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Abstract— Here, we introduce an injection-seeded terahertz 

(THz)-wave parametric generator (is-TPG) spectroscopic system 
and its application to nondestructive inspection through a 
packaging material with high attenuation. Recent technological 
innovations have dramatically improved is-TPG output. 
Combined with THz parametric detection, whereby detection is 
performed in the reverse process of generation, a spectrometer 
with an extremely high dynamic range has been achieved. THz 
spectroscopic imaging has enabled the previously difficult 
visualization of substance spatial distributions, even through thick 
packaging materials. Moreover, the introduction of machine 
learning has improved the accuracy of identification. High-speed 
wavelength tuning and multi-wavelength generation enable real-
time acquisition of sample information and real-time identification 
by image recognition, thus broadening the range of applicability 
of the is-TPG. Additionally, detection sensitivity has improved to 
a level of < 1 aJ through multi-stage THz parametric detection. 
The system combining is-TPG and THz parametric detection now 
exhibits a dynamic range of 125 dB, enabling imaging through 
thick, high scattering materials with an attenuation factor of −100 
dB; to our knowledge, such measurements are difficult to achieve 
with other THz-wave systems. 
 
Index Terms— Terahertz wave parametric generator, Terahertz 
radiation, Nondestructive testing, Nonlinear optics, Machine 
learning. 
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I. INTRODUCTION 
he expected applications of terahertz (THz) waves 
include nondestructive testing through packaging 
materials. Specifically, 1–2 THz is the region where 
chemical compounds show fingerprint spectra while 

retaining moderate transmittance through typical packaging 
materials such as paper, fabrics, plastics, and leather. Spectra in 
the THz range are associated with characteristics such as 
molecular rotation, vibrational motion, and phonon modes, 

 
 

contributing to the identification of samples (e.g., illicit drugs, 
explosives, and pharmaceuticals) and familiar items (e.g., 
sugars, amino acids, and vitamins) [1–9]. Moreover, there is 
increasing demand for THz-wave nondestructive testing 
through packaging materials; applications include illicit drug 
testing at customs, prescription drug testing at hospitals, quality 
control at factories, and inspection of explosives and other 
hazardous materials at various gates [10–12]. Although shield-
mediated THz spectroscopy system-based imaging and 
spectroscopic identification have been described [13–16], time-
domain spectroscopy is often inappropriate for practical 
applications because of the inevitable packaging material 
related effects of strong absorption, multiple reflections, and 
scattering. Thus, for practical applications, spectroscopy with a 
widely tunable THz source is preferred to overcome the effects 
of packaging materials. 
Among the many THz-wave generation techniques, the 
development of THz parametric sources has been pursued as a 
widely tunable and coherent source. Around the year 1970, 
researchers from Stanford University reported the first 
successful attempt at THz parametric generation [17, 18]. 
Although they achieved higher conversion efficiency than had 
been reported via difference frequency generation, the 
extraction efficiency of THz-waves from the LiNbO3 crystal 
was poor because the crystal absorbed THz-waves; thus, 
sufficient output was not obtained. Accordingly, this 
technology was forgotten for many years. However, an efficient 
extraction method that involved introducing a monolithic 
grating coupler to a THz-wave parametric oscillator (TPO) was 
reported in the 1990s [19]. During the 2000s, an injection-
seeded THz-wave parametric generator (is-TPG) was 
developed [20]; this system does not require a resonator 
structure to generate intense THz-waves. In the 2010s, a 
microchip Nd:YAG laser [21] was introduced as a pumping 
source for the is-TPG, leading to a significant increase in output 
power [22]. The use of microchip lasers has also facilitated 
increases in is-TPG output power, along with technological 
innovations such as multi-wavelength generation [23] and 
parametric detection/amplification [24–27]. There have been 
numerous developments in THz parametric 
generation/detection, such as compact backward oscillators 
involving a quasi-phase-matching crystal [28–30], 
generation/detection at > 5 THz using a KTP crystal [31, 32], a 
THz-wave parametric oscillator using THz-wave resonance 
inside a thin crystal [33], an intracavity-type THz-wave 
parametric oscillator [33, 35], a parametric source involving a 
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high repetition rate laser [35, 37], achievement of high power 
by the pulsed injection seed beam [38], achievement of high 
efficiency through a cascade process [39], and parametric 
detection using a femtosecond pump laser [40]. Concurrently, 
extensive theoretical studies have validated the operating and 
optimization principles of THz parametric generation and 
detection [41, 42]. 

An is-TPG involving an MgO:LiNbO3 crystal (i.e., the 
LiNbO3 crystal) has demonstrated high peak power output, 
Fourier limit linewidth, and wide tunability that includes the 
bandwidth important for nondestructive testing [43]. Because 
this approach also allows ultra-sensitive THz-wave detection 
[25], it is appropriate for nondestructive testing applications 
over highly attenuated packaging materials with high scattering 
properties. In this paper, we describe the development and 
recent evolution of microchip Nd:YAG laser-pumped is-TPG 
systems and THz parametric detection, along with progress in 
nondestructive testing techniques that use this technology. 

II. THZ PARAMETRIC GENERATION AND DETECTION 
When an intense laser beam pumps a nonlinear optical 

crystal, a near-infrared (NIR) beam (Stokes or idler beam) and 
a THz-wave (signal beam) are generated. These phenomena are 
caused by polariton-related stimulated Raman scattering, which 
results from coupling between the phonons and the THz-wave 
[44, 45]. Stimulated Raman scattering is observed in polar 
crystals such as LiNbO3, LiTaO3, and GaP. Among these 
examples [46, 47], LiNbO3 crystals are most appropriate for use 
in an is-TPG because they are transparent over the visible-to-
NIR range and have a high damage threshold, along with a high 
parametric gain. In THz parametric generation, the energy 
conservation law ωp = ωs + ωt and the momentum conservation 
law kp = ks + kt are satisfied among the pump beam (ωp), the 
Stokes (idler) beam (ωs), and the THz-wave (ωt). The Stokes 
beam and THz-wave are generated at angles that satisfy the 
non-collinear phase-matching condition. However, as shown in 
Fig. 1(a), broadband and weak THz-waves are generated when 
only the pump beam is incident on the crystal; this phenomenon 
is referred to as THz-wave parametric generation (TPG).  

