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(54) Wavelength converter

(57) A wavelength converter has a periodic struc-
ture, where a nonlinear optical coefficient is spatially
modulated at a fundamental period Λ0 and the phase of
the period Λ0 is modulated nearly continuously at a pe-
riod Λph > Λ0. A conversion efficiency is made maximum
when a phase mismatch amount ∆β equals 2π/Λ0±2πi/
Λph (i=0, 1, ..., n, where n is a positive integer), 2π/Λ0±2π

(2i+1)/Λph (i=0, 1, ..., n), or 2π/Λ0+2πi/Λf (i=m, m+1, ...,
n, where m and n are positive or negative integers sat-
isfying |m|≠|n|), thereby providing a wavelength convert-
er and wavelength converting apparatus that can be de-
signed to be able to cope with a desired number of pump
wavelengths, prevent the reduction in the conversion ef-
ficiency, and be configured easily using a practical size
of a nonlinear optical material.
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Description

[0001] The present invention relates to awavelength converter and a wavelength converting apparatus, and more
particularly to a wavelength converter and a pump wavelength variable type wavelength converting apparatus that can
be designed to handle a given number of pump wavelengths, can prevent reduction in a conversion efficiency, and
can be simply configured using a practical size nonlinear optical material.
[0002] Conventionally, wavelength converters and wavelength converting apparatuses configured using them have
been known utilizing a variety of second order nonlinear optical effects. For example, a second harmonic generation
apparatus can convert incident light to light (second harmonics) with half the original wavelength (twice the frequency).
A sum frequency generation apparatus can convert two light beams with different wavelengths into a light beam with
a frequency corresponding to the sum frequency of the two frequencies.
[0003] On the other hand, a difference frequency generation apparatus can convert two light beams with different
wavelengths into a light beam with a frequency corresponding to the difference frequency between the two frequencies.
In addition, when one of the incident light beams is larger enough than the other of them, it can be configured as an
optical amplifier that amplifies the intensity of the incident light utilizing a parametric effect. It is also applicable as a
wavelength tunable light source by configuring a parametric resonator utilizing the parametric effect.
[0004] Next, the operation principle of conventional wavelength converters will be described briefly by way of example
of difference frequency generators utilizing the second order nonlinear optical effect. These converters convert signal
light with a wavelength λ1 to idler light with a wavelength λ2 by launching the signal light to a nonlinear optical medium
pumped by pump light with a wavelength λ3 The following equation is capable of coping with the three wavelengths,
including the case where λ1 = λ2.

[0005] Research and development of various materials have been conducted as nonlinear optical media capable of
coping with such elements. As for element structures, the so-called "quasi-phase match type structure" is considered
to be promising as reported by M. H. Chou, et al., (Optics Letters, Vol. 23, p. 1004 (1998)), for example. It has a structure
that causes a second order nonlinear optical material such as LiNbO3 to vary (modulate) its nonlinear optical coefficient
periodically at a uniform period.
[0006] Figs. 1A and 1B are diagrams for explaining a conventional wavelength converter (difference frequency gen-
erator) utilizing the second order nonlinear optical effect: Fig. 1A is a diagram illustrating a configuration of the wave-
length converter conceptually; and Fig. 1B is a diagram illustrating the dependence of a conversion efficiency on a
phase mismatch amount. To create a quasi-phase match type structure in a second order nonlinear optical material,
the following methods are conceivable: First, a method of carrying out periodical modulation by spatially, alternately
reversing the sign of the nonlinear optical coefficient of the material; second, a method of carrying out the periodical
modulation by alternately placing sections with large and small nonlinear optical coefficients.
[0007] As for a ferroelectric crystal such as LiNbO3, the sign of the nonlinear optical coefficient (d constant) corre-
sponds to the polarity of the spontaneous polarization. Thus, in the wavelength converter shown in Fig. 1A, an optical
waveguide 12 is formed in a nonlinear optical medium, a LiNbO3 substrate 11, by a proton exchange method to peri-
odically reversing the spontaneous polarization of the LiNbO3 at a modulation period (modulation period of the nonlinear
optical coefficient) Λ0 = 14.75 µm, thereby modulating the nonlinear optical coefficient. The wavelength converter is
supplied with signal light 13 and pump light 15 via a multiplexer 17. The wavelength converter can carry out the wave-
length conversion of the 1.55 µm band signal light 13 by the 0.78 µm band pump light 15.
[0008] In such a converter, the phase mismatch amount ∆β is given by the following equation.

where n1 is the refractive index of the LiNbO3 for the signal light 13 with the wavelength λ1; n2 is the refractive index
for idler light (difference frequency light) 14 with the wavelength λ2; n3 is the refractive index for the pump light 15 with
the wavelength λ3; and Λ0 is the modulation period of the nonlinear optical coefficient. The conversion efficiency η is
given by the following equation using the phase mismatch amount ∆β.

1
λ3
------= 1

λ1
------ + 1

λ2
------ (1)
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where L is the length of the nonlinear optical medium in the waveguide direction. Accordingly, the conversion efficiency
η of the wavelength converter takes the maximum value when the phase mismatch amount ∆β is 2π/Λ0. For example,
consider the case where the wavelength λ1 of the signal light 13 is fixed. In this case, the wavelength of the pump light
15 that satisfies the "quasi-phase matching condition", in which the phase mismatch amount ∆β given by the foregoing
equation (2) becomes 2π/Λ0, depends on the chromatic dispersion of the refractive index of the nonlinear optical me-
dium, and is determined uniquely if the modulation period Λ0 is given.
[0009] Varying the wavelength of the pump light 15 from the quasi-phase match wavelength that satisfies the quasi-
phase matching condition, the conversion efficiency η reduces according to the foregoing equations (2) and (3). Fig.
1B is a graph illustrating the dependence of the conversion efficiency η on the phase mismatch amount ∆β, in which
the conversion efficiency η is normalized in such a manner that the maximum value becomes one. Assume that the
length of the optical waveguide 12 of the wavelength converter consisting of the LiNbO3 is 42 mm. Then, the band of
the phase mismatch amount ∆β in which the conversion efficiency η becomes half the maximum value is very narrow
of about 0.1 nm in terms of 0.78 µm band pump wavelength.
[0010] As is clear from the foregoing equation (1), a plurality of pump light beams with different wavelengths are
required to convert the wavelength λ1 of the signal light 13 to the difference frequency light with a given wavelength
(λ2' ) . However, the conventional modulation structure as illustrated in Fig. 1A, in which the nonlinear optical coefficient
varies periodically at a uniform period, cannot vary the wavelength of the pump light substantially because of the narrow
allowable range of the wavelength of the pump light. As a result, it cannot achieve the conversion to the difference
frequency light with a given wavelength.
[0011] Next, to handle the different pump light wavelengths, a method is also possible in which modulation structures
with a plurality of different modulation periods are disposed sequentially in the longitudinal direction. However, when
the total length of the nonlinear optical media is fixed, the length of a nonlinear optical medium used in each modulation
period is reduced. Generally, the conversion efficiency η of the wavelength converter utilizing the second order nonlinear
optical effect is proportional to the square of the length of the nonlinear optical medium. Accordingly, disposing four
types of the modulation periods will reduce the conversion efficiency η to 6.25% as compared with the case where the
nonlinear optical medium with the same length is used.
[0012] To configure a wavelength converter capable of coping with a plurality of pump light wavelengths, a method
of providing a periodically modulated structure with a phase reversal structure is proposed by M. H. Chou et al. (Optics
Letters, Vol. 24, p. 1157 (1999)).
[0013] Figs . 2A and 2B are diagram illustrating a conventional wavelength converter capable of coping with a plurality
of pump light wavelengths by providing a phase reversal structure to a periodically modulated structure: Fig. 2A is a
plan view schematically showing a configuration of the wavelength converter; and Fig. 2B is an enlarged view of its
portion. In addition, Figs. 3A-3F are graphs illustrating the behavior of the phase reversal in the wavelength converter,
and the dependence of the conversion efficiency on the phase mismatch amount.
[0014] As the wavelength converter shown in Fig. 1A, the wavelength converter forms an optical waveguide 22 in a
LiNbO3 substrate 21 used as the nonlinear optical medium by the proton exchange method, and provides the modu-
lation to the nonlinear optical coefficient by periodically reversing the spontaneous polarization of the LiNbO3 at a
fundamental modulation period Λ0 = 14.75 µm. More specifically, the wavelength converter forms a phase reversal
structure by reversing by an amount of 180 degrees the phase of the polarization reversal structure, which has a fixed
fundamental period Λ0 (fundamental modulation period of 14.75 µm), at a longer uniform period Λph, thereby enabling
the conversion efficiency η to have peaks at a plurality of phase mismatch amounts ∆β. Incidentally, using the pump
light 25 with the wavelength λ3 in the 0.78 µm band incident via the multiplexer 27, the wavelength converter can also
achieve the wavelength conversion of the signal light 23 with the wavelength λ1 in the 1.55 µm band incident via the
same multiplexer 27 into the difference frequency light 24 with the wavelength λ2.
[0015] Fig. 3A is a diagram illustrating the phase variation in the longitudinal direction in a nonlinear optical medium
with a polarization reversal structure having the phase reversal with a phase reversal period Λph of 14 mm and a duty
factor of 50%. Fig. 3B is a diagram illustrating the dependence of the conversion efficiency on the phase mismatch
amount, which is normalized with respect to the conversion efficiency of a wavelength converter which uses a nonlinear
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optical medium with the same length as the nonlinear optical medium shown in Fig. 1A. but without the phase reversal
structure. In the wavelength converter, the length of the optical waveguide in which the polarization reversal is formed
is 42 mm.
[0016] As seen from Fig. 3B, the conversion efficiency becomes maximum when the phase mismatch amount ∆β is
{(2π/Λ0) - (2π/Λph)} and {(2π/Λ0) + (2π/Λph)}, which indicates that the two pump wavelengths can be used for the
wavelength conversion.
[0017] In addition, as illustrated in Figs . 3C and 3D, setting the period Λph at 7 mm and the duty factor of the phase
reversal at 26.5% makes the conversion efficiency maximum when the phase mismatch amount ∆β equals {(2π/Λ0) -
(2π/Λph)}, (2π/Λ0) and {(2π/Λ0) + (2π/Λph)}, thereby enabling the wavelength conversion to use the three pump wave-
lengths.
[0018] Furthermore, as illustrated in Figs. 3E and 3F, superimposing two phase reversal with period Λph and 2Λph
make the conversion efficiency maximum when the phase mismatch amount ∆β is {(2π/Λ0) - (6π/Λph)}, {(2π/Λ0) - (2π/
Λph)}, {(2π/Λ0) + (2π/Λph)} and {(2π/Λ0) + (6π/Λph)}. Thus, four peaks are obtained at every 4π(/Λph interval, which
enables the wavelength conversion using the four pump wavelengths.
[0019] However, the conventional wavelength converter with the foregoing configuration has the following problems.
[0020] First, the normalized conversion efficiency of the structure with the four peaks as illustrated in Fig. 3F brings
about spurious secondary peaks of the conversion efficiency other than the desired wavelengths . As a result the
conversion efficiency of the converter is reduced down to 17%.
[0021] Second, trying to obtain the peaks of the conversion efficiency at narrow pump light wavelength intervals
inevitably requires a long phase reversal structure. This offers a problem of imposing restrictions on placing the phase
reversal period in a widely used substrate with the size of 3-4 inches.
[0022] The peak intervals of phase matching curves of Figs. 3A, 3C and 3E are 0.8 nm in terms of the pump wave-
length in the 0.78 µm band, which means that the pump wavelength is variable at 400 GHz intervals. More specifically,
from the relationship of equation (1), varying the pump light wavelength brings about the variation of the idler light
wavelength by an amount of the variation of the pump light wavelength, which means that the idler light wavelength
can be varied at the intervals of 400 GHz.
[0023] Considering the application to the WDM communications, devices with narrower intervals such as 200 GHz
and 100 GHz will be required. For example, the normalized conversion efficiency of the structure with the four peaks
as illustrate in Fig. 3F can narrow the peak intervals by increasing the phase reversal period because the phase mis-
match amount ∆β has the peaks at every 4π/Λph interval for the phase reversal period Λph. Considering the case where
the LiNbO3 optical waveguide handles the pump wavelengths with the intervals of 200 GHz or 100 GHz, the phase
reversal period required for the four pump wavelengths becomes very long such as 28 mm and 56 mm.
[0024] Third, although the method of handling the number of pump light wavelengths from one to four by superim-
posing the phase reversal pattern is disclosed in the foregoing document as described above, a method of handling
the other number of the pump light wavelengths is unknown. Consequently, it is difficult to handle a desired number
of pump light wavelengths flexibly.
[0025] As a result of studying device structures enabling highly efficient, multi-wavelength pumping, the inventors of
the present invention discover a device structure capable of coping with a desired number of pump wavelengths without
much losing the efficiency by introducing, into a periodically modulated structure of a nonlinear optical coefficient, a
structure in which a continuous frequency modulation structure or phase modulation structure is repeated at a uniform
period, and by optimizing a modulation curve of the frequency modulation structure or phase modulation structure.
The device structure can provide a wavelength converter and pump wavelength variable type wavelength converting
apparatus that enables a design capable of coping with a desired number of the pump light wavelengths, and that can
prevent the reduction in the conversion efficiency and can be configured easily using a practical size of a nonlinear
optical material.
[0026] According to a first aspect of the present invention, there is provided a wavelength converter comprising: a
nonlinear optical medium having a frequency modulated periodically modulated structure composed of a modulation
unit structure and a frequency modulation structure, the modulation unit structure having a structure in which a nonlinear
optical coefficient is modulated periodically at a period nearly equal to a fundamental period Λ0 varies nearly continu-
ously, and the frequency modulation structure having a structure in which the modulation unit structure is repeated at
a frequency modulation period Λf longer than the fundamental period Λ0; and means for launching light with one or
two wavelengths of three wavelengths λ1, λ2 and λ3 including λ1 = λ2, which satisfy the following equation, onto the
nonlinear optical medium,

