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Abstract: Terahertz attenuated total reflection (ATR) technique serves as a pivotal tool for the
spectroscopic analysis of liquids. However, when measuring liquids, conventional single internal
reflection probes exhibit low sensitivity and detection accuracy due to the limited interaction
between the evanescent wave and the sample. To address this limitation, we designed and
constructed a terahertz liquids ATR probe utilizing a triple internal reflection prism, which
effectively enhances the interaction between the evanescent wave and the liquid by increasing the
number of reflections within the prism. Experimental results demonstrate that the terahertz triple
ATR probe achieves high accuracy in measuring the sample’s optical constants. By exploiting
the differences in terahertz wave absorption among different polar solvents, the proposed probe
effectively recognizes polar solvents such as ethanol, water, isopropanol, and acetone. In terms
of sensor performance, the sensitivity of our probe, which employs a triple internal reflection
scheme, is three times that of a conventional single internal reflection probe. This increased
sensitivity further enhances the accuracy of measuring small changes in solution composition.
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1. Introduction

Terahertz waves typically refer to electromagnetic radiation with frequencies ranging from 0.1
to 10 THz. Over the past two decades, terahertz time-domain spectroscopy (THz-TDS) has
become increasingly popular for nondestructive testing applications, due to its low energy, high
temporal resolution, and strong penetration capabilities. In pharmaceutical manufacturing,
THz-TDS is used to detect defects in tablets or composite structures [1–3], which aids in
the evaluation of compression quality. For composite materials, it measures the thickness of
specialized components [4–6], which facilitates the evaluation of the uniformity of material
thickness. THz-TDS can be categorized into transmission and reflection modes, depending on
the properties of the test object. Transmission systems are primarily used for low-absorption
samples, such as organic compounds and semiconductors [7–9]. Recently, THz-TDS combined
with metasurfaces has been utilized for high-absorption samples in the transmission mode
due to enhanced light-matter interaction [10,11]. However, micro-scale metasurfaces involve
complex fabrication and high costs. Initially, terahertz time-domain attenuated total reflection
(THz TD-ATR) systems were developed for analyzing liquids or biological solutions with
high terahertz absorption [12,13]. Recently, these systems have been adapted for measuring
powdery substances and low-absorbing liquids in laboratory settings, due to their minimal sample
handling requirements [14,15]. THz TD-ATR spectroscopy represents a significant advancement
over traditional methods by providing enhanced sensitivity through asymptotic field detection
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[16]. In commercial applications, Hamamatsu Photonics’ ATR products are now being used in
production sites for chemicals and food products, demonstrating the potential of ATR technology
for real-world applications.

In 2006, Nagai et al. first proposed the THz TD-ATR system [17], which comprises a
THz-TDS system and an ATR prism configured in the transmitted light path. A liquid sample
is added dropwise into the cell above the prism. The terahertz beam strikes the prism at a
specific angle, causing total internal reflection at the prism-sample interface. By detecting and
analyzing the reflected terahertz beam, optical information about the sample can be extracted.
Subsequently, various research groups have developed different systems around ATR sensors.
In 2012, Nakanishi et al. proposed an integrated prism system to reduce Fresnel loss at the
interface [18]. In 2016, Soltani et al. introduced an ATR system based on Dowell prisms for
online monitoring of industrial high-absorption liquids [19]. In 2019, Huang et al. proposed
a dual prism system for rapid measurements [20]. In 2023, Fu et al. developed a microfluidic
ATR system specifically designed to minimize fluid consumption [16]. During the same year, the
research team further utilized this system and successfully investigated the effects of nicotine
on normal and cancerous neural cells [21]. As analytical techniques gradually transition from
laboratory settings to industrial manufacturing processes, traditional single reflection methods
exhibit limitations in detection. Firstly, single reflection probes demonstrate low spectral contrast
for samples with low absorption [22,23], posing challenges for analysis because the intensity
of the evanescent wave at the interaction interface decays exponentially at very shallow surface
depths, with interaction distances on the order of wavelengths [24]. Secondly, lower spectral
intensities result in a decrease in sensitivity, as evidenced by a diminished ability to recognize
subtle variations in the sample components and an increased susceptibility of the system to
ambient noise and instrumental fluctuations. Therefore, there is a need to enhance the signal
intensity of the samples acquired in the system of interest, in order to augment the sensitivity of
the internal reflection spectroscopy.

