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Abstract. We report the realization of a fiber-coupled polarization entangled
photon-pair source at 1310nm based on a birefringent titanium in-diffused
waveguide integrated into periodically poled lithium niobate. By making use of a
dedicated and high-performance setup, we characterized the quantum properties
of the pairs by measuring two-photon interference in both Hong—Ou—Mandel
and standard Bell inequality configurations. For the two sets of measurements
we obtained interference net visibilities reaching nearly 100%, which represent
important and competitive results compared to those for the similar waveguide-
based configurations already reported. These results prove the relevance of our
approach as an enabling technology for long-distance quantum communication.
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1. Introduction

Quantum superpositions of states and entanglement are now considered to be resources
for quantum communication protocols such as quantum key distribution [1], quantum
teleportation [2], entanglement swapping ([3] and references therein), quantum relays [4]
and quantum repeaters [5]—[7]. Quantum bits of information (qubits) can be encoded
on photons using different properties, the most convenient being polarization and time-
bin [8]. Experimentally, spontaneous parametric down-conversion (SPDC) in non-linear bulk
crystals [9]-[12], waveguide crystals [13, 14] and optical fibers [15, 16] has so far been widely
employed to produce polarization [9]-[11], [15, 16] or time-bin [13, 14] entangled photon-pairs
in either the visible [9]-[11] or the telecom [12]-[14] range of wavelengths.

However, with the emergence of ‘out of the lab’ quantum communication links over long
distances ([17], [18] and references therein, [19, 20]), there is a need for new generation sources
featuring higher efficiencies, better stability, compactness and, most of all, showing a near
perfect quality of entanglement. In this case, it is also necessary to produce entanglement carried
by photons compatible with telecommunication fibers that show transparency windows centered
at 1310 and 1550 nm. In addition, photons have to be generated over narrow bandwidths
so as to avoid both chromatic dispersion and polarization mode dispersion (PMD) in these
fibers [21], while preventing multiple-pair production in the bandwidth and time windows of
interest [22, 23]. Note also that because of both PMD and time-varying birefringence in the
fiber links, reliable distribution of polarization qubits can be an issue. Several schemes have
been proposed to either actively or passively compensate for such undesirable effects, leading
to quantum state decoherence [20], [24]-[27].

In this framework, integrated and fiber non-linear optics appear to be natural and
very promising candidates, offering the possibility of efficiently creating polarization
entanglement associated with a high compatibility with standard fiber networks. However,
most of the previous realizations involving integrated non-linear waveguides led to limited
quantum properties when two-photon quantum interference was measured using either a
Hong—Ou-Mandel (HOM) setup ([28, 29], [30] and references therein, [31]) or a Bell
inequality-type setup [32]-[37]. Note that Zhong et al ([38] and references therein) reported
a HOM setup leading to a net visibility of 98.5%, but no entanglement was demonstrated.
Regarding fiber sources, very high-quality entanglement has been reported [15, 16].
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Table 1. Comparison of the results obtained for various non-linear waveguide-
based sources. We give, for each configuration considered, the related internal
conversion efficiency for the generators and the net visibility associated with a
Bell inequality-type test.

References Configuration Conversion efficiency Net visibilities
Takesue et al [35] 1 type-1 PPLN/W 3.6 x107° 82%

Jiang et al [36] 2 type-1 PPLN/W 2x 10798 93.5£2.6%
Kawashima er al [37] 1 type-1 PPLN/W 2.7 %1077 83%

Lee et al [15] DSF 3.2x 10732 98.3%

Medic et al [16] DSF NA 99.4+1.2%
Suhara et al [34] 1 type-1I PPLN/W 5.3x 10710 90%

Martin et al [30] 1 type-1I PPLN/W 1.1x107° 99+ 2%

aFor this configuration, which takes advantage of two cascaded interactions, namely second
harmonic generation for preparing the pump field followed by SPDC along the same sample,
the given value concerns the overall conversion efficiency. Therefore, this figure of merit is
underestimated regarding only SPDC.

We show in this paper that our solution based on a type-Il, titanium (Ti) in-diffused
periodically poled lithium niobate (PPLN) waveguide associated with a 50/50 beam splitter
(BS) offers a simple and controllable way to achieve polarization entanglement at a telecom
wavelength. After a brief outline of the state of the art, we describe our source setup and detail
the key points to which particular attention has been paid for achieving optimum entanglement.
Then, we depict how we analyze the quantum properties of our photon-pairs. By using an
original single configuration, we can perform two complementary quantum tests. On the one
hand, the photons indistinguishability is determined and accurately adjusted using a HOM-type
experiment in order to maximize the potential amount of entanglement [28]. On the other hand,
entanglement is analyzed using a standard Bell inequality-type measurement [32, 33]. For both
types of test, we achieved near-perfect two-photon interference visibilities, competitive with any
other reported scheme and proving the relevance of our overall approach— using guided-wave
optics as an enabling technology for quantum information generation and manipulation.

