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1
GENERATOR OF POLARIZATION
ENTANGLED PHOTON PAIRS AND METHOD
OF GENERATING THE SAME

TECHNICAL FIELD

The present invention relates to a generator of polarization
entangled photon pairs and a method of generating the same.
More specifically, the present invention relates to a generator
of polarization entangled photon pairs capable of multiplex-
ing wavelengths and a method of generating the same.

BACKGROUND ART

With significant progress of information and communica-
tion technologies in recent years involving electronic trading
and e-mail, cryptographic technologies applicable to trans-
mission of information have been studied vigorously. As one
of'such cryptographic technologies, quantum cryptography is
drawing attention.

The safety of quantum cryptography is ensured by physical
phenomena according to Heisenberg’s uncertainty principle
in quantum mechanics. According to the uncertainty prin-
ciple, since quantum state changes by the eavesdropping of
communication, namely observation, becomes apparent
without fail, and necessary measures including interruption
of communication can be implemented accordingly. The
eavesdropping is therefore regarded physically impossible.
Reproduction of particles is also deemed impossible accord-
ing to the uncertainty principle.

Quantum teleportation is a major element of quantum
cryptography. Quantum teleportation is a technique of trans-
porting quantum information of particles only to other places.
Quantum teleportation is achieved by allowing photons to
exchange information using quantum entanglement. A pho-
ton pair has characteristics that once the quantum state of one
of the pair in an entangled state is determined, the quantum
state of the other is also determined. The characteristics do not
depend on the distance between two photons.

With the quantum teleportation technology described
above, a pair of photons in a state of quantum entanglement is
absolute imperative. Various methods of generating photon
pairs in a state of quantum entanglement are known. For
example, Patent Reference 1 discloses irradiating two parent
photons to a semiconducting material to generate an exciton
molecule whose angular momentum is 0 by two-photon reso-
nant excitation, and simultaneously splitting the generated
exciton molecule into two photons, thus generating a photon
pair in a state of quantum entanglement.

Quantum entanglement achieved by polarized light of two
photons is also used. As a state of quantum entanglement of
two quantum bits (two photons) using polarized light, four
conditions expressed by the following equations (1) and (2)
are known.

1

V2

M

[, = (HY VY, £V |H)y)

+ 1 2
[®)12 = —2(|H>1|H>2 £|V)1IV)2)

V2

where, [H>, represents that a photon having a first polarized
light (H) exists in mode i (i: 1 or 2), and |V>, represents that
aphoton having a second polarized light (V) exists in mode '
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2

(i 1 or 2). As physical quantity determining the modes of
photons 1, ', optical paths and angular frequency of photons
are considered.

(Method of Generating a Two-Photon State Using Para-
metric Down-Conversion)

As a physical process of generating a two-photon state,
process of spontaneous parametric down-conversion is used
frequently. In the process of spontaneous parametric down-
conversion, a pumping photon having an angular frequency
o,, and wave vector k, that has entered a nonlinear optical
crystal is converted at a certain probability into a photon pair
of'signal photon having angular frequency w, and wave vector
k. and idler photon having angular frequency w, and wave
vector k,. In this case, as phase matching conditions for caus-
ing the process of spontaneous parametric down-conversion
to occur, the angular frequency condition shown by equation
(3) and the momentum conversation law shown by equation
(4) must be satisfied at the same time. The angular frequency
condition is also called the energy conservation law.

3

©,=0+0;

k, =k +k, @

Phase matching conditions are classified into the following
three types depending on the polarized light of each photon:

(a) Type 0 Phase Matching Condition

The case where a pumping photon, signal photon, and idler
photon have the same polarized light is called type O phase
matching condition.

(b) Type I Phase Matching Condition

The case where a signal photon and idler photon have the
same polarized light, and a pumping photon has a polarization
state orthogonal to the signal and idler photons, is called type
1 phase matching condition.

(c) Type II Phase Matching Condition

The case where the polarized light of a signal photon and
that of an idler photon cross orthogonal to each other, and a
pumping photon has the polarized light of one of the above-
mentioned photons is called type II phase matching condi-
tion.

(Method of Achieving High Degree of Polarization
Entanglement Using a Wavelength Band-Limiting Filter)

A signal photon and an idler photon generated by the
process of spontaneous parametric down-conversion have
broadband wavelength spectra. Generally, if a signal photon
and an idler photon having broadband wavelength spectra are
used, the coherence time of two photons may decrease, thus
deteriorating polarization entanglement. To increase the
degree of polarization entanglement of generated photon
pairs, a method of limiting the spectra of idler photons using
awavelength band-limiting filter is available. An interference
filter having a dielectric multilayer structure is generally used
to limit wavelength band. This type of interference filter can
pass light having a given center wavelength and band width
based on structural design, but the wavelength band allowed
to be passed at a time is limited to one kind of band. Conse-
quently, conventional methods have focused mainly on gen-
erating narrowband parametric photon pairs.

