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Terahertz (THz) parametric detection is a highly sensitive
method that upconverts a THz wave into a near-infrared
beam for detection. Lithium niobate has primarily been used
as the nonlinear optical crystal in this approach. However,
the frequency band with high parametric gain is limited,
leading to increasing interest in other nonlinear optical crys-
tals. Here, we demonstrate that lithium tantalate provides
high-sensitivity detection at low frequencies, achieving a
maximum improvement of 15 dB over the 0.8–1.5 THz band.
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Terahertz (THz)-waves have absorption peaks characteristic
of many chemicals and a moderate transmission rate, which
support both imaging [1] and nondestructive testing appli-
cations [2]. High-sensitivity THz-wave detection is therefore
critical, and THz parametric detection based on stimulated
polariton scattering using stimulated phonon–photon resonance
has become an active area of research [3–6]. This approach
enables ultra-sensitive THz-wave detection at room temperature
by upconverting THz waves to more easily detectable wave-
lengths, such as those in the visible and near-infrared range.
To expand bandwidth and enhance sensitivity in THz para-
metric detection, the use of an optical crystal with a high
nonlinear optical coefficient, a high damage threshold, and a
low absorption coefficient is essential. Lithium niobate (LN,
LiNbO3) meets these criteria [7–9]. However, other nonlinear
optical crystals are needed for high-sensitivity detection at fre-
quencies below 0.8 THz and above 3 THz, where the parametric
gain of LiNbO3 is low. Nonlinear optical crystals such as KTP
[10] and DAST [11] have been used for this purpose. Lithium
tantalate (LT, LiTaO3) has optical properties nearly identical
to those of LN [12], but LT exhibits greater parametric gain
at lower frequencies because its A1 phonon mode occurs at a
lower frequency. On the other hand, because of its high absorp-
tion coefficient in the THz band, it is challenging to use it
as a THz source, and its application in the THz-wave region
has been limited. However, in THz detection, the impact of
crystal absorption is less significant compared to its use as a
THz source, making the introduction of LT into THz para-
metric detection a viable option. Here, we used LT to detect
THz waves. Although LT generated THz waves less efficiently

compared with LN, it improved THz-wave detection sensitivity
in the 0.8–1.5 THz range. This frequency range is suitable for
applications in nondestructive testing [2] and imaging [1], and
our results will contribute to the further development of these
methodologies.

During THz parametric detection, when both a THz wave
and a pump beam are incident on a nonlinear optical crystal,
the Stokes beam (hereafter referred to as the detection Stokes
beam) corresponding to the difference frequency is generated
in a direction that satisfies the non-collinear phase matching
condition. A near-infrared detector can thus sensitively record
THz waves at room temperature. The Stokes beam intensity
changes nonlinearly with the intensity of the incident THz
wave. Ultra-high-sensitive THz detection has been achieved
through multi-stage amplification of the detection Stokes beam,
using nonlinear optical crystals following spatial removal of
parametric fluorescence noise [3] or pump beam scatter by
high-performance wavelength filters [4].

LN supports THz parametric wavelength conversion due to
its transparency across a broad optical region, high nonlinear
optical coefficient, and high damage threshold. Here, LT, with
optical properties nearly identical to those of LN, served as a
nonlinear optical crystal that enhanced low-frequency THz para-
metric detection. The nonlinear and electro-optical coefficients
of LN and LT are listed in Table 1.

The nonlinear optical coefficient indicates the conversion effi-
ciency in optical parametric wavelength conversion using only
light waves, whereas the electro-optical coefficient reflects the
conversion efficiency mediated by lattice vibrations. Although
the nonlinear optical constant of LT is lower than that of LN, their
electro-optical coefficients are nearly identical. There are two
types of parametric gain: gain associated with THz-wave ampli-
fication and gain associated with Stokes beam amplification.
In THz parametric source, the parametric gain related to THz-
wave amplification is critical. Conversely, in THz parametric
detection, the parametric gain from Stokes beam amplification
is predominant [17]. The parametric gain for THz-wave ampli-
fication is heavily influenced by the absorption coefficient of
the THz wave. As a result, LT crystals demonstrate limited
gain under these conditions. In contrast, the parametric gain
for Stokes beam amplification is mainly determined by the non-
linear optical coefficient and the electro-optical coefficient, with
minimal influence from absorption [17]. Consequently, the para-
metric gain of LT in THz parametric detection is comparable to
that of LN.
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Table 1. Nonlinear Optical and Electro-optical Coeffi-
cients of LN and LT [13–16]

