
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

23
3 

97
1

A
1

��&��

��������
(11) EP 2 233 971 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(43) Date of publication: 
29.09.2010 Bulletin 2010/39

(21) Application number: 08871496.9

(22) Date of filing: 10.12.2008

(51) Int Cl.:
G02F 1/39 (2006.01)

(86) International application number: 
PCT/JP2008/072441

(87) International publication number: 
WO 2009/093391 (30.07.2009 Gazette 2009/31)

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HR HU IE IS IT LI LT LU LV MC MT NL NO PL PT 
RO SE SI SK TR
Designated Extension States: 
AL BA MK RS

(30) Priority: 25.01.2008 JP 2008014938

(71) Applicant: Japan Science and Technology Agency
Kawaguchi-shi
Saitama 332-0012 (JP)

(72) Inventors:  
• EDAMATSU, Keiichi

Miyagi 981-1245
 (JP)

• SHIMIZU, Ryosuke
Miyagi 984-0827 (JP)

• NAGANO Shigehiro
Kanagawa 251-0023 (JP)

(74) Representative: Bentz, Jean-Paul et al
Novograaf Technologies 
122 Rue Edouard Vaillant
92593 Levallois-Perret Cedex (FR)

(54) NON-DEGENERATE POLARIZATION-ENTANGLED PHOTON PAIRS GENERATION DEVICE 
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(57) A non-degenerate polarization-entangled pho-
ton pair generation device (1) that efficiently and easily
generates non-degenerate polarization-entangled pho-
ton pairs includes: a quantum-entangled photon pair gen-
erator (2) including a single crystal in which periodically
poled structures (3a, 3b) having different periods are
formed; and a light radiating unit (4) for entering light into
the quantum-entangled photon pair generator (2) such
that the light passes through the periodically poled struc-
ture (3a) and then through the periodically poled structure

(3b). A period of the periodically poled structure (3a) is
different from a period of the periodically poled structure
(3b) such that a parabola indicative of a relation between
an emission angle and a wavelength of a polarized pho-
ton emitted based on light incident on the periodically
poled structure (3a) comes into contact with a parabola
indicative of a relation between an emission angle and a
wavelength of polarized photon emitted based on light
incident on the periodically poled structure (3b), within
an allowable range under a phase matching condition.
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Description

Technical Field

[0001] The present invention relates to a non-degenerate polarization-entangled photon pair generation device and
a non-degenerate polarization-entangled photon pair generation method each for generating photon pairs in a non-
degenerate polarization-entangled state.

Background Art

[0002] In recent years, information communication techniques more widely have been implemented in the form of, for
example, electronic commerce and electronic mails. To cope with this, cryptographic techniques in information trans-
mission have been also researched and developed. As one of the cryptographic techniques, quantum cryptography is
highly expected recently.
[0003] In the quantum cryptography, security is ensured by utilizing a physical phenomenon according to Heisenberg’s
uncertainty principle in quantum mechanics. According to the uncertainty principle, a quantum state is changed by
observation, and therefore, eavesdropping (observation) of a communication cannot be performed without being surely
detected. This allows taking measures against the eavesdropping, such as blocking the communication. This makes
eavesdropping physically impossible in the quantum cryptography. Further, according to the uncertainty principle, rep-
lication of particles is also impossible in the quantum cryptography.
[0004] Quantum teleportation is an important feature in the quantum cryptography. The quantum teleportation is a
technique for transmitting only quantum information of the particles to another place. The quantum teleportation is
realized by exchanging information between photons by utilizing a quantum-entangled state. A photon pair in the quantum-
entangled state has such a property that a quantum state of one of the photons is determined when a quantum state of
the other one of the photons is determined. This property is not dependent on a distance between the two photons.
[0005] In the quantum teleportation technique, such photon pairs in the quantum-entangled state are essential.
[0006] The following describes a two-photon polarization-entangled state. It is known that a quantum-entangled state
of 2 quantum bits (two photons) using polarized light takes the following 4 states. 

