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Abstract

Sensing technology has been developed for detection of gases in some environmental, industrial, medical, and
scientific applications. The main tasks of these works is to enhance performance of gas sensors taking into
account their different applicability and scenarios of operation. This paper presents the descriptions, comparison
and recent progress in some existing gas sensing technologies. Detailed introduction to optical sensing methods
is presented. In a general way, other kinds of various sensors, such as catalytic, thermal conductivity,
electrochemical, semiconductor and surface acoustic wave ones, are also presented. Furthermore, this paper
focuses on performance of the optical method in detecting biomarkers in the exhaled air. There are discussed
some examination results of the constructed devices. The devices operated on the basis of enhanced cavity and
wavelength modulation spectroscopies. The experimental data used for analyzing applicability of these different
sensing technologies in medical screening. Several suggestions related to future development are also discussed.
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1. Introduction

The gas detection is very important in many applications. It is particularly important in the
petrochemical industry (to detect toxic gases), in the measurement of key species in the
production and processing technology (to control dynamic changes), as well as in the
environment protection (to determine profiles of greenhouse gases). Additionally, more
attention is focused on the ability to detect vapors of explosives in the security activities [1].
At present, many gas sensors are also tested for medical analyses of gases contained in a
patient’s breath in searching disease biomarkers. Such gases may be nitric oxide, carbon
monoxide, methane, and many more. The analytical study of gases is normally performed
using the laboratory equipment such as chromatographs or small low-cost dry devices as
pellistors, semiconductor sensors, or electrochemical devices. In addition to these techniques,
there are developed other methods with new capabilities. The characteristics of chosen
techniques are summarized in Table 1.

In this paper, commonly used techniques in gas sensing are described. The main part of
this review deals with optical devices. These include the Non-Dispersive Infrared sensors,
Tunable Diode Laser Absorption Spectroscopy, Wavelength Modulation Spectroscopy,
Differential Optical Absorption Spectroscopy, Light Detection and Ranging and Absorption
Spectroscopy Photoacoustic Spectroscopy, Fourier Transform Infrared spectrometry and
Cavity Ring-Down Spectroscopy absorption.
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Table 1. Characteristics of some gas sensor technologies [2, 3].

METHOD ADVANTAGES DISADVANTAGES
Optical spectroscopy | e direct and rapid, o determination of significant and distinct spectral
selective with good sensitivity region of analyses.
o minimal drift and high gas
specificity,
e zero cross-response to other
gases.
Gas chromatography | e very accurate and highly e not easy to use on-line,
selective. e gas sampling necessary,
® very expensive.
Semiconductor e low cost, e poisoning can occur,
e measure total exposure over o exhibit non-reversible behaviour,
time, e may consume analyse,
¢ highly sensitive at the low ppm | e drift and cross-respond to other gases,
(parts per million) level e change with humidity levels.
Catalytic e low cost, e poisoning can occur,
(Pellistor gas e presence detection of o sensitive to groups of gases,
sensors) flammable gases. o errors in presence of other flammable gases,
o suffer from zero drift at ppm levels.

In the experimental section, an optoelectronic sensor for detection of three trace gas
species in human breath (biomarkers) is described. These sensors have been designed within
the frame of the “Sensormed” Project financially supported by Polish National Centre of
Research and Development. The obtained results show that the sensor’s detection limits are
sufficient for nitric oxide, carbon monoxide and methane monitoring in human breath for both
sick and healthy man. These advantages may indicate substantial progress in early diagnosis
of diseases due to application of equipment for fast medical screening.

2. Different gas sensor technologies

For many years, numerous sensor technologies have been developed for detection of
different compounds. Application of high sensitivity gas sensors is widespread in the gas
diagnosis, for instance to evaluate different noxious species, to detect various biomarkers in
breath or to search trace amounts of explosives [4]. Detecting methods are dominated by mass
spectrometry, chromatography, catalytic sensors, thermal conductivity sensors, semiconductor
sensors, electrochemical devices or acoustic sensors [5]. The performance characteristics of
sensors are based on some properties including their sensitivity, selectivity, detection limit,
response time and recovery time.

