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(54) Title: TERAHERTZ WAVE GENERATOR, TERAHERTZ WAVE DETECTOR, AND TERAHERTZ TIME DOMAIN
SPECTROSCOPY DEVICE

FIG. 1A

(57) Abstract: Provided is a terahertz wave
generator having the following structural fea-
ture in a plane perpendicular to an optical
propagation direction of an optical waveguide.
Specifically, O<rl<r2 is satisfied, where rl rep-
resents a radius of curvature of a terahertz wave
emitting plane of a coupling member at a point
A at which a line extending from the optical
waveguide in the normal direction to a surface
of a substrate crosses the terahertz wave emit-
ting plane of the coupling member, and 12 rep-
resents a radius of curvature of a wavefront of a
terahertz wave at the same point A. Here, r1 has
a positive value when being convex in a
propagation direction of the terahertz wave.
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DESCRIPTION
Title of Invention:
TERAHERTZ WAVE GENERATOR, TERAHERTZ WAVE
DETECTOR, AND TERAHERTZ TIME DOMAIN
SPECTROSCOPY DEVICE

Technical Field

[0001]The present invention relates to a terahertz wave
generator that generatés a terahertz wave containing
electromagnetic wave components in a frequency domain
from a millimeter wave band to a terahertz wave band
(30 GHz to 30 THz), and a terahertz wave detector that
detects a terahertz wave. Further, the present
invention relates to a terahertz time domain
spectroscopy device that uses at least one of the
terahertz wave generator and the terahertz wavé
detector. 1In particular, the present invention relates
to a generator or a detector including an electrooptic
crystal that generates or detects an electromagnetic
wave containing Fourier components in the above-
mentioned frequency band by laser beam irradiation, and
a tomography device or the like employing the terahertz
time domain spectroscopy method (THz-TDS) using the
generator or the detector.
Background Art

[0002]In recent years, a nondestructive sensing technology
using a terahertz wave has been developed. As an
application field of an electromagnetic wave having
this frequency band, there is a technical field in
which imaging is performed with a safe fluoroscopy
device instead of an X-ray equipment. In addition,
there have been developed a spectral technology for
investigating physical properties such as a molecular
binding state by determining absorption spectrum and
complex permittivity inside a substance, a measurement

technology for investigating physical properties such
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as carrier density, mobility, and conductivity, and an
analysis technology of biomolecules. As a method of
generating a terahertz wave, a method of using a
nonlinear optical crystal is widely used. Typical
nonlinear optical crystals include LiNbO, (hereinafter
also referred to as LN), LiTaO,, NbTaO,, KTP, DAST, ZnTe,
GaSe, GaP, and CdTe. A second-order nonlinear
phenomenon is used for generating a terahertz wave. As
the method, there are known a difference-frequency
generation (DFG) using incidence of two laser beams
having a frequency difference. Here, when two laser
beams having different frequencies are caused to enter,
a nonlinear polarization having a period corresponding
to a difference frequency between the two laser beams
is generated. In addition, in the nonlinear optical
crystal, an energy state is excited by incidence of a
laser beam, and an electromagnetic wave 1is radiated
when an original energy state is restored. If the
nonlinear optical crystal is nonlinearly polarized, an
electromagnetic wave corresponding to the polarization
frequency is radiated. If the polarization is carried
out to have a terahertz wave frequency, the nonlinear
optical crystal radiates a terahertz wave. In addition,
there are known a method of generating a monochromatic
terahertz wave by an optical parametric process and a
method of generating a terahertz pulse by optical
rectification with irradiation of a femtosecond pulse
laser beam.

[0003]As a process of generating a terahertz wave from a
nonlinear optical crystal in this way, an electrooptic
Cerenkov radiation has been noted tecently. This is a
phenomenon in which, as illustrated in FIG. 10, a
terahertz wave 101 is radiated in a conical manner like
a shock wave in a case where a propagation group
velocity of a laser beam 100 as an exciting source is

faster than a propagation phase velocity of the
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generated terahertz wave. A radiation angle 6.
(Cerenkov angle) of the terahertz wave is determined by
the following expression in accordance with a ratio of
refractive index in the medium (nonlinear optical
crystal) between light and the terahertz wave.
COS0=Vra;/Vg=Ng/Nrs,
where vy and ngy represent a group velocity and a group
refractive index of exciting light, respectively, and
vra, and nry, represent a phase velocity and a refractive
index of the terahertz wave, respectively. Up to now,
there has been reported that a high intensity terahertz
pulse 1is generated by optical rectification using the
Cerenkov radiation phenomenon by causing a femtosecond
laser beam with inclined wavefront to enter LN (see Non
‘Patent Literature 1). In addition, there has been
reported that a monochromatic terahertz wave is
generated by a DFG method using a slab waveguide having
a thickness sufficiently smaller than the wavelength of
the generated terahertz wave in order to eliminate the
necessity of the wavefront inclination (see Patent
Literature 1 and Non Patent Literature 2). Further,
there has been proposed a terahertz wave generator, a
terahertz wave detector, and the like, which include an
electrooptic crystal capable of modulating the
generated terahertz wave at a relatively high speed by
using an electrode to apply an electric field to an
optical waveguide (see Patent Literature 2).

[OOO4]Thé examples of Patent Literatures 1 and 2 and Non
Patent Literatures 1 and 2 relate to a proposal of
improving extraction efficiency by enhancing terahertz
waves generated by different wave sources by each other
with phase matéhing in the radiation direction because
the terahertz wave 1s generated by progressive wave
excitation in thbse examples. Features of this
radiation method include the fact that a relatively

high intensity terahertz wave can be generated by using
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a nonlinear optical crystal, the fact that the
terahertz wave 1s generated with high efficiency, and
the fact that a terahertz wave band can be widened when
absorption in the terahertz region due to phonon ,
resonance unique to the crystal is selected on the high
frequency side. In those technologies, compared with
terahertz generation by using a photoconductive element,
the generation band can be widened and the pulse width
can be decreased in the case of terahertz wave pulse
generation using the optical rectification. Therefore,
it is expected that device performance can be enhanced
in the case of application to a terahertz time domain
spectroscopy device, for example.

[OOOS]AS a device utilizing the Cerenkov radiation phenomenon,
Patent Literature 3 discloses a device which propagates
light in an optical waveguide made of a nonlinear
optical crystal and generates a second harmonic wave
having a frequency twice as high as that of the light
by Cerenkov radiation. In Patent Literature 3, the
second harmonic wave of the Cerenkov radiation has a
conical shape, and a waveguide substrate has a function
of collimating the wavefront with high flatness.
Citation List
Patent Literature

[0006]PTL 1: Japanese Patent Application Laid-Open No. 2010-

204488
PTL 2: Japanese Patent Application Laid-Open No. 2011-
203718
PTL 3: Japanese Patent Application Laid-Open No. HO2-
081035

Non Patent Literature

[0007]NPL 1: J. Opt. Soc. Am. B, vol. 25, pp. B6-B19, 2008.
NPL 2: Opt. Express, vol. 17, pp. 6676-6681, 2009.
Summary of Invention
Technical Problem

[0008]As described above, the terahertz wave is generated by
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the nonlinear effect. Therefore, it is considered that
as optical power density in the optical waveguide is
larger, the generated terahertz wave has higher power.
This situation can be realized by the same laser power
when the above-mentioned slab waveguide is decreased in
width to be a ridge waveguide, for example. In this
way, 1f the width of the optical waveguide is smaller
than the wavelength of the terahertz wave, a radiation
angle of the generated terahertz wave increases.
However, in the methods described in Patent Literature
1 and Patent Literature 2, it is not eaSy to use the
terahertz wave radiated to a regidn having a large
radiation angle in a plane perpendicular to the optical
propagation direction of the optical waveguide. In
addition, in the méthod described in Patent Literature
3, there is disclosed a structure for suppressing a
divergence of the generated Cerenkov beam so as to be
collimated light and radiating the beam from the device,
in which refraction or reflection is used for obtaining
collimated light. However, when refraction is used,
Fresnel loss of the terahertz wave is large. On the
other hand, when reflection is used, the terahertz wave
is radiated to the outside via two optical surfaces.
Therefore, compared with a case where there is one
optical surface, an influence of a scattering loss may
become large depending on roughness of the optical
surface. Therefore, a use efficiency of the terahertz
wave may be limited. |
Solution to Problem

[0009]1In view of the above-mentioned problems, according to
an exemplary embodiment of the present inventiocn, there
1s provided a terahertz wave generator, including: an
optical waveguide formed on a substrate so as to
include a core layer of an electrooptic crystal; and a
coupling member configured to extract a terahertz wave

into a space, which is generated from the optical
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waveguide when light propagates in the optical
waveguide. O0<rl<r2 is satisfied, where rl represents a
radius of curvature of a terahertz wave emitting plane
of the coupling member at a point A at which a line
extending from the optical waveguide in a normal
direction to a surface of the substrate crosses the
terahertz wave emitting plane of the coupling member,
in a plane perpendicular to the optical propagation
direction of the optical waveguide, the radius of
curvature rl having a positive value when being convex
in a propagation direction of the terahertz wave, and
r2 represents a radius of curvature of a wavefront of
the terahertz wave at the same point A.

Advantageous Effects of Invention

[0010]In the terahertz wave generator according to the
exemplary embodiment of the present invention,
divergence in the plane perpendicular to the optical
propagation direction of the optical waveguide for the
terahertz wave radiated in a substantially conical
shape can be suppressed by the coupling member having
the terahertz wave emitting plane as described above.
Therefore, a use efficiency of the terahertz wave can
be improved.

