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Abstract Hong–Ou–Mandel (HOM) interference is one
of the most important experimental phenomena in quantum
optics. It has drawn considerable attention with respect to
quantum cryptography and quantum communication
because of the advent of the measurement device
independent (MDI) quantum key distribution (QKD)
protocol. Here, we realize HOM interference, having a
visibility of approximately 38.1%, using two independent
heralded single-photon sources (HSPSs). The HOM
interference between two independent HSPSs is a core
technology for realizing the long-distance MDI QKD
protocol, the quantum coin-tossing protocol, and other
quantum cryptography protocols.

Keywords Hong–Ou–Mandel (HOM), quantum crypto-
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1 Introduction

Interference plays an important role in the quantum
information technology. Many quantum protocols, such
as quantum cryptography [1], quantum teleportation [2],
quantum repeaters [3], and quantum computing based on
linear optics [4], rely upon photon interference.
The major requirement for realizing high-visibility

interference is to ensure that two photons are indistinguish-
able in terms of all the possible degrees of freedom,
including polarization, arrival time, and spectrum [5–9].
Quantum key distribution (QKD) has been an important

research area in quantum information science since it was
proposed in 1984 [10–16]. With the advent of quantum
computing, cryptographic algorithms based on computa-
tional complexity are no longer secure; however, it has
been theoretically proven that QKD attains unconditional
security and can defend against quantum computing-based

attacks. Regardless, the security of QKD is dependent
upon its practical implementation.
To eliminate all the loopholes associated with detectors,

a measurement device independent (MDI) QKD protocol
was proposed [17–21]; it provides immunity against all
detector attacks. MDI QKD requires high-visibility Hong–
Ou–Mandel (HOM) interference. Two different optical
sources can realize such interference, i.e., weak coherent
states and heralded single-photon sources (HSPSs). The
HOM interference between two independent weak coher-
ent states has been studied and realized through many
experiments [21,22]. It is considerably difficult to achieve
HOM interference between two HSPSs because the
efficiency of an HSPS based on a β–BaB2O2 (BBO)
crystal is not sufficiently high. However, HSPSs can
significantly improve the key rate of the QKD systems
over long distances [23].
In this study, we present an experimental realization of

HOM interference between two HSPSs. The visibility of
this interference is approximately 38.1%. Our study is a
step toward the realization of the long-distance MDI QKD
protocol, the quantum coin-tossing protocol, and other
quantum cryptography protocols.

2 Experiment

The HSPS in our experiment is based upon the
spontaneous parametric down-conversion (SPDC) process
in a nonlinear crystal. A BBO crystal is considered to be
the nonlinear crystal. SPDC occurs when a pump photon
interacting with a nonlinear medium splits into signal and
idler photons. The whole process obeys the energy and
momentum conservation conditions,

ωs þ ωi ¼ ωp, (1)

ks þ ki ¼ kp: (2)
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Here, s, i and p correspond to the signal, idler, and pump
photons, respectively. Further, we obtain

ωisinαþ ωssinβ ¼ 0, (3)

and

ωicosαþ ωscosβ ¼ ωpneðωp,�Þ
no

1

2
ωp

� � , (4)

where α and β are the phase matching angles for the signal/
idler pair and � is the cut angle of the crystal. For the

degenerate condition ωs ¼ ωi ¼
1

2
ωp, we have α ¼ – β.

Thus, we obtain

1

neðωp,�Þ
¼ secα

no
1

2
ωp

� �: (5)

In a nonlinear crystal, the refractive index satisfies the
following equation:

1

neð�Þ2
¼ sin2�

n2e
þ cos2�

n2o
: (6)

Thus, we obtain

sec2α
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� �2 ¼ sin2�

n2e
þ cos2�

n2o
, (7)

where no and ne can be given by the Sellmeier equation for
BBO,

noðlÞ2 ¼ 2:7359þ 0:01878

l2 – 0:01822
– 0:01354l2,

neðlÞ2 ¼ 2:3753þ 0:01224

l2 – 0:01667
– 0:01515l2,

8>>>><
>>>>:

(8)

where the unit of l is μm.
Finally, we obtain a relation between the cut angle of the

crystal � and the wavelength of the pump laser,

� ¼ arcsin
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vuuuut
0
BBBB@

1
CCCCA: (9)

In our experiment, the wavelength of the pump laser is
405 nm and the phase matching angle is 3:056°. We can
obtain the cut angle of the BBO crystal as � ¼ 30° from
Eq. (9).
Generally, experimental HOM interference is realized by

transmitting two laser pulses to a beam splitter (BS). In

practice, the splitting ratio in case of a commercial BS (free
space) has an error of approximately 1%. The polarization
beam splitter (PBS) in free space is better than a
commercial BS (the error is approximately 0.1%). Here,
we adopt an HOM interference scheme with respect to a
PBS, as shown in Fig. 1. The two photons are polarized as
jHi and jV i. After PBS1, the two photons adopt the same
path. Thus, the quantum state can be given as

âyHâ
y
V j0i: (10)

