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Abstract: Exploiting the terahertz (THz) part of the electromagnetic spectrum is attracting attention in
various scientific and applied disciplines worldwide. THz technology has also revealed its potential
as an effective tool for gas analysis in astronomy, biomedicine and chemical analysis. Recently, it has
also become important in environmental applications for monitoring hazardous and toxic gases in the
atmosphere. This paper gives an overview of THz gas detection analytical methods for environmental
and biomedical applications, starting with a brief introduction to THz technology and an explanation
of the interaction of THz radiation with gaseous species and the atmosphere. The review focuses
on several gaseous species and groups of air pollutants that have been or can be analysed by THz
spectrometry. The review concludes that different but complementary THz detection methods allow
unique detection, identification and quantification of gaseous and particulate air pollutants with
high selectivity, specificity and sensitivity. THz detection methods also allow further technological
improvements and open new application possibilities.
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1. Introduction

In recent decades, increased problems with air pollution have been observed in large
areas and big cities in developed regions and developing countries around the globe. The
effects of air pollution show consequences on the regional, continental and global scale.
Additionally, the distribution of different pollutants by wind contributes to air pollutants
reaching even rural and remote areas. This is especially important when an environmental
accident or catastrophe occurs. Air pollutants have both natural and anthropogenic origins,
but the major part is mainly contributed by industrial processes and motor vehicles. The
airborne particles and the increased levels of toxic atmospheric gases seriously impact
human health, other living organisms, ecosystems and the environment. In general, air
pollution is: “A state of the atmosphere which leads to exposure of human beings and/or
ecosystems to such high levels or loads of specific compounds or mixtures thereof that
damage is caused” [1]. To perform rapid and targeted interventions, which would lead to a

decrease in direct or indirect mortality due to air pollution, adequate sensing techniques
must be developed and transferred into real applications. The growing awareness of air
pollution is the driving force for new gas sensor development, which will play a key role in
the future of air quality sensing. Commercial sensors for air pollution monitoring should
be mobile, low cost, highly robust and enable greater spatial coverage for sensing and ease
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mate changes and air quality [2], planetary missions [3], control of industrial chemical
processes with gaseous intermediates, products or side-products [4], explosive vapour
detection [5,6], breath analysis for medical applications [7] and detecting dangerous gases
at disaster sites [8-10]. Gas-sensing methods for various applications have been systemati-
cally reviewed by Liu et al. [4]. Precise monitoring of gases in the atmosphere is crucial
for researchers studying climate changes, atmospheric processes, ecology and other sci-
ences. Reliable data allow a better understanding of complex systems and phenomena.
Sensing methods can be divided into two major groups: the first is based on the variation
of electrical properties and the second is based on other properties (Figure 1). The second
group includes electromagnetic (EM) methods, including optical methods, acoustic meth-
ods, calorimetric methods, electromechanical sensors and gas chromatography, which is
often combined with mass spectrometry (GC-MS). In this review, optical methods are of
interest, especially those based on spectroscopy, which can be used for gas sensing due to
its high sensitivity and characteristic fingerprints [11]. Optical methods can achieve higher
sensitivity, selectivity and stability than non-optical methods, as well as enable online and
real-time detection due to relatively short response time. Their applications as gas sensors
for environmental monitoring are still limited mainly due to the complexity and size of the
system as well as relatively high cost. The spectroscopic analysis of gases is often performed
by using Raman spectroscopy [12,13], near-infrared (NIR) spectroscopy [14] or Fourier
transform infrared spectroscopy (FTIR) [15]. Recently, novel spectroscopic techniques based
on submillimetre (sub-mm) or terahertz (THz) radiation were used as an environmental
monitoring system and gas detection and/or identification analytical tool.

Gas sensing EM methods

acoustic methods

spectroscopy

gas
calorimetric electromechanical chromatography/
methods sensors mass
spectrometry

Raman

NIR spectroscopy FTIR spectroscopy THz spectroscopy

THz-TDS THz-FDS

Figure 1. A diagram showing the division of EM gas-sensing methods into different methods,
covering optical methods, which are further subdivided into spectroscopic methods, including THz
spectroscopy. THz spectroscopy is also further divided into terahertz time-domain spectroscopy
(THz-TDS) and terahertz frequency-domain spectroscopy (THz-FDS).

THz spectroscopy has several advantages over other spectroscopic techniques. THz
spectroscopy focuses on the low-frequency vibrational oscillations of molecules. This
allows a more detailed investigation of low-frequency vibrations that are difficult to reach
with other techniques. THz and FTIR spectroscopy are the closest approaches, where parts
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of the EM spectrum even overlap. THz spectroscopy uses the low-frequency range of THz
waves, typically between 0.1 and 10 THz (or even higher up to 30 THz), which allows the
analysis of vibrational and rotational vibrations of molecules in the low-frequency spectrum.
FTIR spectroscopy, on the other hand, typically focuses on the range between 12 and
120 THz, i.e., on the analysis of vibrational oscillations of molecules in the mid-frequency
spectrum. THz radiation penetrates relatively well through non-metallic materials such as
plastics, rubber and some fabrics, while IR radiation has limited penetration through these
materials, but penetrates well through thin layers. However, FTIR spectroscopy is more
sophisticated in its development and practical use and is therefore more commonly applied
in traditional laboratory applications. NIR spectroscopy uses light with an even higher
frequency in the near infrared than FTIR, i.e., a frequency range between approximately
120 and 375 THz. NIR radiation therefore has even more limited penetration and is more
suitable for surface measurements. NIR and FTIR spectroscopic systems are often less
complex and more affordable, while THz spectroscopic equipment is often more delicate
and requires special optical and electronic components and often longer measurement
times. Raman spectroscopy is sensitive to changes in molecular vibrations and rotations,
like THz spectroscopy, but is based on changes in the energy state of the molecules due to
contact with laser light. The Raman dispersion phenomenon is excited by the laser light,
and the scattered light is then analysed by a spectrometer. Raman spectroscopy requires
surface sampling. However, all optical methods have their advantages and disadvantages,
but each contributes unique results to gas analysis.

Terahertz technology has recently gained increased attention since it shows great po-
tential in the detection and identification of chemical substances as well as in the imaging of
suspicious objects and materials” macrostructure characterisation [16-19]. The applications
of the developed THz systems spread their roots in various scientific fields. Most research
and application solutions are devoted to medicine and biomedicine [20-22], pharmaceu-
tical product control [23], security [24], space exploration [3,25], polymer and biopolymer
analysis [26-28], waste management [29,30] and communication technologies [31,32]. Some
attempts were also made to study food and agricultural products [33], construction and
building materials [34], art and archaeology [35] as well as environmental monitoring [36].
However, THz gas sensing is an emerging technology with several practical applications and
unique advantages when compared to other mature gas-sensing technologies. It was used in
security applications for the detection of explosives and hazardous materials, even identify-
ing trace amounts of explosive compounds, and also in complex environments [37—40]. The
sensitivity of THz radiation to several pollutants and greenhouse gases can be employed
for the environmental monitoring of air quality [41-43]. The pharmaceutical and chemical
industry can exploit the potential of THz gas sensing when controlling and ensuring the qual-
ity of pharmaceutical products or investigating the composition of gas mixtures [22,44]. THz
radiation can penetrate biological tissues without ionising, therefore THz gas sensing can
be applied as a non-invasive and label-free method for biological samples’ investigation
in biology and biomedicine. The latter is very important for early disease detection and
monitoring since the composition of exhaled breath can reveal the presence of specific
volatile organic compounds (VOCs) associated with diseases, such as various cancers or
diabetes [45—47]. Another practical application is in the food industry [48,49], where THz
systems can detect gases released from food products to assess their freshness, ripeness and
quality as well as faulty packaging. The changes in the gas composition emitted from meat,
vegetables or fruits can provide early indicators of spoilage or microbial contamination.
It is important to note that THz gas sensing is a unique option for a variety of potential
applications, but the field is still evolving and there are still many challenges to overcome,
such as the development of compact and affordable THz systems that can be used in real
time and in real industrial environments.

THz spectroscopic techniques are just one branch of analytical gas-sensing methods,
where EM radiation is transmitted through the gaseous sample usually caught in a cell or
a chamber. Compared to other mature gas-sensing technologies, THz gas sensing offers
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several advantages. As mentioned before, THz radiation is non-ionising, which means
it does not damage the biological samples or materials being analysed. THz methods
cover a wide range of frequencies between microwaves and infrared radiation, allowing
flexibility in the choice of frequency for a specific application and the analysis of different
gases. THz sensors are highly sensitive with high spectral resolution and thus capable
of identifying and detecting trace amounts of gases, even in hard environmental condi-
tions such as following combustion processes or fire accidents, where the target gas has a
high concentration (typically a few hundred ppm to a few tens in %) [39] but its analysis
is still difficult because of mixing with the aerosol that disturbs the radiation path by
light scattering. Bassi et al. demonstrated that this is not an obstacle for THz radiation
which can penetrate through heavily sooted ethylene flame under elevated pressures up
to 1.6 MPa [50]. THz spectroscopy offers several other advantages over other sensing
techniques [34], among them the ability to gain vibrational information due to inter- and
intramolecular modes and rotational information which is especially valuable for gaseous
molecules’ characterisation. From the resulting spectrum, qualitative and quantitative
spectroscopic analysis is possible. THz sensing can be contactless and non-destructive,
which is advantageous for non-invasive analysis, where no gas sampling is required. This
maintains the integrity of the samples and allows continuous monitoring of gas processes.
One can rapidly and non-destructively recognise various gases and determine their concen-
trations even in multiple-component samples. Comparing THz methods with the other gas
detection methods in Figure 1, it can be concluded that THz methods are better suited for
accurate spectroscopy and real-time monitoring, while, e.g., acoustic methods offer ease of
use and lower implementation costs. Most other methods, including calorimetric methods
and mass spectrometry, involve sampling, which is often not necessary for THz analyses.
The choice between THz and other methods depends on the specific requirements of the gas
analysis. The methods are complementary as each offers unique advantages for different
applications, but each also has its own disadvantages. In general, equipment for THz
analysis of gases is comparable to or even more expensive than some other analytical
techniques such as gas chromatography or mass spectrometry. However, it is important to
consider not only the costs but also the performance of the equipment when comparing the
methods. However, the price of THz systems has been decreasing since they first appeared
on the market a few decades ago, making the technology more accessible for a variety of
applications.

This article aims to review THz gas detection methods for environmental and biomed-
ical applications. The review starts with a brief introduction of THz analytical methods
and continues with an explanation of how THz radiation interacts with gases and the
atmosphere. The review focuses on several groups of air pollutants and gaseous species
(e.g., volatile compounds, nitrous oxide, alcohols, sulphur oxides, carbon oxides, nitriles,
aldehydes, fine particulates, aromatic hydrocarbons and others) that have been or can be
analysed by THz spectroscopy. The review concludes that THz spectroscopy has promising
potential and offers several applications in environmental sensing, including gas detection
and identification. In addition, the technology still opens several opportunities for further
development and application.

2. Terahertz Analytical Methods

The THz band is not a precisely defined frequency range but is generally considered
to span from approximately 0.1 THz (100 GHz) to 10 THz (10,000 GHz) in the EM spectrum,
corresponding to wavelengths between 3 mm and 30 um. As depicted in Figure 2, the
position of the THz band within the electromagnetic spectrum is localised between the
microwave (MW) and infrared (IR) regions. Some references indicate that the THz gap
exists in the frequency range above MW frequencies (typically above 300 GHz) and below
IR frequencies (typically below 30 THz). Therefore, at the edge frequencies, it is also
possible to have an overlap of the THz gap with the MW band on one end and the IR
band on the other end. In comparison to other analytical methods, THz spectroscopy is
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safe, non-destructive, contactless and reliable for real-time monitoring due to its lower
photon energy and higher signal-to-noise ratio (SNR) [51]. The photon energy in this part
of the electromagnetic spectrum corresponds with those of the vibrational, rotational and
translational motions of many lightweight molecules and atoms [3].

radio micro- THz "e&- and visible
waves waves Z  mid-IR light UV X-ray
—_— |
L} | L} L} | | |
107 108 10° 10 10" 102 10'® 10" 10'S 10 10'7 Frequency (Hz)
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Figure 2. A schematic showing the extended terahertz (THz) band of the electromagnetic spectrum.

