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Entanglement is at the heart of quantum physics, both for
its conceptual foundations and for applications in quantum
communication. Remarkably, entanglement can be ‘swapped’:
if we prepare two independent entangled pairs A1-A2 and
B1-B2, a joint measurement on Al and Bl (called a ‘Bell-
state measurement’, BSM) has the effect of projecting A2 and
B2 onto an entangled state, although these two particles have
never interacted nor share any common past?. Entanglement
swapping with photon pairs has already been experimentally
demonstrated®* using pulsed sources—where the challenge was
to achieve sufficiently sharp synchronization of the photons in
the BSM—but never with continuous-wave sources, as originally
proposed’. Here, we present an experiment where the coherence
time of the photons exceeds the temporal resolution of the
detectors. Hence, photon timing can be obtained by the detection
times, and pulsed sources can be replaced by continuous-wave
sources, which do not require any synchronization®’. This allows
for the first time the use of completely autonomous sources, an
important step towards real-world quantum networks with truly
independent and distant nodes.

The BSM is the essential element in an entanglement-swapping
experiment. Linear optics allows the realization of only a partial
BSM® by coupling the two incoming modes on a beam splitter
and observing a suitable detection pattern in the outgoing modes.
Such a measurement is successful in at most 50% of the cases.
Still, a successful partial BSM entangles two photons that were,
up to then, independent. The physics behind this realization is
the bosonic character of photons. It is therefore crucial that the
two incoming photons are indistinguishable: they must be identical
in their spectral, spatial, polarization and temporal modes at the
beam splitter; spectral overlap is achieved by the use of similar
filters, spatial overlap by the use of single-mode optical fibres and
polarization is matched by a polarization controller. In addition,
the temporal resolution must be unambiguous: detection at a time
t + Aty, where Aty is the temporal resolution of the detector,
must single out a unique time mode. In previous experiments,
synchronized pulsed sources created both of the photons at the
same time and path lengths had to be matched to obtain the
required temporal overlap. The pulse length, that is, the coherence
length of the photons, was 7, < Aty (typically t. < 1 ps), but two
subsequent pulses were separated by more than Aty (ref. 9). The
drawback of such a realization is that the two sources cannot be
totally autonomous, because of the indispensable synchronization.
For the case where 7. > At, (ref. 10), the detectors always single
out a unique time mode. As a benefit, we can give up the pulsed
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character of the sources and the synchronization between them. By
implementing this, we realize for the first time the entanglement
swapping scheme as originally proposed in ref. 2.

The experimental scheme is shown in Fig. 1. Each of the two
nonlinear crystals emits pairs of energy—time entangled photons!
produced by spontaneous parametric down conversion (SPDC) of
a photon originating from a continuous-wave laser. A pair can
be created at any time ¢, and all of these processes are coherent
within the km-long coherence length of the laser: [{), o< Y, £, £) 4
describes a pair of signal and idler photons emitted by source A at
time t. Thus, the state produced by two independent sources can
conveniently be represented as

|0 ey = |1/f>A|w>Bo<Z[|t,r>A|r,t>B

+ Z(u,t>A|t+r,t+r>B+|t+r,t+r>A|r,t>B)}.

>0

The first term in the above sum describes four photons all arriving
at the same time ¢ at a beam splitter. Because for this case two
identical photons bunch in the same mode, owing to their bosonic
nature, this term leads to a Hong-Ou-Mandel (HOM) dip*? (see
below). The second term describes two photon pairs arriving with
a time difference 7 > 0.

A partial BSM of photons Al and Bl is realized by sending
them through a 50/50 beam splitter and two detectors in the
output modes®. When one of the detectors fires at time ¢ and the
other one at time ¢ + 7, this corresponds to a measurement of Al
and Bl in the Bell-state ¥~ for time-bin qubits”. Consequently,
the remaining two photons A2 and B2 are projected in the state
[ V) azms = | ¥ ) a2 O | a2t + Thpo — [t + T)azlt)pe, which is a
singlet state for time-bin entanglement. Hence, entanglement has
been swapped. This process can be seen as teleportation'® of
entanglement. Unlike former experiments, time bins here are not
created by a pulse passing through an unbalanced interferometer
with path length difference Al (and = Al/c), but rather via post-
selection. In our case, photons are created at arbitrary times, but
only those that are detected with a temporal delay of t are taken
into account.