2. Guided-wave optics for polarization entangled photons emitted at a telecom
wavelength: state of the art

There have been various demonstrations of polarization entanglement sources based on non-
linear guided-wave optics; see table 1 for a comparison. Takesue et al proposed a realization in
which time-bin entanglement at 1550 nm was converted to polarization entanglement by the use
of an orthogonal polarization delay circuit [35]. In this configuration, however, the quality of
entanglement was limited by the stability of this delay circuit, mainly due to the arms’ relative
phase fluctuations. They obtained a net visibility of 82% for entanglement measurements. To
avoid the phase stabilization issue, Jiang er al proposed a Sagnac interferometric approach
in which two separate type-I PPLN waveguides were mounted in a fiber loop to generate
paired photons at the non-degenerate wavelengths of 1434 and 1606 nm [36]. With such a
configuration, they obtained a raw visibility of 93.5%. Based on a comparable Sagnac setup
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Figure 1. Experimental setup of the source and analysis system. The pairs of
circles represent pairs of photons with their associated polarization quantum
states, after the birefringence compensation system and after the BS (output of
the source). P: prism used to filter any infrared light out of the laser; I: optical
isolator; L: lenses; PPLN/W: PPLN waveguide; FBG: tunable fiber Bragg grating
filter centered at 1310 nm with a bandpass of 0.5 nm; C: fiber optical circulator;
PC: polarization controller; PBS: polarization BS; QWP: quarter wave-plate;
BS: 50/50 coupler; HWP: half-wave plate; SB: Soleil-Babinet compensator;
D: single photon detectors; ‘&’: AND-gate that can be placed between any
two detectors depending on the performed measurement.

surrounding one type-0 PPLN waveguide, Lim ef al demonstrated a net fidelity exceeding
96% to the |®*) entangled state, for photons emitted at 1542 and 1562 nm [39]. Moreover,
Kawashima et al proposed an original solution in which they employed a single type-I Ti in-
diffused PPLN waveguide, having a half-wave plate (HWP) inserted in the middle along its
propagation axis [37]. They obtained an entangled state leading to a net visibility of 83%.

There have been many sources based on non-linear x® fibers as well, either relying on
dispersion-shifted fiber (DSF) or photonic crystal fiber (PCF) technologies, but only a few
emitting at a telecom wavelength [15, 16, 40]. One of the most relevant and recent realizations
produces telecom entangled photons via bichromatic pulses pumping a DSF placed in a Sagnac
loop aligned to deterministically separate degenerate photon pairs [16]. The authors obtained a
state fidelity to the nearest maximally polarization entangled state of 0.997 when subtracting
background Raman photons, multiple pair generation events, and accidental coincidences
initiated by detectors dark counts. In this experiment, note that the Raman effect was globally
reduced by cooling down the fiber to the temperature of 77 K (LN»,).

In all the above-mentioned experiments, the created entangled states were of the form
|PF) = %2 [|H,, Hy) £ |Va, V)], where the indices a and b label the two photons, and H and
V represent horizontal and vertical polarization modes, respectively. We will now see how we
can implement a simple solution based on a single type-II Ti in-diffused PPLN waveguide and
a 50/50 BS, while avoiding issues associated with either an interferometric setup or a polluting
spontaneous emission. Using the same notations as before, the generated state is in this case of
the form |W*) = % [|H,, Vi) £ |Va, Hp)].

3. Setup of the source

The setup of the source is depicted in figure 1. Photon-pair generation is obtained by SPDC
in a type-II Ti in-diffused PPLN waveguide. In this case, H-polarized photons from a pump
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field (p) can be converted into two cross-polarized photons, usually called signal (s) and idler (i),
i.e, in the product state | Hy, V;). The SPDC process is ruled by the conservation of both energy,
- = = Lo

wp = ws +w;, and momentum, k, = k;+ k;. The latter equation is also known as the phase
matching condition that, in the case of periodically poled crystals, becomes the so-called quasi
phase matching (QPM), ?; — T+ K+ 290, where A and U represent the poling period and
a unit vector perpendicular to the domain grating, respectively. Compared to bulk realizations,
the use of an integrated non-linear x ¥ waveguide permits enhancing SPDC thanks to the high
confinement of the three interacting waves over a small transverse area, of the order of tens of
pum?, and over several centimeters in length.

Starting with a CW laser at 655 nm, the idea is to generate paired photons at the degenerate
wavelength of 1310 nm, corresponding to the second telecom window. We have calculated,
simulated and verified experimentally that the required poling period is 6.6 um when associated
with a waveguide width of 5 um and an operation temperature of 96.8 °C. More details of our
numerical simulations, fabrication processes and classical characterizations are given in [30]
and references therein.

