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Abstract: We report the first entanglement swapping experiment using
entangled photon-pair sources based on spontaneous four-wave mixing
(SFWM). The 1.5-μm band entangled photon pairs generated by SFWM
in two independent 500-m dispersion shifted fibers exhibited quantum
interference, thanks to the negligible walk-off between the pump and
photon pairs. The use of 500-MHz gated-mode InGaAs/InP avalanche
photodiodes based on the sine-wave gating technique increased the fourfold
coincidence rate. As a result, the formation of an entanglement between
photons from independent sources was successfully observed.
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1. Introduction

Remarkable progress has been made on quantum key distribution (QKD) systems over optical
fiber in recent years [1]. The key distribution distance of a point-to-point QKD has now reached
200 km [2]. It is believed that the most effective way of extending the key distribution distance
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further is to employ quantum repeaters [3, 4]. However, it is still difficult to construct practi-
cal quantum repeater systems with the currently available technologies. A simpler method for
extending the key distribution distance to ∼400 km of fiber is to use a quantum relay [5, 6],
which is a QKD using entanglement distributed via entanglement swapping [7, 8, 9, 10]. To
realize this, entanglement swapping in the 1.5-μm telecom band is an important first step. In
addition, if we implement entanglement swapping with other sophisticated technologies such
as a quantum memory [11], we can realize fully scalable quantum communication based on
quantum repeaters.

Most previous experimental entanglement swapping [7, 8, 10] used short-wavelength photon
pairs generated by spontaneous parametric downconversion (SPDC) in nonlinear crystals [12,
13], while the Bell state measurement was undertaken in the 1.3-μm band in [9]. However,
entanglement swapping in the 1.5-μm band has proved challenging because of the immature
status of the components needed for multi-coincidence experiments at this wavelength. One
such component is a single photon detector. To date, InGaAs/InP avalanche photodiodes (APD)
operated in a gated mode have been most commonly used as single photon detectors in the
1.5-μm band [14]. However, the gate frequency of an InGaAs/InP-based photon detector is
typically smaller than 10 MHz, which means that the effective clock frequency of the whole
setup is limited by this relatively slow gate frequency and thus it is difficult to increase the
fourfold coincidence rate.

Another component needed for entanglement swapping is a 1.5-μm entanglement source
that generates indistinguishable photon pairs. Currently, the most widely used entanglement
source for the 1.5-μm band is based on SPDC in a periodically poled lithium niobate (PPLN)
waveguide [15, 16, 17, 18]. In the SPDC process in the PPLN waveguide, a large walk-off
between a short wavelength pump pulse and a 1.5-μm photon pair causes the photon pair to
exhibit timing jitter. As a result, it is generally difficult to obtain quantum interference using
photons from independent sources based on PPLN waveguides.

Recently, a group from Geneva University reported the first entanglement swapping experi-
ment to use 1.5-μm band energy-time entangled photon pairs [18]. They used SPDC in PPLN
waveguides, together with very narrow filters and a low-jitter superconducting single photon
detector, with which they managed to suppress the walk-off problem and successfully obtained
indistinguishable photon pairs from independent sources.

Here, we report a 1.5-μm band entanglement swapping experiment based on a different
scheme. Our scheme uses time-bin entangled photons, which are pulsed entangled states suit-
able for high-clock-rate systems, generated by spontaneous four-wave mixing (SFWM) in dis-
persion shifted fibers (DSF) [19, 20, 21, 22, 23]. As previously demonstrated in the short wave-
length band [24] and the 1.5-μm band [25], the fiber-based sources facilitated the generation of
indistinguishable photon pairs. Also, the use of high-speed InGaAs APDs with a 500-MHz gate
frequency, which were realized using the sine-wave gating technique [26], contributed signifi-
cantly to the increase in the fourfold count rate. As a result, an entanglement was successfully
formed between photons from independent fiber sources. The whole entanglement swapping
setup was operated at a clock frequency as high as 500 MHz, which we believe paves the way
for the realization of a quantum relay over optical fiber networks.

