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Abstract

This study introduces a simple, sensitive, efficient, and low-cost gas detection method in the
terahertz range. A mode-adjustable Fabry–Pérot cavity is proposed to enhance detection by
tuning the cavity length to match the cavity’s resonant frequency with the gas absorption
peak. Terahertz frequency domain spectroscopy (THz-FDS), offering MHz-level resolution,
provides stronger applicability than other spectral systems. Carbon monoxide (CO) is
used as the test gas, with its 465 GHz absorption peak validating the coupling enhance-
ment. The experiment measures CO absorption spectra from 0.02 to 1.5 THz, achieving a
detection limit of 7%. Using a vacuum cavity to eliminate water vapor interference, low
concentrations are detected, with a mode number of m = 10 yielding a detection limit of
3500 ppm, 20 times better than previous results. The impact of different modes on coupling
was analyzed, showing more effective coupling when the Q-value of the resonant peak
closely matches that of the gas absorption peak. This method demonstrates high sensitivity
and applicability for detecting low concentrations of toxic and harmful gases.

Keywords: Fabry–Pérot cavity; THz-FDS; coupling of absorption peak; high sensitivity

1. Introduction
Detecting gases, especially toxic and hazardous ones, is essential for ensuring safety

and facilitating production processes. This detection is vital across various domains, such
as monitoring greenhouse gases in the environment [1], assessing indoor air quality [2],
controlling vehicle exhaust emissions [3], and overseeing industrial production [4]. To
achieve high sensitivity in detection, traditional feature recognition methods predominantly
depend on the electrical or chemical characteristics of the gases involved [5]. By inducing a
chemical reaction between the gas and a designated substance or material, it is possible to
identify the gas type by observing changes in specific parameters, including color [4], as
well as current and voltage readings [6]. Although the electrochemical method is relatively
mature, due to its working principles, it inevitably faces issues such as complex structures,
poor stability, and temperature drift.

Another prevalent method for gas detection is optical gas detection, which utilizes
the absorption spectrum characteristics of gases [7]. This technique has demonstrated
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significant potential owing to its rapid response time, minimal time drift, and overall
insensitivity to variations in temperature [8]. Its basic principle can be explained by the
Lambert–Beer law [9]:

I = I0e−αCL (1)

where I is the light intensity at the absorption peak, I0 is the initial light intensity, α is
the absorption coefficient, C is the gas concentration, and L is the path length of the light.
Since gas molecules absorb energy at specific frequencies due to rotational transitions,
characteristic absorption peaks are generated in the spectrum, which can be used as criteria
for gas detection. However, in practical situations, the absorption peaks are often not very
pronounced due to limitations in path length or gas concentration. Due to the fact that
most terahertz sources operate at power levels in the milliwatt or even microwatt range,
they are more susceptible to random noise interference, especially when the gas absorption
peaks are not distinct. Therefore, this effect is more pronounced for terahertz gases [10].

To detect gases at low concentrations, it is essential to extend the optical path length
to enhance sensitivity, which can be achieved using methods such as the white cell tech-
nique [11,12]. As another optical path length extension technique, cavity-enhanced absorp-
tion spectroscopy (CEAS) is an ultra-sensitive spectroscopic method based on high-finesse
optical resonators. By placing the sample inside the resonant cavity and utilizing multiple
reflections between cavity mirrors, it significantly increases the effective optical path length
(up to kilometer-scale), enabling trace detection with limits reaching ppt levels [13]. Depend-
ing on light excitation methods and signal detection principles, CEAS primarily divides
into pulsed cavity ring-down spectroscopy (CRDS) and continuous-wave cavity-enhanced
spectroscopy (CW-CEAS) [14]. CRDS employs pulsed or modulated continuous-wave
lasers, determining absorption coefficients by measuring the exponential decay time (τ) of
intracavity light intensity. This method’s results are independent of initial light intensity,
offering strong interference resistance, particularly suitable for transient free radicals (e.g.,
OH) or weakly absorbing species [15]. CW-CEAS uses continuous-wave lasers, extracting
absorption signals either through direct transmitted intensity measurement or combined
phase modulation techniques (e.g., phase-shift CEAS). While providing high stability
and enabling high-resolution molecular fingerprint scanning when coupled with narrow-
linewidth lasers, it requires precise calibration for source fluctuations [16]. Further technical
variants include broadband CEAS (BBCEAS) [17] and off-axis integrated cavity output
spectroscopy (OA-ICOS) [18]. Compared to traditional long-path absorption spectroscopy
(e.g., white cells), CEAS achieves longer effective path lengths in compact setups through
passive resonator gain mechanisms, with reduced sensitivity to mirror contamination [19].
However, CEAS critically depends on high-reflectivity cavity mirrors for path length exten-
sion and electro-optic modulators for laser “chopping,” increasing system complexity and
cost. More critically, as laser fluctuations significantly impact detection, high-power laser
sources are required for stable operation—a challenging requirement in certain bands like
the terahertz range. Consequently, terahertz applications typically employ CRDS for stable
single-frequency detection, inherently sacrificing terahertz’s broadband advantage [20].