After the half-wave plate observed at 22:5°, the quantum
state is

1ffiffiffi
2

p âyH þ âyV
� �

� 1ffiffiffi
2

p âyH – âyV
� �

j0i

¼ 1

2
âyHâ

y
H – âyV â

y
V

� �
j0i ¼ 1ffiffiffi

2
p j2iH – j2iVð Þ: (11)

From Eq. (11), the two photons are observed to bunch
together, which denotes the HOM interference.
The overall light path diagram is shown in Fig. 2. Our

experiment was implemented using two HSPSs. A pulse
train from a mode-locked Ti:sapphire laser (with a duration
of 2.5 ps, a repetition rate of 76 MHz, and a central
wavelength of 780 nm) was passed through a frequency
doubler (LiB3O5 (LBO) crystal). Subsequently, the 390-
nm pulse laser from the frequency doubler pumped the
BBO crystal having a thickness of 0.3 mm. With the
progress of type-I SPDC, two 780-nm photons will be
emitted from the BBO crystal. One photon was directly
coupled into a 780-nm single-mode fiber (SMF) and
detected using a single-photon counting module (SPD),
with a detection efficiency of approximately 62% at 780
nm as a heralded photon. The other photon (a signal
photon) is coupled to the SMF and emitted by a fiber
collimator. The full width at half maxima (FWHM)
bandwidth of the band pass interference filter is 3.0 nm.

Fig. 1 An HOM interference scheme containing two PBSs. The
two photons are polarized as jHi and jV i. PBS, polarization beam
splitter; HWP, half-wave plate
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To compensate for the alteration of polarization by SMF,
we put two half-wave plates (780 nm) into the light’s path,
i.e., one in front of the fiber coupler (H1) and the other
(H2) behind the fiber emitter (both the fiber coupler and
fiber emitter are fiber collimators, F220FC-780, from
Thorlabs, Inc., USA). Because SMF is altered by the
birefringence effect, we treat the SMF as a wave plate. H1
rotates the linear polarization of the signal photon to ensure
agreement with the optical axis of the SMF, such that the
polarization of the signal photon remains linear after
emission from the fiber collimator. H2 rotates the
polarization of the signal photon into the original state.
Two HSPSs are realized using the same scheme

containing BBO1 and BBO2 in Fig. 2. To realize high-
visibility HOM interference, it is critical to ensure that the
two photons are indistinguishable in terms of all possible
degrees of freedom, including polarization, arrival time,
and frequency. The PBS after H2 ensures that the
polarizations of the signal photons from the two BBOs
are vertical. After PBS, the bandpass interference filter
(BPIF) filters the two photons to ensure that their
spectrums are identical. The motorized positioning sys-
tems are used to scan the arrival times of the two photons.
The experimental result is shown in Fig. 3, where “2-

fold” indicates the coincidence count between SPD3 and
SPD4. The coincidence window is 2 ns. “4-fold” indicates
the coincidence count between SPD1, SPD2, SPD3,
and SPD4. The average 4-fold count is approximately
10 c/min, indicating that the experimental period is
considerably long. To eliminate the influence of instability
with respect to experimental factors (including the power
of the laser and the temperature of the laboratory), data
normalization is demonstrated. Finally, a dip can be
observed when the interference visibility is 38.1% in our

experiment, indicating that HOM interference can be
realized using two independent HSPSs.

3 Discussion and conclusion

Thus, HOM interference was realized between two
independent HSPSs. The HOM interference visibility is
approximately 38.1%. As shown in Ref. [24], the visibility
of the two independent photons is mainly determined by

Fig. 2 Setup of HOM interference experiment. HWP, half-wave
plate; LBO, LiB3O5; BBO, β–BaB2O2; BPIF, bandpass inter-
ference filter; H1, H2, half-wave plates for polarization compensa-
tion; PBS, polarization beam splitter; SPD, single-photon detector

Fig. 3 HOM dip in our experiment. The solid line denotes the Gaussian fitting. B represents the black fit curve and D represents the red
fit curve in the figure. The fitting formula y is a Gaussian fitting function. A and w are parameters in the formula
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their indistinguishability. The time uncertainties of the two
photons must be considerably smaller than their coherent
times; this relation can be simply expressed by stating that
the greater the coincidence between the time wave packets
of the two interferometry photons, the higher will be the
interference visibility. This visibility is determined based
on the pulse width of the pump laser and the coherence
time of the signal photons as [24]

V ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ΔT

τ

� �2
s

, (12)

where ΔT is the pulse width of the pump laser and τ is the
coherence time of the signal photons, which is determined
using the BPIF in our experiment, where the pulse width of
the pump laser is approximately 2.5 ps. The bandwidth of
the BPIF is approximately 3 nm. If we use a filter with a
narrow bandwidth or select a pump laser with a narrow
pulse width (100 fs is available), the visibility can be
improved to become more than 99%.
Our study is a step toward the realization of the long-

distance MDI QKD protocol, the quantum coin-tossing
protocol, and other quantum cryptography protocols.
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