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using picosecond regime separated sources

Pierre Aboussouan, Olivier Alibart, Daniel B. Ostrowsky, Pascal Baldi, and Sébastien Tanzill
Laboratoire de Physique de la Matiere Condensée, CNRS UMR 6622,
Université de Nice — Sophia Antipolis, Parc Valrose, 06108 Nice Cedex 2, France.
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We report on a two-photon interference experiment in a quantum relay configuration using two
picosecond regime PPLN waveguide based sources emitting paired photons at 1550 nm. The results
show that the picosecond regime associated with a guided-wave scheme should have important
repercussions for quantum relay implementations in real conditions, essential for improving both the
working distance and the efficiency of quantum cryptography and networking systems. In contrast
to already reported regimes, namely femtosecond and CW, it allows achieving a 99% net visibility
two-photon interference while maintaining a high effective photon pair rate using only standard

telecom components and detectors.

PACS numbers: 03.67.-a, 03.67.Bg, 03.67.Dd, 42.50.Dv, 42.50.Ex, 42.65.Lm, 42.65.Wi
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For the realization of quantum networks, interference
between photons produced by independent sources is nec-
essary. Photon coalescence (or two-photon interference)
lies at the heart of quantum operations and is seen as
a first step towards achieving both teleportation [1] and
entanglement swapping ﬂ, B, B], B, , B] This effect has
been extensively studied theoretically E, @] and exper-
imentally, initially based on two photons coming from
a single down conversion source and therefore sharing a
common past m, |I1|, |ﬁ] However, experiments involv-
ing truly independent photons represent an important
challenge for achieving longer quantum links by means of
quantum relays [13]. In this frame, it has been demon-
strated theoretically that a two-photon interference net
visibility of at least 95% is required for practical imple-
mentations using currently available photon pair sources
and multimode quantum memories [14]. Reaching such
a high visibility therefore appears to be a hard task since
a perfect synchronization between independent sources
is necessary to prevent any kind of distinguishability be-
tween the interfering photons. Several papers focusing
on the synchronization issue have demonstrated that en-
tanglement swapping with fully independent sources is in
principle feasible in the femtosecond [3, 4] and CW [3, [7]
regimes. Unfortunately, beyond the fundamental inter-
est, the reported interference visibilities remain either far
from 95% or show very low overall photon pair rate. For
instance, the best visibility reported so far in the fem-
tosecond regime has been obtained by compensating the
synchronization-induced temporal distinguishability by
dramatically increasing the photons coherence time up
to a few picoseconds at the expense of the overall bright-
ness M] Since laser cavities can easily be synchronized
to subpicosecond accuracy m, E], the study of the pi-
cosecond regime |6, [17], its associated filter bandwidths,

*Electronic address: sebastien.tanzilliQunice.fr

and the type of photon pair generators, becomes of prime
interest to ensure simultaneously a high degree of indis-
tinguishability and a high overall brightness.

Here, we demonstrate that to achieve this, the pi-
cosecond regime should provide an efficient trade-off en-
abling near-perfect two-photon interference and high ef-
fective photon pair rates, when associated with stan-
dard components available from the telecommunications
industry. More precisely, we realized an experiment
based on a single picosecond pump laser and two peri-
odically poled lithium niobate (PPLN) waveguides emit-
ting paired photons around 1550 nm to approximate in-
dependent sources. We report the highest two-photon
interference net visibility, i.e. of 99%, ever demonstrated
in a configuration extendable to quantum relays. Such a
proof-of-principle emphasizes why guided-wave technol-
ogy, in the picosecond regime, should lead to realistic
quantum relay schemes, namely by offering an reduced-
constraint solution for the synchronization issue when
two completely independent lasers are employed. In the
following, we briefly introduce the entanglement swap-
ping based quantum relay scheme and discuss why the
picosecond regime is a valuable trade-off. We then focus
on our experimental demonstration. Finally, we detail a
comparative study of performance with similar reported
experiments.