We now describe our experiment in more detail. Above, we
have assumed that the detection times t and ¢+ t of the BSM are
sharply defined. In physical terms, this requirement means that the
detection times have to be determined with sub-coherence-time
precision: this is the key ingredient that makes it possible to achieve
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Figure 1 Schematic diagram of the experimental set-up. Two pairs of entangled
photons (A1-A2 and B1-B2) are produced, one by each source (A and B), and all of
the photons are narrowly filtered (10 pm). One photon of each pair (A1 and B1) is
sent into a 50/50 beam splitter (BS) and both undergo a partial BSM. By detecting
them in different output ports of the beam splitter with detectors SSPD and APD, and
with a certain time delay z, they are in the ¥ ~-state, which projects the two
remaining photons (A2, B2) on the ¥ ~-state as well. The entanglement, swapped
onto the photon pair A2-B2, is tested by passing them through interferometers with
phases « and 3, and detecting them by single-photon APDs in both outputs (+, —)
of each interferometer.

synchronization of photons Al and B1 by detection, and thus to use
continuous-wave sources. As single-photon detectors have a certain
intrinsic minimal jitter, the coherence length of the photons has to
be increased to exceed this value by narrow filtering.

Consider the case where each of the two sources emits one
entangled pair of photons, and where Al and Bl take different
exits from the beam splitter. The photon that takes output port 1
is detected by a niobium nitride (NbN) superconducting single-
photon detector (SSPD)" with a time resolution Aty = 74 ps.
The photon in output port 2 is detected by an InGaAs single-
photon avalanche diode (APD, Aty = 105ps) triggered by the
detection in the SSPD. The time resolution of these detectors is
several times smaller than that of commercial telecommunication
photon detection modules. To obtain a coherence length of the
photons exceeding Atfy, 10-pm-bandwidth filters are used, which
corresponds to a coherence time 7. of 350 ps. The induced losses
are compensated for by the high down-conversion efficiency of
periodically poled lithium niobate (PPLN) waveguide crystals®
of 5 x 1077 per pump photon and per nanometre of the created
spectrum. For 2 mW of laser power, an emission flux, g, of 2 x 1072
pairs per coherence time is obtained. Note that g is independent
of the filtered bandwidth: in fact, narrower filtering decreases the
number of photons per second but increases their coherence time
by the same factor, hence keeping g constant.

Any two-detector click in the BSM prepares the two remaining
photons in a time-bin entangled state. In our experiment, the
creation rate for entangled photon pairs is ~10*s™, with time
delays, 7, between photon Al and B1 ranging from 0 to 10 ns. This
is two orders of magnitude larger than in previous experiments at
shorter and similar wavelengths®®. To verify entanglement between
photons A2 and B2, they are sent through unbalanced Michelson
interferometers (a and b) in a Franson configuration'. The path
length differences, Al, of the interferometers must be identical only
within the coherence length of the analysed photons (7 cm), but
stable in phase (« and B), which is achieved by active stabilization?'.
Both output ports of each interferometer are connected to InGaAs
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Figure 2 Fourfold coincidence count rate as a function of the temporal delay z.
For the photons A1 and B1 arriving simultaneously (r = 0) at the beam splitter, the
coincidence rate decreases owing to photon bunching, which leads to a HOM dip of
77% visibility.

APDs, triggered by the detection of the photons in the BSM. As
Al of these analysing interferometers is fixed, only entanglement
of pairs A2-B2 corresponding to T = Al/c can be tested. All of the
other entangled pairs with 7’ # 7 escape this analysis. Hence, our
final count rate is two orders of magnitude smaller than the rate of
created entangled pairs.

