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Abstract—Coherent tunable terahertz waves were generated
successfully using a terahertz-wave parametric oscillator (TPO)
based on laser light scattering from the A1-symmetry polariton
mode of LiNbO3. This method has several advantages, such
as continuous and wide tunability (frequency: 0.9–3.1 THz), a
relatively high peak power (more than a few milliwatts), and
compactness of its system (tabletop size). In addition, the system
simply requires a fixed-wavelength pump source, and it is easy
to tune. This paper deals with the general performance of this
terahertz-wave source using the prism output-coupler method
as well as the development and applications of the system. Its
tunability, coherency, power, and polarization were measured,
and this tunable source was used for terahertz spectroscopy to
measure the absorption spectra of LiNbO3 and water vapor. Also,
the use of MgO-doped LiNbO3 (MgO : LiNbO 3) in our terahertz
regime, as well as its far-infrared properties, is described. We
found that the MgO : LiNbO 3 TPO is almost five times more
efficient than the undoped LiNbO3 TPO, and we have proven
that the enhancement mechanism originates from the enhanced
scattering cross section of the lowest A1-symmetry mode in a
spontaneous Raman experiment.

Index Terms—MgO-doped LiNbO3, nonlinear, parametric,
spectroscopy, terahertz, tunable.

I. INTRODUCTION

T RADITIONALLY, experimental science and technology
in the terahertz-wave region of electromagnetic spectrum

have lagged behind developments in the microwave region and
the infrared and optical regions. Therefore, it is highly likely
that new phenomena will be found in this frequency range in the
basic and applied physics, the life science, the communication,
and so forth. Over the past few years, compact and easy-han-
dling terahertz-wave sources using the recent laser technology
have attracted much attention from both fundamental and ap-
plied perspectives. Mainly, these research efforts are classified
into the following two categories. One is the ultrashort-pulse
terahertz-wave generation using high-speed photoconductive
(PC) antennas, semiconductor, or superconductor materials
pumped with a mode-locked femtosecond laser [1]–[8]. Typi-
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cally, the spectral density spans from below 100 GHz to more
than a few terahertz, reflecting the Fourier transform of the short
laser pulse and the response of the irradiated material. With
the advent of the terahertz time-domain spectroscopy [1]–[8],
signal-to-noise ratio is much improved than that of conventional
far-infrared Fourier-transform spectrometers using low-bright-
ness incoherent sources and bolometric detectors. The other
research current is on the coherent tunable terahertz-wave
generation based on the nonlinear frequency conversion of the
(quasi-)continuous-wave laser light [9]–[22]. The terahertz
radiation has a sharp spectral characteristic and continuous
tunability (typically, in the frequency range from subterahertz
to more than a few terahertz). Therefore, the terahertz-wave
source is expected to be useful for wide ranges of applications,
such as spectroscopic studies without a monochromator, co-
herent excitation of materials, wavelength-dependent imaging,
local oscillators, and so forth. This terahertz-wave generation
method includes the difference-frequency mixing between
two laser sources on nonlinear optical materials [9], [10]
or PC antennas [11], [12], and the laser-pumped parametric
oscillation using both second- and third-order nonlinearities
[13]–[22]. While the difference-frequency method requires at
least one tunable laser source, the parametric method simply
requires a fixed-wavelength laser source. In addition, the latter
method has achieved more than several-order higher conversion
efficiency than the former method.

For the efficient generation of a terahertz wave using the para-
metric method, LiNbOis one of the most suitable materials be-
cause of its large nonlinear coefficient [23], [24] and its wide
transparency range [23], [25]. However, a large refractive index
and a large absorption coefficient at terahertz frequencies [25],
[26] are problems because efficiently generated terahertz waves
suffer total reflections and large absorption losses. We have de-
velopedatunableterahertz-waveparametricoscillator(TPO)that
operatesat roomtemperatureusingLiNbOwithnewoutputcou-
pling methods for the terahertz wave (grating-coupler method
[15], [16], Si-prism-coupler method [17]–[22]) to substantially
improve its efficiency. A tunability from 0.9 to 3.1 THz and the
peak power of more than a few milliwatts was achieved using a
nanosecond pump laser [15]–[22]. Furthermore, we recently in-
creasedthe terahertz-waveoutputmore than100timesbycooling
the crystal, which enhanced parametric gain and reduced the ab-
sorption loss at terahertz frequency [21], [22]. A linearly polar-
ized terahertz-wave beam is emitted from the TPO with the di-
vergence of less than a few degrees, and its beam profile has a
Gaussian-like characteristic [15]–[22].