[0011]Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.
Brief Description of Drawings

[0012]FIGS. 1A, 1B, and 1C are structural diagrams of a
terahertz wave generator a first embodiment of
according to the present invention.

FIG. 2 is a structural diagram of an optical waveguide
part of the terahertz wave generator according to the
present invention.

FIGS. 3A, 3B, and 3C are explanatory diagrams of a
function of converting a wavefront of a terahertz wave

by a coupling member.
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FIG. 4 is an explanatory diagram of another structure
of the terahertz wave generator according to the
present invention.

FIG. 5 is a structural diagram of a terahertz wave
generator according to a second embodiment of the
present invention.

FIG. 6 is a structural diagram of a terahertz wave
generator according to a third embodiment of the
present invention.

FIGS. 7A and 7B are structural diagrams of a tomography
device according to a fifth embodiment of the present
invention.

FIGS. 8A and 8B are structural diagrams of a terahertz
wave detector according to a sixth embodiment of the
present invention.

FIGS. 9A and 9B are structural diagrams illustrating
the first embodiment from another viewpoint.

FIG. 10 is a conceptual diagram of an electrooptic
Cerenkov radiation.

Description of Embodiments

[0013]Preferred embodiments of the present invention will now
be described in detail in accordance with the
accompanying drawings.

[0014]A terahertz wave generator according to an exemplary
embodiment of the present invention has a feature in
that a radius of curvature of a terahertz wave emitting
plane of a coupling member is larger than a radius of
curvature of a wavefront of a terahertz wave in a plane
perpendicular to an optical propagation direction of an
optical waveguide. Thus, a divergence of the terahertz
wave radiated diverging from the optical waveguide is
suppressed when the terahertz wave passes through the
terahertz wave emitting plane of the coupling member so
that a use efficiency of the terahertz wave is improved.
In addition; the same structure can be used for

converging and detecting an incident terahertz wave by
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a reversed process. More widely speaking, a shape of
the coupling member of the element of the present
invention 1s configured to increase a radius of
curvature of the wavefront of the terahertz wave
emitted from the coupling member after being emitted
than before being emitted in a plane perpendicular to
the optical propagation direction of the optical
waveguide. The terahertz wave after being emitted from
the coupling member becomes a substantially plane wave
or the like.

[0015]Examples of the shape of the coupling member include a
shape having an elliptic or circular cross section in a
plane perpendicular to the optical propagation
direction of the optical waveguide, a shape including
at least a part of a cone shape or an elliptic cone
shape, a shape including at least a part of an oblique
cone shape or an oblique elliptic cone shape, and a
shape including at least a part of a paraboloid shape.
In addition, it is possible to adopt an offset shape in
which a distance between a point A on the terahertz
wave emitting plane of the coupling member and the
optical waveguide is larger than a distance between the
point A on the terahertz wave emitting plane of the
coupling member and an axis of the cone shape or the
elliptic cone shape of the coupling member. 1In
addition, in the case of the terahertz wave generator,
the shape of the coupling member may be a shape
including at least a part of a half spherical shape or
the like.

[0016]The electrooptic crystal for a first-order electro-
optic effect used in the present invention has a
second-order nonlinearity. In general, a practical
electrooptic crystal and a nonlinear optical crystal
having the second-order nonlinearity are substantially
egquivalent. In addition, the optical propagation

direction of the optical waveguide as used herein is a
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direction in which a laser beam entering the optical
waveguide substantially propagates (which means that
some leakage 1s allowed in propagation).

[0017]By using a generator or a detector having this
structure for a terahertz time domain spectroscopy
device or a tomography device for imaging an internal
structure of a sample by analyzing reflection light
from the sample, it is possible to improve an internal
penetration depth, a depth resolution, or the like. As
to improvement of the use efficiency of the terahertz
wave, in the methods of Patent Literature 1 and Patent
Literature 2, a surface of the coupling member such as
a prism in which the terahertz wave propagates is not a
surface such as a half spherical surface. Therefore,
it is difficult to effectively use the terahertz wave
which is radiated to a region having a large radiation
angle in the plane perpendicular to the optical
propagation direction.

[OOl8]Ih the following, embodiments and examples of the
present invention are described with reference to the
attached drawings.

First embodiment ,

[0019]A terahertz wave generator using LN crystal according
to a first embodiment of the present invention is
described with reference to FIGS. 1A to 1C. FIG. 1A is
a perspective view of the terahertz wave generator
according to this embodiment, FIG. 1B is a cross-
sectional view taken along a plane including the
-optical propagation direction (x-axis) of an optical
waveguide 3 and the normal of a substrate (y-axis) at
the center of the optical waveguidé 3 in a z direction,
and FIG. 1C is a cross-sectional view taken along a
plane perpendicular to the optical propagation
direction (x—axis) of the optical waveguide 3. The
terahertz wave generator includes a substrate 1, the

optical waveguide 3 formed on the substrate 1, and a
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coupling member 4 for extracting a generated terahertz
wave 5 to an external space. The substrate 1 is Y-cut
lithium niobate (LN). v

[0020]1A laser beam 2 enters the optical waveguide 3 from an
end surface and propagates along the optical waveguide
3. As to coordinate axes, as illustrated in FIG. 1A,
the optical propagation direction of the optical
waveguide 3 is the x-axis, the normal direction of the
substrate is the y-axis, and the direction
perpendicular to the x-axis and the y-axis is a z-axis.
The x-axis, the y-axis, and the z-axis of the LN
crystal forming the optical waveguide 3 correspond to
expression of the coordinate system. In addition, the
laser beam 2 1is a linearly polarized wave in the z-axis
direction. With this structure, an electrooptic
Cerenkov radiation as a second-order nonlinear
phenomenon can be efficiently generated. 1In other
words, LN crystal axes are set so that phase matching
between the terahertz wave generated by a second-order
nonlinear‘process and the laser beam can be obtained,
and a phase matching condition is established between
wave number vectors of the electromagnetic waves (the
terahertz wave and the laser beam) relating to the
second-order nonlinear process.

[0021]When the laser beam 2 enters the optical waveguide 3 as
a polarized wave parallel to the z-axis and propagates
along the optical propagation direction (x-axis), the
terahertz wave 5 is generated from the surface of the
crystal by the principle described in Non Patent
Literature 1 referred to in BRackground Art or by
optical rectification using an ultrashort pulse light
source. As generally known, a crystal orientation of
the LN crystal forming the optical waveguide 3 and a
polarization state of the laser beam 2 are not
necessarily limited to the above-mentioned form.

[0022]As illustrated in FIG. 2, which is a cross-sectional
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view taken along the plane including the optical
propagation direction (x-axis) of the optical waveguide
3 and the normal of the substrate (y-axis) at the
center of the optical waveguide 3 in the z direction,
the optical waveguide 3 on the substrate 1 includes a
core layer 8 formed of an. MgO-doped LN crystal layer,
and upper and lower cladding layers 9 and 10.
Refractive indices of the upper and lower cladding
layers 9 and 10 are lower than a refractive index of
the core layer 8. With this structure, the laser beam
2 entering the optical waveguide 3 can propagate by
total reflection.

[00231A thickness necessary for the core layer 8 is a half or
smaller of an equivalent wavelength of the terahertz
wave 5 having a highest frequency (a highest frequency
component) to be radiated externally in the core layer
8. In other words, a phase shift corresponding to a
thickness of the core layer 8 is equal to or smaller
than such a thickness that inversion and cancellation
of each other do not occur on an equiphase wave surface
of the generated terahertz wave 5.

[0024])The lower cladding layer 10 may also work as adhesive
for bonding the core layer 8 to the substrate 1. The
adhesive is necessary in the case where a bonding
method is used for manufacturing but is not always
necessary in the case where a diffusion method or the
like is used for forming a doped layer. Even if there
is no adhesive, because a refractive index of the MgO-
doped LN layer is larger than that of the LN substrate,
the substrate 1 becomes the lower cladding layer 10 and
works as the optical waveguide. In other words, it is
possible to adopt a structure in which the substrate 1
on the side opposite to the coupling member 4 works
also as the lower cladding layer 10, that is, a
structure in which only the lower cladding layer 10

exists without adhesive.
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[0025]0n the other hand, for the upper cladding layer 9, a
resin, an inorganic oxide, or the like having a
refractive index smaller than that of the LN is
suitably used. The upper cladding layer 9 may work
also as adhesive for fixing the coupling member 4
(described later). A thickness of this upper cladding
layer 9 is desired to be thick enough for functioning
as a clad when the laser beam 2 propagates in the core
layer 8 and is thin to such an extent that an influence
of a multiple reflection or loss can be neglected when
the coupling member 4 radiates the terahertz wave 5
externally. As to the former condition, such a
thickness is desired that light intensity at an
interface between the optical waveguide 3 and the
coupling member 4 becomes 1/e® or smaller.of light
intensity in the core layer 8 (e is a base of natural
logarithm). As to the latter condition, it is desired
that the thickness be approximately 1/10 or smaller of
the equivalent wavelength Aeq of the terahertz wave 5 to
be radiated externally having a highest frequency (a
highest frequency component) in the upper cladding
layer 9. It is because, in a structure having a size
of 1/10 of the wavelength, influences of reflection,
scattering, refraction, and the like can be regarded as
negligible for an electromagnetic wave having that
wavelength, in general. |

[0026]In other words, in this structure, the optical
waveguide has a core layer to be a core for the light
and a cladding layer to be a clad for the light, and
the cladding layer is sandwiched between the coupling
member and the core layer. Then, a thickness "d" of
the cladding layer satisfies a<d<A.q/10, where "a"
represents a thickness when light intensity of the
light becomes 1/e® of light intensity in the core layer,
and Aeq represents an equivalent wavelength in the

cladding layer of the wavelength corresponding to the
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highest frequency of the terahertz wave. However, the
terahertz wave generator of the present invention can
generate a terahertz wave even in a thickness outside
the desired range.