In comparison to IR spectroscopy, THz radiation can probe not only intramolecular
but also intermolecular vibrations in some molecules. Furthermore, IR spectral frequencies
correspond only to vibrational modes, which are related to functional groups [52]. THz
spectrometers are more sensitive below 3 THz [53] where the rotational modes of gases
exist. THz waves can also penetrate through different media, e.g., concrete walls, plas-
tics, ceramics, paper, wood and fabrics. For instance, the detection of carbon monoxide
(CO) and nitric oxide (NO) at fire sites can be achieved with THz sensors, whereas IR gas
detection in such situations is usually blocked by concrete walls [54-56]. With sub-mm
wave measurements, much higher spectral resolution (A/AA > 10°) can be achieved due to
the smaller absolute Doppler line broadening at lower frequencies. Spectral resolution is
defined as a measure telling us how nearby features in wavelength space are separated. It
is calculated as a ratio between the measured wavelength A and the minimum wavelength
separation AA of two resolved features. In the case of gases, the rotations of molecules
produce a broadening of spectral lines. Moreover, THz waves have a longer wavelength
than IR and visible light. Therefore, they are scattered less by dust and smoke particles in
the air [8]. Furthermore, sub-THz measurements are not affected by aerosol because the
wavelengths of THz waves are much longer than the aerosol particles. Besides qualitative
analysis, quantitative analysis is also possible, which requires a certain absorption line
intensity. Some molecules, e.g., nitriles, exhibit much stronger absorption line intensities in
sub-THz frequencies, thus, detection at lower concentrations is possible [57]. The quan-
tification is more accurate if multiple absorption lines are included in the calculations [58].
As mentioned above, THz spectroscopy can collect qualitative and quantitative data in
almost real time due to a relatively short response time [53]. All these characteristics of THz
radiation bring THz technology into analytical science.

Microwave spectroscopy that uses frequencies between 300 MHz and 300 GHz is
also widely used for many polar gas recognitions. At microwave frequencies, heavy gas
molecules exhibit their rotational resonances, whereas light gas molecules have rotational
resonances in the mid-infrared region. The latter is generally complicated with rotational—
vibrational modes. In comparison to THz waves, microwave radiation can reveal only
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a few characteristic features because the rotational translation modes in this region are
relatively low [53]. Most gas molecules, however, do not have many resonance transitions
at microwave frequencies. Moreover, THz waves occupy frequencies that are an order of
magnitude higher in comparison to microwave- and- millimetre-wave bands. Therefore,
their energy can be easily focused onto a small spot, which is especially desirable for THz
imaging [8]. THz frequencies between the microwaves and the IR regions are therefore ide-
ally positioned for most widespread gases because there are enough resonance transitions
in the THz frequency range, but not too many.

In general, both passive and active THz methods are available for gas sensing. Passive
methods detect the electromagnetic waves emitted by gas molecules, whereas active meth-
ods first illuminate the sample with THz waves from a certain distance and then analyse
the detected signal transmitted or reflected from the sample. In some cases, such as fire
sites, the background of the dangerous gases is usually lost in high-temperature objects.
Therefore, active methods are more sensitive [8]. The active THz analytical methods for gas
analysis can be divided into two modes (Figure 1): terahertz time-domain spectroscopy
(THz-TDS) and terahertz frequency-domain spectroscopy (THz-FDS). THz-TDS systems
mainly use femtosecond (fs) lasers, whereas other lasers and sources are usually included in
CW-THz and THz-FDS systems [54]. THz-FDS is closely related to THz-TDS and measures
the frequency-dependent complex dielectric properties of materials. The next subsections
present a short description of both approaches, including a discussion about their pros
and cons, which are summarised in Table 1. Considering the advantages of both tech-
niques, one can conclude that THz-TDS and THz-FDS are complementary techniques that
provide different types of information in the THz spectral region. THz-TDS provides
broadband spectral information with high time resolution, while THz-FDS focuses on
frequency-dependent dielectric properties.

Table 1. Advantages and disadvantages of TH-TDS and THz-FDS to be considered in gas analysis.

THz-TDS

THz-FDS

THz source

THz detector
Emitted THz radiation

Measured data

Spectral resolution

Spectral information
System complexity

Trace gas analysis

ultrafast femtosecond laser in combination with
non-linear crystals or photoconductive antennas
(optical rectification or difference frequency
generation), free electron lasers (FELs), quantum
cascade lasers (QCLs)

electro-optic crystals, photoconductive antennas,
bolometers

broadband ultrashort THz pulses
amplitude and phase as a time-domain analysis
of THz waveform

high spectral resolution within wide frequency range

broadband spectral information

complex, more sensitive to environmental parameters
high sensitivity

lower selectivity

continuous-wave (CW) or tunable THz source
(QCLs, backward wave oscillators),
photomixing using two laser beams and
Schottky diodes, FELs, femtosecond laser

bolometer, quantum cascade detectors (QCDs),
Golay cell, Schottky diodes
frequency-modulated

narrowband or continuous-wave THz
radiation

amplitude and phase as a function of the
modulation frequency

high spectral resolution within the limited
frequency range

spectral information at specific frequencies
simplified, portable, compact

lower sensitivity

higher selectivity (target-specific gas
absorption lines at precise frequencies)

2.1. THz-TDS

The time-domain signal carries different information, including phase information
related to the dielectric properties of the sample and spectroscopic information that reflects
the chemical composition of the sample [52]. Furthermore, with Fourier processing, the
corresponding frequency-domain spectrum with unique spectral signatures is created,
which is used for supplementary analysis [52]. Although THz-TDS has a wide spectral
coverage even from 0.1 to 20 THz [59,60], it suffers from limited frequency resolution in
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(@)

modulator

the order of 1 GHz [61], which is frequently insufficient for distinguishing adjacent peaks
that lie close together. An additional experimental problem is related to the instability of
the entire system and the reproducibility of the measurements at constant humidity and
temperature. However, the best measure of the accuracy is still the reproducibility [62].

The typical principle of operation of a THz-TDS system transmission and reflection
configuration is depicted in Figure 3. Here, ultrashort laser pulses (<100 fs) from a fs
laser source are used and split into two laser beams at the beam splitter. The pump beam
is used for THz generation, whereas the probe beam is used at the detector side as a
gating pulse. In the case of the pump beam, the beam is focused on the THz generator,
i.e., photoconductive antenna or electro-optic crystal where the THz pulse is generated.
Either the pump beam or the probe beam is temporally delayed by using an optical delay
line to ensure that the optical pulse at the THz detector arrives at the same time as the
generated THz pulse and gates the detector. By changing the position of the optical delay
line, the THz pulse is mapped out as a function of time. To further increase the detection
sensitivity, an optical chopper modulates the pump beam and a lock-in amplifier extracts
the THz-induced modulation on the probe beam [63]. The THz spectrum is obtained by
Fourier transforming the acquired time-domain signal. Typically, a wideband spectrum
of several THz can be obtained with a frequency resolution of 1 GHz or more [39]. Most
THz-TDS systems are based on photoconductive antennas or electro-optic crystals. The
basic principles of both are presented in the following paragraphs.

(b)

—

—N\
%\ fs laser

fs laser

BS
DSTMS DSTMS
j modulator
: BS

filter(s) filter(s)

[ ———— |
sample sample
delay

pinhole Y w—
lock-in
PC
TIL

pinhole  mmmm e—

TIL

Figure 3. Schematic presentations of a typical THz-TDS system based on organic electro-optic (EO)
crystal 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate (DSTMS)
in (a) transmission and (b) reflection geometry [59]. The incoming laser beam from a femtosecond (fs)
laser is split at the beam splitter (BS) into the pump and the probe beam. The photodetector detects
the signal proportional to the THz electric field by the THz-induced lensing (TIL) principle.

2.1.1. Photoconductive Antennas

In THz-TDS systems, the most commonly used principle for generation and detection
of THz pulses is based on photoconductive antennas. Photoconductive antennas generate
and detect THz pulses by transient photocarriers induced with fs laser pulses. Typically,
they consist of two metal electrodes deposited on a semiconductor substrate with a gap
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of a few pm between them. To emit the THz radiation, when a fs laser excites the gap
between electrodes, a DC bias voltage must be applied between electrodes. Thus, the
emission happens when the photon energy of the fs pulses is larger than the band gap of
the semiconductor substrate to generate free electron and hole pairs in the gap between the
electrodes. A DC bias field accelerates the free carriers and they produce photocurrent [63]
and THz radiation. A similar principle of operation is applied in the detection regime.
Instead of applying a DC bias voltage between electrodes, an ammeter is connected. The
electric field on the photoconductive antenna can be measured by changing the time delay
between the THz pulse and the laser probe pulse. The electric field of the photoconductive
antenna can be mapped out at any given point in time by the probe pulse [63]. Modern
designs of photoconductive antennas achieve a dynamic range of 90 dB, emitting power of
a few pW and a typical wideband spectrum ranging from 0.05 THz to 2—-6 THz [64].

2.1.2. Electro-Optic Crystals

Optical rectification (OR) is a second-order non-linear optical effect that occurs in
non-centrosymmetric non-linear crystals and is a difference frequency generation with a fre-
quency difference close to zero [63]. Generation of THz radiation by ultrashort laser pulses
(fs pulses) relies on efficient difference frequency mixing of all the frequency components
within the spectrum of the laser pulse. As a result, a distribution of different frequencies in
the time domain appears as an electric field transient with a shape like the envelope of the
laser pulse. The most important factor in THz generation by OR is the matching between
the group velocity of the fs laser pulse and the phase velocity of the THz field [63,65]. This
phase/velocity matching defines the coherence length, which sets the optimal thickness
of the non-linear crystal. When the non-linear crystal is used as a detector of the THz
field, the electro-optical sampling process is commonly used. It is based on the Pockels
effect where the polarisation of the optical probe pulse can be modulated by the THz pulse.
The THz field provides a change in the refractive index along one axis of the electro-optic
crystal, making it slightly birefringent. Therefore, its polarisation becomes slightly elliptical
depending on the THz strength [66]. This polarisation change is converted to intensity
change by an analyser, for example, a Wollaston prism. Usually, a pair of balanced photodi-
odes is used to map out the signal and suppress the noise. The THz bandwidth in optical
rectification and electro-optic sampling is limited by two main factors—the pulse duration
of the excitation laser and the phase-matching conditions [63]. With modern ultrafast lasers
with pulses of a few fs and organic (4-(4-(N,N-dimethylamino)styryl)-1-methylpyridinium
4-methylbenzenesulfonate (DAST), 4-(4-(N,N-dimethylamino)styryl)-1-methylpyridinium
2,4,6-trimethylbenzenesulfonate (DSTMS), 2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-
enylidene)malononitrile (OH1)) as well as inorganic (zinc telluride (ZnTe), gallium selenide
(GaSe), gallium phosphide (GaP)) electro-optic crystals, bandwidths of tens of THz to over
100 THz were achieved [59,67-69].

2.2. THz-FDS

THz-TDS is most commonly used for the analysis of various materials. In the case
of gases, however, the shortcomings of such systems are evident, as the achievable spec-
tral resolution is limited. THz-FDS is closely related to THz-TDS in physical processes,
measurement and detection schemes (Figure 4). The main advantages over THz-TDS are
the high-frequency resolution (~MHz), the possibility to work at a fixed frequency or in a
tunable frequency range and the relatively low cost. THz-FDS does not require mechanical
movements. Therefore, such systems are also more stable, compact and portable. All this
allows them to perform real-time measurements in situ [41]. In THz-FDS, a spectrum is
obtained by frequency-scanning narrowband CW-THz radiation [39].
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Figure 4. Schematic layout of the THz-FDS system for gas detection (A) with a gas absorption
cell (B) [41]. The THz system includes two distributed feedback (DFB) lasers, one THz transmitter
(TX) and THz receiver (RX), four off-axis parabolic mirrors (PMs), laser combiner (Fib-MIX) and
a signal-processing unit. THz radiation is generated by a photoconductive antenna (PCA). © 2022
Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement (https:
//doi.org/10.1364/OE.456022), accessed on 3 September 2023.