[0007] A light path of the photon and an angular frequency of the photon are some of physical quantities to determine
a mode i of a photon.
[0008] The following describes a method (parametric down-conversion) for producing two photons. As a physical
process to produce a two-photon state, a parametric down-conversion process is often used. In the parametric down-
conversion process, a single pump photon (angular frequency ωp, wave vector kp) incident on a crystal is converted into
a photon pair with a certain probability. One of the photon pair is a signal photon (angular frequency ωs, wave vector ks)
and, the other one of the photon pair is an idler photon (angular frequency ωi, wave vector ki). At this time, in order that
the parametric down-conversion process may be caused, the following phase matching condition should be satisfied. 
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[0009] There are 3 types of the phase matching conditions depending on polarization of the photons.

1. Type-0 phase matching condition

[0010] This is a case where the pump photon, the signal photon, and the idler photon have the same polarization.

2. Type-I phase matching condition

[0011] This is a case where the signal photon and the idler photon have the same polarization, and the polarization
of the pump photon is perpendicular to the polarization of the signal photon and the idler photon.

3. Type-II phase matching condition

[0012] This is a case where the polarization of the signal photon is perpendicular to the polarization of the idler photon,
and the pump photon has the same polarization as either of the polarization of the signal photon and the polarization of
the idler photon.
[0013] Next will be explained a quasi phase matching method. The quasi phase matching method is well known as a
technique for satisfying the phase matching condition at a certain wavelength. In the quasi phase matching method, a
second order nonlinear optical susceptibility is periodically modulated so as to satisfy the phase matching condition. In
this case, the above expression (4) of the phase matching condition is changed to the following expression (5):

where A is a modulation period of the second order nonlinear optical susceptibility. A "periodic polarization reversal
method" in which spontaneous polarization of a crystal is periodically reversed is put into practice as a technique for
periodically modulating the second order nonlinear optical susceptibility.
[0014] The following describes a conventional method for producing a polarization-entangled state. There have been
reported several techniques as the method for producing a polarization-entangled state in which two photons have the
same angular frequency (for example, see Non Patent Literature 1). In this method, since the two photons have the
same angular frequency and therefore it is difficult to distinguish them from each other, a mode is determined according
to a light path of the photon. That is, the two photons should be emitted in different light paths.
[0015] Further, there has been also suggested a method for producing a polarization-entangled state in which two
photons have different angular frequencies. In this method, since the photons are distinguished from each other according
to the angular frequencies, the two photons may be emitted in the same light path.
[0016] As the method for producing a polarization-entangled photon pair constituted by two photons having different
angular frequencies, there have been reported the following methods.

1. A method utilizing a parametric down-conversion of type-0 or type-I (Non Patent Literature 2)

[0017] This method utilizes nonlinear optical crystals that satisfy the phase matching conditions type-0 or type-Iso as
to generate two photons having the same polarization state. The nonlinear optical crystals are aligned in series by being
rotated in opposite directions by 90 degrees. In this case, the two crystals are irradiated by light from the same pump
light source, so as to generate two photons (ω1, ω2) having different angular frequencies in a coaxial direction of pump light.

2. A method for producing two types of periodically poled structures in a single crystal (Patent Literature 2)

[0018] This method employs different phase matching conditions type-0 and type-I.

3. A method utilizing a four-wave mixing process that is a third nonlinear optical phenomenon caused in optical fibers 
(Non Patent Literature 3)

[0019] In this method, optical fibers are set in an interferometer and a polarization-entangled state is generated.
[0020] Further, a method in which non-degenerate polarization-entangled photon pairs are produced by utilizing a
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two-photon resonance excitation process in a semiconductor has been also known (Patent Literature 1).