[0027])Considering that the generation method is a method
using the nonlinear effect, it is desired that a width
of the optical waveguide 3 in the lateral direction (z
direction) be small. It is because power density of
the terahertz wave 5 has a dependence proportional to
the square of power density of the laser beam 2 (peak
power density in the case of a pulse) in principle.
However, there is a disadvantage if a width of the
optical waveguide 3 is too small. For instance, there
is a case where a coupling efficiency from the laser
beam 2 to the optical waveguide 3 decreases, or a case
where a propagation loss increases. Considering these
circumstances, 1t 1is desired to set the width of the
optical waveguide 3 in the lateral direction (z
direction) as a direction perpendicular to both the
optical propagation direction of the optical waveguide
and the normal direction to the substrate to be
approximately one to ten times a main wavelength of the
laser beam 2, for example. Other than that, it is also
necessary to consider that power of the terahertz wave
5 may be saturated by a phenomenon such as an optical
damage depending on power of the laser beam 2.

[0028]The width of the optical waveguide‘3 in the lateral
direction (z direction) is more desired to be such a
degree that the laser beam 2 entering the optical
waveguide 3 can propagate in a single mode. It is
because a peak intensity of the laser beam 2 is
decreased by modal dispersion along with the
propagation in the optical waveguide when the laser
beam 2 propagates in the optical waveguide 3 in a
multiple mode. If the peak intensity of the laser beam

2 decreases, a conversion efficiency to the terahertz
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wave 5 1s decreased, which is not desired. According
to a simplified calculation using an equation for a
step-index optical fiber (see "Foundation of Optical
Waveguide”, p. 65, CORONA PUBLISHING CO., LTD.), 1t is
desired that the width of the optical waveguide 3 in
the lateral direction (z direction) be approximately 6
um or smaller when the main wavelength contained in the
laser beam 2 is 1.6 um, for example.

[0029]However, this is a result obtained by calculation using
a model including the cladding layer made of LN around
the core layer made of Mg-doped LN. In addition, it is
generally known that whether or not to propagate in the
single mode depends also on an incident condition of
the laser beam 2 (NA, incident angle, spot size, and
the like). As a method of manufacturing the structure
of the optical waveguide 3 in the lateral direction (z
direction in FIG. 1A), there is a method of providing a
refractive index difference with respect to a
peripheral region by increasing a refractive index of
the core layer 8 by Ti diffusion, a method of forming
the core layer 8 into a ridge shape by etching so as to
fill the peripheral region with resin or the like, or
other such method. In addition, it is preferred that a
height of the optical waveguide in the normal direction
to a surface of the substrate be 1/10 or smaller of the
main wavelength contained in the terahertz wave.

[0030]There may be multiple optical waveguides 3 instead of
one optical waveguide 3. For instance, if an optical
damage occurs when a total power of the laser beam 2 is
input to one optical waveguide 3, the laser beam 2 may
be split and caused to enter multiple optical
waveguides 3 for a purpose of decreasing the power
density. There is also a usage in which multiple
optical waveguides 3 having different structures or
materials are prepared, and the laser beam 2 is caused

to enter one of the optical waveguides 3 for generating
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the terahertz wave 5 having desired characteristics in
accordance with a purpose at that time. 1In addition,
it is also possible to interfere the terahertz waves 5
generated from multiple optical waveguides 3 to adjust
a beam shape or a beam direction of the terahertz wave
5. As a matter of course, a structure for preventing
the terahertz waves 5 in desired extraction directions
from interfering to cancel each other is necessary. As
to an arrangement method for the multiple optical
waveguides 3, there are various methods including a
method of arranging the multiple optical waveguides 3
in the z direction, a method of arranging the multiple
optical waveguides 3 in the y direction, and a method
of arranging the multiple optical waveguides 3 in a
nonparallel manner.

[0031]The optical waveguide 3 is linear in FIG. 1A, but the
optical waveguide 3 may be curved. A cross section of
the laser beam 2 entering the optical waveguide 3 may
be a circular shape or an elliptic shape. The elliptic
laser beam 2 is used in a case where a cross-sectional
shape of the optical waveguide 3 i1s a rectangle, for
example. In order to form an elliptic cross section of
the laser beam 2, there is a method of, for example,
condensing the laser beam 2 by using a rod lens having
a rod-like shape.

[0032]The generated terahertz wave 5 can be extracted
externally (to a space in this case) via the coupling
member 4. A Cerenkov radiation angle determined by a
refractive index difference between the laser beam 2
and the terahertz wave 5 in the LN 1is approximately 65
degrees. Material conditions of the coupling member 4
are as follows. The terahertz wave 5 needs to be
extracted as a progressive wave in the coupling member
4 without total reflection at the interface with the
optical waveguide 3, and a loss of the terahertz wave 5

needs to be small. As a material that satisfies these
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conditions, high resistance silicon (Si) is suitably
used, for example. In this case, an angle 6.1.q between
the propagation direction of the terahertz wave 5
propagating in the coupling member 4 and the optical
propagation direction (x-axis) of the optical waveguide
3 (see 8 in FIG. 1B) 1is approximately 49 degrees.

[0033]The above~-mentioned width cf the optical waveguide 3 in
the lateral direction (z direction), which is typically
approximately 16 um or smaller and is desirably
approximately 6 um or smaller as described above for a
main wavelength of 1.6 pm of the laser beam 2, is
smaller than a wavelength of the terahertz wave 5. For
instance, the equivalent wavelength of the terahertz
wave 5 in the material of Si (having a refractive index
of 3.42) of the coupling member 4 is approximately 88
pm at 1 THz (corresponding to a vicinity of the peak
frequency). Therefore, it can be regarded that the
terahertz wave 5 1is generated from a point light source
in approximation in a plane perpendicular to the
optical propagation direction (x-axis) of the optical
waveguide 3. Therefore, the terahertz wave 5 is
radiated up to an angle close to the z direction (left‘
and right direction in FIG. 1C).

[0034]Based on the above description, a structure for
improving use efficiency of the terahertz wave 5 1is
described with reference to FIGS. 3A, 3B, and 3C. FIGS.
3A, 3B, and 3C are cross-sectional views taken along a
plane perpendicular to the optical propagation
direction (x-axis) of the optical waveguide 3 and
illustrate manners of refraction of the terahertz wave
5 and conversion of wavefronts 6 and 6'. In this cross
section, a radius of curvature of a terahertz wave
emitting plane 11 of the coupling member 4 is rl (which
is constant herein for simplifying the description).

In addition, a radius of curvature of the wavefront 6

of the terahertz wave 5 at a position reaching the
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terahertz wave emitting plane 11 of the coupling member
4 is r2 (which is also constant for simplifying the
description). A point A indicates a point where a line
extending from the optical waveguide 3 in the normal
direction to the surface of the substrate 1 crosses the
terahertz wave emitting plane 11 of the coupling member
4., FIG. 3A corresponds to the case of rl<r2, FIG. 3B
corresponds to the case of rl=r2, and FIG. 3C
corresponds to the case of rl>x2.

[0035]In the case of FIG. 3A, a radius of curvature of the
wavefront 6' of the terahertz wave 5 after being
emitted from the terahertz wave emitting plane 11 of
the coupling member 4 is larger than a radius of
curvature of the wavefront 6 before being emitted . 1In
other words, a divergence degree of the terahertz wave
5 is decreased. In the case of FIG. 3B, the terahertz
wave 5 is emitted without refraction at the terahertz
wave emitting plane 11 of the coupling member 4. 1In
the case of FIG. 3C, a radius of curvature of the
wavefront 6' of the terahertz wave 5 after being
emitted is smaller than a radius of curvature of the
wavefront 6 before being emitted . In other words, a
divergence degree of the terahertz wave 5 is increased.
By adopting the structure illustrated in FIG. 3A, it is
possible to use a terahertz wave 5 having a large
radiation angle radiated in a direction close to the z-
axis as well.

[0036]To summarize, it is necessary to satisfy 0<rl<r2, where
rl represents a radius of curvature of the terahertz
wave emitting plane 11 of the coupling member 4 at the
point A, and r2 represents a radius of curvature of the
terahertz wave at the same point A. It is more desired
to satisfy 0<rl<r2 also in another part of the
terahertz wave emitting plane 11 where power of the
terahertz wave 5 is large.