1
λ3
------ = 1

λ1
------ + 1

λ2
------ (4)
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wherein the wavelength converter, utilizing a second order nonlinear optical effect occurring in the nonlinear optical
medium, converts the input light into outgoing light with a wavelength equal to one of the three wavelengths, and
different from at least one of the wavelengths of the incident light.
[0027] According to a second aspect of the present invention, there is provided a wavelength converter comprising:
a nonlinear optical medium having a phase modulated periodically modulated structure composed of a modulation unit
structure and a phase modulation structure, the modulation unit structure having a structure in which a nonlinear optical
coefficient is modulated periodically at a period substantially equal to a fundamental period Λ0 modulations varies
nearly continuously, and the phase modulation structure having a structure in which the phase variation of the modu-
lation unit structure is repeated at a phase modulation period Λph longer than the fundamental period Λ0; and means
for launching light with one or two wavelengths of three wavelengths λ1, λ2 and λ3 including λ1 = λ2, which satisfy the
foregoing equation (4), onto the nonlinear optical medium, wherein the wavelength converter, utilizing a second order
nonlinear optical effect occurring in the nonlinear optical medium, converts the input light into outgoing light with a
wavelength equal to one of the three wavelengths, and different from at least one of the wavelengths of the incident light.
[0028] According to another aspect of the present invention, there is provided a wavelength converting apparatus
comprising a pumping source capable of varying its oscillation wavelength or switching a plurality of oscillation wave-
lengths, and a wavelength converter in accordance with the present invention, wherein the wavelength converter is
configured such that it generates difference frequency light in the nonlinear optical medium from input signal light
supplied from outside, and incident light supplied from the pumping source; and converts a wavelength of the difference
frequency light by selecting the wavelength of the pump light with a phase mismatch amount that will maximize a
generation efficiency of the difference frequency light.
[0029] According to the first aspect of the present invention, a phase mismatch amount ∆β may be determined such
that it will maximize the conversion efficiency at 2π/Λ0 ± 2πi/Λf (i = 0, 1, ..., n, where n is a positive integer), at 2π/Λ0
± 2π (2i + 1)/Λf (i = 0, 1, ..., n, where n is a positive integer), or at 2π/Λ0 + 2πi/Λf (i = m, m + 1, ..., n, where m and n
are positive or negative integers satisfying |m| ≠ |n|). This makes it possible to provide a wavelength converter and
wavelength converting apparatus that enable the design capable of coping with a desired number of pump wavelengths,
and that can prevent the reduction in the conversion efficiency, and can be configured easily using a practical size of
the nonlinear optical material.
[0030] According to the second aspect of the present invention, the phase mismatch amount ∆β may be determined
such that it will maximize the conversion efficiency at 2π/Λ0 ± 2πi/ΛPh (i = 0, 1, ..., n, where n is a positive integer), at
2π/Λ0 ± 2π (2i + 1)/Λph (i = 0, 1, ..., n, where n is a positive integer), or at 2π/Λ0 + 2πi/Λph (i = m, m + 1, ..., n, where m
and n are positive or negative integers satisfying |m| ≠ |n|). This makes it possible to provide a wavelength converter
and wavelength converting apparatus that enable the design capable of coping with a desired number of pump wave-
lengths, and that can prevent the reduction in the conversion efficiency, and can be configured easily using a practical
size of the nonlinear optical material.
[0031] The above and other objects, effects, features and advantages of the present invention will become more
apparent from the following description of embodiments thereof taken in conjunction with the accompanying drawings.

Fig. 1A is a schematic diagram showing a configuration of a conventional wavelength converter (difference fre-
quency generator) utilizing a second order nonlinear optical effect;
Fig. 1B is a graph illustrating the dependence of the conversion efficiency on a phase mismatch amount in the
wavelength converter as shown in Fig. 1A;
Fig. 2A is a schematic plan view showing a configuration of a conventional wavelength converter capable of coping
with a plurality of pump light wavelengths by providing a phase reversal structure to a periodical modulation struc-
ture;
Fig. 2B is an enlarged view of a part of the wavelength converter as shown in Fig. 2A;
Figs. 3A-3F are diagrams illustrating phase reversal behavior and the dependence of the conversion efficiency on
the phase mismatch amount in the wavelength converter as shown in Fig. 2A;
Figs. 4A and 4B are schematic diagrams showing a first configuration of the wavelength converter in accordance
with the present invention;
Figs. 5A-5D are graphs illustrating examples of frequency variation curves and the dependence of the conversion
efficiency on the phase mismatch amount of the wavelength converter in accordance with the present invention
capable of coping with a variety of pump wavelength numbers;
Fig. 6A is a graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient
used in a first embodiment of the wavelength converter in accordance with the present invention;
Fig. 6B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG characteristics
by using a wavelength tunable light source in a 1.55 µm band in the first embodiment of the wavelength converter
in accordance with the present invention;
Fig. 6C is a graph illustrates spectra of 1.55 µm band signal and idler light when inputting signal light and pump
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light in the first embodiment of the wavelength converter in accordance with the present invention;
Fig. 7A is a graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient
used in a second embodiment of the wavelength converter in accordance with the present invention;
Fig. 7B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG characteristics
by using a wavelength tunable light source in a 1.55 µm band in the second embodiment of the wavelength con-
verter in accordance with the present invention;
Fig. 7C is a graph illustrates spectra of 1.55 µm band signal, pump, and idler lights when inputting signal light and
pump light in the second embodiment of the wavelength converter in accordance with the present invention;
Fig. 8A is a graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient
used in a third embodiment of the wavelength converter in accordance with the present invention;
Fig. 8B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG characteristics
by using a wavelength tunable light source in a 1.55 µm band in the third embodiment of the wavelength converter
in accordance with the present invention;
Fig. 8C is a graph illustrates spectra of 1.55 µm band idler light when inputting signal light and pump light in the
third embodiment of the wavelength converter in accordance with the present invention;
Fig. 9A is a graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient
used in a fourth embodiment of the wavelength converter in accordance with the present invention;
Fig. 9B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG characteristics
by using a wavelength tunable light source in a 1.55 µm band in the fourth embodiment of the wavelength converter
in accordance with the present invention;
Fig. 10 is a block diagram showing a first configuration of a wavelength converting apparatus including the wave-
length converter in accordance with the present invention;
Figs. 11A and 11B are schematic diagrams showing a second configuration of the wavelength converter in accord-
ance with the present invention;
Figs. 12A-12C are graphs illustrating the detail of a phase modulation structure of a second order nonlinear optical
coefficient of a nonlinear optical medium of a difference frequency generator shown in Fig. 11A;
Figs . 13A-13D are graphs illustrating examples of phase modulation curves and the dependence of the conversion
efficiency on the phase mismatch amount of the wavelength converter in accordance with the present invention
capable of coping with a variety of pump wavelength numbers;
Figs. 14A-14C are graphs illustrating a variety of characteristics of a sixth embodiment of the wavelength converter
in accordance with the present invention;
Fig. 15A is a graph illustrating a phase modulation curve in a seventh embodiment of the wavelength converter in
accordance with the present invention;
Fig. 15B is a graph illustrating a normalized efficiency obtained when evaluating SHG characteristics by using a
wavelength tunable light source in a 1.55 µm band in the seventh embodiment of the wavelength converter in
accordance with the present invention;
Fig. 15C is a graph illustrates spectra of 1.55 µm band signal, pump, and idler light in the seventh embodiment of
the wavelength converter in accordance with the present invention;
Fig. 16A is a graph illustrating a phase modulation curve in an eighth embodiment of the wavelength converter in
accordance with the present invention;
Fig. 16B is a graph illustrating a normalized efficiency obtained when evaluating SHG characteristics by using a
wavelength tunable light source in a 1.55 µm band in the eighth embodiment of the wavelength converter in ac-
cordance with the present invention;
Fig. 16C is a graph illustrates spectra of 1.55 µm band idler light in the eighth embodiment of the wavelength
converter in accordance with the present invention;
Fig. 17A is a graph illustrating a phase modulation curve in a ninth embodiment of the wavelength converter in
accordance with the present invention;
Fig. 17B is a graph illustrating a normalized efficiency obtained when evaluating SHG characteristics by using a
wavelength tunable light source in a 1.55 µm band in the ninth embodiment of the wavelength converter in accord-
ance with the present invention; and
Fig. 18 is a block diagram showing a configuration of a wavelength converting apparatus including the wavelength
converter in accordance with the present invention.