  In contrast, as shown in Fig. 1(b), TPG with external 
injection seeding to the Stokes beam is called an injection-
seeded THz-wave parametric generator (is-TPG). When the 
wavelength and angle of the seed beam satisfy the non-collinear 
phase-matching condition, only the Stokes beam of identical 
wavelength is amplified; the THz-wave generated in 
conjunction with the Stokes beam becomes narrower and more 
powerful [43]. Notably, the pump beam, seed beam, and THz-
wave are all single longitudinal modes. When the wavelength 
and angle of the injected seed beam are controlled, the THz 
wavelength can also be controlled; this control results in wide 
tunability. A 4f achromatic optical system, comprising a 
diffraction grating and two lenses, has been the most commonly 
used system for automatic control of the angle of the injected 
seed beam [48]. In this optical system, the incident angle is 
altered by the diffraction grating in accordance with changes in 
seed wavelength; the phase-matching angle is automatically 
approximately satisfied. The tuning range of the is-TPG is 
mainly limited by the reduction in parametric gain on the low-
frequency side and by crystal absorption loss on the high-
frequency side. The low-frequency side is improved by 
increasing the pump beam intensity and diameter, whereas the 
high-frequency side is improved by shallow total reflection of 
the pump beam at the THz-wave exit y-surface of the crystal; 
these changes result in wide tunability from 0.4 to 5 THz [49, 
50]. 
Next, we discuss the pump laser for the is-TPG. When the is-
TPG was first developed, a single longitudinal mode Nd:YAG 
laser with a pulse width of approximately 15 ns was used as the 
pump [20]. However, at that pulse width, the gain of stimulated 
Brillouin scattering was approximately 1000-fold larger than 
the gain of stimulated Raman scattering in a LiNbO3 crystal; 
this difference led to the substantial reduction of THz-wave 
generation efficiency [51]. The conversion efficiency was 
measured as a function of the pump pulse width. A conversion 
efficiency of approximately 10−7 was obtained with a pulse 
width of 15 ns; however, a conversion efficiency of 
approximately 10−4, which is near the Manley–Rowe limit, was 
achieved in the region of several hundred ps or less, where 
stimulated Brillouin scattering (which reaches a steady state in 
approximately 1.5 ns) does not affect conversion efficiency. 
Notably, if the pulse width becomes insufficient, the linewidth 
increases and the brightness of the THz-wave decreases 
because of the Fourier limit. Therefore, the introduction of a 
single-longitudinal-mode microchip Nd:YAG laser, which 
provides an intense pump pulse with an approximately 500-ps 
pulse width, has enabled the generation of high-brightness THz-
waves with a narrow linewidth; this approach involves 
maximizing the gain in stimulated Raman scattering (i.e., 
induced polariton scattering) while suppressing stimulated 
Brillouin scattering. With the introduction of this laser and its 
amplification technology, peak THz-wave output has reached 
approximately 100 kW [22], whereas the previous output was 
approximately 300 mW. Additionally, the microchip Nd:YAG 
laser is a tiny laser that integrates the cavity and laser medium, 
thus contributing to miniaturization of the entire experimental 
system. Furthermore, semiconductor laser pumping and passive 
Q-switching of the microchip Nd:YAG laser have advantages 

Fig. 1. (a) Terahertz (THz) parametric generation (TPG), 
(b) injection-seeded THz parametric generation (is-TPG), 
and (c) THz parametric detection and amplification. NIR: 
near-infrared.  
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over conventional flashlamp-pumped Nd:YAG lasers, such as 
high stability.  
  THz-wave parametric detection [24] and amplification [26] 
can also be achieved as shown in Fig. 1(c), using THz-waves as 
an injection seed. The TPG-generated broadband Stokes beam 
is narrowed and increased in power (this comprises the 
detection Stokes beam); the injected THz-wave is amplified. In 
this context, the observation of the detection Stokes beam 
constitutes the THz-wave parametric detection method, 
whereby THz-waves are upconverted to an NIR beam using the 
inverse process of the is-TPG. This method allows the use of 
highly sensitive NIR detectors such as pyroelectric detectors, 
photodetectors, and image sensors for the detection Stokes 
beam; moreover, the high parametric gain of the LiNbO3 crystal 
can be utilized on the detection side. Accordingly, THz 
parametric detection can be conducted at room temperature 
with sensitivity that is several orders of magnitude higher than 
the sensitivity achieved during direct detection of THz-waves 
with a cryogenic Si bolometer. Additionally, although the non-
collinear phase-matching condition must be satisfied similar to 
the generation method, the THz-wave incident angle tolerance 
on the detection side is large because the THz wavelength is 
much longer than the wavelength of the pump beam, and the 
detection area is wide; thus, it is highly practical. The THz 
wavelength can be identified from the generation angle of the 
detection Stokes beam. Therefore, image sensor-mediated 
observation of the detection Stokes beam allows simultaneous 
measurement of the wavelength and intensity of the THz-wave; 
these characteristics are also highly practical. 