In THz-FDS or THz-TDS, the source of THz radiation over a wide frequency range can
be a femtosecond laser or a more specialised THz emitter such as a quantum cascade laser
(QCL), free electron lasers (FELs) or a backward wave oscillator (BWQO). QCLs are well
suited for high-resolution molecular spectroscopy in the THz range, but their use is still
limited by the size and complexity of the system, which requires cooling. Hagelschuer et al.
have proposed a real-time gas detection system with QCLs, without the need for liquid-
helium-cooled detectors, allowing fast measurements with a time of 10 ms per spectrum
and real-time gas concentration measurements at a frequency of 100 Hz [70]. The method
is based on modulation of the length of the external cavity and exploits the intermediate
optical feedback regime which causes a change in the frequency of the QCL and its terminal
voltage. The THz-FDS technique with BWOs is also called fast submillimetre scanning
spectroscopy (FASSST), which can cover a wider THz frequency range, but not all of it.
BWO systems are not always ideal for the analysis of gas molecules at atmospheric pressure
due to the mismatch between the narrow CW-THz linewidth and the atmospherically
broadened absorption lines. Its use is more promising for high-resolution spectroscopy
of gas molecules at low pressure [39]. For precise tuning of the THz frequency, optical
parametric oscillators (OPOs) can be applied. In recent years, free electron lasers (FELs)
have become a valuable source to generate high-power coherent THz radiation. FELs are
typically synchrotron-based devices that use high-energy electron beams. Their tunability
is achieved by adjusting the strength of the magnetic field in the undulator, which forces the
electrons into a periodic motion, resulting in the generation of synchrotron radiation at the
desired wavelength. Less common but also possible is the use of gas lasers, e.g., CO, lasers,
as a THz source. To summarise, QCLs are more portable and compact sensors, allowing for
precise control of the emitted THz frequencies, and offer higher power and broad spectral
range but have limited output power at some THz frequencies. BWOs provide high output
power but are less portable and require cryogenic cooling. Thus, they are more suitable for
laboratory analysis. In comparison to QCLs, they have limited tunability. FELs offer the
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highest power and tunability through the entire THz frequency spectrum, but their use
is usually limited to well-equipped synchrotron research centres due to high equipment
costs and size. BWOs typically operate in a limited frequency range and are therefore less
selective and specific in gas analysis compared to FELs or QCLs, but they can still provide
selectivity if the target gas has resonances in their operating frequency range. In general,
FELs can provide high sensitivity, selectivity and specificity due to their tunability over
a wide THz frequency range to match specific molecular transitions of gases. The most
suitable source for gas detection is difficult to determine, as the choice depends not only on
the purpose of the survey and the target gas properties but also on several other factors
such as the required spectral range, power, portability and budget constraints.

Unlike THz-TDS, where time-domain data are acquired, THz-FDS modulates the
frequency of the THz radiation. Sinusoidal modulation is typically applied to the THz
source, resulting in frequency-modulated THz radiation. In THz-FDS, a bolometer or
Golay cell is used as a THz detector, measuring the amplitude and phase of the transmitted
or reflected THz signal at different modulation frequencies. The detector response is
thus recorded as a function of the modulation frequency. From the data obtained, the
complex dielectric properties of the sample are calculated, including its refractive index
and absorption coefficient as functions of frequency.

The principle used to generate CW-THz radiation can be based on optical technology,
such as photomixing, difference frequency generation (DFG) and FIR gas lasers, all-solid-
state technology, like diode-based multipliers, p-type germanium lasers and QCLs or based
on free-electron sources, including backward wave oscillators and free-electron lasers [71].
As reported by Martin-Drumel et al., the continuous-wave terahertz (CW-THz) photomix-
ing technique has the greatest tuning frequency range of any known coherent source in
the THz region. It thus ensures a spectral purity lower than the Doppler limit at room
temperature [54]. Photomixing or optical heterodyning is a down-conversion technique
where two tunable, dual-frequency, CW laser sources are used to excite a photoconductive
antenna (i.e., LT-GaAs) to generate CW-THz radiation. The tuning range can be up to a
few THz with a high-frequency resolution reaching sub-MHz [58]. However, the output
power is relatively low, in the range of a few pW [71]. In the case of DFG, which is a
second-order optical process occurring in non-centrosymmetric crystals, two narrowband
laser beams with slightly different frequencies like in photomixing are used. When the two
optical beams co-propagate and are linearly polarised in the same direction, their interfer-
ence generates a beat, which oscillates with the difference frequency between the beams.
The second-order non-linear polarisation of DFG is proportional to the beat intensity and,
consequently, the THz radiation field is induced by the non-linear polarisation. With DFG,
frequency tunability up to several tens of THz was demonstrated [71]. Another type of
optical device is the FIR gas laser, where molecular gases are used as gain media (such
as fluoromethane, difluoromethane, methanol and ammonia) for THz generation, which
originates from the rotational transitions of the molecules. They produce discrete THz lines
and, depending on the gain medium, FIR gas lasers are capable of producing a few mW of
output at THz frequencies [71].

All-solid-state technologies, like the p-type germanium laser (p-Ge), a tunable laser
operating in crossed electric and magnetic fields at liquid helium temperatures, are also
promising. Continuous tunability in p-Ge lasers over the spectral range from 1-4 THz can
be achieved by changing the applied electric/magnetic fields or through the introduction
of intracavity elements. A typical average THz output power can be up to a few watts [71].
Diode-based frequency-multiplied microwave sources provide fast sweeping and high
spectral purity without mode hopping [39]. They use the output from a microwave
synthesiser at around 100 GHz and multiply it by using Schottky barrier diodes. The
output power depends on the output frequency; usually, it is in mW at hundreds of
GHz and in pW above the THz range [71]. The tunability is limited between 10% and
20% of the carrier frequency [39]. The QCL is a semiconductor laser. Laser action arises
from transitions between electronic subbands formed in a series of quantum wells and,



Micromachines 2023, 14, 1987

11 of 38

by “cascading” a number of such active regions together, the injected electrons undergo
multiple lasing transitions as they pass through the device [64]. One of the limitations of
QClLs is that they need cryogenic temperatures for operation, although there were several
reports of emission in the 160-190 K range [71]. Modern THz QCLs have limited tunability
and cover frequency lines in the range of 1-5 THz. Emitting power greater than 1 W was
demonstrated [64]. BWOs are electron vacuum devices in which an electron beam interacts
with a travelling electromagnetic wave. By using a slow-wave structure, the electrons are
slowed down and the kinetic energy of the electrons is transferred to the electromagnetic
wave. They operate in the range between 0.03 and 1 THz; however, several tubes have
to be used to cover the whole range, as the tunability is about 10% around the central
frequency. The power at frequencies below 100 GHz is more than 100 mW and at 1 THz
around 1 mW [71]. In the case of FELs, where coherent radiation is produced from a beam
of free electrons optically amplified in an undulator, the emitted wavelengths can vary
from THz to X-rays. FELs operate in pulsed mode and can achieve THz power reaching
megawatt levels with frequencies ranging from hundreds of GHz to 100 THz [71,72].
Over the past few years, metamaterials, which are artificial materials designed to
manipulate electromagnetic waves, have been used in the field of THz research and system
development. They can be customised to resonate at specific THz frequencies, allowing THz
radiation to be limited. Examples of structures based on metamaterials are split-ring res-
onators and photonic crystals used to create THz cavities, which enhance THz radiation
and allow higher sensitivity in gas detection. In recent years, research into plasmons [73]
and cavities [74-76] has made an important contribution to the analysis of THz gases by
confining and amplifying the THz radiation and increasing the sensitivity and selectivity of
the measurements. Plasmons are collective oscillations of electrons on a noble metal surface.
In THz gas sensing, they are used to enhance the interaction between THz radiation and
gas molecules. When the frequency of the incident THz radiation matches the resonant
frequency of the surface plasmons, a strong electric field is generated on the metal surface.
This enhanced field acts on gas molecules near the surface, causing changes in THz trans-
mission or reflection that can be detected and analysed. Another principle for improving
gas analysis is cavities. These are structures designed to confine THz radiation in a small
volume and to increase the interaction length between THz radiation and the investigated
gaseous sample. When gas molecules are trapped in the microcavity, their presence mod-
ifies the THz field in the cavity. This change in field intensity or resonant frequency can
be used to detect and quantify gas concentration. Some QCLs are designed with built-in
cavities that increase the output power and spectral purity of THz radiation. Researchers
often explore dual-mode resonators using both plasmonics and cavity structures to optimise
their THz devices. This approach thus combines the advantages of plasmon-based and
cavity-based detection, allowing for improved sensitivity and selectivity in gas analysis.
By incorporating plasmonic structures, cavities and metamaterials into THz gas sensors,
higher sensitivity, lower detection limits and better distinctions between different types
of gases can be achieved, resulting in improved practical applications in areas such as
environmental monitoring, safety and product quality control in industrial processes.
Other approaches and technologies are being developed to improve gas detection
using THz methods. Nanostructures can be used to increase the surface area that enhances
the interactions between THz radiation and gases, acting as a substrate for attaching gas
molecules. Of the nanostructures, much research is being carried out on graphene, which
can be shaped to selectively detect certain gases. In one experiment, a subnanometre-
thick monolayer of graphene showed strong metallic and plasmonic behaviour in the THz
frequency range. This plasmon effect was significantly modified when the graphene layer
was placed under a magnetic field of appropriate strength, which can be exploited to achieve
higher-sensitivity gas detection [77]. Microfluidics is used for more precise manipulation
of the gases [78]. By integrating different components of a THz system on a single chip,
a compact and portable system could be possible for use in field applications [79]. In
addition, the use of artificial intelligence and integration with chemometrics will be an
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improvement, allowing better understanding and analysis of THz spectral data, leading to
improved identification and qualitative and quantitative evaluation of gases [22,80-82].

2.3. Gas Cells and Gas Preconcentrator

In general, a THz spectrometer consists of a THz radiation source, a detector and
optical elements. Because the hydrostatic pressure can influence the sample’s properties,
a gas absorption cell has been introduced in many spectroscopic experiments for gases
as shown in Figure 4 [41,83-85]. Thus, during the measurements, the absorption cell is
filled with the gaseous sample at a particular pressure. The emitted THz beam propagates
through the cell filled with gas which absorbs certain frequencies [86]. The absorption and
dispersion response of the gas sample is obtained by measuring the THz waveform for
both an evacuated absorption cell and a cell filled with a sample gas at a specified pressure
by using Fourier analysis techniques [87]. Recently, the advantages of measuring pressure-
dependent spectra in the THz range have been recognised by numerous researchers [85,88].

A THz gas measurement system includes a well-designed gas cell with adequate prop-
agation length and wall thickness. Longer paths can be achieved with folded absorption
cells [47]. The folded absorption cell contains deflection mirrors to achieve an appropriate
beam path length, usually above 1 m [9,86]. The long cells are needed to increase the inter-
action length between the THz radiation and gas molecules [74]. One experiment showed
that the reduction of absorption cell length from 1.9 m to 0.56 m reduces the sensitivity of
the THz sensor by a factor of 7.5 [7]. The material for gas cell design is also carefully se-
lected because some measurements demand sample heating while others cooling. Usually,
crystal quartz [89] or high-specific-resistance [61] silicon is selected as a material for the
gas cell. The gas pressure within the cell must be precisely controlled, for instance, with
a turbo-molecular pump, valves and a pressure gauge [7,86]. The obtained THz signals
are sensitive to variations in atmospheric conditions, thus the gas cell and system optics
chamber are evacuated individually to provide stable and reproducible measurements
throughout longer periods [9,90]. In some cases, the cell must ensure evacuation down to
100 Pa to reduce the pressure broadening of the absorption lines for a given gas species [9].

Moreover, the THz chemical sensors operating at pressures below 1 Pa ensure that
substances, which strongly interact with THz radiation, can be identified in the total amount
of sample well below the picomol level, which is competitive with GC-MS, where sensitivity
is around 100 femtomols. Besides this comparable achievement, the THz sensor has another
advantageous specificity: it can operate without a cryogenic system and requires the
processing of a much smaller amount of samples [47]. Thus, real-time applications are
much closer to realisation.

