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TECHNICAL FIELD
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[0001] This invention relates to an entangled photon pair generating apparatus, and more particularly to the entangled
photon pair generating apparatus capable of efficiently generating two photon beams containing a photon pair in which
photons making the pair are generated simultaneously and there is a correlation (entanglement) in a quantum state of
each photon. Such an entangled photon pair can be variously used in a quantum cryptographic communications system,
a quantum computation system, an analysis system or a like system using light.
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[0002] In recent years, attention is paid to researches which essentially use a nature of quantum mechanics to realize
unprecedented functions of information communication and information processing. For instance, there are pointed-out
possibilities that quantum cryptographic communication may realize perfect confidentiality from an eavesdropper based
on the uncertainty principle, and quantum computation may perform in a few hours a calculation which requires an
astronomical time with an existing computer. An "entangled photon pair source" is an indispensable technology component for realization of those applications. For instance, while distance limitation in quantum cryptography is 100 km
or so, there is a proposal of a repeater containing the "entangled photon pair source" as a method for breaking through
the limitation. On the other hand, it is theoretically indicated that the quantum computation using photons can be performed
by combining the "entangled photon pair source" with existing optical devices and photon detector. Parametric downconversion has been mainly used as the entangled photon pair source so far. As for this method, however, photon pairs
are extensively generated in a very wide range. Therefore, only a part of the generated ones can be used, and coupling
to a fiber is also very difficult.
[0003] As for the entangled photon pair source, the two methods disclosed by P. Kwiat et al. in 1995 (reference #1)
and in 1999 (reference #2) have been used so far. However, the photon pairs generated from these photon pair sources
are extensively radiated in a wide solid angle so that their yield is low. While experimental researches in quantum
information are becoming popular recently, the researches in generation of the entangled photon pair have hardly been
made so far.
[0004] The reference #1 is "P. G. Kwiat. K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. Shih, Phys.
Rev. Lett. 75, 4337 (1995)." The reference #2 is "P. G. Kwiat, E. Waks A. G. White, I. Appelbaum, and P. H. Eberhard,
Phys. Rev. A 60, R773 (1999)."
[0005] VOLZ Jürgen et al.: "Compact all-solid-state source of polarization-entangled photon pairs" APPLIED PHYSICS
LETTERS, AIP, AMERICAN INSTITUTE OF PHYSICS, MELVILLE, NY, US, vol. 79, no. 6, 6 August 2001 (2001-08-06),
pages 869-871, discloses an all=solid state source of entangled photon pairs using a frequency-doubled laser diode as
the pump beam and an optical resonator to enhance the type-11 SPDC (spontaneous parametric down-conversion)
process. A generated second harmonic emitted by a first optical resonator is used as the pump light for the SPDC
process. In order to enable optical input power comparable to typical pump powers the intensity of the second harmonic
pump beam is enhanced in a second resonator, which has a similar semimonolithic design as the first resonator used
for second harmonic generation. Downstream of the second resonator a compensation crystal is disposed, which does
not, however, generate a second definite polarization photon pair beam in the sense of this application.
[0006] KWIAT P. G. et al.: "New high-intensity source of polarization-entangled photon pairs" PHYSICAL REVIEW
LETTERS, NEW YORK, NY, US, vol. 75, no. 24, 1995, pages 4337-4341 discloses a high-intensity source of polarizationentangled photon pairs with high momentum definition. For this purpose, the polarization-entangled state is produced
and selected from a down-conversion crystal. Extra birefringent crystals are used to compensate the birefringent walkoff effects from the production crystal. First and second definite polarization photon pair generating devices are, however,
not disposed along an optical axis of the incident pump beam together with a quarter-wave plate.
[0007] WO 99/62220 A discloses a method and device for producing either single photons or pairs of photons in an
optical channel. First and second definite polarization photon pair generating devices are, however, not disposed along
an optical axis of the incident pump beam together with a quarter-wave plate.
[0008] It is an object of the present invention to realize an entangled photon pair generating apparatus capable of
efficiently generating a photon pair in an entangled state by converging them in beam shape.
DISCLOSURE OF THE INVENTION
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[0009] The entangled photon pair generating apparatus of the present invention can have the following structure.
[0010] An entangled photon pair generating apparatus of the present invention comprises: a first definite polarization
photon pair generating apparatus to generate a first definite polarization photon pair beam according to an incident pump
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beam; awave plate to rotate by 90 degrees a plane of polarization of the first definite polarization photon pair beam
emitted from the first definite polarization photon pair generating apparatus; and a second definite polarization photon
pair generating apparatus to generate a second definite polarization photon pair beam according to the incident pump
beam, wherein the first definite polarization photon pair generating apparatus, wave plate and second definite polarization
photon pair generating apparatus are adjacently placed in the order along an optical axis of the incident pump beam.
[0011] It is preferable that, in the entangled photon pair generating apparatus of the present invention, the first and
second definite polarization photon pair generating apparatuses are nonlinear optical devices.
[0012] It is also preferable that, in the entangled photon pair generating apparatus of the present invention, an incident