In recent decades, the idea of modes that are strongly coupled through vibrations
has emerged [21]. This effect is manifested in optics as a strong interaction between the
light field and molecules, which can lead to changes in excited states and energy transfer,
thereby forming a mixed excitation known as “vibrational polariton” [22]. It also introduces
a novel approach for material detection by artificially modifying the resonator’s resonant
frequency to align with the absorption peaks of the material, thus enhancing the detection
limit. Ran Damari investigated the strong coupling of organic molecular materials within
the terahertz spectrum. By adjusting the cavity modes to interact with the vibrational
modes of α-lactose molecules, coherent Rabi oscillations at 0.53 THz were observed [23].
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Xiaomei Shi suggested employing a multi-stage resonant cavity design to detect gases at
lower concentrations and successfully achieved simulation results for low-concentration
hydrogen cyanide gas [24]. However, previous studies faced limitations due to frequency
resolution, confining gas detection in the terahertz range to simulation findings only. In
our earlier research, we addressed this challenge by utilizing terahertz frequency domain
spectroscopy (THz-FDS) to attain high-frequency resolution [25]. By designing a Fabry–
Pérot (FP) cavity system, we were able to couple the central resonant frequency with the
vapor’s absorption peak at 560 GHz, marking the first experimental demonstration of
the coupling between the FP cavity and gas absorption peaks in the terahertz domain.
Additionally, the cavity’s mode can be adjusted, making it adaptable for various gases and
substances. However, due to experimental constraints, the detection limit was restricted to
only 10%.

Building on prior research [25], this paper presents a high-sensitivity gas detection
technique utilizing the FP cavity in conjunction with THz-FDS. By modifying the optical
path and constructing a vacuum cavity, the absorption of terahertz waves by vapor can be
minimized, allowing for the detection of low gas concentrations. Carbon monoxide (CO)
gas is selected as the experimental subject. The experiment measures 16 absorption peaks
of CO in the range of 0.02–1.5 THz. Furthermore, the detection limit of our experiment
employing THz-FDS without the FP cavity is 7%. By varying the cavity length, we can
adjust the cavity’s resonant frequency to align with the gas absorption frequency, thereby
enhancing the ability to discriminate between different gases. Successful coupling of the ab-
sorption peak of CO at approximately 460 GHz is demonstrated. By controlling the volume
concentration of CO in the chamber with a gas flow meter, the detection limit of CO after us-
ing the FP cavity is measured to be 3500 ppm, which is a 20-times improvement compared
to direct measurements. Additionally, the effects of the modes on the system’s performance
are discussed by comparing the low mode (m = 10) and the high mode (m = 20). The choice
of mode significantly impacts the interference effects and sensitivity of the optical path,
thereby further optimizing the detection performance. In the terahertz frequency range,
achieving high-sensitivity gas detection has remained a significant challenge due to the
limited power of existing systems. Taking carbon monoxide—the subject of this study—as
an example, direct detection using terahertz spectroscopic systems yields a relatively high
detection limit, typically on the order of percentage levels [26–29]. Patrick et al. employed
THz-TDS to directly measure the free induction decay (FID) signal of CO molecules in the
time domain and applied a linear dispersion model to fit the temporal waveform, thereby
extracting both rotational constants and gas parameters. Their estimated detection limit
reached approximately 7900 ppm [30]. Chuxuan Zhao et al. utilized a multi-pass cell to
extend the optical path length and applied multi-line fitting to infer gas concentration, en-
abling the discrimination of combustion mixtures with a CO detection limit of 250 ppm [31].
The use of multi-pass cells to enhance detection sensitivity through extended optical paths
has long been a classical approach in optical gas sensing [8,11]. Xiaonan Liu et al. combined
a multi-pass cell for increased reflections with light-induced thermoelastic spectroscopy
(LITES), achieving a detection limit as low as 96 ppm through the synergistic amplification
of both techniques [32]. It is evident that existing methods largely rely on either optical
path extension via multi-pass cells or numerical fitting operations to improve detection
limits. In contrast, the FP cavity used in this work offers a structurally simple solution that
enhances the detection limit of terahertz gas spectroscopy without significantly increasing
optical complexity or data processing demands. The enhancement effect provided by the
cavity on absorption peaks significantly aids in the identification of various substances,
including greenhouse gases, toxic gases, and explosives.
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2. Materials and Methods
2.1. Terahertz Wave Generation and Detection System

The terahertz (THz) spectroscopy system encompasses various technical solutions,
among which the most common is the terahertz time-domain spectroscopy (THz-TDS)
system. This system, which uses femtosecond laser pulses to excite and detect THz waves,
has been widely utilized, and features high signal-to-noise ratios and broad bandwidths [33].
Another technical solution is the terahertz frequency-domain spectroscopy (THz-FDS)
system, which offers high-frequency resolution up to the MHz range as compared to
the GHz level achievable by THz-TDS [34]. Therefore, for gases with sharp absorption
peaks, THz-FDS demonstrates better performance in identification, providing more precise
spectral information.