An investigated gas is usually diluted in air under atmospheric conditions. Therefore,
the gas must be first concentrated by a gas preconcentrator that acts as an absorbent for gas
molecules. Simultaneously, other air constituents such as nitrogen (N3), oxygen (O,), carbon
dioxide (COy), argon (Ar) and water (H,O) are filtered out. For instance, a preconcentrator
reduced the water concentration in the absorption cell by a factor of several hundred [47].
Sometimes additional thermal desorption of gases is necessary, which demands heating
the preconcentrator [86]. The gas concentration system based on absorption and thermal
desorption, e.g., porous carbon nanosieves [22], allows the identification of small substance
amounts. Thus, by using a preconcentrator system, the sensitivity can be improved by
up to five orders of magnitude [7,84]. Other preconcentrator techniques were also tested,
including membranes, ion traps, plot columns and three-dimensional (3D) as well as two-
dimensional (2D) adsorbents [84]. The latter showed the best performance, since less power
is needed for heating, the thermal mass is reduced and the operational speed is higher [84].
Another noteworthy characteristic of the absorber is that it should not trap water because
water vapour inside the absorption cell increases the dilution of trace gases. Zhang and
Grischkowsky used THz-TDS to demonstrate the strong adsorption effect of silica aerogel
for the vapours of water, heavy water, ammonia, methyl chloride and methyl fluoride [91].
In this study, the hydrophilic Si-OH groups of aerogels, which are more likely to bond with
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strongly polarised molecules, were passivated or replaced by the absorbed molecules of
vapour compounds, which resulted in a decreased absorption in the frequency range above
1 THz. The other two gas samples tested, H; and CO, showed no noticeable change in THz
absorption spectra. However, the choice of absorbent depends on sample species selection
in a given application.

3. THz Detection of Air Pollutants
3.1. Interaction of THz Radiation with Gas Matter

Since one of the major applications of THz spectroscopy is material characterisation,
it is important to understand the interactions between the employed electromagnetic
radiation and the material under investigation. Understanding this aspect is necessary for
the interpretation of obtained THz spectra. In the THz region, many absorption lines of gas
molecules appear due to molecular rotational transitions and internal rotations as well as
torsional vibrations [52]. Furthermore, the THz spectra of gases exhibit narrow lines with
few distortions and errors. The linewidths are far narrower than the spectral resolution
of the measurements [83]. The rotational spectra are redundant because they comprise
hundreds or thousands of roughly periodic spectral lines [84]. This fact is advantageous
for gas spectroscopy since a THz sensor does not need to cover the entire THz region. The
density of spectral lines varies from one gas species to another. Most often, a 30 GHz wide
spectral range contains enough spectral lines for the characterisation of any molecule with
at least three atoms heavier than boron [84]. Thus, “white space” without lines can be
neglected and the speed of THz measurements can be significantly improved.

The molecule must have a permanent dipole moment if someone wants to measure
the rotational absorption resonances in the THz range [89]. Among all the predominant
atmospheric molecules, water and water’s isotopes have permanent dipole moments and
are therefore known to exhibit prominent THz rotational spectra. Molecules such as CO,
and O are also diatomic molecules with linear symmetry but they have a permanent dipole
moment because of the unequal sharing of electrons between atoms, leading to partial
positive and negative charges. This dipole moment is essential for rotational transitions.
Some molecules, such as diatomic nitrogen, have linear symmetry with a symmetrical
distribution of electrons, resulting in a symmetric charge distribution, which prevents
them from forming a permanent dipole moment. Therefore, nitrogen does not exhibit
rotational absorption in the THz range, and the THz rotational absorption for O, and CO,
is also not significant. Carbon monoxide (CO) is also a linear diatomic molecule but it has
a permanent dipole moment for the same reason as O, and CO,. Moreover, the greater
the dipole moment, the more significant the changes in energy levels, and the transitions
between these levels produce absorption lines in the THz range. Thus, the rotational
transitions in molecules like CO are quantised due to the energy level structure. The energy
difference between adjacent rotational levels corresponds to THz frequencies and leads to
spectral lines in the THz spectrum. Molecules with weaker dipole moments like CO may
exhibit limited absorption in the THz frequency range [89] due to the limited resolution
of the THz measurement system [61]. The absorption behaviour of molecules in the THz
range is influenced by factors such as molecular structure and energy levels.

Each molecular species including gases absorbs THz waves in a unique spectral pattern
showing not only the absorption features of the investigated molecule but often also the
effect of the surrounding environment. However, absorption features are generally unique
to each molecular species. For gases, pure rotational transitions are observed as Lorentzian
resonances at distinct frequencies in the THz spectrum; therefore, the spectrum for each
gas is unique [53].

THz waves can strongly interact with the rotational transitions that exist in a gas phase
of substances. To obtain the response of this interaction, the measurements of gas samples
require a long interaction length to obtain the appropriate absorption and high resolution.
For this reason, the gas is measured in the absorption cell with a transparent window, which
also neglects the absorption lines of water vapour. Usually, the polar water molecules
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absorb a fraction of the THz intensity, which is expressed as a reduced peak amplitude in
the time-domain waveform and as a cut out of the particular frequencies in a frequency
domain [92]. The water absorption lines can be removed numerically after measurements.
The better way to avoid this influence is to perform measurements after evacuation in a dry
air or nitrogen atmosphere. Additionally, the THz measurements also require information
about the cell length and pressure due to the pressure-dependent spectral linewidths [92],
which are also dependent on the system resolution. The spectral intensities scale linearly
with the pressure [47].

From the measured THz data, the absorption coefficient and the dispersive phase can
be independently derived from the time-domain waveform by a Fourier transform (FT).
A rapid gas identification can be performed even without the FT because the rotational
constants can be determined from the periodic recurrences in the time-domain waveform.
Besides the identification, the quantitative analysis of gases is possible. When knowing
the absorption coefficient and the absorption length within the cell, it is easy to determine
the concentration of gas in the ppm range [92]. Thus, THz-TDS allows both single-species
identification and quantitative analysis of gas mixtures.

3.2. THz Radiation Interaction with Atmosphere

Besides infrared and microwave sensors, several THz sensors have been included in
orbital instruments for applications in astrophysics, cosmology as well as pollution and
climate monitoring in the Earth’s atmosphere [3,57]. In particular, THz measurements
improve understanding of dynamic processes in the Earth’s atmosphere, such as pollu-
tant distribution, radiation balance, temperature profiling, global warming and ozone
depletion [93]. For instance, a heterodyne radiometer on NASA’s Aura satellite, which
was launched in July 2004, measured the thermal emission at sub-THz frequencies (118,
190, 240 and 640 GHz) as well as at 2.5 THz. By this space mission, the THz heterodyne
radiometer /spectrometer system has been proven as a useful technique to measure trace
constituent abundances and physical properties under various climate conditions. The THz
technique allows the detection of the trace species with polar molecules at THz frequencies
at very high sensitivities, i.e., at parts per trillion to parts per billion [57]. Additionally, THz
instruments for planetary missions investigate the sources of trace gases and the concentra-
tion of key constituents in the planetary atmospheres in various weather conditions [57,94].
All these approaches and acquired data can be undertaken for environmental applica-
tions to better understand global warming, meteorological forecasting and atmospheric
composition that affects climate and to study the pollution in the upper troposphere.

When THz radiation propagates through the atmosphere, its amplitude and phase
change due to several reasons. It is essential to understand all atmospheric effects [95], but
herein we emphasise some of them with crucial importance: humidity, altitude, pressure,
gas components and temperature. The polar molecules like water vapour are great ab-
sorbers of THz radiation and lead to ubiquitous absorption lines through most of the THz
range (Figure 5B). Therefore, the THz atmospheric absorption is principally dominated
by water vapour, which controls the electromagnetic propagation of broadband and nar-
rowband THz waves in the atmosphere [62,96]. An increase in water content within the
atmosphere decreases the transmission of THz radiation and results in narrower and
shallower THz transmission windows as presented in Figure 5A [89]. Some researchers
reported two promising areas between 1 and 2 THz that show a window of very little water
absorption. The first area is located between 1.2 and 1.4 THz, the second one was identified
between 1.4 and 1.6 THz [89]. Other authors reported an important transmission window
below 1 THz in the range from 0.2 to 0.3 THz [96]. This results in a long atmospheric THz
propagation path [89]. For this reason, the propagation path of the THz beam is often
placed within a chamber with a nitrogen-purged environment to prevent the effects of
atmospheric water vapour on the THz spectrum [89]. By comparing the THz spectrum of
pure nitrogen and the THz spectrum of the atmosphere with usual relative humidity, one
can notice the reduction in the peak amplitude of the main pulse and the modulation of
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the THz waveform due to the absorption and dispersion of THz radiation on water vapour
molecules [89]. Moreover, water vapour absorption is usually described as a two-phase
phenomenon. The first phase is the consequence of the absorption due to the resonant
rotational or vibrational lines and the second is due to the continuum. Continuum absorp-
tion is most often defined as the difference between the experimentally observed spectrum
and the calculated resonant absorption spectrum [97]. Knowing the location and width
of windows with high atmospheric THz transmission is important for additional system
developments as well as novel applications. For environmental monitoring, one must also
consider the fact that the humidity changes with the weather conditions, changing seasons,
altitude and geographical location [98].

Besides relative humidity, the propagation of THz radiation through the atmosphere
also changes at different altitudes. At higher altitudes, the propagation of THz waves
improves dramatically mainly due to the decrease in the humidity and temperature
changes [89]. Some theoretical calculations demonstrated that the transmission window
increases from 25% to 99% in the frequency range between 0.3 to 12 THz if altitude is
changed from 4.2 km to 41 km [89]. A special THz-CW system has been developed that
allows the detection of water vapour in the atmosphere at concentrations in the ppm range
without the need for an absorption gas cell. Such a system uses a THz disk microres-
onator which can be further optimised to achieve even higher frequency resolution and
sensitivity [99]. The proposed solution suggests the possibility of a compact and highly
sensitive THz spectrometer for gas phase analysis, which would contribute to a wide range
of applications.
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Figure 5. (A) THz absorption spectra of the atmosphere at different relative humidities at low THz
frequencies [100] and (B) water vapour absorption lines (absorbance in arbitrary units, a.u.) with
the high resolution of 2.7 GHz in comparison to the results from the HITRAN database in the
frequency interval 1.5-14.5 THz [59] ((A) is reprinted from “Terahertz absorption spectrum of para
and ortho water vapours at different humidities at room temperature,” Journal of Applied Physics, vol.
100, p. 094905, 2006, with the permission of AIP Publishing via Copyright Clearance Center Inc.,
https:/ /www.copyright.com/, (accessed on 27 September 2023)).

The next atmospheric parameter, which has a major impact on THz measurements,
is the atmospheric pressure. The pressure broadening of the lines limits the experimental
resolution [89]. The spectral resolution of the selected THz system must be in the order
of or less than the pressure broadening for the selected investigated gas molecules [22].
At pressures below 10 Pa, absorption linewidths of 4 to 5 MHz can be achieved with a
heterodyne detection [101]. Spectral resolution of about kHz is necessary to obtain high
selectivity of THz analysis in gas detection, quantification and monitoring in gas mixtures.
To obtain this spectral resolution, two other conditions must be satisfied, i.e., Doppler
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line resolution (~10~°) and frequency measurements with accuracy of 10-8-10710 [90]. At
room temperature, the Doppler linewidth resolution is about 1 MHz at THz frequencies,
therefore pressure should be kept from 0.13-6.67 Pa to achieve the best possible sensitivity
and specificity of chemical spectroscopic analysis [47]. In addition, high selectivity can
be achieved with a low-pressure gas cell and a high-resolution spectrometer [9]. For
high-resolution measurements, it is preferable that the THz source is narrowband, i.e., the
emission linewidth is much smaller than the linewidth of the transition [7]. The gas pressure
importantly affects the refractive index, which increases with increasing pressure [83]. At
lower pressures, the most relevant are techniques photomixing, frequency multiplication
or FIR laser side-band spectroscopy [102,103].

THz radiation is attenuated not only by absorption but also by scattering of aerosols
along the optical path. Aerosol particles in the atmosphere are dust, salts, ice particles,
smoke particles, fumes and water droplets [39]. The value of a complex refractive index
depends on the particle size distribution and the wavelength of incident radiation. When
performing measurements through the atmosphere, one must consider both the Rayleigh
scattering and the Mie scattering. Since the wavelength of THz waves is in the order of
the size of aerosols, only Mie scattering should be taken into consideration [95]. Therefore,
with THz spectroscopy one can perform direct measurements of samples contaminated
with aerosols since the minimum wavelength in the THz range (e.g., A > 100 um below
3 THz) is at least three orders of magnitude greater than the size of aerosol particles,
whereas IR spectroscopy requires prefiltration to remove particles from aerosols [61].