angle of the incident pump beam on the nonlinear optical devices is an angle at which the angle made by the optical
axis of a crystal in the nonlinear optical device and the incident pump beam satisfies a collinear condition.
[0013] It is also preferable that, in the entangled photon pair generating apparatus of the present invention, the nonlinear
optical device is a BBO (β-Ba B2 O4) crystal.
[0014] It is also preferable that the entangled photon pair generating apparatus of the present invention further comprises a lens to focus each of entangled photon pair beams ; and an optical fiber to couple the focused beams.
[0015] It is also preferable that, as to the entangled photon pair generating apparatus of the present invention, the
first and second definite polarization photon pair generating apparatuses further comprise an incident pump beam
generating unit; and a photon pair generating unit comprising the nonlinear optical device having the angle made by the
optical axis of the crystal and the incident pump beam set up at the angle for a tuning curve thereof to contact with a
specific single wavelength a, wherein two photon beams are generated which include a pair of photons of the wavelength
a which are generated simultaneously.
[0016] It is also preferable that, in the entangled photon pair generating apparatus of the present invention, the first
and second definite polarization photon pair generating apparatuses comprise the incident pump beam generating unit;
and the photon pair generating unit comprising the nonlinear optical device having the angle made by the optical axis
of the crystal and the incident pump beam set up at the angle for the tuning curve thereof to contact with wavelengths
a and b, respectively, wherein the two photon beams are generated which are include a pair of photons of the wavelengths
a and b which are generated simultaneously.
[0017] It is also preferable that the entangled photon pair generating apparatus of the present invention comprises a
detecting unit for detecting one of the generated photon pair, wherein the detecting unit is able to identify generation
time of each individual photon included in the beam.
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FIGS. 1A and 1B are diagrams for explaining a principle of the present invention.
FIG. 2 is a basic block diagram of an embodiment of the present invention.
FIG. 3 is a diagram for explaining an embodiment 1 of a definite polarization photon pair generating apparatus.
FIG. 4 is a diagram for explaining an index surface of a nonlinear optical medium.
FIG. 5 is a diagram showing a relationship between a fluorescent output angle and a fluorescent wavelength on a
collinear condition.
FIG. 6 is a diagram showing the relationship between the fluorescent output angle and the fluorescent wavelength
in the case where an angle made by an optical axis of a crystal and incident pump beam is smaller than the collinear
condition angle.
FIG. 7 is a diagram showing the relationship between the fluorescent output angle and the fluorescent wavelength
in the case where the angle made by the optical axis of the crystal and the incident pump beam is larger than the
collinear condition angle.
FIG. 8 is a diagram for explaining a set of extraordinary polarization and ordinary polarization satisfying the collinear
condition.
FIG. 9 is a diagram showing an example of the relationship between the fluorescent output angle and the fluorescent
wavelength according to the embodiment of the present invention.
FIGS. 10 are diagrams showing photos of parametric fluorescence viewed from an optical axis direction of the
incident pump beam on the collinear condition.
FIGS. 11 are diagrams showing photos of the parametric fluorescence generated by the present invention.
FIG. 12 is an overall structure diagram of an embodiment of an entangled photon pair generating apparatus according
to the present invention.
FIG. 13 is a diagram showing an overall structure diagram of another embodiment of the entangled photon pair
generating apparatus according to the present invention.
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[0019] I have successfully developed a technology for generating a photon pair of beam shape in an "unentangled"
state in which one is fixed in vertical polarization and the other in horizontal polarization (reference #3). Such an unentangled photon pair beam having its plane of polarization fixed is called a "definite polarization photon pair beam" and
a generating apparatus thereof is called a "definite polarization photon pair generating apparatus" in this specification.
The reference #3 is Japanese Patent Laid-Open No. 11-183950.
[0020] An entangled photon pair generating apparatus according to the present invention has a structure in which two
such definite polarization photon pair generating apparatuses are placed in series so as to insert a half-wave plate for
rotating the polarization by 90 degrees between the two apparatuses. The two definite polarization photon pair generating
apparatuses are comprised of very transparent nonlinear optical devices such as BBO, and the half-wave plate is also
very transparent. Because of this structure, the definite polarization photon pair beam generated from the first definite
polarization photon pair generating apparatus is outputted with its plane of polarization rotated by 90 degrees by the
half-wave plate, and is superposed on the def inite polarization photon pair beam generated from the second definite
polarization photon pair generating apparatus. Thus, overlapping of a quantum state occurs between two orthogonal
polarization photon pairs so that it is possible to obtain an entangled photon pair beam having a correlation between the
photon pairs.
[0021] FIGS. 1A and 1B are diagrams for explaining a principle of an entangled photon pair generating apparatus
according to the present invention. FIG. 1A is a conceptual diagram of the apparatus, and 1B is a diagram for explaining
a polarization state. In FIGS. 1A and 1B, reference numeral 1 denotes the first definite polarization photon pair generating
apparatus, 2 denotes the second definite polarization photon pair generating apparatus, 3 denotes the half-wave plate,
4 denotes incident pump beam, and 5 denotes the definite polarization photon pair beam. Here, as for the beams emitted
from elements 1 to 3, a horizontal polarization photon beam is represented as a1 ( ), a vertical polarization photon beam
