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Abstract

We describe our recent experiment on the distribution of time-bin entangled photon pairs over 300 km
of optical fiber, which set a record for long-distance distribution of quantum information. This experi-
ment was achieved by using a high-speed and high signal-to-noise ratio entanglement generation/evalu-
ation setup consisting of periodically poled lithium niobate waveguides and superconducting single-
photon detectors. We observed the violation of Bell’s inequality and thus confirmed that the entangled
photon pairs preserved the quantum correlation after they were separated by 300 km of fiber.
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1. Introduction

A huge calculation time is required in order to solve
certain mathematical problems such as factorization.
The security of most modern cryptography schemes
is ensured by achieving a high difficulty of solving
such mathematical problems. The progress made in
computers and algorithms, however, means that the
calculation time may be drastically reduced in the
future. Quantum cryptography, or quantum key dis-
tribution (QKD), has been proposed as a secure com-
munication scheme based on a law of physics [1]. In
a QKD system, a random key for a one-time pad
cryptographic system is distributed from a sender
(Alice) to a receiver (Bob) by sending single photons.
According to Heisenberg’s uncertainty principle, a
quantum state cannot be duplicated completely. This
fundamental rule of physics protects the random key
against eavesdroppers. When the eavesdroppers
intercept the single photons and measure them to
steal the information, the measurement inevitably
disturbs the quantum states of the photons, which
results in errors in the photon transmission between
Alice and Bob. In this way, we can detect the eaves-
dropping by monitoring a change in the error rate and
ensure the security of the random key.

QKD with a weak coherent light has already been
implemented in field experiments at communication

distances of tens of kilometers. A video-conference
service based on QKD, for example, was demon-
strated in the Tokyo QKD network in 2010 [2]. To
increase the key distribution distance further, how-
ever, the loss in the communication channel is a pri-
mary issue that must be addressed. When we send a
single photon over optical fiber, roughly 5% of the
photons are lost in the optical fiber per 1-km trans-
mission. This means that the success probability of
the single-photon transmission over 300 km of opti-
cal fiber is less than 0.0001%. When the photon count
rate becomes comparable to a dark count rate of a
single-photon detector because of the transmission
loss, we can no longer distinguish the transmitted
signal. Hence, the communication range of the QKD
is limited by the signal-to-noise ratio (SNR). Unfor-
tunately, we cannot use an optical amplifier for the
QKD because we also cannot duplicate the single
photon without any errors.

Consequently, entanglement-based QKD has been
proposed as a way to improve the SNR in long-dis-
tance QKD [3]. In this scheme, an entangled photon
pair is distributed to each distant receiver from a half-
way point of the communication channel. The suc-
cess probability of the single-photon transmission
increases because the transmission distance of each
photon is reduced by half, and thus, we can improve
the SNR compared with the conventional QKD. The
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Fig. 1. Spontaneous parametric down conversion in PPLN waveguide.

quantum entanglement is a quantum state where each
particle cannot be described as a quantum state inde-
pendently. When we undertake a measurement on an
entangled photon pair, the result for each photon is
completely random, but the two results show a cor-
relation, even when these two photons are separated
by long distances. This correlation, which cannot be
explained by classical theory, is an essential property
of quantum entanglement.

NTT demonstrated entanglement-based QKD over
100 km of optical fiber in 2008 [4] and also per-
formed long-distance entanglement distribution over
200 km in 2009 [5]. In this article, we introduce our
recent experimental results for entanglement distribu-
tion over 300 km of optical fiber [6].

2. Generation and measurement of
entangled photon pairs

For the long-distance entanglement distribution, we
generate high-dimensional time-bin entangled pho-
ton pairs, which are suitable for fiber transmission
[7]. We employ a spontaneous parametric down con-
version (SPDC) process in a periodically poled lithi-
um niobate (PPLN) waveguide to generate tempo-
rally correlated photon pairs, as shown in Fig. 1 [8].
The two generated photons, which are called signal
and idler photons, conserve the total momentum and
energy of the pump photon. In time-bin entangled
state generation, we input coherent sequential pulses
into the PPLN waveguide as a pump. If the pump
power is small, and the probability that these pulses
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will generate photon pairs simultaneously is rela-
tively small, we can generate a coherent superposi-
tion state of the photon pair states generated by those
pump pulses. The whole state wave function of an
entangled photon pair can be written approximately
as:

|w>=fléz’,lelk>slk>i , (1)

where |k>; denotes a state in which a single photon is
found at the kth time slot in mode z (= s: signal, i:
idler). Here, N is the number of pulses in which the
phase coherence of the pump pulses is preserved. The
generated signal and idler photons are separated by a
wavelength filter and then launched into long-dis-
tance fibers.

After the long-distance distribution of the entangled
photon pair, we evaluate the distributed entanglement
by measuring two-photon interference in a Franson-
type experiment [9]. The distributed signal and idler
photons are measured with n-bit delayed Mach—
Zehnder interferometers (MZIs) followed by single-
photon detectors. The n-bit delayed MZIs transform
the |k>; state into the lk>; + exp(i0;)lk + n>; state
(unnormalized), where 0O; is the relative phase
between the two divided paths in each MZI. Under
the condition of N >> n, the coincidence count rate
between the signal and idler photons is approximate-
ly proportional to 1 + Vcos(6s + 6;), where V is the
visibility of the two-photon interference. In measur-
ing the entanglement, although the photon count rate
of the signal and idler photons is independent of the
MZI phases, we will observe a change in the
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coincidence count between the signal and idler pho-
tons depending on the phases of the MZlIs.