The embodiments in accordance with the present invention will now be described with reference to the ac-
companying drawings. The term "wavelength converter (and wavelength converting apparatus)" used in the instant
specification refers not only to a wavelength converter (and wavelength converting apparatus), but also to an
optical amplifier (and optical amplifying apparatus) when the wavelength converter (and wavelength converting
apparatus) has an optical amplifying function.
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(First Configuration of Wavelength Converter)

[0032] Figs. 4A and 4B are schematic diagrams showing a first configuration of the wavelength converter in accord-
ance with the present invention. The following description will be made by way of example of a difference frequency
generator that employs as a nonlinear optical medium a ferroelectric crystal material such as LiNbO3 capable of re-
versing the sign of the nonlinear optical coefficient by reversing the polarization.
[0033] The wavelength converter has a nonlinear optical medium, to which are launched the light beams with wave-
lengths λ3 and λ1 among the three wavelengths (λ1, λ2 and λ3 including the case where λ1 = λ2) that satisfy the foregoing
equation (1). Thus, the wavelength converter converts to the outgoing light with the wavelength λ2 by the second order
nonlinear optical effect occurring in the nonlinear optical medium.
[0034] As illustrated in Fig. 4A, the wavelength converter has an optical waveguide 42 formed in a nonlinear optical
material substrate 41. It brings about modulation in a nonlinear optical coefficient by periodically reversing the spon-
taneous polarization of the nonlinear optical medium, and converts signal light 43 with the wavelength λ1 to idler light
44 with the wavelength λ2 using pump light 45 with the wavelength λ3.
[0035] In the wavelength converter, the modulation period of the nonlinear optical coefficient is nearly periodically
modulated in the longitudinal direction (the traveling direction of light) of the nonlinear optical medium. It has a "mod-
ulation unit structure" (Fig. 4B) that varies nearly continuously (gradually) at about the fundamental (reversing) period
Λ0 (at the fundamental period Λ0 and at periods Λ0', Λ0" etc. nearly equal to the fundamental period) in the direction
of the optical waveguide 42. In addition, the nonlinear optical medium has a "frequency modulation structure" (Fig. 4A)
that is, the modulation unit is repeated at a "frequency modulation period" Λf longer than the fundamental (reversing)
period Λ0, thereby constituting a "frequency modulation periodically modulated structure". Inputting the signal light 43
with the wavelength λ1 and pump light 45 with the wavelength λ3 to the optical waveguide 42 composed of the nonlinear
optical medium with the frequency modulated periodically modulated structure via amultiplexer 47 generates the idler
light 44 with the wavelength λ2 different from that of the signal light 43 by the second order nonlinear optical effect the
pump light 45 brings about in the nonlinear optical medium.
[0036] Although the optical waveguide type structure, which has a strong optical confinement effect in the nonlinear
optical medium and can achieve long distance interaction, is shown in Fig. 4A to obtain a high wavelength conversion
efficiency, this is not essential. For example, a converter for converting a high power laser wavelength can assume a
bulk type structure.
[0037] Next, a method of setting the frequency variation curve will be described. Assume that d(z) denotes the non-
linear optical coefficient at a position z on the axis in the traveling direction of light, and that the optical waveguide is
present from z = 0 to z = L. Then, the conversion efficiency η after the pump light and signal light propagate through
the light optical waveguide (z = L) is given by the following equation for a phase mismatch amount ∆β.

[0038] The variation in the conversion efficiency η for the phase mismatch amount ∆β can be calculated from this
equation by obtaining the spatial variation d(z) of the nonlinear optical coefficient, followed by the Fourier transform of
d(z). According to the present invention, the nonlinear optical coefficient is modulated at every period of about Λ0, and
the periodically modulated "modulation unit structure" is further modulated at another period Λf. As a result, it has
peaks of the conversion efficiency η at the phase mismatch amount ∆β (∆β = 2π/Λ0, 2π/Λ0 ± 2π/Λf, 2π/Λ0 ± 4π/Λf, ...)
separated apart from the central value 2π/Λ0 by every 2π/Λf.
[0039] To achieve the maximum efficiency for a desired number of the pump light wavelengths, it is necessary to
make the desired peaks large and the remaining peaks small. For example, to cope with three pump wavelengths, it
is necessary to make the three peaks maximum at ∆β = 2π/Λ0 and 2π/Λ0 ± 2π/Λf. To achieve the maximum efficiency
at L peaks, the following steps are taken: first, the spatial variation d(z) of the nonlinear optical coefficient is calculated
with varying the frequency variation curve of each modulation unit structure; second, the Fourier transform of d(z) is
carried out to obtain the conversion efficiency at the desired peaks; third, the trial function T given by the following
equation is calculated; and finally, the optimization is made by the successive calculation for the trial function T to
become minimum.



EP 1 372 025 A1

5

10

15

20

25

30

35

40

45

50

55

8

where η (j) is the efficiency at j-th peak, and ηnorm is the efficiency of a wavelength converter that has the nonlinear
optical medium of the same length, but has no frequency variation of the nonlinear optical coefficient.
[0040] The inventors of the present invention, having made a study of determining the frequency variations in the
nonlinear optical coefficient for a variety of pump wavelength numbers, discovers that the present invention can cope
with a desired number of the pump wavelengths without deteriorating the conversion efficiency.
[0041] Figs. 5A-5D are graphs illustrating examples of frequency variation curves and the dependence of the con-
version efficiency on the phase mismatch amount of the wavelength converter in accordance with the present invention
capable of coping with avarietyof pump wavelength numbers. In these figures, the conversion efficiency is normalized
with respect to the conversion efficiency of a wavelength converter whose nonlinear medium has the same length, and
whose nonlinear optical coefficient is modulated at a uniform period.
[0042] For example, Figs. 5A and 5B are graphs illustrating the frequency variation curve and the dependence of
the conversion efficiency on the phase mismatch amount of a wavelength converter corresponding to the three pump
light wavelengths, respectively. As illustrated in Fig. 5B, the spurious secondary peaks of the dependence of the con-
version efficiency on the phase mismatch amount are reduced as compared with the characteristics of the conventional
wavelength converter as illustrated in Fig. 3D, with achieving a high conversion efficiency of 30%.
[0043] The wavelength converter in accordance with the present invention can easily cope with the desired number
of the pump wavelengths by determining the following factors appropriately by the foregoing method, thereby varying
their shapes. The factors are the fundamental period Λ0 of the modulation period of the nonlinear optical coefficient in
the "modulation unit structure"; the repetition period Λf of the "modulation unit structure"; and the frequency variation
curve of the "frequency modulation structure" formed by the repetition of the "modulation unit structure". The method
of determining the periods Λ0 and Λf and the frequency variation curve varies in accordance with the objective. In any
method, however, the frequency variation curve is determined such that the conversion efficiency takes a local maxi-
mum when the phase mismatch amount ∆β has a particular value determined by the periods Λ0 and Λf.
[0044] More specifically, a first method determines such that the conversion efficiency takes a local maximum when
the phase mismatch amount ∆β is 2π/Λ0 ± 2πi/Λf (i = 0, 1, ..., n, where n is a positive integer). A second method
determines such that the conversion efficiency takes a local maximum when the phase mismatch amount ∆β is 2π/Λ0
± 2π (2i+1)/Λf (i = 0, 1, ..., n, where n is a positive integer). A third method determines such that the conversion efficiency
takes a local maximum when the phase mismatch amount ∆β is 2π/Λ0 + 2πi/Λf (i = m, m + 1, ..., n, where m and n are
positive or negative integers satisfying |m|≠|n|).
[0045] For example, a wavelength converter capable of coping with the four pump light wavelengths can be config-
ured by determining the frequency variation curve as illustrated in Fig. 5C, which enables the conversion efficiency to
become maximum when the phase mismatch amount is {(2π/Λ0) - (2π/Λf)}, (2π/Λ0), {(2π/Λ0) + (2π/Λf)} and {(2π/Λ0) +
(4π/Λf )} as illustrated in Fig. 5D.
[0046] Thus, the wavelength converter in accordance with the present invention can obtain the four peaks at every
2π/Λf interval of the phase mismatch amount. Consequently, it can implement the pump wavelength spacing with the
periodic structure of half the length of the wavelength converter with the conventional structure. For example, assume
that the optical waveguide formed in LiNbO3 by the proton exchange method is used as the nonlinear optical medium,
that the nonlinear optical coefficient is provided with modulation by periodically reversing the spontaneous polarization
of the LiNbO3, and that the period Λf in Figs. 5A and 5C is determined at about 14 mm or 28 mm. In this case, the
spacing of the available pump wavelengths corresponding to the peaks of the phase matching curve becomes 200
GHz and 100 GHz, respectively. In other words, it can achieve the same pump wavelength spacing by half the repetition
period of that of the conventional wavelength converter. As a result, it can be readily placed on a commonly used
substrate with a diameter of 3-4 inches.
[0047] As described above, the wavelength converter in accordance with the present invention employs as the struc-
ture of the nonlinear optical medium the "frequency modulation structure" that repeats, at the period Λf, the "modulation
unit structure", in which the modulation period of the nonlinear optical coefficient varies nearly continuously. Thus, it
can cope with a desired number of pump wavelengths. In addition, it can suppress the deterioration of the conversion
efficiency, and implement a pump wavelength variable type wavelength converter (and a wavelength converting ap-
paratus using it) that can be configured easily using a practical size of the nonlinear optical material. Such an advantage
can be achieved for the first time by employing the configuration of the wavelength converter in accordance with the
present invention.
[0048] Next, a first configuration of the wavelength converter in accordance with the present invention will be de-
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scribed in more detail by way of embodiments 1-5.