is represented as b1 ( ), where it is (i = 1, 2, 3), and a source on an incident side is indicated in ( ).
[0022] When a pump beam 4 gets incident on the first definite polarization photon pair generating apparatus 1, most
of the incident pump beam 4 is outputted by passing through the first definite polarization photon pair generating apparatus
1, the half-wave plate 3 and the second definite polarization photon pair generating apparatus 2, respectively. As it is
an unnecessary output, it is masked by appropriate means not shown on the output side. When getting incident on the
first definite polarization photon pair generating apparatus 1, the incident pump beam 4 generates the definite polarization
photon pair beam 5 which comprises the horizontal polarization photon beam a1 (P0) and the vertical polarization photon
beam b1 (P0). Next, the definite polarization photon pair beam 5 gets incident on the half-wave plate 3. The half-wave
plate 3 rotates the plane of polarization of each incident photon beam by 90 degrees. Consequently, from the half-wave
plate 3, a definite polarization photon pair beam 6 is generated which is rotated by 90 degrees and comprises a vertical
polarization photon beam b2 (a1) and a horizontal polarization photon beam a2 (b1). The definite polarization photon pair
beam 6 rotated by 90 degrees passes through the second definite polarization photon pair generating apparatus 2 so
as to output the vertical polarization photon beam b2 (a1) and the horizontal polarization photon beam a2 (b1). The second
definite polarization photon pair generating apparatus 2 also has the definite polarization photon pair beam which comprises a horizontal polarization photon beam a3 (P0) and a vertical polarization photon beam b3 (P0) generated by the
incident pump beam 4. The two sets of the definite polarization photon pair beams having appeared on the output side
of the second definite polarization photon pair generating apparatus 2 are superposed and generates an entangled
photon pair beam 7 which comprises a vertical polarization photon beam #1 and a horizontal polarization photon beam
#2. Here, the vertical polarization photon beam #1 includes the photons of the vertical polarization b2 originating in the
horizontal polarization a1 and the vertical polarization b3 originating in P0. and the horizontal polarization photon beam
#2 includes the photons of the horizontal polarization a2 originating in the vertical polarization b1 and the horizontal
polarization a3 originating in P0 so as to obtain a quantum entangled state between the photon pairs.
[0023] A preferred embodiment of the present invention will be described in detail by using FIGS. 2 to 13.
[1] Basic structure of the entangled photon pair generating apparatus
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[0024] FIG. 2 is a basic block diagram of the entangled photon pair generating apparatus according to the embodiment
of the present invention. This embodiment uses BBO (β-Ba B2 O4) of a nonlinear optical crystal on the definite polarization
photon pair generating apparatus in FIGS. 1.
[0025] In FIG. 2, reference numeral 10 denotes an incident pump beam source, 11 denotes a BBO 1, 12 denotes a
BBO 2, 13 denotes a half-wave plate, 14 and 15 denote lenses for focusing beams, and 16 and 17 denote optical fibers.
In the operation, when the pump beam from the incident pump beam source 10 gets incident on the BBO 1, the pump
beam passes through the BBO 1, half-wave plate and BBO 2 as described in FIGS. 1A and 1B so that the definite
polarization photon pair beams are generated on the BBO 1 and BBO 2 respectively. The definite polarization photon
pair beam generated on the BBO 1 has its plane of polarization rotated by 90 degrees by the half-wave plate, and then
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passes through the BBO 2 to be superposed on another definite polarization photon pair beam generated on the BBO
2 so as to become the entangled photon pair beam. The two orthogonal polarization photon beams constituting the
entangled photon pair beam are focused by the lenses 14 and 15, respectively, to be coupled to the optical fibers 16
and 17 so as to be taken out separately and used for arbitrary purposes.
[0026] In an actual example of manufacturing, thickness of the BBO 1 and BBO 2 is about 0.75 mm, and the thickness
of the half-wave plate is about 1 mm, and a sandwich structure is used to make the BBO 1, half-wave plate and BBO 2
stick together without a gap among them. As a beam of 351.1 nm is used as the pump beam, the BBOs used are the
ones which are cut so that the angle made by the pump beam getting almost vertically incident on the crystal surface
and the optical axis of the crystal becomes 50.9 degrees.
[0027] In the actual example, there is a phenomenon that the polarization of the pump beam rotates in the half-wave
plate unit. For this reason, the polarization of the pump beam is adjusted by the half-wave plate and quarter-wave plate
in advance so that generation volumes of fluorescence pairs from the respective crystals of the BBO 1 and BBO 2
become almost equal. As a matter of course, it is possible, by applying this, to adjust weight of components of the
entangled photon pair with the polarization of the pump beam.
[0028] The case of changing polarized light by 90 degrees by the half-wave plate has been described. It is also possible,
however, to generate a more complicated entangled state by variously changing this angle.
[2] Principle of generation of the photon pair having high correlation timewise
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[0029] It is possible, when the photon pair to be generated simultaneously can be generated, to know when and where
the photons exist by measuring one of them. As for the method of generating such a photon pair having high correlation
timewise, a parametric fluorescence pair has been generally used so far.
[0030] The parametric fluorescence pair is the two photons ω1 and ωs generated when the photon of energy ωo gets
incident into the nonlinear optical medium. Here, is a Planck’s constant h = 6.62  10-34 [j·s] divided by 2π, and ωs, ωi
and ωo are frequencies of a signal photon beam, an idler photon beam (here, each of the photon pair is called so
according to a custom) and the incident photon, respectively. In this case, the following relationship holds according to
the energy conservation law.