III. SPECTROSCOPIC MEASUREMENT SYSTEM USING IS-TPG 
Figure 2 shows the developed THz spectroscopic system that 
comprises an is-TPG and a THz parametric detector [52]. The 
pump beam from a microchip Nd:YAG laser is amplified to 
approximately 20 mJ by a Nd:YAG amplifier. The amplified 
beam is then split by a beam splitter into two parts for THz-
wave generation and detection; it is subsequently injected into 
each LiNbO3 crystal. The main injection seeding source is a 
continuous-wave external cavity laser diode (ECLD), which is 
injected into the crystal through achromatic optical setup after 
its intensity has been increased to several hundred mW with an 
optical amplifier. The THz-wave generated by the LiNbO3 
crystal is transmitted through the sample, upconverted to a 
detection Stokes beam by the detection crystal, and then 
observed using an NIR detector. Because the position of the 
detection Stokes beam changes according to THz wavelength 
as described above, it can be measured with a pyroelectric 
detector on an automated linear stage. 
 An example of the power spectrum obtained by this system is 
shown in the inset of Fig. 2. Because THz parametric detection 
is a nonlinear process, the intensity of the detection Stokes 
beam does not vary in a linear manner according to incident 
THz-wave intensity. Thus, the dynamic range of the THz-wave 
cannot be directly determined from the range of the detection 
Stokes beam. Here, an attenuator is inserted into the optical path 
of the THz-wave; the power spectrum is measured at each 
attenuation level, and the dynamic range is obtained from the 
attenuation level that reaches the noise level. In the example 
shown in the inset of Fig. 2, the maximum dynamic range is > 

80 dB. Note that the maximum dynamic range of the 
experimentally confirmed is-TPG generation/detection system 
is 125 dB, as described below [25]. Compared with THz–time-
domain spectroscopy, the positional tolerance of the THz-wave 
incident on the LiNbO3 crystal (Si prism) of the detector is on 
the millimeter scale, and the frequency information of the THz-
wave can be directly measured without Fourier transform; thus, 
it is appropriate for spectroscopic measurements through thick 
packaging materials where multiple reflections and scattering 
occur. Indeed, we have reported imaging of the spatial 
distribution of saccharides through multi-layered thick 
packaging materials (e.g., cardboard, bubble wrap, and thick 
envelopes) that exhibited attenuation rates greater than −60 dB 
[53], along with three-dimensional computed tomography 
imaging of hard plastic products that exhibited high attenuation 
[54]. 

IV. CHEMICAL COMPOUNDS IDENTIFICATION  
WITH MACHINE LEARNING 

 Although is-TPG measurement systems have demonstrated 
sufficient performance, as discussed above, analysis methods 
for sample identification require further improvement. A 
previous study used a identification method based on simple 
regression analysis with matrix operations [11, 53]. Although 
this method exhibited high accuracy for discriminating samples 
under specific packaging materials that were assumed in 
advance, it was insufficient for unknown packaging materials 
or noisy data. Real-world applications require the ability to 
discriminate samples hidden by diverse packaging materials.  
 In this study, we introduced machine learning analysis for is-
TPG measurements to detect and identify hidden samples. The 
method we used in previous studies [11, 53] also constitutes a 
type of machine learning; however, identification thresholds 

Fig. 2. Spectroscopy system combining is-TPG and THz 
parametric detector. Upper left inset shows representative 
power spectrum and dynamic range measurements. CW: 
continuous wave; ECLD: external cavity laser diode; 
HWP: half-wave plate; PBS: polarizing beam splitter. 
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must be established. Thus, these earlier attempts are distinct 
from the methods proposed here. 
  Machine learning is widely used for material identification 
and quantitative testing; it is also attracting attention as a 
method for sample identification via THz spectroscopy [55–61]. 
However, the identification usually involves a sample or barrier 
material for which the algorithm has already received training. 
In this study, we developed a versatile system that can 
discriminate saccharides through various packaging materials 
using is-TPG spectroscopy with machine learning methods 
[62]. 
 The experimental system is equivalent to the system shown in 
Fig. 2, but the methods for sample processing and data 
management differ. The machine learning algorithms learn 
patterns by analyzing large amounts of data. We measured 
samples of three sugars (maltose, glucose, and lactose) that 
were masked by several packaging materials with different 
attenuation rates; we obtained a total of 852 spectra. After 
training the machine with a large number of spectra, which 
exhibited low-to-high attenuation, we could discriminate 
among samples concealed by unknown packaging materials. 
We compared the discrimination accuracies of three machine 
learning methods: support vector machine [63, 64], k-nearest 
neighbor [65], and random forest [66]. These methods are 
widely used for easy classification; see References for more 
information. 
 The saccharides identification results through the trained and 
untrained packaging materials are shown in the upper and lower 
parts of Table 1, respectively. Through the trained packaging 
materials, all methods identified the saccharides with nearly 
100% accuracy. Thus, we confirmed that the spectroscopic 
system could discriminate saccharides through the trained 
packaging materials. Through the low-attenuation untrained 
packaging materials, all learning methods achieved 100% 
accuracy. Through the high-attenuation untrained packaging 
materials, the support vector machine, k-nearest neighbor, and 
random forest algorithms achieved respective accuracies of 
88.9%, 77.8%, and 80.0%. Although the spectra obtained 
through the high-attenuation packaging materials were near the 
noise level and the original spectral shape was not maintained 
as shown in Fig. 4(a), an accuracy of 88.9% was achieved; this 
representative result demonstrated the advantages of machine 
learning. Furthermore, a single system could discriminate 

samples, even with > 2 unknown types of packaging materials 
that had significantly different attenuation rates; this finding 
confirms the versatility of the system. Thus, machine learning 
techniques are expected to significantly contribute to the 
development of future applications. Additionally, although the 
optimal method may vary according to the training data 
quantity, learning conditions, and other factors, the support 
vector machine method was effective under the conditions of 
the present study. 
Next, spectroscopic imaging was performed using the proposed 
system. A sample concealed by high-attenuation packaging 
materials, as shown in Fig. 3(a), was placed at the THz focal 
point and raster-scanned using an X-Y stage with a spatial 
resolution of approximately 1 mm. Seven frequencies were 
used, all of which had the highest contribution ratios according 
to random forest analysis. Preliminary analyses confirmed that 
the accuracy was only degraded by a few percent, even with 
seven frequencies. The spectrum at each point was identified by 
support vector machine analysis. The results were displayed as 
individual pixel values, then superimposed on a photograph of 
the sample, as shown in Fig. 3(b). The saccharides distribution 
could be visualized, even through packaging materials with 
higher attenuation than previously attempted. 