Assuming the speed of light in vacuum as ¢, the angular
frequency w and wavelength A of a photon are expressed by
equation (5) as shown below. If the angular frequency w ofthe
photon is defined, the wavelength A can be found using the
following equation. Therefore, the angular frequency and the
wavelength are used as approximately the same meaning
because angular frequency is easy to handle theoretically, and
wavelength is easy to handle experimentally.

w=275c/N (5)
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(Conventional Method of Generating a State of Polariza-
tion Entanglement)

Some methods of generating a state of polarization
entanglement where two photons have the same angular fre-
quency have been reported (Non-Patent Reference 1, for
example). With the method disclosed in Non-Patent Refer-
ence 1, since the angular frequency of two photons is indis-
tinguishable from each other, the mode is determined by the
optical paths of the photons. Namely, the two photons must be
emitted into different optical paths.

5

Meanwhile, a method of generating a state of polarization 10

entanglement where two photons have different angular fre-
quencies has also been proposed. With this method, since the
mode of a photon is distinguished from that of the other by
their angular frequencies, the two photons can exist on the
same optical path.

As a method of generating a state of polarization entangle-
ment where two photons have different angular frequencies,
Non-Patent Reference 2 discloses a method of using type 0 or
type I parametric down-conversion. Non-Patent Reference 2
generates a photon pair by placing nonlinear optical crystals
in series, rotating by 90 degrees from each other, so that type
0 or type I phase matching conditions for generating two
photons having the same polarized light state are satisfied. In
this case, light from the same pump light source is irradiated
to two crystals, and thus two photons (w,, ,) having differ-
ent angular frequencies are generated in the coaxial direction
of'the pump light. However, this method involves complexity
that two crystals having the same characteristics must be
provided and arranged accurately.

Non-Patent Reference 4 discloses a method of using type 0
or type I parametric down-conversion and an interferometer.
This method generates a photon pair by placing a nonlinear
optical crystal in an interferometer so that type 0 or type |
phase matching conditions for generating two photons having
the same polarized light state are satisfied. However, since
this method uses an interferometer, equipment structure
becomes complicated.

Non-Patent Reference 5 discloses generation of photon
pairs under type 0 phase matching condition.

Patent Reference 2 discloses a method of creating two
types of periodically poled structures ina single crystal. Since
this method uses different phase matching conditions, namely
types 0 and 1, it is difficult to balance the generation efficiency
of'two photons generated in each periodically poled structure
that satisfy each phase matching condition, which is a disad-
vantage. Poor balance in generation efficiency of two photons
generated in each periodically poled structure results in
decrease in the degree of quantum entanglement.

Non-Patent Reference 3 discloses a method using a four
optical wave mixing process, namely a third order nonlinear
optical phenomenon that occurs in optical fibers. With this
method, since optical fibers must be installed within an inter-
ferometer to generate a state of polarization entanglement,
equipment configuration becomes complicated.

PRIOR TECHNICAL REFERENCE
Patent Reference

Patent Reference 1: JP2005-309012 A
Patent Reference 2: JP2007-114464 A

Non-Patent Reference
Non-Patent Reference 1: P. G. Kwiat et al., “New high-inten-

sity source of polarization-entangled photon pairs,” Phys.
Rev. Lett., Vol. 75, 4337, 1995
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Non-Patent Reference 2: M. Pelton et al., “Bright, single-
spatial-mode source of frequency non-degenerate, polar-
ization-entangled photon pairs using periodically poled
KTP.” Opt. Express, Vol. 12, 3573, 2004

Non-Patent Reference 3: H. Takesue and Kyo Inoue, “Gen-
eration of polarization-entangled photon pairs and viola-
tion of Bell’s inequality using spontaneous four-wave mix-
ing in a fiber loop,” Phys. Rev., Vol. A 70, 031802, 2004

Non-Patent Reference 4: H. C. Lim, A. Yoshizawa, H.
Tsuchida, and K. Kikuchi, “Stable source of high quality
telecom-band polarization-entangled photon pairs based
on a single, pulse-pumped, short PPLN waveguide,” Opt.
Express, Vol. 16, 12460, 2008

Non-Patent Reference 5: M. B. Nasr, S. Carrasco, B. E. A
Saleh, A. V. Sergienko, M. C. Teich, I. P. Torres, L. Torner,
D. S. Hum, and M. M. Fejer, “Ultrabroadband biphtoons
generated via chirped quasi-phase matched optical para-
metric down-conversion,” Phys. Rev. Lett. Vol. 100, p.
183601, 2008

SUMMARY OF INVENTION
Problems to be Solved by the Invention

With conventional methods of generating polarization
entangled photon pairs, since narrowband parametric photon
pairs are used, the spectral range of parametric photon pairs is
limited by using a transmission passband filter having a given
center frequency. An interference filter having a dielectric
multilayer structure can pass light having given center wave-
length and bandwidth, but the transmissible wavelength band
is limited to only one type. Consequently, parametric fluores-
cence falling outside the transmission passband is blocked by
the filter, and it has not been used to generate polarization
entangled photons.

Inview ofthe problems described above, the purpose of the
present invention is to provide a generator of polarization
entangled photon pairs capable of multiplexing wavelengths
by using parametric photon pairs that have been caught by a
filter and thus have not been used, and a method of generating
the same.

