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Qualitative analysis of edible oil mixture
for omega-3 content using terahertz time-
domain spectroscopy
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The utility of terahertz time-domain spectroscopy (THz-TDS) for the qualitative and quantitative
analysis of edible oils remainsunderexplored. Therefore,weaimed to characterize anedible oilmixture
consisting of perilla, soybean, and corn oils using THz-TDS spectroscopy and compare the findings
with those from Fourier transform infrared spectroscopy (FT-IR) and proton nuclear magnetic
resonance (1H NMR) spectroscopy. THz-TDS was used to obtain complex optical constants such as
power absorption and refractive index of oils in the range of 0.2–2.0 THz. Perilla oil mixtures were
quantitatively analyzed using complex dielectric constants in the THz frequency region. We
characterized the double bond structure of omega-3 in perilla oil using THz-TDS. Furthermore, we
used reflection-mode THz-TDS imaging to demonstrate its application as a non-destructive
authenticity test for bottled edible oil.

Edible oils are a vital source of essential nutrients for the human body.
Vegetable oils are primarily composed of saturated fatty acids, mono-
unsaturated fatty acids such as omega-9 fatty acids, and polyunsaturated
fatty acids such as omega-3 and omega-6 fatty acids. Omega-3 fatty acids
help reduce neutral fat levels, improve vascular function, and offer other
benefits, such as preventing Alzheimer’s disease and inhibiting cancer cell
proliferation1–3.Mammals cannot synthesize alpha-linolenic acid (ALA), an
essential plant-based omega-3 fatty acid. Hence, unlike docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), ALAmust be obtained from
dietary sources such as vegetable oils. ALA constitutes over 60% of the total
fatty acid components of perilla oil, a common edible vegetable oil extracted
fromperilla seeds4. Owing to the high proportion ofALA, there is a growing
demand for perilla oil for health purposes, necessitating the development of
techniques for quality assessment and extraction of high-purity perilla oil.
Although commercially available perilla-flavored oil typically comprises
15% perilla oil and 70% soybean oil, consumers rarely discern the purity of
oils based solely on flavor. Such products may be fraudulently marketed as
high-purity perilla oil, misrepresenting their composition. Unlike fatty
acids, which are mostly composed of single bonds, unsaturated fatty acids
contain double bonds (Fig. 1). Measuring these double bonds is a key
technique that enables qualitative and quantitative analyses of edible oils
with omega-3 fatty acid content similar to that of perilla oil.

Traditional methods for detecting oil adulteration, such as gas chro-
matography (GC), high-performance liquid chromatography (HPLC),
nuclear magnetic resonance (NMR), and Fourier-transform infrared
spectroscopy (FT-IR), are highly accurate but limited by high cost, complex
procedures, long analysis times, and the inability toperformreal-timeor on-
site analysis. Several methods, such as NMR5,6 and FT-IR7,8 spectroscopy,
havebeen employed toqualify andquantify thepurity of omega-3 fatty acids
by analyzing their molecular structure9. NMR techniques provide accurate
structural analysis but require complex pre- and post-processing steps. FT-
IR spectroscopy captures the binding structure or motion of molecules that
lie in the infrared spectrum of material absorption but requires sample
processing and post-analysis, such as the Kramers–Kronig transformation,
to obtain complex dielectric constants. However, as both these techniques
are challenging to implement in user-friendly, portable systems for market
or industrial applications, a novel technology is required to enable simple
and conclusive measurements to authenticate perilla oil, while ensuring
both accuracy and portability.

Terahertz (THz) wave technology, which uses electromagnetic waves
with wavelengths between 3mm and 30 μm (energies of a few meV) have
been regarded as novel non-destructive inspection testing technique for
foods, semiconductor, medicine and so one, because of safety of human
body and high transmission properties. THz spectroscopy has been used as
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an analytical method for studying the molecular structure and dynamics of
materials, such as semiconductors10, polymers11, foods12,13 and liquid
mixtures14,15. Several physical and optical parameters, such as the phonon
frequency, recombination energy of large molecules, and weak hydrogen