Obtaining a maximally entangled state of the form %2 [|H,, V) +|Va, Hp)] from two cross-
polarized photons and a 50/50 BS is only possible if the paired photons are made perfectly
indistinguishable before the BS for all degrees of freedom but the polarization ([29]; [30] and
references therein; [34]; [38] and references therein). Here, we are concerned with spectral,
spatial and temporal observables. This is far from being the case at the direct output of the
waveguide. We will now outline various identified key points to which particular attention has
to be paid for reaching high-quality interference for both indistinguishability and entanglement
measurements.

Firstly, birefringence in the crystal gives rise to two transverse intensity profiles at 1310 nm
(spatial modes), each associated with one of the two polarization modes. To erase this spatial
mismatch, we collect the photon-pairs in a standard single-mode fiber.

Secondly, this birefringence also leads to a time delay between the two created photons,
since the H and V modes are associated with different group velocities. To compensate
for this temporal distinguishability, we designed and added on the path of the paired
photons an adjustable birefringence compensator, which has the arrangement of a polarization
interferometer. This amounts to separating the paired photons regarding their polarization states
with a polarization BS (PBS) and to adjusting the delay between the two arms with a motorized
mirror. A quarter-wave plate (QWP) is inserted into each arm, enabling, over the round trip
of the corresponding single photon, a 90° rotation of its polarization state. This way, the two
photons leave the interferometer together through the other output, avoiding additional losses
except those due to fiber coupling [41]. It is important to note that in this compensation system,
no interference occurs since the two paths are associated with orthogonal polarization modes.
Moreover, any phase drift in this system will be transposed as a global phase factor in the
entangled state further created at the 50/50 coupler. No device stabilization is therefore required,
in contrast to [35].

Thirdly, we studied the emission spectrum produced by the waveguide in the single
photon counting regime. As we can see in figure 2, the central peak shows a spectral width of
0.7 nm, as predicted by theory ([30] and references therein). The vertically polarized emission
shows a sideband on the long wavelength region, while the horizontal polarized shows a
sideband on the short wavelength region. The spectral shape could be well fitted assuming two
distinct QPM solutions. This particular spectral response is probably due to the combination of
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Figure 2. Emission spectra out of the waveguide as a function of the wavelength,
for the two polarization modes. Here, the laser wavelength is fixed at 654.9 nm.
The observed spectrum could be fitted assuming two distinct QPM solutions
(empty and filled curves): one leading to paired photons at the degenerate
wavelength of interest, i.e. 1309.8 nm, for the pump in the fundamental mode,
and the other with the H photon at 1308.7 nm and the V photon at 1310.9 nm.

inhomogeneities in the waveguide (Ti-layer thickness, width and poling period) initiated during
the fabrication, associated with the multi-mode character at the pump wavelength ([38] and
references therein; [42]). To overcome this spectral issue, we used a tunable fiber Bragg grating
(FBG) filter having an FWHM of 0.5 nm, i.e. slightly smaller than the natural bandwidth of
the generated photons (see figure 2). This way, only the paired photons having wavelengths
belonging to the central peak are selected and the other peaks are discarded. As a matter of fact,
we have estimated the sideband to be 15% of the central peak, which corresponds very well to
the reduced visibility of 85% reported in our previous paper ([30] and references therein). This
observation is a clear indication that perfect entanglement is not possible without the use of a
narrow filter to remove these polluting sidebands.

After all the compensations are done, we separate the two photons at a 50/50 coupler
to create the state % [|Ha, Vu) +|Va, Hp)]. This is obtained when the separation is successful,
i.e. in half of the cases. Then, the entangled photons are distributed to Alice (a) and Bob (b),
respectively.

4. Quantum characterization of the source

As already mentioned, we can perform two different quantum tests with this setup, namely two-
photon interference experiments using either an HOM configuration when the photons are not
separated at the BS or a Bell inequality-like configuration when they are separated. Whatever
the type of measurement we perform, photon-pair detection is ensured by a passively quenched
germanium avalanche photodiode (Ge-APD) that triggers an InGaAs-APD (id Quantique id201)
operated in gated mode. These APDs feature 4 and 10% quantum efficiencies and dark count
probabilities of about 2.2 x 107> ns~! and 10~ ns~!, respectively. A dedicated electronics
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enables recording of both the single and the coincidence (AND-gate) counts in real time. Note
that, for all of the following measurements, we obtained average single and coincidence rates of
85 kcounts s~! and 450 counts s~!, respectively, for an injected pump power of 2.5 mW in the
waveguide. In terms of efficiency, the waveguide shows a brightness corresponding to 3 x 10°
pairs created per second, per GHz of bandwidth and per mW of pump power at its direct output
([30] and references therein). In the meantime, the losses in the setup were measured to be of
the order of 10.5dB from the waveguide to Alice and Bob’s detectors [13], thus allowing us
to infer a mean number of photons per relevant time window of 0.097. In our configuration,
the coincidence time window has been set as 1.5 ns to accommodate the APDs’ timing jitter,
which is much larger than both the photon’s coherence time and the chromatic dispersion in the
employed fibers.

