexer that the violation is maintained when the pairs
are distributed over a total channel attenuation corresponding to 20 km of optical fiber. These tech-
niques are therefore suitable for resource-efficient practical implementations of entanglement-
based quantum key distribution and other quantum communication network applications. © 2015

@ CrossMark

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933071]

I. INTRODUCTION

Quantum entanglement is of paramount importance in
quantum communication' and computation.® It is an essen-
tial element of quantum information protocols ranging from
quantum key distribution® to quantum teleportation® and
entanglement swapping,” and gives rise to the powerful
notion of nonlocality that is tested in Bell inequality
experiments.®

Entangled photon pairs are typically generated by spon-
taneous parametric down conversion (SPDC) in nonlinear
materials such as bulk crystals,”” semiconductor wave-
guides,'® and poled fibers,'" or by spontaneous four wave
mixing (SFWM) in suitable optical fibers'*'? and silicon
chips.'"* Other physical processes for generating entangle-
ment are based, for instance, on quantum dots.”> ™7 In the
recent years, advances in the performance of entangled pho-
ton sources have mainly targeted point-to-point entangle-
ment distribution over long distances,'®'? while achieving
narrowband photon pair generation, compatible with quan-
tum memories, has also been thoroughly investigated.?**'
These advances are interesting in the context of future com-
munication networks based on quantum repeaters. Another
issue of great significance in such large-scale networks is the
efficient use of the available resources: indeed, using a
source for each pair of users in the network is not a scalable
scheme. In this case, the broad bandwidth of photon pairs
produced by spontaneous parametric down conversion can
allow for entanglement distribution to multiple user pairs
from a single source using wavelength division multiplexing
techniques. This possibility has been explored in several
recent works,”*2° while further work is in progress to
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integrate these devices”’ and to design flexible optical net-
works based on such sources.?®

In view of the wide use of wavelength division multiplex-
ing in quantum networks for practical applications, it is essen-
tial to be able to properly test the employed demultiplexing
technologies and quantify their effect to the quality of the dis-
tributed entanglement.29 In this work, we demonstrate the dis-
tribution of polarization entangled photons using three
different technologies and provide quality factors that are
derived from classical characterization of these devices and
that can be used to assess the quality of the obtained quantum
correlations. Unlike previous work, where entanglement was
characterized using quantum tomography”>** or visibility
measurements,25 here we perform Bell tests, in particular, we
measure in each case the violation of the Clauser-Horne-
Shimony-Holt (CHSH) inequality.*® We also perform such
tests for a channel attenuation corresponding to 20 km of opti-
cal fiber, hence showing that our setup can be readily used, for
instance, in multi-party quantum key distribution metropolitan
area networks.”®

Il. EXPERIMENT

The experimental setup of our broadband SPDC source
of entangled photon pairs is shown in Fig. 1. The source is
based on a double path in a 2cm long and 500 nm thick
LiNbO;3; (PPLN) crystal. Light is emitted at 779 nm by a 12
mW continuous wave distributed feedback (DFB) laser. A
half wave plate is used first to adjust the proportion of verti-
cal polarisation in the pump beam, which is then focused on
the PPLN crystal with a waist of 31 um chosen to optimize
the coupling of the generated photon pairs into a single mode
fiber.>! The vertical polarisation of the pump produces pho-
ton pairs at 1558 nm with a vertical state of polarization,

© 2015 AIP Publishing LLC
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FIG. 1. Experimental setup of the wavelength division multiplexed polariza-
tion entangled photon source. (DFB = Distributed Feedback Laser; DMI,
DM2, DM3: dichroic mirrors with R = 99% at 1558 nm and T = 99% at
779 nm; M1, M2: R = 99% at both wavelengths 779 nm and 1558 nm).