Figure 1a shows the schematic diagram of THz-FDS system in this study, which con-
sists of a laser photo mixing coupling unit, THz emitter and receiver, and THz optical path,
along with a control system and a computer. The THz-FDS experimental system features
THz generation and measurement components from TOPTICA Photonics, specifically the
TeraScan 780, with the system controller being the DLC Smart. This device not only controls
the laser source but also provides the bias voltage and measures the amplified signals. The
photo-mixing laser source in the system is driven by two distributed feedback lasers (DFB
lasers) with wavelengths of approximately 783 nm and 785 nm, producing continuous
wave laser output. The operating frequencies of both lasers are precisely adjusted through
thermal control to achieve accurate control of the frequency of the THz wave. The two laser
beams are transmitted via optical fibers to a laser coupler to generate the photo-mixing sig-
nal, which is divided into two beams with an average power of 36 mW and approximately
the same phase. One of these signals is used to excite a low-temperature grown gallium
arsenide (LT-GaAs) photoconductive antenna to generate THz waves. The THz waves
emitted from the transmitting antenna are directed towards an off-axis parabolic mirror L1
for collimation, producing parallel light. The parallel light then passes through lens L2 for
focusing. After passing through the sample to be tested, the light is focused again by lenses
L3 and L4 before being received by the receiving antenna. All off-axis parabolic mirrors
have a focal length of 4 inches. Additionally, an amplifier is responsible for amplifying
the nano ampere photoconductive current signal, which is then input into the DLC Smart
controller for signal processing, with the final data being transmitted to a computer for
analysis and utilization.

In previous studies, the terahertz optical path was directly exposed to the atmo-
sphere [25]. However, water vapor in the atmosphere has a strong absorption effect on
terahertz waves, which poses significant interference with gas detection research [35].
Therefore, based on the original system, we place the terahertz optical path in a sealed
vacuum chamber to eliminate the interference of water vapor, while also facilitating the
control of gas detection.
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Figure 1. (a) Schematic diagram of transmission terahertz frequency domain spectroscopy system,
The red and black lines represent two types of connections between the DLC controller and the
DFB: electrical wires and optical fibers. (b) vacuum chamber c Model diagram of the FP cavity
(c) Schematic diagram of the Fabry-Perot cavity.

2.2. Vacuum Gas Chamber Construction and Optical Path Modification

As shown in Figure 1b, the final vacuum chamber setup consists of several components:
transmitting and receiving antennas, the vacuum chamber body, the optical path inside the
gas chamber, a pressure gauge, and a vacuum pump. The vacuum chamber body can be
further divided into the main body, the top cover, the vacuum pump connection port, and
the gas inlet. Since the laser used in this system is transmitted through optical fibers, it is
not possible to place the entire system inside a vacuum system; instead, only the terahertz
optical path from the transmitting antenna to the receiving antenna is placed inside the
vacuum chamber. The effects of the portion of the terahertz optical path exposed to the
atmosphere on the signal will be discussed later. The vacuum chamber body is made of
304 stainless steel, with a volume of 40 L and a wall thickness of 5 mm.

To minimize light intensity loss at the incident and exit windows, we chose polyte-
trafluoroethylene (PTFE) material after research, as it has a transmittance of approximately
90% in the terahertz frequency range [36]. After adjusting the optical path, the light in-
tensity should be as close as possible to 80% of that before the adjustment. Additionally,
to reduce FP interference caused by the windows, we tilted them at a 45◦ angle. The
final incident and exit windows are circular with a radius of 55 mm and a thickness of
10 mm. For observation convenience, two quartz glass observation windows with a radius
of 50 mm and a thickness of 10 mm are opened at the front and back of the top cover. The
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pressure gauge and vacuum pump are connected to the chamber via a KF25 interface, with
the pressure gauge measuring a range of −100 kPa to 0 Pa, allowing real-time display of
the current pressure inside the chamber during measurement. Due to the small size of the
chamber, we selected a TRP-6 vacuum pump with a pumping speed of 1.5 L/s and a limit
pressure of 4 × 10−1 Pa.

In the optical path before adjustment, L1, L2, L3, and L4 are all off-axis parabolic
mirrors with a focal length of 4 inches. However, due to physical structural limitations,
we were unable to position the transmitting and receiving antennas at the focal points of
off-axis parabolic mirrors L1 and L4 during the adjustment process. The distance between
the antennas and mirrors L1 and L4 could only be reduced to approximately 12 cm and
could not be further minimized. Since the optical paths between L1 and L2, and L3 and L4
are collimated, it is necessary to ensure that the transmitting and receiving antennas are at
the focal points of L1 and L4, with the distance between L2 and L3 being twice the focal
length. After analysis, we replaced L1 and L4 with off-axis parabolic mirrors with a focal
length of 6 inches. The resulting optical signal after adjustment is shown in Figure 2. It
can be observed that after the optical path adjustment, the light intensity is approximately
80% of that before the adjustment, which is consistent with expectations, indicating that
the optical path adjustment was successful.

