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Noise-free terahertz-wave parametric generator
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We achieved noise-free terahertz (THz)-wave output from an
injection-seeded THz-wave parametric generator (is-TPG)
employing high-power injection seeding. A conventional is-
TPG uses a weak continuous-wave (CW) seed beam. The
position in which broadband noise is generated (via sponta-
neous parametric down-conversion) and the position of the
THz signal overlap. Thus, the output features broadband
TPG noise, reducing the signal-to-noise ratio. To solve this
problem, we shifted the position in which the THz signal
is generated to the front of the crystal; we separated the
signal from broadband TPG noise using a high-powered,
pulsed seed beam that was 107-fold more powerful than
the CW seed beam. Thus, we extracted only the THz sig-
nal; we achieved a noise-free is-TPG. This system features
a signal-to-noise ratio of 95 dB, approximately 40 dB better
than the signal-to-noise ratio of the conventional system. ©
2022 Optica Publishing Group

https://doi.org/10.1364/OL.448636

Terahertz (THz) waves find many applications in next-generation
mobile communications [1], optical switching [2], electron
acceleration [3], gas sensing [4], and nondestructive testing
[5]. THz-wave sources have recently attracted considerable
attention. The signal-to-noise ratio is of paramount impor-
tance. Both continuous-wave (CW) and quasi-continuous-wave
(QCW) sources must be free from noise when providing
single-frequency outputs, such as the resonant excitations of
specific modes. The CW and QCW sources in the THz band
include quantum cascade lasers and photomixers (photocon-
ductive antennae). These sources improve the signal-to-noise
ratio by removing phase noise [6] and optimizing the thickness
of the photoconductive antenna semiconductor layer [7]. We
previously developed an injection-seeded THz-wave parametric
generator (is-TPG) as a QCW THz-wave source. An is-TPG is
a unique tabletop THz source with high peak power (approxi-
mately 100 kW), wide tunability (0.4–5.0 THz), and a narrow
linewidth that is Fourier transform-limited [8,9]. An is-TPG
spectrometer has an ultra-wide dynamic range (up to 125 dB)
during THz parametric detection [10]; this is the reverse of
the is-TPG. We performed spectroscopic measurements through
thick shields [11–13] and obtained three-dimensional images
of plastics [14]. However, the THz-wave output contains weak
broadband noise (broadband TPG noise) caused by spontaneous
parametric down-conversion [15], although the power is approx-
imately 10,000 times lower than that of the injection-seeded

THz-wave (the THz signal). Complete suppression of broad-
band TPG noise creates an ideal QCW THz source with a high
signal-to-noise ratio. We found that the THz signal and broad-
band TPG noise were generated at different positions, and used
a new method to extract only the THz signal for noise-free THz
output.

When a pump beam is injected into an LiNbO3 crystal, pairs
of weak broadband THz waves/Stokes beams are generated via
Raman scattering through polaritons. Such a source is termed a
TPG. Generation of THz waves requires a particular, nonlinear
interaction length; the THz waves are amplified via three-wave
nonlinear interaction between the Stokes and pump beams as
they propagate along the x-axis of the crystal. THz waves are gen-
erated at the crystal position at which the oscillation threshold is
exceeded. At this position, the parametric gain is concentrated
using external seed beam injection to impart an initial excita-
tion to the targeted Stokes wavelength. Thus, a single-frequency
THz wave is created with an intensity >10,000-fold greater than
the TPG. Tunability is wide; it is possible to ensure that the
wavelength and angle of the seed beam satisfy the non-collinear
phase-matching conditions. We term such a THz source an is-
TPG. The conventional method used to reduce broadband TPG
noise employs an iris to spatially extract only the THz signal
under non-collinear phase-matching conditions [16]. This effec-
tively removes broadband TPG noise, which affects detection,
amplification, and generation [10,17]. However, the iris position
varies according to the frequency of the THz signal. Further-
more, the iris does not completely block broadband TPG noise
in the vicinity of the THz signal.