To improve the sensitivity of ATR spectroscopy for liquid detection, we designed and
constructed a liquid probe utilizing the principle of multiple reflection. The probe employs a
unique prism structure featuring triple internal reflection, specifically designed to enhance the
interaction between the evanescent wave and the sample, thereby elevating its sensitivity. In
practical applications, the probe demonstrates the ability to measure the optical constant of the
sample with high accuracy and to distinguish among commonly encountered polar liquids. In
terms of sensing performance, our novel probe demonstrates a sensitivity that is three times higher
than that of conventional ATR probe with the same reflection setup. This clear improvement
enables it to detect subtle compositional differences in mixed solutions more effectively.

2. System and methods

2.1. Experimental setup

We designed and constructed a terahertz liquid probe using triple attenuated total reflection
spectroscopy. The THz-TDS utilizes BT-FTS5500 chassis from B-THz Co., Ltd (Wuhan, China)
[25], housing essential optical components, including an all-fiber femtosecond laser, a mechanical
delay line, and an acquisition board. Figure 1(A) shows the all-fiber femtosecond laser emitting a
pulse with a central wavelength of 1550 nm and an average power of 17 mW. Subsequently, the
pulse is converted into a picosecond p-polarized terahertz pulse by an InGaAs photoconductive
transmitting antenna. The terahertz pulse is collimated by a TPX lens with a 50 mm focal
length and directed by planar metal mirrors onto the incident plane of the ATR prism. Each
internal reflection within the ATR prism generates an evanescent wave that interacts with the
sample, enhancing the absorption of terahertz waves. After interaction, the terahertz pulse, now
containing sample information, exits the prism and is detected by the InGaAs receiving antenna
along a symmetric path. The ATR accessory allows for handheld measurements for field testing.
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As shown in Fig. 1(B), the ATR probe incorporates a metal base plate, a triple reflection prism,
planar metal mirrors, an adjusting bracket, TPX lenses, lens mounts, and antenna mounting
sleeves. To ensure high-quality measurements, a metal fixture with an adjustment mechanism
was used, and alignment holes on the base plate were incorporated to reduce alignment errors.
The ATR prism at the front end of the ATR probe, as shown in Fig. 1(C), is a 7-sided prism with
dimensions of 63.6 mm in length, 30 mm in width, and 42.4 mm in height. The propagation
length within the prism measures approximately 15 cm. All five optical surfaces of the prism
are polished, and it is designed with all three internal reflection angles set at 45 degrees. The
prism is securely mounted to the mounting frame using UV adhesive and is connected to the
base plate through threaded holes. Constructed from floating-zone high-resistance silicon, the
ATR prism exhibits high hardness and chemical resistance, thereby fulfilling the requirements
of various industrial applications. Additionally, its high relative refractive index of 3.42 and
broad spectral range fulfill the optical requirements necessary for the measurements. Finally, we
utilized the blade method to measure the diameter of the terahertz spot incident upon the prism,
which was found to be approximately 18.6 mm. Upon emerging from the prism, the diameter of
the outgoing spot was approximately 19 mm. The incorporation of the prism into the device led
to an attenuation of the terahertz amplitude by roughly 8%.

 
Fig. 1. The THz TD-ATR system (A), ATR probe (B), and ATR prism (C) used in experiments. 
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sensitivity of the internal reflection spectroscopy. 

Fig. 1. The THz TD-ATR system (A), ATR probe (B), and ATR prism (C) used in
experiments.

After constructing the THz TD-ATR system, we meticulously aligned the planar mirrors and
focusing lenses within the ATR probe to ensure that the beam’s average angle of incidence on
the ATR closely matched the design value. Consequently, by averaging the time-domain signals
1024 times in an indoor environment, our system achieved a terahertz time-domain pulse width of



Research Article Vol. 33, No. 3 / 10 Feb 2025 / Optics Express 5024

620 fs and a signal-to-noise ratio of 70 dB (see Fig. 2(A)). In the frequency domain, it exhibited
a spectral width of 3.6 THz and a dynamic range of 73 dB (see Fig. 2(B)). The observed spectral
depression corresponds to the absorption peak of atmospheric water vapor [26].