To perform the quantum measurements, Alice and Bob each have an adjustable polarization
analyzer consisting of an HWP and a PBS in order to project the incoming state onto any
linear polarization basis. In order to maximize the potential amount of entanglement, we first
realized a HOM-like two-photon interference measurement, taking advantage of the cases for
which the photons are not separated at the BS. In these cases they arrive at Alice’s or Bob’s
positions in the |H, V) state. This allows us to determine the photons’ indistinguishability
in terms of spatial, temporal and spectral overlaps by analyzing the state |H, V);(j =a, b)
in the {D, A} basis for diagonal and anti-diagonal polarization, respectively. This is obtained
when the corresponding HWP; in the analyzer is rotated by an angle of 22.5°. In this
basis, the state can be written as % [|1D, D) —|A, A)+|D, A) —|A, D)]. If the two incoming
photons are indistinguishable, |A, D) and | D, A) interfere destructively so that the state can be
reduced to % [|D, D) —|A, A)], with correct normalization. In other words, in this basis two
indistinguishable photons are projected onto a coherent superposition of states in which they
always have the same polarization. As a consequence, they always exit through the same output
port of the PBS. This leads to a HOM-like dip in the coincidence counts recorded between the
considered pair of detectors (D;; and Dj,). To observe such a dip experimentally, we adjust the
temporal overlap with the moving arm of the birefringence compensation system, which makes
the coincidence rate between D;; and D, drop to zero when the overlap is maximum. By this
measurement, we can infer the photons indistinguishability from the net visibility,

max,net min, net max min
Rc T Rc T Rc B Rc

Rénax,net - R(r:nax _ Rgcc

Vnet _

’

where Rg‘aX(Rg‘i“) is the coincidence rate outside (inside) the dip, R represents the accidental
coincidence rate only due to the dark counts in the detectors and R?*' = R, — R2“. In figure 3 we
show the obtained dips at both locations, each showing a net (raw) visibility of 99 3% (83 &
2%), comparable to the best results in any configuration reported to date.

As described in [28, 43], the shapes of the dips are given by the convolution of the
two wavepackets arriving at each PBS; placed in Alice’s and Bob’s analyzers, respectively.
Due to the convolution product, the expected FWHMs of the dips are given by the relation
Tdip)j = V2 x Teon, Where 7o, 1S the coherence time of the photons, which can be directly
obtained from their FWHMs spectral bandwidth. The FWHMs of both dips are measured to
be approximatively 7.45 ps, leading to a coherence time of about 5.2 ps. The latter result is in
very good agreement with the theoretical value obtained from the FBG’s FWHM bandwidth

given by t = 0.44% 2~ 5.0 ps, where AA corresponds to the FBG bandwidth (0.5 nm).
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Figure 3. Results obtained for the HOM-type measurement at the two user
locations. The uncertainty associated with each point has been calculated using
standard squared root deviation. We used a fitting function to estimate the
visibilities and their associated asymptotic standard errors. We obtained net (raw)
visibilities of 99 3% (83 +=2%). Here, the corresponding subtracted noise,
or accidental coincidence events, is only due to intrinsic dark counts in the
employed APDs.

Apart from estimating the quality of indistinguishability in the two arms, such
a measurement also permits quantifying the difference of PMD, accumulated over the
transmission fiber channels and through the various optical elements, through a comparison
of the relative positions of the two dips. In our experiment, we can see from figure 3 that these
dips are very close to one another since we employed fibers of only several tens of meters long.

Finally, note that in the case of actual quantum cryptography applications Alice and Bob
can independently perform such a HOM measurement, taking advantage of unseparated pairs,
making it possible to check whether the paired photons are still indistinguishable in real time
and, therefore, whether the source is still running well.

The latter measurements allowed us to determine the maximum degree of entanglement
available at the output of the BS when the two photons are actually separated. Intuitively,
this may correspond to the value of the overlap integral between the two obtained dips at
both locations. One has therefore to choose an intermediate position for the moving mirror
in the birefringence compensator to reach this maximum. Now that the photons are proven
as indistinguishable, we can assess the degree of entanglement using a Bell inequality-type
interference experiment. This amounts to studying the visibility of the coincidence rate as
a function of the relative angle between Alice and Bob’s analyzers, in opposition to other
known methods such as fidelity, tangle or concurrence measurements [44]. More precisely, two
complementary settings are necessary for HWP,, namely 0° ({ H, V'} basis) and 22.5° ({D, A}
basis), and we observed the coincidence evolution as a function of the angle of HWP,. The
visibilities of these curves are related to the quality of both the optical setup (fgwp, = 0°) and
the entanglement (Ogwp, = 22.5°), respectively.
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Figure 4. Results obtained for a standard entanglement measurement in the
{H, V}andthe { D, A} basis. The uncertainty associated with each point is barely
visible due to long integration times (60 s per point). We used a fitting function
to estimate the visibilities and their associated asymptotic standard errors. We
obtained net (raw) visibilities of 99 +2% (83 £+ 1%). Here, the corresponding
subtracted noise, or accidental coincidence events, is only due to intrinsic dark
counts in the employed APDs.