V. HIGH-SPEED SPECTROSCOPY USING AN IS-TPG 
The is-TPG-based spectroscopic measurement method is 
described above. Because the is-TPG is a tunable source, the 
measurement time necessary for spectroscopy analysis was 
problematic. The measurement time can be significantly 
reduced if the THz wavelength can be tuned at a high speed; 
thus, we explored techniques to enable high-speed tuning of the 
injection seed. A commercially available ECLD, used as a seed 
source in conventional is-TPG, is incapable of rapidly changes 
in wavelength. High-speed spectroscopy involving a vertical-
cavity surface-emitting laser as a seed source has also been 
reported [67], but discrete wavelength switching is difficult. 

Fig. 3. (a) Packaging materials and saccharide samples 
used for spectroscopic imaging measurements. 
Saccharides were sandwiched between four types of 
packaging materials that attenuated the THz-wave to −65 
dB at 1.5 THz. (b) Spatial distributions of saccharides 
identified by machine learning. 

TABLE I 
DISCRIMINATION ACCURACY FOR VARIOUS 

SAMPLES. 

SVM: support vector machine; kNN: k-nearest neighbor; 
RF: random forest. 
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Therefore, we developed an ECLD with a digital micromirror 
device (DMD) as a wavelength selection mechanism [68, 69] to 
construct an is-TPG that can switch THz wavelengths at high 
speed.  
 Generally, an ECLD selects a wavelength based on the angle 
of a mirror or diffraction grating. In our system, we used a DMD 
for this purpose [70]. In our setup, the light from the laser diode 
is diffracted by the grating and focused onto the DMD. Upon 
diffracted light input into the DMD, the oscillation wavelength 
can be selected by tilting the micromirrors in an appropriate 
manner. We used a ring cavity as the resonator to suppress 
spatial hole burning and achieve stable oscillation. Furthermore, 
because there is no amplified spontaneous emission from the 
laser diode, the ring cavity aspect of our system facilitates 
amplified spontaneous emission (ASE)-free, high signal-to-
noise (S/N) ratio output. Thus, only a wavelength-selected 
beam can be output from the apparatus. For the DMD, we used 
a DLP4500NIR system (Texas Instruments, Inc.) controlled 
with an AJD-4500 controller (Ajile Light Industries) that allows 
for DMD operation up to 6 kHz. The tunability of this laser 
matches the speed of the DMD, confirming its proper operation 
as an injection seed for the is-TPG.  
We measured the detection Stokes beam using an NIR camera 
as the THz wavelength was switched up to 17 wavelengths. 
Data for all wavelengths were obtained in one shot by adjusting 
the exposure time of the NIR camera according to the number 
of wavelengths. Figure 4(a) and 4(b) shows successful 
measurement of 10 and 17 wavelengths, respectively, during 
high-speed switching. As the number of wavelengths increased, 
the camera exposure time also increased, thus reducing the 
measurement rate. Although adjacent wavelengths overlapped 
among the 17 wavelengths, this overlap was not problematic 
during sample insertion because the image could be identified 
by machine learning (e.g., Fig. 4(c)). 
 Real-time measurement using the developed system was 
demonstrated with five-wavelength switching, as shown in Fig. 
5. Five substances (maltose, Al(OH)3, glucose, fructose, and 

lactose) in a cardboard box were spectrometrically measured by 
switching among the five frequencies indicated by red lines in 
Fig. 5. The detection Stokes beam near the absorption line 
weakened upon sample insertion, and spectroscopy at the video 
rate was achieved [71]. If a pump laser with a higher repetition 
rate becomes available, real-time spectroscopy with a larger 
number of wavelengths will be possible. 

VI. ONE-SHOT SPECTROSCOPY  
WITH A MULTI-WAVELENGTH IS-TPG 

 Next, we describe real-time spectroscopy with a multi-
wavelength is-TPG. Although the fast wavelength switching 
described above can shorten the spectroscopy time, the 
measurement rate decreases as the number of wavelengths 
increases. If multiple wavelengths can be output simultaneously, 
real-time spectroscopy can be performed without decreasing the 
measurement rate; this capability is expected to expand the 
range of applications. 
The general framework of the experimental system is 
equivalent to the system shown in Fig. 2(a); thus, the schematic 
diagram of Fig. 6 only shows parts that are important for multi-
wavelength generation. The key step in the process comprises 
simultaneous input of the multi-wavelength seed beams into the 
LiNbO3 crystal for multi-wavelength THz-wave generation. 
However, no commercially available continuous wave lasers 
can simultaneously generate multiple wavelengths near 1.07 
μm. Therefore, we studied methos of multi-wavelength 

Fig. 4. Detection Stokes beams when (a) 10 wavelengths 
were switched from 1.20 THz to 1.77 THz, (b) 17 
wavelengths were switched from 1.27 THz to 1.77 THz, 
and (c) maltose was inserted into the THz path during 
switching among 17 wavelengths. 