bonds, can be used to characterizematerials in the THz frequency range16,17.
Biomolecular structures, such as the single- and double-stranded structures
of deoxyribonucleic acid (DNA) and the single- and triple-stranded helices
of β-glucans in laminarin have been identified using THz wave
spectroscopy18,19. The dielectric response of liquids within the THz fre-
quency range, which is attributable to intramolecular interactions resulting
from the collective or recombinationmotion of liquidmolecules, reflects the
polarity of liquids. Both polar20 and nonpolar21 liquids, such as alcohols and
oils, and their mixtures22 can be differentiated and qualified using THz
spectroscopy. THz time-domain spectroscopy (THz-TDS), in which THz
electromagnetic fields are measured to output amplitude and phase infor-
mation directly, enables the extraction of complex refractive properties and
dielectric constants without a fitting process such as the Kramers–Kronig
transformation needed in FT-IR spectroscopy. Thus, THz-TDS has
emerged as a viable analytical technique for identifying impurities and
denaturation in oils.

Although THz-TDS studies on fuel23–25 and edible26,27 oils have been
reported previously, most have focused on determining the THz optical
properties of oils and rancid oils. A few studies, such as those by Gorenflo
et al.28 andAbdul-Munaimet al.29, have also investigated oil–watermixtures.
However, studies onoil–oilmixtures have rarely been reported, despite their
necessity to understand oil-oil interactions and purification.

In this study, we aimed to characterizemixtures of perilla oil with other
oils using FT-IR, proton NMR (1H NMR) spectroscopy, and transmission-
and reflection-modeTHz-TDS.The concentrations of perilla oil inmixtures
containing soybean and corn oil were characterized by analyzing the
complex dielectric constants extracted via THz-TDS. Reflection-mode
THz-TDS, which allows the real-time measurement of THz signals, was
used to demonstrate its potential as a non-contact method for authenticity
testing of perilla oil and determining omega-3 content.

Results
1H NMR spectroscopy
Vegetable cooking oil mainly exists in the form of triglyceride (Fig. 2a), and
is composed of three of the unsaturated and saturated fatty acids within the
glycerolmolecule (C3H8O3) through ester bonds. In addition, edible oils are
composed of more than 80% of unsaturated fatty acids, namely, oleic acid
(OA,C18H34O2,ω-9 fatty acid), linoleic acid (LA, C18H32O2,ω-6 fatty acid),
and alpha-linolenic acid (ALA, C18H30O2, ω-3 fatty acid). As shown in Fig.
1, they share a common hydrocarbon chain structure with 18 carbons;
however, the numbers of single and double bonds between the carbons
differ. Generally, GC is used for fatty acid analysis, but the relative contents
of the three unsaturated fatty acids and all saturated fatty acids canbe simply
calculated by obtaining the integral value of the signal corresponding to the
fatty acid functional group through NMR spectroscopy5. Figure 2 (b, c, d,
and e) shows the 1HNMR spectra of perilla oil, perilla flavored oil, corn oil,
and soybean oil in CDCl3 and indicates the fatty acid functional group
corresponding to each signal.

Table 1 shows the nutrient content of perilla oil4, corn oil30, and soy-
bean oil31 obtained through the GC method conducted in other literature,
and the fatty acid content analyzed through 1H NMR spectroscopy of the
oils used in in this experiment.

ALA content was calculated from the methyl group peaks on both
fatty acids and unsaturated fatty acids. The peak representing themethyl
group in ALA appeared in the range of 0.96–0.88 ppm (signal 2 in Fig. 2),
while themethyl peaks of fatty acid, LA andOA appeared in the range of
0.86–0.78 ppm (signal 1 in Fig. 2). LA content was obtained by sub-
tracting the ALA value from the integral value of 2.73–2.84 ppm (signals
7 and 8 in Fig. 2), which is the hydrogen signal between double bonds
among the integral values of all fatty acids (2.27–2.67 ppm, signal 6 in
Fig. 2). OAwas gained by subtracting the values of LA andALA from the
integral value in the range of 1.96–2.14 ppm (signal 5 in Fig. 2), which
corresponds to all unsaturated fatty acids among all fatty acids. Finally,
saturated fatty acids were estimated by excluding the total unsaturated
fatty acid content.