30

[0031]

The following also holds as a relationship equivalent to the law of conservation of momentum.
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[0032] Here, k0, ki and ks are the frequencies of the signal photon beam, idler photon beam and incident photon
respectively. The conditions of the equations (1) and (2) are called phase matching conditions. To generate the parametric
fluorescence, it is necessary to satisfy the phase matching conditions in the medium having sufficient nonlinear constants.
[3] Embodiment 1 of the definite polarization photon pair generating apparatus and collinear conditions
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[0033] FIG. 3 is a diagram for explaining an embodiment 1 of the definite polarization photon pair generating apparatus
according to the present invention. In FIG. 3, reference numeral 21 denotes an incident pump beam generating unit, 22
denotes an incident pump beam outputted from the incident pump beam generating unit 21, 23 denotes a nonlinear
optical medium, 24 denotes a signal photon beam, and 25 denotes an idler photon beam.
[0034] Next, A principle of operation of the embodiment 1 will be described by using FIGS. 4 to 8. In the case where
the nonlinear optical medium is a uniaxial crystal, there are a polarization direction in which a refractive index is different
according to a transmission direction and a polarization direction in which the refractive index is not different according
the transmission direction. The former is called extraordinary polarization and the latter is called ordinary polarization.
[0035] FIG. 4 shows an index surface of the nonlinear optical medium 23 in FIG. 3. In FIG. 4, reference numeral 26
denotes a wavenumber vector of the incident pump beam, 27 denotes an extraordinary polarization wavenumber vector,
28 denotes an ordinary polarization wavenumber vector, 29 denotes an index surface of the ordinary polarization, and
30 denotes an index surface of the extraordinary polarization. Based from the phase matching condition given by the
equation (2), when the sum of the extraordinary polarization wavenumber vector 27 and the ordinary polarization wavenumber vector 28 is equal to the wavenumber vector of the incident pump beam 26, the parametric fluorescence pair
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is generated. As in FIG. 4, the case where the phase matching condition is satisfied with the extraordinary polarization
and the ordinary polarization in the same direction is called generation of a collinear fluorescence pair, and the angle
made then by the optical axis and the incident pump beam is called a collinear condition angle. FIG. 4 shows the case
where the energy of the fluorescence pair is half that of the incident pump beam respectively. In general, however, it
does not need to be half in particular if the equations (1) and (2) are satisfied. The collinear condition has been generally
used so far.
[0036] FIGS. 5, 6 and 7 are the diagrams showing the relationship between a fluorescent output angle and a fluorescent
wavelength in the case where the angle made by the optical axis of the crystal and the incident pump beam is under
various conditions. These diagrams show the results of logical computation regarding parametric fluorescence generation
by T. B. Pittman et al. listed as a reference #4. It is the computation in the case where a BBO crystal is used as the
nonlinear optical medium 23 in FIG. 3 and the collinear condition angle is the angle made by the optical axis thereof and
the incident pump beam 22 having a wavelength of 351.1 nm. A horizontal axis in each diagram indicates the wavelength
(micrometer), and a vertical axis indicates the output angle (the angle made by a radiation direction of the parametric
fluorescence pair in the crystal and the incident pump beam). A dotted line is a radiation curve of the extraordinary
polarization, and a solid line is a radiation curve of the ordinary polarization. These curves are called tuning curves. The
reference #4 is "T. B. Pittman et al., Two photon geometric optics, Phys Rev A Vol. 53 No. 4 (1996)."
[0037] FIG. 5 is the case of the collinear condition angle, where the curves in solid line and dotted line are in contact
at the wavelength of 702.2 nm and the output angle of 0 degree. Specifically, it indicates that fluorescence of the
extraordinary polarization and ordinary polarization of the wavelength of 702.2 nm is emitted in the same direction as
the incident pump beam. The curves show that, at this time, the extraordinary polarization of 702.2 nm is also radiated
in an angular orientation of plus 6.5 degrees and the ordinary polarization of 702.2 nm is also radiated in an angular
orientation of minus 6.5 degrees. As shown in the index surface in FIG. 8, this is because a pair of wavenumber vectors
of the extraordinary polarization and ordinary polarization satisfying the phase matching condition equation (2) can satisfy
the equation (2) not only with the wavenumber vectors 27 and 28 of the collinear fluorescence pair but also with a
combination of an extraordinary polarization wavenumber vector 31 and an ordinary polarization wavenumber vector 32.
[0038] FIG. 6 shows an example of the case where the angle made by the optical axis and the incident pump beam
is smaller than 49.2 degrees of the collinear condition (i.e. , 45.8 degrees). In this case, it can be understood, based
from the curves in the diagram, that only the extraordinary polarization of the wavelength longer than about 770 nm is
radiated, and only the ordinary polarization of the wavelength shorter than about 650 nm is radiated as against it. For
instance, the extraordinary polarization of the wavelength of 790 nm and the ordinary polarization of the wavelength of
630 nm are radiated in the same direction of 0 degree as the incident pump beam.
[0039] FIG. 7 shows an example of the case where the angle made by the optical axis and the incident pump beam
is larger than 49.2 degrees of the collinear condition (i.e., 52.7 degrees). In this case, it can be understood, based from
the curves in the diagram, for instance, that the photon of the extraordinary polarization of 702.2 nm is radiated in the