Means for Solving the Problems

To achieve the above objective, a generator of wavelength-
multiplexed polarization entangled photon pairs includes a
pump light source, a polarization entangled photon pair gen-
erating body on which pump light outgoing from the pump
light source falls, and a spectrometer on which a parametric
photon pair outgoing from the photon pair generating body
and having been subjected to wavelength multiplexing falls,
wherein the polarization entangled photon pair generating
body is made of a nonlinear optical crystal, and that wave-
length-multiplexed polarization entangled photon pairs are
generated by type II phase matching of the pump light.

In the above structure, the nonlinear optical crystal prefer-
ably has a periodically poled structure. The polarization
reversal period of the periodically poled structure preferably
has a linear chirp structure that gradually changes in the
direction of the optical axis of the nonlinear optical crystal.
The nonlinear optical crystal is preferably made of lithium
tantalate. The spectrometer is preferably made of an arrayed-
waveguide grating.

According to the above structure, by using a simple light
source having a pump light source and a polarization
entangled photon pair generating body made of a nonlinear
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crystal, wavelength-multiplexed polarization entangled pho-
ton pairs can be generated easily.

The method of generating wavelength-multiplexed polar-
ization entangled photon pairs according to the present inven-
tion includes: forming a polarization entangled photon pair
generating body made of a nonlinear optical crystal; irradiat-
ing a pump light having angular frequency of w,, to the polar-
ization entangled photon pair generating body; conducting
type II phase matching between the pump light and signal/
idler light generated within the polarization entangled photon
pair generating body, thereby generating a photon pair whose
polarized light crosses orthogonal to each other and whose
wavelengths are multiplexed; branching the wavelength-mul-
tiplexed polarization entangled photon pair so that angular
frequency becomes wg, ®;, W,, . . . ®, 5, ®,,_;, ®,; and estab-
lishing an angular frequency relation of the wavelength-mul-
tiplexed polarization entangled photon pair so that the energy
conservation law expressed by equation (6) shown below is
satisfied.

©

Wp = o + Wy,
= W) +wy-1

=y + Wy

In the above structure, forming a periodically poled struc-
ture having a period of A in the direction of optical axis of the
pump light in the nonlinear optical crystal, making the period
A to satisfy equation (7) shown below, and conducting a
quasi-phase matching between the pump light and the signal/
idler light generated within the polarization entangled photon
pair generating body.

Fo, =k A 2m/A (7

where, k,, k;, and k, respectively represent wave number
vector of the pump light having entered the nonlinear optical
crystal, wave number vector of the signal light generated
within the nonlinear optical crystal, and wave number vector
of' the idler light generated within the nonlinear optical crys-
tal.

The nonlinear optical crystal may be replaced by lithium
tantalate. Branching may be performed using an arrayed-
waveguide grating.

Effects of the Invention

According to the wavelength-multiplexed polarization
entangled photon pair generator and the method of generating
the same of the present invention, wavelength-multiplexed
polarization entangled photon pairs can be generated using
simple equipment, and the amount of information in quantum
information and communication technologies can be
increased.

BRIEF DESCRIPTION OF DRAWINGS

In the drawings,

FIG. 1 is a chart illustrating a wavelength-multiplexed
polarization entangled photon pair generator of the present
invention;

FIG. 2 is a chart illustrating the relation between a pump
light source and a polarization entangled photon pair gener-
ating body;
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6

FIG. 3 is a perspective view of the structure of a variation
of a nonlinear optical crystal;

FIG. 4 is a perspective view illustrating the structure of an
arrayed-waveguide grating;

FIG. 5 is a chart illustrating the branching of light made up
of wavelength-multiplexed parametric photon pairs gener-
ated by a polarization entangled photon pair generating body
by an arrayed-waveguide grating;

FIG. 6 is a chart illustrating the spectra of parametric
photon pairs outgoing from a polarization entangled photon
pair generating body made of lithium tantalate;

FIG. 7 is a chart illustrating the spectra of the parametric
photon pairs shown in FIG. 6 after they have passed the
arrayed-waveguide grating;

FIG. 8 is a chart illustrating the spectra of parametric
photon pairs outgoing from a polarization entangled photon
pair generating body made of lithium niobate in comparative
example;

FIG. 9 is a chart illustrating the spectra of parametric
photon pairs outgoing from the polarization entangled photon
pair generating body made of lithium tantalate in the
example, where (A) illustrates those of ordinary light, and (B)
illustrates those of extraordinary light; and

FIG. 10 is a chart illustrating the wavelength correlation of
the parametric photon pair shown in FIG. 9.

DESCRIPTION OF CODES

1: Wavelength-multiplexed polarization entangled photon pair
generator

2: Pump light source

3: Pump light outgoing from the pump light source

4: Wavelength-multiplexed polarization entangled photon pair
generating body

5: Wavelength-multiplexed parametric photon pair

6: First optical fiber

7: Arrayed-waveguide grating

8: Second optical fiber

Nonlinear optical crystal

11A: Periodically poled structure

12: Variation of nonlinear optical crystal
12A: Periodically poled structure

15: Semiconductor substrate

16: Insulating film

17: Input waveguide

18: First lens waveguide

19: Arrayed waveguide

21: Second lens waveguide

22: Output waveguide

MODES FOR CARRYING OUT THE INVENTION

The embodiment of the present invention will hereinafter
be described in detail by referring to the drawings.