Fig. 1 | Molecular structures of unsaturated fatty acids. a oleic acid (OA,
C18H34O2,ω-9 fatty acid), b linoleic acid (LA, C18H32O2,ω-6 fatty acid), and c alpha-
linolenic acid (ALA, C18H30O2, ω-3 fatty acid).

Fig. 2 | Triglyceride structure and 1H NMR spectrum of various edible oils
(perilla oil, perilla flavored oil, corn oil, and soybean oil). a Triglyceride structure
composed of palmitic acid, linoleic acid, and α-linolenic acid and symbol display of
fatty acid functional group for each signal of 1H NMR spectrum. 1H NMR spectra of
b perilla oil, c perilla flavored oil, d corn oil, and e soybean oil.
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Only perilla oil, which has a high content of ALA with three C =C
bonds, showedhigh intensity as a characteristic indicator in the rangeof 5.35
ppm and 2.80 ppm (signals 11 and 8 in Fig. 2) and the range of 0.96–0.88
ppm (signal 2 in Fig. 2) of themethyl group ofALA. Thus, ALA is suitable as
amarker for perilla oilmixtures. The integral values of signal 2 for perilla oil,
perilla flavored oil, corn oil, and soybean oil were 9.32, 2.01, 0.67, and 1.25,
respectively. In contrast, the spectra of perilla flavored oil, corn oil, and
soybean oil were higher than that of perilla oil in the range 1.31–1.25 ppm
(signal 3 inFig. 2), owing to thepresenceof a greaternumberof single bonds.

FT-IR spectroscopy
FT-IR spectroscopy was employed to analyze perilla oil, perilla flavored oil,
soybean oil, and corn oil (Fig. 3b), with their corresponding triglyceride
structures presented in Fig. 3a. Furthermore, binary mixtures of perilla and
soybean oils at varying concentrations (20%, 40%, 60%, and 80%) were
examined to elucidate compositional differences. Although commercial
products typically contain less than 20% perilla oil due to its relatively high
cost, higher blending ratios were included in this study to systematically
investigate the effect of ALA content on the THz spectral response.

The absorption band observed at 3008–3010 cm−1 corresponds to the
cis-double bond stretching vibration of C =C–H in unsaturated fatty acids.
Notably, perilla oil, which contains a high concentration of ALA, exhibited
an increased absorption intensity at this band, indicating a higher degree of
unsaturation.

While the 720 cm−1 peak is generally attributed to CH₂ rocking
vibrations, the presence of cis-disubstituted olefins in ALA appears to
influence the out-of-plane deformation mode, leading to an enhanced
intensity of bands below 720 cm−1. This suggests that ω-3 rich oils
exhibit distinct vibrational characteristics due to their molecular
configuration.

The transmission peaks at 2853 cm−1; and 2923 cm−1 (region b) arise
from the methylene (-CH₂-) stretching vibrations in the alkane chains of
fatty acids. A progressive increase in transmission intensity at these bands
was observed with the increasing proportion of perilla oil, further reflecting
the compositional influence of ALA.

In the carbonyl region (c), the 1743 cm−1 peak is assigned to the ester
carbonyl (-C =O) stretching vibration in triglycerides, a characteristic fea-
ture of lipids and fatty acids. Additionally, the peaks at 1160 cm−1 and
1090 cm−1 correspond to C–O and C–O–C stretching vibrations in trigly-
cerides, exhibiting similar spectral patterns across all samples.

The FT-IR spectrum results of unsaturated fatty acids can be
effectively differentiated by comparing the spectral variations associated
with double and single carbon bonds, analogous to ¹H NMR spectro-
scopy. The progressive increase in transmission intensity at 2853 cm−1

and 2923 cm−1, as well as the sequential decrease in the 720 cm−1 peak
with increasing perilla oil content with high ALA, highlights the efficacy
of FT-IR and ¹H NMR spectroscopy in distinguishing perilla oil from
other edible oils.