Below, we sequentially compare the gains (experiment 1),
THz-wave detection (experiment 2), and THz-wave generation
(experiment 3) capabilities of LN and LT. First, the frequency
dependence of the Stokes beam intensity after THz paramet-
ric amplification with LN and LT was measured, as shown in
Fig. 1 (experiment 1). The pump beam from a microchip laser
(Optoquest Co. Ltd., Japan) was optically amplified to 40 mJ
per pulse and collimated to a beam diameter of 0.9 mm. The
seed beam was amplified from 40 mW (the continuous-wave
power of an external cavity diode laser) to 300 mW. MgO:LN
and MgO:LT (both from Yamaju Ceramics Co., Ltd., Japan),
each 50 mm in length along the x axis, were irradiated with a
pump beam of 5.4 mJ/pulse (beam diameter: 1 mm along the z
axis and 300 µm along the y axis) and a continuous-wave seed
beam of 300 mW. The Stokes beam generated simultaneously
with the THz wave was measured using an energy meter. Here,
we employed a flattened pump beam to generate the Stokes beam
efficiently with a small amount of pump energy [18]. Figure 2(a)
shows that the maximum Stokes beam intensities of LN and LT
were very similar, suggesting nearly identical parametric gains.
Although the LN Stokes beam intensity peaked above 2 THz, the
LT intensity peaked within the 1–2 THz range. LT thus exhib-
ited a higher parametric gain at lower frequencies due to its A1

phonon mode frequency of 200 cm−1, which is lower than that
of LN (248 cm−1). However, Stokes beams remain unaffected
by absorption within the crystals. In practical THz parametric
detection, the THz wave is introduced from an external source to
the nonlinear optical crystal, rendering the absorption coefficient
in the THz frequency range a pivotal determinant of detection
sensitivity. The LN and LT absorption coefficients, derived from
the dielectric function, are shown in Fig. 2(b), with parameters
obtained from [19] and [20]. Both absorption coefficients expo-
nentially increase as the frequency approaches the A1 phonon
mode. Notably, LT displays a large absorption coefficient at fre-
quencies above 2 THz, corresponding to reduced sensitivity in
THz parametric detection, as expected.

Next, we measured the frequency dependence of the mini-
mum detection energy in THz parametric detection using LN
and LT, as shown in Fig. 1 (experiment 2), with an LN-based
injection-seeded THz parametric generator (is-TPG) [2] serving

Fig. 1. Experimental setup of is-TPG and THz parametric detec-
tion using LN and LT. HWP, half-wave plate; PBS, polarized beam
splitter; ECDL, external cavity diode laser.

Fig. 2. Frequency dependencies of the (a) Stokes beam intensities
and (b) absorption coefficients of LN and LT.

as the source. THz waves were generated with an LN-based is-
TPG, and the outputs at each frequency were calibrated using a
pyroelectric detector (JASCO Corporation, Japan). The nonlin-
ear optical crystals were irradiated with pump beams of 0.7 mm
in diameter, using 2.5 mJ/pulse for LN and 5 mJ/pulse for LT.
These pump energies were experimentally determined to achieve
the optimal detection sensitivity. For each crystal, there is an
optimal pump beam energy, beyond which further increases do
not improve the minimum detection energy. Excessive pump
beam energy leads to increased parametric fluorescence, which
causes gain competition with the detection Stokes beam. The
dimensions of the LN crystal (x, y, and z) were 50, 4, and 5 mm,
respectively, while those of LT were 70, 4, and 5 mm. Although
the LN crystal was approximately 20 mm shorter than the LT,
a 40-mm-long LN crystal is known to efficiently mediate THz
parametric wavelength conversion, making this length adequate
[21]. A THz wave was introduced into the LN and LT nonlinear
optical crystals through an Si prism coupler, and the result-
ing detection Stokes beams were observed using a spectrometer
(S150-I-3648; Solar Laser Systems, Harrietsham, UK) with an
exposure time of 1000 ms; data from 50 THz-wave pulses were
integrated. The energy of the incident THz wave was progres-
sively attenuated using three calibrated TFA-4 THz attenuators
(Microtech Instruments, Inc., Eugene, OR, USA). The minimum
detection energy was determined as the point at which the signal
equaled the noise level.

