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We report a fully fibered source emitting cross time-bin entangled photons at 1540 nm from type-
IT spontaneous parametric down conversion. Compared to standard time-bin entanglement realiza-
tions, the preparation interferometer requires no phase stabilization, simplifying its implementation
in quantum key distribution experiments. Franson/Bell-type tests of such a cross time-bin state
are performed and lead to two-photon interference raw visibilities greater than 95%, which are only
limited by the dark-counts in the detectors and imperfections in the analysis system. Just by trust-
ing the randomness of the beam-splitters, the correlations generated by the source can be proved of
non-classical origin even in a passive implementation. The obtained results confirm the suitability
of this source for time-bin based quantum key distribution.

PACS numbers: 03.67.Bg, 03.67.Dd, 03.67.Hk, 42.50.Dv, 42.65.Lm, 42.65.Wi

Introduction. — Entanglement stands as an essential
resource for quantum key distribution (QKD) [1, 2] and
quantum communication protocols [3], such as telepor-
tation [4], entanglement swapping [5], relays [6], and
repeaters [7]. Long-distance distribution of entangled
photons has been demonstrated using various observ-
ables, namely polarization [8, 9], energy-time [10], as
well as time-bin [11]. Fully operational “out of the
lab” quantum communication imposes stringent con-
straints on the source in terms of compactness, stabil-
ity, and brightness, as well as quality of entanglement.
Promising results were obtained using entangled photon
sources built around nonlinear integrated waveguide gen-
erators [12]. In this framework, operating wavelengths
around 1550 nm (telecom C-band) offer the possibility of
long-distance entanglement distribution, taking advan-
tage of low loss standard optical fibers, as well as high-
performance telecommunications components [13-17].

In this paper, we demonstrate a novel time-bin en-
tangled photon-pair source encompassing all the neces-
sary criteria for real-world quantum applications. Un-
like previous time-bin source realizations [10, 14, 18],
our approach exploits cross-polarized paired photons gen-
erated from a type-II periodically poled lithium nio-
bate waveguide (PPLN/W) [17]. A polarization to
time-bin observable transcriber then enables prepar-
ing the photons in the time-bin Bell state [U7), 5 =
% (104,15) —|14,08)), where 0 and 1 denote short and
long time-bins, and A and B the parties Alice and Bob,
respectively. To our knowledge, the analysis of such a
state has never been reported. This scheme, implemented
in the continuous wave (CW) regime, is completely insen-
sitive to phase fluctuations in the time-bin preparation
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stage (the transcriber), and allows 75% of the detected
pairs to be exploited, as opposed to 50% for standard
pulsed regime time-bin schemes [10, 14, 18]. By sim-
ply trusting the randomness of beam-splitters, it provides
correlations that cannot be achieved with classical means
even in a passive implementation.

The setup. — The setup of the source is shown in
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FIG. 1. Experimental setup for generating and analysing
time-bin entangled states starting with cross-polarized paired-
photons. Two different Bell states can be prepared: on one
hand the |®") state, using the bypass, and on the other hand
the |¥ ™) state, using the transcriber. The analysis is done us-
ing two equally unbalanced Mach-Zehnder interferometers in
the Franson configuration [19]. APD: avalanche photodiode;
FM: Faraday mirror.