Table 1 | Nutritional content of edible oils (Perilla oil, perilla flavored oil, corn oil, and soybean oil)

Monounsaturated Polyunsaturated
Type of oil Saturated fatty acids fatty acids fatty acids Ref, method

Oleic acid (C18:1, ω-9) Linoleic acid (C18:2, ω-6) α-Linolenic acid (C18:3, ω-3)

Perilla oil 6–10 14–23 11–16 54–64 Ref. 4, GC

11.6 12.2 17.7 58.5 This study, 1H NMR

Perilla flavored oil 17.8 24.8 45.8 11.9 This study, 1H NMR

Corn oil 12.9 27.3 58 1 Ref. 30, GC

16.6 34.1 45.7 3.6 This study, 1H NMR

Soybean oil 15.6 22.6 51 7 Ref. 31, GC

18.2 23.6 50.2 8.0 This study, 1H NMR

The values are expressed as percent (%).

Fig. 3 | Triglyceride structure and FT-IR spectrum
of various edible oils (perilla oil, perilla flavored
oil, corn oil, and soybean oil) and perilla oil mix-
tures (80, 60, 40, 20%). a Triglyceride structure
composed of palmitic acid, linoleic acid, and α-
linolenic acid and symbol display of fatty acid
functional group for frequency band of Fourier
transform infrared spectra. FT-IR spectra ofb perilla
oil, perilla flavored oil, perilla oil mixtures (80, 60,
40, 20%), corn oil, and soybean oil.
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Transmission-mode THz-TDS experiment
The THz time-domain waveforms of perilla oil, soybean oil, corn oil, perilla
flavored oil, and perilla oil mixed oils are shown in Fig. 4. The THz pulse
amplitudes of corn oil and soybean oil were higher than those of the other
oils, including perilla oil. The pulse of perilla oil exhibited a temporal delay
compared to that of soybean and corn oils.As the concentration of perilla oil
increased, the amplitude of the THz pulse decreased, and the peak position
was delayed. This implies that the complex refractive indices, such as the
power absorption and refractive index, of perilla oil were larger than those of
soybean and corn oils.

The absorption coefficients and refractive indices of perilla oil, soybean
oil, corn oil, and their mixtures were measured in the range of 0.2–2.0 THz

(Fig. 5a, b). Among the oils, perilla oil exhibited the highest absorption
coefficients and refractive indices, followed by soybean oil and corn oil. At
1.0 THz, perilla oil showed a refractive index of approximately 1.517 and an
absorption coefficient of about 9.960 cm−1, bothofwhichvaried consistently
with frequency. Furthermore, as the perilla oil concentration increased in
the mixtures, both the refractive index and absorption power increased
accordingly (Fig. 5c). The concentration of perilla oil showed a strong linear
correlation with both the refractive index and absorption coefficient in the
THz region, with Pearson correlation coefficients of 0.997 and 0.987,
respectively. The standard deviation between themeasured values and their
linear fitting curves at 1.0 THzwas 2.91% for the refractive index and 6.05%
for the absorption coefficient, which could be regarded as the detection
sensitivity for perilla oil using THz-TDS. The unique spectral signatures of
the oils were identified using the real and imaginary parts of the dielectric
constants, and the dielectric trace depicted by the imaginary dielectric
constants dependent on the real dielectric constants, can thus be used to
identify the oil mixtures (Fig. 5d).

These differences are closely linked to the molecular structure of α-
linolenic acid (ALA), the major component of perilla oil. ALA contains
multiple cis double bonds that induce bends in the hydrocarbon chain,
resulting in a more flexible and non-linear molecular structure. This bent
geometry facilitates delocalization of π-electrons, forming an extended π-
electron cloud that enhances molecular polarizability. Consequently, larger
dipolemomentfluctuations occur underTHz excitation, leading to stronger
coupling with low-frequency vibrational modes and thus higher THz
absorption. Supporting this interpretation, ¹H NMR data confirmed that
soybean and corn oils contain significantly lower ALA content than perilla
oil, indicating fewer double-bond structures. Similarly, FT-IR spectroscopy
(Fig. 3) showed more intense unsaturation-related peaks in perilla oil-rich
mixtures, correlating with higher THz refractive indices and absorption

Fig. 4 | THz time-domain waveforms of perilla oil, perilla flavored oil, soybean oil,
corn oil and their mixtures.