2.1. Catalytic sensors

Catalytic sensors are used for detection of combustible gases. Practically, they are divided
into the pellistor and thermoelectric ones. The pellistor-type catalytic gas sensor (Fig. 1)
consists of two platinum coils (beads). The active bead (Ra) is activated with a catalyst made
from a metal (platinum or palladium), whereas the second bead (the inactive one — R;) has no
catalyst and acts as the reference element. The concentrations of combustible compounds can
be detected by monitoring the change of platinum resistance resulting from the temperature
increase [6].

A rise of temperature occurs due to catalytic oxidation of the combustible compounds.
That increases the coil resistance R, and causes a voltage imbalance at Wheatstone bridge
output.
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Fig. 1. A scheme of: a) the pellistor-type gas sensor; b) a sensor with sintered port [7].

The thermoelectric gas sensor is a transducer converting — using the Seebeck effect — the
temperature change to an electric signal, due to the heat reaction between a catalyst and gas
species [8]. This effect can be used to develop a thermal sensor by placing the hot junction on
a thermally isolated structure like a membrane, bridge, efc., and the cold junction on the bulk
chip (Fig. 2a). The membrane structure supporting the hot junctions is covered with a
chemically active layer producing heat resulting from its interaction with an analyte. Several
thermocouples are connected in series in order to achieve a higher sensitivity; then the heat
losses to the substrate made of a thermoelectric material are also reduced. Fig. 2b shows
a scheme of CMOS-based thermopile consisting of a dielectric membrane and aluminum/
polysilicon thermocouples [9]. The Seebeck coefficient is equal to 111 mV/K. It can be used
to detect different gases by simply changing the catalytic materials employed in the device.
This sensor does not require an external power supply because it measures the voltage
difference between the hot and cold junctions. Additionally, it shows good linearity with
respect to the sample gas concentration. For instance, the acetone detection limit for such
sensors with a chromium metal catalyst is as low as 28 ppm [10].
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Fig. 2. The thermoelectric sensor: a) the concept of operation; b) a schematic.
2.2. Thermal Conductivity (TCD) gas sensors

TCD sensors are based on heat transmission in the examined gas. The thermal conductivity
coefficient is measured and compared with one of a known reference sample determined by
the identical sensor (Fig. 3a). TDC devices are usually used for detection of gases with large
thermal conductivities, like hydrogen, helium or carbon dioxide [11]. Each sensor contains an
extremely sensitive element of low thermal capacity. Fig. 3b shows a profile of the micro-
thermal conductivity gas sensor. Its measurement principle is based on a decrease of the
effective thermal resistance between the sensitive area (a heated membrane) and the substrate,
caused mainly by the thermal conductance of the gas in thin membrane. The heating element
is a resistor which is located in the middle of the membrane.

The gas detection based on the thermal conductivity is widely used in automotive industry
as well as in medical and environmental monitoring systems [12]. TDC sensors are especially
suitable in safety applications, for example in hydrogen cells, where a leakage of H> must be
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detected before its concentration reaches the explosive limit (4% in the air) [13]. The device
gives a fast response, due to its small size and low mass.
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Fig. 3. The thermal conductivity sensor: a) the concept of operation; b) an example of micro-thermal
conductivity gas sensor.

2.3. Electrochemical gas sensors

Electrochemical sensors measure the concentration of a target gas due to its oxidation or
reduction at an electrode. As a result a current occurs which is proportional to the gas
concentration [14]. A typical electrochemical sensor consists of sensing and counter
electrodes separated by a thin layer of electrolyte (Fig. 4).
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Fig. 4. A scheme of: a) a typical electrochemical sensor; b) operation of a hydrophobic membrane.