In this paper, we show the performance and application
of this terahertz-wave source. We also describe the recent
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Fig. 1. Dispersion relation of the polariton, an elementary excitation generated
by the combination of a photon and a TO phonon (! ). The polariton in
the low-energy region behaves like a photon at terahertz frequency. Due to the
phase-matching condition, as well as the energy conservation law, which hold
in the stimulated parametric process, a tunable terahertz wave is obtained by the
control of the wave vectorkkk . The inset shows the noncollinear phase-matching
condition.

works on the MgO-doped LiNbO(MgO : LiNbO ) TPO to
achieve higher terahertz-wave output and wider tunability.
The MgO : LiNbO crystal has remarkably stronger resistance
to the optical damage than undoped one [27], and nonlinear
d-coefficients slightly increase with the dope [24]. Highly
efficient nonlinear frequency conversion was also reported
in the visible and near infrared region [28], [29]; however,
as far as we know, an MgO : LiNbOparametric oscillator at
terahertz frequency has not been studied. We demonstrate the
advanced performance of the TPO, as well as the far-infrared
properties of the crystal studied by parametric generation,
Raman spectroscopy, and far-infrared transmittance.

II. PRINCIPLE OFOPERATION

A. Tunable Terahertz-Wave Generation Using Polariton

The generation of coherent tunable terahertz-waves results
from the efficient parametric scattering of laser light via po-
lariton (stimulated polariton scattering [30]–[32]). Polariton is
a quanta of the coupled phonon–photon transverse-wave field,
and the stimulated polariton scattering occurs in polar crystals,
such as LiNbO, LiTaO and GaP, which are both infrared
and Raman active, when pump excitation is sufficiently strong
[30]–[32]. The scattering process involves both second- and
third-order nonlinear processes [30]–[32], thus, the strong
interaction occurs among the pump, the idler, and the polariton
(terahertz) waves. For generating terahertz waves efficiently,
LiNbO is one of the most suitable materials because of its
large nonlinear coefficient ( pm/V m
[24]) and its transparent characteristics in a wide-wavelength
range (0.4–5.5 m [23], [25]). LiNbO has four infrared- and
Raman-active transverse optical (TO) phonon modes called
A -symmetry modes, and the lowest mode ( cm )
is useful for efficient tunable far-infrared generation because of
the largest parametric gain, as well as the smallest absorption
coefficient [13], [14], [32].

The principle of the tunable TPO is as follows. Polaritons
exhibit phonon-like behavior in the resonant frequency region
(near the TO-phonon frequency ). However, they behave
like photons in the nonresonant low-frequency region (Fig. 1),
where a signal photon at terahertz frequency () and a near-in-
frared idler photon ( ) are created parametrically from a near-
infrared pump photon ( ), according to the energy conserva-

Fig. 2. Experimental cavity arrangement for the terahertz-wave generation
using an Si-prism coupler on they-surface of the LiNbO crystal. The inset
shows the noncollinear phase-matching condition.

tion law ( : pump, : terahertz, : idler). In the
stimulated scattering process, the momentum conservation law

(noncollinear phase-matching condition; see the
insets of Figs. 1 and 2) also holds. This leads to the angle-disper-
sive characteristics of the idler and terahertz waves generated.
Thus, a coherent terahertz wave is generated efficiently by using
the optical resonator for the idler wave, as shown in Fig. 2, and
the continuous and wide tunability is accomplished simply by
changing the angle between the incident pump beam and
the resonator axis (angle-tuning).