Citation List

[0021]

Patent Literature 1
Japanese Patent Application Publication, Tokukai, No. 2005-309012 A (Publication Date: November 4, 2005)
Patent Literature 2
Japanese Patent Application Publication, Tokukai, No. 2007-114464 A (Publication Date: May 10, 2007)
Non Patent Literature 1
"New high-intensity source of polarization-entangled photon pairs." P.G. Kwiat et al., Phys. Rev. Lett. 75,4337 (1995).
Non Patent Literature 2
"Bright, single-spatial-mode source of frequency non-degenerate, polarization-entangled photon pairs using peri-
odically poled KTP." M. Pelton et al., Opt. Express 12, 3573 (2004).
Non Patent Literature 3
"Generation of polarization-entangled photon pairs and violation of Bell’s inequality using spontaneous four-wave
mixing in a fiber loop," H. Takesue and Kyo Inoue, Phys. Rev. A 70, 031802 (2004).

Summary of Invention

[0022] However, the method disclosed in Non Patent Literature 2 is complicated because it is necessary to prepare
two crystals having the same property and to align them precisely.
[0023] The method disclosed in Patent Literature 2 employs the different phase matching conditions type-0 and type
I, which causes a problem that it is difficult to take a balance in generation efficiency between two photons generated
from respective periodically poled structures of the type-0 and type-I phase matching conditions. The imbalance in the
generation efficiency between two photons generated from the respective periodically poled structures decreases a
degree of quantum entanglement.
[0024] In the method disclosed in Non Patent Literature 3, it is necessary to set optical fibers in an interferometer for
the generation of the polarization-entangled state. This makes a configuration of a device more complicated.
[0025] Further, the method disclosed in Patent Literature 1 uses a resonant level in a semiconductor, and therefore
is limited as to an angular frequency of pump light to be incident. As a result, a frequency band of generated non-
degenerate polarization-entangled photon pairs is also limited to a narrow range.
[0026] The present invention is accomplished in view of the above problems. An object of the present invention is to
realize a non-degenerate polarization-entangled photon pair generation device which can easily generate non-degen-
erate polarization-entangled photon pairs and which can improve efficiency of generating the non-degenerate polariza-
tion-entangled photon pairs.
[0027] In order to achieve the above object, a non-degenerate polarization-entangled photon pair generation device
of the present invention includes: a quantum-entangled photon pair generator including a single crystal in which a first
periodically poled structure having a first period and a second periodically poled structure having a second period that
is different from the first period are formed; and light radiating means for entering light into the single crystal such that
the light passes through the first periodically poled structure and then through the second periodically poled structure.
[0028] With the configuration, it is possible to form, in a single crystal, a first periodically poled structure and a second
periodically poled structure, each for generating non-degenerate polarization-entangled photon pairs. This makes it
possible to easily generate the non-degenerate polarization-entangled photon pairs and to increase generation efficiency
of the non-degenerate polarization-entangled photon pairs.
[0029] In addition, since the present invention does not utilize a resonant level in a substance, a limitation on an
angular frequency of pump light to be incident on the single crystal is moderate. As a result, it is possible to generate
non-degenerate polarization-entangled photon pairs in a large bandwidth.
[0030] In the non-degenerate polarization-entangled photon pair generation device of the present invention, it is pref-
erable that the first period of the first periodically poled structure be different from the second period of the second
periodically poled structure such that a parabola indicative of a relation between an emission angle and a wavelength
of a polarized photon emitted based on light incident on the first periodically poled structure comes into contact with a
parabola indicative of a relation between an emission angle and a wavelength of polarized photon emitted based on
light incident on the second periodically poled structure, within an allowable range under a phase matching condition.
[0031] With the above configuration, it is possible to adjust poling periods to a type-II phase matching condition that
generates such a pair of photons that one of the photons has an angular frequency ω1 and the other one of the photons
has an angular frequency ω2 in a coaxial direction of a traveling direction of the pump light and polarization of the one
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of the photons is perpendicular to polarization of the other one of the photons.
[0032] In the non-degenerate polarization-entangled photon pair generation device of the present invention, it is pos-
sible to use a lithium niobate crystal as the single crystal.
[0033] With the above configuration, it is possible to easily form the first periodically poled structure and the second
periodically poled structure each for generating non-degenerate polarization-entangled photon pairs.
[0034] It is preferable that the non-degenerate polarization-entangled photon pair generation device of the present
invention further include a third periodically poled structure that produces pump light, and the light radiating means enter
light into the third periodically poled structure such that the light passes through the third periodically poled structure,
the first periodically poled structure, and the second periodically poled structure, in this order.
[0035] In the above configuration, the light emitted from the light radiating means enters the third periodically poled
structure so that the light is converted into pump light. The pump light then enters the first and second periodically poled
structures so that non-degenerate polarization-entangled photon pairs are generated.
[0036] In the non-degenerate polarization-entangled photon pair generation device of the present invention, it is pref-
erable that the third periodically poled structure be formed in the single crystal.
[0037] In the above configuration, it is not necessary to prepare another crystal to generate pump light. Accordingly,
a simple configuration for generating non-degenerate polarization-entangled photon pairs can be obtained.
[0038] In order to achieve the above object, a method of the present invention for generating non-degenerate polar-
ization-entangled photon pairs includes the step of entering light into a single crystal in which a first periodically poled
structure having a first period and a second periodically poled structure having a second period different from the first
period are formed, in such a manner that the light passes through the first periodically poled structure and then through
the second periodically poled structure.
[0039] With the above configuration, it is possible to form a first periodically poled structure and a second periodically
poled structure, each for generating non-degenerate polarization-entangled photon pairs, in a single crystal. This makes
it possible to easily generate the non-degenerate polarization-entangled photon pairs and to increase generation effi-
ciency of the non-degenerate polarization-entangled photon pairs.
[0040] As described above, the non-degenerate polarization-entangled photon pair generation device of the present
invention includes a quantum-entangled photon pair generator including a single crystal in which first and second peri-
odically poled structures having different periods are formed. This attains advantageous effects that non-degenerate
polarization-entangled photon pairs can be easily generated and generation efficiency of the non-degenerate polarization-
entangled photon pairs can be increased.