FIG. 1 illustrates the structure of a wavelength-multiplexed
polarization entangled photon pair generator 1 of the present
invention. As shown in FIG. 1, the wavelength-multiplexed
polarization entangled photon pair generator 1 of the present
invention includes a pump light source 2, wavelength-multi-
plexed polarization entangled photon pair generating body 4
on which pump light 3 outgoing from the pump light source 2
falls, a first optical fiber 6 on which the light outgoing from
the wavelength-multiplexed polarization entangled photon
pair generating body 4 falls, a spectrometer 7 connected to the
first optical fiber 6, and a second optical fiber 8 connected to
the spectrometer 7. A wavelength-multiplexed parametric
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photon pair 5 outgoing from the polarization entangled pho-
ton pair generating body 4 enters the first optical fiber 6.

In this case, a light collecting means such as lenses may be
placed between the polarization entangled photon pair gen-
erating body 4 and the first optical fiber 6.

(Pump Light Source 2)

The pump light source 2 is a laser generating pump light 3.
The angular frequency of the pump light 3 is assumed to be
®,. The polarized light of the pump light 3 is made to be a
linear polarized light by a light polarizer, etc. not shown.

(Polarization Entangled Photon Pair Generating Body 4)

The polarization entangled photon pair generating body 4
is made of a nonlinear optical crystal. When pump light 3
having angular frequency of w, enters a nonlinear optical
crystal, two photons whose polarized light is made to cross
orthogonal to each other due to the process of spontaneous
parametric down-conversion are generated. The two photons
thus generated have broadband spectra. In this case, to gen-
erate two photons whose polarized light is made to cross
orthogonal to each other by the nonlinear optical crystal, type
11 phase matching conditions are used. The polarization state
obtained under type II phase matching conditions is
expressed as oeo or eoo, where o represents an ordinary ray,
and e represents an extraordinary ray. These codes exhibit
polarization of light contributing to the parametric process, in
order of idler photon, signal photon, and pump light, namely
oeo represents that the polarized light of the idler photon and
that of the pump light 3 are ordinary rays and the polarized
light of signal photon is an extraordinary ray. Similarly, eoo
represents that the polarized light of signal photon and that of
the pump light 3 are ordinary rays and the polarized light of
idler photon is an extraordinary ray.

(Quasi Phase Matching Method of Nonlinear Optical Crys-
tal)

As a method satisfying type II phase matching conditions
for a given wavelength, a quasi phase matching method is
known. The quasi phase matching method satisfies phase
matching conditions by periodically modulating the second-
order nonlinear susceptibility of a nonlinear optical crystal
11. As a periodic second-order linear susceptibility modulat-
ing method, so-called periodic poling method of periodically
reversing intrinsic polarization of nonlinear optical crystals
can be used.

(Nonlinear Optical Crystal made to have a Periodically
Poled Structure)

FIG. 2 illustrates the relation between a pump light source
2 and polarization entangled photon pair generating body 4.
As shown in FIG. 2, the polarization entangled photon gen-
erating body 4 is made of a nonlinear optical crystal 11, which
has aperiodically poled structure 11A having a period of A. In
period A, the polarization of region 11B shown in diagonal
lines and the polarization of the adjacent region 11A are
reversed, forming an alternating polarization state.

To form a periodically poled structure 11A in the nonlinear
optical crystal 11, a intrinsically polarized nonlinear optical
crystal 11 is provided, and region 11B shown by diagonal
lines is made to have polarity opposite to the intrinsic polar-
ization. For example, a common electrode is formed in the
region 11B shown by diagonal lines on the surface of the
nonlinear optical crystal 11, and a backside electrode is
formed on the rear face of the nonlinear optical crystal 11.
After polarization is performed by applying voltage between
the common electrode and the backside electrode in the direc-
tion reverse to the intrinsic polarization, the common elec-
trode and the backside electrode are removed to form a polar-
ization entangled photon pair generating body 4 made of a
nonlinear optical crystal 11.

20

30

40

45

50

8

The energy conservation law applicable to polarization
entangled photon pair generating body 4 having a periodi-
cally poled structure 11A is expressed by equation (7) as
shown below, which is a variation of equation (4).

Fo, =k A 2m/A (7

where, k, represents a wave vector of the pump light 3
having entered the nonlinear optical crystal 11, k, represents
the wave vector of the signal light generated within the non-
linear optical crystal 11, k, represents the wave vector of the
idler light generated within the nonlinear optical crystal 11,
and A represents the modulation period of the second-order
nonlinear susceptibility of the nonlinear optical crystal 11.

In the polarization entangled photon pair generating body
4, as a result of incidence of pump light having angular
frequency of o, and wave vector of k , a plurality of photon
pairs whose polarized light crosses orthogonal to each other
are generated coaxially with the direction of the advancement
of pump light 3 (referred to as collinear alignment). The
polarization reversal period A of the nonlinear optical crystal
11 is adjusted to satisfy equation (7) and the energy conser-
vation law expressed by equation (8), which will be described
later.