(EMBODIMENT 1)

[0049] Figs. 6A-6C are graphs illustrating a modulation structure and operation characteristics of a nonlinear optical
coefficient of a first embodiment of the wavelength converter in accordance with the present invention. The wavelength
converter is configured such that it receives pump light with a wavelength in a 0 . 78 µm band, and converts signal
light with awavelength in a 1.55 µm band to difference frequency light. Here, Fig. 6A is a graph illustrating a period
variation curve in a modulation structure of a nonlinear optical coefficient used in the present embodiment; Fig. 6B is
a graph illustrating a normalized conversion efficiency obtained when evaluating SHG characteristics by using a 1.55
µm band wavelength tunable light source; and Fig. 6C is a graph illustrates spectra of 1.55 µm band idler light when
inputting the signal light and pump light.
[0050] The wavelength converter uses a Z-cut of LiNbO3 substrate (a substrate that is cut perpendicularly to the Z
axis). Its polarization reversal section undergoes polarization reversal at a fundamental period of about 15 . 5 µm by
an electric field application method (thus the "polarization reversal period" is about 15.5 µm). On the substrate having
the polarization reversal in this way, a patterning of SiO2 is made by a photolithography. Then, it is immersed in benzoic
acid at a temperature of about 180 degrees, followed by forming an optical waveguide by annealing in an oxygen
atmosphere. The wavelength converter is configured such that it can cope with five pump wavelengths.
[0051] Next, the polarization reversal section will be described in more detail. The polarization reversal section of
the wavelength converter has the following structure: The frequency modulation period Λf, a repetition period of the
modulation unit structure, is 14.26 mm; the total length of the polarization reversal section is 57.04 mm; the frequency
variation pattern is repeated four periods (= 57.04 mm/14.26 mm); and the number of the polarization reversal structures
allotted to one period of the frequency variation pattern is about 920 periods (= 14.26 mm/15.5 µm). The present
embodiment is configured such that the period of the frequency variation is divided into about 460 subdivisions by
every two periods of the polarization reversal structure with the period of about 15.5 µm, and that the maximum con-
version efficiency is achieved at the five pump wavelengths by optimizing the period of each polarization reversal
structure unit. As a result, as in the period variation curve as illustrated in Fig. 6A, the frequency variation is produced
such that the polarization reversal period varies smoothly in one period around the center of 15.5 µm.
[0052] As for the LiNbO3 substrate with the polarization reversal structure used in the present embodiment, a photo
resist is applied to the +Z plane of the substrate, followed by patterning by the photolithography. Then electrodes are
evaporated onto the substrate, and an electric field is applied to both sides of the substrate via an electrolyte so that
the polarization are reversed in the portions where the electrodes directly touch the substrate. Here, the width of the
regions in which the polarization reversal occurs is slightly wider than the width of the electrodes. Accordingly, it is
necessary to design a mask used for the photolithography considering the width difference. In the present embodiment,
after calculating the ideal frequency variation polarization reversal structure, the mask is designed such that the width
of the photo resist becomes wider by an increase in the width of the reversal domain.
[0053] The horizontal axis of Fig. 6B represents the wavelength of 0.78 µm band second harmonics generated by
the wavelength converter. On the other hand, the vertical axis represents the conversion efficiency, which is normalized
with respect to the conversion efficiency of a wavelength converter which includes the polarization reversal structure
of a uniform period of 15.5 µm in the polarization reversal section with the same length of 57 . 04 mm. It is possible
from the results illustrated in this figure to evaluate the dependence of the conversion efficiency on the wavelength,
when the 0.78 µm band pump light is input to the wavelength converter to bring about the difference frequency gen-
eration.
[0054] As illustrated in Fig. 6B, five peaks are obtained around the central wavelength of 778.7 nm at about 0.4 nm
spacing, which means that the pump light wavelength is variable at 200 GHz spacing. In addition, it is seen that the
conversion efficiency, which is about 18% of that of the converter with the uniform period, is equivalent to the conversion
efficiency of the conventional wavelength converter with the four wavelengths as illustrated in Fig. 3F although the
pump wavelength number is greater.
[0055] Fig. 6C illustrates the 1.55 µm band spectra when the wavelength of the signal light is 1548.9 nm, and the
wavelength of the pump light is varied as 777.9, 778.3, 778.7, 779.1, and 779.5 nm at about 0.4 nm spacing. It is seen
from Fig. 6C that the wavelength of the idler light is variable at 1.6 nm spacing with the variation of the wavelength of
the pump light.

(EMBODIMENT 2)

[0056] Figs. 7A-7C are graphs illustrating a modulation structure and operation characteristics of a nonlinear optical
coefficient of a second embodiment of the wavelength converter in accordance with the present invention. Fig. 7A is
a graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient used in the present
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embodiment; Fig. 7B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG charac-
teristics by using a 1.55 µm band wavelength tunable light source; and Fig. 7C is a graph illustrates spectra of 1.55
µm band idler light when inputting signal light and pump light.
[0057] In contrast with the wavelength converter of the first embodiment configured to be able to cope with odd
numbered pump wavelengths, the wavelength converter of the present embodiment is configured such that it can carry
out the wavelength conversion using even numbered pump wavelengths. As seen from Figs. 6A-6C, the configuration
of the first embodiment, which provides the fundamental period Λ0 with the frequency modulation of the period Λf, has
the peaks of the conversion efficiency at every 2π/Λf interval around the center at which the phase mismatch amount
is 2π/Λ0. Accordingly, to achieve the even numbered peaks when the central peak is denoted as a zero order peak,
the period variation curve should be set in such a manner that only the odd order peaks counted from the central peak
are made large, with the even order peaks including the zero order peak being made small.
[0058] Thus, the present embodiment is configured as illustrated in Fig. 7B such that the four peaks, that is, +3rd,
+1st, -1st, and -3rd peaks, become maximum. Incidentally, in the present embodiment, the polarization reversal period
is about 15.5 µm, the total length of the polarization reversal section is 57.04 mm, the repetition period of the modulation
unit structure (frequency modulation period) Λf is 14.26 mm, and the frequency variation pattern is repeated four pe-
riods. Accordingly, the number of the polarization reversal structures allotted to one period of the frequency variation
pattern is about 920 periods. The present embodiment is configured such that the period of the frequency variation is
divided into about 460 subdivisions by every two periods of the polarization reversal structure with the period of about
15.5 µm, and that the maximum conversion efficiency is achieved at the four pump wavelengths by optimizing the
period of each polarization reversal structure unit. In addition, as in the period variation curve as illustrated in Fig. 7A,
the frequency variation is produced such that the polarization reversal period varies smoothly in one period around the
center of 15.5 µm.
[0059] As illustrated in Fig. 7B, four peaks are obtained around the central wavelength of 778.7 nm at about 0.8 nm
spacing, which means that the pump light wavelength is variable at 400 GHz spacing. In the present embodiment, the
frequency variation curve is configured so that the peaks are produced at such a spacing that eliminates the even order
peaks. As a result, although it employs the same fundamental period and frequency modulation period as those of the
first embodiment, the peak spacing is doubled. In this way, the present invention can flexibly change the number of
peaks and the peak spacing by varying the period variation curve.
[0060] The conversion efficiency represented along the vertical axis of Fig. 7B is normalized with respect to the
conversion efficiency of a wavelength converter which includes the polarization reversal structure of a uniform period
of 15.5 µm in the polarization reversal section with the same length of 57.04 mm. It is seen from Fig. 7B that the
conversion efficiency, which is about 23% of that of the converter with the structure having the polarization reversal of
the uniform period, can implement the conversion efficiency of about 1.25 times greater than that of the conventional
wavelength converter with the four wavelengths as illustrated in Fig. 3F although the pump wavelength number is the
same.
[0061] Although the first embodiment is an example that receives the pump light in the 0.78 µm band from the outside,
and carries out the wavelength conversion in the 1.55 µm band, this is not essential. It can also carry out the so-called
cascade pumping that uses a 1.55 µm band light source as external pump light, for example, and generates 0 . 78 µm
band light by the SHG in the nonlinear optical medium to use it as the pump light.
[0062] Fig. 7C illustrates the 1.55 µm band spectra when the operation of the wavelength converter in accordance
with the present invention is verified by the cascade pumping scheme, and when the wavelength of the signal light is
1542 . 7 nm, and the wavelength of the pump light is varied as 1559.8, 1558.2, 1556.6, and 1555.0 nm at about 1.6
nm spacing. It is seen from Fig. 7C that the wavelength of the idler light is variable at 3.2 nm spacing with the variation
of the wavelength of the pump light.