Fourfold coincidences, between one click in each BSM detector
and one behind each interferometer, are registered by a multistop
time-to-digital converter and the arrival times (t, t + 7) are stored
in a table. For T =0, we observe a decrease in this coincidence
count rate (see Fig. 2). The visibility, V, of this HOM dip indicates
the degree of indistinguishability of the two photons Al and BI.
If, for higher time accuracy, two SSPDs are used in the BSM, a
HOM dip of V =77% is observed. (See the Methods section for
a detailed discussion of the imperfect visibility.) The width of the
dip corresponds to the convolution of 7, for the two photons with
the jitter of the detectors. Note that photons that are detected after
the beam splitter at measurable different times, but within 7., do
still partially bunch, which confirms that the relevant time precision
is set by the coherence time of the photons. For the entanglement
swapping experiment, we decided to use only one SSPD and an
InGaAs APD in the BSM for its higher detection efficiency.

As wusual for the analysis of time-bin entanglement®,
interference is observable in the case where, at the output of
the interferometers, both photons are detected at the same time.
The interferometers erase the time information and temporally
distinguishable events (at t and ¢+ T respectively) interfere'®'>?.
Changing the relative phase o — 8 between the interferometers
leads to interference fringes in the coincidence count rates. We
measured the four possible fourfold coincidence count rates
R;;(a, B) (clicks in two outer detectors conditioned on a successful
BSM) with i,j € {+, —} being the different detectors behind
interferometer a and b, respectively. Thus, the two-photon
spin-correlation coefficient

Riy(a, ) —Ri_(a, f) =R (o, p) + R__(a, B)
Rii(a,B)+Ri(a, f)+R i (a, f) +R__(a, B)

E(a, p) =
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Figure 3 Correlation coefficient E(x, 8) for detection of A2 and B2. £ is plotted
as a function of the relative phase « — 8 of the interferometers for coincidence
events conditioned on a BSM of photon pair A1-B1 (circles). A fit (solid curve) of the
form E(ee, B) = Vcos( — B) gives a visibility I/=0.63+0.02, which proves
successful entanglement swapping (see text). The coincidence count rate of only
one detector conditioned on a successful BSM (threefold coincidence) is
independent of the phase setting as expected for a w~ state (squares). The error
bars are determined by the Poisson distribution—that is, they are the square root of
the obtained count rates.

is obtained as a function of the phase settings o and f and plotted
in Fig. 3 for fixed . A fit of the form E(«, 8) = V cos(a — B) to our
experimental data gives a visibility V' =0.63 £0.02. If we assume
that the two photons are in a Werner state (which corresponds to
white noise), we can show that V > 1/3 is sufficient to demonstrate
entanglement>”. Our experimental visibility clearly exceeds this
bound. The squares show that the threefold coincidence count rate
between a successful BSM and only one of the outside detectors is
independent of the phase setting, as expected for a ¥~ -state.

The integration time of this measurement was 1h for each of
the 13 phase settings and the experiment was run 8 times, and
hence took 104 h, which demonstrates the stability of our set-up.
Such long integration times are necessary because of low count
rates (five fourfold coincidences per hour), which are mainly due
to poor coupling efficiencies of the photons into optical fibres,
losses in optical components such as filters and interferometers,
as well as the limited detectors efficiencies. All of these factors
decrease the probability of detecting all four photons of a two-
pair event. Improving the coupling efficiency would allow shorter
measurement times and lower g, and hence better visibility (see the
discussion in the Methods section).

Time-bin entanglement is particularly stable and well suited for
fibre-optic communications®, and the coherence length of 7cm
allows tolerance of significant fibre length fluctuations as expected
in field experiments. If count rates are also further improved,
long-distance quantum communication® or quantum relays**
become realistic.