Understanding THz propagation through the atmosphere is crucial for further de-
velopment of sensing analytical tools in environmental applications. The knowledge
about atmospheric attenuation of THz radiation is also important for selecting the optimal
frequency bands for sensing systems. In addition, a gas THz spectroscopic database is
necessary to discriminate between the atmospheric components. There are already sev-
eral spectroscopic databases for gases such as HITRAN, Jet Propulsion Laboratory (JPL),
Cologne Database for Molecular Spectroscopy (CDMS), SOA Terahertz Toolbox and Gestion
et Etude des Informations Spectroscopiques Atmospheriques (GEISA) [53,89,95], which
should be further upgraded with new or extended THz spectra.

3.3. THz Detection of Gases and Various Air Pollutants

Many types of research have already proved that spectroscopy in the THz region is
a powerful tool for the chemical analysis of various gaseous substances (Figure 6). Gas
molecules can be measured by THz systems directly under atmospheric conditions or
indirectly through isolated systems or through respiratory gases [22]. The atmospheric
pollutants with small molecules are ideal candidates for THz spectroscopy because they
exhibit strong transitions in this frequency range. Among them, the most interesting are
hydrogen sulphide (H;S), carbonyl sulphide (OCS), formaldehyde (H,CO) and ammonia
(NH3), which are important gases in various industrial, environmental and biological
processes. For the gaseous species with larger molecules such as methanol (CH;OH),
toluene (C7Hg) and acetone ((CH3),CO), internal rotations of the molecules produce many
overlapping spectral peaks, which are hard to resolve by existing spectrometers. Other
macromolecules like polycyclic aromatic hydrocarbons (PAHs) require spectrometers with
a high sensitivity [58]. Simple molecules with diatomic structure and short molecular
chains such as CO, H,CO and OCS have only a few absorption lines in a relatively narrow
spectral band in the THz range, whereas larger molecules have up to 600 or even more
transitions in the same frequency range [7].
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Figure 6. THz gas sensing for qualitative and quantitative analysis in environmental applications.

Some gases exhibit equidistantly spaced absorption peaks, whose periodicity is differ-
ent for various gases depending on the molecular structure and corresponding rotational
modes [104]. The periodicity is related to the momentum of inertia of gas molecules. Thus,
knowing the structure of gas molecules one can predict the interval between the equidistant
absorption peaks. Due to unique spectral fingerprints, THz spectroscopy can discriminate
between various gases (Figure 7). For instance, Hindle et al. demonstrated that a THz
system is capable of discriminating between multiple species in cigarette smoke [58]. They
recognised spectral signatures of hydrogen cyanide (HCN), CO and H,O at 2000 Pa and
H,CO below 200 Pa. On the other hand, THz spectroscopy can be applied for the detection
and identification of hazardous and toxic substances that may be formed at accidental sites
or remain in construction materials after disasters [105]. Several toxic gases, e.g., HCN,
CO, H,S, NH3, hydrogen chloride (HCl), acetonitrile (CH3CN), and nitrous oxide (N,O),
exhibit rotational spectra in the THz band.

This review focuses on experiments carried out to study the spectra of various gases
and air constituents that can be considered convenient for environmental and biomedical
applications. References included in the review are summarised in Table 2, which also
provides a brief description of experiments considering the gas samples under investigation,
the selected THz system and operating frequency range as well as the purpose of the study.
For each gas, the Introduction gives a brief overview of why these gases are important
in different applications. For selected gases, the lower detection limit is also given in
Section 4. The review in the following subsections summarises recent advances and
potential applications of THz spectroscopy in gas analysis and identifies challenges and
directions for further research.
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the frequency range from 0-140 cm™", corresponding to the frequency range 0—4 THz. (Reprinted

with permission from [52]. Copyright 2015 American Chemical Society).

3.3.1. Alcohols, Aldehydes and Ketones

Alcohols, aldehydes and ketones are oxygenated hydrocarbons often recognised as
ubiquitous air pollutants. Although experimental studies have shown that alcohol fuels
produce fewer emissions than unleaded gasoline fuel, some studies revealed that alcohol-
based blended fuels have a higher fuel consumption rate and CO, emissions [106]. On
the other hand, aldehydes and ketones are major components of indoor air pollution and
therefore their monitoring in industrial applications is crucial.

Schmaltz et al. measured 75 and 17 absorption lines for methanol in the frequency
range 238-252 GHz and 491-498 GHz, respectively [7]. For acetone ((CH3),CO), the number
of absorption lines in the lower frequency range from 238-252 GHz is 21 and 62 in the
frequency range 491-498 GHz. In the case of other alcohols with a longer chain and OH
functional group at non-terminal sides, this number increases dramatically, e.g., 2-propanol
((CH3),CHOH) exhibited 826 absorption lines in the frequency range 238-252 GHz. In
the case of ethanol (CH3CH;OH), Zhu et al. [107] observed that hydrogen bonding causes
molecular changes on a picosecond timescale, which can also be noticed as fluctuations
in THz spectra recorded during some periods. Smith and Arnold calculated the selectivity
coefficient for methanol and ethanol by comparing the THz and IR absorption spectra
after the path length and concentration normalisation [52]. Due to the molecular nature
of the transitions at THz frequencies, the selectivity is greater for THz spectroscopy in
comparison to functional group transitions obtainable by IR spectroscopy. Additionally,
methanol was included in an experiment in which Graber et al. showed that SNR increases
with the gas sample concentration [108]. In this study, they also observed that the methanol
molecule with an asymmetric top shows a noteworthy variation between experimental
and simulated spectral line intensities, although their resonance frequencies agree very
well. More recently, research has also focused on n-propanol gas, the analysis of which is
important for environmental monitoring and respiratory breath analysis in lung cancer
patients. Lin et al. have developed a rapid method for the detection of this gas based on
molecularly imprinted polymers (MIPs) and THz metasurface sensors. Since MIP adsorbed
with n-propanol changes the dielectric environment of the sensor, the resonant frequency
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of the sensor also changes, which can be used to determine n-propanol concentrations in
the range of 50 to 500 ppm [109].

Aldehydes are found as environmental pollutants with especially high concentrations
in the wood, textile and paper industries as well as in tobacco smoke, smog and combustion
engine exhaust. In general, three aldehydes (formaldehyde, acetaldehyde and acrolein)
are under special observation regarding their adverse health effects [110]. Formaldehyde
is a simple molecule and as such has only a few transitions in the THz frequency range.
Schmalz et al. observed only one transition for formaldehyde in the frequency range
491-498 GHz, whereas acetaldehyde (CH3CHO) showed several absorption lines, 150 and
109 in the frequency range 238-252 GHz and 491-498 GHz, respectively [7].

Ethanol, methanol and acetone are also biomarkers for several diseases that were
analysed by THz sensing [47]. Acetone in breath is a marker for non-insulin diabetes [90].
Ethanol, methanol and acetone were also detected in the exhaled breath of a person who
consumed alcohol [47], thus the THz gas sensor can be an alternative to a commercial breath
alcohol tester in terms of sensitivity, sample volume and specificity (Figure 8). The measured
and calculated sensitivities for ethanol, methanol and acetone were 75 ppb, 45 ppb and
18 ppb, respectively. These results are comparable to laser-based breath analysers and mass
spectroscopy-based techniques [47].
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Figure 8. Comparison of ethanol, methanol and acetone concentrations in exhaled breath measured
by THz spectroscopic method and ethanol concentrations measured by a commercial BACtrack
breathalyser (values indicated by purple squares in the figure). Blue triangles indicate values
calculated using Widmark’s formula, which considers blood alcohol content as a function of the
subject’s body weight, gender, the amount of alcohol consumed and time passed after the start
of alcohol intake. The horizontal scale represents the time since the start of alcohol consumption.
Reprinted from [47], with the permission of AIP Publishing.

3.3.2. Ammonia

Jacobsen et al. demonstrated a chemical recognition system which was able to dis-
criminate between NHj3- and HyO-dominated phases in a binary mixture by estimating the
partial pressures of components, although the resonances at 0.572 and 1.168 THz for NH3
are close to the resonances of H,O at 0.557 and 1.163 THz [44]. Almost the same but more
precise rotation frequencies of NHj3 (0.572498 THz) and H,O (0.55693 THz) were observed
by Sun et al. at pressures well below 10 Pa [101]. Harde et al. performed THz-TDS mea-
surements on ammonia vapour at room temperature to experimentally and theoretically
study the absorption and dispersion of the selected gas species, which is important in
astrophysics [111]. Besides 50 spectral lines of ground state observed above 600 GHz, an ad-
ditional broad absorption band around 1.6 THz was noticed that most probably originates
from ammonia dimers ((NH3);). The THz spectrum of ammonia at the gas concentration
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of 100 ppm was also measured by a CW-THz system by Hepp et al. [9]. Considering the
SNR, the detection limit was reduced to approximately 20 ppm at a pressure of 100 Pa. THz
ammonia sensing can also be used for medical diagnostics since ammonia in a urease
breath test is a biomarker for heliobacteriosis and carcinoma of the lung [90].

3.3.3. Aromatic Hydrocarbons

Aromatic hydrocarbons are toxic environmental pollutants found in the soil, ground-
water and air. Their origin in the environment arises from natural and anthropogenic
activities. Both PAHs and nitropolycyclic aromatic hydrocarbons (HPAHs) have long been
of interest in the fields of environmental science due to their toxic effects on human beings.
PAHs are released into the environment by incomplete combustion of organic compounds
during industrial processes or other anthropogenic activities [112]. PAHs are compounds
with a ring structure, where two or more benzene rings are fused and/or in various con-
figurations of merged pentacyclic molecules. NPAHs are formed in the atmosphere by
reactions between nitrogen oxides and hydroxyl radicals with the parent PAHs [113,114].

For both types of chemical compounds in a solid state, naphthalene as a PAH and
l-nitronaphtalene as an NPAH, Du et al. measured THz spectra and found a significant
difference between them in the frequency range of 0.1-2.2 THz [114]. The visible change in
absorption intensity most probably originates from the difference in molecular structure
and lattice vibration modes. The absorption coefficient of NPAH is much stronger in
comparison to PAH. 1-nitronaphtalene exhibited specific absorption peaks at frequencies of
0.52,0.71,1.05, 1.26, 1.35 and 1.75 THz, whereas for naphthalene no absorption peaks were
observed below 2 THz. The reason is probably the nitro group bonded on the aromatic ring.
Cataldo et al. also studied more than 30 different PAHs in crystalline form that are expected
to be found in a gaseous phase within the interstellar medium by THz spectroscopy in the
spectral range between 600 and 50 cm~! for astrochemical purposes [115]. The results are
included in a wide database and can be of interest in other branches of chemistry or other
applications, including pollutant sensing. Han et al. also analysed solid samples of PAHs
by THz-TDS [116].

3.3.4. Carbon Oxides

Although carbon dioxide (CO,) is an essential ingredient in photosynthesis, it is also
one of the greenhouse gases that contribute to the warming of the Earth’s atmosphere. Its
level in the atmosphere significantly increased with industrial development. The main CO,
sources are associated with motor vehicles, aircraft, power plants and other activities that
involve the burning of fossil fuels. CO; is also one of the indoor air pollutants that are
responsible for respiratory health symptoms [117].

Allodi et al. measured the THz spectra for CO; ice samples and were unable to
observe any features corresponding to pure COj ice in the 0.3-7.5 THz spectral range [118].
However, they observed the impact of CO, molecules on the THz spectrum of water where
the resonances of H,O ice were attenuated, distorted and/or shifted when contaminated
with CO;. Thus, THz spectroscopy plays a remarkable role in its use in the chemistry of the
interstellar medium and the historical studies of thermal transformations within the ice.