FIG. 1. Pairs of cross-polarized, i.e. horizontally (|H))
and vertically (|V')), photons are generated at the wave-
length of 1540 nm from spontaneous parametric down-
conversion (SPDC) of a 770nm CW, |H) polarized,
2.5mW, pump laser in a type-II PPLN waveguide. This
degenerate phase-matching condition is reached in our
case for a 3.6 cm long, 9.0 um periodically poled, sample,
heated at the temperature of 110°C [17]. Note that var-
ious phase-matching conditions obtained in periodically
poled materials can be found summarized in [12]. The
brightness of the PPLN/W was measured to be ~ 2-10%
generated pairs per second, mW of pump power, and
GHz of emission bandwidth, coupled into a single mode
fiber [17], while multiple-pair emission probability is kept
below 1% per time detection window. We then select only
pairs of wavelength degenerate photons so as to prevent
any polarization discernibility as a function of the wave-
length [17]. To this end, a fiber Bragg grating (FBG)
filter is used to reduce the natural SPDC emission band-
width from ~850 pm down to 200 pm, therefore avoiding
undesirable spectral responses associated with alterna-
tive phase-matchings. This results in a single-photon co-
herence time of ~17ps (<> coherence length of ~5mm).
After the filtering stage, the two photons are sent
to a transcriber, arranged as a Michelson interferome-
ter, so as to introduce a time delay between the |H)
and |V) polarization modes. A fiber polarization con-
troller (PC) allows optimizing the separation of the two
polarization components at a fiber-pigtailed polarizing
beam-splitter (PBS;). In each arm, we use a fiber Fara-
day mirror (FM), rotating the associated polarization
state by 90° after a round trip. This ensures that both
photons leave the transcriber through the output port
of PBS;. For this experiment, the transcriber’s opti-
cal path length difference is set to ~60cm (<> ~2ns),
which is much greater than both the coherence time of
the single-photons and timing jitter of the employed de-
tectors (~0.4ns). This prevents the photons to overlap
temporally and the state at the output of the transcriber
therefore reads |H,0)|V, 1), where 0 and 1 denote short
and long time-bins, respectively. Next, the photons are
sent to an additional polarizing beam-splitter (PBSs2)
which is oriented at 45° with respect to the {H;V} basis
in which the photons are created. This way, the po-
larization modes are no longer associated with the time-
bins, therefore reducing the two-photon state to [¢)) , p =
5(0) 4100+ 100411}y = [1410) 5, = [1510) ).~ Stubse-
quently, the maximally entangled Bell state [¥7), p =
% (10) 411) 5 — |1) 4|0) 5) can be post-selected among all
other events using a coincidence detection electronics be-
tween the two parties. This state is insensitive to the
phase accumulated by the two photons in the transcriber,
unlike in standard time-bin schemes where entanglement
is prepared using a stabilized unbalanced interferometer
placed on the path of a pulsed pump laser [13, 14, 18§].
The entanglement analysis is performed using a Fran-
son setup with two equally unbalanced interferometers,
one at each side [19]. Each interferometer is made
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FIG. 2. Coincidence histogram for the |¥~) state showing
the five expected peaks (see text for details).

of a 50/50 fiber coupler and two fiber-pigtailed FMs
to compensate for the birefringence within the ana-
lyzer [10, 13, 14, 18]. As the interferometers’ path length
difference are adjusted to suitably match the transcriber
time-bin separation, such analyzers transform their re-
spective incoming single-photon state in the following

way, [7); % (|T>]- + |7 + 1)].), where 7 = {0,1}
represents the considered time-bin, j Alice or Bob, and
¢; the phase in Alice’s or Bob’s interferometer, respec-

tively. After the complete analysis apparatus including
the post-selection procedure, the two-photon state reads:

9) = 2= (04105 + 410,010

+€'92(0) 412) g + €' (P4 TP)(1) 412)
—|1)410) 5 — €i¢A|2>A|O>B
—e P 1) g1 — e TN 1) ). (1)

As can be understood from EQ. 1, one needs to con-
sider five relative arrival times between Alice and Bob de-
tectors. The time-dependent second order intensity cor-
relation function is measured using a free running InGaAs
avalanche photodiode (APD, IDQ-210) on Alice’s side
which is used as a trigger for Bob’s gated InGaAs APD
(IDQ-201). FIG. 2 shows the coincidence histogram as a
function of the time delay between the photon detection
on Alice’s and Bob’s sides. The central peak, labelled
as Tp, contains the two contributions associated with
photon-pairs in the state [1) 4|1);. The indistinguish-
ablitiy of these two contributions results in usual time-
bin entanglement for which the coincidence rate follows
RIo o cos? % In our CW experimental setup, the
pump coherence time (72 ~ 400 ns) is significantly larger
than the time-bin separation (2ns), such that the emis-
sion times of the paired photons remain unknown within
TP, As a result, the paths |0),[1); and [1),]2)5, as
well as |1) 4|0) 5 and |2) 4]1) 5, are also indistinguishable.
These contributions are respectively labelled as T _; and
T4 in FIG. 2. In these cases, the coincidence rate is

given by Re*' o cos? ¢atdn Remarkably, the peaks
T41 on one hand, and Ty on the other hand, naturally



define two complementary basis useful for entanglement-
based QKD protocols [1, 2, 20, 21].