[0037)Here, the part where power of the terahertz wave 5 1is
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large means a range of a radiation angle of +/-45
degrees with respect to the direction from the optical
waveguide 3 to the point A in the cross section of FIG.
3A, for example. This value corresponds to a radiation
angle that is a half of a radiation angle in which
power density becomes maximum, provided that a
radiation pattern of the terahertz wave 5 is generated
by dipole radiation having an axis in the z-axis
direction. 1In other words, concerning the terahertz
wave propagating in a range of inclination of 45
degrees or smaller from the propagation direction of
the terahertz wave passing through the point A in a
plane perpendicular to the optical propagation
direction of the optical waveguide, it is preferred
that a radius of curvature of the emitting plane be
smaller than a radius of curvature of the wavefront of
the terahertz wave in the terahertz wave emitting plane.
[0038]With the structure of this embodiment described above,
use efficiency of the terahertz wave 5 can be improved.
[0039] The plane defining the radius of curvature may be a
plane-including a direction perpendicular to the
optical propagation direction of the optical waveguide
(z-axis direction) and a direction in which an angle to
the optical propagation direction of the optical
waveguide becomes a Cerenkov angle (see FIGS. 9A and
9B). FIG. 9A is a cross-sectional view of the
terahertz wave generator according to this embodiment
taken alongva plane including the optical propagation
direction (x-axis) of the optical waveguide 3 and the
normal direction to the substrate (y-axis) at the
center of the optical waveguide 3 in the z direction,
and FIG. 9B is a cross-sectional view taken along a
line 9B-9B. In this cross-sectional view, a point on
the terahertz wave emitting plane and on a plane
including the optical waveguide 3, the normal direction

to the substrate 1, and the optical propagation
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direction of the optical waveguide 3 is a point B (see
FIG. 9B). 1In this case, a shape of the terahertz wave
emitting plane of the coupling member 4 in this cross-
sectional view includes a circular arc having a radius
rL1 at least in part, and O0<rLl<rlL2 is satisfied where
rL2 represents a longest distance from the optical
waveguide 3 to the circular arc. In other words, in
this cross-sectional view, the terahertz wave emitting
plane of the coupling member includes at least a
circular arc part having the radius rLl in a part that
is not held in contact with the substrate, and
0<rLl<rL2 is satisfied where rL2 represents a longest
distance from the optical waveguide to the circular arc
part. The value rl2 can be considered to be a radius
of curvature of the wavefront 6 of the terahertz wave 5
at a position reaching the point B on the terahertz
wave emitting plane 11 of the coupling member 4 in this
cross-sectional view (which is constant for simplifying
the description). Here, the circular arc part may
include a range in which the inclination from the
propagation direction of the terahertz wave passing
through the point B is smaller than 45 degrees.
[0040]1In addition, a distance in which a part of the
terahertz wave having a substantially large power
propagates in the coupling member may be equal to or
larger than the equivalent wavelength in the coupling
member of a wavelength corresponding to the highest
frequency of the terahertz wave. In addition, in a
plane perpendicular to the optical prdpagation
direction of the optical waveguide, the following
structure can be adopted. A radius of curvature of the
emitting plane at the point A where the line extending
from the optical waveguide in the normal direction to
the substrate surface crosses the terahertz wave
emitting plane of the coupling member is rl which has a

positive value in the case of convex in the terahertz
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wave propagation direction. A propagation distance
from a generation point of the terahertz wave reaching
the point A is rM2. 1In thié case, it is possible that
0<rl<rM2 is satisfied.

(0041]Concerning shapes or the like of parts of the coupling
member 4 and the substrate 1 other than main parts
thereof, it is possible to adopt various forms in the
range in which the effect can be obtained by setting a
positional relationship (including a size) of the
optiéal waveguide 3 and the coupling member 4 as
described above. For instance, a shape of the coupling
member 4 may be any shape for a part in which the
terahertz wave 5 has a small power. For instance, as
viewed from the optical waveguide 3, a part of a
surface in the direction close to the z-axis (vicinity
of a region 102 in FIG. 4), a part in which terahertz
wave generating ability of the laser beam 2 is |
sufficiently weakened during propagation in the optical
waveguide 3 (vicinity of a region 103 in FIG. 4) may be
cut out. v

[00427It is desired that a plane of the coupling member 4 on
an incident side of the laser beam 2 be not
perpendicular to the surface of the substrate 1 but
inclined thereto. It is because, 1f the terahertz wave
5 is reflected by this plane, the reflected wave may be~
stray light depending on a reflection angle. For
instance, 1if this plane is inclined by 10 degrees or
larger from the direction perpendicular to the surface
of the substrate 1 in the optical propagation direction
of the optical waveguide 3, the terahertz wave
reflected by this plane is totally reflected when being
emitted from the coupling member 4 made of Si, and
therefore it 1s considered that there is no influence.
However, there is considered a case of a structure in
which the terahertz wave 5 reaching the terahertz wave

emitting plane 11 without being reflected by this plane
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is emitted at an incident angle of 0 degrees.

[0043]A size of the substrate 1 may be decreased within a
range that can keep the size of the optical waveguide 3.
In addition, a shape of a back surface (surface
opposite to the surface on which the optical waveguide
3 is formed) is arbitrary. For instance, in order to
prevent light reflected by the back surface from being
stray light, it is possible to cut diagconally. In
~crder to use the terahertz wave 5 radiated from the
back surface, it is possible to adopt a prism shape or
a lens shape, or the like. As to the material, various
materials such as Si or a resin can be used.

[0044]In the method disclosed in Patent Literature 3, the
generated second harmonic wave Cerenkov beam is
radiated externally from the device with divergence
being suppressed to be collimated light, and refraction
or reflection is used for obtaining the collimated
light. Here, for comparison with this embodiment, the
terahertz wave generated from the optical waveguide as
exemplified in this embodiment is radiated from silicon
(having a refractive index of 3.42) as the coupling
member. In the case of using refraction as described
in Patent Literature 3, power transmittance becomes 40%
because of Fresnel loss when the light is emitted,
which is smaller than 70% in the case of orthogonal
transmission. On the other hand, in the case of using
reflection as described in Patent Literature 3, the
terahertz wave is radiated externally through the two
optical surfaces. Therefore, compared with the case of
the only one optical surface, an influence of the
scattering loss may be increased depending on roughness
or accuracy of the optical surface. As an example,
there is considered a case where one reflecting surface
is added. Supposing that the wavelength of the
terahertz wave is 300 pm (the frequency is 1 THz), an

effective wavelength inside Si is 87.7 um (=300 pm/3.42
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pm) . In general, in the range of surface roughness or
accuracy larger than A/20 (=4.4 pm) on the reflecting
surface, it is necéssary to consider scattering and
wavefront distortion in many cases. In order to
process silicon as a material that is hard to cut into
a conical shape at a surface roughness or surface
accuracy of a few micrometers, cost may be increased.
When the wavelength of the terahertz wave is 60 um
(frequency of 5 THz), A/20 becomes 0.9 pm, which is a
more conspicuous problem. In this embodiment, because
the terahertz wave is radiated externally from the
silicon through only one transmission surface,
scattering and wavefront distortion can be reduced.

[0045]By setting the structure of the optical waveguide, the
axis directions of the electrooptic crystal, the
structure of the coupling member, and the like as
described above, use efficiency of the terahertz wave
by photoexcitation and Cerenkov radiation can be
improved.
Example 1

[0046]Example 1 corresponding to the first embodiment is
described in more specifically. 1In this example, the
MgO-doped LN layer (core layer) is formed to have a
thickness of 3.8 pym and a width of 5 um. In addition,
the upper cladding layer 9 as a buffer layer (low
refractive index buffer) having a width of 5 um is
formed of optical adhesive having a thickness of 2 um.
In this example, supposing to support up to 7 THz, for
example, the wavelength of the terahertz wave in the
free space i1s approximately 43 um. Supposing that the
thickness of the upper cladding layer 9 is the wvalue
obtained by dividing the equivalent wavelength by a
refractive index of 1.5 of the buffer layer, the
thickness of the upper cladding layer 9 is set to 2 um
so as to be Aeg/10 (=43/1.5/10) or smaller as described

above in the first embodiment.
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[0047] Further, the coupling member 4 made of high resistance
Si is held in intimate contact with the buffer layer.
Here, the cross-sectional shape of the coupling member
is an elliptic or circular shape in a plane
perpendicular to the optical propagation direction of
the optical waveguide. A shape of the coupling member
4 is a part of a cone shape having a half apex angle of
33 degrees, for example. In addition, a distance
between the point A and the optical waveguide is
gradually decreased along the propagation direction of
the optical waveguide. The optical waveguide 3 1is
disposed to virtually cross the apex of the cone of the
coupling member 4 at an angle of 7 degrees. 1In other
words, at the apex of the cone shape of the coupling
member 4, the angle between an axis 7 of the cone shape
and the optical waveguide 3 illustrated in FIG. 1A is 7
degrees. Here, "virtually" means that there is a case
where the coupling member is absent at this position.
Such a structure of the coupling member 4 is
illustrated schematically in FIG. 1A. However, the
axis of the cone shape and the optical waveguide 3 may
be identical to each other. 1In addition, the above-
mentioned cone shape is generally a cone having a
circular base, and an axis connecting the apex and the
center of the base may be perpendicular or inclined
with respect to the base (an oblique cone shape in the
latter case).

[0048]The length of the optical waveguide 3 in the optical
propagation direction is 10 mm. The laser beam 2 is a
pulse laser beam having a peak wavelength of 1.6 um, a
pulse width of 20 fs, and an average power of 60 mW and
enters an end surface of the optical waveguide 3 as a
beam having a cross sectional diameter of approximately
6 um (of a part having intensity equal to or larger
than 1/e? of a maximum intensity). The incident laser

beam 2 propagates in the optical waveguide 3 in the



24
WO 2014/007386 PCT/JP2013/068569

single mode. In the plane that includes an incident
end of the laser beam 2 and is perpendicular to the
optical propagation direction (x~axis) of the optical
waveguide 3 (y-z plane to be an incident plane of the
laser beam 2), the cross section of the coupling member
4 has a circular shape having a diameter of 20 mm. 1In
the incident plane of the laser beam 2, the optical
waveguide 3 1is disposed at a distance of 1.9 mm from
the axis 7 of the cone.