(EMBODIMENT 3)

[0063] Figs. 8A-8C are graphs illustrating a modulation structure and operation characteristics of a nonlinear optical
coefficient of a third embodiment of the wavelength converter in accordance with the present invention. Fig. 8A is a
graph illustrating a period variation curve in a modulation structure of a nonlinear optical coefficient used in the present
embodiment; Fig. 8B is a graph illustrating a normalized conversion efficiency obtained when evaluating SHG charac-
teristics by using a 1. 55 µm band wavelength tunable light source; and Fig. 8C is a graph illustrates spectra of 1.55
µm band idler light when inputting signal light and pump light.
[0064] The wavelength converter of the foregoing second embodiment is configured to be able to cope with the even
numbered pump wavelengths. In addition to this competence, the wavelength converter of the present embodiment is
configured such that it can shorten the pump light wavelength spacing. Although the frequency variation curve in the
second embodiment is configured such that the peaks are obtained by removing the even order peaks, this is not
essential. For example, to achieve the even numbered peaks , a method is possible which determines the frequency



EP 1 372 025 A1

5

10

15

20

25

30

35

40

45

50

55

11

variation curve such that the peaks are obtained asymmetrically around zero order peak including the zero order peak.
Thus, the present embodiment is configured as illustrated in Fig. 8B such that the four peaks, that is, zero order, -1st,
-2nd, and +1st peaks, become maximum. Incidentally, in the present embodiment, the fundamental period Λ0 of the
polarization reversal is 15.5 µm, the total length of the polarization reversal section is 57.04 mm, the repetition period
of the modulation unit structure (frequency modulation period) Λf is 14.26 mm, and the frequency variation pattern is
repeated four periods. Accordingly, the number of the polarization reversal structures allotted to one period of the
frequency variation pattern is about 920 periods. The present embodiment is configured such that the period of the
frequency variation is divided into about 460 subdivisions by every two periods of the polarization reversal structure
with the period of about 15.5 µm, and that the maximum conversion efficiency is achieved at the four pump wavelengths
by optimizing the period of each polarization reversal structure unit. In addition, as in the period variation curve as
illustrated in Fig. 8A, the frequency variation is produced such that the polarization reversal period varies nearly smooth-
ly in one period around the center of 15.5 µm.
[0065] As illustrated in Fig. 8B, four peaks are obtained around the central wavelength of 778.7 nm at about 0.4 nm
spacing, which means that the pump light wavelength is variable at 200 GHz spacing. In the present embodiment, the
frequency variation curve is configured so that the four peaks are produced asymmetrically around the zero order peak.
As a result, although it employs the same fundamental period and frequency modulation period as those of the second
embodiment, the peak spacing is halved. In this way, the present invention can flexibly change the number of peaks
and the peak spacing by varying the period variation curve.
[0066] The conversion efficiency represented by the vertical axis of Fig. 8B is normalized with respect to the con-
version efficiency of a wavelength converter which includes the polarization reversal structure of a uniform period of
15 . 5 µm in the polarization reversal section with the same length of 57.04 mm. It is seen from Fig. 8B that the conversion
efficiency, which is about 23% of that of the converter with the structure having the polarization reversal of the uniform
period, can implement the conversion efficiency of about 1.25 times greater than that of the conventional wavelength
converter with the four wavelengths as illustrated in Fig. 3F although the pump wavelength number is the same.
[0067] The present embodiment can vary the wavelength of the idler light at 1.6 nm spacing by using the 1.55 µm
band wavelength light as the signal light, and by varying the wavelength of the pump light as 778.3, 778.7, 779.1, and
779.5 nm at about 0.4 nm spacing. Although the present embodiment determines the frequency modulation period Λf
at 14.26 mm to vary the pump light wavelength at 200 GHz spacing, this is not essential. For example, to halve the
spacing between the pump light wavelengths to 100 GHz, it can be configured in the same manner except for doubling
the frequency modulation period to 28.52 mm. The period enables it to be arranged on a widely used substrate with
3-4 inches in diameter. In this way, according to the present invention, suitably designing the period variation curve
(that is, the frequency variation function) enables a period structure shorter than the conventional one to be able to
cope with the narrower pump wavelength spacing such as 100 GHz.
[0068] When the power of the pump light incident onto the wavelength converter in accordance with the present
invention is large enough, it can not only generate the difference frequency light, but also amplify the input light by
parametric effect. To check it, the present embodiment generates 0.78 µm band light by the SHG within the nonlinear
optical medium by using a 1.55 µm band light source as external pump light, and verifies the amplification by a cascade
scheme using the 0.78 µm band light as the pump light.
[0069] More specifically, the pump light consists of a pump light pulse train with a repetition frequency of 100 MHz
and time width of 100 ps, and the signal light consists of a pulse train with a repetition frequency of 100 MHz and time
width of 10 ps. The signal light is launched into the converter of the present embodiment in synchronism with the pump
light pulse train to verify the amplification.
[0070] Fig. 8C illustrates 1.55 µm band spectra obtained when verifying the converter of the present embodiment
by the cascade pumping, in which the wavelength of the signal light is 1540.0 nm, and the wavelength of the pump
light is varied as 1557.4 and 1559.0 nm. As illustrated in Fig. 8C, the wavelength of the idler light is variable with the
variation in the wavelength of the pump light. In addition, the input signal is amplified by about 12 dB compared with
the case where no pump light is supplied, which means that the power of the idler light becomes equivalent to the
power of the signal light.

(EMBODIMENT 4)

[0071] Figs. 9A and 9B are graphs illustrating a modulation structure and operation characteristics of a nonlinear
optical coefficient of a fourth embodiment of the wavelength converter in accordance with the present invention. Fig.
9A is a graph illustrating a period variation curve in the modulation structure of the nonlinear optical coefficient used
in the present embodiment; and Fig. 9B is a graph illustrating a normalized conversion efficiency obtained when eval-
uating SHG characteristics by using a 1.55 µm band wavelength tunable light source.
[0072] In contrast with the first to third embodiments that are configured to be able to cope with four to five pump
wavelengths, the present wavelength converter can perform the wavelength conversion using a greater number of
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pump wavelengths. As illustrated in Fig. 9B, it is configured such that eight odd order peaks become maximum.
[0073] In the present embodiment, the fundamental period Λ0 of the polarization reversal is 15.5 µm, the total length
of the polarization reversal section is 57.04 mm, the repetition period (frequency modulation period) Λf of the modulation
unit structure is 14.26 mm, and the frequency variation pattern is repeated four periods. Accordingly, the number of
the polarization reversal structures allotted to one period of the frequency variation pattern is about 920 periods. The
present embodiment is configured such that the period of the frequency variation is divided into about 460 subdivisions
by every two periods of the polarization reversal structure with the period of about 15.5 µm, and that the maximum
conversion efficiency is achieved at the four pump wavelengths by optimizing the period of each polarization reversal
structure unit. In addition, as in the period variation curve as illustrated in Fig. 9A, the frequency variation is produced
such that the polarization reversal period varies nearly smoothly in one period around the center of 15.5 µm in the
wavelength converter of present embodiment.
[0074] As illustrated in Fig. 9B, the wavelength converter can produce eight peaks around the wavelength of 778.7
nm at about 0.8 nm spacing, which means that the pump light wavelength is variable at 400 GHz spacing.
[0075] The present embodiment can vary the wavelength of the idler light at 3.2 nm spacing when using the 1.55
µm band wavelength light as the signal light and varying the wavelength of the pump light at about 0.4 nm spacing in
the neighborhood of 780 nm. Thus, according to the present invention, it is possible to facilitate the design and fabri-
cation of the wavelength converter even when the pump wavelength number is very high by designing the frequency
variation function appropriately.

(EMBODIMENT 5)

[0076] Fig. 10 is a block diagram showing a first configuration of a wavelength converting apparatus with the wave-
length converter in accordance with the present invention. The wavelength converting apparatus 100 includes a pump
generator 101 that uses five semiconductor lasers, each of which oscillates at different wavelengths in the 1.55 µm
band, as pumping sources 102. The laser light beams output from the pumping sources 102 are multiplexed by a
multiplexer 103 composed of an arrayed waveguide grating, and then amplified by an Er-doped optical fiber amplifier
104 to be outputs as the pump light. A multiplexer 106 composed of a dielectric multilayer multiplexes signal light 108
with the pump light, and the multiplexed light is incident onto a wavelength converter 107 in accordance with the present
invention to emit idler light 109. Incidentally, the present embodiment employs as the wavelength converter 107 a
wavelength converter capable of coping with five pump wavelengths as the first embodiment.
[0077] The present embodiment adopts a cascade pumping scheme using 1.55 µm band external pump light. An
analogous converter can be configured by preparing five semiconductor lasers each oscillating at different wavelengths
in the 0.78 µm band. In this case, the Er-doped optical fiber amplifier 104 can be omitted, or another semiconductor
laser amplifier can be used. In the present embodiment, the semiconductor lasers used as the pumping sources 102
have the wavelengths of 1555.8, 1556.6, 1557.4, 1558.2, and 1559.0 nm at about 0.8 nm spacing.
[0078] Selecting one of the semiconductor lasers by a pump wavelength controller 105 to bring it into oscillation
enables the wavelength of the idler light to vary at 1.6 nm spacing in the same manner as illustrated in Fig. 6C. Fur-
thermore, oscillating a plurality of semiconductor lasers at the same time makes it possible to simultaneously generate
a plurality of idler light beams 109 separated at every 1.6 nm spacing.
[0079] Although the present embodiment configures the pump light generator 101 using the plurality of pumping
sources, this is not essential. For example, a similar converter can be configured using a single light source with a
variable oscillation wavelength, or a light source capable of switching a plurality of wavelengths.
[0080] In addition, although the present embodiment employs LiNbO3 as the nonlinear optical material, this is not
essential. For example, it is also possible to use second order nonlinear optical materials (such as LiTaO3, KNbO3,
KTaO3, LixK1-xTayNb1-yO3, oxide crystals like KTP, semiconductors like AlGaAs, and organic materials) whose nonlin-
ear optical coefficient can be reversed or modulated.
[0081] Furthermore, although the present embodiment includes the wavelength converter that has the strong optical
confinement effect in the nonlinear optical medium and the optical waveguide type structure capable of implementing
the long distance interaction in order to achieve the high wavelength conversion efficiency, this is not essential. For
example, it can adopt a bulk type device configuration to convert a high power laser wavelength.