METHODS

EXPERIMENTAL DESCRIPTION OF THE SET-UP

Both sources consist of an external-cavity diode laser in continuous-wave mode
at 780.027 nm (Toptica DL100), stabilized against a rubidium transition
(D2-line of ¥*Rb), pumping a nonlinear PPLN waveguide® (HC Photonics) at a
power of 2mW. The process of SPDC creates 4 x 10'! pairs of photons per
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second with a spectral width of 80 nm full-width at half-maximum centred at
1,560 nm. The photons are emitted collinearly and coupled into a single-mode
fibre with 25% efficiency and the remaining laser light is blocked with a silicon
high-pass filter (Si). Signal and idler photons are separated and filtered down to
a bandwidth of 10 pm by custom-made tunable phase-shifted Bragg gratings
(AOS GmbH). These filters have a rejection of >40 dB, 3 dB insertion losses
and can be tuned independently over a range of 400 pm. Once a signal photon
has been filtered to w;, the corresponding idler photon has a well-defined
frequency w;, owing to stabilized pump wavelength and energy conservation in
the process of SPDC (@ + i = Wiaser)- After filtering, the effective conversion
efficiency for creating a photon pair within these 10 pm is 5 x 10~ per pump
photon. In principle, the available pump power permits us to produce
narrow-band entangled photon pairs at rates of up to 3 x 10? pairs per second,
which translates to an emission flux of more than 0.1 photons per coherence
time. In this experiment, we limited the laser to 2 mW, to reduce the probability
of multiple pair creation, which would decrease the interference visibility®.

After the beam splitter, the first photon is detected by a NbN
superconducting single-photon detector (Scontel) operated in free-running
mode'?, with a total detection efficiency of 4.5%, 300 dark counts per second
and a timing resolution of 74 ps, including the time jitter of both the detector
and the amplification and discrimination electronics. The second photon is
detected by an InGaAs single-photon avalanche diode operated in Geiger mode
and actively triggered by the detection in the SSPD. With home-made
electronics this detector has a time jitter of 105 ps. The observed HOM dip with
a visibility of 77% was obtained with two SSPD detectors, which were used
because of their smaller time jitter. For the entanglement swapping, we used an
APD, because of its higher efficiency, to shorten the integration time.

Photons A2 and B2 are also detected by InGaAs APDs (ID200,
idQuantique). The APDs have quantum efficiencies of 30% and dark-count
probabilities of 107 ns~!. The interferometers are actively stabilized against a
laser locked on an atomic transition, have a path length difference = Al/c of
1.2 ns and insertion losses of 4 dB each. The relative phase o — B is varied, by
keeping « fixed and scanning .

DISCUSSION OF THE IMPERFECT VISIBILITY
Assuming a gaussian wave function (¢, t') oc e =120~/ for each photon
pair (with 7. =350 ps) and a gaussian detector jitter with Atq =70 ps
full-width at half-maximum for the SSPD, we find that the expected visibility
reduction of the observed HOM dip due to the finite detector resolution is only
of the order of 3%. This means that the detectors resolution is adequate for the
present experiment. However, there are other imperfections. On the basis of a
simple model with discrete time units of order 7, inspired by ref. 29, we
estimate that multiple pair creation leads to a reduction in visibility of the order
of 4q ~ 8%. Moreover, a frequency difference of the two photons due to
fluctuations in the central wavelength of the filters (which we observed
experimentally to be less than 5 pm) accounts for a reduction of visibility of the
order of 3%. This means that for a difference corresponding to half the filters’
bandwidth, only a slight loss in visibility is observed. We can explain this by the
fact that detection of a photon with 70 ps time resolution projects its frequency
uncertainty to the order of 50 pm, much larger than the displacement of 5 pm.
Concerning the remaining error (of the order of 9% for the HOM dip), we
believe that it is caused by polarization fluctuations due to long integration
times and statistical fluctuations due to low count rates.

The further visibility reduction of the correlation coefficient in the
entanglement swapping experiment can be explained by fluctuations and losses
in the analysing interferometers during the long measurement time.
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