Brief Description of Drawings

[0041]

Fig. 1
Fig. 1 is a view schematically illustrating a configuration of a non-degenerate polarization-entangled photon pair
generation device according to one embodiment.
Fig. 2
Fig. 2 is a view schematically illustrating a configuration of another non-degenerate polarization-entangled photon
pair generation device according to one embodiment.
Fig. 3
Fig. 3 is a view schematically illustrating an example of the non-degenerate polarization-entangled photon pair
generation device.
Fig. 4
Fig. 4 is a graph showing a relation between an emission angle and a wavelength of a polarized photon emitted
based on light incident on a first periodically poled structure provided in the non-degenerate polarization-entangled
photon pair generation device.
Fig. 5
Fig. 5 is a graph showing a relation between an emission angle and a wavelength of a polarized photon emitted
based on light incident on a second periodically poled structure provided in the non-degenerate polarization-entan-
gled photon pair generation device.
Fig. 6
Fig. 6 shows the graph in Fig .4 and the graph in Fig. 5 together in such a manner that the graphs in Fig. 4 and Fig.
5 are overlapped with each other.
Fig. 7
Fig. 7 is a view schematically illustrating an example of the another non-degenerate polarization-entangled photon
pair generation device.
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Fig. 8
Fig. 8 is a view schematically illustrating an example of the non-degenerate polarization-entangled photon pair
generation device.
Fig. 9
Fig. 9 is a graph showing a temperature dependency of a parametric fluorescence spectrum in the example.

Reference Signs List

[0042]

1 Non-Degenerate Polarization-Entangled Photon Pair Generation Device
2 Quantum-Entangled Photon Pair Generator
3a Periodic Poling Structure (First Periodically Poled Structure)
3b Periodic Poling Structure (Second Periodically Poled Structure)
3c Periodic Poling Structure (Third Periodically Poled Structure)
4 Light Radiating Unit (Light Radiating Means)