|VV). The role of the dichroic mirror DM2 placed after the
crystal is twofold: first, it transmits 99% of the pump beam
towards mirror M1 where it is reflected: the double path of the
pump beam through a quarter waveplate placed in its path
allows the adjustment of the proportion of vertical polarisation
of the backward propagating pump (in particular, it can be
made larger than the forward propagating one to compensate
for losses); second, it reflects the generated photon pairs
towards mirror M2 where they are reflected: the double path
through a quarter waveplate placed in their path turns their
polarisation from vertical to horizontal such that the state |[HH)
is produced. Next, the backward propagating pump is focused
on the crystal leading to the generation of vertically polarized
pairs, |VV). The coherent superposition of the two components
of the desired entangled state, |\¥") = (|HH) + [VV)/V/2, is
realized on the dichroic mirror DM1. The photon pairs can then
be collected in a polarization maintaining fiber after further fil-
tering of the residual pump photons.

It is interesting to note that this entangled photon gener-
ation setup is based on a Michelson interferometer, which
requires only one nonlinear crystal, unlike the frequently
used setups based on Mach Zehnder interferometers. The sta-
bility of the interferometer is ensured dynamically using
feedback control from the interference of the 1% reflection
of the forward propagating pump on DM2, which is reflected
by M2 and then transmitted by DM2, with the 1% reflection
of the backward propagating pump on DM2 (feedback pho-
todiode not shown in Fig. 1). This stabilizes the phase differ-
ence between the |[VV) and the |HH) components of the
generated entangled state; once stabilized, this phase differ-
ence can be compensated for using a Babinet-Soleil compen-
sator in order to obtain a maximally entangled state.

J. Appl. Phys. 118, 143106 (2015)

In our multi-user entanglement distribution setting, the
next step is to split the entangled photon pairs using wave-
length division demultiplexers. Using the frequency symme-
try between the signal and idler photons with respect to half
the pump frequency, the entangled photons are coupled to
symmetric channels of the demultiplexer. All the devices
that we tested had 8 channels within the International
Telecommunication Union (ITU) grid, 100 GHz channel
width and 100 GHz channel separation. The photons finally
enter the polarization measurement setup, which consists of
free space waveplates to choose the measurement basis, fiber
polarization beam splitters, and InGaAs single-photon detec-
tors (IDQuantique ID201) featuring a 10% quantum effi-
ciency. When triggered at 2 MHz with a 10 us dead time and
20ns gates, the detectors had around 500 dark counts per
second. A fast time-to-digital converter was used as a time
interval analyzer to count the coincidence events between
the two paths, with a coincidence gate of 1 ns.

We performed our tests using four different types of com-
mercial demultiplexers devices that are based on three main
technologies:32 (a) dielectric thin-film (DTF), consisting of
fiber Fabry-Perot cavities: these transmission bandpass filters
are cascaded in order to separate the different channels; (b)
arrayed-waveguide gratings (AWG) that are planar lightwave
circuits based on multibeam interference; and (c) free space
diffraction gratings (DG) used in combination with imaging
optics: due to wavelength-dependent diffraction angles, dif-
fracted beams with different wavelengths are focused into dif-
ferent locations and then coupled into output fibers. In all
three technologies, the spectral shape of the transmission
curves can be either Gaussian or flat-top. The DTF and AWG
devices we tested were flat-top, while we tested both a
Gaussian DG (DGG) and a flat-top one (DGFT).

In order to evaluate the quality of the distributed entangle-
ment and assess the effect of the various demultiplexers, we
measure the following parameters: the visibility in the natural
and the diagonal bases, V = (Ciax — Cmin)/(Cimax + Crmin)s
where Cpax and Cry, are, respectively, the maximum and mini-
mum number of coincidences when one of the polarisation basis
angles is changed; the violation of the CHSH inequality, which
is quantified by the Bell parameter S and the brightness B.
The results of our measurements are given in Table I. In order
to be meaningful to a user, the source brightness is defined as
the number of #rue coincidences for a given time length, spectral
bandwidth, and pump power. This means that the number of
accidental coincidences, which are not due to correlated events,
has been calculated (the probability of accidentals is upper
bounded by the product of the probabilities of counts on the
two paths™) and subtracted from the total coincidence
number; hence the reported results correspond to a lower bound
of the number of entangled pairs (useful pairs) produced by the
source.