 
Fig. 2. Terahertz time-domain pulse (A) and frequency-domain spectrum (B) of the reference signal. 
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Fig. 2. Terahertz time-domain pulse (A) and frequency-domain spectrum (B) of the
reference signal.

2.2. Analytical method

To extract optical information from the sample using signal from multiple internal reflections, the
ATR device needs to independently measure both the reference and sample signals. These signals
are then transformed into their respective frequency-domain representations, Ẽref and Ẽsam, using
a fast Fourier transform. The frequency-domain complex electric field is subsequently calculated
as described by Eq. (1), where N denotes the number of internal reflections.

H̃(ω) =
Ẽsam(ω)

Ẽref (ω)
=

Ẽin(ω) · (r̃sam)
N

Ẽin(ω) · (r̃ref )
N =

(︃
r̃sam

r̃ref

)︃N
(1)

Terahertz waves incident in the p-polarization direction are utilized. The reflection coefficient
r̃sam and r̃ref are described by the Fresnel equation (Eq. (2)). Here, θi denotes the incidence angle
of the terahertz wave at the interface, and, θt represents its emergence angle.

r̃ =
tan (θi − θt)
tan (θi + θt)

(2)

To simplify the equation, we introduce the variable q, defined as (1 − H̃(ω))/(1 + H̃(ω)) [18],
Consequently H̃(ω) can be expressed as shown in Eq. (3).(︃

tan(θi − θsam)

tan(θi + θsam)
·

tan(θi + θref )

tan(θi − θref )

)︃N
=

1 − q
1 + q

(3)

Applying a series of mathematical transformations to Eq. (3) yields the result given in Eq. (4),
where sin θref · cos θref is abbreviated as A and sin θi · cos θi is abbreviated as B.

sin θsam · cos θsam =
N
√︁

1 − q(A − B) + N
√︁

1 + q(B + A)
N
√︁

1 + q(A + B) + N
√︁

1 − q(B − A)
· B (4)

Finally, according to Fresnel’s law, the complex permittivity ε̃sam of the sample is given by
Eq. (5) [18], where nprism represents the refractive index of the prism.

ε̃sam =

sin2θi ·

(︃
1 −

√︂
1 − 4(sin θsam · cos θsam)

2
)︃

2(sin θsam · cos θsam)
2 · nprism

2 (5)
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The refractive index nsam and extinction coefficient ksam of the sample can be derived from
Eqs. (6) and (7), where εsam and ε′sam denote the real and imaginary parts of the complex
permittivity, respectively.

nsam =

√︄√︁
εsam 2 + ε′ 2

sam + εsam

2
(6)

ksam =

√︄√︁
εsam 2 + ε′ 2

sam − εsam

2
(7)

Using the extinction coefficient ksam provided in Eq. (7), the absorption coefficient αsam
presented in Eq. (8) can be calculated. Here, ω represents the angular frequency, and c represents
the propagation speed of terahertz wave in vacuum [27].

αsam =
2ωksam

c
(8)

The penetration depth dp is an important parameter for evanescent waves. Terahertz waves
undergoing internal reflection interact with the sample, causing the reflected beam to attenuate at
specific frequencies, which in turn results in the absorption fingerprint of a particular substance.
The expression for dp is given by Eq. (9) [28].

dp =
λ

2π
√︂

nprism2sin2θi − nsam2
(9)

where λ represents the wavelength of the incident light, the penetration depth of the evanescent
wave, as given by Eq. (9), depends on the angle of incidence, the wavelength of the incident
light, and the refractive indices of the media adjacent to the interface. When the opposite side of
the reflective interface is air, the penetration depth of the evanescent field extending from the
reflective surface during a single internal reflection at a frequency of 0.3 THz is approximately
72 µm. With triple internal reflection, the interaction length increases to 216 µm. Given that
absorbance is proportional to the concentration of the substance and linearly dependent on the
thickness of the sample, this enhancement effect increases the absorbance to three times its
original value. Additionally, since the device undergoes three identical instances of single internal
reflection, the overall reflectivity of the system is equivalent to the cube of the reflectivity of
single reflection.