To generate a parametric photon pair 5 having broadband
wavelength distribution using multimode property of light, it
is necessary to use a thin nonlinear optical crystal 11, thus
decreasing the length of interaction in general. However, if
the length of interaction decreases, the generation efficiency
the parametric photon pair 5 also decreases. The polarization
entangled photon pair generating body 4 of the present inven-
tion can use a nonlinear optical crystal 11 made to have a
periodically poled structure 11A capable of generating a
parametric photon pair 5 having broadband wavelength band
distribution even if the length of interaction is long. As a
material of such nonlinear optical crystal 11, lithium tantalate
(LiTaO,), etc. can be used.

(Variation of a Nonlinear Optical Crystal made to have a
Periodically Poled Structure)

As a method of increasing the length of interaction while
widening the spectrum band in type II spontaneous paramet-
ric down-conversion, the polarization reversal period can be
changed gradually.

FIG. 3 is a perspective view illustrating the structure of a
variation 12 of the nonlinear optical crystal.

As shown in FIG. 3, the polarization reversal period A' of
the periodically poled structure 12A of variation 12 of the
nonlinear optical crystal is structured to change gradually and
linearly from left to right of the variation 12 of the nonlinear
optical crystal as follows: A", ... A';... A"y~ Such periodically
poled structure 12A is also called a linear chirp structure. In
this case, the polarization reversal period A' of the periodi-
cally poled structure of the variation 12 of nonlinear optical
crystal is adjusted to satisty the momentum conservation law
expressed by equation (7) and the energy conservation law
expressed by equation (8), which will be described later.

The polarization reversal period A' gradually changes in
the direction of the optical axis. Consequently, the center
wavelength of the signal photon and the idler photon can be
determined by adjusting the wavelength of the pumping pho-
ton and rough average value A'av of the polarization reversal
period A'. Furthermore, the bandwidth of the signal photon
and the idler photon can be adjusted by allowing the difter-
ence in the period at both ends of the variation 12 of nonlinear
optical crystal (IA',—~A'y1) to become a specified value.

Since the polarization reversal period A' of the variation 12
of the nonlinear optical crystal has a gradually changing
linear chirp structure, type Il phase matching of the pump
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light is allowed, and photon pair generation bandwidth can
thus be increased. Consequently, the variation 12 of nonlinear
optical crystal can be used as a polarization entangled photon
pair generating body 4 for generating wavelength-multi-
plexed polarization entangled photon pairs. As materials for
nonlinear optical crystal 12, lithium tantalate, lithium niobate
(LiNbO,), and potassium titanyl phosphate (KTiOPO,) can
be used.

(First Optical Fiber 6)

A first optical fiber 6 transmits wavelength-multiplexed
parametric photon pairs 5 generated in the polarization
entangled photon pair generating body 4 to the arrayed-
waveguide grating 7.

(Arrayed-Waveguide Grating 7)

FIG. 4 is a perspective view illustrating the structure of an
arrayed-waveguide grating as a typical spectrometer 7. The
arrayed-waveguide grating 7 is abbreviated as AWG. As
shown in FIG. 4, the arrayed-waveguide grating 7 includes an
input waveguide 17 formed within an insulating film 16
formed on a semiconductor substrate 15 made of Si, etc., a
first lens waveguide 18 connected to the input waveguide 17,
an arrayed-waveguide 19 connected to the output terminal of
the first lens waveguide 18, a second lens waveguide 21
connected to the output terminal of the arrayed-waveguide
19, and an output waveguide 22 connected to the output
terminal of the second lens waveguide 21. In this case, the first
fiber 6 may be structured by bundling the same number of
optical fibers as incident waveguides.

FIG. 5 illustrates a process where light made up of wave-
length-multiplexed parametric photon pairs 5 generated in
the polarization entangled photon pair generating body 4 is
branched in the arrayed-waveguide grating 7. In the arrayed-
waveguide grating 7, the wavelength-multiplexed light 5 out-
going from the first optical fiber 6 enters the arrayed-
waveguide 19 having the function of triangular prism via the
first lens waveguide 18, the light branched by wavelength is
irradiated from the output waveguide 22, and the light
branched by wavelength is introduced to each of the second
optical fiber 8 (8, to 8,,).

(Second Optical Fiber 8)

The second optical fiber 8 is connected to the output
waveguide 22 of the arrayed-waveguide grating 7. When the
arrayed-waveguide grating 7 is equipped with output
waveguides of the quantity expressed as n+1, the second
optical fiber 8, to 8,, is connected to each of the output
waveguides of the quantity expressed as n+1. The quantity of
the second optical fibers 8 is expressed as n+1, and the center
angle frequency of the second optical fiber 8 is expressed as
Wy Wy Wy v v W, 5, M, |, O

The operation of the wavelength-multiplexed polarization
entangled photon pair generator 1 of the present invention
will hereinafter be described.

As described above, in the process of spontaneous para-
metric down-conversion in the polarization entangled photon
pair generating body 4, polarized light of a photon pair
crosses orthogonal to each other is generated to satisfy the
energy conservation law. Consequently, as shown by the fol-
lowing equation (8), two photons forming the parametric
photon pair 5 are introduced to given fiber channels 1 and m.
At this time, the angular frequency conditions satisfying the
energy conservation law are expressed by equation (8) as
shown below. Two photons forming the parametric photon
pair 5 are introduced to given fiber channels 1 and m.