To quantify the quality of our analysis interferometers,
we first perform a two-photon interference experiment
using a genuine energy-time Franson setup [19]. In this
case, the transcriber is bypassed (see FIG. 1), such that
the cross-polarized pairs of photons are directly sent to
PBS,. The polarization state of the two photons is ad-
justed using PCj3 for the pairs to be deterministically
separated at this PBS. The relative phase between the
analysers is varied by tuning the temperature of Alice’s
interferometer, while that of Bob’s is kept constant. We
achieve net and raw visibilities of 984+2% and 96+2%,
respectively (curve not represented). The net visibility is
obtained after subtraction of accidental coincidences due
to the detectors dark-counts. We ascribe ~1% net con-
trast reduction to the length mismatch between the two
analysers which was measured to be 0.3+0.1 mm. Note
that multiple-pair generation probabilities in this exper-
iment are very small (<0.1%).

Eventually, we test the cross time-bin state |¥7) , 5
prepared with the transcriber. For the three coincidence
peaks T_1, T4, and Ty, two-photon interference is also
recorded by tuning the phase ¢4, while keeping ¢p =~ 0.
As shown in FIG. 3 (a), the three coincidence rates are
modulated as a function of the global phase (¢p4+¢p) and
lead to net (raw) visibilities exceeding 97+2% (95+2%).
For this test, we ascribe an additional 1% visibility reduc-
tion to the path length mismatch between the transcriber
and the analysers. In addition, the visibility associated
with events detected in the T time-bin is strongly depen-
dent on the polarization state adjustments in front of the
second PBS where the |¥~) state is prepared. Also, the
raw visibilities could be improved by employing detectors
showing better dark-count figures, such as those offered
by super-conducting devices. Furthermore, to show that
the three contributions follow the expected phase depen-
dency, we change the phase of Bob’s interferometer to
¢p = /2. As expected, FIG. 3 (b) confirms that the
phase relation of the interference patterns between T4
and Ty is shifted by 7. Note that the analysers are only
temperature stabilized which explains the drifts between
the patterns shown in FIG. 3 (a) and (b). This could be
avoided by employing active interferometer stabilization
schemes enabling accurate phase control and setting, as
was demonstrated using a frequency stabilized laser com-
bined to a phase measurement [22, 23|.

Theory. — For the characterization of the setup, we
have plotted interference patterns, out of which one
may check the violation of some Bell inequality [20] un-
der some assumptions proper to time-bin implementa-
tions [24, 25]. However, we want to operate this setup
for QKD in a passive implementation, that is ¢4 and
¢p are going to be fixed. The detections of any pas-
sive setup can always be reproduced by a local variable
model if one does not make additional assumptions: in-
deed here, if Eve can choose the time of the detection, she
can obviously fulfill all the requirements. So we make the

following assumption on Alice’s and Bob’s measurements
separately: if some signal comes in the analyzer at time
7, the detection can happen either at 7 or at 7 + 1 (up
to the propagation time in the interferometer) and this
time is not for Eve to control. In other words, we trust
the randomness introduced by the beam-splitter. Under
this assumption, we are going to provide a semi-device-
independent criterion for quantumness, analog to a Bell
inequality [26].

Consider Eve sending some signal in Alice’s lab at time
74 and some signal in Bob’s lab at times 75. As per our
assumption, detection at Alice’s side can happen at 74
or at 74 + 1. Apart from this uncertainty in the time of
firing, we assume the most favorable situation for Eve,
namely that for both times she knows with certainty
which detector will fire; we also assume that only one
detector will fire (notice that there may be no state of
light such that this can actually happen: we give more
power to Eve by assuming only her impossibility of choos-
ing the time of the firing). We do similar assumptions for
Bob. Thus, Eve knows the four possible outcomes a(74),
a(ta +1), (1), b(te + 1), with (a,b) = £1.