While CO; absorption is very weak in the THz region, incomplete combustion can
be monitored by THz spectroscopy via other produced gases such as CO, which consists
of polar molecules and shows THz spectral signatures [39]. Hu et al. demonstrated
that CO has many distinct characteristic absorption peaks between 0.2 and 2.5 THz [11].
Moreover, Uno and Tabata measured CO with 99.9% purity with THz-TDS and they found
12 rotational transition frequencies in the frequency range from 0.2-2.0 THz [61]. They also
observed two peak shoulders at 558 GHz and 991 GHz while burning woodchips, which
could belong to CO. A very similar experiment was performed by Shimizu et al., who
measured the absorption spectra of yellowish smoke produced during heating moulded
charcoal [119]. The THz spectrum showed an absorption line around 692 GHz, which agrees
with the absorption line of CO and was confirmed by increasing the mass of moulded
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charcoal which increased the intensity of this peak. Another absorption peak was observed
at 921 GHz. In a higher frequency range between 1 THz and 2.5 THz, the visibility of
spectral peaks for CO is reduced, thus, Su et al. demonstrated that some chemometrics
methods like empirical mode decomposition (EMD) can improve the visibility necessary
for gas recognition [120]. Kilcullen et al. carried out experimental and theoretical studies on
commensurate echoes emitted from CO by using THz-TDS [87]. They demonstrated that a
linear dispersion model of THz wave propagation through a gas sample accurately predicts
the shape of the echoes emitted from the same sample. The demonstrated model included
the rotational constant of the CO molecule and the average self-pressure-broadening
parameter. Furthermore, the self-pressure broadening of CO was determined by fitting the
model parameters to experimental results through a range of pressures in the time domain.
Thus, the characteristic relaxation time can also be obtained without the need to resolve
spectral linewidths in the frequency domain. In addition, CO is also related to asthma
and respiratory infection. Therefore, it was also analysed as a biomarker in exhaled breath
analysis by THz spectroscopy [90].

3.3.5. Chlorides

Hydrogen chloride is a colourless gas that is highly corrosive and toxic. Since it is
readily dissolved in water, it also reacts with water molecules in the air to give clouds of
hydrochloric acid that is easily washed out by rain and moisture. Therefore, hydrogen
chloride pollution is a global as well as local environmental problem. The most significant
releases of HCI occur in coal-fired power stations and waste burning (e.g., polyvinyl
chloride (PVC)). Shimizu et al. measured smoke produced from PVC [119]. The absorption
spectrum of the smoke showed a spectral peak at 626 GHz, which coincides with the
absorption line of HCl. By using a CW-THz gas analysis system, Hepp et al. found the
optimised range to be from 1.1 THz to 1.3 THz, where HCl showed the strongest absorption
lines [9]. The gas phase of HCl was also recognised as a single species in a pressure range
from 0.3 to 13 kPa by using a correlation type of analysis in the time domain [44]. HCl
is also present in the Earth’s atmosphere in significant amounts, therefore the accurate
determination of its rotational constants is convenient for the frequency calibration of
atmospheric spectra. A series of rotational transitions between 0.3 and 6 THz for HCl was
already measured by Nolt et al. more than thirty years ago [121].

Harmon and Cheville performed THz measurements in the time domain using a 5.0 m
path length at pressures down to 1 Pa to detect methyl chloride (CH3Cl) in the low ppm
range in near real time [122]. Using THz radiation, the rotational constants of the two
methyl chloride isotopes were determined by Harde et al. [123]. The index of refraction
and the absorption coefficient for CH3Cl were also determined through the adsorption of
gas molecules on hydrophilic aerogel [91].

3.3.6. Monoatomic Gases

Sang and Jeon measured pressure-dependent refractive indices of monoatomic gases
such as helium (He), argon (Ar) and krypton (Kr) in the THz frequency range [88]. They
observed that the refractive indices of these gases scaled linearly with pressure at constant
room temperature. Furthermore, they noticed that the refractive indices are strongly
determined by the polarisability of the gas molecules. The molecules of heavy noble gases
(Kr, Ar and Xe) are usually trapped in air from ice cores, which can be used to reconstruct
past mean ocean temperatures [124]. As mentioned earlier, the absorption of THz waves is
very sensitive to polar molecules such as water, but the THz transmittance of ice is much
higher than that of liquid water [54], therefore a THz system can also be applied for the
detection of gases caught in ice.

3.3.7. Cyanides and Nitriles

Nitriles are organic compounds with a -C=N functional group, whereas cyanides
are inorganic compounds containing the C=N— ion. The major sources of cyanides are
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mining, galvanic and chemical industries as well as tobacco smoke [125]. In air, cyanide
ions are present mainly as HCN and can be transported over long distances from the
emission source. Because cyanide ions have a toxic effect on human health, it is necessary
to determine their concentration directly in the atmosphere or representative samples taken
from the environment.

Some cyanides and nitriles have already been analysed by THz spectroscopy. For in-
stance, HCN showed spectral lines every 88 GHz [84]. Besides CO, Shimizu et al. observed
characteristic peaks of HCN at 709, 798 and 887 GHz while measuring the smoke emitted
from moulded charcoal [119]. Hindle et al. determined a HCN concentration of 210.3 ppm
within a cigarette smoke mixture [58]. The photon energies of molecules are important
for their detection in the THz range, but gas detection at low concentrations is difficult
due to the weak dipole moments of the gas at THz frequencies. Qin et al. have developed
a unique THz-based sensor structure from a porous core of photonic crystal fibres with
high sensitivity for gas detection [37]. Using the developed sensor, they demonstrated the
detection of the toxic gas hydrogen cyanide based on its resonant frequency, which can be
detected at a low concentration of 2 ppm below normal atmospheric pressure (1 atm). Such
an approach can be used to detect toxic gases in air pollution monitoring.

Methyl cyanide (CH3CN), also known as acetonitrile, has lines every 18 GHz [84].
Hsieh et al. performed static and dynamic measurements of CH3CN samples with various
concentrations [39]. Differences among THz spectra in static measurements showed that
they tested samples with various concentrations. The gas concentrations for each sample
at atmospheric pressure were further determined by the proposed theoretical model. The
lowest determined concentration was 0.341%, equivalent to the 20 ppm detection limit.
In dynamic measurements, they measured THz spectra of CH3CN mixed with smoke at
atmospheric pressure. In the experiment, they monitored in real time the volatilisation of
CH3CN by observing the temporal change in the THz power spectrum concerning elapsed
time. The characteristic spectral features of CH3CN were easily distinguished after 30 s.
The detection limit in dynamic operation was 200 ppm. The spectral features of HCN and
CH3CN were also identified in the THz spectra of smoke emitted from the incomplete
combustion of nylon fabric by a CW-THz system [126].

Also, other cyanides were analysed in the THz range. Propionitrile, also known
as ethyl cyanide (C;H5CN), exhibits spectral lines every 9 GHz [84], whereas acryloni-
trile (CH,CHCN) as a biomarker for smokers showed several absorption lines, 439 and
545 in the frequency range of 238-252 GHz and 491498 GHz, respectively [7]. A high-
resolution THz spectrometer based on semiconductor superlattice multipliers has been
used to investigate the dynamics of urine vapour composition in cancer patients treated
with chemotherapy [45]. THz analysis of urine samples detected a set of nitriles that ap-
peared after chemotherapy or increased in content, suggesting that nitriles are candidates
for biomarkers of chemotherapy nephrotoxicity at an early stage of treatment and are
indicative of organ damage. The proposed THz system operates in four different frequency
ranges and allows the assessment of most substances in the fluid vapour, avoiding the
strong absorption lines of substances such as water and ammonia, which may otherwise
obscure the detection of target metabolites.

Sitnikov et al. developed a THz-TDS system allowing remote open-path gas detecting
and identifying gases in the presence of water vapour absorption lines [127]. Acetonitrile
vapour was detected and successfully evaluated. An organic crystal with 2% conversion
efficiency pumped by femtosecond laser pulses in the NIR range was used to generate THz
radiation. The use of a new high-power broadband terahertz (0.2-3 THz) source opens new
possibilities for further increasing the open-space distances in remote sensing.

3.3.8. Nitrogen Oxides

With industrial development, the global atmospheric concentration of N,O is con-
tinuously rising, thus causing changes to ozone concentrations, increased atmospheric
greenhouse gas effects and acid rain formation [128]. Although its atmospheric concentra-
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tion is only 320 ppb, some authors claimed that N;O has an even worse influence on the
greenhouse effect than CO; due to its greater ability to absorb IR radiation [129]. N,O as
an important trace gas in the atmosphere exhibits spectral features in the THz frequency
range, which can be useful as a monitoring tool for remote and in situ measurements. The
characteristic spectral pattern of NoO occurs every 25.1 GHz and reflects one strong ground
state transition, two vibrational transitions and three primary isotopic transitions [130].
The remote sensing of N,O gas with a 64% concentration at a distance of 1.3 m in the
frequency range between 200 and 500 GHz showed two characteristic spectral peaks at
452 and 478 GHz. Similar results were obtained for N,O at a distance of 3.6 m. In one
experiment, Kim et al. extended the beam path to 18.61 m using several mirrors in a gas
cell. Due to the long THz beam path, a gas concentration of N,O as low as 1.0% was
enough to measure the absorption coefficient [131]. A gas cell with a longer THz beam
path would be needed to measure gas concentrations below 1%, since Beer’s law that
absorption is inversely proportional to gas concentration and beam path applies. Thus, the
active THz system developed by Shimizu et al. proved that remote gas sensing is possible
by THz spectroscopy [8]. In addition, N,O is also used for the calibration of laboratory
spectroscopic systems in the IR region [130,132].

Nitric oxide (NO) is an insignificant constituent of our atmosphere which importantly
contributes to the catalytic decomposition of ozone. Nitric oxide is also of interest for
molecular spectroscopy studies because it is the only stable diatomic molecule with an odd
number of electrons [133]. Additionally, nitric oxide detected at a frequency of 150.176 GHz
in breath is a marker for asthma, bronchiectasis and other lung diseases [90]. The measure-
ments also showed the increased concentration of NO in the exhaled breath of lung cancer
patients against healthy patients.

Nitrogen dioxide (NO,) is an important air pollutant because it contributes to the
formation of photochemical smog and causes respiratory problems. Its major source is the
burning of fossil fuels. THz spectroscopy is capable of detecting NO; since it showed a
characteristic absorption line at 493.28 GHz [7].

3.3.9. Ozone

Ozone (O3) as a so-called secondary air pollutant is a product of various chemical re-
actions under the Sun’s influence involving precursors such as nitrogen oxides and volatile
organic compounds (VOCs). The destruction of stratospheric ozone that leads to higher UV
light intensities is an air pollution problem with global dimensions. The molecules of ozone
are destroyed in cyclic chemical reactions by chlorine, bromide, NO and OH radicals. The
presence of ozone is changing the chemical composition of the atmosphere and affects not
only human health but also biological evaluation and climatological imbalances. Slanina
reported that the ozone concentrations across Europe slowly increased at a rate of 1-2% per
year, from 10 ppb to over 50 ppb [1]. Remote sensing of ozone is performed mainly in the
UV and the mid-IR region.

Since ozone molecules absorb THz radiation, remote sensing by spectroscopic tech-
niques at THz frequencies is of special interest. Drouin et al. determined the ozone mixing
ratio (a mixture of O3 and Oy) by measuring seven pure rotation ozone lines in the frequency
range from 692 to 779 THz [134]. Furthermore, the TErahertz and submillimeter LImb
Sounder (TELIS) spectrometer [135] measures the ozone concentration in the stratosphere
and the chemistry of chlorine and bromine, which are responsible for the degradation of
ozone molecules.

3.3.10. Particulate Matter

Economic growth and technological development contribute to increasing problems
of air pollution with particulate matter in many countries. Fine particulate matter in the
atmosphere with particles below 2.5 microns in size (PM;5) harms human health and
climate conditions [136]. PM; 5 consists of metallic elements, inorganic compounds, trace
elements and organic compounds [136,137]. Moreover, organic and nitrogen oxide emis-
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sions significantly contribute to ozone formation [51]. The World Health Organization
(WHO,) has, therefore, set the air quality guidelines and each country has defined environ-
mental limits for the mass concentration of PM, 5 [136]. Determination of PM, 5 is usually
performed by a standard method using a membrane filter known as the Federal Reference
Method (FRM) [138], where first particles are separated by their size and then their weight
is determined by estimating the change in membrane weight.

In China, researchers demonstrated that THz waves can be used as a tool to monitor
and inspect the PM; 5 concentration in the frequency range from 2-10 THz [136]. The
samples were collected by an air sampler, where the particles were first separated by a
particle size separator to PM;g and PM; 5. The PM; 5 particles were further collected on
a membrane made of quartz. During the THz measurements of sample membranes with
various concentrations, an empty membrane was used as a reference. For the selected
site, the THz spectrum showed three spectral features at 4.4, 6.0 and 7.0 THz. The spectral
features differ from city to city since the atmospheric pollutant constitution is changing [137]
due to industry, traffic, urbanisation, natural processes, weather conditions and other
human activities. However, for PM, 5 two distinct absorption bands exist between 2.5 and
7.5 THz [51]. By increasing the concentration of the PM; 5 on a membrane, the absorbance
of THz radiation also increased [136]. By using a selected single-frequency or distinct
absorption band in the THz frequency range, the data acquisition time can be improved,
which can give a new opportunity to THz systems to become a real-time tool for estimation
of PM; 5 concentrations, to investigate the composition of a particulate pollutant or to
identify different pollution sources.