(Second Configuration of Wavelength Converter)

[0082] Figs. 11A and 11B are schematic diagrams showing a second configuration of the wavelength converter in
accordance with the present invention. The following description will be made by way of example of a difference fre-
quency generator that employs as a nonlinear optical medium a ferroelectric crystal material such as LiNbO3 capable
of reversing the sign of the nonlinear optical coefficient by reversing the polarization.
[0083] As illustrated in Fig. 11A, the difference frequency generator has an optical waveguide 112 formed in a non-
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linear optical material substrate 111. It brings about modulation in the nonlinear optical coefficient by periodically re-
versing the spontaneous polarization of the nonlinear optical medium, and converts the signal light 113 with the wave-
length λ1 to the idler light (difference frequency light) 114 with the wavelength λ2 using the pump light 115 with the
wavelength λ3.
[0084] In the difference frequency generator, the nonlinear optical coefficient is periodically modulated in the longi-
tudinal direction of the nonlinear optical medium just as in the first configuration. However, as illustrated in Fig. 11B,
the nonlinear optical coefficient has "phase modulated periodically modulated structure" that is composed of a "mod-
ulation unit structure" and a "phase modulation structure". The "modulation unit structure" refers to a structure in which
the phase of the periodical modulation of nonlinear optical coefficient varies nearly continuously in the direction of the
optical waveguide 112 at every fixed period (fundamental period) Λ0. On the other hand, the "phase modulation struc-
ture" refers to a structure in which the phase variation of the "modulation unit structure" is repeated at every phase
modulation period Λph. Inputting the signal light 113 with the wavelength λ1 and pump light 115 with the wavelength
λ3 to the optical waveguide 112 of the nonlinear optical medium formed on the nonlinear optical material substrate 111
via a multiplexer 117 generates the idler light 14 with the wavelength λ2 different from that of the signal light 113 by
the second order nonlinear optical effect the pump light 115 brings about in the nonlinear optical medium.
[0085] Although Figs. 11A and 11B show the optical waveguide type structure which has a strong optical confinement
effect in the nonlinear optical medium and can achieve long distance interaction, to obtain a high wavelength conversion
efficiency, this is not essential. For example, a converter for converting a high power laser wavelength can assume a
bulk type structure.
[0086] Figs. 12A-12C are graphs illustrating the details of the modulation unit structure and phase modulation struc-
ture in the nonlinear optical medium of the difference frequency generator as shown in Fig. 11A. Fig. 12A illustrates
the behavior of the variations in the nonlinear optical coefficient in the longitudinal direction in a part of the phase
modulation structure. As illustrated in Fig. 12A, dividing the variations in the nonlinear optical coefficient at every fun-
damental period Λ0 interval exhibits that although the nonlinear optical coefficient is reversed at a uniform period Λ0
(from +1 to -1, or from - 1 to +1), the initial phase at each period (or at every several periods) varies gradually. Fig.
12B illustrates the phase variation at every fundamental period Λ0 illustrated in Fig. 12A.
[0087] Imposing the phase modulation to the structure, which advances the phase in the longitudinal direction as in
Fig. 12A, will bring about an effect that reduces the period equivalently. On the contrary, the structure which delays the
phase in the longitudinal direction will result in an effect that increases the period equivalently. The modulation unit
structure of the nonlinear optical coefficient with such phase modulation has a structure that is repeated at a period
ΛPh longer than the period Λ0 as illustrated in Fig. 12C.
[0088] Unlike the conventional converter that reverses the phase by 180 degrees, the wavelength converter in ac-
cordance with the present invention employs the modulation unit structure in which phase of the periodical modulation
varies continuously. The phase modulation periodically modulated structure has the phase variation composed of the
phase modulation structure, in which the phase variation in the modulation unit structure is repeated at the period Λph
as shown in Fig. 12C. The wavelength converter is capable of coping with a desired number of pump wavelengths
without much losing the conversion efficiency by varying the phase modulation waveform (phase modulation curve)
when imposing the phase modulation on the periodical modulation type nonlinear optical material having such a long
period repetition structure. Incidentally, the method of determining the phase modulation curve is the same as that of
determining the frequency variation curve described before.
[0089] Figs . 13A-13D are graphs illustrating examples of phase modulation curves and the dependence of the con-
version efficiency on the phase mismatch amount of the wavelength converter in accordance with the present invention
capable of coping with a variety of pump wavelength numbers. In these figures, the conversion efficiency is normalized
with respect to the conversion efficiency of a wavelength converter whose a nonlinear medium has the same length
but has no phase modulation.
[0090] For example, Figs. 13A and 13B are graphs illustrating the phase variation curve and the dependence of the
conversion efficiency on the phase mismatch amount of a wavelength converter corresponding to the three pump light
wavelengths, respectively. As compared with the characteristics of the conventional wavelength converter as illustrated
in Figs. 3C and 3D, these figures exhibit that the spurious secondary peaks of the dependence of the conversion
efficiency on the phase mismatch amount are reduced, and a conversion efficiency higher than 30% that of the con-
ventional converter is achieved.
[0091] The wavelength converter in accordance with the present invention can readily meet the desired number of
pump wavelengths by varying the shape of the phase matching curve by appropriately determining the fundamental
period Λ0 of the "modulation unit structure", the phase modulation period Λph of the "phase modulation structure" , and
the phase modulation curve of the "phase modulated periodically modulated structure" composed of the modulation
unit structure and phase modulation structure. The method of determining the periods Λ0 and Λph and the phase
modulation curve differs depending on the objectivity. However, as described before, any method determines the phase
modulation curve in such a manner that the conversion efficiency assumes a local maximum when the phase mismatch
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amount ∆β takes a particular value determined by the periods Λ0 and ΛPh.
[0092] In this case also, assume that the optical waveguide formed in LiNbO3 by the proton exchange method is
used as the nonlinear optical medium, that the nonlinear optical coefficient is provided with modulation by periodically
reversing the spontaneous polarization of the LiNbO3, and that the period Λph in Figs. 13A and 13C is determined at
about 14 mm or 28 mm. In this case, the spacing of the available pump wavelengths corresponding to the peaks of
the phase matching curve becomes 200 GHz and 100 GHz, respectively. In other words, it can achieve the same pump
wavelength spacing by half the repetition period of that of the conventional wavelength converter. As a result, it can
be readily placed on a commonly used substrate with a diameter of 3-4 inches.
[0093] As described above, the wavelength converter in accordance with the present invention has the "phase mod-
ulated periodically modulated structure" which introduces the "phase modulation structure", in which the "modulation
unit structure" is repeated at the period Λph, into the period reversal structure of the nonlinear optical coefficient. Here,
the "modulation unit structure" has its phase varied nearly continuously in the traveling direction of light within the
nonlinear optical medium. Thus, it can cope with a desired number of pump wavelengths. In addition, it can suppress
the deterioration of the conversion efficiency, and implement a pump wavelength variable type wavelength converter
(and a wavelength converting apparatus using it) that can be configured easily using a practical size of the nonlinear
optical material.
[0094] Next, a second configuration of the wavelength converter in accordance with the present invention will be
described in more detail by way of embodiments 6-10.

(EMBODIMENT 6)

[0095] Figs. 14A-14C are graphs illustrating a variety of characteristics of a sixth embodiment of the wavelength
converter in accordance with the present invention. The wavelength converter is configured such that it receives pump
light with a wavelength in a 0.78 µm band, and converts signal light with a wavelength in a 1.55 µm band to difference
frequency light. Here, Fig. 14A is a graph illustrating a phase modulation curve in the phase modulated periodically
modulated structure of the nonlinear optical coefficient used in the present embodiment; Fig. 14B is a graph illustrating
a normalized conversion efficiency obtained when evaluating SHG characteristics by using a 1.55 µm band wavelength
tunable light source; and Fig. 14C is a graph illustrates spectra of 1.55 µm band idler light.
[0096] The wavelength converter uses a Z-cut LiNbO3 substrate (a substrate that is cut perpendicularly to the Z
axis). Its polarization reversal section undergoes polarization reversal at a fundamental period Λ0 of 15.5 µm by an
electric field application method. On the substrate having the polarization reversal in this way, a patterning of SiO2 is
made by a photolithography. Then, it is immersed in benzoic acid at a temperature of about 180 degrees, followed by
forming an optical waveguide by annealing in an oxygen atmosphere. The wavelength converter is configured such
that it can cope with five pump wavelengths.
[0097] The polarization reversal section of the wavelength converter has the following structure: The phase modu-
lation period Λph is made 14.26 mm; its total length is 57.04 mm; the phase modulation pattern is repeated four periods
(= 57.04 mm/14.26 mm); and the number of the polarization reversal structures allotted to one phase modulation period
Λph is 920 periods (= 14.26 mm/15.5 µm). The present embodiment is configured such that the phase modulation
period is divided into 460 subdivisions by every two periods of the polarization reversal structure with the period of
about 15.5 µm, and that the maximum conversion efficiency is achieved at the five pump wavelengths by optimizing
the phase of each polarization reversal structure unit.
[0098] The nonlinear optical medium in the wavelength converter is subjected to the phase modulation that varies
smoothly from phase zero to about 1.6π during one period in the same manner as the phase modulation curve in the
phase modulated periodically modulated structure of the nonlinear optical coefficient as illustrated in Fig. 14A.
[0099] As for the LiNbO3 substrate with the polarization reversal structure used in the present embodiment, a photo
resist is applied to the +Z plane of the substrate, followed by patterning by the photolithography. Then electrodes are
evaporated onto the substrate, and an electric field is applied to the substrate via an electrolyte so that the polarization
are reversed in the portions where the electrodes directly touch the substrate. Here, the width of the domain in which
the polarization reversal occurs is slightly wider than the width of the electrodes. Accordingly, it is necessary to design
a mask used for the photolithography considering the width difference. In the present embodiment, after calculating
the ideal phase modulated structure, the mask is designed such that the width of the photo resist becomes wider by
an increase in the width of the reversal domain.
[0100] The horizontal axis of Fig. 14B represents the wavelength of the 0.78 µm band second harmonics generated
by the wavelength converter in the wavelength converting apparatus of the present embodiment. On the other hand,
the vertical axis represents the conversion efficiency, which is normalized with respect to the conversion efficiency of
a wavelength converter which includes the polarization reversal structure of a uniform period of 15.5 µm in the polar-
ization reversal section with the same length of 57.04 mm. It is possible from the results illustrated in this figure to
evaluate the dependence of the conversion efficiency on the wavelength when the 0.78 µm band pump light is input
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to the wavelength converter to bring about the difference frequency generation.
[0101] As illustrated in Fig. 14B, five peaks are obtained around the central wavelength of 778.7 nm at about 0.4 nm
spacing, which means that the pump light wavelength is variable at 200 GHz spacing. In addition, it is seen that the
conversion efficiency, which is about 18% of that of the converter with the uniform period, is comparable to the con-
version efficiency of the conventional wavelength converter with the four wavelengths as illustrated in Fig. 3F although
the pump wavelength number is greater.
[0102] Fig. 14C illustrates the 1.55 µm band spectra when the wavelength of the signal light is 1548.9 nm, and the
wavelength of the pump light is varied as 777.9, 778.3, 778.7, 779.1, and 779.5 nm at about 0.4 nm spacing. It is seen
from Fig. 14C that the wavelength of the idler light is variable at 1.6 nm spacing with the variation in the wavelength
of the pump light.