[0049]With this structure, rli<r2 can be satisfied. As
described above, rl is the radius of curvature of the
terahertz wave emitting plane 11 of the coupling member
4. In addition, r2 is the radius of curvature of the
wavefront 6 of the terahertz wave 5 at a position
reaching the terahertz wave emitting plane 11 of the
coupling member 4. Using this terahertz wave generator,
it is possible to reduce the divergence degree of the
terahertz wave and to improve use efficiency of the
terahertz wave.

[0050]According to the above description of the first
embodiment, 1t is possible to consider a shape of the
coupling member 4 in which a part of a hyper
hemispherical lens is cut out. However, in the hyper
hemispherical lens, the terahertz wave 5 generated in a
region deviated from its focal point by a few hundred
micrometers or larger cannot be used because of an
influence of aberration. On the other hand, in the
structure of the conical shape of this example, it is
possible to use also the terahertz wave 5 generated
over a few millimeters in the optiéal propagation
direction of the optical waveguide 3.

Example 2

[0051] Example 2 corresponding to the first embodiment is
described in more specifically. In this example, the
structure of the optical waveguide is the same as that

of Example 1. 1In this example, a cross-sectional shape
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of the coupling member in the plane perpendicular to
the optical propagation direction of the optical
waveguide 1is a circular shape. A shape of the coupling
member 4 is a part of a cone shape having a half apex
angle of 31 degrees. In addition, the distance between
the point A and the optical waveguide is gradually
decreased along the propagation direction of the
optical waveguide. The optical waveguide 3 is disposed
to virtually cross the apex of the cone of the coupling
member 4 at an angle of 9 degrees. In other words, at
the apex of the cone shape of the coupling member 4,
the angle between the axis 7 of the cone shape and the
optical waveguide 3 is 9 degrees. Here, "virtually"
means that there is a case where the coupling member is
absent at this position.

[0052]In the plane that includes an incident end of the laser
beam 2 and is perpendicular to the optical propagation
direction (x-axis) of the optical waveguide 3 (y-z
prlane to be an incident plane of the laser beam 2), the
cross section of the coupling member 4 has a circular
shape having a diameter of 18.5 mm. In the incident
plane of the laser beam 2, the optical waveguide 3 is
disposed at a distance of 2.5 mm from the axis 7 of the
cone. With this structure, rl<r?2 can be satisfied.

[0053]As described above, rl is the radius of curvature of
the terahertz wave emitting plane 11 of the coupling
member 4. In addition, r2 is the radius of curvature
of the wavefront ¢ of the terahertz wave 5 at a
position reaching the terahertz wave emitting plane 11
of the coupling member 4. Using this terahertz wave
generator, it is possible to reduce the divergence
degree of the terahertz wave and to radiate the
terahertz wave similar to collimated light.

[0054]Such a condition can be expressed by a/b=0.19 where "a"
represents a distance from the optical waveguide 3 to

the axis of the cone (coupling member 4) in a line
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extending from the optical waveguide 3 in the normal
direction to the substrate surface, and "b" represents
a distance from the axis of the cone to the terahertz
wave emitting plane 11 of the coupling member 4. In
the above-mentioned structure, it is supposed that a
positional deviation corresponding approximately to a
wavelength of the terahertz wave (for example, 400 um)
is allowable. Then, it is desired to satisfy
0.165a/bs0.22. Supposing that the wavelength of the
terahertz wave is 300 pm, it is desired to satisfy
0.17%a/b<0.21. 1In the structure of Example 1, a/b=0.15
is satisfied.
Second embodiment

[0055] (Elliptical shape)
A second embodiment of the present invention is
described with reference to FIG. 5. In this embodiment,
unlike the first embodiment described above, the
structure has a feature in that a shape of the coupling
member 4 includes at least a part of an elliptic cone.
‘The concept of refracting the generated terahertz wave
5 at the terahertz wave emitting plane 11 of the
coupling member 4 so as to improve use efficiency of
the terahertz wave 5 is the same as in the first
embodiment. Here, the elliptic cone shape is generally
a cone having a base having an elliptic shape, and an
axlis connecting the apex and the center of the base may
be perpendicular or inclined with respect to the base
(an oblique elliptic cone shape in the latter case).
Here, the elliptic cone has an elliptic cross section
perpendicular to the axis of the cone. FIG. 5 is a
cross-sectional view of the terahertz wave generator
taken along the elliptic surface.

[0056]1It is generally known that the electromagnetic wave
radiated from a point light source disposed at a focal
point position of an elliptic lens (a focal point

farther from the emitting plane between two focal
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points of the ellipse) can be collimated by the
elliptic lens. Unlike this case, in this embodiment,
the terahertz wave 5 for Cerenkov radiation is radiated
from the optical waveguide 3 in a conical shape.
However, as described above in the first embodiment,
availlability of the elliptic shape can be found by
considering a plane perpendicular to the optical
propagation direction of the optical waveguide 3. 1In
other words, in this plane, the shape of the terahertz
wave emitting plane 11 of the coupling member 4 is set
to be elliptic, and the optical waveguide 3 is disposed
at a focal point 12 of the elliptic shape. Thus,
generation of the collimated light by the elliptic
shape can be approximately realized (see FIG. 5).

[0057]In this embodiment, the focal points 12 of ellipses in
cross sections perpendiéular to the axis of the
elliptic cone of the coupling member 4 are on a
straight line. Therefore, it is preferred to dispose
the optical waveguide 3 corresponding to the straight
line. The wavefront 6' of the terahertz wave 5
radiated from the terahertz wave generator described
above 1s substantially a plane. In particular,
compared with the shape of Example 1, a difference of
curvature between two orthogonal directions of the
wavefront (a left and right direction of the drawing
sheet and a direction perpendicular to the drawing
sheet of FIG. 5) 1s decreased. 1In general, if the
wavefront is a plane, it is easy to handle optically.
Therefore, according to this embodiment, it is possible
to increase use efficiency of the terahertz wave and to
realize the terahertz wave generator that can easily
handle the beam.
Third embodiment

[0058]A third embodiment of the present invention is
described with reference to FIG. 6. In this embodiment,

a shape of the coupling member 4 in a plane (x-y plane)



WO 2014/007386 28 PCT/JP2013/068569

including the optical propagation direction of the
optical waveguide 3 (x-axis) and the normal to the
substrate (y-axis) is defined. 1In this plane, the
structure has a feature in that ral<ry?2 is satisfied
where rp2 represents a radius of curvature of the
wavefront 6 of the terahertz wave 5 reaching the
emitting plane 11 of the coupling member 4, and ral
represents a radius of curvature of the emitting plane
11 of the coupling member 4. Thus, the divergence
degree of the terahertz wave 5 can be reduced alsoc in
the x-y plane before being emitted. This structure is
effective in a case where a substantial size 13 (see
FIG. 6) of a region in which the terahertz wave 5 is
generated in the optical propagation direction of the
optical waveguide 3 (x direction) is small, and the
terahertz wave can be regarded as diverging light along
with propagation.

[0059]This situation corresponds to, for example, a case
where a very short pulse laser beam 2 (for example,
‘shorter than 10 fs) enters. Along with propagation in
the optical waveguide 3, a peak value of the laser beam
2 decreases because of LN material dispersion or the
like, and a decreasing degree is particularly large in
a case of a short pulse (a large spectrum width). A
generated power of the terahertz wave 5 is considered
to be proportional to the square of a peak value of the
laser beam 2 in principle because of the nonlinear
effect. Therefore, along with propagation of the laser
beam 2 in the optical waveguide 3, the generated power
of the terahertz wave 5 is decreased. Due to this
effect, a size of a substantial generation region of
the terahertz wave 5 in the x-y plane may be reduced.
In addition, the nonlinear effect that does not relate
to generation of the terahertz wave 5 may occur
strongly so that the energy is converted into an

electromagnetic wave having a frequency other than the
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frequency relating to the terahertz wave 5. 1In this
case or also in a case where the laser beam 2 is not
appropriately confined in the optical waveguide 3, the
substantial generation region of the terahertz wave 5
may be reduced.

[0060]In the above description, the generation region size of
the terahertz wave 5 is described. However, it can be
considered that the terahertz wave 5 may reach the
emitting plane before being sufficient diverging light
depending on a distance between a generation spot of
the terahertz wave 5 and the terahertz wave emitting
plane 11 of the coupling member 4. The relationship
can be expressed in an organized manner to a certain
extent by considering the Rayleigh range of the
terahertz wave 5 assuming that the terahertz wave 5 is
generated as collimated light having a Gaussian
distribution. Here, the Rayleigh range means a
distance at which a beam diameter of the Gaussian beam
generated with an infinite radius of curvature is
increased to the square root of 2 of a value at the
generation spot. For instance, supposing that the size
of the generatidn'region of the terahertz wave 5 is 0.5
mm (power 1/e’ total width), the wavelength is 300 um,
and a propagation medium is Si. (having a refractive
index of 3.42), the Rayleigh range becomes
approximately 2 mm. If a distance between the
generation spot of the terahertz wave 5 and the
terahertz wave emitting plane 11 of the coupling member
4 is larger than this value, for example, if the
distance is 10 mm, it is considered that the terahertz
wave 5 1is similar to diverging light in a vicinity of
the terahertz wave emitting plane 11. 1In this case,
the radius of curvature of the terahertz wave 5 after
propagating'lo mm 1s approximately 11 mm. Therefore,
it is preferred to set the radius of curvature of the

coupling member 4 in the x-y plane to be smaller than
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11 mm.