B. Theory of Parametric Gain

In the stimulated polariton scattering, the four fields, namely
the pump , the idler , the terahertz wave , and the ionic
vibration (lowest mode), mutually interact. The para-
metric gain coefficients for the idler and terahertz waves are ob-
tained by solving the classical coupled-wave equations that de-
scribe this phenomenon. Assuming a steady state and no pump
depletion, the coupled-wave equations are written as [30]–[32]

(1)

where denote frequencies of the idler,denote
frequencies of the terahertz wave, is the permit-
tivity in the material (LiNbO), and is the velocity of light
in a vacuum. The nonlinear susceptibilities and denote
parametric and Raman processes, respectively, and they are ex-
pressed as [32]

(2)

(3)

where , , and are the eigenfrequency, oscillator strength,
and damping coefficient (or linewidth) of the lowest -sym-
metry phonon mode, respectively. Coefficients
and denote the second- and third-order nonlinear processes,
which originate from electronic and ionic polarization, respec-
tively. According to the rate equation analysis, the expression of

in cgs units is given by [32]

(4)
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where is the refractive index and
( : Planck constant, : Boltzman

constant, : temperature) is the Bose distribution function.
The quantity denotes the spontaneous-Raman
(Stokes) scattering efficiency of the lowest -symmetry
phonon mode, where is the fraction of incident power that
is scattered into a solid angle near a normal to the optical
path length [33], and it is proportional to the scattering cross
section.

The coupled wave equations (1) can be solved using the
plane-wave approach, and analytical expressions of the expo-
nential gain for the terahertz wave and idler are [32]

(5)
where is the phase-matching angle between the pump and the
terahertz wave, is the low-loss limit, and is an absorption
coefficient in the terahertz region. In cgs units, they are written
as [32]

(6)

(7)

The low-loss parametric gain has the same form as the para-
metric gain in the optical region [34], but the nonlinear suscepti-
bility , which involve both second- and third-order processes
(2), is almost determined by the third-order (ionic) -term
(over 80% contribution).

Physical meaning of the susceptibility is explained as
follows [31]. According to the simple classical picture, polar
crystal such as LiNbOis considered to be an ensemble of indi-
vidual molecular systems, where the molecule consists of nuclei
bonded together and surrounded by an electron cloud. When the
crystal is irradiated by the pump laser polarized along the-axis
of the crystal, the relatively light electron cloud absorbs the
pump energy and follows the incident field, and the electronic
dipole moment appears due to the displacement of the electron
charge cloud with respect to the nuclei. This is the origin of the
second-order nonlinearity expressed by the(or ) coef-
ficient. Next, some of the energy absorbed by the electrons is
transferred to the nuclei and two nuclei begin to vibrate (i.e.,
phonons are created) because the-symmetry modes are in-
frared active. This phenomenon leads to the ionic dipole mo-
ment or the third-order nonlinearity expressed by the Raman
susceptibility (Stokes process). Finally, the ionic vibration
modulates the electronic vibration, and the electron–ion interac-
tion occurs because the vibrations are along the-axis. Thus, the
three-photon parametric scattering process among the pump, the
Stokes (idler) and the terahertz (polariton) waves involves both
second- and third-order nonlinearities.

Fig. 3. Calculated gain coefficient for the parametric terahertz-wave
generation using LiNbOcrystal pumped at 1.064�m. The gain is enhanced
by cooling the crystal due to the reduced absorption loss at terahertz frequency.

Fig. 3 shows the calculated parametric gainfor LiNbO at
typical pump intensities. A gain in the order of several cmis
feasible in the frequency domain up to 3 THz at room tempera-
ture, and the gain is enhanced by cooling the crystal [21], [22].
The decrease in the linewidth of the lowest -symmetry
phonon mode [33] makes the major contribution to the enhance-
ment at low temperature because is nearly in proportion to

(7). The reduced linewidth reduces the absorption coefficient
at terahertz frequency, enhancing the parametric gain,

which is a monotonically decreasing function of the absorption
coefficient (5). Physically, when the polariton damping caused
by random thermal activation is reduced and the polariton has
longer life time, the parametric interaction efficiently occurs. It
is also possible to increase the parametric gain by increasing the
pump intensity or by using a shorter wavelength pump source
because the gain is a monotonically increasing function of,
which is proportional to .