Moreover, when fibers are used as transmission channels, the paired photons experience
a relative phase accumulated by the H and V modes along the propagation arising from
birefringence. In the case where the photons are separated and each arrive at one user’s place, the
entangled state reads: |W) = %HH& Vo) + €@t |V, H,)], where ¢; corresponds to the phase
between |H;) and |V;) accumulated over the j channel. Such a state is maximally entangled.
However, the presence of the phase, when not canceled, implies using appropriate settings
for Alice and Bob’s analyzers instead of those mentioned above. Such an unknown setting
configuration can be avoided by placing a Soleil-Babinet (SB) compensator in one of the
channels, say in Alice’s, as depicted in figure 1. The SB thickness through which Alice’s photons
travel is chosen so as to perfectly balance the accumulated phase, i.e. ¢, + ¢, + ¢psg = nm. This
condition can be easily obtained when both users chose the {D, A} basis: Alice only has to
adjust the SB thickness towards maximizing or minimizing the coincidence rate between her
and Bob’s detectors.

In figure 4 we show the obtained four raw coincidence rates in the {H, V'} (Bgwp, = 0 and
45°) and the {D, A} (Buwp, = 22.5 and 67.5°) basis, respectively. Using an appropriate fitting
function, we estimated the raw visibilities to be 83 &= 1% for the four interference patterns. The
corresponding net visibilities, after subtraction of the accidental coincidences, reach 99 £=2%.
The latter values are among the best ever reported for similar configurations, which proves
the relevance of our overall approach. Note that the accidentals are initiated only by the dark
counts in the employed detectors. However, when true applications have to be considered, only
raw visibilities matter, since background noise cannot be subtracted. In our experiment, this
limitation is only due to poor detection efficiencies and high dark count probabilities, and using
better detectors is the only solution. In this context, superconducting single photon counting
modules [45, 46], up-conversion-based detectors for which the pump wavelength is higher than
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the signal to avoid any pump-induced background noise ([47, 48], [49] and references therein),
or recently developed free-running [50] and rapid gating [51] methods for InGaAs APDs are
possible inputs.

For a fair comparison with the sources discussed in the state of the art, we give in table 1 the
related conversion efficiencies and entanglement net visibilities [15], [34]-[37]. As expected, we
see from this table that our type-II source is less efficient than those based on type-I interactions.
This has to do with the fact that we use a smaller non-linear coefficient (d,4) of lithium niobate
compared to that used for type-I (d33). However, the simple approach we have chosen enables
maximal exploitation of the available technological resources, leading to a near-perfect degree
of entanglement, while maintaining high brightness.

As complementary information, note finally that the so-called Bell parameter S can
be extracted from our data to quantify the amount of violation of the Bell inequality [32].
Following the reformulation of the Bell inequality proposed by Clauser, Horne, Shimony and
Holt (CHSH) [33], and thanks to the fits of the four interference patterns (see figure 4), we obtain
Sexp = 2.80 £ 0.03, meaning that the BCHSH inequality is violated by more than 25 standard
deviations.

5. Perspectives

This source can be upgraded by using a fiber birefringence delay compensator, to avoid using
our bulk device and further reduce the losses in an even more compact setup. For that, we can
take advantage either of a fibered PBS and two fibered Faraday mirrors to replace the ‘QWP+
standard mirror’ sets or of a high-birefringence polarization-maintaining fiber. In both cases,
we can adjust the delay between the two polarization modes either by applying a mechanical
constraint on the fibers or by tuning the temperature.

Such a source is obviously fully extendable to the 1550nm telecom window that
corresponds to the minimum absorption of standard single mode fibers. To reach this emission
wavelength, one has to change both the poling period of the PPLN substrate and the pump
wavelength accordingly. For a pump wavelength of about 780 nm and for similar operation
temperatures, we have calculated the PPLN grating step to be of the order of 9.1 um. As a
consequence, for the detection, the Ge-APDs, which are essentially insensible to the 1550 nm
wavelength, have to be replaced by the above-mentioned InGaAs-type APDs [50, 51]. To take
advantage of a passive quenching mode and of higher maximum counting rates, one may employ
superconducting [45, 46] or up-conversion detectors ([47]; [49] and references therein; [52] and
references therein) instead.