[006l]Further, it is considered that the substantial size 13
of the generation region of the terahertz wave 5 in the
optical propagation direction of the optical waveguide
3 (x direction) is larger than a generation region size
of the terahertz wave 5 in the lateral direction (z
direction) of the optical waveguide 3 in many cases.

In these cases, the radius of curvature of the emitting
plane of the coupling member 4 in the x-y plane
described above in this embodiment is generally larger
than the radius of curvature in the y-z plane. In
other words, the curvature of the coupling member 4 is
different between the x-y plane and the y-z plane.

[0062]According to this embodiment, if the terahertz wave in
the x-y plane can be regarded as diverging light, use
efficiency of the terahertz wave can be improved.
Fourth embodiment

{0063] (Difference frequency method)

In the above description, there is mainly described the
example in which a femtosecond laser beam i1s used as
the laser beam and caused to enter the optical
waveguide of the terahertz wave generator so that the
terahertz wave pulse is generated by optical
rectification in the optical waveguide. In contrast,
in a fourth embodiment of the present invention, a
laser beam having two different oscillation frequencies
vl and v2 is caused to enter, and a monochromatic
terahertz wave corresponding to the difference
frequency is radiated. As a laser beam source, it is
possible to use a KTP-optical parametric oscillator
(OPO) light source (that outputs light having two
wavelengths) excited by an Nd-YAG laser, or two tunable
laser diodes. It is possible to use the structure such
as the structure described above in the first
embodiment, but in the fourth embodiment, it 1is

possible to set a waveguide length (x direction) to be
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longer in order to increase power of the terahertz wave.
For instance, the waveguide length may be set to 40 mm.
In this case, it is preferred to increase the size of
the coupling member 4 together with the waveguide

length in order that the generated terahertz wave 5 can
be used more.

[0064]In this embodiment, if a frequency difference of the
incident light is set to be 0.5 to 7 THz for example,
the frequency of the radiated terahertz wave can be
variable in the range. This embodiment can be applied
to an application for inspection or imaging at a

- frequency in a specific terahertz band, for example,
inspection of content of a specific substance in a
pharmaceutical by adjusting the frequency to an
absorption spectrum of the substance.

Fifth embodiment

[0065] (Tomography device)

FIG. 7A illustrates an example of a tomography device
by a terahertz time domain spectral system (THz-TDS)
using the above-mentioned element as a terahertz wave
generating unit. Here, a femtosecond laser 20
including an optical fiber is used as an exciting light
source, and an output is obtained from a fibér 22 and a
fiber 23 via a brancher 21. Typically, a center
wavelength is 1.55 um, a pulse width is 20 fs, and a
repeating frequency is 50 MHz. However, the wavelength
may be in a 1.06 pum band or the like, and the pulse
width and the repeating frequency are not limited to
the above-mentioned values. In addition, the fibers 22
and 23 of the output stage may include a highly
nonlinear fiber for higher order soliton compression on
the final stage or a dispersion fiber to perform
prechirping for compensating for the dispersion due to
optical elements or the like before reaching the
terahertz wave generator and detectors. It is desired

that these fibers be polarization-maintaining fibers.
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[0066] The output from the fiber 22 on the terahertz wave
generation side is connected to the optical waveguide 3
of the above-mentioned terahertz wave generator 24
according to the present invention (Cerenkov phase
matching type element 24). In this case, it is desired
to integrate a SELFOC (trademark) lens on a fiber end
or to process the fiber end to be a pigtail type so
that the output becomes equal to or smaller than a
numerical aperture (NA) of the optical waveguide of the
element 24 to increase coupling efficiency. As a
matter of course, it is possible to use a lens (not
shown) to achieve a space connection. In these cases,
if antireflection coating is applied to the ends, it 1is
possible to reduce Fresnel loss and undesired
interference noise. Alternatively, by designing so
that the NA and a mode field diameter are similar
between the fiber 22 and the optical waveguide of the
element 24, it is possible to bond the fiber 22 and the
optical waveguide as direct coupling by butting (butt
coupling). In this case, by appropriately selecting
adhesive, it is possible to reduce adverse influence of
reflection. If the pre-stage fiber 22 or the fiber
laser 20 includes a non-polarization-maintaining fiber
part, it is desired to stabilize polarization of the
incident light to the Cerenkov radiation type element
24 by an inline type polarization controller. However,
the exciting light source is not limited to the fiber
laser. In this case, measures for stabilizing
polarization can be reduced.

[0067] The generated terahertz wave is detectedbby'a structure
of a well-known THz-TDS method. 1In other words, the
beam is collimated by a paraboloid mirror 26a and is
split by a beam splitter 25. One of the branched beams
irradiates a sample 30 via a paraboloid mirror 26b.

The terahertz wave reflected by the sample 30 is

condensed by a paraboloid mirror 26c¢ and reaches a
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detector 29 formed of a photoconductive element to be
received thereby.

[0068]The photoconductive element is typically an element
obtained by forming a dipole antenna on a low-
temperature grown GaAs. If the light source 20 is 1.55
pm, a second order harmonic is generated as a probe
beam of the detector 29 by using an SHG crystal (not
shown). In this case, it 1s desired to use
periodically poled lithium niobate (PPLN) having a
thickness of approximately 0.1 mm as the SHG crystal in
order to maintain a pulse shape. If the light source
20 is a 1 um band, it is possible to use a fundamental
harmonic as the probe beam without generating the
second order harmonic in the detector 29 of the
photoconductive element made of a single layer of .
InGaAs or MQW.

[0069]In this device, for example, an optical chopper 35 is
disposed on the probe beam side for modulation so that
synchronous detection can be performed using a
modulating portion 31 for driving the chopper and a
signal acgquiring portion 32 for acquiring a detected
signal from the detector 29 via an amplifier 34. Then,
a data processing and outputting portion 33 acquires a
terahertz signal waveform while moving an optical delay
device 27 as a delay unit using a PC or the like. The
delay unit 27 may be any type as long as the delay unit
can adjust a delay time between terahertz wave
generation time in the element 24 as a generating unit
(generation portion) and terahertz wave detection time
in the detector 29 as a detecting unit (detection
portion). _

[0070]As described above, this device includes the generating
unit including the terahertz wave generator of the
present invention for generating a terahertz wave, the
detecting unit for detecting the terahertz wave

radiated from the generating unit, and the delay unit.
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Then, this device is constituted as a tomography device
for imaging an internal structure of a sample, in which
the detecting unit detects the terahertz wave that is
radiated from the generating unit and is reflected by
the sample, and the reflection light from the sample is
analyzed.

(00711In the system illustrated in FIG. 7A, the reflected
wave from the sample 30 to be measured and the radiated
terahertz wave have the same axis, and power of the
terahertz wave 1is reduced to a half by the beam
splitter 25. Therefore, it is possible to increase the
number of mirrors 26 to have a noncoaxial structure so
as to increase power of the terahertz wave, though the
incident angle to the sample 30 is not 90 degrees (see
FIG. 7B).

[0072]1If there is a discontinuity position of the material in
the sample 30, a reflection echo pulse appears at a
time position corresponding to the discontinuity
position in the acquired signal. If the sample 30 is
scanned one-dimensionally, a tomogram is obtained. If
the sample 30 is scanned two-dimensionally, a three-
dimensional image can be obtained. In this embodiment,
by using a terahertz wave beam having a large power
using the above-mentioned generation portion 24, an S/N
ratio can be improved in tomography measurement. In
addition, because a relatively narrow terahertz wave.
pulse as a monopulse having a pulse width of 300 fs or
smaller can be obtained, a depth resolution can be
improved. Further, because the exciting laser using
the fiber can be the radiating unit, downsizing and
cost reduction of the device can be achieved. Here,
although the LN crystal is used as the material, it is
possible to use other electrooptic crystals such as
LiTaOy, NbTaOy, KTP, DAST, ZnTe, GaSe, GaP, CdTe, and
the like, which are described in Background Art. In

this case, the LN crystal has a refractive index
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difference for the terahertz wave and the exciting
light as described in Background Art, and hence the
generated terahertz wave can be extracted in a
noncollinear manner. However, other crystals do not
necessarily have a large difference, and hence the
generated terahertz wave may not be easily extracted.
However, using a prism having a refractive index larger
than that of the electrooptic crystal (for example, Si),
the condition of Cerenkov radiation (vrg,<vg) is
satisfied so that the terahertz wave can be extracted
externally.
Sixth embodiment