2. Setup

2.1. Time-bin entangled photon pair sources

Figure 1 shows the experimental setup for generating sequential time-bin entangled photon
pairs [22, 27, 28]. A continuous light from an external cavity diode laser with a wavelength of
1551.1 nm was modulated into 19-ps pulses by utilizing the nonlinear attenuation character-
istics of an electroabsorption (EA) modulator driven by a 10-GHz sinusoidal signal [29]. The

#110358 - $15.00 USD Received 21 Apr 2009; revised 7 Jun 2009; accepted 9 Jun 2009; published 11 Jun 2009

(C) 2009 OSA 22 June 2009 / Vol. 17,  No. 13 / OPTICS EXPRESS  10750



Fig. 1. Experimental setup (I) time-bin entangled photon-pair sources.

10-GHz pulse train was amplified with an erbium doped fiber amplifier (EDFA) and then the
repetition frequency was reduced to 500 MHz using a lithium niobate (LN) modulator. The
500-MHz pulse train was again amplified with another EDFA, filtered to suppress amplified
spontaneous emission noise, and then divided into two paths by an optical coupler. The pulse
peak power in each path was approximately 0.5 W. The pulses in each path were transmitted
through a variable delay line to adjust their temporal positions, and input into a 500-m DSF
that was cooled by liquid nitrogen to suppress the noise photons caused by spontaneous Raman
scattering. In this cooled DSF, the pulse train created sequential time-bin entangled photon
pairs, whose state is approximately given by [28] 1√

N ∑N
k=1 |k〉s|k〉i. Here, |k〉x denotes a state in

which there is a photon in a temporal position k and a mode x, and N is the number of pulses in
which the phase coherence of the pump pulses is preserved. The photons from each DSF were
transmitted through a fiber Bragg grating (FBG) to suppress the pump, and launched into an
arrayed waveguide grating (AWG) followed by optical bandpass filters to separate the signal
and idler photons. The signal and idler wavelengths were 1547.9 and 1554.3 nm, respectively.
The total loss of the FBG, the AWG and the bandpass filter was approximately 6 dB for each
channel.

The bandwidths of the filters were both 0.2 nm, implying that the coherence time of the
photon pairs was approximately 18 ps. According to [30, 31], photon pairs generated via a
spontaneous parametric process become distinguishable when the pump pulse width is much
larger than the coherence time of the photon pairs. With the present setup, in which the widths of
the pump pulse and photon pair coherence time were almost the same, this timing jitter is well
suppressed and so nearly indistinguishable photon pairs can be created. When indistinguishable
photon pairs are generated, their number distribution typically becomes a thermal distribution,
while distinguishable pairs have a Poissonian distribution [31]. To determine whether the pho-
ton pair was indistinguishable or not, we measured the second-order correlation function g(2)(0)
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of the idler photons using a Hanbury Brown and Twiss setup [32]. The result is shown in Fig. 2
(a). Clear photon bunching with g(2)(0) = 1.6 was observed, indicating that photons from two
independent fiber sources could exhibit quantum interference.

We also undertook two-photon interference fringe measurements for fiber sources #1 and 2.
When we set the average photon pair number per pulse at 0.04, the fringe visibilities were both
∼ 70%.

Fig. 2. (a) Result of g2(0) measurement. (b) Quantum efficiency and afterpulse probability
as a function of dark count probability per gate. Squares and triangles: detector x, circles
and crosses: detector y.