Figure 2. Before and after optical path adjustment (a) comparison of photocurrent signal amplitude
(b) transmittance.

Due to the limitations of the physical structure, the transmitting and receiving antennas
cannot be positioned close to the incident window, resulting in a gap of 20 mm for each.
Therefore, the optical path of the terahertz signal exposed to the atmosphere is 40 mm. It is
necessary to investigate the impact of this portion on the overall interference caused by
vapor. The overall optical path of the terahertz system is 1017 mm, meaning that the portion
exposed to the atmosphere is approximately 1/25 of the total optical path. According to
Equation (1), since the optical path exposed to the atmosphere is extremely short compared
to the total optical path, simple calculations show that in a vacuum chamber, even at
50% relative humidity, the final effect is equivalent to placing the entire optical path in
an atmosphere with less than 2% relative humidity. This has a minimal impact on the
overall results.

With theoretical calculations in hand, we conducted experimental validation of this
calculation. First, we opened the top cover of the chamber to expose the entire optical path
to an atmosphere with 34% relative humidity and measured the absorption spectrum at that
time. Next, we sealed the chamber and operated the vacuum pump for 1 h, reducing the
relative humidity to below 0.5%, and measured the absorption spectrum again. Chamber
pressure ≤ 0.1 Pa after pumping. The results are shown in Figure 3.
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Figure 3. The amplitude of the photogenerated current before and after vacuum pumping. Red
dashed lines: absorption peaks of water vapor at ~560 GHz and ~710 GHz.

It can be observed that there are no significant absorption peaks after evacuating the
chamber at the original water vapor absorption peak positions around ~560 GHz and
~755 GHz. Therefore, it can be concluded that the portion exposed to the atmosphere does
not significantly interfere with the experiment.

2.3. The Design of the Fabry–Pérot Resonator

The Fabry–Pérot (FP) cavity is an important instrument capable of achieving multi-
beam interference. It has long been an effective tool for length measurement and the study
of the ultra-fine structure of spectra. Additionally, it serves as a fundamental configuration
for laser resonators and provides a theoretical basis for the study of interference filters [37].
A uniform plane wave propagates along the axial direction in the FP cavity for numerous
round trips. When the wavelength of the incident light aligns with the resonant wavelength
of the cavity, the reflection and interference effects of the light within the cavity lead to a
substantial increase in light intensity. The intensity formula for multiple-beam interference
transmission is [38,39]:

IT =
I0

1 + 4R
(1−R)2 sin2 δ

2

(2)

where IR(δ) is the intensity of the reflected light, I0 is the incident light intensity, R is the
square of the cavity reflectivity, and δ is the phase difference increment factor. The definition
of δ is [40]:

δ =
2π

λ
2ndcosθ (3)

where λ is the wavelength of the incident light, n is the refractive index of the cavity, d is
the length of the cavity and θ is the angle of incidence. The light intensity reflectance R
influences the resonator finesse in the intensity curve; a higher R results in a sharper peak.
The frequency gap between adjacent transmission peaks in the transmittance spectrum is
referred to as the free spectral range (FSR), represented by Equation (4) [41,42]:

FSR =
c

2nd
(4)

where c represents the speed of light. The relationship between the full width at half
maximum (FWHM) of the cavity resonance peak and the FSR is given by Equation (5),
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where F represents the cavity finesse, defined as F = π
√

R
1−R . The finesse characterizes the

spectral resolution capability of the resonant cavity [43].

FWHM =
FSR

F
(5)

Since the FSR varies with the cavity length while the finesse depends solely on the
intensity reflectivity of the cavity mirrors, the FWHM of the resonance peaks can be ef-
fectively controlled by adjusting the cavity length. The center frequency of the resonant
cavity is defined by the cavity length, following the relation fm = c

2d m, where m indicates
the resonance modes. By modifying the cavity length, the central resonance frequency of
the FP cavity can be adjusted to align with the absorption peak, thus amplifying the gas
absorption peak.

Figure 1b illustrates the diagram of the FP cavity structure utilized in the study. We
selected quartz glass for the flat plates of the cavity, which are square with dimensions of
50 mm by 50 mm. These glasses possess a reflectivity of 8% within the terahertz frequency
range. Initially, the thickness of the glass plate was chosen to be 300 µm, and the frequency
response of the cavity is shown as the blue line in Figure 4. However, the inherent resonant
period of the 300 µm thickness interfered with the observation of the coupling. Therefore,
we adjusted the thickness of the glass plate to 100 µm to provide a wider frequency
observation window. The radius of the terahertz beam is 5 mm. During the experiment,
we ensure that the Fabry–Pérot cavity is positioned at the center of the optical path to
prevent light intensity loss caused by the incident beam not being fully accommodated
by the entrance window, which could lead to errors in the transmission spectrum. The
adjustment of the cavity length is performed using an electronically controlled optical
platform (Chuanglai Optoelectronics, Dezhou, China), which offers a precision of 1 µm.
One piece of quartz glass is directly mounted on the platform, while the other is secured to
a 3 mm thick copper plate. Initially, the two quartz glass pieces are placed in close contact,
and the distance between them is then adjusted with the optical platform.