Here, we achieve a noise-free THz-wave output from an is-
TPG by focusing on the positions at which the injection-seeded
pure THz signal and broadband TPG noise are generated. Fig-
ure 1 shows schematics of both conventional and noise-free
is-TPGs. In a conventional is-TPG, the THz signal and broad-
band TPG noise are generated at nearly identical positions
because the seed beam is weak. In contrast, using a pulsed high-
power seed beam [18,19], we found that the THz signal was
generated at a position toward the front of the crystal [Fig. 1(b)].
Because broadband TPG noise was generated by only the pump
beam, such noise was generated (as before) from the back of the
crystal, regardless of whether the power of the seed beam was
increased. Therefore, the THz signal (alone) could be removed
from the LiNbO3 crystal by adjusting the position of the Si-prism
used for coupling between a crystal with a high refractive index
and air. THz waves were extracted only where the coupler was
crimped.

0146-9592/22/051113-04 Journal © 2022 Optica Publishing Group

https://orcid.org/0000-0002-4534-1939
https://doi.org/10.1364/OL.448636
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.448636&amp;domain=pdf&amp;date_stamp=2022-02-22


1114 Vol. 47, No. 5 / 1 March 2022 / Optics Letters Letter

Fig. 1. (a) Conventional is-TPG featuring weak CW injection
seeding. (b) Noise-free is-TPG featuring high-power injection
seeding.

Fig. 2. Noise-free is-TPG using a pulsed seed beam.

Figure 2 shows the experimental setup for the noise-free is-
TPG. We used LiNbO3 crystals, 50 mm in length (numbered
1–3). The high-power seed beam was a Stokes beam generated
using LiNbO3 crystal 1. However, because it was difficult to
separate the ordinary Stokes beam from the injection seed beam
at the same angle, we used the Stokes beam generated on the
opposite side of the pump beam (i.e., the Stokes beam generated
by the reflection of the THz seed beam from the crystal y-surface)
[20,21]. In principle, the energy and pulse widths of each Stokes
beam are the same, and the monochromaticity (linewidth) is
expected to be in the Fourier transform limit of∼4 GHz. A pulsed
seed beam (a Stokes beam) of 300 µJ was obtained by injecting
3.5 mJ of a pump beam and 250 mW of a CW seed beam into
LiNbO3 1. Because the Stokes beam width is approximately
25% of the beam pulse width, the Stokes beam pulse width
was expected to be approximately 100 ps [8]; thus, the peak
power was amplified 107-fold, compared with the CW seed beam
power. The power stability of the pulse seed beam was around
1%. This set of pulse and pump beams was injected into LiNbO3

2 to generate THz waves. The Si-prism coupler was crimped to
the front of the crystal [right-hand side of Fig. 1(b)] to ensure
that only the THz signal was extracted (the length of the crimped
surface of the Si-prism coupler on the LiNbO3 crystal y-plane
was about 3 cm.). The THz waves passed through lenses, then
were injected into LiNbO3 3 (for detection). During detection,
each THz wave was upconverted to a Stokes beam and observed
using a near-infrared spectrometer (“THz parametric detection”)
[10]. The pump beam energies were 10 mJ for LiNbO3 2 and
3.0 mJ for LiNbO3 3.

Fig. 3. (a) Positions of THz signal generation when using a CW
or a pulsed-seed beam. The shaded area indicates the region of
broadband TPG noise generation. (b) Measurement of THz-wave
generation position using the knife-edge method.

Firstly, we used knife-edge measurements to compare the
positions at which broadband TPG and THz signals were
generated when inputting CW or pulsed seed beams [Fig. 3(a)].
For each measurement differing in seed beam intensity, the posi-
tion of the Si-prism coupler was moved to where the THz wave
was strongest. A knife was placed immediately after the Si-prism
coupler; we used a pyroelectric detector to measure THz-wave
intensity when the knife shifted. Based on the peak position, the
generation position of the THz wave in the crystal was calcu-
lated from the generation angle. The circles show the positions
at which conventional CW-seeded is-TPG signals were gener-
ated; the triangles show the positions of pulse-seeded is-TPG
signals. The vertical axis shows the peak positions of THz-wave
generation (i.e., the distances from the entrance to the LiNbO3

crystal). The pulse seed beam power is the peak power. As shown
in Fig. 3(a), the THz-wave generation position shifted to the
front of the crystal (right-hand side of Fig. 1) as the seed beam
power increased. This is because high-power seeding increases
the growth rate of the THz wave and decreases the nonlinear
interaction length required for amplification. The shaded area
in Fig. 3(a) indicates the measured positions of broadband TPG
noise generation. The THz signal from the CW-seeded is-TPG
was generated from the rear of the LiNbO3 crystal (left-hand
side of Fig. 1), nearly identical to the position of broadband
TPG generation. Conversely, the THz signal from the pulse-
seeded is-TPG was generated at the front of the LiNbO3 crystal
(right-hand side of Fig. 1). Therefore, it was possible to spatially
extract either the signal or the noise.