We also confirm the violation of Bell’s inequality to
make sure that the two-photon interference is caused
by the quantum mechanics. In the Bell’s inequality
experiment, we measure a criterion value of S for the
Clauser, Horne, Shimony, and Holt (CHSH) inequal-
ity [10]: ISI < 2 for any correlations based on the clas-
sical mechanics. The S value is obtained by undertak-
ing 16 coincidence count measurements, in which the
4 different phase values of MZIs are set for the signal
and idler photon detection. The S value is given by

S = E(dsdi) + E(ds.di) + E(d5,di) — E(d5.di) > (2)

where d;, d’; (z = s, i) denote arbitrary values of
phases 0; in interferometers, and E(0;,6;) is defined
as:

R(05,0;) — R(05,0; + m)

R(6y,6;) + R(6y,0; + 1)

— R(6s + 7,0;) + R(Os + 7,0, + m)
+ R(6s + ,6;) + R(Os + 7,0, + 1)

-(3)

Here, R(0Os, 0)) is the coincidence count rate of a two-
photon interference measurement when we set the
phases of the MZlIs for the signal and idler photons at
Os and 6;, respectively. Although the S value obtained
in a measurement on any classically correlated pho-
tons does not exceed 2, the value for an entangled
photon pair can be larger than 2 by selecting appro-
priate phase settings (violation of Bell’s inequality).
Thus, we can distinguish between the correlations
based on the quantum and classical mechanics
depending on whether or not the obtained S value
exceeds 2, respectively.

3. Experimental setup

Our experimental setup is shown in Fig. 2. The
high-dimensional time-bin entangled photon pairs
were generated by the SPDC process in the PPLN
waveguide. We set the repetition rate of the sequential
pump pulses as high as 2 GHz so that we can use the
time domain efficiently. The generated signal and
idler photons were separated by a wavelength filter
and then launched into 150-km dispersion-shifted
fibers. The distributed photons were launched into
MZlIs fabricated based on planar lightwave circuit
technology. The propagation time difference between
the two paths of the MZI was 1 ns, and thus, it worked
as a 2-bit delay for 2-GHz repetition pulses. We were
able to control the phases of 6; and 6; by tuning the
temperature of MZI-1 and MZI-2, respectively. An

output port of each MZI was connected to a supercon-
ducting single-photon detector (SSPD), which con-
tributed to the low-noise and highly efficient detec-
tion of the entangled photon pairs. The SSPD had a
low dark count probability of about 1 x 10~ per 100-ps
time window and a high detection efficiency of 20%.
Output signals from the SSPDs were input into a time
interval analyzer (TIA) as the start and stop signals
for coincidence detection. The time resolution of the
TIA was 9.8 ps, and the coincidence counts were col-
lected in a 300-ps time window.

4. Two-photon interference and violation of
Bell’s inequality

The experimental results of the two-photon inter-
ference by the distributed entangled photon pairs are
shown in Fig. 3. First, we fixed 6, by setting the tem-
perature of MZI-1 at 15.35°C and swept the tempera-
ture of MZI-2 in 0.1°C steps while measuring the
coincidence counts. The measurement time was 1
hour for each temperature setting. The corrected
coincidence counts, which are raw data without the
subtraction of accidental counts, are shown by the
circles in Fig. 3, which show a clear sinusoidal modu-
lation. The visibility of the fitted curve was 86.1 +
6.8%. We then changed 0, with the temperature of
MZI-1 at 15.54°C and observed another fringe
(squares), whose visibility was 83.7 £9.1%. Thus, we
confirmed that a non-classical correlation was pre-
served even after the two photons were separated by
as much as 300 km of fiber.

We then performed the S value measurement for the
CHSH inequality. We searched for phase settings
where the coincidence rate was maximized, and we
defined these phases as 6y and 6;0. We used these
phases to determine the measurement parameters in
Eq.(2)asds= 050, d5= 050+ n/2,di= 0o+ /4, and
di = 6ip — /4. We obtained 16 values of R(6O;, 6;)
over 16 hours to obtain the S value. To improve the
accuracy of the S value, we repeated the same experi-
ments three times with the same measurement param-
eters. As a result, we found that S = 2.41 + 0.14,
leading to the violation of 2.9 standard deviations.
This means that the correlation of the entangled pho-
ton pair clearly violates Bell’s inequality. We con-
firmed from this result that we achieved a high-qual-
ity entanglement distribution over 300 km of fiber.
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Fig. 2. Experimental setup for distribution of time-bin entangled photon pairs over 300 km of optical fiber.
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Fig. 3. Two-photon interference fringes obtained after 300-km distribution over fiber.
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5. Future work toward long-distance
entanglement distribution

The distance of the entanglement distribution is
limited by the SNR of the setup, in principle. It is pos-
sible to attempt a longer distance distribution as long
as the noise in the system is sufficiently low. Even if
we can ignore the noise, however, the success proba-
bility of the distribution decreases exponentially as
the distance increases, and thus, the time required for
the distribution also increases exponentially. To solve
this problem, Briegel et al. proposed the concept of a
quantum repeater [11] based on nested entanglement
swapping [12], entanglement purification, and quan-
tum memory. The quantum memory is a key device
for the quantum repeater, as it can store the quantum
state of the distributed photon and output it after an
arbitrary time. NTT has been studying several kinds
of quantum memories as part of efforts to realize a
quantum repeater. These memories include an atomic
ensemble in a solid-state material. In the future, we
hope to realize long-distance quantum communica-
tion by combining our entanglement generation and
distribution technologies with quantum memories.
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