The detected gas goes through a thin capillary diffusion barrier and then diffuses through a
hydrophobic membrane to the sensing electrode surface. The membrane is used to prevent
liquid electrolyte from leaking out and to generate enough electrical signal at the sensing
electrode. The reference electrode keeps a stable and constant potential at the sensing
electrode. When the gas reaches the sensing electrode, an oxidation or electrochemical
reduction occurs, depending on type of the gas. For example, carbon monoxide may be
oxidized to carbon dioxide, while oxygen reduction may produce water. An oxidation reaction
results in the flow of electrons from the sensing electrode to the counter electrode through the
external circuit. For the reduction, the electron flow is reversed. These flows constitute
electric currents, which are proportional to the gas concentration. Unfortunately, the cross-
sensitivity can cause a practical problem in such sensors by giving similar response in the
presence of various gases. In practice, electrochemical sensors are divided into amperometric,
potentiometric and conductometric instruments [15]. Electrochemical gas sensors have a
limited sensitivity and a relatively high gas detection threshold level but are very reliable and
the same sensor can work effectively for several years. Therefore, these sensors can be
applied in numerous industrial applications.
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Electrochemical gas sensors can contain not only liquid, but also solid electrolyte [16]. The
latter solution reduces the risk of leaks. Moreover, an electrochemical sensor, characterized by
its current-voltage curve, can make use of its shape determined by the ambient gas. It means
that some more advanced detection algorithms can use any difference in the current-voltage
curve induced by the ambient gas to improve their gas detection selectivity [17].

2.4. Semiconductor gas sensors

Semiconductor gas sensors (metal oxide sensors) are electrical conductivity elements. The
DC resistance of their active porous layer changes due to adsorption/desorption processes
related to the operating temperature and composition of ambient gas atmosphere. The gas
sensors work at elevated temperatures in order to accelerate adsorption/desorption processes
and to reduce the effects of temperature instability (Fig. 5). Usually, the active layer consists
of a thin metal-oxide film and a heater [18, 19]. Their typical operating temperatures are
between 300°C and 900°C, depending on the sensor construction and the detected gas, and can
be modulated to improve the gas detection. A heat pulse is often used to cleanse the sensor
before gas detection. The gas sensors can be used to determine the composition of combustive
gases at relatively high temperatures, but have limited use in the explosive environment.
Using these sensors, gases such as ammonia, carbon monoxide, sulfurous gases, nitrogen
oxides (NOx), and hydrocarbons, as well as Volatile Organic Compounds (VOCs) can be
detected. The measuring range depends on the detected compound, including the values from
a few ppb (parts per billion) to a percent range.
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Fig. 5. a) The operation concept of a typical semiconductor gas sensor; b) an example of its construction.

Semiconductor gas sensors can be used in various applications ranging from safety
equipment to emission control, air quality monitoring, and other measurement technologies.
The main disadvantage is their limited sensitivity and selectivity. The DC resistance change is
induced by the presence of various gases and humidity. Therefore, an array of resistive gas
sensors of different properties has to be applied to determine the composition of gas mixtures.
It means more expensive and bulky equipment, and extensive energy consumption.

Various methods can be applied to improve the gas sensing [15]. The most popular are the
temperature modulation influencing the rate of adsorption/desorption processes [20], the
modifications in the sensor construction, developing new sensor materials (e.g. Au
nanoparticle gas sensors for VOC detection [21] nanoparticles increasing the gas sensing
active area [22. 23]) or introducing catalytically active additives by bulk doping and surface
modification [24].

Gas sensing can be also improved by UV light when the sensing layer exhibits the
photocatalytic effect (e.g. TiO2, WO3) [15, 25, 26]. Application of UV light means that the
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sensor operates in a lower temperature and that the response time can be also reduced.
Moreover, UV light of different wavelengths can be generated by tiny and popular
semiconductor diodes.

Another interesting method of improving the gas detection in resistive sensors was named
the fluctuation enhanced sensing and was proposed by a few independent groups [27-29].
The method uses the low frequency resistance noise (1//~like noise, typically in the frequency
range below a few kHz) which depends on the gas ambient atmosphere. Measurements of low
frequency noise give a better sensitivity because even small changes in the ambient gas can
induce greater changes in the noise intensity. Moreover, noise is characterized by statistical
functions (e.g. resistance fluctuation power spectral density) which provide more information
than a single quantity (DC resistance only). Thus, we can simultaneously detect and
determine the concentration of different gases using a single resistive gas sensor [30]. Such a
method can be applied in relatively cheap gas detection systems using a microcontroller and a
low noise voltage amplifier [31].