C. TPO Using the Prism Output-Coupler Method

In the previous section, the parametric amplification process
via polariton in the single-pass configuration was described. In
order to produce oscillation, feedback at the idler wavelength
( 1.07 m for a 1.064- m pump wavelength) is necessary
(Fig. 2). Although the three waves (pump, idler, and terahertz
wave) interact efficiently in the parametric oscillation, most of
the terahertz wave generated is absorbed or totally reflected in-
side the LiNbO crystal. This is due to the heavy absorption
loss [more than several tens cmand the large refractive index
( 5) in the terahertz range [25]. To overcome the problem, we
have proposed the TPO configuration using the prism coupler
[17]–[22], as shown in Fig. 2.

Since the refractive index of Si is almost fixed to be 3.4 and its
absorption coefficient is relatively small (0.6 cm ) in the ter-
ahertz region [26], the terahertz wave generated inside LiNbO
is efficiently coupled out via an Si-prism according to Snell’s
law. In addition, the radiation angle inside the prism is almost
constant due to the ultra-low dispersion characteristics of Si in
the terahertz region, though the phase-matching anglechanges
inside the crystal by rotating the cavity stage. Therefore, the di-
rection of the terahertz wave outside the prism is almost
fixed for the entire tuning range (0.5 for wavelengths from
150 to 300 m).
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Fig. 4. Tuning characteristics of the terahertz wave using LiNbOcrystal.
The solid curve indicates the values calculated from the noncollinear
phase-matching condition.

III. EXPERIMENTS

A. Experimental Setup

A schematic diagram of the experimental setup is shown
in Fig. 2. The pump source was a-switched Nd : YAG laser
(Solar LF113, wavelength: 1.064m, pulsewidth: 25 ns) whose
polarization was along the-axis of LiNbO . A 5-mm-thick
LiNbO -plate that was 65-mm long along the-axis was
cut. The ends of the plate were cut parallel in the-plane,
polished and antireflection (AR) coated for operation at wave-
lengths around 1.07m. A prism (bottom angle 39 ) made
of high-resistivity Si ( cm, cm ) was
pressed against the-surface of the crystal with an adjustable
spring. High-reflection (HR)-coated mirrors M1 and M2 form
an external resonator for the near-infrared idler wave. The
cavity length was 15 cm, and the whole system, including the
pump source, fits on a tabletop. The terahertz-wave output
was detected using a 4K Si bolometer or a Schottky barrier
diode, and its wavelength was measured with a metal mesh
Fabry–Perot (F–P) interferometer [35] using an Ni mesh with a
65- m grid.

B. Characteristics of LiNbOTPO

Changing the incidence angle of the pump beam from
1 to 2 , changed the phase-matching angles(between the
pump and the idler) and (between the idler and the terahertz
wave) from approximately 0.5to 1 and 65 to 66 , respec-
tively. The corresponding wavelengths of the idler and tera-
hertz waves can be tuned from 1.068 to 1.072m and 290 to
150 m, respectively. The angle-tuning characteristics agreed
well with the value calculated from literature data [25], [36],
as shown in Fig. 4. The signal output from the Si prism cou-
pler was measured to be more than 0.1 nJ/pulse (peak power:
10 mW, pulsewidth: 10 ns) with a pump input of 30 mJ/pulse,
where the typical oscillation threshold was around 20 mJ/pulse.
An example of the spectral measurement of a terahertz wave is

Fig. 5. Example of spectral measurements of the terahertz wave using a metal
mesh F–P interferometer. The distance between the peaks corresponds to the
half-wavelength of the terahertz wave.

Fig. 6. Measured polarization of the generated terahertz wave using a wire grid
polarizer. The linear polarization characteristics originates from the stimulated
parametric interaction process.

shown in Fig. 5. The free spectral range (FSR) of the F-P inter-
ferometer was about 83 GHz, and the linewidth was measured
to be less than 15 GHz. A much narrower linewidth can ob-
tained by introducing a spectral narrowing element, such as a
grating or etalon, using an injection seeding method, or using a
quasi-phase-matching method using periodically poled LiNbO
[37], [38]. Fig. 6 shows the polarization characteristics deter-
mined using a wire grid polarizer, and the terahertz wave is lin-
early polarized along the-axis of the crystal. The observed ter-
ahertz-wave beam had an approximately Gaussian profile with
a 5-mm beam radius (defined by the power) at a distance of
50 cm from the prism. The beam divergence was less than 0.7.