In Fig. 2, we plot, for all tested channel pairs, the meas-
ured visibility in the natural basis V( as a function of the
quality factor {, defined as

_ B
I,

o TyTp. (1)
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TABLE I. Visibility V; in the 0° (natural) basis and Vs in the 45° (diagonal) basis, measured Bell parameter S and brightness. The quality factor {, and polar-
ization mode overlap coefficient # were estimated from Vy, V45, and S. The channel numbers correspond to the International Telecommunication Union (ITU)
grid. The uncertainties have been calculated assuming a Poisson distribution of the counts.

Demultiplexer (ITU channel pair) Vo Vs Brightness (true coincidences per min) lo n

DTF (22,26) 0.88 =0.02 0.88 =0.02 2.40%+0.05 547 0.42 0.982 = 0.026
DTF (21,27) 0.85 =0.02 0.87 =0.02 2.57+0.05 540 0.49 1.000 *= 0.028
DGG (23,25) 0.89 = 0.04 0.76 = 0.04 2.39 = 0.08 176 0.19 0.938 = 0.048
DGG (22,26) 0.80 = 0.04 0.79 £ 0.04 2.21%+0.09 172 0.19 0.985 = 0.056
DGG (21,27) 0.82 = 0.04 0.77 = 0.04 2.25+0.07 216 0.20 0.970 = 0.053
AWG (23,25) 0.77 = 0.04 0.74 = 0.05 2.10+0.10 149 0.064 0.972 = 0.059
AWG (22,26) 0.79 = 0.05 0.66 = 0.05 2.00+0.10 116 0.079 0.906 = 0.066
DGFT (23,25) 0.79 £0.05 0.82 = 0.05 2.30*0.10 108 0.030 1.000 = 0.072
DGFT (22,26) 0.80 £ 0.05 0.80 = 0.05 2.20%+0.10 130 0.035 0.986 = 0.069
DGFT (21,27) 0.81 =0.05 0.75 = 0.05 2.40+0.10 113 0.035 1.000 = 0.069

In this expression, T4 and T are the maximum transmission
efficiencies of the two demultiplexer output channels, A and
B (corresponding to Alice and Bob, respectively, in Fig. 1),
while [, (i = A, B) and I, are defined as follows:

Vi dy
I, = Er(u—yic),

l/,’1

v=J2 dVS

gr(us — z/ijc)r(up — Vs — V,‘jc),

[2(Vijc, V[,) = J
1/,‘1

where t(v) is the normalized intensity transmission of the
demultiplexer channel i, v, v;,, and v;, are, respectively, the
center, start, and stop frequencies of channel i, and v;;, is the
middle frequency corresponding to channel pair ij.>’ Let us
note that /5 is maximum when v, = v,/2. For instance, in
our case, the frequency v, /2 corresponds to the ITU channel
24, which means that we expect to detect quantum correla-
tions in the channel pairs that are symmetric with respect to
this channel (see Table I). The expression of Eq. (1) is
deduced from the rate of the decrease of the maximum visi-
bility that can be expected for a given demultiplexer with
respect to the expected brightness (see Subsection 1 of the
Appendix). This quality factor essentially lumps into a single
quantity the effect of the characteristics, in particular, the
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FIG. 2. The visibility V,, is plotted as a function of the quality factor {y.

losses and the spectral features, of the employed demulti-
plexers to the distributed quantum correlations. Its maximum
value is {p = 1. The values of {, calculated from the meas-
ured transmission t(v) for all channel pairs used in our
experiments are given in Table 1.