Fig. 5. Real-time measurement of each substance hidden in 
a cardboard box. (a–e) Detection Stokes beam with samples 
in  serted into THz path (upper figures), along with 
reference spectra of each sample obtained by the is-TPG 
(lower figures) for (a) maltose, (b) Al(OH)3, (c) glucose, (d) 
fructose, and (e) lactose. (f) Detection Stokes beam without 
samples. 
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generation via four-wave mixing inside of  an amplifier [23] or 
through the use of an ECLD combined with a DMD [72]. 
 Here, we report the experimental results of combining multiple 
ECLDs. Because spectral discrimination can be achieved when 
the number of wavelengths is equal to the number of absorption 
peaks of the test sample, light from five ECLDs was combined 
with a fiber coupler, amplified, and used as injection seeds in 
this context. In THz parametric detection of multi-wavelength 
THz-waves, the detection Stokes beam of each wavelength is 
emitted at a different angle according to the non-collinear 
phase-matching condition. Camera-based observations of these 
detection Stokes beams enable simultaneous collection of data 
regarding all wavelengths, as shown in Fig. 6 (right). Changes 
according to absorption peaks are obtained in a concurrent 
manner during sample insertion, indicating successful real-time 
spectroscopy measurement. 
 We investigated the possibility of using the described multi-
wavelength spectroscopy system for THz tag measurement. A 
THz tag is a barcode that is read by THz-waves, even through 
packaging materials; thus, it differs from existing barcodes and 
tags. Various types of THz tags have been proposed [73–75]. 

Here, we offer a method for obtaining information from a 
sequence of pellets. In our approach, the detection Stokes 
beams from the multi-wavelength is-TPG are captured by a 
camera; the pellets are identified in real time by image 
recognition via machine learning. Ideally, many substances 
would be aligned to provide sufficient information in the form 
of a tag; here, three types of substances were measured 
sequentially as a simple analysis. We measured the pellets of 
aluminum hydroxide (chemical A), lactose (chemical B), and 
maltose (chemical C), as shown in Fig. 7(a). Pellets were 
identified through natural leather (thickness: 2.5 mm) with 
attenuation of approximately −40 dB at 1.2 THz. Using a 
uniaxial stage, we moved the pellets in the direction indicated 
by the arrow. Three frequencies were selected based on the 
absorption peak of each sample. As shown in Fig. 7(b), we 
collected screenshots from a video that showed the timing of 
measurement for each pellet. Figure 7(c) shows the results of 
real-time identification via machine learning. The pellets were 
identified in real time, along with the correct order of pellets; 
these findings demonstrated the utility of using machine 
learning for multi-wavelength measurements [60]. 

VII. MULTI-STAGE THZ PARAMETRIC DETECTION  
Next, we describe a method for increasing the sensitivity of 
THz parametric detection. Our THz parametric detection 
method involves using nonlinear optical parametric wavelength 
conversion. This approach enables highly sensitive detection 
over a wide wavelength range, even at room temperature. To 
improve detection sensitivity, the parametric gain must be 
increased; this is usually achieved by increasing the pump beam 
intensity or crystal length [76]. However, the broadband Stokes 
beam (i.e., broadband noise) generated by spontaneous 
parametric down-conversion (i.e., optical or THz parametric 
generation) increases along with the parametric gain [22]. 
Therefore, the detection sensitivity decreases because the 
detection Stokes beam is masked by the broadband noise 
produced. Further improvements in detection sensitivity require 
enhancement of parametric gain and simultaneous elimination 
of broadband noise. Thus, we attempted to improve the 
detection sensitivity by separating the THz parametric detector 
into multiple stages using multiple LiNbO3 crystals; we 
spatially eliminated broadband noise by using an iris between 
each stage.  
Figure 8 shows the high-dynamic-range THz-wave 
measurement system involving a multi-stage THz parametric 
detector. In the conventional system, THz-waves were detected 

Fig. 6. Real-time spectrometer using a multi-wavelength is-TPG and changes in the detection Stokes beam during measurement 
of sugars. 

Fig. 7. Real-time identification of pellet sample. (a) View 
of measurement setup. (b) Detection Stokes beam for each 
pellet. (c) Results of real-time identification via machine 
learning. 
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using a single crystal (“Up-conversion part” in the figure); the 
input THz-wave injected into the crystal would have been 
detected by an NIR detector after up-conversion to a detection 
Stokes beam. In the present system, this process is divided into 
two or three stages, as shown in Fig. 8. In the first stage, the 
THz-wave is converted into a detection Stokes beam using 
LiNbO3 crystals. Because of the non-collinear phase-matching 
conditions, the generation angle of this detection Stokes beam 
depends on its frequency. Specifically, the generation angle of 
the detection Stokes beam generated by the single-frequency-
input THz-wave differs from the generation angle of broadband 
noise; thus, the two waves can be separated in a spatial manner. 
Accordingly, only the detection Stokes beam is extracted by the 
iris; the beam is then injected into “Amplification part 1” and 
“Amplification part 2” (Fig. 8). Because only the detection 
Stokes beam is amplified in the latter stages, the gain can be 
increased during suppression of broadband noise. 
  For precise measurement of detection sensitivity, the input 
THz-wave energy must be correctly calibrated. Thus, the input 
THz-wave energy was calibrated while cross-checking using 
two pyroelectric detectors (THZ5I-MT-BNC; Gentec Electro-
Optics; and THz 20; SLT Sensor und Lasertechnik). Then, the 
calibrated variable THz attenuator (three sets of TFA-4; 
Microtech Instruments, Inc) was inserted into the optical path 
of the input THz-wave to modify the energy. The minimum 
detection sensitivity and dynamic range were confirmed by the 
input THz-wave energy when the detection Stokes beam 
reached the noise level. When the THz-wave was blocked, the 
noise level was measured at each frequency. During this 
measurement, the intensity of the detection Stokes beam was 
determined by a beam profiler. 
First, we attempted two-stage THz parametric detection using 
Amplification part 1. To determine the minimum detectable 
sensitivity, the intensity of the detection Stokes beam was 
measured upon alteration of the input THz-wave energy 
(frequency 1.05 THz). The results measured by the two-stage 
detector were compared with the results obtained by the 
conventional method using a single stage; here, “single stage” 
refers to the up-conversion part. As shown in Fig. 9(a), the 
minimum detectable sensitivity using a single stage was 1.3 aJ, 