Figure 3 shows that the minimum energies of LN- and LT-
based THz parametric detection varied by frequency. LN-based
THz parametric detection (blue dots) ranged from several tens of
aJ between 0.8 and 1.4 THz; sensitivity reached approximately
0.5 aJ at 1.7 THz. LT-based THz parametric detection was more
sensitive overall, with minimum detection energy in the range of
several aJ from 0.8 to 1.4 THz. Notably, at 0.8 THz, the minimum
detection energy for LT was approximately 15 dB lower than
that of LN, likely due to the high parametric gain of LT at low
frequencies as shown in Fig. 2 (a). According to Fig. 2(a), the
parametric gain of LT is high up to approximately 1.8 THz, and
it was thought that LT would show high sensitivity up to this
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Fig. 3. Frequency dependencies of the minimum LN- and LT-
based energies in THz-wave parametric detection.

Fig. 4. Input/output characteristics of is-TPG using LN.

frequency region. However, the slight difference in the frequency
characteristics of the minimum detection energy is thought to be
due to the crystal absorption that occurs when THz waves enter
the crystal (Fig. 2(b)). Above 1.8 THz, LT-based THz detection
sensitivity declined because of high THz absorption, whereas
LN sensitivity decreased above 2.5 THz.

Although sub-0.8 THz detection sensitivity could not be
measured due to the limited output bandwidth of the LN-based
is-TPG, sensitivity can be inferred from the frequency depen-
dence of the Stokes beam [Fig. 2(a)]; the minimum LT detection
energy was lower than that of LN, even below 0.8 THz. The low-
frequency range, where LT has high sensitivity, is suitable for
nondestructive testing because many reagents have fingerprint
spectra and the transmittance of various shielding materials is
also high [2].

Finally, we confirmed the parametric gain for THz-wave
amplification by comparing the THz output when LN and LT
were used for THz parametric generation, the reverse process
of THz parametric detection. We constructed an is-TPG using
either LN or LT, as shown in Fig. 1(experiment 3), then evalu-
ated THz-wave source performance. The dimensions of the LN
crystal (x, y, and z) were 50, 4, and 5 mm, respectively, while
those of LT were 70, 4, and 5 mm. The THz waves generated
by both LN and LT were coupled to free space using identically
shaped Si prism couplers [22]. The frequencies of the generated
THz waves were 1.1 THz; the waves were focused by a lens into
a pyroelectric detector.

Figure 4 shows the input–output characteristics of the is-TPGs
using LN and LT. The maximum output of the LN-based is-TPG
(blue dots) was approximately 17 nJ when the pump operated at
around 8 mJ. Several factors may explain the saturation observed
at or above 8 mJ; here, it is likely due to variations in the location
of THz-wave generation with changes in pump beam intensity, as

well as alterations in the coupling efficiency of the Si prism [16].
In contrast, the LT-based is-TPG did not generate THz waves
even when pumped up to 10 mJ. This result can be attributed to
the strong dependence of the parametric gain in the is-TPG on
the crystal absorption of THz waves, which prevents sufficient
gain from being achieved with LT. Therefore, LT is suboptimal
for parametric THz-wave generation.

We utilized a nonlinear LT optical crystal to improve the sen-
sitivity of low-frequency THz parametric detection. Compared
with LN, LT exhibited a lower center frequency for parametric
gain and a lower minimum detection energy in the 0.8–1.5 THz
band, which is commonly used for nondestructive testing and
imaging. Although LT did not facilitate parametric THz gener-
ation, it provided effective THz-wave detection, suggesting that
similar crystals with high nonlinear optical constants are also
suitable.
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