Figure 4. The cavity response of 100 µm-thick quartz glasses (yellow) and 300 µm-thick quartz
glasses (blue).

During the experiment, the FP cavity is oriented vertically within the terahertz optical
path. Care is taken to ensure that the center of the terahertz light spot is aligned with the
center of the cavity to prevent any potential loss of light intensity. Additionally, given that
the cavity material is quartz glass, it can be inferred from Formula (2) that the resonator
finesse of the resonance peak is relatively low. Consequently, to match the quality factor Q
of the gas absorption peak, a higher-order mode is employed during the experiment.
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3. Experimental Details
3.1. Modulation of Gaseous Concentration

CO was selected as the target gas for this study due to its relevance in environmen-
tal monitoring and industrial safety applications. The experiments were conducted in a
custom-designed vacuum chamber with a total volume of 40 L, providing a controlled
environment for gas concentration measurements. Initially, an EIDEX gas analyzer was
utilized to monitor the gas concentration within the chamber. However, it was observed
that the sensitivity of the THz-FDS instrument was insufficient to reliably detect CO con-
centrations, even at the maximum detection limit of 1000 ppm. This limitation necessitated
the development of an alternative approach to ensure accurate and reproducible results.

A two-step procedure was implemented to address this challenge. First, the chamber
was evacuated using a high-performance vacuum pump for 1 h before each experiment
to reduce the relative humidity to below 0.1%, thereby minimizing potential interference
from water vapor during measurements. This step was critical to ensure that the THz-
FDS instrument could operate under optimal conditions. Second, a precision mass flow
controller was employed to regulate the gas flow rate into the chamber at a constant rate
of 0.4 L/min. By combining the known chamber volume with the controlled flow rate,
the gas concentration inside the chamber could be calculated with reasonable accuracy.
This method allowed for the precise introduction of CO at desired concentrations, enabling
systematic evaluation of the THz-FDS system’s performance.

While this approach introduced some degree of uncertainty in the concentration mea-
surements, primarily due to minor fluctuations in flow rate and potential gas adsorption
on chamber walls, the resulting error was deemed negligible for the purposes of this study.
This is because the experimental results focused on concentration levels in the thousands
of ppm, where such uncertainties represent only a small fraction of the total concentration.
Furthermore, the consistency of the flow control system and the stability of the chamber
environment ensured that the measurements were reproducible and reliable.

3.2. Data Processing Methods

The final data obtained in this study were in the form of transmission spectra, which
were derived by comparing the measured signals in a CO-filled environment to those in
a vacuum reference (with humidity below 0.1%). This approach allowed us to generate
transmission spectra in the frequency range of 0–1.5 THz. To achieve this, the amplitude of
the received signal was first extracted from the complex signal captured by the receiver,
which contained both amplitude and phase information. The Hilbert transform, as shown in
Equation (6), was applied to the signal to separate its amplitude and phase components [44].

∼
I ph = Iph + iH

(
Iph

)
(6)

where H is the Hilbert transform, Ĩph indicates the complex photocurrent signal. Before
applying the Hilbert transform, the frequency-domain signal was converted to the time
domain using an inverse Fourier transform. This step was critical to address the issue of
echo interference, which can significantly distort the results. To mitigate this, a windowing
function was applied to the time-domain signal, and the echo regions were selectively
zeroed out. This preprocessing step effectively minimized the impact of echoes, ensuring a
cleaner signal for subsequent analysis.
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The transmission spectrum was then calculated using Equation (7), which relates the
amplitude of the transmitted signal in the CO environment to that in the vacuum reference.

T =
|Specsam|
|Specre f | (7)

where T indicates the transmission spectrum, |Specref | is the reference signal amplitude,
and |Specsam| is the sample signal amplitude. This normalized spectrum provides a clear
representation of the interaction between the THz waves and the CO molecules, revealing
characteristic absorption features within the 0–1.5 THz range. The use of the vacuum
reference as a baseline ensures that any external influences, such as residual humidity
or chamber effects, are accounted for, thereby enhancing the accuracy and reliability of
the results.

During actual experiments, THz-FDS is susceptible to various sources of noise that
introduce errors in the data. Among these, the most significant interference arises from
FP effects caused by reflections at multiple interfaces within the system. Notably, these
oscillations are not random; they remain consistent as long as the optical paths and interface
properties of the system remain unchanged.

To eliminate such interference, the most straightforward approach is to construct
a mathematical model of the entire system using the transfer matrix method, treating
the sample’s refractive index and extinction coefficient as unknown variables, and then
solve the equations to obtain the results [40]. However, applying this method presents
significant challenges in modeling. First, the material properties of the terahertz photo-
conductive antenna are difficult to characterize. It is unclear how much electromagnetic
energy is absorbed or reflected during the signal reflection process by the photoconductive
antenna. Furthermore, changes in the frequency or polarization state of the terahertz wave
make these parameters even more uncertain. Additionally, the substrate of the terahertz
photoconductive antenna is gallium arsenide (GaAs) semiconductor, whose absorption
and reflection properties under laser-induced carrier excitation remain unknown. Second,
precise measurement is unattainable. Due to the extremely short wavelength of terahertz
waves, it is challenging to accurately measure the spatial optical path dimensions with
sufficient precision.