consistent with the sensitivity reported by other groups; thus, 
the resulting value is regarded as the lower limit of the method 
using a single stage. Notably, the minimum detectable 
sensitivity using the multi-stage method was 130 zJ (= 10−21 J); 
this constituted an improvement of 10 dB, compared with the 
sensitivity achieved using a single stage. 
 Similar measurements were conducted for the other 
frequencies of 0.61, 0.79, 1.25, 1.50, and 2.0 THz. Figure 9(b) 
shows the frequency dependence of the minimum detectable 
energy. In this graph, the wavelength of the detection Stokes 
beam is shown on the upper axis, and the corresponding 
frequency of the THz-wave is shown on the lower axis. The 
minimum detectable sensitivity was optimized at 1.05 THz. In 
the low-frequency range, the minimum detectable sensitivity 
decreased because of the lower parametric gain. Conversely, in 
the high-frequency region, the minimum detectable sensitivity 
decreased as the frequency of the broadband noise overlapped 
the frequency of the detection Stokes beam. Based on these 
results, the minimum detectable sensitivity was optimized near 
1 THz because of the balance between the parametric gain and 
noise. 
The results were used to estimate the detection limit of THz 
photons. The energy per photon at 1.05 THz was approximately 
0.6 zJ; a 130-zJ detection limit corresponds to approximately 
217 photons. Furthermore, Fresnel losses occur at the interface 

Fig. 8. High-dynamic-range THz measurement system 
involving multi-stage THz parametric detection and the is-
TPG. 

Fig. 9. (a) Input–output characteristics of two-stage THz-
parametric detector at 1.05 THz. (b) Frequency dependence 
of minimum detectable energy. Wavelength of detection 
Stokes beam is shown on upper axis; corresponding 
frequency of THz-wave is shown on lower axis. 
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of the Si-prism and LiNbO3, whereas absorption losses occur 
inside the LiNbO3 crystal. Considering these losses, the 
detection limit was < 90 photons [25]. 
  Although high-sensitivity detection was achieved, there were 
two problems. First, the change in the detection Stokes beam 
was smaller after amplification part 2 than after only the up-
conversion part, as shown in Fig. 9(a) (i.e., linearity 
deteriorated). Second, the noise level of the detection Stokes 
beam was higher. These problems were caused by increasing 
the pump intensity and the gain during two-stage parametric 
detection to enhance the detection sensitivity. To solve these 
problems, we considered increasing the number of detection 
sections to three stages. Distribution of the necessary gain 
among three stages can facilitate reductions of the pump 
intensity and the gain at each crystal. These changes would 
improve detector linearity and suppress unnecessary broadband 
noise related to spontaneous parametric down-conversion.  
   The experimental results of the three-stage parametric 
amplification are described below; the schematic diagram of the 
experimental system is shown in Fig. 8. Only the signal beam 
was extracted by an iris from the detection Stokes beam 
amplified in the second stage, then injected into the LiNbO3 
crystal in the third stage. The THz-wave source was a pulse-
synchronized is-TPG, with a frequency of 1.05 THz. The 
measured detection sensitivity is shown in Fig. 10. The 
calibrated THz-wave was used as the input, which decayed 
using a calibrated attenuator; the minimum detection sensitivity 
was set to the input level at which the detection Stokes beam 
change was lost. To determine the dynamic range of the 
measurement system combined with the is-TPG, the attenuation 
ratio for the maximum input was set to 0 dB, as shown at the 
top of the graph.  
 The detection sensitivity and dynamic range measurement 
results for two-stage detection, measured with an identical setup, 
are also shown in Fig. 10. The pump intensity was set to achieve 
the highest sensitivity in each setup. The change in the detection 
Stokes beam was larger in the three-stage configuration than in 
the two-stage configuration; additionally, the linearity 
improved in the three-stage configuration, and the noise level 

was reduced. However, there was no difference in the minimum 
detection sensitivity, and the sensitivity was very high (< 135 
zJ). Notably, the differences between the two-stage 
configuration graphs in Figs. 9 and 10 are related to a change in 
alignment. 
Similar measurements were performed at other frequencies, and 
the frequency dependences of detection sensitivity were nearly 
equivalent to the dependence shown in Fig. 9(b). The frequency 
dependences over the dynamic range of the measurement 
system, combined with the is-TPG, are shown in Fig. 11; the 
results with two-stage detection are shown as white circles. A 
high dynamic range of more than 100 dB was obtained over a 
wide bandwidth, indicating that this system is ideal for 
measurement applications.  
Next, we performed imaging through a packaging material 
using this system, considering its extremely high dynamic range. 
First, we report imaging at a single frequency of 1.05 THz, 
which has the highest dynamic range. The imaging targets were 
scissors and a key, as shown in Fig. 12(a). The scissors were 

Fig. 10. Detection sensitivity measurement results for two- 
and three-stage THz parametric detection. To confirm the 
dynamic range as a measurement system combined with the 
is-TPG, we also showed the attenuation factor when 
maximum input is set to 0 dB. 

Fig. 12. THz imaging through packaging materials with −90 
dB to −100 dB attenuation: (a) metal targets and (b) imaging 
results. 