3. Experiments

3.1. Extraction of optical constants

Optical constants are universal properties of the material under study and can therefore be
employed to compare the measurement accuracy of different sensors. We selected pure water,
glycerin, and insulating oil as the subjects for comparison in single internal reflection and triple
internal reflection measurements, respectively. In the experiments, triple internal reflection
measurements were conducted by immersing all three sensing surfaces of the ATR prism in the
liquid. For single internal reflection measurements, the same ATR accessory was utilized, but
only the outermost sensing surface of the ATR prism was in contact with the liquid. Consequently,
the parameters associated with single internal reflection, including the incident spot radius,
reflection angle, polarization state, amplitude, and time delay of the reference signal, are nearly
identical to those of triple internal reflection. Furthermore, the depth of the liquid exceeded the
penetration depth of the evanescent wave in both measurement scenarios [29]. The time-domain
signals of these three solvents (see Figs. 3(A), 4(A), and 5(A)) were first measured under indoor
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ambient conditions using the constructed probe. We averaged the terahertz reference and sample
signals 1024 times, and the measurement for one set of samples can be completed within 4
minutes. The single internal reflection exhibits smaller time-domain amplitude attenuation and
changes in time delay. In contrast, the triple internal reflection, with its extended evanescent
wave path, provides more pronounced measurements for liquids with weaker absorption. The
time-domain signals were processed using the method described in Eqs. (1) to (8). Subsequently,
Figs. 3(B) and 3(C), 4(B) and 4(C), and 5(B) and 5(C) present the refractive indices, extinction
coefficients, and absorption coefficients of pure water, glycerin, and insulating oil, respectively, in
the 0.2-1.6 THz frequency range. The results demonstrate that the refractive indices, extinction
coefficients and absorption coefficients obtained from the triple internal reflection are nearly
identical to those from the single internal reflection, indicating the high precision of the triple
ATR accessory in extracting optical constants.

Fig. 3. Terahertz time-domain pulses (A), refractive indices, extinction coefficients (B),
and absorption coefficients (C) of pure water, measured using both triple and single internal
reflection.

Fig. 4. Terahertz time-domain pulses (A), refractive indices, extinction coefficients (B),
and absorption coefficients (C) of glycerin, measured using both triple and single internal
reflection.

3.2. Liquid recognition

The above analysis confirms the effectiveness of our proposed method and device for extracting
optical constants from multiple internal reflections. In realistic sensing scenarios, the selectivity
of the sensor is very important. Depending on the frequency of hydrogen bond breaking and
formation events resonate at THz frequencies [30], the number and lifetime of hydrogen bonds
in different polar solvents lead to differences in absorption. This property can therefore be
utilized for the identification of different polar solvents. We measured pure water, acetone,
ethanol, and isopropanol at room temperature using the designed ATR probe, and plotted their
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Fig. 5. Terahertz time-domain pulses (A), refractive indices, extinction coefficients (B), and
absorption coefficients (C) of insulating oil, measured using both triple and single internal
reflection.

absorbance and transmittance curves in the range of 0.2 to 1.6 THz. The absorbance is calculated
as Absorbance = −log(I(v)/I0(v)) [31], where I(v) and I0(v) denote the intensity responses of
the sample signal and the reference signal, respectively, at frequency v. From the absorbance
spectra (Fig. 6(A)) and amplitude transmission spectra (Fig. 6(B)) of these four liquids, it is
evident that within the frequency range of 0.2-1.6 THz, the amplitude transmittance of water is
confined to the range of 0-0.12 due to its strong absorption of terahertz radiation. In contrast,
isopropanol exhibits the weakest terahertz absorption among the four solutions, and consequently,
the amplitude transmittance of the isopropanol solvent remains within the range of 0.7-0.81.
Although the absorption spectra of these four solvents (Fig. 6(A)) do not show a clear fingerprint
in the terahertz range, there are significant differences in their absorption rates and absorption
trends and magnitudes. Therefore, they can be distinguished from each other by their unique
absorption properties in this spectral region.

 
Fig. 5. Terahertz time-domain pulses (A), refractive indices, extinction coefficients (B), and absorption coefficients (C) 
of insulating oil, measured using both triple and single internal reflection. 
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and insulating oil, respectively, in the 0.2-1.6 THz frequency range. The results demonstrate 
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Fig. 6. Absorbance spectra (A) and amplitude transmittance spectra (B) of pure water, acetone, ethanol and isopropanol 
obtained from measurements at the proposed probe. Fig. 6. Absorbance spectra (A) and amplitude transmittance spectra (B) of pure water,

acetone, ethanol and isopropanol obtained from measurements at the proposed probe.