Another pollution source that is related to PM; 5 particles is dust, which often arises
from dust storms or pollution at construction sites. The dominant constituents in the dusty
environment are metallic oxides or water-soluble ions like Al, Fe and Ca. The metallic
oxides show spectral features in the range from 2.5 to 7.5 THz [51]. For THz characterisation
of metallic oxides, anion and cation evaluations are important. Of all elements, only an
oxygen atom can exist in an anion state. Because the anion O? can be in conjunction
with many other elements, it contributes to a strong vibration at approximately 3.36 THz.
The cations contribute to strong vibrational modes at higher THz frequencies at around
5.84 and 6.91 THz [51]. By using special mathematical methods such as two-dimensional
correlation spectroscopy (DCOS) the overlapping of spectral features of the constituents
can be resolved.

3.3.11. Sulphides

Hydrogen sulphide is a colourless and toxic gas, which poisons the nervous sys-
tem and other organs. It is emitted in the gaseous state by various industries such as
petroleum refining, wastewater treatment plants (WWTPs), biogas extraction and paper
production [58]. Its odour is unpleasant for a residential area and a long exposure to
high concentrations is toxic for workers [139]. Therefore, controlling the existence and
concentrations of H,S in the air is important to reduce the toxic levels of the gas, which
can be reduced in time by appropriate removal actions to ensure safe environmental con-
ditions for WWTP workers and other neighbouring residents. Furthermore, H,S is also
produced through the anaerobic digestion of organic material in biogas extraction. High
concentrations of H,S reduce biogas quality, cause corrosion of concrete and steel parts
of the production process and further contribute to emissions of sulphur dioxide during
combustion [140].

The H,S molecule is an ideal candidate for THz evaluation since it is asymmetric
and has a permanent dipole moment. It exhibits many intense rotational transitions in
the THz frequency range. The transitions can be easily attributed to sulphur isotopes
present in the HyS gas [58]. Cai et al. determined the equivalent interval between adjacent
absorption peaks for H,S in the frequency range from 0.2-2.6 THz, which is approximately
0.26 THz [104]. THz spectroscopy was also applied to detect H,S as a biomarker of diabetes
patients in exhaled breath analysis at the frequency of 168.762 GHz [90].
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Carbonyl sulphide is the most abundant tropospheric pollutant with a simple molecule
that has only a few transitions in the THz frequency range. Schmalz et al. observed only
one transition in the frequency range 238-252 GHz [7]. For its THz spectral analysis, a
spectrometer with a spectral resolution of 1 MHz is required at pressures in excess of 300 Pa
where the spectral line broadening is dominated by molecular collisions [58]. In addition,
Bigourd et al. demonstrated on OCS that spectroscopic parameters such as the rotational
constants, centrifugal distortion and relaxation times may be evaluated from THz data in
the time domain [102]. Characterisation in the THz range is also interesting for astrophysics
as it was detected in the atmosphere of Venus and the interstellar medium [58,141].

3.3.12. Sulphur Oxides

Sulphur monoxide (SO) is interesting to study from the astrophysical point of view
as well as in atmospheric chemistry since it is an important reaction intermediate in
combustion processes. The pure rotational transitions of SO were already observed in
the THz region in 1994 by Cazzoli et al. [142]. For instance, in one study, 102 rotational
transitions were recorded for SO in the frequency range of 1.3-2.8 THz [143]. Several
spectroscopic studies have also been performed on SO isotopes [144] where the two most
abundant isotopologues, 3450 and 33SO, showed 48 transitions up to 1.388 THz and
21 transitions up to 978 GHz, respectively.

The sulphur dioxide (SO;) present in the atmosphere can originate from natural and
artificial sources (volcanoes, traffic, industry, oil refineries). The THz spectrum of SO, at the
gas concentration of 500 ppm was measured by a CW system by Hepp et al. [9]. Considering
the SNR, the detection limit was reduced to approximately 100 ppm at a pressure of 100 Pa.
Cai et al. determined the equivalent interval between adjacent absorption peaks in the
frequency range from 0.2-2.6 THz which is approximately 0.11 THz [104]. The measured
value was in good agreement with the calculations of rotational energies and transition
frequencies based on quantum mechanics. Voitsekhovskaya and Egorov calculated the
spectral lines of SO, molecules in the frequency range from 0.1 to 10 THz [94]. They also
estimated the absorption coefficients at different temperatures (300-1200 K) in the same
frequency range and analysed the contribution of each state to the absorption coefficient.
At low temperatures, the absorption coefficient reflects the rotational transitions within the
ground state, whereas at higher temperatures rotational transitions of other states dominate.
All calculated results are summarised within the database of SO, vibrational-rotational
line parameters for different temperatures and are ready for use in further gas spectral
simulations and determination of gas concentrations.

3.3.13. Volatile Organic Compounds

Volatile organic compounds are extremely toxic carbon-based compounds with a
high vapour pressure at room temperature and as such importantly contribute to regional
atmospheric pollution. The quantitative and qualitative analysis of VOCs is necessary
for various applications, including medicine, security and environmental monitoring [86].
Within this subsection, VOCs as a general group of chemicals are given, whereas some
individual VOCs are included in the subsequent subsections.

VOCs exhibit dense spectra in the THz frequency range. Within the Doppler limit
and at low pressure, there is almost no overlapping of spectral lines. Therefore, the VOCs
can be detected and identified even within a small spectral band with the THz system of
sufficient spectral resolution. With increasing pressure, the identification is usually lost due
to spectral line broadening and overlapping [22]. For VOC spectral analysis, the ideal THz
system is capable of simultaneous detection of several substances mainly because in real
applications, like human breath analysis or the detection of escaping gases at accidental
sites, a mixture of gases and their reaction products are present [22].

The most used method to remove VOCs from the environment is adsorption by
activated carbon due to its large specific surface area and large pore volume [107,145,146].
Therefore, also monitoring the kinetics of adsorption processes is crucial to detect and
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identify VOCs. The kinetic process of absorption is in general described by theoretical
models, such as the adsorption reaction model and adsorption diffusion model. Zhu et al.
applied THz spectroscopy to characterise the adsorption dynamics by the pseudo-second-
order kinetic model and the relationship between the THz signal peak amplitudes versus
the adsorption time [107]. This model showed the proportional relationship between the
adsorbed amount of VOC and the THz signal peak amplitude. The kinetic process was
monitored by measuring the THz spectra of VOCs dropped on active carbon fibre cloth at
room temperature. During the monitoring, the THz power increased in different frequency
ranges of the THz spectrum due to the volatilisation, diffusion and adsorption of VOCs
on the surface of activated carbon. Zhu et al. also monitored the adsorption efficiency of
VOCs by estimating the diffusion rate constant, which can be defined by the THz double
exponential model [147]. In comparison to the pseudo-second-order model, this model
also considers the diffusion process, which is divided into two steps. The rapid step
involves external and internal diffusion where VOCs adhere to the external surface of the
adsorbent. The following slow step describes an interparticle diffusion, where the VOC
molecules penetrate the inner layers of activated carbon. The absorption rate also depends
on the molecule size. Bigger molecules require more time to enter inner holes and to be
absorbed. For example, the absorption rate of ethanol is higher than that of butyl acetate.
Besides activated carbon, polymer microporous membrane was also demonstrated as a
potential candidate for the adsorption of VOCs in the THz regime [148]. A multilayer-
stacked microporous polymer structure was successfully used in ambient atmosphere and
at room temperature to sense different types of VOCs with different dipole moments and
to discriminate various concentrations of organic vapours at THz frequencies.

VOC sensing is especially important for medical purposes because human breath
contains more than 3500 trace gases [149], which are related to several diseases or ex-
posure to environmental pollutants and toxic industrial chemicals [22,90]. Thus, THz
spectroscopy can play a key role in safe and fast medical diagnostics. Several VOCs (e.g.,
(CH3),CHOH, (CH3),CO, CH30H, OCS, CH,CHCN, CH3CHO, H,CO) classified as medi-
cal breath biomarkers exhibit strong absorption lines around 245 and 500 GHz [86]. Schmalz
et al. demonstrated that a frequency range from 230-260 THz allows the detection of a
large number of VOCs with strong absorption and adequate absorption lines [7]. THz-FDS
has proven to be a reliable methodological approach with high resolution in gas detec-
tion and quantitative evaluation of VOCs in multicomponent mixtures, which is useful
for human breath analysis and environmental/occupational monitoring [41]. Recently,
some new systems have also been developed, such as THz-TDS with ceramic architecture,
which are used to create unique crystal structures, morphologies and properties [150]. This
system allows the selective detection of gas in a mixture of VOCs at ppm concentrations by
controlling the architecture of porous glass coated with ceramic films on which the VOC
is adsorbed. Each VOC is separated due to a “surface modification” effect. Since THz
sensing can simultaneously detect and identify several substances, it is a candidate for
non-invasive exhaled breath analysis besides mass spectrometry, IR spectroscopic sensors,
electrochemical sensors and chemiluminescence [47,90]. Since exhaled breath contains
water vapour that causes spectrum broadening, a preconcentrator is necessary to reduce
the water concentration by a factor of several hundred and to enhance the sensitivity for
gas detection.

Vaks et al. are pioneers in using THz gas spectroscopy for the analysis of the composi-
tion of products of thermal decomposition from different human body fluids, including
blood, urine and saliva, and tissues [45,46,90,151]. The most intense absorption lines in the
rotational spectrum of molecules, including organic compounds, are in the THz frequency
range. For this reason, this approach is suitable for the study of multicomponent gas mix-
tures of different origins, including biological ones, formed during thermal decomposition
of tissues or body fluids. By detecting absorption lines in spectra obtained during the trans-
mission of radiation through a sample that is a multicomponent gas mixture, it is possible
to identify differences in the composition of samples corresponding to different pathologies
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and diseases. High-resolution THz spectroscopy has thus been used to investigate the
composition of metabolites in the thermal degradation products of healthy tissue and body
fluid. In one of our previous reviews, we summarised the potential of THz spectroscopy to

analyse different urinary metabolic biomarkers for diagnosis of cancer [21].

Table 2. Experiments performed by THz spectroscopy for gas analysis included in the review.

References Gas Sample THz System Frequency Range (THz) Study
Determining the rotational
[102] OCs THz-TDS 0.1-1.5 constant, centrifugal distortion
and relaxation times
[104] SO,, HpS THz-TDS 0.2-2.6 Spectral peak analysis
[134] O3 FTIR 0.67-0.77 Determining ozone concentration
Measuring absorption spectra for
[114] C1oHsg, C1oH7NO, THz-TDS 0.1-22 PAHSs and NPAHs
Detection of gases within the
[47] CH;0H, CH50H, CW-THz 0.21-0.27 exhaled breath of a person who
(CH3),CO
consumed alcohol
Detection of gas concentration in
[109] CsHgO THz-TDS 0.2-3.5 the range of 50-500 ppm
[111] NH; THz-TDS 0.08-2.5 Studying the absorption and
dispersion of gas
Detecting gas species in the low
[122] CH;Cl THz-TDS 0.1-1.8 parts-per-million range in near
real time
[9] NHj3;, SO, CW-THz 1.1-1.3 Detection limit improvement
Cigarette smoke, HCN, Measurement of multiple species
[58] CO, H,0, H,CO CW-THz 0.6-2.3 in one sample
[58] H,S CW-THz 1.016-1.028 Spectrum measuring, sulphur
isotope evaluation
[37] HCN CW-THz 1.2399 Low—concentr.atlon detection of
toxic gases
Static and dynamic study of gas
[39] CH3;CN ASOPS-THz-TDS 0.2-1 concentrations in a smoky
environment
[127] CH3CN THz-TDS 0.2-3.0 One-path remote gas detection,
quantification and recognition
[11] CcO THz-TDS 0.2-2.5 Spectral analysis
Direct measuring of
[87] CcO THz-TDS 0-3.3 commensurate echoes from gas
molecules
Studying the concentration of
[136] PM; 5 THz-TDS 0-10 PMs 5 in air
Studying the composition and
[137] PM, 5 FTIR 2-8 concentration of PM; 5 in two
different geographical areas
[144] SO isotopes CW-THz 0.3-3.3 (tunable) Studying the al?sorptlon spectra of
gas isotopes
Transition characterisation,
self-broadening coefficient
[141] ocCs CW-THz 0.1-2.0 L .
determination, analysing
dependency on pressure
. . Detection of water vapour at a
[99] H,O (vapour) CWTTHZ with disc 0.4-0.65 concentration of 4 parts per
microresonator e
million in the atmosphere
Evenson-type Determining transitions around
[133] NO tunable FIR 0.99-4.75 2 THz for better prediction of
spectrometer higher rotational states
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Table 2. Cont.