Another possible improvement would be to make this source compatible with currently
investigated quantum memories, enabling true quantum networking applications. A relevant
and very recently published review article worth mentioning is [53]. Nevertheless, it is worth
noting that such quantum memories are both device and storage protocol dependent. We find
in the literature, among others, solutions based on alkaline cold atom ensembles associated
with electromagnetically induced transparency [54], atomic vapors associated with off-resonant
two-photon transitions [55], ion-doped crystals associated with atomic frequency combs
[56, 57] and ion-doped waveguides associated with photon-echoes [58]. These combinations
offer various interaction wavelengths and linewidths, ranging from the visible to the telecom
band and from a few tens of MHz to almost 1 GHz, respectively. In any case, both the
wavelength and bandwidth of the paired photons have to be adapted to the considered storage
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device and protocol. In particular, an additional filtering stage has to be employed so as to reduce
the bandwidth substantially, by at least two orders of magnitude. This can be done by using a
Fabry—Perot cavity, provided the pump laser power is increased so as to recover an acceptable
pair production rate within the limit of the considered experiment regarding the created mean
number of pairs (should be < 1) per relevant time window [14, 59]. This is where the advantage
of integrated non-linear optics schemes lies in terms of efficiency. Since a few hundreds of
mW should be enough, one has to pay extra attention to double pair emission within the time
detection window that could lead to a decrease of the entanglement quality.

Finally, to complete the latter argument, Ti-in-diffused waveguides are appropriate
candidates for addressing the issue of generating non-degenerate cross-polarization-entangled
photon pairs. This could be made possible by an appropriate engineering of the QPM grating so
as to satisfy two SPDC processes simultaneously, namely, down-conversion of ordinary pump
photon to either extraordinary signal or ordinary idler, or conversely, as proposed in [60]. Such
a generator scheme should be of great interest in applications requiring that, for instance, one of
the entangled photons at an appropriate wavelength be used for local operation or for quantum
storage in an atomic ensemble, and the other one at the typical wavelength of 1550 nm for
propagation through an optical fiber.

6. Conclusion

We have demonstrated a narrow-band source of polarization entangled photon-pairs emitted at
1310 nm based on a type-II PPLN waveguide, and we have outlined the possible improvements
that could be made with this approach. The near-perfect quality of entanglement obtained, which
corresponds to the best value ever reported for guided-wave schemes and is associated with high
brightness and practicality, makes this source a promising element for long-distance quantum
communication protocols and highlights the high potential of non-linear integrated optics in this
field.

The experimental setup we have designed and employed enabled us to record more than a
hundred and about 40 points for the HOM- and Bell-type measurements, respectively. Notably
in the latter case, this indicates that the setup was free of any type of fluctuation (phase, intensity,
etc) over the measurement time. This also proves both the very high control we have achieved on
all the experimental parameters and the relevance of our approach for achieving a near-perfect
quality polarization entanglement waveguide-based source emitting at a telecom wavelength.

Acknowledgments

We acknowledge A Thomas and M P De Micheli for fruitful discussions and the European ERA-
SPOT program ‘WASPS’, I’Agence Nationale de la Recherche for the ‘e-QUANET’ project
ANR-09-BLAN-0333-01, the CNRS, le Conseil Regional PACA and the University of Nice—
Sophia Antipolis for financial support.

References

[1] Gisin N, Ribordy G, Tittel W and Zbinden H 2002 Rev. Mod. Phys. 74 145
[2] Kim Y-H, Kulik S P and Shih Y 2001 Phys. Rev. Lett. 86 1370
[3] Halder M, Beveratos A, Gisin N, Scarani V, Simon C and Zbinden H 2007 Nat. Phys. 3 692

New Journal of Physics 12 (2010) 103005 (http://www.njp.org/)


http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/PhysRevLett.86.1370
http://dx.doi.org/10.1038/nphys700
http://www.njp.org/

12 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[4] Collins D, Gisin N and de Riedmatten H 2005 J. Mod. Opt. 52 735

[5] Briegel H-J, Diir W, Cirac J I and Zoller P 1998 Phys. Rev. Lett. 81 5932

[6] Duan L M, Lukin M, Cirac J I and Zoller P 2001 Nature 414 413

[7] Simon C, de Riedmatten H, Afzelius M, Sangouard N, Zbinden H and Gisin N 2007 Phys. Rev. Lett.
98 190503

[8] Weihs G and Tittel W 2001 Quant. Inf. Comput. 1 3-56

[9] Kwiat P G, Waks E, White A G, Appelbaum I and Eberhard P H 1999 Phys. Rev. A 60 R773

10] Fedrizzi A, Herbst T, Poppe A, Jennewein T and Zeilinger A 2007 Opt. Express 15 15377

11] Fiorentino M and Beausoleil R G 2008 Opt. Express 16 20149

12] Hentschel M, Hiibel H, Poppe A and Zeilinger A 2009 Opt. Express 17 23153

13] Tanzilli S, Tittel W, de Riedmatten H, Zbinden H, Baldi P, de Micheli M P, Ostrowsky D B and Gisin N 2002
Eur. Phys. J. D 18 155

[14] Halder M, Beveratos A, Thew R T, Jorel C, Zbinden H and Gisin N 2008 New J. Phys. 10 023027

[15] Lee K F, Chen J, Liang C, Li X, Voss P L. and Kumar P 2006 Opt. Lett. 31 1905

[16] Medic M, Altepeter J B, Hall M A, Patel M and Kumar P 2010 Opt. Lett. 35 802

[17] Lloyd S, Shahriar M S, Shapiro J H and Hemmer P R 2001 Phys. Rev. Lett. 87 167903