2.2. Coincidence measurement setup

Figure 3 shows the setup for entanglement swapping using fiber sources #1 and #2 described
above. The signal photons from fiber sources #1 and #2 were sent to Alice and Bob, respec-
tively, and the idler photons were sent to Charlie. The idler photons received by Charlie were
input into a fiber beamsplitter (BS) whose output ports were connected to InGaAs/InP APDs
for single photon counting. The two input and output ports of the BS are denoted as ports 1, 2,
x and y, respectively, as shown in Fig. 1. The gate frequency of these APDs was as high as 500
MHz, which was made possible by using the sine-wave gating technique [26]. The quantum
efficiencies and the afterpulsing probability as a function of dark count probability are shown
in Fig. 2 (b). Thus, quantum efficiencies of better than 10% were obtained for both detectors
with moderate dark count probabilities of ∼ 2×10−5. In the following experiment, we set the
quantum efficiencies and dark count probabilities per gate, respectively, at 11% and 1.8×10−5

for channel x, and 13% and 1.6× 10−5 for channel y. The afterpulsing probability of the two
detectors were both ∼4%. A polarizer was placed in front of the detector for channel x. Then,
the polarization states of the idler photons were adjusted to maximize the count rate of the
detector, and so the polarization states of the two idler photons were set so that they were the
same.

Here we describe the Bell state measurement of a sequential time-bin entangled state using
a BS and threshold detectors. The quantum state of the total system is written as

|S〉 =
1
N

(
N

∑
j=1

| j〉1s| j〉1i

)
⊗

(
N

∑
k=1

|k〉2s|k〉2i

)
, (1)
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Fig. 3. Experimental setup (II) fourfold coincidence measurement.

where the first subscript denotes the fiber source number (1 or 2). This state can be rewritten us-
ing the four Bell states formed by two idler photons, |Φ±

k 〉= (|k〉1i|k〉2i±|k+1〉1i|k+1〉2i)/
√

2
and |Ψ±

k 〉 = (|k〉1i|k +1〉2i ±|k +1〉1i|k〉2i)/
√

2, as

|S〉 → 1

N
√

2

{
N

∑
k=1

|k〉1s|k〉2s(|Φ+
k 〉+ |Φ−

k 〉)

+
N−1

∑
k=1

(|k〉1s|k +1〉2s + |k +1〉1s|k〉2s)|Ψ+
k 〉

+(|k〉1s|k +1〉2s −|k +1〉1s|k〉2s)|Ψ−
k 〉

}
. (2)

Here, the states that are not observed in our coincidence measurements using 1-bit delayed
interferometers are omitted for simplicity. The Bell states |Φ±

k 〉 cannot be discriminated using
a BS followed by threshold detectors, since the two input photons bunch in the same spatial
and temporal mode at the BS output ports as a result of the Hong-Ou-Mandel (HOM) effect
[33]. When |Ψ+

k 〉 is input into the BS, the two photons are output in the same spatial mode but
in different temporal modes. This means that in theory this state can be discriminated using
threshold detectors. However, the discrimination of two consecutive photon pulses in the same
spatial mode requires a detector deadtime of <2 ns, which is very difficult to achieve with
current single photon counting technologies. When a Bell state |Ψ−

k 〉 is input into a BS, the
output state is given by (|k〉x|k+1〉y−|k+1〉x|k〉y)/

√
2 (the subscripts denote the output ports),

implying that only this state gives a coincidence count between detectors x and y, and thus can
be discriminated from the other three states. Therefore, we adjusted the temporal position of
the detector gates for channels x and y to detect photons in the (k + 1)th and the kth time
slots, respectively, by which we can implement a projection measurement on a portion of |Ψ−

k 〉
(i.e. 1√

2
|k + 1〉x|k〉y). Then, Eq. (2) shows that the two signal photons form an entangled state

(|k〉1s|k +1〉2s −|k +1〉1s|k〉2s)/
√

2.
The signal photons sent to Alice and Bob were input into 1-bit delayed interferometers fab-

ricated with planar lightwave circuit (PLC) technology [22] followed by InGaAs/InP APDs
operated in a conventional gated mode. The phase differences between the two arms of the
interferometers were tuned by adjusting the temperature of the PLC substrates. The use of the
PLC interferometers enabled the setup to operate stably over a long period. We confirmed that
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the phases of our PLC interferometers were stable within ±0.06π for at least 12 hours without
any feedback control other than temperature control. In the future, we will also be able to use
the PLC-based BS [34] to realize a compact BSM. Alice’s and Bob’s APDs were gated using
detection signals from detectors x and y, respectively, owned by Charlie. Then the detection
signals from Alice’s and Bob’s APDs were used as start and stop pulses for a time interval
analyzer (TIA). As a result, the coincidence events recorded by the TIA were conditioned by
the Bell state measurement at Charlie.