Another common approach involves using filtering techniques to eliminate oscil-
latory noise with fixed periods from the signal. However, conventional filters are not
well-suited for application in THz-FDS systems due to two main challenges: Firstly, in
broadband scenarios, the refractive index dispersion of materials within the system causes
the characteristics of interference to vary with frequency. As a result, filter parameters
must be continuously adjusted across the frequency range, complicating their practical
implementation. Secondly, filters tend to remove useful information along with noise. If
the absorption spectrum contains frequency components coinciding with those targeted by
the filter, meaningful data will be unavoidably lost, leading to reduced accuracy in the final
results [41].

Based on this, we adopted an alternative frequency-time transformation method that
offers a simpler and more effective approach to suppressing echo interference [42]. As
shown in the thumbnail of Figure 5b, the signal exhibits multiple echoes in addition to
the strongest main peak. From fundamental optical principles, it is known that each
reflection introduces a time delay of 2nd/c to the main signal, where n is the refractive
index of the medium (approximately 1 for air in this case), and d is the propagation distance.
When the optical path length is sufficiently long, the time separation between the main
signal and the reflected signals exceeds the duration of the main pulse. This allows us to
effectively suppress FP interference using time-domain zeroing. Given that the terahertz
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main pulse width is on the order of picoseconds, this method is particularly well-suited for
terahertz signals.

Figure 5. (a) Signal amplitude before denoising (b) Time-domain signal.

We first converted the Hilbert-transformed frequency-domain signal into the time
domain via inverse Fourier transform. After obtaining the time-domain signal, we retained
only the main pulse by applying a time-domain zeroing operation to all components outside
the main peak. The processed signal was then converted back to the frequency domain
using the fast Fourier transform to achieve noise reduction. The original signal shown in
Figure 1 was denoised using a selected window range of 2.28–2.35 ns. A comparison of the
signals before and after denoising is presented in Figure 6. As can be observed, the noise is
significantly reduced after FP interference suppression.

Figure 6. (a) Signal amplitude before denoising (b) Noise-reduced signal.

Although this approach partially diminishes the advantage of high frequency resolu-
tion in THz-FDS, the inherently low power of terahertz spectroscopic systems makes them
particularly susceptible to systemic noise and echo interference. Therefore, the frequency-
time transformation method effectively enhances signal quality while preserving signal
integrity to the greatest extent possible.

3.3. Center Frequency Adjustment and Coupling Mode Selection

The enhancement of gas detection sensitivity in this study was achieved by optimizing
the coupling between the gas absorption peaks and the resonant frequencies of the FP cavity.
To accomplish this, we first conduct preliminary experiments on the gas to be detected to
identify its absorption peak within the system signal range. We select the most suitable
absorption peak position based on several indicators, including absorption intensity, signal-
to-noise ratio, and interference from neighboring absorption peaks. Subsequently, we
adjust the cavity length so that the resonant frequency of the cavity at a specific mode
matches the gas absorption peak for coupling. Based on the coupling mechanism, two
distinct modes were identified: (1) the peak-valley coupling mode, where the absorption
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peak aligns with the transmission spectrum peak, and (2) the valley-valley coupling mode,
where the absorption peak aligns with the transmission spectrum valley. Previous studies
have demonstrated that the peak-valley coupling mode is more suitable for detecting low
gas concentrations, as it provides higher sensitivity [25].

Following the acquisition of baseline data without the FP cavity, the cavity was
introduced into the system. By varying the length of the FP cavity, the central resonant
frequency can be aligned with the absorption peak of the gas. The chamber was then
sealed and evacuated to reduce the relative humidity to below 0.1%, ensuring minimal
interference from water vapor. Subsequently, CO was introduced at varying concentrations
to obtain the experimental results with the FP cavity.

The selection of the modes (m) was based on prior investigations into the impact of
different modes on detection performance. It was found that the experimental results
are optimal when the quality factor (Q-value) of the cavity transmission spectrum closely
matches that of the gas absorption peak. Through systematic testing, the mode order
m = 10 was selected for this study, as it provided the best alignment of Q-values and thus
the highest sensitivity. Detailed results and discussions regarding the performance of
different mode orders will be presented in later sections.