Description of Embodiments

[0043] One embodiment of the present invention is explained below with reference to Fig. 1 through Fig. 7.
[0044] In the present embodiment, periodically poled structures different from each other are formed in a single crystal
under a type-II phase matching condition that generates two photons whose polarization is orthogonal to each other. In
this case, a poling period of one of the periodically poled structures is adjusted such that a photon having an angular
frequency ω1 has first polarization and a photon having an angular frequency ω2 has second polarization. Further, a
poling period of the other one of the periodically poled structures is adjusted such that a photon having an angular
frequency ω1 has second polarization and a photon having an angular frequency ω2 has first polarization. With these
structures, a polarization-entangled state at non-degenerate wavelengths is generated from a single crystal, by utilizing
a frequency mode. The present invention uses the type-II phase matching condition for either of the periodically poled
structures, thereby making it easy to take a balance of two-photon generation efficiency between the periodically poled
structures. Further, this configuration does not require an additional interferometer, thereby successfully providing a
very simple device configuration.
[0045] Fig. 1 is a view schematically illustrating a configuration of a non-degenerate polarization-entangled photon
pair generation device 1 according to the present invention. The non-degenerate polarization-entangled photon pair
generation device 1 includes a quantum-entangled photon pair generator 2. The quantum-entangled photon pair gen-
erator 2 is constituted by a single crystal in which periodically poled structures 3a and 3b having different periods are
formed. The single crystal is made of a lithium niobate crystal. The non-degenerate polarization-entangled photon pair
generation device 1 also includes an incidence unit 4 that causes light to enter the photon pair generator 2 (single crystal)
in such a manner that the light passes through the periodically poled structure 3a and then through the periodically poled
structure 3b.
[0046] In the present embodiment, the periodically poled structures 3a and 3b having different periods are formed in
the single crystal (the photon pair generator 2) (Fig. 1). Poling periods are adjusted to satisfy the type-II phase matching
condition. Under the type-II phase matching condition, such a pair of photons is generated, with respect to incoming
pump light of an angular frequency ω3 and a wave number vector k3, in a coaxial direction of a traveling direction of the
incoming pump light that one of the photons has an angular frequency ω1 (wave number vector k1) and the other one
of the photons has an angular frequency ω2 (wave number vector k2), and polarization of the one of the photons is
perpendicular to that of the other one of the photons. In quasi phase matching employing such periodically poled struc-
tures, the angular frequencies and the wave number vectors in the light are respectively represented by the following
relational expressions.
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[0047] In the expression (7), Λi indicates a poling period. In this case, a poling period Λ1 is adjusted so that the first
periodically poled structure 3a generates a photon pair such that a photon having an angular frequency ω1 has first
polarization and a photon having an angular frequency ω2 has second polarization. In the first periodically poled structure
3a, a spontaneous polarization region that the crystal originally has and a spontaneous-polarization-reversed region
where the spontaneous polarization is reversed are provided in an alternate manner along a traveling direction of the
photons. The poling period Λ1 indicates a period in which one cycle is a set of the spontaneous polarization region and
the spontaneous-polarization-reversed region. Further, a poling period Λ2 is adjusted so that the second periodically
poled structure 3b generates a photon pair such that a photon having an angular frequency ω1 has second polarization
and a photon having an angular frequency ω2 has first polarization. In the second periodically poled structure 3b, a
spontaneous polarization region that the crystal originally has and a spontaneous-polarization-reversed region where
the spontaneous polarization is reversed are provided in an alternate manner along a traveling direction of the photons.
The poling period Λ2 indicates a period in which one cycle is a set of the spontaneous polarization region and the
spontaneous-polarization-reversed region.
[0048] In a case where single pump light is supplied to a quasi phase matching element configured as such, a generated
two-photon state forms a state represented by the following expression:

[0049] The two-photon state represented by the above expression is a linear superposition of states of (i) a two-photon
state produced by the periodically poled structure 3a, represented by the following expression: 

and (ii) a two-photon state produced by the periodically poled structure 3b represented by the following expression: 