lil. DISCUSSION

It is interesting to remark that the obtained values for {,
provide an indicative classification of the demultiplexers; for
instance, the DTF technology clearly stands out as the one
providing the best performance in terms of brightness and
entanglement preservation, due mainly to its small losses.
However, this quality factor does not capture the full behav-
ior that we would like to assess. For example, the violation
obtained with the arrayed-waveguide grating (AWG) demul-
tiplexers is smaller than the one obtained with the flat-top
shaped diffraction gratings (DGFT) despite the higher (o
values of the former. This is due to the fact that in order to
perfectly preserve the polarization entanglement, no discern-
ability should be introduced between the H and V polariza-
tion modes. This is not the case in the presence of
polarization mode dispersion (PMD), which introduces a
polarization-dependent delay that can be detrimental to
entanglement if it is comparable to the coherence time of the
photons. Note that the input state |®") is decoherence free®*
under collective PMD (i.e., when the PMD is the same in
both channels): only the difference in PMD between the
channel induces decoherence here. Indeed, one can show
(see Subsection 2 of the Appendix) that the Bell parameter S
can be expressed in this case as

S =V2(Vo + Vis) = V2Vo(1 + 1), 2

where
n= st(f)fi(TPMD — t)dt, 3)

is the temporal overlap between the vertical photon wavepack-
ets of the signal and idler demultiplexer channels, assuming
that the horizontal ones overlap perfectly, Tpyvp is the delay due
to the differential PMD between the two channels, and f;(z)
and f;(r) are the normalized temporal transmission functions of



143106-4 Trapateau et al.

the signal and idler channels (for a Fourier limited 100 GHz
Gaussian channel for instance, the full width at half-maximum
of the transmission function is 4.5 ps).

The PMD values are usually not specified by demulti-
plexer manufacturers because this is not a critical parameter
for classical telecommunication applications. From our mea-
surement results, we could deduce the values of the coeffi-
cient 5 for each tested channel pair from the measured
values of Vi and § by inverting Eq. (2). The results are
shown in the contour plot of Fig. 3, while the values for the
parameters # are given in Table I. The corresponding values
of Tpyp remain smaller than 2 ps. The DTF and DGFT tech-
nologies present very little to no PMD allowing the entangle-
ment to reach the limit set by V. The DGG and AWG
technologies, however, both introduce a non-negligible
amount of PMD that degrades the entanglement.

This additional analysis, quantified by the parameter 7,
allows us to assess more precisely the effect of the demulti-
plexing technology to the entanglement distribution. Indeed,
when both quality factors and corresponding figures are con-
sidered, we can confirm that the DTF technology gives the
best results for both brightness and entanglement preserva-
tion, while the DG technology has lower brightness in gen-
eral but preserves well the entanglement despite the
relatively high PMD for the Gaussian case. The AWG tech-
nology on the other hand is disadvantaged by the high PMD
that it features.

In order to test our wavelength multiplexed entangle-
ment source in a realistic communication setting, we per-
formed experiments for the dielectric thin film demultiplexer
channel pair (21,27) introducing in the paths of the distrib-
uted photons a fixed attenuation corresponding to the trans-
mission along a 10km optical fiber each, hence to a 20 km
total distance between the users. The measured Bell parame-
ter in this case was § = 2.24+0.09. This result illustrates the
suitability of our source for practical applications within
quantum networks requiring efficient use of the available
resources.

)
1.00 — : ]
ODTF 2226 \
©DTF 21-27
0.95 | | O DGG 23-25
0 DGG 22-26
0O DGG 21-27
0.90 | | 0 AWG 23-25 |
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n

FIG. 3. S is plotted as a function of V|, and #. The color lines are a contour
plot of S(Vo, 1) as expressed in Eq. (2). The symbols represent the measured
values for the 10 tested channel pairs.
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IV. CONCLUSION

In summary, we have demonstrated multi-user distribution
of entanglement using a single polarization entangled photon
source, stabilized with a Michelson interferometer setup. Two
figures of merit have been defined to assess the performance of
the four types of demultiplexers based on three different tech-
nologies: { that can be calculated from classical transmission
measurements of the demultiplexer, and # that can be deduced
from the measured visibilities in the 0 and 45 bases and takes
into account the polarisation mode dispersion of the demulti-
plexers. We believe that the resulting classification of these
commercial components and the test of entanglement preserva-
tion in the realistic situation of channel attenuation can be very
useful in the context of quantum networks.
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APPENDIX: CALCULATION OF THE DEMULTIPLEXER
FIGURES OF MERIT

1. Quality factor {q

In this section, we derive the expression for the quality fac-
tor { taking into account loss, spectral shape of the channel
transmission, and symmetry of the signal and idler channels.