[

[

[

—_ ———

18] Landry O, van Houwelingen J A W, Beveratos A, Zbinden H and Gisin N 2007 J. Opt. Soc. Am. B 24 398

19] Ursin R et al 2007 Nat. Phys. 3 481

20] Hiibel H, Vanner M R, Lederer T, Blauensteiner B, Lortinser T, Poppe A and Zeilinger A 2007 Opt. Express
157853

[21] Fasel S, Gisin N, Ribordy G and Zbinden H 2004 Eur. J. Phys. D 30 143

[22] Marcikic I, De Riedmatten H, Tittel W, Scarani V, Zbinden H and Gisin N 2002 Phys. Rev. A 66 062308

[23] De Riedmatten H, Scarani V, Marcikic I, Acin A, Tittel W, Zbinden H and Gisin N 2004 J. Mod. Opt.
51 1637-49

[24] Ursin R, Jennewein T, Aspelmeyer M, Kaltenbaek R, Lindenthal M, Walther P and Zeilinger A 2004 Nature
430 849

[25] Peng C-Z, Zhang J, Yang D, Gao W-B, Ma H-X, Yin H, Zeng H-P, Yang T, Wang X-B and Pan J-W 2007
Phys. Rev. Lett. 98 010505

[26] Xavier G B, Vilela de Faria G, Temporao G P and von der Weid J P 2008 Opt. Express 16 1867

[27] Lucio-Martinez I, Chan P, Mo X, Hosier S and Tittel W 2009 New J. Phys. 11 095001

[28] Hong C K, OuZ Y and Mandel L 1987 Phys. Rev. Lett. 59 2044

[29] Fujii G, Namekata N, Motoya M, Kurimura S and Inoue S 2007 Opt. Express 15 12769

[30] Martin A, Cristofori V, Aboussouan P, Herrmann H, Sohler W, Ostrowsky D B, Alibart O and Tanzilli S 2009
Opt. Express 17 1033

31] Caillet X, Orieux A, Lemaitre A, Filloux P, Favero I, Leo G and Ducci S 2009 Opt. Express 18 9967

32] Bell J S 1964 Physics 1 195

33] Clauser J F, Horne M A, Shimony A and Holt R A 1969 Phys. Rev. Lett. 23 880

34] Suhara T, Okabe H and Fujimura M 2007 IEEE Photonics Technol. Lett. 19 1093

35] Takesue H, Inoue K, Tadanaga O, Nishida Y and Asobe M 2005 Opt. Lett. 30 293

36] Jiang Y K and Tomita A 2007 J. Phys. B: At. Mol. Opt. Phys. 40 437

37] Kawashima J, Fujimura M and Suhara T 2009 IEEE Photonics Technol. Lett. 21 566

38] Zhong T, Wong F N, Roberts T D and Battle P 2009 Opt. Express 17 12019

39] Lim H C, Yoshizawa A, Tsuchida H and Kikuchi K 2008 Opt. Express 16 12460

40] McMillan A R, Fulconis J, Halder M, Xiong C, Rarity J] G and Wadsworth W J 2009 Opt. Express 17 6156

41] Wolfgramm F, Xing X, Cere A, Predojevi¢ A, Steinberg A M and Mitchell M W 2008 Opt. Express 16 18145

42] Fiorentino M, Spillane S M, Beausoleil R G, Roberts T D, Battle P and Munro M W 2007 Opt. Express
157479

[43] de Riedmatten H, Marcikic I, Tittel W, Zbinden H and Gisin N 2003 Phys. Rev. A 67 022301

[44] Altepeter J B, Jeffrey E R, Kwiat P G, Tanzilli S, Gisin N and Acin A 2005 Phys. Rev. Lett. 95 033601

[
[
[
[
[
[
[
[
[
[
[
[

New Journal of Physics 12 (2010) 103005 (http://www.njp.org/)