+ 90 sheets of copy paper
-90 dB(1.05 THz)

(a) Measured targets (b) Imaging results

+3 sheets of leather + 
corrugated cardboard + 
synthetic leather                   
-100 dB(1.05 THz)

Fig. 11. Frequency dependences over the dynamic range of 
the system comprising three-stage THz parametric detection 
and the is-TPG. Frequencies measured with three-stage 
parametric detection are indicated by black circles, whereas 
frequencies measured with two-stage parametric detection 
are indicated by white circles. 
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hidden by 90 sheets of copy paper (−90 dB attenuation in total) 
and the key was hidden by 3 sheets of genuine leather + 
cardboard + synthetic leather (−100 dB attenuation in total). As 
shown in Fig. 12(b), the simple packaging materials of copy 
paper did not significantly affect the image quality; noise was 
slightly greater when imaging was conducted through multi-
layered packaging materials with cardboard and leather. 
However, imaging was possible despite the use of complex 
packaging materials, demonstrating the strength and sensitivity 
of this measurement system for hidden objects. 
Next, we describe the spectroscopic imaging using this system. 
The packaging materials used for spectroscopic imaging had a 
maximum attenuation of approximately 60 dB at 1.5 THz. 
Considering the absorption characteristics of substance 
themselves, it has been difficult to perform measurements with 
packaging materials that exhibit even higher attenuation. Here, 
we attempted spectroscopic imaging through a hidden object 
with higher attenuation, with the goal of exploiting the high 
dynamic range achieved in this study. As shown in Fig. 13(a), 
we prepared two types of packaging materials with nearly 
identical attenuation characteristics of −82 dB at 1.39 THz: 1) 
55 sheets of copy paper; and 2) packaging materials comprising 
4 sheets of cardboard, 2 sheets of cotton sheet, and 4 sheets of 
bubble wrap. The copy paper constitutes simple packaging 
materials with no structure; the composite packaging materials 
is a realistic arrangement with variable structure. Moreover, the 
copy paper has slightly lower attenuation in the low-frequency 
range. Four substance powders (a mixture of lactose and 
Al(OH)3, maltose, lactose, and Al(OH)3) were sealed in plastic 
bags at thicknesses of approximately 1 mm, then arranged in 
the order shown in Fig. 13(b). These substance have the 
absorption spectra shown in Fig. 13(c). Measurement 
frequencies (red lines) were selected according to the 
absorption peaks of each substance. 
  Here, we describe a method for analysis of spectroscopic 
images. Although we also reported a machine learning-based 
identification method in this paper, we used a conventional 
method (component spatial pattern analysis) [11, 53] for 
identification because only four measurement frequencies were 
used. This approach also allowed us to compare these results 
with spectroscopic imaging results obtained by using this 
conventional method in the p ast. In this identification method, 
the matrix [X] of the acquired image is the product of the 
reference spectrum [S] and the spatial pattern [C] of each 
substance: 

[X] = [S][C] .       (1) 
 

Solving for [C] reveals the spatial distributions of the 
substances. Here, a large amount of training data is unnecessary, 
in contrast to the amount required for machine learning. The 
spatial pattern/distribution of each substance can be easily 
imaged for target identification because the pixel values are 
output as continuous values, rather than 0 or 1. However, this 
identification method requires the establishment of threshold 
values according to the type of packaging materials; thus, it 
should be used in a manner that is separate from the machine 
learning identification method, depending on the application.  
 Figure 14(a) and (b) shows the spectroscopic imaging results 
through the copy paper and the composite packaging materials, 

respectively; the results are normalized according to the 
maximum and minimum values in the images. Each sample is 
identified, and the substance mixture in the upper left is 
correctly identified in both “Lactose” and “Al(OH)3” images. 
As shown in Fig. 14(a), the edges were little bit cleanly imaged 
through the copy paper packaging materials with low 
scattering; however, imaging was also possible with nearly 

Fig. 13. Samples used for spectroscopic imaging. (a) The 
two packaging material types used, (b) measured substance 
and their arrangement, and (c) the absorption spectrum of 
each substance and the measurement frequencies selected 
(red lines). 

Fig. 14. Spectroscopic imaging results of sugars through 
packaging materials with attenuation of −82 dB: (a) > 55 
sheets of copy paper and (b) composite packaging materials 
comprising cardboard and other materials. 
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identical accuracy through the composite packaging materials 
with high scattering (Fig. 14(b)). These results indicate that the 
is-TPG imaging system is appropriate for actual testing. As 
described above, the multi-stage detector achieves ultra-
sensitive THz-wave detection, enabling measurement through 
packaging materials with extremely high attenuation (−100 dB 
for monochromatic imaging and −82 dB for spectroscopic 
imaging), which was difficult in previous studies. 

VII. TPG NOISE LESS IS-TPG 
 Finally, as an attempt to further improve the performance of 
our THz-wave source, we will discuss the TPG noise less 
version of the is-TPG. As mentioned above, the is-TPG is an 
intense THz-wave source with a single longitudinal mode and 
wide tunability. However, the THz-wave output contains weak 
broadband noise (“broadband TPG noise”) that is caused by 
spontaneous parametric down-conversion [77], although the 
power is approximately 1/10,000th of the power achieved with 
the injection-seeded THz-wave (i.e., “THz signal”). For 
example, in a measurement where the entire spectrum is 
attenuated, as in the imaging application shown in Fig. 11, 
broadband TPG noise is not problematic because it is 
concurrently attenuated. Conversely, during the measurement 
of samples in a pharmaceutical line, only some frequencies are 
strongly absorbed, and broadband TPG noise is not attenuated; 
this leads to deterioration of the S/N ratio. In such instances, 
TPG noise-less operation is necessary for the is-TPG. However, 
in the conventional system shown in Fig. 15(a), both the noise 
and signal are radiated into space by the Si coupler because the 
noise generation and signal generation locations are nearly 
identical.   
 In the reported method, broadband TPG noise was reduced by 
spatial extraction of the THz signal alone through an iris under 
non-colinear phase-matching conditions. This approach 
effectively removes b  roadband TPG noise [25, 27]; however, 
the iris position varies according to the frequency of the THz 
signal. Furthermore, the iris does not completely block 
broadband TPG noise in the vicinity of the THz signal. 