Fig. 5 | THz optical properties of edible oils and perilla oil mixtures : absorption,
refractive index, and dielectric constants. a Power absorption and b refractive
indices of perilla oil, soybean oil, corn oil and their mixtures, c power absorption

(triangles) and refractive indices (circles) at 1.0 THz with linear fitting line
depending on perilla oil concentrations, and d complex dielectric constant traces at
various perilla oil concentrations.
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coefficients. These results collectively demonstrate that THz-TDS is a
powerful, non-destructive tool for characterizing edible oils and quantita-
tively assessing omega-3 fatty acid content through molecular-level differ-
ences in electronic and structural properties.

Reflection-mode THz-TDS imaging experiment
The transmission THz-TDS experiment showed that the THz-TDS tech-
nique can be used as a non-destructive inspection method for edible oils.
However, because the products are typically bottled when brought to the
market, a real-time reflection-mode systemmust be utilized to implement a
practical non-destructive testing system. In the reflection-mode THz-TDS,
the brightness of the THz image was lowest for perilla oil, whereas those of
the other oils were comparable to each other (Fig. 6a). For further analysis, a
histogram of the oils in the region of interest (ROI), a 5 × 5mm2 square was
generated in Fig. 6b. Perilla oil showed the lowest reflectance values com-
pared to soybean, perilla flavored, and corn oils. Soybean and perilla fla-
vored oils exhibited similar values, whereas corn oil showed slightly higher
reflectance values. These results corresponded to the complex constant
results observed by transmission-mode THz-TDS. The differences in the
refractive indices of perilla oil and the sapphirewindowwere lower than that
between soybean, corn, or perilla flavored oils (primarily composed of
soybean and cornoils) and the sapphirewindow.This result shows thatTHz
imaging can distinguish even minor differences between soybean and corn
oils, demonstrating that THz-TDS can be used as a novel non-destructive
inspection technique and that reflection-mode THz-TDS can be employed
as a non-contact method for authenticating perilla oil in real markets, such
as bottled oils.

Discussion
While THz-TDS has been applied to the analysis of various materials
including semiconductors and biological substances, its potential in char-
acterizing edible oils, particularly oil–oil mixtures, has been insufficiently
explored. Previous studies predominantly focused on oil–watermixtures or
rancidity detection. However, given the prevalence of adulterated perilla oil
products in the market, a practical, non-destructive tool for compositional
analysis and authenticity verification remains a significant unmet need. This
study revealed that THz-TDS is capable of detecting compositional changes
in perilla oil mixtures based on variations in refractive index and absorption
coefficients. Oils with higher ALA content (>60%), such as pure perilla oil,
exhibited higher absorption and refractive indices in the 0.2–2.0 THz range.
These results were consistent with findings from 1H NMR and FT-IR
spectroscopy, both of which demonstrated unique spectral features corre-
latedwith the amountofunsaturated fatty acids.Reflection-modeTHz-TDS
imaging successfully discriminated between bottled perilla oil and its mix-
tures, confirming the feasibility of non-contact analysis in real market. The
increasedTHzabsorption and refractive index ofALArich oil are consistent
with previous spectroscopic studies on biomolecules18,19. Several groups
have reported that biomolecules with multiple bonds, such as double-
stranded DNA and triple-helical β-glucans, exhibited higher THz absorp-
tion and refractive indices compared to single-stranded biomolecules. The
response of THz signals was attributed primarily to the increased

intramolecular and intermolecular interactions arising from molecular
conformations. In this study, oils with a higher number of C = C double
bonds (ALA-rich perilla oil) displayed stronger absorption and higher
refractive indices in the THz region compared to oils such as soybean and
corn oils. Our results confirm that the number of C = C double bonds in
unsaturated fatty acids directly influences the optical response in the THz
range.UnlikeNMRandFT-IRmethods that require a sample preprocessing
or numerical approximation of Kramers–Kronig relations, THz-TDS offers
adirect and efficientmethods toobtaindielectric properties, facilitating real-
time analysis. User-friendly potable THz imaging devices based on reflec-
tion type could be widely applied in industrial or retail environments.
Expanding the spectral database to include a variety of edible oils could
enhance the robustness and versatility of the technique in food authenti-
cation and quality control. Machine learning models employing big data of
THz-TDS could improve classification accuracy and enable automated
detection of oil adulteration.