Many samples contain moisture during the actual testing process [32]. Therefore, it is necessary
to evaluate the enhanced sensitivity of the triple internal reflection probe compared to the single
internal reflection probe. We prepared ten aqueous ethanol solutions using room-temperature
purified water, with concentrations ranging from 0% to 100% in increments of 10%. The
average absorbance of these solutions was measured within a frequency range of 0.4 to 1.4
THz. As illustrated in Fig. 7(A), the average absorbance of the samples progressively decreased
with increasing ethanol concentration for both types of reflection probes. We conducted a
numerical comparison of the ∆A/∆C ratios for both reflection probes, where ∆C represents the
change in concentration and ∆A represents the corresponding change in absorbance. Within the
concentration range of 40% to 50%, the sensitivities of the triple and single internal reflection
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probes were 0.011 and 0.0036, respectively. This indicates that the triple internal reflection probe
is approximately three times more sensitive than the single internal reflection probe, thereby
demonstrating its enhanced sensitivity to variations in solution water content. Additionally, we
narrowed the concentration range between adjacent solutions to 2% and prepared ethanol-water
solutions with concentrations ranging from 100% to 90%. Figures 7(B) and 7(C) present the
absorbance profiles for the triple and single internal reflection over the 0.4 to 1.6 THz frequency
range. The data reveal a gradual decrease in the slopes of the absorbance curves as frequency
increases for all ethanol concentrations. Furthermore, absorbance values within this frequency
range increased with increasing water content in the ethanol solutions. Notably, the discrimination
between neighboring absorbance spectra improved significantly under triple internal reflection
conditions, enhancing the accuracy of identifying subtle changes in solution concentration.
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Page 8, Liquid recognition, “Fig.7”: The units [%] are not indicated in the horizontal axis labels 
of Fig. 7(A), for which we have made the necessary additions. 
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Page 4, Analytical method, “Eq. 4”: We found that Eq. 4 contained a transcription error in the 
first draft of the paper. For this error, we apologize and have corrected Eq. 4.  

 “ ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
1 1

sin cos
1 1

N N

sam sam N N

q A B q B A
B

q A B q B A
θ θ

− − + + +
⋅ = ⋅

+ + + − −
” → “ 

( ) ( )
( ) ( )

1 1
sin cos

1 1

N N

sam sam N N

q A B q B A
B

q A B q B A
θ θ

− − + + +
⋅ = ⋅

+ + + − −
 

 

 

Fig. 7. Average absorbance of ethanol solutions at ten concentrations with 10% increments
(A), and absorbance of ethanol solutions at five concentrations with 2% steps between
adjacent levels under triple (B) and single (C) internal reflection.

4. Conclusion

This work introduces a THz TD-ATR probe based on triple attenuated total reflection to enhance
the sensitivity of ATR spectroscopy for liquid sensing applications. The accessory employs triple
internal reflection to extend the interaction distance between the evanescent wave and the liquid,
thereby enhancing the sensitivity during the testing process. Under identical 45° setup conditions,
the refractive indices, extinction coefficients, and absorption coefficients obtained from triple
internal reflection exhibited high consistency with those derived from single internal reflection,
as tested with pure water, glycerin, and insulating oil. Further testing was conducted with four
polar solvents—pure water, ethanol, isopropanol, and acetone—demonstrating that the designed
triple reflection ATR probe could distinguish among them based on their differences in terahertz
wave absorption. Finally, we prepared aqueous ethanol solutions with concentrations ranging
from 0% to 100% in 10% increments. The results indicated that the slope of the absorbance
response of the triple reflection probe to changes in ethanol concentration was approximately
three times greater than that of the single reflection probe, suggesting a higher sensitivity of the
triple reflection probe to variations in solution concentration. When the concentration range of the
ethanol solutions was narrowed down to 90-100% in 2% increments, the increased sensitivity of
the triple reflection probe allowed for clearer distinction among these concentrations compared to
single reflection, thereby improving the accuracy of identifying solutions with subtle differences.
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