Next, to confirm the noise-free THz-wave output, we used
a notch filter to suppress the THz signal alone; this revealed
whether any weak TPG noise remained at the bottom. The notch
filter was created by mixing 150 mg each of lactose (with a sharp
absorption line at 1.37 THz) and polyethylene (Fig. 4), followed
by pelleting. The filter was 13 mm in diameter and 1.8 mm in

Fig. 4. Absorption spectrum of lactose. Inset shows a notch filter
created using lactose and polyethylene.
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Fig. 5. THz spectra of (a) the conventional is-TPG and (b) the
noise-free is-TPG. Insets show spectra derived after insertion of a
notch filter featuring attenuation of −55 dB at 1.37 THz (a lactose
filter). The x-axis shows the frequencies of the THz waves; the
Stokes detection beam was a near-infrared beam.

thickness; it attenuated a 1.37-THz signal by –55 dB. We set
the pure THz-wave frequency to 1.37 THz and inserted the
notch filter at the focal point of Fig. 2 to attenuate only the THz
signal. THz spectra are required when comparing a THz signal to
broadband TPG noise; they are also required when calculating
signal-to-noise ratios. We used the THz parameter detection
method of Fig. 2; we derived the THz spectra by measuring the
parameters of near-infrared detection Stokes beams upconverted
from the THz waves.

Figure 5 shows the THz spectra of both the conventional
and noise-free is-TPGs. The blue and orange lines are the THz
spectra with and without the 1.37-THz −55 dB notch filter,
respectively. The inset of Fig. 5(a) shows that broadband TPG
noise was evident around the THz signal of the conventional is-
TPG. Based on the parametric gain of LiNbO3, there is usually a
peak at around 2 THz. However, in this case, since the measure-
ment frequency was optimized at around 1.37 THz, the center
frequency of the noise also moved to a lower frequency. In con-
trast, as shown in the inset of Fig. 5(b), no noise was apparent in
the pulse-seeded is-TPG. The THz-wave linewidths of the CW
and pulse-seeded is-TPG were both approximately 4 GHz, as
revealed by scanning Fabry–Pérot interferometry. Considering
the limited resolution (approximately 20 GHz) of the spectrom-
eter (S150-I-3648; Solar Laser Systems, Harrietsham, UK), the
linewidths of the THz waves of Figs. 5(a) and 5(b) are broadened.
No broadband TPG noise was observed, despite reduction of the
THz signal to –95 dB (Fig. 6). Thus, the signal-to-noise ratio was
55 dB for the conventional is-TPG but more than 95 dB for the
pulse-seeded is-TPG. The –90 dB and –95 dB filters were created
by changing the lactose concentration of the notch filter shown in
Fig. 4 to ratios of 95% and 100%, respectively. We also evaluated
stability when THz spectrometry was combined with THz para-
metric detection (i.e., the stability of the Stokes detection beam).
When we directly measured the THz-wave output from the is-
TPG using a THz pyroelectric detector, there was no difference
in stability between CW seeding and pulse seeding, which were
around 1%; however, when the THz waves were attenuated more

Fig. 6. THz spectrum of the noise-free is-TPG after insertion of a
high-attenuation notch filter. No noise was observed, even at 95 dB
of attenuation.

than –55 dB and detected by a THz parametric detector, a differ-
ence in stability was observed. The relative standard deviation
stabilities were 7.0% for the conventional is-TPG and 1.7% for
the pulse-seeded is-TPG. Parametric detection evaluates non-
linear optical effects; when impure THz waves are injected,
stability deteriorates because of between-wavelength gain com-
petition. However, we avoided this by suppressing noise; thus,
the stability was much higher than when using the conventional
is-TPG.

We achieved pure THz-wave generation using an is-TPG. In
conventional is-TPG, broadband TPG noise and the THz signal
are generated at the same position; thus, the THz-wave output
contains a small amount of noise. We isolated the THz signal via
high-power injection seeding; we extracted the THz signal by
optimizing the position of the Si-prism coupler. The noise-free
is-TPG performed better and was more stable than the conven-
tional is-TPG. Our work will find applications in industry where
high-precision quantitative measurements are required; it will
also be useful in basic research concerning pure, high-intensity,
widely tunable THz waves.
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