4. Results and Discussion
4.1. CO Absorption Spectrum and Absorption Peak Selection

CO has extensive applications in fields such as chemistry [45], metallurgy [29], and
fuel [46]. However, if its concentration is not properly controlled, it can pose significant
risks to human health and equipment as a toxic and hazardous gas. Therefore, it is essential
to detect low concentrations of CO. We initially measured the absorption peaks of CO gas
directly using THz-FDS to select suitable absorption peaks for coupling. First, we measured
dry air with a relative humidity of less than 0.1% as a reference. Then, we gradually
increased the concentration of carbon monoxide in the chamber using a gas cylinder and
a flow meter. It was not until the CO concentration in the chamber reached 7% that we
obtained a relatively distinct absorption peak of CO in the low-frequency range, as shown
in Figure 5. This also represents the detection limit of CO gas when using THz-FDS directly.

From Figure 7, we can identify 10 absorption peaks of CO gas within the 0–1.5 THz
range used in our study, located at approximately 0.345 THz, 0.460 THz, 0.576 THz,
0.692 THz, 0.808 THz, 0.921 THz, 1.037 THz, 1.153 THz, 1.269 THz, and 1.381 THz. These
results are consistent with previously reported experimental findings [47]. We compared
the measured experimental data with the HITRAN database, and the results are shown
in Table 1. In our system, the frequency resolution is set to 20 MHz. Using the uniform
distribution uncertainty calculation method, the resulting uncertainty is approximately
11.55 MHz [48]. Ultimately, we selected the absorption peak at approximately 0.46 THz as
the target for coupling. This choice was made because its absorption intensity is moderate,
and its frequency is relatively low, resulting in a better signal-to-noise ratio than higher
frequencies, thereby effectively reducing errors. Additionally, although we minimized
humidity to an extremely low level during the experiment, we still avoided selecting CO
absorption peaks too close to water vapor absorption peaks to prevent potential interfer-
ence and enhance the accuracy of the experiment. At this frequency, a mode number of
m = 1 corresponds to a cavity length of 0.326 mm.
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Figure 7. The 0.02–1.5 THz range of CO: (a) Photocurrent signal amplitude (b) transmission spectrum.

Table 1. Comparison of experimental results with HITRAN database results.

Experimental Results/THz HITRAN Database Results/THz

0.345 0.346
0.460 0.461
0.576 0.576
0.692 0.691
0.808 0.807
0.921 0.922
1.037 1.037
1.153 1.152
1.269 1.267
1.381 1.382

4.2. Mode Selection

The selection of the m was based on prior investigations into the impact of different
modes on detection performance. The Q-value of gas absorption peaks was calculated
using the FWHM method. It is defined by Equation (8) [49]:

Q =
f0

FWHM
(8)

where f 0 represents the central resonant frequency. In our system, the energy loss of the
FP cavity is predominantly governed by mirror losses, and the cavity materials exhibit
negligible dispersion within the operational frequency range. Consequently, the intrinsic
Q-factor of the cavity can be considered independent of the mode number variation [48].
However, when we focus on a single resonance peak at the gas absorption frequency, we can
approximate its equivalent Q-factor using the gas absorption peak’s Q-value as reference.
Our previous research demonstrated that optimal coupling observation is achieved when
the equivalent Q-value of the cavity resonance peak approaches the Q-value of the gas
absorption peak.

To determine the mode order for the experiment, we first analyzed the Q-value of the
CO absorption peak at ~0.465 THz. As illustrated in Figure 8a, the CO absorption peak
exhibits an FWHM of approximately 22 GHz, corresponding to a Q-value of ~21. This value
is a benchmark for selecting the appropriate modes of the FP cavity, as the alignment of
the cavity’s equivalent Q-value with the gas absorption peak is crucial for achieving high
detection sensitivity.
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Figure 8. (a) CO absorption peak and transmission spectra of different modes (b) FWHM and
equivalent Q-factors of different modes cavity.

Next, we systematically evaluated the transmission spectra of the FP cavity in the
absence of CO for four different mode orders (m = 5, 10, 15, and 20). The cavity lengths
corresponding to the four mode numbers are 1.630 mm, 3.260 mm, 4.890 mm, and 6.520 mm,
respectively. For each mode, the FWHM and corresponding equivalent Q-value were
calculated, as summarized in Figure 8b. Among the tested modes, m = 10 demonstrated
an FWHM of ~21 GHz and a Q-value of ~22, which closely matched the Q-value of the
CO absorption peak. The selection of m = 10 was further justified by its ability to have
sharp resonance and experimental feasibility. While higher modes (e.g., m = 15 or 20) could
theoretically provide sharper resonances, they are also more susceptible to environmental
noise. Conversely, lower modes (e.g., m = 5) exhibit broader resonances, which reduce the
sensitivity of the detection system. Thus, m = 10 represents an optimal mode, offering both
high sensitivity and robust performance under experimental conditions.