In the expression (8), φ is a phase different between the two-photon states respectively generated from the two periodically
poled structures 3a and 3b. The state represented by the expression (8) is a polarization-entangled state utilizing a
frequency mode.
[0050] Fig. 2 is a view schematically illustrating another non-degenerate polarization-entangled photon pair generation
device 1a according to the present embodiment. The non-degenerate polarization-entangled photon pair generation
device 1a carries out second harmonic generation with the use of quasi phase matching by a periodically poled structure
so that pump light having an angular frequency ω3 is generated. That is, a periodically poled structure 3c that satisfies
the following expressions is formed as a zeroth period (Fig. 2).
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where ω0 is an angular frequency of a fundamental wave in the second harmonic generation and ko is a wave number
vector of the fundamental wave. This structure allows a single crystal to generate polarization-entangled state of two
photons respectively having an angular frequency ω1 and an angular frequency ω2, from incident light having the angular
frequency ω0.
[0051] In the periodically poled structure 3c, a spontaneous polarization region and a spontaneous-polarization-re-
versed region where the spontaneous polarization is reversed are provided in an alternate manner along a traveling
direction of the photons. A poling period Λ0 indicates a period in which one cycle is a set of the spontaneous polarization
region and the spontaneous-polarization-reversed region.
[0052] The conventional technique requires two crystals or alternatively has to use an interferometer. In contrast, the
method according to the present embodiment does not require the interferometer. As a result, the method according to
the present embodiment has an advantage that non-degenerate polarization-entangled photon pairs can be easily
generated just by a single crystal. Further, in order to carry out the second harmonic generation to obtain pump light for
some frequency bands of two photons to be generated, the conventional technique requires another crystal. However,
in the present embodiment, the second harmonic generation to obtain the pump light and the parametric down-conversion
to generate the two-photon state can be carried out by use of a single crystal.
[0053] Fig. 3 is a view schematically illustrating an example of the non-degenerate polarization-entangled photon pair
generation device 1. In the example, a lithium niobate crystal (LiNbO3) is used as a crystal in which the periodically poled
structures 3a and 3b are formed. Initially, a structure (period Λ1 = 9.1 Pm) is formed as the first periodically poled structure
3a for generating two non-degenerate photons having different wavelengths. Pump light having a wavelength of 775
nm and being polarized in a y-axial direction is incident on the first periodically poled structure along an x axis of the
crystal (Fig. 3).
[0054] At this time, the first periodically poled structure emits a photon polarized in the y-axial direction and a photon
polarized in a z-axial direction. Fig. 4 is a graph showing a relation between an emission angle and a wavelength in each
of the photons. The graph is obtained by simulation.
[0055] The graph demonstrates that the photon polarized in the y-axial direction and having a wavelength of 1580
nm, and the photon polarized in the z-axial direction and having a wavelength of 1520 nm are generated in a coaxial
direction (0 rad.) of the pump light.
[0056] Then, a structure (period Λ1 = 9.3 Pm) is formed as a second period. The same pump light as the one used in
the first period structure is incident on the structure as the second period. At this time, the structure generates a photon
polarized in the y-axial direction and a photon polarized in the z-axial direction. Fig. 5 is a graph showing a relation
between an emission angle and a wavelength in each of the photons. The graph is obtained by simulation. The graph
demonstrates that the photon polarized in the z-axial direction and having a wavelength of 1580 nm and the photon
polarized in the y-axial direction and having a wavelength of 1520 nm are generated in a coaxial direction (0 rad.) of the
pump light.
[0057] Fig. 6 shows the graph in Fig. 4 and the graph in Fig. 5 together in such a manner that the graphs in Fig. 4 and
Fig. 5 are overlapped with each other. The graph of Fig. 6 demonstrates that, within an allowable range under the phase
matching condition, (i) a parabola indicating the photon polarized in the y-axial direction in Fig. 4 has contact with a
parabola indicating the photon polarized in the z-axial direction in Fig. 5 at the wavelength of 1580 nm and (ii) a parabola
indicating the photon polarized in the z-axial direction in Fig. 4 has contact with a parabola indicating the photon polarized
in the y-axial direction in Fig. 5 at the wavelength of 1520 nm. That is, it is demonstrated that polarization of photons
indicated by parabolas having contact with each other is perpendicular to each other. That is, in a case where the two
periodically poled structures 3a and 3b are formed in a single crystal and the pump light polarized in the y-axial direction
and having the wavelength of 775 nm is incident on the single crystal, the first periodically poled structure 3a emits two
photons of a photon having a wavelength of 1580 nm and being polarized in the y-axial direction and a photon having
a wavelength of 1520 nm and being polarized in the z-axial direction, which two photons are represented as follows: 
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On the other hand, the second periodically poled structure 3b emits two photons of a photon having a wavelength of
1580 nm and being polarized in the z-axial direction and a photon having a wavelength of 1520 nm and being polarized
in the y-axial direction, which two photons are represented as follows: 