A Dbasic scheme of a quantum relay based on entan-
glement swapping is given in FIG[] (see caption for de-
tails). For long distance quantum communication links,
the preferred qubit carriers are photons at 1550 nm al-
lowing the users, namely Alice and Bob, to take ad-
vantage of standard optical fibers for distribution pur-
poses. Theoretically, the two inner photons can come
from any type of source, provided they are identical at
the beam-splitter (BS) (pre-selection) or at the detectors
(post-selection). From the experimental side, we have to
compare their coherence time, 7., to the time uncer-
tainty, tuncert, within which they are created (i.e. the
pulse duration of the pump laser(s)) or are detected (de-
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FIG. 1: Schematics of a quantum relay involving two pairs
of entangled photons emitted by two synchronized sources
(EPR). The two inner photons are sent to a 50/50 BS where
a Bell state measurement (BSM), based on two-photon inter-
ference, is performed. Using a dedicated detection, entangle-
ment can be swapped from these photons to the outer ones
making Alice and Bob connected by entanglement, as if they
had each received one photon from an entangled pair directly.
The BSM serves as a trigger for Alice and Bob’s detectors.
It therefore enables reducing the SNR of the overall quantum
link and further increasing the maximum achievable distance.

tector’s timing jitters), which can be written as:

Teoh = tuncert (1)

Suitable bandpass filters are therefore employed to
achieve optimal interference visibilities. Up to now, this
issue has been addressed using different approaches based
on pulsed or CW lasers (see also Table[ll for comparison).

On the one hand, the first experiments reported two in-
dependent crystals pumped by femtosecond lasers, since
this regime allows working with broadband filters, i.e.
on the order of a few nm [2]. However, the large photon
bandwidths makes them more prone to chromatic and
polarization dispersions in optical fibers and leads to re-
ported visibilities below 85% [18]. Moreover when two
independent lasers are used, the two related laser cavi-
ties have to be properly synchronized so as to be identi-
cal within the pump pulse duration (~100fs) [3, 4]. This
can be achieved using phase-locked loops or atomic clocks
and dedicated electronics [19, [20]. Any remaining jitter
between the two lasers has to be compensated by nar-
rowing the filters which implies a substantial reduction
of the pair production rate for equivalent powers [4].

On the other hand, the development of narrow-
bandwidth fiber Bragg grating (FBG) filters allows using
two independent CW lasers stabilized against an atomic
transition |3, 6]. Since this regime does not provide
any reference clock, the timing function is transferred to
the coincidence detection after the BS. To ensure a high
quality interference, the photons coherence time has to
be longer than the jitter of the detectors. Experimen-
tally, this is made possible using a suitable combination
of low-jitter detectors (based on superconducting or up-
conversion technologies), on the order of 70 ps, associated
with ultra-narrow FBG filters, on the order of 10 pm [3].
In such a situation, one gets rid of the synchronization
but the price to pay is rather high in terms of sensitive

fluctuations of the filters central wavelengths, low exper-
imental rates due to the narrow filters coupled to the
randomness of entangling photons by coincidence detec-
tion, and high statistical fluctuations due to low count
rates. All these issues prevent reaching high visibilities.

Between these two extremes, the picosecond regime ap-
pears to be an efficient compromise. First, the timing
condition () is easily met by using FBG filters showing
much larger bandwidths than in CW, i.e. on the or-
der of 100 pm [17]. Second, this allows taking advantage
of off-the-shelf InGaAs avalanche photodiodes (APD).
Last, when compared to the femtosecond regime, nar-
rower bandwidths loosen the constraints on both path-
length stabilization for the interfering photons and laser
synchronization to subpicosecond accuracy [15, [16] to
obtain high-visibility Hong-Ou-Mandel interference. All
these key points motivate investigating this regime.

Assuming synchronization is fairly feasible, we there-
fore focused our efforts at increasing the overall spectral
brightness by employing a picosecond pump laser asso-
ciated with state-of-the-art waveguide sources emitting
at telecom wavelengths. As shown in FIGR] the pump
laser (Coherent MIRA 900-D) provides 1.2 ps-duration,
time-bandwidth limited (AA, = 0.25nm) pulses, at the
wavelength of A, = 768nm and at a repetition rate of
76 MHz. The pulses are sent to a BS whose outputs are
directed towards two 10 mm-long PPLN waveguides fab-
ricated in our laboratory using the soft-proton exchange
technique [21]. These devices are single mode at telecom
wavelengths enabling only one nonlinear process to oc-
cur avoiding any additionnal background noise within the
bandwidth of interest which is a key advantage compared
to four-wave mixing sources [6, [17] limited by Raman
background photons. Both samples opto-geometrical pa-
rameters were designed to produce identical degenerate
paired photons at 1536 nm within a bandwidth of 50 nm
when pumped at 768 nm in the picosecond regime. Since
the filter bandwidths are much narrower than the down
conversion bandwidth (% > 10?), experimentally,
the two sources are simply independently stabilized at
the temperature of 343 K to within 0.1 K.