directions of plus 11 degrees and minus 4 degrees and the photon of the ordinary polarization is radiated in the direction
of plus 4 degrees and minus 11 degrees respectively.
[0040] Thus, the output angles of the extraordinary polarization and the ordinary polarization change variously according to the incident angle. Conventionally, only a part of the parametric fluorescence radiated over a large angle was
used under the collinear condition. Therefore, it was difficult to convert it to the beam of a circular or elliptic section or
to cut the photons in mutually correlated directions. Thus, I paid attention to the case where the tuning curves of the
extraordinary polarization and the ordinary polarization contact a straight line of the wavelength of 702.2 nm. This case
is shown in FIG. 9. In this case, the components of 702.2 nm of the parametric fluorescence are emitted only in the
directions of minus 3 degrees of the ordinary polarization and plus 3 degrees of the extraordinary polarization.
[0041] FIGS. 10 and 11 show the experimental results. FIG. 10 is the photos of the parametric fluorescence radiated
in the same direction as the incident pump beam which are taken by using a cooling CCD camera through a filter for
passing only the beam of 702.2 nm, in the case where the angle made by the optical axis and the incident pump beam
is 49.2 degrees of the collinear condition angle. The range shot in these photos is equivalent to about 1.5 degrees of
the output angle. Two circular arcs are in contact at one point, and the contacting direction is the direction of the incident
pump beam. Thus, it can be understood that the parametric fluorescence is extensively radiated.
[0042] FIG. 11 is the photos of the parametric fluorescence in the case where the angle made by the optical axis and
the incident pump beam is 50.9 degrees. From this image, it can be understood that it is actually radiated at the output
angle of 0.8 degrees or less. And, the light volume obtained in this state is 1.8  106 CPS when the incident pump beam
of 0.1 W per beam got incident, assuming that there is no absorption by optical components on the way, which is.
[0043] Thus, it is possible, by adjusting the angle of the crystal at a specific angle against the incident pump beam,
to obtain a fluorescence beam status of which divergence angle is small.
[0044] According to this embodiment, an argon laser for oscillating at 351.1 nm is used as a light source of the incident
pump beam generating unit. However, it is possible, as a matter of course, to use a different wavelength and another
laser light source.
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[0045] The BBO crystal is used as the nonlinear optical medium. However, it is possible, as a matter of course, to use
other materials such as KDP or organic nonlinear optical materials. Here, the uniaxial crystal is taken as an example.
However, a general biaxial crystal can also be used as the nonlinear optical medium likewise.
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[4] Embodiment 2 of the definite polarization photon pair generating apparatus
[0046] According to the embodiment 1, attention was paid to the case where both the tuning curves of the extraordinary
polarization and the ordinary polarization contact the straight line of the wavelength of 702.2 nm. However, it is possible,
as a matter of course, to use the case of having vertexes at different wavelengths.
[0047] For instance, in the case of using the tuning curves on which the extraordinary polarization has the vertex at
the wavelength of 710 nm and the ordinary polarization has the vertex at the wavelength of 694.5 nm, the beams of the
respective wavelengths are radiated as single photon beams.
[5] Embodiment of the entangled photon pair generating apparatus
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[0048] FIG. 12 shows an embodiment of the entangled photon pair generating apparatus according to the present
invention. In FIG. 12, reference numeral 33 denotes an argon laser, 34 denotes an incident pump beam, 35 denotes a
dispersing prism, 36 denotes a dark box (or dark chamber), 37 denotes a mirror, 38 denotes a dichroic mirror, 39 denotes
a beam stopper (or absorber), 40 denotes a lens, 41 denotes a short wavelength beam cut filter, 42 denotes a sheet
polarizer, 43 denotes a detector, 44 denotes a single photon beam, 45 denotes a photon pair generating unit which
comprises the BBO 1, half-wave plate and BBO 2 in FIG. 2, and 46 denotes a lens. According to the embodiment, it is
possible, by observing one of the entangled photon pair, to easily and arbitrarily change or randomize the polarization
state of the other photon and determine the generation time.
[0049] According to the embodiment, the argon laser 33 operates at a single frequency, and generates the incident
pump beam 34 (351.1 nm) for generating the parametric fluorescence. After removing a noise beam generated in the
laser with the dispersing prism 35, the incident pump beam 34 gets incident on the dark box 36. The dark box 36 has
holes for incidence of the pump beam and emitting the generated single photon beam 44. As the parametric fluorescence
is generallyweak, a system is constructed in the dark box 36 so that light from outside will not enter as noise into the
detector 43. The incident pump beam 34 is bent at an appropriate angle by the mirror 37. This angle decides an emission
direction of the single photon beam 44. The bent incident pump beam 34 gets incident on the photon pair generating
unit 45. The photon pair generating unit 45 is cut in advance so that the optical axis faces the angle suitable to generate
the parametric fluorescence on vertical incidence of the incident pump beam. Errors due to cutting, temperature conditions
and so on are corrected by an angle fine-adjusting apparatus mounted on the photon pair generating unit 45. The incident
pump beam 34 passes through the photon pair generating unit 45, and then is absorbed by the beam stopper 39. Of
the photon pairs generated in the crystal, the signal photon beam 24 is collected by the lens 40 and then gets incident