For definiteness, we assume ¢4 = ¢p = 0: for these
values, ideally, the quantum source produces identical
outcomes at Ty and T11, and completely uncorrelated
outcomes at T45. The QKD protocol we want to propose
uses the detections at Tg and T4 as the raw key, while
the lateral peaks could be used to detect the presence of
an eavesdropper. We need to see how close Eve can come
to simulating the ideal quantum source (we assume that
the beam-splitters in the Michelson interferometer have
50/50 coupling ratio, although this additional assump-
tion can easily be relaxed):

(a) T4 = 75 = 7: in this case, Ty happens with proba-
bility %, and T4, with probability % each. Eve can
ensure that Alice and Bob get the same outcomes
by fixing a(7) = a(r + 1) = b(7) = b(7 + 1). But,
if Eve does only this, there will never be any event
Tio.

(b) 74 = 78 — 1 = 7: in this case, T4; happens
with probability %, and Ty 4o with probability i
for each. Now, Eve cannot guarantee all the con-
ditions: Eve can set a(r) = b(t + 1) = a(r + 1)
without loss of generality, but she has to choose
whether b(7 + 2) is also equal to those, so as to get
the case (7 + 1,7 + 2) right; or random, to get the
case (1,7 + 2) right.

(¢) T4 = 73 — 2 = 7: in this case, T2 happens with
probability %, and T4, 43 with probability i for
each. Eve can set a(r + 1) = b(7 + 2), while a(7)
and b(7 + 3) are uncorrelated with anything. This
way, she gets all the expected detections, but she
may generate an unexpected event at Tj.

As we see, one has to check for high correlations in Tg 1,
for the presence of uncorrelated coincidences in T4.5, and
for the absence of coincidences in T13. There are several
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FIG. 3. Bell tests performed for the T+1 and Ty conincidence peaks of FIG. 2 as a function of ¢4 + ¢, with ¢4 continuously

tuned and ¢p set to 0 (a) and to w/2 (b).

ways to do that; among the simplest, one can form a
single linear function like

S= Y P(TyEr, +2 » P(Ty)(1- Er,)

r=0,%£1 =42

Y Py

r=%3

(2)

where P(Ty) is the probability of a coincidence Ty and E
is the correlation coefficient. All the classical strategies
above reach at most S = 1, while perfect experimen-
tal results would lead to S = 1.25. Our experimental
raw data from FIG. 3 (a) lead to S¢*2 = 1.20 £ 0.02,
corresponding to 10 standard deviations above the clas-
sical boundary. To infer this value, we take into account
the above mentioned visibilities for the coincidence peaks
T+1 and Ty, as well as an average visibility of 0£2% for
the coincidence peaks Tyo (curves not shown). This re-
sult can be improved by employing lower dark-count de-
tectors and by adjusting actively the path length differ-
ence of the analysis interferometers to match that of the
transcriber. Note that a similar theoretical /experimental
analysis with ¢4 = —% and ¢p = 5 (case of FIG. 3 (b))
leads to the same results and conclusion. In this case,
Alice and Bob expect the observation of coincidences in
Ty and simultaneously anti-coincidences in T1;. As Eve
cannot know in which coincidence peak the photons are
detected, she cannot mimic the correct coincidence/anti-
coincidence behavior.

Conclusion. — We have demonstrated, for the first
time, a scheme that allows analysing the cross time-
bin entangled state |[¥7). From the experimental side,
the simplicity of the scheme associated with the phase-

insensitivity of the prepared state to the transcriber fluc-
tuations, make this source a promising candidate for
time-bin entanglement based long-distance QKD. In this
perspective, such a novel strategy offers naturally the two
necessary complementary basis. This makes it possible
to operate entanglement based QKD protocols [21, 27]
in a full passive fashion, requiring only one stabilized
analyser plus two detectors at each user’s location, and
allowing the exploitation of 75% of the detected pairs of
photons [28]. Moreover, the source can be operated in
both CW and pulsed regimes, without any further ex-
perimental modification but the laser. The latter regime
is particularly interesting when synchronization between
different locations is required, as is the case in quantum
relay schemes [6]. Using exclusively standard fiber tele-
com components allowed us reaching an overall loss fig-
ure of ~5dB from the output of the PPLN/W to the
detectors. A simple theoretical model trusting only the
randomness of the beam-splitters also confirms the quan-
tum nature of the source, and therefore its potential for
passive implementations of entanglement-based QKD.
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Note added: during the preparation of this manuscript,
we became aware of a preprint paper in which cross time-
bin states are employed for studying, in a convincing
manner, 'time-bin entangled photon holes’ [29].
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