From each source, we select pairs of photons meeting
the Fourier transform criterion using narrowband demul-
tiplexers made of two optical circulators and a pair of
FBG filters. These are set to reflect energy-matched pairs
of wavelength at 1537.4nm and 1534.6nm, i.e. around
degeneracy, associated with bandwidths of 800 pm and
250 pm, respectively. A slightly wider (800 pm) filter is
used on the long wavelength (1537 nm) photons mainly
to minimize overall losses. This filtering solution based
on standard telecom components provides a clever way
to separate deterministically the photons at the output
of the waveguides and makes them each available in a
single mode fiber [3]. The 250 pm filters bandwidth has
been choosen for two reasons : (a) it is narrow enough to
accommodate the 1.2 ps-duration of the laser pulses and
any possible jitter up to 4 ps due to laser synchronization
and/or dispersion in the fiber; (b) it is large enough to
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FIG. 2: Coalescence experiment based on two PPLN waveg-
uides pumped by a single picosecond laser. A very weak part
of this beam is sent to a silicon APD (not represented) em-
ployed as a laser clock random divider. Its electrical output
is used to trigger four InGaAs-APDs. A: poling period of the
PPLN waveguides; I: isolator; R: retro-reflector; C: circula-
tor; &: AND-gate. The InGaAs-APDs feature 10% quantum
efficiency and a dark count probability of about 107° ns~*.

stabilize their central wavelength using two independent
proportional-integral-derivative temperature controllers.

To observe the two-photon interference, four-fold co-
incidences are detected thanks to four InGaAs-APDs
(idQuantique 201) triggered by a Peltier cooled Si-APD
(idQuantique 100) placed on the path of an attenuated
fraction of the pump beam. Since these InGaAs-APDs
are designed to handle a maximum triggering rate of
1 MHz, this technique allows working at an average clock
of 600 kHz randomly picked from the 76 MHz laser repe-
tition rate. In our case, faster InGaAs-APD would highly
improve the overall coincidence rate as shown in Ref. E]
The evolution of the effective four-fold coincidence rate
is given in FIG[ in which a remarkable dip is obtained
when the delay between the two inner photons is zero.

Using only 1mW of mean pump power per source,
we obtained 4 x 10® two-fold coincidences per hour and
per source which corresponds to about 0.05 photon per
pulse. In terms of normalized brightness it means that
our sources reach 1.6 x 102 pairs-s~'-pm~!-mW ! after
the filtering stage. This brightness corresponds to the
state-of-the-art for PPLN waveguides and is basically
five orders of magnitude larger than that of bulk crys-
tals |21, 22]. When the two photons are made indis-
tinguishable in time (dt) thanks to the adjustment of
the retro-reflector (R) placed in front of one sample, a
93%+3% reduction in the raw four-fold coincidence count
is obtained. By correctly recording the accidental coinci-
dences, we are able to demonstrate that the net visibility
reaches 99%+3%. The full width at half maximum of the
dip is approximately A7 =~ 11 ps, which is in good agree-
ment with the coherence time of 14 ps expected from the
filter bandwidths. This interference visibility is also ex-
tremely close to the maximum value of 99.9% calculated
from the theory taking into account our filtering band-
widths, as properly outlined in Refs. [§,d, [18]. Note that
the very high stability offered by our guided-wave scheme
allowed us performing 48h-long measurement leading to
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FIG. 3: Four-fold coincidence rate as a function of the rela-
tive delay, dt, between the interfering photons (~ 0.04 pho-
ton/pulse). We clearly observe a dip for §¢t = 0 that reaches
the noise level. The Gaussian fit of the interference pattern
shows a net visibility of 99% £ 3%. We also plotted one of the
two-fold coincidences related to one of the sources after the
BS to verify this figure is constant.

more than 30 points evenly spread over the dip.