The maximum visibility that can be obtained is given by
the expression Vi, = 1/(1 4+ 2Pac/Prc), where Pac and
Prc are the probabilities of measuring accidental and true
coincidences, respectively. The brightness is proportional to
Prc. Under the assumption that the only limitation to the
photon pair correlations is due to multiple pair generation,
and that the global transmission of the whole channel is low

P; = pol,TiKr,
PAC ~ [J(%IIAI]BTATBK%G%,
Prc ~ polb,TyTpK1Gr,

(AT)

where pg is the pair generation probability density, 7; is the
maximum transmission of the channel i, K7 is the total detec-
tion time per second, and G is the size of the coincidence
gate. Replacing P, and P7¢ by their expression in Eq. (A1),
we can derive the maximum possible visibility

1

Vinax = .
T 2poly, 1, KrGr /I

(A2)

In this model, when p, increases, the number of true coinci-
dences increases linearly but the visibility decreases because
of the quadratic increase of the number of accidental coinci-
dences. If Pyc/Prc < 1, the decrease is almost linear with
increasing p, or with increasing brightness. The most useful
demultiplexer will be the one with the slowest decrease of
the maximum visibility with respect to the brightness. The
quality factor of the demultiplexer can therefore be defined
as proportional to the inverse of the slope
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Pic _ B3TATg

lp=——= . A3
© P%C I, 1, A

2. Quality factor y

Here, we model the effect of noise, losses, and polariza-
tion mode dispersion (PMD) on the density matrix of the
two-photon state.

Starting from a  maximally entangled state
p; = |@)(®"|, noise and losses are captured by the visibility
Vo and the density matrix becomes the following Werner state:

1 -V,
P2 =Vop, + 21
1 1-V 1
-V 0 0 -V
3 o+ n 570
1-V,
0 0 0
_ 4
1-V,
0 0
4

| 1 11—V,

-V 0 0 -V

20 20ty

(A4)

The effect of PMD is then modeled through a dephasing
channel acting on one of the photons

I+n I—n t
P3="5 P +T(1®02)p2(1®az)
1 1-Vy 1
1=V,
0 0 0
_ 4
1-V, ’
0 0 0
4
| 1 1=V,
Z 0 0o -
PXAC 2oty

(A5)

where 1 = [fi(t)fi(tpup — 1)dt is the temporal overlap
between the vertical photon wavepackets of the signal and
idler demultiplexer channels, assuming that the horizontal
ones overlap perfectly, tpyp is the delay due to the differen-
tial PMD between the two channels, and f;(¢) and f;(¢) are
the normalized temporal transmission functions of the signal
and idler channels.

The visibility in the diagonal basis is then given by:
Vs = nVp, and the Bell parameter is expressed as

S = V2(Vo + Vas) = V2Vo(1 + ). (A6)

'N. Gisin and R. Thew, Nat. Photonics 1, 165 (2007).

M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information (Cambridge University Press, Cambridge, 2002).

V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M. Dusek, N.
Liitkenhaus, and M. Peev, Rev. Mod. Phys. 81, 1301 (2009).

J. Appl. Phys. 118, 143106 (2015)

4X.-S. Ma, T. Herbst, T. Scheidl, D. Wang, S. Kropatschek, W. Naylor, B.
Wittmann, A. Mech, J. Kofler, E. Anisimova, V. Makarov, T. Jennewein,
R. Ursin, and A. Zeilinger, Nature 489, 269 (2012).

SM. Halder, A. Beveratos, N. Gisin, V. Scarani, C. Simon, and H. Zbinden,
Nat. Phys. 3, 692 (2007).