on the detector 43 though the short wavelength beam cut filter 41 and the sheet polarizer 42 for eliminating background
noise beam in the dark box. A photomultiplier tube capable of photon counting may be used as the detector 43. The
idler photon beam 25 becomes a parallel beam through the lens 46 and is emitted to the outside of the dark box as the
single photon beam 44.
[0050] As for the sheet polarizer 42, it is possible to use a unit combining the half-wave plate, quarter-wave plate and
polarization beam splitter as a superior structure. As previously described, the signal photon 24 and the idler photon 25
are in the entangled relationship. Therefore, when the signal photon is detected as the one having specific polarization
according to the sheet polarizer 42, the idler photon beam 25 is outputted then as a single photon having the specific
polarization according to the kind of entangled state and the state of the sheet polarizer 42. For instance, consideration
is given to the case where, as the entangled state, the following entanglement is generated when |H>1 is an idler photon
having horizontal polarization and |V>s is a signal photon having vertical polarization.
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In this case, it is possible to arbitrarily change the single photon having the specific polarization to the signal photon
having the vertical polarization by setting the sheet polarizer 42 to pass only the horizontal polarization, or to the signal
photon having the polarization vertical to the sheet polarizer 42 for passing skew polarization by setting the sheet polarizer
42 so.
[0051] To have the photon beam efficiently incident on the optical fiber, the beam does not pass in the optical fiber
unless the beam gets incident on an optical fiber end face at an angle smaller than an angle α decided by the following
equation in which the refractive index of an optical fiber (core) material is "n" when the number of openings unique to
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[0052] According to the conventional method, however, the parametric fluorescence is radiated in a wide angle range.
Therefore, a fluorescence image at the position of a condenser lens becomes larger, consequently requiring a long
distance from the lens to the optical fiber end face.
[0053] According to the present invention, however, it is possible to generate the fluorescence at a small angle as the
signal photon beam 24 or the idler photon beam 25. Consequently, the fluorescence image at the position of the condenser
lens becomes smaller, and so it is possible to reduce the distance from the lens to the optical fiber end face so as to
miniaturize the apparatus.
[0054] As a further example, as shown in FIG. 13, it is possible to omit the condenser lens and to have the signal
photon 24 and the idler photon 25 directly incident on optical fibers 47and48. It was very difficult, according to the
conventional method, to efficiently have the signal photon beam and the idler photon beam directly incident on the optical
fibers, because the expanse of the beam radiated from the nonlinear optical medium is large and when the optical fiber
end face gets too close to the nonlinear optical medium, the incident pump beam also gets incident on the optical fibers
to increase the noise.
[0055] According to the present invention, however, it is possible to generate the fluorescence as the signal photon
beam or the idler photon beam at the small angle. Therefore, it is feasible to get directly incident on the optical fiber
without the lens in the case where the optical fiber has an appropriate core diameter. Thus, it became possible to
miniaturize the apparatus and save trouble required for optical system adjustment. Furthermore, it is possible, as a
matter of course, to couple the optical fiber end face and the nonlinear optical medium in contact.
[0056] As a further embodiment, it is possible to collect one of the signal photon beam and the idler photon beam by
using the lens and have it incident on the optical fibers while having the other directly incident on the optical fibers. For
instance, in the case where the idler photon beam is detected to obtain the single photon beam of a determined generation
time, the idler photon beam is merely detected and may have a short transfer distance. Therefore, a multimode fiber
capable of a large diameter is used as the optical fiber to have the beam directly incident. And a single mode fiber
capable of long distance transmission is used as the optical fiber for the signal photon beam necessary to be transmitted
a long distance as the single photon beam so as to get incident on the optical fiber by using the lens because of its small
fiber core diameter. These are the concrete examples.
INDUSTRIAL APPLICABILITY
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[0057] As described above, according to the present invention, the two definite polarization photon pair generating
apparatuses (nonlinear optical devices) constituted to generate the "definite polarization photon pair beam" are placed
in series, and have the pump light incident by sandwiching the wave plate for rotating the polarization by 90 degrees
between them. It is thereby possible to superpose the photon beams of the horizontal polarization and vertical polarization,
that is, mutually different polarization, generated by the two definite polarization photon pair generating apparatuses
respectively so as to generate the entangled photon pair beam more efficiently than conventional method.
[0058] Consequently, my experiments showed the result of increasing to 80 percent or more the probability of finding
another photon in the other beam in the case where one photon is discovered in one beam, which had been reported
as several percent at the most according to various experiments till then.
[0059] Furthermore, the generated photon pair beams are focused on two very small spots of 0.9 degrees or less
having a small angle expanse which is easily converted to the beam of the circular or elliptic section, and so the coupling
efficiency with the optical fibers is conspicuously improved.