http://dx.doi.org/10.1080/09500340412331283633
http://dx.doi.org/10.1103/PhysRevLett.81.5932
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1103/PhysRevLett.98.190503
http://www.rintonpress.com/journals/qiconline.html#v1n2
http://dx.doi.org/10.1103/PhysRevA.60.R773
http://dx.doi.org/10.1364/OE.15.015377
http://dx.doi.org/10.1364/OE.16.020149
http://dx.doi.org/10.1364/OE.17.023153
http://dx.doi.org/10.1140/epjd/e20020019
http://dx.doi.org/10.1088/1367-2630/10/2/023027
http://dx.doi.org/10.1364/OL.31.001905
http://dx.doi.org/10.1364/OL.35.000802
http://dx.doi.org/10.1103/PhysRevLett.87.167903
http://dx.doi.org/10.1364/JOSAB.24.000398
http://dx.doi.org/10.1038/nphys629
http://dx.doi.org/10.1364/OE.15.007853
http://dx.doi.org/10.1140/epjd/e2004-00080-8
http://dx.doi.org/10.1103/PhysRevA.66.062308
http://dx.doi.org/10.1080/09500340408232478
http://dx.doi.org/10.1038/430849a
http://dx.doi.org/10.1103/PhysRevLett.98.010505
http://dx.doi.org/10.1364/OE.16.001867
http://dx.doi.org/10.1088/1367-2630/11/9/095001
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1364/OE.15.012769
http://dx.doi.org/10.1364/OE.17.001033
http://dx.doi.org/10.1364/OE.18.009967
http://dx.doi.org/10.1103/PhysRevLett.23.880
http://dx.doi.org/10.1109/LPT.2007.900060
http://dx.doi.org/10.1364/OL.30.000293
http://dx.doi.org/10.1088/0953-4075/40/2/016
http://dx.doi.org/10.1109/LPT.2009.2014965
http://dx.doi.org/10.1364/OE.17.012019
http://dx.doi.org/10.1364/OE.16.012460
http://dx.doi.org/10.1364/OE.17.006156
http://dx.doi.org/10.1364/OE.16.018145
http://dx.doi.org/10.1364/OE.15.007479
http://dx.doi.org/10.1103/PhysRevA.67.022301
http://dx.doi.org/10.1103/PhysRevLett.95.033601
http://www.njp.org/

13 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

[45] Verevkin A et al 2004 J. Mod. Opt. 51 1447-58

[46] Engel A, Semenov A, Hiibers H W, II’in K and Siegel M 2004 J. Mod. Opt. 51 1459-66

[47] Langrock C, Diamanti E, Roussev R V, Yamamoto Y, Fejer M M and Takesue H 2005 Opt. Lett. 30 1725

[48] Tanzilli S, Tittel W, Halder M, Alibart O, Baldi P, Gisin N and Zbinden H 2005 Nature 437 116

[49] Tournier M, Alibart O, Doutre F, Tascu S, de Micheli M P, Ostrowsky D B, Thyagarajan K and Tanzilli S
2009 EAS Publ. Ser. 37 311

[50] Thew R T, Stucki D, Gautier J-D, Zbinden H and Rochas A 2007 Appl. Phys. Lett. 91 201114

[51] Zhand J, Thew R, Barreiro C and Zbinden H 2009 Appl. Phys. Lett. 95 091103

[52] Thew R, Zbinden H and Gisin N 2008 Appl. Phys. Lett. 93 071104

[53] Lvovsky A I, Sanders B C and Tittel W 2009 Nat. Photonics 3 706

[54] Chaneliere T, Matsukevich D N, Jenkins S D, Lan S Y, Kennedy T A B and Kuzmich A 2005 Nature 438 833

[55] Reim K F, Nunn J, Lorenz V O, Sussman B J, Lee K C, Langford N K, Jaksch D and Walmsley I A 2010 Nat.
Photonics 4 218

[56] De Riedmatten H, Afzelius M, Staudt M U, Simon C and Gisin N 2008 Nature 456 773

[57] Chaneliere T, Bonarota M, Damon V, Lauro R, Ruggiero J, Lorgeré I and Le Gouét J L 2010 J. Lumin.
130 1572-8

[58] Sinclair N, Saglamyurek E, George M, Ricken R, La Mela C, Sohler W and Tittel W 2010 J. Lumin.
130 1586-93

[59] Pomarico E, Sanguinetti B, Gisin N, Thew R, Zbinden H, Schreiber G, Thomas A and Sohler W 2009 New J.
Phys. 11 113042

[60] Thyagarajan K, Sinha K, Lugani J, Ghosh S, Martin A, Ostrowsky D B, Alibart O and Tanzilli S 2009 Phys.
Rev. A 80 052321

New Journal of Physics 12 (2010) 103005 (http://www.njp.org/)


http://dx.doi.org/10.1080/09500340408235284
http://dx.doi.org/10.1080/09500340408235285
http://dx.doi.org/10.1364/OL.30.001725
http://dx.doi.org/10.1038/nature04009
http://dx.doi.org/10.1051/eas/0937039
http://dx.doi.org/10.1063/1.2815916
http://dx.doi.org/10.1063/1.3223576
http://dx.doi.org/10.1063/1.2969067
http://dx.doi.org/10.1038/nphoton.2009.231
http://dx.doi.org/10.1038/nature04315
http://dx.doi.org/10.1038/nphoton.2010.30
http://dx.doi.org/10.1038/nature07607
http://dx.doi.org/10.1016/j.jlumin.2009.12.025
http://dx.doi.org/10.1016/j.jlumin.2009.12.022
http://dx.doi.org/10.1088/1367-2630/11/11/113042
http://dx.doi.org/10.1103/PhysRevA.80.052321
http://www.njp.org/

	1. Introduction
	2. Guided-wave optics for polarization entangled photons emitted at a telecom wavelength: state of the art
	3. Setup of the source
	4. Quantum characterization of the source
	5. Perspectives
	6. Conclusion
	Acknowledgments
	References