°A. Aspect, P. Grangier, and G. Roger, Phys. Rev. Lett. 49, 91 (1982).

"T.-G. Noh, H. Kim, and T. Zyung, Appl. Phys. Lett. 90, 011116 (2007).

8E. Steinlechner, P. Trojek, M. Jofre, H. Weier, D. Perez, T. Jennewein, R.
Ursin, J. Rarity, M. W. Mitchell, J. P. Torres, H. Weinfurter, and V.
Pruneri, Opt. Express 20, 9640 (2012).

°B. G. Christensen, K. T. McCusker, J. B. Altepeter, B. Calkins, T. Gerrits,
A.E. Lita, A. Miller, L. K. Shalm, Y. Zhang, S.-W. Nam, N. Brunner, C. C.
W. Lim, N. Gisin, and P. G. Kwiat, Phys. Rev. Lett. 111, 130406 (2013).

10R, Boitier, A. Orieux, C. Autebert, A. Lematre, E. Galopin, C. Manquest,
C. Sirtori, I. Favero, G. Leo, and S. Ducci, Phys. Rev. Lett. 112, 183901
(2014).

YE. Y. Zhu, Z. Tang, L. Qian, L. G. Helt, M. Liscidini, J. E. Sipe, C.
Corbari, A. Canagasabey, M. Ibsen, and P. G. Kazansky, Phys. Rev. Lett.
108, 213902 (2012).

2K F. Lee, J. Chen, C. Liang, X. Li, P. L. Voss, and P. Kumar, Opt. Lett.
31, 1905 (2006).

13B. Bell, A. S. Clark, M. S. Tame, M. Halder, J. Fulconis, W. Wadsworth,
and J. Rarity, New J. Phys. 14, 023021 (2012).

143. W. Silverstone, D. Bonneau, K. Ohira, N. Suzuki, H. Yoshida, N.
Tizuka, M. Ezaki, C. M. Natarajan, M. G. Tanner, R. H. Hadfield, V.
Zwiller, G. D. Marshall, J. G. Rarity, J. L. O’Brien, and M. G. Thompson,
Nat. Photonics 8, 104 (2014).

15T, Huber, A. Predojevic, M. Khoshnegar, D. Dalacu, P. J. Poole, H.
Majedi, and G. Weihs, Nano Lett. 14, 7107 (2014).

M. A. ML Versteegh, M. E. Reimer, K. D. Jons, D. Dalacu, P. J. Poole, A.
Gulinatti, A. Giudice, and V. Zwiller, Nat. Commun. 5, 5298 (2014).

R. Trotta, J. Martin-Sanchez, J. S. Wildmann, G. Piredda, M. Reindl, C.
Schimpf, E. Zallo, O. G. Schmidt, S. Stroj, J. Edlinger, and A. Rastelli,
preprint arXiv:1507.06612 (2015).

18A. Fedrizzi, R. Ursin, T. Herbst, M. Nespoli, R. Prevedel, T. Scheidl, F.
Tiefenbacher, T. Jennewein, and A. Zeilinger, Nat. Phys. 5, 389 (2009).

193, Yin, J. G. Ren, H. Lu, Y. Cao, H. L. Yong, Y. P. Wu, C. Liu, S. K. Liao, F.
Zhou, Y. Jiang, X. D. Cai, P. Xu, G. S. Pan, J. J. Jia, Y. M. Huang, H. Yin, J.
Y. Wang, Y. A. Chen, C. Z. Peng, and J.-W. Pan, Nature 488, 185 (2012).

204, Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, and A. Zeilinger, Opt.
Express 15, 15377 (2007).

2'X. H. Bao, Y. Qian, J. Yang, H. Zhang, Z. B. Chen, T. Yang, and J.-W.
Pan, Phys. Rev. Lett. 101, 190501 (2008).

22H. C. Lim, A. Yoshizawa, H. Tsuchida, and K. Kikuchi, Opt. Express 16,
22099 (2008).