3. Results

We first removed the PLC interferometers and observed a HOM dip using idler photons from
the two independent fiber sources. Here, the coincidence measurement at the output of the BS
was conditioned by the detection of signal photons at Alice and Bob. The fourfold coincidence
counts as a function of the relative delay between two idler photons is shown in Fig. 4 (a). A
clear dip was observed when the relative delay was zero. The visibility of the dip was 64±8%.
Thanks to the 500-MHz gated mode detectors, we were able to count the fourfold coincidences
with an average photon pair number per pulse (∼ 0.04) that was much smaller than that in our
previous experiment (∼ 0.14) [25]. This reduced average photon pair number resulted in fewer
accidental coincidences, and thus we obtained a visibility much larger than that reported in [25]
(53%). This result shows that the two photons generated in two independent DSFs that were as
long as 500 m could exhibit nonclassical interference.

Fig. 4. (a) HOM measurement result. The vertical axis shows the fourfold coincidences ob-
tained by the TIA for 1,000,000 start pulses. The detection signals from Alice’s and Bob’s
detectors were used as the start and stop pulses for the TIA. Alice’s and Bob’s detectors
were gated using the detection signal from the detectors owned by Charlie. (b) Two-photon
interference fringe obtained using coincidence counts of two signal photons conditioned by
Bell state measurement of idler photons. The vertical axis shows the coincidence rate per
start pulse. Squares: TA = 32.25◦C, circles: TA = 32.35◦C. Statistical error bars are given
only for the data with TA = 32.25◦C. Note that no accidental coincidences or noise counts
have been subtracted from the data shown in (a) and (b).

Next, we inserted the PLC interferometers, and observed the two-photon interference of the
signal photons received by Alice and Bob. As explained above, the detection of the signal pho-
tons was triggered by the Bell state measurement undertaken at Charlie’s site, which means
that the coincidences observed by the TIA corresponded to fourfold coincidences observed by

#110358 - $15.00 USD Received 21 Apr 2009; revised 7 Jun 2009; accepted 9 Jun 2009; published 11 Jun 2009

(C) 2009 OSA 22 June 2009 / Vol. 17,  No. 13 / OPTICS EXPRESS  10754



the four detectors. We fixed the temperature of Alice’s interferometer TA at 32.25◦C, and meas-
ured the coincidence counts while sweeping the temperature of Bob’s interferometer TB. The
average photon pair number per pulse was set at the same value as that in the HOM experi-
ment. The obtained coincidence rates are shown by squares in Fig. 4 (b). A clear modulation of
coincidence was observed, which suggests that the two signal photons originating from two in-
dependent sources were now correlated. The visibility of the best-fitted curve was 47±7%. We
would like to stress that no accidental coincidences or noise counts have been subtracted from
the data shown here. To rule out the possibility that the modulation was caused by a classical
correlation, we changed TA to 32.35◦C, which corresponds to an interferometer phase shift of
about π/2, and undertook another two-photon interference measurement. The result is shown
by the circles in Fig. 4 (b), which again showed a clear fringe with a visibility of 41± 9%.
Thus, we obtained two-photon interferences for two non-orthogonal measurement bases with
visibilities better than 41%. When we subtracted the accidental coincidences, the visibilities
were 124± 30% (TA = 32.25◦C) and 98± 23% (TA = 32.35◦C). Here, the accidental coinci-
dences include the erroneous coincidences caused by the dark counts and the imperfections of
the sources such as multi-photon emission and temporal distinguishability of the photon. An-
other factor degrading the visibility is the limited extinction ratio of the PLC interferometers,
which degrades the visibility by ∼1%. Therefore, the fringe visibility after the subtraction of
the accidental coincidences should be ∼99% if there are no statistical fluctuations. In reality,
the large statistical fluctuation in the coincidences and accidental coincidences caused several
negative points to appear in the corrected fringes, which resulted in the visibility exceeding
100%. The accidental coincidence rates were estimated by counting the coincidences caused
by photons generated with different pump pulses. The measurement procedure for counting the
accidental coincidences is detailed in [22]. The coincidence rate at the peak of the fringe was
0.038 Hz, which is much higher than that of the previous experiment (7.5 coincidences per hour
) [18, 35]. If we assume that the two photons are in a Werner state, a visibility greater than 33%
is sufficient to demonstrate entanglement [18]. Therefore, the result shown here indicates that
an entanglement was formed between two signal photons originating from two independent
fiber sources.