Since the same pump light is incident on either of the structures, a two-photon state to be emitted is a state where the
above states are linearly combined as represented as follows: 

As such, it is demonstrated that a non-degenerate polarization-entangled state using the same frequency mode as in
the expression (1) is generated where the polarization in the y-axial direction is regarded as first polarization and the
polarization in the z-axial direction is regarded as second polarization.
[0058] Fig. 7 is a view schematically illustrating an example of the non-degenerate polarization-entangled photon pair
generation device 1a. In the non-degenerate polarization-entangled photon pair generation device 1a, further another
poling structure (Λ0 = 16.1Pm) is formed as a zeroth periodically poled structure 3c in front of the periodically poled
structures 3a and 3b (along a traveling direction of light). This makes it possible to obtain pump light having a wavelength
of 775 nm and being polarized in a y-axis direction, with respect to incident light having a wavelength of 1550 nm and
being polarized in the y-axial direction. As such, by adding the structure (the periodically poled structure 3c), it is possible
to obtain a polarization-entangled photon pair of two photons from incident light having the wavelength of 1550 nm that
is a center of wavelengths of the two photons.
[0059] A polarization-entangled state obtained by the configuration of Fig. 3 is not limited only to the wavelengths of
1580 nm and 1520 nm. By adjusting the poling period, it is possible to obtain various polarization-entangled states of a
variety of two wavelengths. For example, in a case where periodically poled structures of Λ1 = 3.9 Pm and Λ2 = 4.9 Pm
are formed and pump light polarized in a y-axis direction and having a wavelength of 532 nm is incident on the periodically
poled structures along an x axis of a crystal, it is possible to obtain the following polarization-entangled state of wavelengths
of 810 nm and 1550 nm. 