(EMBODIMENT 7)

[0103] Figs. 15A-15C are graphs illustrating a variety of characteristics of a seventh embodiment of the wavelength
converter in accordance with the present invention. Fig. 15A is a graph illustrating a phase modulation curve of the
wavelength converter; Fig. 15B is a graph illustrating a normalized efficiency obtained when evaluating SHG charac-
teristics by using a 1.55 µm band wavelength tunable light source; and Fig. 15C is a graph illustrates spectra of 1.55
µm band idler light.
[0104] In contrast with the wavelength converter of the sixth embodiment configured to be able to cope with odd
numbered pump wavelengths, the wavelength converter of the present embodiment is configured such that it can carry
out the wavelength conversion using even numbered pump wavelengths. As seen from Fig. 14B, the configuration of
the foregoing sixth embodiment, which provides the fundamental period Λ0 of the modulation unit structure with the
phase modulation of the period Λph, has the peaks of the conversion efficiency at every 2π/Λph interval around the
center at which the phase mismatch amount is 2π/Λ0. Accordingly, to achieve the even numbered peaks when the
central peak is denoted as a zero order peak, the phase modulation curve should be set in such a manner that only
the odd order peaks counted from the central peak are made large, with the even order peaks including the zero order
peak being made small.
[0105] Thus, the present embodiment is configured as illustrated in Fig. 15B such that the four peaks, that is, +3rd,
+1st, -1st, and -3rd peaks, become maximum. Incidentally, in the present embodiment, the fundamental polarization
reversal period is about 15.5 µm, the total length of the polarization reversal section is 57.04 mm, the phase modulation
period is 14.26 mm, and the phase modulation pattern is repeated four periods. Accordingly, the number of the polar-
ization reversal structures allotted to one period of the phase modulation pattern is 920 periods . The present embod-
iment is configured such that the phase modulation period is divided into 460 subdivisions by every two periods of the
polarization reversal structure with the period of about 15.5 µm, and that the maximum conversion efficiency is achieved
at the four pump wavelengths by optimizing the period of each polarization reversal structure unit. In addition, as in
the phase modulation curve as illustrated in Fig. 15A, the phase modulation is produced such that the phase varies
smoothly from zero to about 1.6π during one period.
[0106] As illustrated in Fig. 15B, four peaks are obtained around the central wavelength of 778.7 nm at about 0.8
nm spacing, which means that the pump light wavelength is variable at 400 GHz spacing. In the present embodiment,
the phase modulation curve is configured so that the peaks are produced at such a spacing that eliminates the even
order peaks. As a result, although it employs the same phase modulation period as that of the sixth embodiment, the
peak spacing is doubled. In this way, the present invention can flexibly change the number of peaks and the peak
spacing by varying the phase modulation curve.
[0107] The conversion efficiency represented by the vertical axis of Fig. 15B is normalized with respect to the con-
version efficiency of the wavelength converter which includes the polarization reversal structure of the uniform period
of 15.5 µm in the length of 57.04 mm. It is seen from Fig. 15B that the conversion efficiency, which is about 23% of
that of the converter with the structure having the polarization reversal of the uniform period, can implement the con-
version efficiency of about 1.25 times greater than that of the conventional wavelength converter with the four wave-
lengths as illustrated in Fig. 3F although the pump wavelength number is the same.
[0108] Although the sixth embodiment is an example that receives the pump light in the 0.78 µm band from the
outside, and carries out the wavelength conversion in the 1.55 µm band, this is not essential. It can also carry out the
so-called cascade pumping that uses a 1.55 µm band light source as external pump light, and generates 0.78 µm band
light by the SHG in the nonlinear optical medium to use it as the pump light.
[0109] Fig. 15C illustrates the 1.55 µm band spectra when the operation of the wavelength converter in accordance
with the present invention is verified by the cascade pumping scheme, and when the wavelength of the signal light is
1542 . 7 nm, and the wavelength of the pump light is varied as 1559.8, 1558.2, 1556.6, and 1555.0 nm at about 1.6
nm spacing. It is seen from Fig. 15C that the wavelength of the idler light is variable at 3.2 nm spacing with the variation
of the wavelength of the pump light.
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(EMBODIMENT 8)

[0110] Figs. 16A-16C are graphs illustrating a variety of characteristics of an eighth embodiment of the wavelength
converter in accordance with the present invention. Fig. 16A is a graph illustrating a phase modulation curve of the
wavelength converter; Fig. 16B is a graph illustrating a normalized efficiency obtained when evaluating SHG charac-
teristics by using a 1.55 µm band wavelength tunable light source; and Fig. 16C is a graph illustrates spectra of 1.55
µm band idler light.
[0111] The wavelength converter of the foregoing seventh embodiment is configured to be able to cope with the
even numbered pump wavelengths. In addition to this competence, the wavelength converter of the present embodi-
ment is configured such that it can shorten the pump light wavelength spacing. Although the phase modulation curve
in the seventh embodiment is configured such that the peaks are obtained by removing the even order peaks, this is
not essential. For example, to achieve the even numbered peaks, a method is possible which determines the phase
modulation curve such that the peaks are obtained asymmetrically around zero order peak including the zero order
peak. Thus, the present embodiment is configured as illustrated in Fig. 16B such that the four peaks, that is, zero order,
-1st, -2nd, and +1st peaks, become maximum. Incidentally, in the present embodiment, the fundamental period Λ0 of
the polarization reversal is made 15.5 µm, the total length of the polarization reversal section is 57.04 mm, the phase
modulation period is 14.26 mm, and the phase modulation pattern is repeated four periods. Accordingly, the number
of the polarization reversal structures allotted to one period of the phase modulation pattern is 920 periods. The present
embodiment is configured such that the period of the phase modulation is divided into 460 subdivisions by every two
periods of the polarization reversal structures with the period of about 15.5 µm, and that the maximum conversion
efficiency is achieved at the four pump wavelengths by optimizing the phase of each polarization reversal structure
unit. In addition, as in the phase modulation curve as illustrated in Fig. 16A, the phase modulation is produced such
that the phase varies nearly smoothly from -0.1π to about 1.1π in one period.
[0112] As illustrated in Fig. 16B, four peaks are obtained around the central wavelength of 778.7 nm at about 0.4
nm spacing, which means that the pump light wavelength is variable at 200 GHz spacing. In the present embodiment,
the phase modulation curve is configured so that the four peaks are produced asymmetrically around the zero order
peak. As a result, although it employs the same phase modulation period as that of the seventh embodiment, the peak
spacing is halved. In this way, the present invention can flexibly change the number of peaks and the peak spacing by
varying the phase modulation curve.
[0113] The conversion efficiency represented by the vertical axis of Fig. 16B is normalized with respect to the con-
version efficiency of the wavelength converter which includes the polarization reversal structure of the uniform period
of 15.5 µm in the length of 57.04 mm. It is seen from Fig. 16B that the conversion efficiency, which is about 23% of
that of the converter with the structure having the polarization reversal of the uniform period, can implement the con-
version efficiency of about 1.25 times greater than that of the conventional wavelength converter with the four wave-
lengths as illustrated in Fig. 3F although the pump wavelength number is the same.
[0114] The present embodiment can vary the wavelength of the idler light at 1.6 nm spacing by using the 1.55 µm
band wavelength light as the signal light, and by varying the wavelength of the pump light as 778.3, 778.7, 779.1, and
779.5 nm at about 0.4 nm spacing. Although the present embodiment determines the phase modulation period at 14.26
mm to vary the pump light wavelength at 200 GHz spacing, this is not essential. For example, to halve the spacing
between the pump light wavelengths to 100 GHz, it can be configured in the same manner except for doubling the
phase modulation period to 28.52 mm. The period enables the wavelength converter to be arranged on a widely used
substrate with 3-4 inches in diameter. In this way, according to the present invention, suitably designing the phase
modulation function enables a period structure shorter than the conventional one to be able to cope with the narrower
pump wavelength spacing such as 100 GHz.
[0115] When the power of the pump light incident onto the wavelength converter in accordance with the present
invention is large enough, it can not only generate the difference frequency light, but also amplify the input light by the
parametric effect. To check it, the present embodiment generates 0.78 µm band light by the SHG within the nonlinear
optical medium by using a 1.55 µm band light source as external pump light, and verifies the amplification by a cascade
scheme using the 0.78 µm band light as the pump light.
[0116] More specifically, the pump light consists of a pump light pulse train with a repetition frequency of 100 MHz
and time width of 100 ps, and the signal light consists of a pulse train with a repetition frequency of 100 MHz and time
width of 10 ps. The signal light is launched into the converter of the present embodiment in synchronism with the pump
light pulse train to verify the amplification.
[0117] Fig. 16C illustrates 1.55 µm band spectra obtained when verifying the converter of the present embodiment
by the cascade pumping, in which the wavelength of the signal light is 1540.0 nm, and the wavelength of the pump
light is varied as 1557.4 and 1559.0 nm. As illustrated in Fig. 16C, the wavelength of the idler light is variable with the
variation in the wavelength of the pump light. In addition, the input signal is amplified by about 12 dB compared with
the case where no pump light is supplied, which means that the power of the idler light becomes equivalent to the
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power of the signal light.

(EMBODIMENT 9)

[0118] Figs. 17A and 17B are graphs illustrating a variety of characteristics of a ninth embodiment of the wavelength
converter in accordance with the present invention. Fig. 17A is a graph illustrating a phase modulation curve of the
wavelength converter; and Fig. 17B is a graph illustrating a normalized efficiency obtained when evaluating SHG char-
acteristics by using a 1.55 µm band wavelength tunable light source.
[0119] In contrast with the sixth to eight embodiments that are configured to be able to cope with four or five pump
wavelengths, the present wavelength converter can perform the wavelength conversion using a greater number of
pump wavelengths. As illustrated in Fig. 17B, it is configured such that eight odd order peaks become maximum.
[0120] In the present embodiment, the fundamental period of the polarization reversal is made 15.5 µm, the total
length of the polarization reversal section is 57.04 mm, the phase modulation period is 14.26 mm, and the phase
modulation pattern is repeated four periods. Accordingly, the number of the polarization reversal structures allotted to
one period of the phase modulation pattern is 920 periods . The present embodiment is configured such that the period
of the phase modulation is divided into 460 subdivisions by every two periods of the polarization reversal structure with
the period of about 15.5 µm, and that the maximum conversion efficiency is achieved at the four pump wavelengths
by optimizing the period of each polarization reversal structure unit. In addition, as in the phase modulation curve as
illustrated in Fig. 17A, the phase modulation is produced such that the phase varies nearly smoothly from zero to about
2.7π in one period. As illustrated in Fig. 17B, the wavelength converter can produce eight peaks around the wavelength
of 778.7 nm at about 0.8 nm spacing, which means that the pump light wavelength is variable at 400 GHz spacing.
[0121] The present embodiment can vary the wavelength of the idler light at 3.2 nm spacing when using the 1.55
µm band wavelength light as the signal light and varying the wavelength of the pump light at about 0.4 nm spacing in
the neighborhood of 780 nm. Thus, according to the present invention, it is possible to facilitate the design and fabri-
cation of the wavelength converter even when the pump wavelength number is very high by designing the phase
modulation function appropriately.