[0073] (Detector)
In a sixth embodiment of the present invention, an
element similar to the element described above in the
first to fourth embodiments serves as a detector of a
terahertz wave. A terahertz wave detector of this
embodiment is described with reference to FIGS. 8A and
8B. FIG. 8A is a cross-sectional view of the terahertz
wave detector of this. embodiment taken along a plane
including the optical propagation direction of the
optical waveguide 3 (x-axis) and the normal to the
substrate (y-axis), and FIG. 8B 1is a cross-sectional
view taken along a plane perpendicular to the optical
propagation direction of the optical waveguide.3 (x-
axis). Structures of the optical waveguide 3 and the
coupling member 4 may be the same as in the first to
fourth embodiments. Here, the laser beam 2 is caused
to enter the optical waveguide 3 from the end surface
opposite to that in the embodiments or examples
described above. 1In this case, polarization of the
laser beam 2 is linear polarization, and the laser beam
2 1s caused to enter at a certain inclined angle (for
example, 45 degrees) from the z-axis of the LN crystal
constituting the optical waveguide 3 in the y-axis

direction. In this case, the laser beam 2 radiated
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from the optical waveguide 3 has a phase difference
between a z-axis component and a y-axis component of
the electric field because of a double refraction
property of the electrooptic crystal, and the laser
beam 2 propagates as an elliptically polarized wave.
Such a phase difference due to the natural double
refraction is different depending on a type of the
crystal, an incident polarization direction, and an
optical waveguide length, and it is possible to adopt a
structure in which the phase difference is zero.
[0074]1As illustrated in FIG. 8A, when the terahertz wave 5
enters the terahertz wave incident plane 12 of the
coupling member 4 (corresponding to the terahertz wave
emitting plane 11 in the first embodiment and other
embodiments), the following is possible. Specifically,
in a reversed process of generating the terahertz wave,'
it 1s possible to perform interaction between the laser
beam 2 propagating in the optical waveguide 3 and the
terahertz wave 5 over the entire optical waveguide.
The interaction is that a refractive index of the
optical waveguide 3 in the z-axis changes so that a
pdlarization state of the propagating light changes,
because of a first-order electro-optic effect given by
the electromagnetic field of the terahertz wave 5 to
the electrooptic crystal (Pockels effect, namely a type
of effect of the second-order nonlinear process).
Specifically, the phase difference between the z-axis
component and the y-axis component of the electric
field cof the laser beam 2 is changed by induced double
refraction. Thus, an ellipticity of the elliptic
polarization and a main axis direction of the laser
beam 2 radiated from the optical waveguide 3 are
changed. By detecting the change of the propagation.
state of the laser beam 2 by an external polarization
element and a photodetector (not shown), it is possible

to detect a magnitude of an electric field amplitude of
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the terahertz wave 5. For instance, it is possible to
separate the two polarized light beams by a Wollaston
prism and to perform detection while improving the S/N
ratio by differential amplification using two
photodetectors. The differential amplification is not
essential, and it is possible to use a polarizing plate
or the like so that only one photodetector detects the
intensity. In order to compensate for the natural
double refraction, it is possible to additionally
dispose a phase compensating plate (such as a A/4
plate) between an emitting end of the optical waveguide
3 and the polarization element.

[(0075]In the cross section perpendicular to the optical
propagation direction of the optical waveguide 3 (x-
axis) illustrated in FIG. 8B, the terahertz wave 5 is
refracted by the terahertz wave incident plane 12 of
the coupling member 4 to be the wavefront 6 having a
smaller radius of curvature than the wavefront 6'.
Thus, the terahertz wave 5 is condensed to the optical
waveguide 3 so that reception efficiency of the
terahertz wave 5 can be improved. As a shape of the
terahertz wave incident plane 12 of the coupling member
4, it is possible to adopt various shapes as described
above in the first to fourth embodiments. It is
possible to design a shape of the terahertz wave
incident plane 12 in accordance with a shape of the
terahertz wave 5 entering the detector. It is also
considered to determine the shape of the terahertz wave
incident plane 12 to be a shape that can be easily
processed, for example, and to adjust the shape of the
incident terahertz wave 5 by an external optical
element so as to be received by the shape with high
efficiency.

[0076]As described above, the terahertz wave detector of this
“embodiment has the following structure. Specifically,

0<rl<rZ 1is satisfied, where rl represents the radius of
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curvature of the terahertz wave incident plane of the
coupling member at the point A having a negative value
when being convex in the propagation direction of the
terahertz wave, and r2 represents the radius of
curvature of the wavefront of the terahertz wave at the
same pcint A. Then, in the plane perpendicular to the
optical propagation direction of the optical waveguide,
the cross-sectional shape of the coupling member is an
elliptic or circular shape. In addition, the shape of
the coupling member includes at least a part of a cone
shape or an elliptic cone shape, the shape of the
coupling member includes at least a part of an oblique
cone shape or an oblique elliptic cone shape, or the
shape of the coupling member includes at least a part
of a paraboloid shape.

[0077]1In this way, by using the element of the present
invention as a detector, it is possible to improve
reception efficiency of the terahertz wave 5 for
detection. It is also possible to constitute the
terahertz time domain spectroscopy device and the
tomography device as described above in the embodiments
by using this detector as a photodetecting unit. The
generator in this case may be an element using a
Cerenkov phase matching type as in the generator of the
present invention or a generator using the conventional
photoconductive element or the like.

{0078]In this embodiment, the laser beam 2 is caused to enter
the optical wavequide 3 from the end opposite to that
in the case of the generator, but the laser beam 2 may
enter from the same end as in the case of the generator.
In this case, because a matching length is decreased,
signal intensity is decreased. 1In addition, the laser
beam 2 may be a pulse or laser beams having two
frequencies as described above in the fourth embodiment.
When the laser beams having two frequencies are caused

to enter, it is possible to detect a monochromatic
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terahertz wave corresponding to a difference frequency
component therebetween. By changing the frequency
difference between the two laser beams, an electric
field amplitude of the terahertz wave having a desired
frequency can be detected. As a method of detecting
the terahertz wave, there is described a method of
detecting a phenomenon in which an optical polarization
state 1s changed by the first-order electro-optic
effect of the combined terahertz wave. However, it 1is
possible to adopt a method of detecting a phase change
of light propagating in the optical waveguide as a
change of an optical propagation state, or an optical
signal of the difference frequency between a frequency
of the light propagating in the optical waveguide and a
frequency of the combined terahertz wave, namely
detecting an optical beat signal.

[0079]While the present invention has been described with
reference to exemplary embodiments, it is to be
understood that the invention is not limited to the
disclosed exemplary embodiments. The scope of the
following claims is to be accorded the broadest
interpretation so as to encompass all such
modifications and equivalent structures and functions.

[0080]This application claims the benefit of Japanese Patent
Application No. 2012-149208, filed July 3, 2012, and
Japanese Patent Application No. 2013-111460, filed May
28, 2013, which are hereby incorporated by reference
herein in their entirety.

Reference Signs List

[0081]1 --- substrate, 2 +-+ light, 3 --- optical waveguide,
4 +-+ coupling member, 5 --+ terahertz wave, 6, 6'
wavefront of terahertz wave, 8 -:- core layer, 9, 10

cladding layer, 11 --- terahertz wave emitting
plane of coupling member, 12 -+ terahertz wave

incident plane
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CLAIMS
[Claim 1]A terahertz wave generator, comprising:
an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and
a coupling member configured to extract a
terahertz wave into a space, which is generated from
the optical waveguide when light propagates in the
optical waveguide,
wherein 0<rl<r2 is satisfied, where rl represents
a radius of curvature of a terahertz wave emitting
plane of the coupling member at a point A at which a
line extending from the optical waveguide in a normal
direction to a surface of the substrate crosses the
terahertz wave emitting plane of the coupling member,
in a plane perpendicular to an optical propagation
direction of the optical waveguide, the radius of
curvature rl having a positive value when being
convex in a propagation direction of the terahertz
wave, and r2 represents a radius of curvature of a
wavefront of the terahertz wave at the same point A.
[Claim 2] The terahertz wave generator according to claim 1,
wherein in the plane perpendicular to the optical
propagation direction of the optical waveguide,
concerning a terahertz wave propagating in a range
having an inclination smaller than 45 degrees from
the propagation direction of the terahertz wave
passing the point A, the radius of curvature.of the
terahertz wave emitting plane of the coupling member
is smaller than the radius of curvature of the
wavefront of the terahertz wave in the terahertz wave
emitting plane of the coupling member.
[Claim 3] The terahertz wave generator according to claim 1 or
2, wherein a cross-sectional shape of the coupling
member in the plane perpendicular to the optical

propagation direction of the optical waveguide is one
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of a circular shape and an elliptic shape.

[Claim 4] The terahertz wave generator according to claim 3,
wherein the cross-sectional shape of the coupling
member in the plane perpendicular to the optical
propagation direction of the optical waveguide is an
ellipse, and the optical waveguide is'positioned at a
focal point of the ellipse.

[Claim 5] The terahertz wave generator according to any one of
claims 1 to 4, wherein a shape of the coupling member
includes at least a part of one cof a cone shape and
an elliptic cone shape. ,

[Claim 6] The terahertz wave generator according to claim 5,
wherein a distance between the point A of the
terahertz wave emitting plane of the coupling member
and the optical waveguide is larger than-a distance
between the point A of the terahertz wave emitting
plane of the coupling member and an axis of one of
the cone shape and the elliptic cone shape of the
coupling member.

[Claim 7] The terahertz wave generator according to claim 6,
wherein:

the shape of the coupling member includes at
least a part of a cone shape; and

0.165a/b<0.22 is satisfied, where a represents a
distance from the optical waveguide to a cone axis of
the cone shape of the coupling member, and b
represents a distance from the cone axis of the cone
shape of the coupling member to the terahertz wave
emitting plane of the coupling member, on a line
extending from the optical waveguide in the normal
direction to the surface of the substrate.

[Claim 8] The terahertz wave generator according to any one of
claims 1 to 7, wherein the shape of the coupling
member includes at least a part of one of an obligue
cone shape and an oblique elliptic cone shape.

[Claim 9} The terahertz wave generator according to any one of
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claims 1 to 3, wherein the shape of the coupling
member includes at least a part of a paraboloid shape.

[Claim 10]The terahertz wave generator according to any one of
claims 1 to 9, wherein rpl<rp?2 is satisfied, where ral
represents a radius of curvature of the terahertz
wave emitting plane of the coupling member at the
point A in a plane including the optical propagation
direction of the optical waveguide and the normal
direction to the surface of the substrate, and ra2
represents a radius of curvature of the wavefront of
the terahertz wave reaching the point A.