[0060] Further, the polarization-entangled state obtained by the configuration of Fig. 3 is not limited to a case where
the lithium niobate crystal is used. For example, it is also possible to obtain the non-degenerate polarization-entangled
state by use of a KTP crystal (KTiOPO4) in which such periodically poled structures can be produced. More specifically,
a non-degenerate polarization-entangled state having wavelengths of 1580 nm and 1520 nm, which is the same as the
one represented by the expression (9), can be obtained by forming periodically poled structures having a period Λ1 of
49.8 Pm and a period Λ2 of 44.8 Pm in the KTP crystal (KTiOPO4).
[0061] Further, as typical crystals, except for the lithium niobate (LiNbO3) crystal, in which polarization can be reversed
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periodically, there have been known a lithium tantalate (LiTaO3) crystal and a potassium titanyl phosphate (KTiOPO4).
Potassium niobate (KNbO3) is also a crystal in which polarization can be reversed.
[0062] Fig. 8 is a view schematically illustrating another example of the non-degenerate polarization-entangled photon
pair generation device 1, and briefly illustrates a PPLN crystal having two different periodically poled structures. Several
techniques for generating non-degenerate polarization-entangled photon pairs by use of a parametric down-conversion
(PDC) process have been reported. In these techniques, since a pair of photons having different wavelengths can be
obtained, it is possible to easily and efficiently split the pair of photons by use of a mirror according to the wavelengths.
In addition, by arranging such that one of the pair of photons has a wavelength of a communication band, it is possible
to transmit information farther. Moreover, the other one of the pair of photons can be at a near side so that its wavelength
can be manipulated. In the present example, a type-II quasi phase matching element having different periods was
structured in a single LiNbO3 (LN) crystal, and a spectrum of parametric fluorescence having two peak wavelengths in
the communication band was observed.
[0063] A non-degenerate polarization-entangled photon pair generation device 1c includes a quantum-entangled
photon pair generator 2c. The quantum-entangled photon pair generator 2c is constituted by a single crystal in which a
periodically poled structure 3d having a period Λ1 of 9.25 Pm (interaction length: 20 mm) and a periodically poled structure
3e having a period Λ2 of 9.50 Pm (interaction length: 20 mm). The single crystal is made of a lithium niobate crystal.
The non-degenerate polarization-entangled photon pair generation device 1c also includes an incidence unit 4 that
causes light to enter the photon pair generator 2c (single crystal) in such a manner that the light passes through the
periodically poled structure 3d and then through the periodically poled structure 3e.
[0064] The quantum-entangled photon pair generator 2c is structured so as to generate (a) a photon pair of an e-ray
(1.59 Pm band) and an o-ray (1.51 Pm band) from a region of the period Λ1 and (b) a photon pair of an e-ray (1.51 Pm
band) and an o-ray (1.59 Pm band) from a region of the period Λ2, each along a coaxial direction of pump light having
a wavelength of 775 nm at a crystallization temperature of 119.5 °C.
[0065] Fig. 9 is a graph showing a temperature dependency of a parametric fluorescence spectrum in the example.
At a crystallization temperature of 108.9 °C, a parametric fluorescence spectrum has 4 peaks of different polarization
generated through a region of Λ1 and a region of Λ2. At a crystallization temperature of 119.5 °C, the peaks are overlapped
with each other such that the parametric fluorescence spectrum forms 2 peaks at 1.51 Pm band and at 1.59 Pm band
(degenerate). Further, when the crystallization temperature is increased to 134.0 °C, the degenerate 2 peaks are split
into 4 peaks again. By splitting light having two wavelengths at the crystallization temperature 119.5 °C by use of a
dichroic mirror, it is possible to generate a non-degenerate polarization-entangled photon pair that is not necessary to
be selected afterward.
[0066] The present invention is not limited to the description of the embodiments above, but may be altered by a skilled
person within the scope of the claims. An embodiment based on a proper combination of technical means disclosed in
different embodiments is encompassed in the technical scope of the present invention.

Industrial Applicability

[0067] The present invention is applicable to a non-degenerate polarization-entangled photon pair generation device
and a non-degenerate polarization-entangled photon pair each of which generate photon pairs in a non-degenerate
polarization-entangled state.

Claims

1. A non-degenerate polarization-entangled photon pair generation device comprising:

a quantum-entangled photon pair generator including a single crystal in which a first periodically poled structure
having a first period and a second periodically poled structure having a second period that is different from the
first period are formed; and
light radiating means for entering light into the single crystal such that the light passes through the first periodically
poled structure and then through the second periodically poled structure.

2. The non-degenerate polarization-entangled photon pair generation device as set forth in claim 1, wherein:

the first period of the first periodically poled structure is different from the second period of the second periodically
poled structure such that a parabola indicative of a relation between an emission angle and a wavelength of a
polarized photon emitted based on light incident on the first periodically poled structure comes into contact with
a parabola indicative of a relation between an emission angle and a wavelength of polarized photon emitted
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based on light incident on the second periodically poled structure, within an allowable range under a phase
matching condition.

3. The non-degenerate polarization-entangled photon pair generation device as set forth in claim 1, wherein:

the single crystal is a lithium niobate crystal.

4. The non-degenerate polarization-entangled photon pair generation device as set forth in claim 1, further comprising:

a third periodically poled structure that produces pump light,
the light radiating means entering the light into the third periodically poled structure such that the light passes
through the third periodically poled structure, the first periodically poled structure, and the second periodically
poled structure, in this order.

5. The non-degenerate polarization-entangled photon pair generation device as set forth in claim 4, wherein:

the third periodically poled structure is formed in the single crystal.

6. A non-degenerate polarization-entangled photon pair generation method comprising the step of:

entering light into a single crystal in which a first periodically poled structure having a first period and a second
periodically poled structure having a second period different from the first period are formed, in such a manner
that the light passes through the first periodically poled structure and then through the second periodically poled
structure.
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