Overall, this study demonstrated that THz-TDS is an effective analy-
tical technique for qualitative and quantitative assessment of edible oil
mixtures, particularly for verifying the authenticity and omega-3 fatty acid
content of perilla oil mixtures. The complex refractive indices and absorp-
tion coefficients obtained through THz-TDS were correlated with the ALA
content, reflecting variations in molecular complexity due to double-bond
structures in unsaturated fatty acids. Comparative analyses using ¹H NMR
and FT-IR spectroscopy confirmed the reliability and accuracy of THz-TDS
findings, with each technique providing complementary insights into the
molecular composition of edible oils. ALA rich oils exhibited higher
refractive indices and THz absorption, consistent with previous research
indicating enhanced spectral responses in biomolecules with greater
structural complexity. Reflection-mode THz-TDS successfully differ-
entiated pure perilla oil from its mixtures, highlighting its potential as a
practical, non-destructive method for real-time authenticity testing in
commercial and industrial settings. Despite the analytical advantages of
THz-TDS in detecting oil purity and composition, few limitations must be
considered for industrial implementation. They include relatively high
instrumentation cost, challenges in large-scale integration, and the need for
regulatory validation for use in food quality assurance. Future work should
address these issues to facilitate the broader adoption of THz spectroscopy
in food industry applications.

Methods
Oils and sample preparation for perilla oil mixtures
Perilla oil (100%) was prepared using only perilla seeds harvested in
Chulwon without any additives, including preservatives. Perilla seeds were
roasted at 165–170 °C for 20min on a pan pre-heated to 250 °C. After
cooling for 5min, the roasted seeds were pressed under 6 ton pressure to
extract the oil. Soybean and corn oils (100% each) were obtained from
Sajohaepyo. Perilla flavored oil (soybean oil, 71.4%; perilla extract, 14.0%;
cornoil, 13.7%; and sunfloweroil, 0.9%)waspurchased fromCJCleanFood.
Chloroform-d (99.8 atom%D) was purchased from Sigma-Aldrich. Perilla
oil mixtures were prepared by blending perilla oil at different ratios (20%,
40%, 60%, and 80%) with soybean oil.

Fig. 6 | Reflection-mode THz imaging and inten-
sity analysis of edible oils. a Photograph of the
hybridization chamber and THz-TDS image of
reflection mode of soybean oil (S), corn oil (C),
perilla flavored oil (F) and perilla oil (P).
b Histogram of THz reflection intensity in the ROI
for each oil.
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Characterization by 1H NMR and FT-IR spectroscopy
1H NMR spectra of the samples were recorded using a 400MHz NMR
spectrometer (AVANCE III HD 400, Bruker) with CDCl3 as the solvent.
The infrared spectra of the perilla oilmixturesweredetectedusing Spectrum
Two FT-IR spectroscopy (PerkinElmer).

THz-TDS (transmission mode and reflection mode)
All experiments were independently performed twice, and each measure-
mentwas conducted in duplicate. The reported values represent the average
of the two measurements. Two types of THz-TDS methods, transmission
mode and reflection mode, were used to characterize the perilla oil samples
under controlled conditions (20 °C, <1% humidity). THz pulses were
generated and detected using a photoconductive antenna (PCA) fabricated
on low-temperature-grown (LT) GaAs. We used a femtosecond laser to
induce free carriers in the PCA. The femtosecond laser had a pulse width of
85 fs, center wavelength of 780 nm, and repetition rate of 100MHz. In
transmissionmodeTHz-TDS, the generatedTHzpulseswere guidedby two
parabolic mirrors (Fig. 7a). Two TPX (Polymethylpentene) lenses of focal
length 100mmwere placed between the parabolicmirrors to focus the THz
pulses onto a 1mm thick quartz cuvette with a path length of 1mm. Time-
domain pulses were then obtained using a pump-probe technique to
measure the convoluted signals of the THz and probe laser pulses while
varying the time delay. A slow translation stage was used in the
transmission-mode system to delay the optical path.A lock-in amplifier and
chopper were used to acquire THz signals with high signal-to-noise ratio.