(EMBODIMENT 10)

[0122] Fig. 18 is a block diagram showing a configuration of a wavelength converting apparatus with the wavelength
converter in accordance with the present invention. The wavelength converting apparatus 180 includes a pump gen-
erator 181 that uses five semiconductor lasers each oscillating at different wavelengths in the 1.55 µm band as pumping
sources 182. The laser light beams output from the pumping sources 182 are multiplexed by a multiplexer 183 com-
posed of an arrayed waveguide grating, and then amplified by an Er-doped optical fiber amplifier 184 to be outputs as
the pump light. The signal light 188 and pump light are multiplexed by a multiplexer 186 composed of a dielectric
multilayer, and are incident onto the wavelength converter 187 in accordance with the present invention to emit idler
light 189. Incidentally, the present embodiment employs as the wavelength converter 187 a wavelength converter
capable of coping with five pump wavelengths as the first embodiment.
[0123] The present embodiment adopts a cascade pumping scheme using 1.55 µm band external pump light. An
analogous converter can be configured by preparing five semiconductor lasers each oscillating at different wavelengths
in the 0.78 µm band. In this case, the Er-doped optical fiber amplifier 184 can be omitted, or another semiconductor
laser amplifier can be used. In the present embodiment, the semiconductor lasers used as the pumping sources 182
have the wavelengths of 1555.8, 1556.6, 1557.4, 1558.2, and 1559.0 nm at about 0.8 nm spacing.
[0124] Selecting one of the semiconductor lasers by a pump wavelength controller 185 to bring it into oscillation
enables the wavelength of the idler light to vary at 1.6 nm spacing in the same manner as illustrated in Fig. 14C.
Furthermore, oscillating a plurality of semiconductor lasers at the same time makes it possible to simultaneously gen-
erate a plurality of idler light beams 189 separated at every 1.6 nm spacing.
[0125] Although the present embodiment configures the pump light generator 181 using the plurality of pumping
sources , this is not essential. For example, a similar converter can be configured using a single light source with a
variable oscillation wavelength, or a light source capable of switching a plurality of wavelengths.
[0126] In addition, although the present embodiment employs LiNbO3 as the nonlinear optical material, this is not
essential. For example, it is also possible to use second order nonlinear optical materials (such as LiTaO3, KNbO3,
KTaO3, LixK1-xTayNb1-yO3, oxide crystals like KTP, semiconductors like AlGaAs, and organic materials) whose nonlin-
ear optical coefficient can be reversed or modulated.
[0127] Furthermore, although the present embodiment includes the wavelength converter that has the strong optical
confinement effect in the nonlinear optical medium and the optical waveguide type structure capable of implementing
the long distance interaction in order to achieve the high wavelength conversion efficiency, this is not essential. For
example, it can adopt a bulk type device configuration to convert a high power laser wavelength.
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[0128] The first and second configurations of the wavelength converter in accordance with the present invention are
described by way of example of the difference frequency generator that has the nonlinear optical medium in the wave-
length converter receive the two light beams with different wavelengths, the signal light and pump light, and outputs
the idler light with the wavelength different from the wavelength of the two input light beams . However, a different type
of the incident light or outgoing light is also applicable. For example, a configuration is also possible that inputs one or
two light beams with the wavelengths among the three wavelengths (λ1,λ2 and λ3 including the case where λ1 = λ2 )
satisfying the following equation, and converts the input light to the light with one of the three wavelengths, which differs
from at least one of the wavelengths of the input light.

[0129] For example, a wavelength converter with such a configuration is possible that inputs the light beams with
the wavelengths λ1 and λ2, and outputs the light with the wavelength λ3 corresponding to the sum frequency, or that
inputs two light beams satisfying the relationship of λ1 = λ2, and outputs the light with the wavelength λ3 = 2λ1 corre-
sponding to the second harmonics. According to the present invention, these configurations can also vary the wave-
length of the incident light, thereby being able to carry out the wavelength conversion of the outgoing light. The present
invention has been described in detail with respect to preferred embodiments, and it will now be apparent from the
foregoing to those skilled in the art that changes and modifications may be made without departing from the invention
in its broader aspects, and it is the intention, therefore, in the appended claims to cover all such changes and modifi-
cations as fall within the true spirit of the invention.

Claims

1. A wavelength converter comprising:

a nonlinear optical medium having a frequency modulated periodically modulated structure composed of a
modulation unit structure and a frequency modulation structure, the modulation unit structure having a structure
in which a modulation period of a nonlinear optical coefficient varies nearly continuously at a period substan-
tially equal to a fundamental period Λ0 in a traveling direction of light, and the frequency modulation structure
having a structure in which the modulation unit structure is repeated at a frequency modulation period Λf longer
than the fundamental period Λ0; and
means for launching light with one or two wavelengths of three wavelengths λ1, λ2 and λ3 including λ1 = λ2,
which satisfy the following equation, onto said nonlinear optical medium,

wherein
said wavelength converter, utilizing a second order nonlinear optical effect occurring in said nonlinear optical

medium, converts the input light into outgoing light with a wavelength equal to one of the three wavelengths, and
different from at least one of the wavelengths of the incident light.

2. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 1, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts awavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

3. The wavelength converter as claimed in claim 1, wherein the fundamental period Λ0 and the frequency modulation
period Λf, and a frequency variation curve of the frequency modulated periodically modulated structure are deter-
mined such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the
following equation is equal to 2π/Λ0 ± 2πi/Λf (i = 0, 1, ..., n, where n is a positive integer),

1
λ3
------ = 1

λ1
------ + 1

λ2
------ (7)

1
λ3
------ = 1

λ1
------ + 1

λ2
------
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where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2, λ3)
associated with the wavelength conversion in said nonlinear optical medium.

4. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 3, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts awavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

5. The wavelength converter as claimed in claim 1, wherein the fundamental period Λ0 and the frequency modulation
period Λf, and a frequency variation curve of the frequency modulated periodically modulated structure are deter-
mined such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the
following equation is equal to 2π/Λ0 ± 2π (2i + 1)/Λf (i = 0, 1, ..., n, where n is a positive integer),

where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2, λ3)
associated with the wavelength conversion in said nonlinear optical medium.

6. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 5, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts a wavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

7. The wavelength converter as claimed in claim 1, wherein the fundamental period Λ0 and the frequency modulation
period Λf, and a frequency variation curve of the frequency modulated periodically modulated structure are deter-
mined such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the
following equation is equal to 2π/Λ0 + 2πi/Λf (i = m, m + 1, ..., n, where m and n are positive or negative integers
satisfying |m|≠ |n| ),

where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2' λ3)
associated with the wavelength conversion in said nonlinear optical medium.

8. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 7, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
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outside, and incident light supplied from said pumping source; and
converts awavelength of the difference frequency light by selecting the wavelength of the pump light with a

phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

9. A wavelength converter comprising:

a nonlinear optical medium having a phase modulated periodically modulated structure composed of a mod-
ulation unit structure and a phase modulation structure, the modulation unit structure having a structure in
which a nonlinear optical coefficient is periodically modulated at a period substantially equal to a fundamental
period Λ0 and the phase of the modulation varies nearly continuously, and the phase modulation structure
having a structure in which the phase variation of the modulation unit structure is repeated at a phase modu-
lation period Λph longer than the fundamental period Λ0; and
means for launching light with one or two wavelengths of three wavelengths λ1, λ2 and λ3 including λ1 = λ2,
which satisfy the following equation, onto said nonlinear optical medium,

wherein
said wavelength converter, utilizing a second order nonlinear optical effect occurring in said nonlinear optical

medium, converts the input light into outgoing light with a wavelength equal to one of the three wavelengths, and
different from at least one of the wavelengths of the incident light.

10. Awavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 9, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts a wavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

11. The wavelength converter as claimed in claim 9 , wherein the fundamental period Λ0 and the phase modulation
period Λph, and a phase variation curve of the phase modulated periodically modulated structure are determined
such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the following
equation is equal to 2π/Λ0 ± 2πi/Λph (i = 0, 1, ..., n, where n is a positive integer),

where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2, λ3)
associated with the wavelength conversion in said nonlinear optical medium.

12. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 11, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts a wavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

13. The wavelength converter as claimed in claim 9 , wherein the fundamental period Λ0 and the phase modulation
period Λph, and a phase variation curve of the phase modulated periodically modulated structure are determined
such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the following

1
λ3
------= 1

λ1
------ + 1

λ2
------
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equation is equal to 2π/Λ0 ± 2π (2i + 1)/Λph (i = 0, 1, ..., n, where n is a positive integer),

where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2, λ3)
associated with the wavelength conversion in said nonlinear optical medium.

14. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 13, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts a wavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.

15. The wavelength converter as claimed in claim 9 , wherein the fundamental period Λ0 and the phase modulation
period Λph, and a phase variation curve of the phase modulated periodically modulated structure are determined
such that a conversion efficiency becomes maximum when a phase mismatch amount ∆β given by the following
equation is equal to 2π/Λ0 + 2πi/Λph (i = m, m + 1, ..., n, where m and n are positive or negative integers satisfying
|m| ≠ |n|),

where n1, n2 and n3 are refractive indices of the nonlinear optical medium for the three wavelengths (λ1, λ2, λ3)
associated with the wavelength conversion in said nonlinear optical medium.

16. A wavelength converting apparatus comprising a pumping source capable of varying its oscillation wavelength or
switching a plurality of oscillation wavelengths, and a wavelength converter as defined in claim 15, wherein said
wavelength converter is configured such that it

generates difference frequency light in said nonlinear optical medium from input signal light supplied from
outside, and incident light supplied from said pumping source; and

converts a wavelength of the difference frequency light by selecting the wavelength of the pump light with a
phase mismatch amount that will maximize a generation efficiency of the difference frequency light.
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