®)

The polarized light of the two photons crosses orthogonal
to each other. However, since the arrayed-waveguide grating
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7 does not split photons by polarization, the polarization state
of the photons output to the optical fiber channel 8 on the
output side is not determined. In other words, the two photons
output from the two optical fiber channels satisfying the
energy conservation law form a state of polarization entangle-
ment shown by equation (9) as shown below.

1

V2

®

W) = —=(1HY VD0, + Vsl )

In the above equation, IH>,; (i: 1 or m) exhibits that the
photon having a first polarized light (H) has an angular fre-
quency of w,, and that the frequency is w, or w,,. IV>_, (i: 1 or
m) exhibits that the photon having a second polarized light
(V) has an angular frequency of w,, and that the angular
frequency is w, or w,,,.

Equation (9) as shown above demonstrates that the physi-
cal quantity to determine the mode i of photons is angular
frequency of the photons. The orientations of the first polar-
ized light (H) and that of the second polarized light (V) cross
orthogonally to each other. In other words, the state of polar-
ization entanglement expressed by equation (9) represents the
state of polarization entanglement using frequency modes.

Next, assume that the center angle frequency of each opti-
cal fiber channel satisfies equation (6) as shown below.

©

Wp = Wo + Wy
=W + Wy-1

=Wy + Wy_2

Inthis case, two photons satisfying the energy conservation
law, a pair having angular frequencies of o, and w,, as shown
in FIG. 1 for example, form the state of polarization entangle-
ment expressed by equation (10) as shown below. A photon
pair having angular frequencies w,, ®, is made to enter
respective optical fiber channels 8, 8,,.

1 (10)
= (10 |VYa + 1V )i H), )

|¢>oyn = \/7
1

)1, = f(lmw1 Vi, | IV, H), )
1

)20 = W(IHMZIV)%,Z + Vi, lH,, ),

For example, IH>_, (i: 0 or n) in the first equation of
equation (10) demonstrates that the photon having a first
polarized light (H) has an angular frequency of w,, and that the
angular frequency is w, or w,,. IV>_, (i: 0 or n) demonstrates
that the photon having a second polarized light (V) has an
angular frequency of w,, and that the angular frequency is w,
or m,,.

(Typical Design of Wavelength-Multiplexed Polarization
Entangled Photon Pair Generator 1)

Using the polarization entangled photon pair generating
body 4, calculation was conducted to achieve type II phase
matching of pump light 3. Specifically, the periodically poled
structure 11A formed in nonlinear optical crystal 11 was
calculated.
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Lithium tantalate (LiTaO;) and lithium niobate (LiNbOy;)
were used as the nonlinear optical crystal 11, and calculation
of quasi phase matching was conducted using equation (7).

The length of nonlinear optical crystal 11 on the direction
of optical axis (also called element length) was defined as 40
mm. When lithium tantalate was used as the nonlinear optical
crystal 11 and the wavelength of the pump light 3 was
assumed to be 792 nm, the period A of the periodically poled
structure was found to be 19.4 um.

FIG. 6 shows the calculation result of spectrum of para-
metric photon pair 5 outgoing from the polarization entangled
photon pair generating body 4 made of lithium tantalate. The
horizontal axis of FIG. 6 represents wavelength (nm), and the
vertical axis represents the intensity of light (arbitrary unit).
The length of the polarization entangled photon pair gener-
ating body 4 in the direction of optical axis is 40 mm, the
period A of the periodically poled structure is 19.4 um, and
the wavelength of the pump light 3 is 792 nm.

As shown in FIG. 6, the full width at half maximum of the
spectrum of parametric photon pair 5 outputted when pump
light 3 having wavelength of 792 nm is made to enter the
polarization entangled photon pair generating body 4 made of
lithium tantalate is found to be extending to approximately
12.6 nm.

The spectrum shown in FIG. 6 is a calculated spectrum
value of the parametric photon pair 5 obtained after the pair
has been made to pass an arrayed waveguide grating 7, where
the center wavelength is 1584 nm, channel spacing is 0.8 nm,
and full width at half maximum of the transmission band per
channel is 0.4 nm.

FIG. 7 is a chart illustrating the spectrum obtained after the
parametric photon pair 5 shown in FIG. 6 has been made to
pass the arrayed-waveguide grating 7. The horizontal and
vertical axes in FIG. 7 represent the same items in FIG. 6.

As shown in FIG. 7, by allowing the parametric photon pair
5 to pass the arrayed-waveguide grating 7, the parametric
photon pair 5 is broken down into an approximately 40-chan-
nel spectrum. In this case, the two photons outputted to the
optical fiber channel 8 having symmetrical wavelength with
respect to 1584 nm form a state of polarization entanglement.

COMPARATIVE EXAMPLE

Comparative example using lithium niobate as the nonlin-
ear optical crystal 11 will be described below. The element
length in this case is 40 mm. From equation (7), the period A
of the periodically poled structure was found to be 9.6 um
when the wavelength of pump light 3 was 792 nm.