Claims
1.

55

An entangled photon pair generating apparatus comprising:
a first definite polarization photon pair generating apparatus (1; 11) to generate a first unentangled photon pair
beam (5) comprising a vertically polarized photon and a horizontally polarized photon according to an incident
pump beam (4);
a wave plate (3; 13) to rotate by 90 degrees a plane of polarization of the first photon pair beam (5) emitted
from the first definite polarization photon pair generating apparatus; and
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a second definite polarization photon pair generating apparatus (2; 12) to generate a second unentangled photon
pair beam (7) comprising a vertically polarized photon and a horizontally polarized photon according to the
incident pump beam (4),
wherein the first definite polarization photon pair generating apparatus (1; 11), wave plate (3; 13) and second
definite polarization photon pair generating apparatus (2; 12) are adjacently placed in the order along an optical
axis of the incident pump beam (4), so that the entangled photon pair generating apparatus is adapted to
generate a photon pair beam with horizontal polarisation and a photon pair beam with vertical polarization.

5

2.

The entangled photon pair generating apparatus according to claim 1, wherein the first and second definite polarization photon pair generating apparatuses (1, 2; 11, 12) are nonlinear optical devices.

3.

The entangled photon pair generating apparatus according to claim 2, wherein an incident angle of the incident
pump beam on the nonlinear optical devices is an angle at which the angle made by the optical axis of a crystal in
the nonlinear optical device and the incident pump beam satisfies a collinear condition.

4.

The entangled photon pair generating apparatus according to claim 2 or 3, wherein the nonlinear optical device is
a BBO (β-Ba B2O4) crystal.

5.

The entangled photon pair generating apparatus according to claims 1 to 4, further comprising:
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a lens(14, 15) to focus each of entangled photon pair beams; and
an optical fiber (16, 17) to couple the focused beams.
6.
25

The entangled photon pair generating apparatus according to claim 2, wherein the first and second definite polarization photon pair generating apparatuses further comprise:
an incident pump beam generating unit (33); and
a photon pair generating unit (45) comprising the nonlinear optical device having the angle made by the optical
axis of the crystal and the incident pump beam set up at the angle for a tuning curve thereof to contact with a
specific single wavelength a,
wherein two photon beams(24, 25) are generated which include a pair of photons of the wavelength a which
are generated simultaneously.

30

7.
35

The entangled photon pair generating apparatus according to claim 2, wherein the first and second definite polarization photon pair generating apparatuses further comprise:
the incident pump beam generating unit; and
the photon pair generating unit comprising the nonlinear optical device having the angle made by the optical
axis of the crystal and the incident pump beam set up at the angle for the tuning curve thereof to contact with
wavelengths a and b, respectively,
wherein the two photon beams are generated which arc include a pair of photons of the wavelengths a and b
which are generated simultaneously.

40

8.

The entangled photon pair generating apparatus according to claim 1 or 2, further comprising:

45

a detecting unit (43) for detecting one of the generated photon pair,
wherein the detecting unit is able to identify generation time of each individual photon included in the beam.

50

Patentansprüche
1.

55

Vorrichtung zur Erzeugung eines verschränkten Photonenpaars, umfassend:
eine erste Vorrichtung (1; 11) zur Erzeugung eines ersten Photonenpaares einer bestimmten Polarisation, um
entsprechend einem einfallenden Pumpstrahl (4) einen ersten Strahl (7) von nicht-verschränkten Photonenpaaren mit einem Photon vertikaler Polarisation und einem Photon mit horizontaler Polarisation zu erzeugen;
eine Wellenplatte (3; 13), um eine Polarisationsebene des ersten Strahls (5) von Photonenpaaren, der von der
ersten Vorrichtung zur Erzeugung von Photonenpaaren einer bestimmten Polarisation emittiert wurde, um 90°
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zu drehen; und
eine zweite Vorrichtung (2; 12) zur Erzeugung von Photonenpaaren einer bestimmten Polarisation, um entsprechend dem einfallenden Pumpstrahl (4) einen zweiten Strahl (7) aus nicht-verschränkten Photonenpaaren
mit einem Photon vertikaler Polarisation und einem Photon horizontaler Polarisation zu erzeugen,
wobei die erste Vorrichtung (1; 11) zur Erzeugung von Photonenpaaren einer bestimmten Polarisation, die
Wellenplatte (3; 13) sowie die zweite Vorrichtung (2; 12) zur Erzeugung von Photonenpaaren einer bestimmten
Polarisation entlang einer optischen Achse des einfallenden Pumpstrahls (4) und in der vorgenannten Reihenfolge benachbart zueinander angeordnet sind, so dass die Vorrichtung zur Erzeugung von verschränkten Photonenpaaren ausgelegt ist, um einen Strahl aus Photonenpaaren mit einer horizontalen Polarisation und einen
Strahl aus Photonenpaaren mit vertikaler Polarisation zu erzeugen.

5

10

2.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 1, wobei die erste und zweite Vorrichtung (1, 2; 11, 12) zur Erzeugung von Photonenpaaren mit bestimmter Polarisation nichtlineare optische Einrichtungen sind.

3.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 2, wobei ein Einfallswinkel des
einfallenden Pumpstrahls auf die nichtlinearen optischen Einrichtungen ein Winkel ist, bei dem der Winkel, der von
der optischen Achse eines Kristalls in der nichtlinearen optischen Einrichtung und dem einfallenden Pumpstrahl
eingeschlossen wird, eine kollineare Bedingung erfüllt.

4.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 2 oder 3, wobei die nichtlineare
optische Einrichtung ein BBO-Kristall (β-Ba B2O4) ist.

5.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach einem der Ansprüche 1 bis 4, weiterhin umfassend:
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eine Linse bzw. ein Objektiv (14, 15), um jeden der Strahlen von verschränkten Photonenpaaren zu fokussieren;
und
eine optische Faser(16, 17), um die fokussierten Strahlen einzukoppeln.
30