Reflection-mode THz-TDS imaging based on a fast-delay stage was
implemented to demonstrate its potential as a novel edible oil inspection
method. THz imageswere obtained from real-timeTHz signals acquired via
raster scanning of the sample. A low-noise current-free amplifier and data
acquisition (DAQ) board were used to detect the THz signals. A fast delay
stage was used with a scanning frequency and range of 20Hz and 25 ps,
respectively. In reflection-mode THz-TDS, we replaced the two TPX lenses
with a reflection module consisting of three metal mirrors, a silicon beam
splitter, and a TPX lens (Fig. 2b). The generated THz pulses were guided by
three metal mirrors and silicon beam splitter to be focused onto the sample
using a TPX lens. The oil samples were dropped onto a sapphire window,
and the reflected THz pulses from the sample were guided to the PCA
detector through the TPX lens, Si beam splitter, and parabolic mirror.

The four edible oils, soybean, corn, perilla flavored, and perilla, were
placed in hybridization chambers attached to a sapphire window (Fig. 2a).
The diameter and depth of the hybridization chambers were 9mm and
0.5mm, respectively. The sapphire window had a crystal axis of [100], dia-
meter of 3 inches, and thickness of 2mm. The reflection was determined by
the refractive indexmismatchat the interfacebetween twomaterials.Weused
sapphire (with a refractive indexof3.4 inTHz region) from0.2 THz to3 THz.
The THz image was obtained by raster scanning the sapphire window with

the hybridization chamber. The image scan range was 61 × 20 mm2 with a
step resolution of 0.25mm, and it lasted around 17min. We measured the
peak-to-peak (p-p) values of the reflected time-domain waveforms, and all
the p-p values of the image were divided by the p-p value reflected by the
sapphire-air interface for normalization.

The acquired time-domain waveforms were converted to frequency-
domain waveforms using fast Fourier transformation to obtain the
frequency-dependent complex refractive properties. Accordingly, the dif-
ferences in the frequency-dependent amplitude andphase,withandwithout
the sample, represented the complex refractive properties, namely, power
absorption coefficient, refractive index and complex dielectric constant,
respectively.

When we consider that samples are placed in a quartz cuvette, its
frequency-dependent electric field of THz signal transmitted through the
sample Ssample ωð Þ and empty cuvette Sref ðωÞ is written as32–37

SsampleðωÞ ¼ tquartz!samplepsampletsample!quartzEðωÞ ð1Þ

Sref ðωÞ ¼ tquartz!airpairtair!quartzEðωÞ; ð2Þ

where EðωÞ is the incident THz electric field, ta!b ¼ 2~nb
~naþ~nb

� �
is Fresnel’s

transmission coefficient from medium a to medium b and
pað¼ exp �i ena

� �
ωL
c

� �Þ is propagation coefficient inmediumover a distance
L, with the complex refractive index represented by ena ωð Þ ¼ na ωð Þ þ
ika ωð Þ where na ωð Þ and ka ωð Þ are real and imaginary part of the complex
refractive index of medium a and c is the speed of light. The frequency-
dependent complex transmission coefficient T ωð Þ is given by

T ωð Þ ¼ Ssample ωð Þ
Sref ωð Þ ¼

ensampleðωÞ 1þ enquartzðωÞ
� �2

ensampleðωÞ þ enquartzðωÞ
� �2 exp �i ensampleðωÞ � 1

� �ωL
c

� 	

ð3Þ
where ensample ωð Þ and enquartz ωð Þ are the complex refractive indices of the
sample and quartz cuvette window, respectively. The power absorption
coefficient was estimated as α ωð Þ ¼ kðωÞ4π=λ with the wavelength λ.
Additionally, the complex dielectric permittivity eε is calculated as
eε ωð Þ ¼ εreal ωð Þ þ iεimag ωð Þ ¼ ðen ωð ÞÞ2. Equation 3 was solved using a
numerical method in MATLAB32.

Data Availability
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Fig. 7 | Scheme of THz-TDS systems for trans-
mission and reflection modes. a Transmission-
mode and b reflection-mode system.
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