FIG. 8 is a chart showing the calculation result of the
spectrum of parametric photon pair 5 outputted from the
polarization entangled photon pair generating body 4 made of
lithium niobate in the comparative example. The horizontal
and vertical axes in FIG. 8 represent the same item as FIG. 6.

As shown in FIG. 8, the full width at half maximum of the
spectrum of the parametric photon pair 5 outputted when
pump light 3 having wavelength of 792 nm is made to enter
the polarization entangled photon pair generating body 4
made of lithium niobate is found to be approximately 0.7 nm.
With the fact that the channel spacing of a typical arrayed
waveguide grating 7 is approximately 0.8 nm (100 GHz)
taken into consideration, the polarization entangled photon
pair generating body 4 using lithium niobate crystal is found
to be inappropriate for wavelength multiplication.

According to the wavelength-multiplexed polarization
entangled photon pair generator 1 of the present invention, by
irradiating pump light 3 having a single wavelength w,, to the
wavelength-multiplexed polarization entangled photon pair
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generating body 4, two photons whose polarized light is made
to cross orthogonal to each other by polarization entangled
photon pair generating body 4 can be made to have a broad-
band spectrum. The wavelength of the broadband spectrum
consisting of the photon pair has been multiplexed. Only by
allowing this broadband spectrum to pass the arrayed-
waveguide grating 7, the wavelength-multiplexed polariza-
tion entangled photon pair can be branched into a multi-
channel spectrum.

The wavelength-multiplexed polarization entangled pho-
ton pair generator 1 of the present invention includes a pump
light source 2 for generating pump light 3, a wavelength-
multiplexed polarization entangled photon pair generating
body 4, and an arrayed-waveguide grating 7. The pump light
3 and the wavelength-multiplexed polarization entangled
photon pair generating body 4 serve as a two-photon light
source for generating a photon pair made up of photons hav-
ing polarized light crossing orthogonal to each other and
broadband spectra. Consequently, unlike conventional meth-
ods using combination of two or more crystals or an interfer-
ometer, the wavelength-multiplexed polarization entangled
photon pair generator 1 of the present invention can achieve a
simplified structure and wavelength multiplication of polar-
ization entangled light source at the same time.

Parametric photon pairs 5, which have thus far been
blocked by a filter and unused, can also be used as polariza-
tion entangled photon pairs, and be applicable to WDM trans-
mission technology.

EXAMPLE 1

The present invention will hereinafter be described further
in detail by referring to the example.

A wavelength-multiplexed polarization entangled photon
pair generating body 4 was created using lithium tantalate as
the nonlinear optical crystal 11. The length of the wavelength-
multiplexed polarization entangled photon pair generating
body 4 in the direction of the optical axis was set at 40 mm,
and a periodically poled structure 11A was formed along the
direction of the optical axis. The period A of the periodically
poled structure was varied, ranging from 18.5 um through
19.5 um and 20.5 pm to 21.5 pm.

By irradiating the pump light 3 having the wavelength of
792 nm to the created polarization entangled photon pair
generating body 4, the optical spectrum generated from the
polarization entangled photon pair generating body 4 was
measured. As a light source of the pump light 3, CW-oscilla-
tion titanium-sapphire laser whose wavelength was set to
792.0 nm was used.

FIG. 9 is a chart illustrating the spectra of parametric
photon pair 5 outputted from the polarization entangled pho-
ton pair generating body 4 made of lithium tantalate in the
example, where (A) illustrate the spectrum of an ordinary ray,
and (B) illustrate that of an extraordinary ray. The horizontal
axis of FIG. 9 represents wavelength (nm), and the vertical
axis represents the intensity of light (arbitrary unit). The
polarization states of the ordinary ray and that of the extraor-
dinary ray cross orthogonally to each other. The period of
periodically poled structure of the polarization entangled
photon pair generating body 4 was 21.5 pm.

As shown in FIG. 9, the ordinary ray and the extraordinary
ray of the parametric photon pair 5 outputted from the polar-
ization entangled photon pair generating body 4 whose peri-
odically poled structure has the period of 21.5 pm exhibit
similar intensity with respect to frequency. The observed
spectral width of the parametric photon pair 5 was approxi-
mately 29 nm in full width at half maximum. It was thus found
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that a parametric photon pair 5 having a spectral band twice as
large as the full width at half maximum of the spectrum
predicted from the calculation results shown in FIGS. 6 and 7,
namely 12.6 nm, or higher can be generated.

From the above, the parametric photon pair 5 having been
made to pass the arrayed-waveguide grating 7, where center
wavelength was 1584 nm, channel spacing was 0.8 nm, and
full width athalf maximum of channel transmission band was
0.4 nm, was found to be broken down to an approximately
80-channel spectrum.

Parametric photon pairs 5 from the polarization entangled
photon pair generating body 4 were not observed around the
period of the periodically poled structure of 19.4 um.

The wavelength correlation of the parametric photon pair 5
was then measured.

FIG. 10 is a chart showing the wavelength correlation of
the parametric photon pair 5 shown in FIG. 9. The horizontal
axis in FIG. 10 represents wavelength (nm) of ordinary rays,
and the vertical axis represents the wavelength (nm) of
extraordinary rays. The intensity of the photon pair is high in
the white area in the chart.