Here, we achieved TPG noise-less THz-wave output from the 
is-TPG by focusing on the positions at which the injection-
seeded pure THz signal and broadband TPG noise were 
generated. In a conventional is-TPG, the THz signal and 
broadband TPG noise are generated at nearly identical positions 
because of the weak seed beam, as shown in Fig. 15(a). In 
contrast, when using a pulsed high-power seed beam, we found 
that the THz signal was generated at a position toward the front 
of the crystal [Fig. 15(b)]. Because broadband TPG noise was 
solely generated by the pump beam, such noise was generated 
(as in a previous experiment) from the rear of the crystal, 
regardless of whether seed beam power was increased. 
Therefore, we were able to specifically extract the THz signal 
from the LiNbO3 crystal by adjusting the position of the Si-
prism. 
To confirm TPG noise-less 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 of lactose (with a sharp 
absorption line at 1.37 THz) and polyethylene, followed by 
pelleting. The filter attenuated a 1.37-THz signal by −55 dB. 
We set the pure THz-wave frequency to 1.37 THz, then inserted 
a notch filter at the focal point of the THz-wave to attenuate 
only the THz signal. 
Figure 16 shows the THz spectra of the conventional and TPG 
noise-less is-TPGs obtained by the THz parametric detector. 
The blue and orange lines are THz spectra with and without the 
notch filter,  respectively. The inset of Fig. 16(a) shows that 
broadband TPG noise was evident around the THz signal of the 
conventional is-TPG. In contrast, as shown in the inset of Fig. 
16(b), no noise was observed when using the pulse-seeded is-
TPG.  
Moreover, when the THz signal was reduced to −95 dB by a 
higher concentration of lactose pellets, no broadband TPG noise 

Fig. 15. (a) Conventional is-TPG involving weak 
continuous-wave injection-seeding. (b) TPG noise-less is-
TPG involving high-power injection seeding. 

Fig. 16. THz spectra of (a) conventional is-TPG and (b) 
TPG noise-less is  -TPG. Insets show spectra derived after 
insertion of a notch filter (i.e., lactose filter) with attenuation 
of −55 dB at 1.37 THz. 
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was observed. Thus, the S/N ratio of 55 dB for the conventional 
is-TPG was improved to > 95 dB for the pulse-seeded is-TPG 
[78]. 
 Assuming the measurement of highly concentrated substance 
samples that are strongly attenuated only at a specific frequency, 
consistent with requirements in pharmaceutical and other fields, 
quantitative measurements of substance pellets were performed 
using the TPG noise-less is-TPG described above. The 
detection Stokes beam intensity was observed when the 
concentration of lactose pellets was modified from 50% to 53% 
in increments of 1%; we examined whether the difference in 
concentration could be correctly determined. Notably, 
attenuation of the 50% pellet approached −60 dB at 1.3 THz; 
this measurement utilizes the high dynamic range of the is-TPG. 
When measured with the conventional is-TPG shown in Fig. 
17(a), the error bars (representing standard deviation of 300 
pulses) overlap each other. In contrast, using the TPG noise-less 
is-TPG shown in Fig. 17(b), the error bars are smaller, 
indicating the ability to determine each concentration. These 
findings demonstrate the suitability of using the TPG noise-less 
is-TPG with a high S/N ratio for measurements of substances 
with high concentration and purity, as required in 
pharmaceutical and other fields. 

VIII. CONCLUSION 
In summary, we have described high-performance spectroscopy 
systems and nondestructive testing techniques using an is-TPG 
and THz parametric detection; the performances of these 
methods have been dramatically improved by recent 
technological innovations. First, we described the introduction 
of machine learning into spectroscopy systems. This approach 
allows highly accurate identification of substances, regardless 

of the attenuation of measured samples. Furthermore, weak 
signals buried in noise can be identified with high accuracy; 
spectroscopic imaging through thick packaging materials is also 
possible. Next, we discussed high-speed wavelength tuning. 
We fabricated an injection seed laser with a DMD in the 
wavelength tuning mechanism, which enabled high-speed 
switching of arbitrary wavelengths to match sample absorption 
peaks; this approach dramatically improved the speed of 
spectroscopic measurement. Furthermore, simultaneous 
generation of multiple wavelengths was successfully achieved, 
enabling real-time spectroscopic analysis of substances. The 
camera-measured detection Stokes beam images were 
recognized by machine learning, enabling instantaneous sample 
identification. Improvements in THz-wave detection 
technologies were also discussed. Multi-stage THz parametric 
detection improves the parametric gain, while eliminating 
broadband noise. Ultra-weak THz-wave detection of < 1 
aJ/pulse was achieved; the dynamic range of the spectrometer 
system combined with the is-TPG reached more than 120 dB. 
This enabled the imaging of a target hidden in thick packaging 
materials with −100 dB attenuation. Finally, we described the 
TPG noise-less is-TPG. Pulsing of the injection seed allowed 
the positions of signal generation and noise generation to be 
separated, thereby producing TPG noise-less operation. In 
addition to the new technologies described in this report, we 
have constructe d a high-efficiency is-TPG using a flat pump 
beam for further cost reduction, as well as a THz parametric 
amplifier with extremely high amplification. In future work, we 
will continue to explore practical applications of THz-wave 
inspection technology. 
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