6.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 2, wobei die erste und zweite Vorrichtung zur Erzeugung von Photonenpaaren einer bestimmten Polarisation außerdem umfasst:
eine Einheit (33) zur Erzeugung eines einfallenden Pumpstrahls; und
eine Einheit (45) zur Erzeugung von Photonenpaaren, welche die nichtlineare optische Einrichtung umfasst,
bei welcher der Winkel, der von der optischen Achse des Kristalls und dem einfallenden Pumpstrahl eingeschlossen wird, auf den Winkel einer zugehörigen Abstimmkurve abgestimmt ist, um einer vorbestimmten
einzelnen Wellenlänge zu entsprechen,
wobei zwei Photonenpaare (24, 25) erzeugt werden, die ein Paar von Photonen der Wellenlänge a umfassen,
die gleichzeitig erzeugt werden.
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7.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 2, wobei die erste und zweite Vorrichtung zur Erzeugung von Photonenpaaren der bestimmten Polarisation außerdem umfasst;
die Einheit zur Erzeugung eines einfallenden Pumpstrahls; und
die Einheit zur Erzeugung von Photonenpaaren, welche die nichtlineare optische Einrichtung umfasst, bei welcher
der Winkel, der von der optischen Achse des Kristalls und dem einfallenden Pumpstrahl eingeschlossen wird, auf
den Winkel entsprechend dessen Abstimmkurve abgestimmt ist, um Wellenlängen a und b jeweils zu entsprechen,
wobei die beiden Photonenstrahlen erzeugt werden, die ein Photonenpaar der Wellenlänge a und b umfassen, die
gleichzeitig erzeugt werden.

8.

Vorrichtung zur Erzeugung von verschränkten Photonenpaaren nach Anspruch 1 oder 2, weiterhin umfassend:
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eine Detektionseinheit (43), um eines der erzeugten Photonenpaare zu detektieren,
wobei die Detektionseinheit in der Lage ist, den Zeitpunkt der Erzeugung von jedem einzelnen Photon, das in
dem Strahl enthalten ist, zu identifizieren bzw. festzulegen.
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Revendications
1.

un premier dispositif de production d’ une paire de photons de polarisation prédéfini (1; 11) pour produire un
premier faisceau de paire de photons intriqués (5) comportant un photon verticalement polarisé et un photon
horizontalement polarisé selon un faisceau de pompe incident (4);
une lame à retard (3; 13) pour tourner de 90 degrés un plan de polarisation du premier faisceau de paire de
photons (5) émis du premier dispositif de production d’ une paire de photons de polarisation prédéfini; et
un second dispositif de production d’ une paire de photons de polarisation prédéfini (2; 12) pour produire un
second faisceau de paire de photons intriqués (7) comportant un photon verticalement polarisé et un photon
horizontalement polarisé selon le faisceau de pompe incident (4),
dans lequel le premier dispositif de production d’ une paire de photons de polarisation prédéfini (1; 11), la lame
à retard (3; 13) et le second dispositif de production d’ une paire de photons de polarisation prédéfini (2 ; 12)
sont disposés de manière adjacente dans l’ordre le long d’un axe optique du faisceau de pompe incident (4),
de telle sorte que le dispositif de production d’ une paire de photons intriqués est adapté à la production d’un
faisceau de paire de photon ayant une polarisation horizontale et un faisceau de paire de photons ayant polarisation verticale.
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Un dispositif de production d’une paire de photons intriqués comportant:

2.

Le dispositif de production d’une paire de photons intriqués selon la revendication 1, dans lequel le premier et le
second dispositif de production d’ une paire de photons de polarisation prédéfini (1 ; 2 ; 11 ; 12 ;) sont des dispositifs
optiques non linéaires.

3.

Le dispositif de production d’une paire de photons intriqués selon la revendication 2, dans lequel un angle d’incident
du faisceau de pompe d’incident sur les dispositifs optiques non linéaires est un angle tel que l’angle de l’axe optique
d’un cristal dans le dispositif optique non linéaire et le faisceau de pompe incident satisfait une condition de colinéarité.

4.

Le dispositif de production d’une paire de photons intriqués selon la revendication 2 ou 3, dans lequel le dispositif
optique non linéaire est un cristal de BBO (β-Ba B2O4).

5.

Le dispositif de production d’une paire de photons intriqués selon la revendication 1 à 4, comportant en outre:

25
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une lentille (14, 15) pour focaliser chacun de faisceaux de paire de photons intriqués; et une fibre optique (16,
17) pour coupler les faisceaux focalisés.
35

6.

Le dispositif de production d’une paire de photons intriqués selon la revendication 2, dans lequel le premier et
second dispositifs de production d’une paire de photons de polarisation prédéfini comportent en outre:
une unité de production de faisceau de pompe incident (33); et
une unité de production de paire de photons (45) comportant le dispositif optique non linéaire dont l’angle entre
l’axe optique du cristal et le faisceau de pompe incident établi à une valeur d’ angle pour une courbe d’accordage
pour un contact avec une seule longueur d’onde spécifique a,
dans lequel deux faisceaux de photons (24, 25) sont produits comportant une paire de photons de la longueur
d’onde a générés simultanément.
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7.

Le dispositif de production d’une paire de photons intriqués selon la revendication 2, dans lequel le premier et le
second appareil de production d’une paire de photons de polarisation prédéfini comporte en outre:
l’unité de production de faisceau de pompe incident; et
l’unité de production de paire de photons comportant le dispositif optique non linéaire ayant un angle entre l’axe
optique du cristal et le faisceau de pompe incident disposé à une valeur d’angle pour une courbe d’accordage
d’un contact avec des longueurs d’onde α, b, respectivement
dans lequel les deux faisceaux de photons (24, 25) sont produits lesquels incluent une paire de photons des
longueurs d’onde a et b produits simultanément.

50
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8.

Le dispositif de production d’une paire de photons intriqués selon la revendication 1 ou 2, comportant en outre :
une unité de détection (43) pour détecter une des paires de photons produits,
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dans lequel l’unité de détection est capable d’identifier le temps de génération de chaque photon individuel
inclus dans le faisceau.
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