4.3. Cavity Enhancement Effect and Detection Limit

After selecting the modes, we attempted to observe the enhancement effect of the FP
cavity on the absorption peak. In the initial experiment, we first measured the transmission
spectra of 5000 ppm CO without the cavity and compared it with the transmission spectra
of the same CO concentration using the FP cavity at the m = 10 (d = 3.260 mm). The results
are shown in Figure 9. Additionally, to quantify the enhancement effect, we introduced a
gain factor F, defined as [24]:

F =
∆Tcavity

∆Tre f
∗ 100% (9)

where ∆Tcavity and ∆Tref represent the difference between the transmission spectrum value
at the frequency of the absorption peak and the initial transmittance. Under ideal conditions,
the transmission spectrum without the cavity should appear as a horizontal line with a
constant value of 1, except in the vicinity of the absorption peak (indicated by the red line
in Figure 9). However, as can be observed in Figure 9, the yellow line exhibits irregular
oscillations, indicating deviations from the ideal transmission spectrum. The oscillations
originate from multipath interference, where terahertz waves reflect repeatedly at interfaces
such as the vacuum chamber’s input/output windows and off-axis parabolic mirrors. The
reflected signals remain embedded in the main signal and cannot be isolated in the time
domain [49]. At this stage, the absorption effect of 5000 ppm CO measured directly by THz-
FDS is significantly weaker than the observed oscillations (as previously determined, the
detection limit for direct measurement is 7%). As a result, the gain factor F calculated under
these conditions is inaccurate. To address this issue, we introduced a new reference: the
transmission spectrum of 0 ppm CO under the same mode (m = 10). This reference spectrum
was used to replace ∆Tref in the gain factor formula. After this substitution, the results are
shown in Figure 10. The recalculated gain factor F is approximately 1100%, demonstrating
a substantial enhancement effect when the FP cavity is utilized. This approach not only
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resolves the inaccuracy caused by the weak absorption signal but also provides a more
reliable metric for evaluating the performance of the cavity-enhanced detection system.

Figure 9. 5000 ppm CO transmittance (yellow), 5000 ppm CO, modes 10 transmittance (blue). Red
dashed line: absorption peak of carbon monoxide at ~460 GHz.

Figure 10. 0 ppm CO, modes 10 transmittance (yellow), 5000 ppm CO, modes 10 transmittance (blue).

After confirming the enhancement effect of the FP cavity on the CO absorption peak,
we proceeded to investigate the detection limit of the system under this configuration.
Using the transmission spectrum of 0 ppm CO at m = 10 as the reference, we conducted
ten repeated measurements to establish a baseline with error bars. A concentration was
considered detectable if its absorption peak fell outside the error bar range of the refer-
ence spectrum.

Starting from 3000 ppm, we measured CO concentrations in increments of 500 ppm,
ultimately obtaining six data points ranging from 3000 ppm to 5500 ppm, as shown in
Figure 11a. To ensure statistical rigor, each concentration was tested ten times, and the
average value was used as the final result. Due to the collision broadening effect between
gas molecules, as the concentration of carbon monoxide increases, the average distance
between molecules decreases and the collision frequency rises. Collision-induced inter-
molecular electric field disturbances cause the ground state energy levels to rise or the
excited state energy levels to fall, resulting in a reduction in the transition energy [50].
This is reflected in Figure 11a as a redshift of the carbon monoxide absorption peaks and a
decrease in the sharpness of the coupling position of the cavity resonance peaks. The results
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demonstrate that the system achieves a detection limit of 3500 ppm, representing a 14-fold
improvement compared to the detection limit without the FP cavity. As shown, even at
lower gas concentrations, the FP cavity produces significant absorption effects. This occurs
because the cavity’s transmittance is highly sensitive to intracavity material losses. By
adjusting the cavity length to couple the FP cavity’s resonance peak with the gas absorption
peak, the transmitted intensity becomes extremely responsive to gas concentration changes,
enabling detection through the decrease in transmittance at the resonance point. This
enhancement is equivalent to extending the effective optical path length from the original
1017 mm to approximately 14 m, highlighting the system’s exceptional sensitivity. We
extracted the maximum transmittance values of the cavity under different carbon monoxide
concentrations, as shown in Figure 11b. The results demonstrate a strong linear correlation
between transmittance and CO concentration above 3500 ppm.

Figure 11. (a) Comparison of different concentrations at the same modes. (b) Transmittance of the
cavity at different CO concentrations.

5. Conclusions
This study presents a highly sensitive gas detection method based on the FP cavity

utilizing the THz-FDS system. By precisely adjusting the cavity length to align the resonant
frequency with the gas absorption peak, we achieved a significant enhancement of the
absorption signal. Using a modified gas chamber, we identified ten absorption peaks of
CO within the 0–1.5 THz range and selected m = 10 for its optimal Q-value matching. The
system demonstrated remarkable performance, with a gain factor F of up to 1100% for
the CO absorption peak at 0.465 THz at a concentration of 5000 ppm. Furthermore, the
detection limit for CO was improved to 3500 ppm, a 20-times enhancement over direct
measurement, equivalent to extending the optical path length to approximately 20 m.
These results validate the high sensitivity and practical potential of our FP cavity-enhanced
approach, offering a promising solution for advanced gas sensing applications. Meanwhile,
this method exhibits excellent versatility. By adjusting the length of the FP cavity, its
resonant center frequency can be coupled with the absorption peaks of other gases. It is
anticipated that combining this method with high-power terahertz sources will achieve
superior gas detection performance.
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