References Gas Sample THz System Frequency Range (THz) Study
Studying the absorption spectra of
VOCs as medical biomarkers with
[22] VOCs THz-FDS 0.238-0.252 several MVA techniques for
substance detection and
identification purposes
[86] VOCs CW-THz 0.245 and 0.5 Spectrum analysis
[88] He, Kr, Ar THz-TDS 0.3-4.5 Determining pressure” dependent
refractive indices
7] VOCs CW-THz 0.494-0.500 Studying the gas sensitivity for
the THz system
VOCs: methanol, .. .
. Determining molar absorption
[41] ethanol, isopropanol, THz-FDS 0.06-1.2 coefficient of VOCs, optical
1-butanol and - Lr
behaviour of VOC/air mixtures
2-butanol
[8] N,O THZ-TDS 02-05 Remote spectra31 6stzllsing at 1.3 and
Absorbance and absorption
[131] N,O THz-TDS 0.2-1.2 coefficient measurements using
long propagation path
[126] HCN, CH;CN CW-THz 0.2-0.5 Detection of gases fI:OIn heated
nylon fabric
Detection of gases from heated
[119] HCl, CO, HCN CW-THz 0.50-0.95 PVC and moulded charcoal
THz signal changes with path
[120] H,0, CO THz-TDS 0-2.2 length in ambient air due to water
vapour
[101] NH3, H,O THz-TDS 0.4-2 Gas detection
Studying the transmission
[61] Cco THz-TDS 0.2-3 properties of gases contaminated
by aerosols and water vapour
(CH3),CO, CH30H, Detection of gases as disease
[90,152,153] C,H50H, NH3, H»S, THz-FDS 0.118-0.178 biomarkers within exhaled breath,
NO tissue and body fluids
Studying the elemental
[51] PM; 5 FTIR 2.5-75 composition and quantitation of
PMy 5
[107,147] VOCs THZTDS 01-16 Monitoring the adsorption process
of VOCs
Qualitative and quantitative
analysis of absorption spectra of
[80] VOCs tailor-made THz 238-252 GHz gas mixtures me.:asu.red at different
system pressures, using independent
component analysis (ICA) to
predict their concentrations
[150] VOCs TH;—TDS With 02-18 Detection of VOC mixtur'e with
ceramic architecture ppm-order concentrations
[148] VOCs THz-TDS 0.1-0.45 Discriminating between different

concentrations of VOC

4. Future of THz Technology in the Field of Environmental and Biomedical Applications

THz sensors have advantages and disadvantages with much room for improvement,
further development and optimisation for a particular application. However, several
obstacles remain to be overcome to enable the successful transition of the THz sensors into
real-time environmental applications. Among them, the most important are enhancing
the dynamic range of the THz systems, minimising the size of the systems, developing
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more sensitive THz sensors, enabling high-speed data acquisition and creating an extended
database for various gases and other atmospheric pollutants in the THz frequency range.

A THz spectral analyser for trace gas sensing must provide three high parameters
(Figure 9). We refer to these parameters as 3HS: high sensitivity, high selectivity and
high specificity. All three parameters ensure the high reliability and accuracy of THz
measurements [7,90]. The high sensitivity allows THz spectroscopy to detect trace gases in
the sample at very low concentrations. High selectivity ensures gas identification, i.e., it
can distinguish between different gases in a mixture, which is particularly important for
gases with overlapping spectral characteristics. The high specificity ensures that the THz
system responds accurately only to the presence of the gas being tested. This means that
there is less chance of obtaining incorrect results due to interference from other substances.
With the appropriate combination of these parameters, a 3HS THz spectrometer can be
a candidate for the next “electronic nose” enabling exhaled breath diagnostics or toxic
vapour analysis.

N

N
detection of low concentrations

THz-3HS

FOR TRACE

Figure 9. Three parameters (3HS) defining the ability of the THz spectrometer for trace gas sensing.

A THz system must ensure reliable detection of trace gases with a concentration
between 100 parts per trillion (ppt) and 1 part per million (ppm) in a gas mixture [90].
The real-time detection and identification of trace gases in various atmospheric conditions
demand a high SNR to resolve the characteristic spectral features of individual gas species
and high-resolution THz measurements to enlarge low-intensity spectral features, which
usually disappear within the signal background. High resolution can only be achieved
with relatively high-power sources. Thus, further progress is expected in the development
of appropriate THz sources for THz-TDS to increase the SNR above 50-60 dB and fre-
quency resolution below 1.5 GHz [108]. Currently, these parameters can be achieved with
asynchronous optical sampling [154] or high-speed optical delay using photoconductive
antennas [155,156]. SNR is not only dependent on the THz system but also depends on
gas properties. Higher concentrations of gas molecules increase the SNR, but the rate
of increase is dependent on the type of gas molecule due to their different dipole mo-
ment strengths [108]. In general, high SNR can be achieved with a single measurement at
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high power or by averaging several measurements. The last approach requires a longer
measurement time, which is not desirable for gas trace sensing due to the fast changes
in environmental conditions and system drift. Usually, a THz system with a frequency
resolution lower than 4 GHz is enough to resolve individual spectral lines and discriminate
between gases in a multigas mixture in ambient conditions [108]. SNR may also increase
with a stronger probe beam power that may lead to the detection of gas molecules at the
parts per billion (ppb) level and real-time measurements in the future [108]. Therefore,
high-frequency resolution should enable spectroscopic measurements of toxic gases even
at dangerous sites [9]. In such situations, remote spectral sensing of gases is preferable,
ensuring the accurate identification of gas molecules and their concentration from the THz
absorption spectra [8].

The sensitivity of THz measurements is usually defined as a ratio between the known
concentration in ppm and the SNR of the strongest absorption line [86]. The absorption
peak intensities are determined by using least-squares peak modelling, whereas the noise
is estimated by calculating the standard deviation in the vicinity of the peaks [9]. The
CW-THz system using a gas preconcentrator has achieved sensitivities of up to 3 ppm [86]
depending on the selected frequency range, whereas a CW-THz system with only a gas
cell [9] achieved a detection limit of approximately 20 ppm. Long propagation paths also
yield superior sensitivity [47]. The minimum detectable amount of the substance is given
by the ratio of the detector noise equivalent power (NEP) to the source power per unit
bandwidth. Therefore, the change in power on the detector is proportional to the absorption
coefficient and the length of the absorption cell [7]. The sensitivity can be improved by
selecting a source with relatively higher output power [7]. Moreover, the sensitivity and
the speed are linked through detector-signal integration time and are sample dependent.
The lowest detection limit from reviewed references was mentioned by Neese et al., who
achieved a sensitivity of around 2 ppt for deuterium isotopic species by using an absorbent
and analysis of several statistically independent data points [84]. In this respect, in Table 3
we summarise the sensitivity of THz measurements as the determination of the minimum
concentration of the analyte, i.e., the target gas. This is also referred to as the limit of
detection (LOD), which is usually defined for chemical gas sensors. Unfortunately, it is only
possible to refer to the values of the LOD parameter for some of the measurements included
in this review paper. Most commonly, the sensitivity is expressed in ppm or ppb. For
example, a sensitivity for X gas of 1 ppm means that the instrument can detect the presence
of X gas at a concentration of 1 part per million (ppm) in the sample. THz spectroscopy is
usually very sensitive to low gas concentrations. This means that it is possible to detect
the presence of gases in a sample even at low concentrations such as ppm or ppb. The
sensitivity to different gases with THz spectroscopy is highly dependent on the specific
experimental conditions, selected equipment and target gases. The target gas used for the
analysis is crucial, as some gases may strongly absorb THz radiation, while others may
show only weak absorption. The sensitivity also depends on the sampling method of the
gas itself and the interaction path length. Thus, the sensitivity varies for different gases
and different THz frequencies. To improve the detection limit of gases from ppm to ppb
levels, THz spectroscopic systems need to be equipped with a chamber, a long gas cell, a
preconcentration system or even a heating device.

THz analysis for environmental applications requires a compact and low-cost system
for gas spectroscopy. One such system was described by Neuimaier et al. where they
demonstrated a solid-state device based on a SiGe transmitter and receiver operating
at frequencies around 245 GHz and 500 GHz [86]. To date, the THz systems based on
QCLs are currently the only compact sources operating with high output powers above
1 THz [64], thus allowing applications such as trace gas analysis. On the other hand,
at disaster sites with cluttered environments, such as fires or industrial chemical spills,
where rapid identification and concentration determination are important, a transportable
analysing CW-THz system capable of sensing a variety of toxic gases is preferable [9]. For
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real applications, gas collection and external parameter control have to be considered to
achieve the most reliable results [22].

Table 3. Sensitivity measurements expressed as the limit of detection (LOD) for various gases in
the THz frequency range.

LOD (as Analyte

Target Gas . Pressure (kPa) Temperature (K)  Cell Length (cm) Reference
Concentration)
n-propanol 50 to 500 ppm NA NA NA [109]
ethanol 75 ppb (predictions) 101.3 300 200 [47]
methanol 45 ppb (predictions) 101.3 300 200 [47]
acetone 18 ppb (predictions) 101.3 300 200 [47]
ammonia 20 ppm 0.10 NA 500 [9]
acetonitrile 200 ppm 101.3 NA 20 and 50 [39]
hydrogen cyanide 2 ppm 101.3 NA NA [37]
sulphur dioxide 100 ppm 0.10 NA 500 [9]
carbon monoxide 40 ppm 13.3-133 300 13.6 cm [87]
acetonitrile 10 ppm 101.3 300 NA [108]
water vapour 4 ppm 101.3 300 NA [99]
dimethyl sulphoxide 50-100 ppm 0.053 297 21.6 cm [157]
nitrous oxide 1% (10,000 ppm) 101.3 295 1861 [131]
vOC 1 ppm NA 300 NA [150]

5. Conclusions

The present review demonstrates that THz spectroscopy has great potential to become
an important analytical tool for the detection and quantification of gas phase and particulate
matter atmosphere pollutants. In addition, it offers direct and simultaneous measurements
of multicomponent gaseous species even in environments contaminated by aerosols or
other particles. Current THz systems allow measurements of several gas species at the ppm
sensitivity level if their rotational spectral lines are widely spaced.

Most THz system:s still require calibration before measurements are taken to ensure
the accuracy of the system and, thus, reliable and accurate gas concentration measurements.
The characteristics of the THz system determine whether the selected THz system can be
used for a particular type of sample and environment in which the measurement is to be
performed (e.g., environmental monitoring, industrial process control, medical diagnostics).
When choosing a THz system for gas analysis, one must carefully consider the following:

1.  the frequency range that is species dependent and must ensure enough space for
gases with sparser spectra;

2. thespectral resolution that ensures distinguishing adjacent peaks that lie close together
(higher resolution may be needed for detailed gas analysis);

3. The 3HS parameters to detect lower concentrations of gases in the sample, distinguish
between different gases and identify a particular gas;

4.  apressure that should be low enough that individual narrow spectral lines of species
in the mixture do not disappear in the Doppler broadening (it demands a vacuum
system to evacuate the spectrometer cell to the desired pressure and to pull the gas
sample into the preconcentrator tube);

5. an absorption cell which should be long enough to achieve appropriate sensitivity
even for small amounts of a sample; and

6.  agas preconcentrator to improve the sensitivity, especially for small gas volumes.

Further miniaturisation, portability and a decrease in the price of THz systems as well
as advances in data processing and spectroscopic analysis strategies can enable future THz
systems to provide automated qualitative analysis with quantitative results for various
gases in complex gaseous mixtures by direct measurement or by using multiple precon-
centration strategies. Recent advances in chemometrics have a great potential to further
improve the sensitivity of future THz systems so that they can play an important role in
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future gas sensing, not only in environmental monitoring but also in indoor air quality
analysis and medical diagnostics.
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