237.Y. Zhou, Y. K. Jiang, D. S. Ding, B. S. Shi, and G. C. Guo, Phys. Rev. A
87, 045806 (2013).

24, Herbauts, B. Blauensteiner, A. Poppe, T. Jennewein, and H. Hiibel, Opt.
Express 21, 29013 (2013).

8. Arahira and H. Murai, Opt. Express 21, 7841 (2013).

2°E. Y. Zhu, C. Corbari, E. V. Gladyshev, P. G. Kazansky, H.-K. Lo, and L.
Qian, preprint arXiv:1506.03896 (2015).

27N. Matsuda, P. Karkus, H. Nishi, T. Tsuchizawa, W. J. Munro, H.
Takesue, and K. Yamada, Opt. Express 22, 22831 (2014).

28A. Ciurana, J. Martinez-Mateo, M. Peev, A. Poppe, N. Walenta, H.
Zbinden, and V. Martin, Opt. Express 22, 1576 (2014).

297, Ghalbouni, I. Agha, R. Frey, E. Diamanti, and 1. Zaquine, Opt. Lett. 38,
34 (2013).

305 F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys. Rev. Lett.
23, 880 (1969).

31J.-L. Smirr, M. Deconinck, R. Frey, 1. Agha, E. Diamanti, and 1. Zaquine,
J. Opt. Soc. Am. B 30, 288 (2013).

2y, C. Si and Y. Cheng, in WDM Technologies: Passive Optical
Components, edited by A. K. Dutta, N. K. Dutta, and M. Fujiwara
(Academic Press, 2003), pp. 39-78.

3P, G. Kwiat, A. M. Steinberg, R. Y. Chiao, P. H. Eberhard, and M. D.
Petroff, Appl. Opt. 33, 1844 (1994).

A, G. White, D. F. V. James, W. J. Munro, and P. G. Kwiat, Phys. Rev. A
65, 012301 (2001).


http://dx.doi.org/10.1038/nphoton.2007.22
http://dx.doi.org/10.1103/RevModPhys.81.1301
http://dx.doi.org/10.1038/nature11472
http://dx.doi.org/10.1038/nphys700
http://dx.doi.org/10.1103/PhysRevLett.49.91
http://dx.doi.org/10.1063/1.2429025
http://dx.doi.org/10.1364/OE.20.009640
http://dx.doi.org/10.1103/PhysRevLett.111.130406
http://dx.doi.org/10.1103/PhysRevLett.112.183901
http://dx.doi.org/10.1103/PhysRevLett.108.213902
http://dx.doi.org/10.1364/OL.31.001905
http://dx.doi.org/10.1088/1367-2630/14/2/023021
http://dx.doi.org/10.1038/nphoton.2013.339
http://dx.doi.org/10.1021/nl503581d
http://dx.doi.org/10.1038/ncomms6298
http://arxiv.org/abs/1507.06612
http://dx.doi.org/10.1038/nphys1255
http://dx.doi.org/10.1038/nature11332
http://dx.doi.org/10.1364/OE.15.015377
http://dx.doi.org/10.1364/OE.15.015377
http://dx.doi.org/10.1103/PhysRevLett.101.190501
http://dx.doi.org/10.1364/OE.16.022099
http://dx.doi.org/10.1103/PhysRevA.87.045806
http://dx.doi.org/10.1364/OE.21.029013
http://dx.doi.org/10.1364/OE.21.029013
http://dx.doi.org/10.1364/OE.21.007841
http://arxiv.org/abs/1506.03896
http://dx.doi.org/10.1364/OE.22.022831
http://dx.doi.org/10.1364/OE.22.001576
http://dx.doi.org/10.1364/OL.38.000034
http://dx.doi.org/10.1103/PhysRevLett.23.880
http://dx.doi.org/10.1364/JOSAB.30.000288
http://dx.doi.org/10.1364/AO.33.001844
http://dx.doi.org/10.1103/PhysRevA.65.012301