[Claim 11]The terahertz wave generator according to any one of
claims 1 to 10, wherein a distance between the point
A and the optical waveguide is gradually decreased
along the optical propagation direction of the
optical waveguide.

[Claim 12]The terahertz wave generator according to any one of
claims 1 to 11, wherein a width of the optical
waveguide in a direction perpendicular to both the
optical propagation direction of the optical
waveguide‘and the normal direction to the surface of
the substrate is in a range of one to ten times as
large as a main wavelength contained in the light.

[Claim 13]The terahertz wave generator according to any one of
claims 1 to 12, wherein a height of the optical
waveguide in the normal direction to the surface of
the substrate is 1/10 or smaller of a main wavelength
contained in the terahertz wave.

[Claim 14]The teraheftz wave generator according to any one of
claims 1 to .13, wherein the light propagates in the
optical waveguide in a single mode.

[Claim 15]The terahertz wave generator according to any one of
claims 1 to 14, wherein:

the optical waveguide comprises a core layer to
be a core for the light and a cladding layer to be a
clad for the light;
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the cladding layer is sandwiched between the
coupling member and the core layer; and

a thickness d of the cladding layer satisfies
a<d<Aeq/10, where a represents a thickness of the
cladding layer when 1light intensity of the light
becomes 1/e’ where e is a base of natural logarithm'of
light intensity in the core layer, and A.q represents
an equivalent wavelength in the cladding layer of a
wavelength corresponding to a highest frequency of
the terahertz wave.

[Claim 16]The terahertz wave generator according to any one of
claims 1 to 15, wherein a thickness of the core layer
of the optical waveguide is equal to or smaller than
a half of an equivalent wavelength ‘in the core layer
of a wavelength corresponding to a highest frequency
of the terahertz wave.

[Claim 17]The terahertz wave generator according to any one of
claims 1 to 16, wherein a distance in which a part of
the terahertz wave having a substantially large power
propagates in the coupling member is equal to or
larger than an equivalent wavelength in the coupling
member of a wavelength corresponding to a highest
frequency of the terahertz wave.

[Claim 18]A terahertz wave generator, comprising:

an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and

a coupling member configured to extract a
terahertz wave into a space, which is generated from
the optical waveguide when light propagates in the
optical waveguide,

wherein 0<rl<rM2 is satisfied, where rl
represents a radius of curvature of a terahertz wave
emitting plane of the coupling member at a point A at
which a line extending from the optical waveguide in

a normal direction to a surface of the substrate
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crosses the terahertz wave emitting plane of the
coupling member, in a plane perpendicular to the
optical propagation direction of the optical
waveguide, the radius of curvature rl having a
positive value when being convex in a propagation
direction of the terahertz wave, and rM2 represents a
propagation distance from a generation point of the
terahertz wave reaching the same point A.

(Claim 19]A terahertz wave generator, comprising:

an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and

a coupling member configured to extract a
terahertz wave into a space, which is generated from
the optical waveguide when light propagates in the
optical waveguide,

'wherein O<rlLl<rl?2 is satisfied, where rLl
represents a radius of a circular arc part included
at least in the terahertz wave emitting plane of the
coupling member at a part that is not held in contact
with the substrate in a plane including a direction
perpendicular to the optical propagation direction of
the optical waveguide and a direction having a
Cerenkov angle with the optical propagation direction
of the optical waveguide, and rL2 represents a
longest distance from the optical waveguide to the
circular arc‘part.

[Claim 20])The terahertz wave generator according to claim 19,
wherein the circular arc part includes a range having
an inclination smaller than 45 degrees from a
propagation direction of a terahertz wave passing a
point B, at which a line extending from the optical
waveguide in the normal direction to the surface of
the substrate crosses the terahertz wave emitting
plane of the coupling member in the plane.

[Claim 21]A terahertz wave generator, comprising:
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an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and |

a coupling member configured to extract a
fterahertz wave into a space, which is generated from
the optical waveguide when light propagates in the
optical waveguide,

wherein a shape of the coupling member is
configured to increase a radius of curvature of a
wavefront of the terahertz wave to be emitted from
the coupling member in a plane perpendicular to an
optical propagation direction of the optical
waveguide to be lérger after being emitted than
before being emitted.

[Claim 22]The terahertz wave generator according to claim 21,
wherein the terahertz wave after being emitted from
the coupling member is a substantially plane wave.

[Claim 23]A terahertz wave detector, comprising:

an optical waveguide formed on a;substrate SO as
to include a core layer of an electrooptic crystal;
and

a coupling member configured to couple an
incident terahertz wave to the optical waveguide,
wherein:

a crystal axis of the electrooptic crystal of the
optical waveguide is set to change a propagation
state of light propagating in the optical waveguide
when the terahertz wave enters the optical waveguide;
and

0<rl<r2 is satisfied, where rl represents a
radius of curvature of a terahertz wave incident
plane of the coupling member at a point A at which a
line extending from the optical waveguide in a normal
direction to a surface of the substrate crosses a
terahertz wave emitting plane of the coupling member,

in a plane perpendicular to the optical propagation
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direction of the optical waveguide, the radius of
curvature rl having a negative value when being
convex in a propagation direction of the terahertz
wave, and r2 represents a radius of curvature of a
wavefront of the terahertz wave at the same point A;
and

a cross-sectional shape of the coupling member in
the plane perpendicular to the optical propagation
direction of the optical waveguide is one of a
circular shape and an elliptic shape.

[Claim 24]A terahertz wave detector, comprising:

an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and

a coupling member configured to couple an
incident terahertz wave to the optical waveguide,
wherein:

a crystal axis of the electrooptic crystal of the
optical waveguide is set to change a propagation
state of light propagating in the optical waveguide
when the terahertz wave enters the optical waveguide;
and '

0<rl<r2 is satisfied, where rl represents a
radius of curvature of a terahertz wave incident
plane of the coupling member at a point A at which a
line extending from the optical waveguide in a normal
direction to a surface of the substrate crosses a
terahertz wave emitting plane of the coupling member,
in a plane perpendicular to the optical propagation
direction of the optical wavegquide, the radius of
curvature rl having a negative value when being
convex 1n a propagation direction of the terahertz
wave, and rZ represents a radius of curvature_of a
wavefront of the terahertz wave at the same point A;
and

a shape of the coupling member includes at least
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a part of one of a cone shape and an elliptic cone
shape.
[Claim 25]A terahertz wave detector, comprising:

an optical waveguide formed on a substrate so as
to include a core léyer of an electrooptic crystal;
and

a coupling member configured to couple an
incident terahertz wave to the optical waveguide,
wherein:

a crystal axis of the electrooptic crystal of the
dptical waveguide is set to change a propagation
state of light propagating in the coptical waveguide
when the terahertz wave enters the optical waveguide;

0<rl<r2 is satisfied, where rl represents a
radius of curvature of a terahertz wave incident
plane of the coupling member at a point A at which a
line extending from the optical wavequide in a normal
direction to a surface of the substrate crosses a
terahertz wave emitting plane of the coupling member,
in a plane perpendicular to the optical propagation
direction of the optical waveguide, the radius of
curvature rl having a negative value when being
convex in a propagation direction of the terahertz
wave, and rZ2 represents a radius of curvature of a
wavefront of the terahertz wave at the same point A;
and

a shape of the coupling member includes at least
a part of one of an oblique cone shape and an oblique
elliptic cone shape.

[Claim 26]A terahertz wave detector, comprising:

an optical waveguide formed on a substrate so as
to include a core layer of an electrooptic crystal;
and

a coupling member configured to couple an
incident terahertz wave to the optical waveguide,

wherein:
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a crystal axis of the electrooptic crystal of the
optical waveguide is set to change a propagation
state of light propagating in the optical waveguide
when the terahertz wave enters the optical waveguide;

0<rl<r2 is satisfied, where rl represents a
radius of curvature of a terahertz wave incident
plane of the coupling member at a point A at which a
line extending from the optical waveguide in a normal
direction to a surface of the substrate crosses a
terahertz wave emitting plane of the coupling member,
in a plane perpendicular to the optical propagation
direction of the optical waveguide, the radius of
curvature rl having a negative value when being
convex in a propagation direction of the terahert:z
wave, and r2 represents a radius of curvature of a
wavefront of the terahertz wave at the same point A;
and ,

a shape of the coupling member includes at least
a part of a paraboloid shape.

[Claim 27]A terahertz time domain spectroscopy device,
comprising:

a generating unit configured to generate a
terahertz wave;

a detecting dnit configured to detect the
terahertz wave radiated from the generating unit; and

- a delay unit configured to adjust delay time
between terahertz wave generation time in the
generating unit and terahertz wave detection time in
the detecting unit,

wherein the generating unit includes the
terahertz wave generator according to any one of
claims 1 to 22.

[Claim 28]A terahertz time domain spectroscopy device,
comprising:

a generating unit configured to generate a

terahertz wave;
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a detecting unit configured to detect the
terahertz wave radiated from the generating unit; and
a delay unit configured to adjust delay time
between terahertz wave generation time in the
generating unit and terahertz wave detection time in
the detecting unit,

wherein the detecting unit includes the terahertz
wave detector according to any one of claims 23 to 26.

[Claim 29]The terahertz time domain spectroscopy device

according to claim 27 or 28, wherein:

the detecting unit is configured to detect the
terahertz wave that 1s radiated from the generating
unit and is reflected by a sample; and

the terahertz time domain spectroscopy device is
configured to analyze reflection light from the
sample to serve as a tomography device configured to

image an internal structure of the sample.
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