Table [ presents the compared results reported in the
literature for similar configurations which can be differ-
entiated by four key points: (i) the type of nonlinear
generators, (ii) the emitted photon wavelengths, (iii) the
pumping regime and its associated time uncertainty, (iv)
and, finally, the applied filtering bandwidths and their
associated coherence times. From a comparison between
the reported results, we conclude that the combination
of the picosecond regime and the single mode properties
of the employed telecommunication components is the
most performant scheme. It allows matching efficiently
the inequality () and obtaining near-perfect two-photon
interference. For practical long distance quantum com-
munication, it is also interesting to compare the effective
number of pairs available per second at Alice and Bob’s
locations. This figure of merit is calculated by normaliz-
ing the four-fold coincidence rates with respect to Alice
and Bob’s detector efficiencies. A comparison with sim-
ilar configurations at telecom wavelengths indicates that
the picosecond regime allows maintaining a high effec-
tive pair production rate equivalent to that of the fem-
tosecond regime but shows a much higher visibility. One
should also note the two orders of magnitude rate differ-
ence for equivalent source technologies and brightness be-
tween the CW and picosecond regimes. In addition, the
best visibility reported in Ref. [4] with photons in the vis-
ible comes from the fact that the filtering bandwidths are
on the order of those necessary for the picosecond regime.
Consequently, the overall brightness is very low consid-
ering the use of efficient Si-APDs. Finally, bright fiber
sources are contaminated by intrinsic spontaneous Ra-
man scattering noise, leading to accidental coincidences



TABLE I: Compared two-photon interference visibilities, source brightness, and overall experimental coincidence rates, between
reported works in continuous wave (CW), picosecond (ps), and femtosecond (fs) regimes. Regarding time uncertainties, note
that the first number is always associated with the pulse duration while the + sign corresponds to the synchronisation jitter
if two pulsed lasers are involved. In contrast, the time uncertainty for the CW case is associated with the detector’s timing

jitters. The coherence time is calculated for Gaussian filters using the standard relation 7. = 0.44%.

Reference Source  Wavelength Brightness Regime*® Filter bandwidth ~ Rate Raw Net
nm pair/s/pm/mW | (time uncertainty) (coherence time) pair/s | visibility visibility

Geneva [5] | PPLN/w 1550 0.9 x 10? 2x CW (70ps)  0.01nm (350ps) 3 x 107%| NA 7%

Nice PPLN/w 1550 1.6 x 10° 1x ps (1.2 ps) 0.25nm (14ps) 3x 107! 93% 99%
Atsugi [6] Fiber 1550 NA 1x ps (19ps) 0.2nm (18 ps) 2° 64% NA
Bristol [17] Fiber 600 NA 1x ps (1.5 ps) 0.3nm (1.8ps) 4x 107! 88% NA
Geneva [18]| Bulk LBO 1310 NA 1x fs (2001fs) 5nm (500fs) 7x 107 7% 84%
Beijing [3] | Bulk BBO 800 1.2 x 1072 2x fs° (60+ 2fs)  2.8nm (335fs) 3 x 1072 82% NA
Vienna [4] | Bulk BBO 800 NA 2x fs (504 260fs ) 0.4nm (2.3ps) 1x1072| 96% NA

%In this column, the figures associated with the pump regimes correspond to the number of lasers employed.

®The experiment operates at 500 MHz repetition rate therefore increasing the available photon pair rate.
¢The two lasers are not truly independent since they share the same Ti:Sapphire crystal Kerr medium for accurate synchronization.

and to reduced visibilities [6, [17].

The results demonstrated in this experiment are of
broad interest since the obtained net visibility is the best
value reported to date for comparable configurations. Ac-
cording to reference [14], this allows, for the first time,
considering the possibility of using quantum relays in ac-
tual quantum cryptography networks. In this context,
where two synchronized picosecond lasers must be used,
we not only expect results of the same order, thanks to

the high experimental stability and versatility demon-
strated, but also because of the reduced-constraint on
the synchronization issue |15, [16].
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