4. Discussion

We can think of two main reasons for the relatively low visibility. The probable main source
of the visibility degradation is accidental coincidences caused by multi-pair emission. In our
experiment, spontaneous Raman scattering (SpRS) noise, which is not suppressed even at liq-
uid nitrogen temperature, could increase the accidental coincidence rate. With the analysis de-
scribed in [23], we can estimate that the noise photons account for ∼75% of the generated
photons, and this could seriously degrade the visibility. When the average correlated photon
number per pulse is μc and the total average photon number per pulse is μ , the theoretical
visibility of a HOM dip that takes account of two-pair generation is given by

VHOM2 =
μc +8μ2

μc +12μ2 . (3)

The above equation is obtained by using a similar procedure to that described in [24]. In the
present experiment with μc � 0.01 and μ � 0.04, this degrades the HOM visibility to ∼78%.
Another possible reason is the relatively broad pump pulse, which may have led to temporal
distinguishability. If the ratio between the pump pulse width and the photon pair coherence
time is given by r, the expected visibility of a HOM dip obtained with SFWM-based sources is
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expressed as [24]

VHOM1 =

√
1+ r2

1+ r2/2
. (4)

With the parameters used in this experiment, a broad pulse degrades the visibility to ∼93%.
Possible other sources of visibility degradation include a large statistical fluctuation because of
the low fourfold coincidence rate and a polarization drift during the measurement. We believe
that a combination of the above factors resulted in the HOM visibility of 63%.

In this experiment, we directly connected the nodes without using transmission fibers. The
distance of the entanglement distribution in this scheme is in reality not limited by the degrada-
tion of the signal-to-noise ratio but by the decrease in the coincidence rate. For example, if we
assume that the minimum required coincidence rate is 0.01 Hz, the total length of fiber that we
can insert between nodes is ∼30 km with the current setup. Thus, it remains very important to
increase the coincidence rate. The most straightforward way to increase the rate is to improve
the single photon detectors. For example, the use of detectors with a 1.5-GHz gate frequency
[36] will be effective in improving the rate. Thus, further improvement of the 1.5-μm band
single photon detectors is required if the current scheme is to be deployed for entanglement
distribution over optical fiber. In addition, we expect the SpRS noise to be better suppressed if
we cool the DSF to a lower temperature [37] or use SFWM in a silicon waveguide [38], so that
we can realize better visibility.

We would like to emphasize the fact that we used pump pulses whose temporal width was
in the ps regime, whereas most previous experiments have used fs pump pulses. The use of the
relatively broad pump pulses will facilitate the synchronization of two (or more) distant pump
sources, which constitutes a great advantage as regards constructing quantum communication
systems in real fiber networks.

5. Conclusion

We have reported the first entanglement swapping experiment to use fiber-based entanglement
sources. SFWM in 500-m DSFs pumped by a pulse train generated through the external mod-
ulation of continuous-wave laser light was used to obtain indistinguishable time-bin entangled
photon pairs. The use of 500-MHz gated-mode InGaAs/InP avalanche photodiodes based on
the sine-wave gating technique reduced the measurement time significantly. The formation of
an entanglement between photons from independent sources was successfully observed.
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