We also investigated the cryogenic characteristics of the ter-
ahertz output [21], [22] from the LiNbOTPO. The LiNbO
crystal was placed in a compact cryostat that could cool the
crystal to the temperature of liquid nitrogen. The cryostat has
AR-coated BK7 windows for the pump and idler waves, and a
TPX (4-methyl penten-1) window for the terahertz wave. When
the crystal was cooled to 78K, the terahertz-wave output was
enhanced 125 times and the oscillation threshold decreased by
32% when operating at wavelengths around 180m. The con-
tributions of the enhanced parametric conversion efficiency and
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the reduced absorption loss of the terahertz wave during the
propagation inside the LiNbOcrystal were found to be com-
parable. As described in parametric gain theory (Section II-B),
the mechanism is explained by the reduction of the linewidth of
the lowest -symmetry phonon mode.

C. Characteristics of the MgO : LiNbOTPO

1) Parametric Generation Characteristics:We further
studied other nonlinear materials, such as LiTaOand
MgO : LiNbO , that have a much larger photorefractive resis-
tance than that of undoped LiNbO. MgO : LiNbO crystal is
remarkably more resistant to optical damage than an undoped
crystal [27], and very efficient nonlinear frequency conversion
(second harmonic generation [28], optical parametric oscillator
[29]) was reported in the visible and near infrared region. To
study the performance in our terahertz regime, we initially
measured the single-pass parametric generation (terahertz-wave
parametric generation: TPG) characteristics, where the angle
dependence of the idler wavelength determines the dispersion
relationships of the lowest -symmetry polariton mode or
angle-tuning characteristics of the TPO, and the broad-band
TPG output shows the gain profile or tuning range of idler
and terahertz waves. 5-mm-thick-undoped (congruent) and
5-mol% MgO-doped LiNbO crystals were cut into pieces
65-mm long along the -axis, and their end surfaces were AR
coated for operation at around 1.07m. The pump source was
a -switched Nd : YAG laser (New Wave Research MiniLase
II, wavelength: 1.064 m, pulsewidth: 7 ns), the typical output
was 10 mJ/pulse, and the polarization was along the-axis of
the samples. The idler (or TPG) outputs and the spectra were
measured with an optical spectrum analyzer.

Fig. 7 shows the dispersion relationships of the polariton and
the TPG output characteristics. The measured dispersion curves
were almost the same; thus, there are no significant differences
in the angle-tuning characteristics of the undoped and MgO-
doped samples. However, the idler intensity (TPG output) was
enhanced nearly threefold and the peak shifted to the higher
energy side with the MgO-doped sample. The dope-level de-
pendence of the TPG was also studied using 0-mol%-9-mol%
MgO : LiNbO samples. The maximum TPG output as well as
the extension of tunability to the high-energy side of terahertz
wave was obtained at 5 mol%, therefore, optimum dope level
was found to be 5 mol%.

2) Measuring Raman Spectra:To study the enhancement
mechanism in the MgO-doped sample, further microscopic
information is required. Raman spectroscopy is one of the most
effective methods because the Raman intensity (i.e., scattering
cross section) is directly related to the parametric gain through
the nonlinear coefficient (2), (4)–(6). In addition, the eigen-
frequencies and linewidths of the -symmetry phonon modes
provide information on the absorption coefficient at terahertz
frequencies. To study the -symmetry mode, measurement
was performed in the X(ZZ)Y configuration. The laser source
was an argon ion laser (wavelength: 488 nm, power: 29 mW)
and the Stokes photon was detected with a photomultiplier
through a monochromator. The samples were the same as those
used in the TPG experiment. The measurement was performed

(a)

(b)

Fig. 7. TPG characteristics of undoped and 5-mol% MgO-doped LiNbO
pumped by aQ-swithed Nd : YAG laser. (a) Intensity of the generated idler or
terahertz wave. (b) Dispersion relation of theA -symmetry polariton mode of
these samples, which determines the angle-tuning characteristics of the TPO’s.

from 50 to 450 cm because the lowest mode is dominant in
our terahertz regime.