The correlation of the parametric photon pair 5 shown in
FIG. 10 indicates that the photon pair is distributed symmetri-
cally with respect to the wavelength of 1584 nm, which is
twice the wavelength of the pump light 3, satisfying the
energy conservation law.

From the above results, it was confirmed that the photon
pair generated using the pump light source 2 and the light
source made of a parametric photon pair 5 may be introduced
to a 128-channel arrayed-waveguide grating 7, for example,
and by conducting wavelength multiplexing, a polarization
entangled photon pair can be obtained in 80 channels forming
pairs on the output side of the arrayed-waveguide grating 7.

The present invention is not limited to the example
described above, but various variations are allowed within the
scope described in the claim. It goes without saying that these
variations are included in the scope of the present invention.
For example, the material, element length, and polarization
reversal period A, A' of the nonlinear optical crystals 11,12 in
the embodiment described above can be adjusted depending
on the degree of wavelength multiplication.

What is claimed is:

1. A wavelength-multiplexed polarization entangled pho-
ton pair generator, including:

a pump light source;

a nonlinear optical crystal on which the pump light output
from the pump light source falls; and

a spectrometer on which a wavelength-multiplexed para-
metric photon pair output from the nonlinear optical
crystal falls, wherein

the nonlinear optical crystal has a periodically poled struc-
ture,

a type 1l phase matching is conducted to generate a para-
metric optical pair whose angular frequency relation
satisfies the energy conservation law expressed by equi-
tation (6) shown below and whose polarized light
crosses orthogonal to each other, and
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the spectrometer branches the parametric photon pair so
that angular frequency becomes wg, ®,;, @, . . ., @, 5,
,,_;, W,, thereby generating a wavelength-multiplexed
polarization entangled photon pair for each

©

Wp = Wo + Wy
= + Wy

=Wy + Wy_2

2. The wavelength-multiplexed polarization entangled
photon pair generator as set forth in claim 1, wherein the
polarization reversal period of the periodically poled struc-
ture is in a linear chirp structure in which the polarization
reversal period gradually changes in the direction of the opti-
cal axis of the nonlinear optical crystal.

3. The wavelength-multiplexed polarization entangled
photon pair generator as set forth in claim 1 or 2, wherein the
nonlinear optical crystal is made of lithium tantalate.

4. The wavelength-multiplexed polarization entangled
photon pair generator as set forth in claim 1, wherein the
spectrometer is made of an arrayed-waveguide grating.

5. A method of generating wavelength-multiplexed polar-
ization entangled photon pairs, comprising:

forming a periodically poled structure in a nonlinear opti-

cal crystal;

irradiating a pump light having angular frequency of w,, to

the nonlinear optical crystal;

conducting a type II phase matching between the pump

light and signal/idler light generated within the nonlin-
ear optical crystal, thereby generating a photon pair
whose polarized light crosses orthogonal to each other
and whose wavelengths are multiplexed;

branching the wavelength-multiplexed parametric photon

pair whose polarized light crosses orthogonal to each
other so that an angular frequency becomes w,, o,
s, .. .0, ,, ®, 0 thereby outputting a wavelength-
multiplexed polarization entangled photon pair for each;
and

establishing an angular frequency relation of the wave-

length-multiplexed polarization entangled photon pair
so that the energy conservation law expressed by equa-
tion (6) shown below is satisfied:

©

Wp = Wo + Wy
=W + Wy-1

=Wy + Wy_2

6. The method of generating wavelength-multiplexed
polarization entangled photon pairs as set force in claim 5,
wherein

forming a periodically poled structure having a period of A

in the nonlinear optical crystal in the direction of the
optical axis of the pump light;

making the period A to satisfy equation (7) shown below;

and

conducting a quasi phase matching between the pump
light and the signal/idler light generated within the
polarization entangled photon pair generator:

Fo, =k A 2m/A (7



US 8,488,231 B2

15

where, k,, k,, and k; respectively represent a wave vector of
the pump light entering the nonlinear optical crystal, a
wave vector of the signal light generated within the
nonlinear optical crystal, and a wave vector of the idler
light generated within the nonlinear optical crystal.

7. The method of generating wavelength-multiplexed
polarization entangled photon pairs as set forth in claim 6,
wherein making the polarization reversal period of the peri-
odically poled structure to be alinear chirp structure in which
the polarization reversal period gradually changes in the
direction of the optical axis of the nonlinear optical crystal.

8. The method of generating wavelength-multiplexed
polarization entangled photon pairs as set forth in one of
claims 5 to 7, wherein the nonlinear optical crystal is lithium
tantalate.

9. The method of generating wavelength-multiplexed
polarization entangled photon pairs as set forth in claim 5,
wherein the branching is conducted using an arrayed-
waveguide grating.

10. The wavelength-multiplexed polarization entangled
photon pair generator as set forth in claim 4, wherein the
arrayed-waveguide grating comprises: an input waveguide; a
first lens waveguide connected to the input waveguide; an
arrayed waveguide connected to the output terminal of the
first lens waveguide; a second lens waveguide connected to
the output terminal of the arrayed waveguide; and an output
waveguide connected to the output terminal of the second
lens waveguide.
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