Fig. 8 shows the increased Raman intensity of the lowest
mode in the MgO : LiNbO, which is about 1.4 times larger
than in the undoped sample. Thus, the enhancement of the TPG
output or the parametric gain (5) was found to originate from
the enhanced scattering cross section when the vacancy of the
Li site in the crystal is filled with Mg . In addition, the eigen-
frequencies of these samples from the lowest level to the third
were not significantly different, which shows that the peak shift
observed in the TPG spectra has no relation to the shift in the
eigenfrequencies. The result is also consistent with the TPG
experiment, in which the polariton dispersions of these sam-
ples were nearly the same. The absorption coefficient calcu-
lated from the imaginary part of the polariton wave vector (7)
is nearly proportional to the linewidth of the lowest mode in the
low energy region ( 100 cm ). Therefore, the coefficient of
the MgO : LiNbO is slightly lower ( 1.1 times) than that of the
undoped LiNbO (see Fig. 9).

It should be noted that the above results are somewhat
different from those reported [39], [40] where measured
eigenfrequencies of the modes were similar to ours, but
MgO : LiNbO exhibited broader linewidths and weaker
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Fig. 8. Spontaneous Raman spectra of theA -symmetry phonon mode in
undoped (congruent) LiNbO(dotted line) and 5-mol% MgO : LiNbO(solid
line) at room temperature. The measurement was performed with the accuracy
of absolute frequency of 0.3 cm, and the resolution of less than 1 cm.
The spectral deconvolution study finds that the linewidths of theA -symmetry
modes from the lowest to the third are 29.5, 12.5, and 22.0 cmfor the
undoped LiNbO, and 25.5, 17.0, and 29.0 cm for the MgO : LiNbO .

Fig. 9. Absorption coefficients of undoped and MgO-doped LiNbOin the
terahertz region at room temperature measured by the far-infrared transmittance
(FTIR), and the values calculated from the complex polariton wave vector [see
(7)] using the parameters determined by spontaneous Raman scattering.

Raman intensities. According to the analysis based on crystal
imperfections [39]–[42], the quality of our MgO : LiNbO
crystal was better than those reported. In addition, consider-
ation of the sum rule [43] lead us to further insights: Raman
intensity, which reflects the sum of the number of states, is
proportional to the optical conductivity. This implies that
the conductivity is increased with the dope, whose picture
is consistent to the reduction mechanism of photorefractive
damages caused by the local charge generated [27]. The local
current will also cause optical losses; thus, we infer that there
must be a optimum MgO-doped level (we measured 5 mol%)
to result in the maximum parametric gain. To obtain a complete
understanding of the enhancement mechanism, a damping
mechanism of the polariton should be studied in terms of not
only the crystal imperfection, but also the charge–transfer
mechanism. We are now preparing for Raman measurements
with samples of different MgO concentrations to measure the
linewidths as well as the scattering cross sections of the
modes. Also, quantitative study on the parametric gain [41],
[42] and examinations of samples with different dopants (e.g.,
ZnO, In O ) or stoichiometric crystals are in progress.

3) Far-Infrared Transmittance:The far-infrared transmit-
tance was also measured with a Fourier transformation infrared
(FTIR) spectrometer with a 4K Si-bolometer detector. Samples
with different thicknesses (LiNbO: 265 m, 507 m; 5-mol%

Fig. 10. Angle-tuning characteristics of terahertz wave for LiNbO
and MgO : LiNbO . The solid line shows the values calculated from the
phase-matching condition for LiNbO.

Fig. 11. Measured output characteristics of terahertz wave from LiNbOand
MgO : LiNbO TPO’s pumped at a fixed energy (44 mJ/pulse).

MgO : LiNbO : 265 m, 505 m) were prepared to measure
the absorption coefficient in the terahertz region. The measure-
ment was performed at room temperature with a resolution of
4 cm , and the results are shown in Fig. 9. The absorption loss
of the terahertz wave inside the crystal was nearly the same in
the undoped and MgO-doped samples. In Fig. 9, the reliability
of the measured absorption coefficients was also checked using
the values calculated from the imaginary part of the-sym-
metry polariton wave vector (7) using the Raman data shown
above (i.e., the eigenfrequencies and linewidths), and a good
agreement is seen. In view of the TPG results, MgO : LiNbO
has much better properties than undoped LiNbO.

4) Characteristics of the MgO : LiNbOTPO: The perfor-
mances of the MgO : LiNbOTPO were examined using the
experimental setup shown in Fig. 2. The crystals were the same
as those used in the TPG experiments, and they were mounted
on a sliding stage to compare the TPO characteristics under the
same conditions. The pump source was a-switched Nd : YAG
laser (Lotis TII LS-2135-LP, m, pulsewidth: 25 ns)
polarized along the-axis of the crystal, and a 4K Si-bolometer
was used to detect the terahertz wave. As shown in Fig. 10, the
angle-tuning characteristics of the TPO’s using undoped and
MgO-doped LiNbO were nearly the same as those seen in the
TPG experiment (Fig. 7). Due to the enhanced parametric gain
(Fig. 7) and the similar loss properties of the terahertz wave
(Fig. 9), however, the terahertz-wave output of MgO : LiNbO
TPO was nearly five times greater, as shown in Fig. 11.
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Fig. 12. Measured absorption coefficients of LiNbOin the 1–2-THz region
using the tunable terahertz-wave source of the TPO.

IV. A PPLICATION TO SPECTROSCOPY

A. Absorption Coefficient of LiNbOin the Terahertz Region

A variety of applications are possible using this coherent
tunable terahertz-wave source. First, we measured the absorp-
tion coefficient of LiNbO at terahertz frequency using
this TPO as a coherent tunable source of terahertz waves. The
LiNbO crystal inside the cryostat was placed on a horizontally
sliding stage so that the-axis of the crystal was aligned with
the direction of movement. The propagating length inside the
LiNbO crystal changes with the position of the crystal so that
the absorption coefficient can be obtained precisely by
measuring the -dependence of the terahertz-wave power [21].
Fig. 12 shows the measured in the 1–2-THz region at room
temperature and at the temperature of liquid nitrogen. The solid
line indicates the values calculated from the complex polariton
wave vectors. The results obtained are in good agreement with
the calculated values from the polariton wave vectors [see (7)].

B. Terahertz Spectroscopy of Water Vapor

The absorption spectrum of water vapor in the air was also
measured by constructing the terahertz-wave spectrometer
shown in Fig. 13, where the terahertz-wave output from the
prism was coupled into a 1-m-long metal hollow tube con-
taining 1-atm air [19], [20]. The output was measured as a
function of the incident angle of the pump beam to the crystal,
and the background measurements were calibrated. The result
is shown in Fig. 14. The spectral resolution is wider than the
pressure-broadened water-absorption linewidth, thus, further
spectral narrowing is necessary. We are already considering
improving the cavity configuration using a grating or etalon,
the injection-seeding method, or the quasi-phase-matching
scheme, as mentioned above.

V. CONCLUSION

In this paper, we produced an efficient tunable TPO using
LiNbO and MgO : LiNbO crystals. We measured the tun-
ability, power, coherency, polarization, and beam divergence of
this TPO, and demonstrated its use in terahertz spectroscopy.

Fig. 13. Schematic diagram of the compact terahertz-wave spectrometer
system using a TPO with an Si-prism coupler. By controlling the rotating stage,
terahertz spectroscopy for a gas is easily achieved over the wide wavelength
range.

Fig. 14. Example of atmospheric transmission spectrum obtained by using the
TPO-spectrometer terahertz wave passed through a 1-m-long absorption cell,
which was filled with 1-atm air.

Our parametric method has significant advantages over other
available sources of terahertz waves; i.e., it is compact, easy to
use, and has a wide tunability. This method has many potential
applications, including spectroscopic measurements of var-
ious materials, medical and biological applications, terahertz
imaging, monitoring different gasses, use in communication,
etc. Further study is required to increase its efficiency, narrow
the linewidth, and establish a continuous-wave operation,
possibly by utilizing a domain-inverted structure.
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