New materials have been continuously developed to improve sensors’ characteristics. A
good example are organically functionalized Au nanoparticles, because they can work at room
temperature and can be very selective for various VOCs (e.g. formaldehyde, acetone,
monoterpenes) [18]. It means that they are good candidates for economical and portable gas
detection systems monitoring health by the breath analysis. We can suppose that such sensors
will be continuously enhanced to reach the detection level of ppb and new gas detection
systems as well as new detection methods will be proposed [32].

2.5. Surface Acoustic Wave gas sensor

Surface Acoustic Wave (SAW) sensors convert an input electrical signal onto a mechanical
wave and measure its transmission through a sensing layer. There are different kinds of SAW
sensors — some examples are presented in Fig. 6. The active layer — a receptor film — is placed
on the transducer vibrating surface activated by an electronic device. When the sensor is
exposed to an analyte, the receptor film properties (e.g. mass and thickness) change. It affects
the frequency, amplitude and phase of the transmitted wave. The changes are proportional to
the analyte concentration.

Recently, SAW sensors have been extensively used for detection of toxic chemical vapors
[33]. They are applied to monitor gases and organic solvents using coating materials
selectively adsorbing the molecules from air. The main advantages of this technology are: its
high sensitivity, low power consumption, wireless, as well as the ability of operation in
motion and in a hazardous environment. SAW devices are also technologically compatible
with microelectronics, because the manufacturing processes of both are similar.

In practice, using SAW sensors the detection limit of 250 ppb for ammonia and 9 ppb for
methane can be achieved [34].
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Fig. 6. a) The operation concept of a typical SAW gas sensor; b) its structure.
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The devices described above provide an opportunity to detect a specific compound or
group of compounds, therefore they are called sensors. A separate group of detection devices
represent the gas analyzers. The most versatile one is the gas chromatograph. It enables
examinations of volatile and semi-volatile compounds with a very high resolution. The main
inconveniences of its application are the large size, high cost of purchase, expensive
maintenance, and complicated operation.

3. Optical gas sensors — review

Optical methods of sensing trace matter are mostly based on absorption and emission
spectrometry. However, in this paper, commonly used techniques based on measuring the
optical absorption will be discussed. The operation principle of these techniques consists in
detection of the gas concentration-dependent absorption of light at the specific wavelengths
(so called fingerprints). For various compounds these wavelengths can be found in the
HITRAN database [35]. The IR spectral range is particularly effective for gas detection.
Analysis of the experimental results is based on the Beer-Lambert law.

Optical gas sensing methods have usually a higher sensitivity, selectivity and stability than
the other ones. The methods include: Non-Dispersive Infrared Spectroscopy (NDIR), Fourier
Transform Infrared Spectroscopy (FTIR), Tunable Diode Laser Spectroscopy (TDLS), Cavity
Ring-Down absorption Spectroscopy (CRDS), Differential Optical Absorption Spectroscopy
(DOAS), Differential Absorption Lidar (DIAL), and Photoacoustic Spectroscopy (PAS).

3.1. Non-Dispersive Infrared sensor (NDIR)

The NDIR sensor consists of an IR source, a gas cell, light filters and a photodetector
(Fig. 7a). IR light is transmitted through the cell. If a specific component is present in the cell,
the light absorption at the wavelengths defined by the active filter will be registered. The
bandpass of the filter is matched to the fingerprint spectrum of the molecule of interest. In this
way one minimizes the interference of measurement results caused by other compounds. The
second detector, equipped with a filter matched to a not-absorbed wavelength, is used to
determine a so-called measurement baseline. The concentration of molecules of interest might
be calculated from both signals using the Lambert — Beer absorption law (Fig. 7b).

Jane Hodgkinson et al. showed that a short-term detection of noise equivalent
concentration of 1 ppm CO; has been obtained [36].

a) b)
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Fig. 7. a) A scheme of NDIR gas sensor [37]; b) registered photodetectors signals.

3.2. Tunable Diode Laser Absorption Spectroscopy (TDLAS)

TDLAS spectroscopy is also known as Wavelength Modulation Spectroscopy (WMS). Its
idea is presented in Fig. 8. The technique is used for detection of gas species using tunable
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lasers. The laser wavelength is periodically modulated with a frequency fwithin the profile of
absorption line of compound of interest: A;(f) = A + Adcos(2nff). Such a modulation induces
the amplitude modulation of the light beam passing through the cell containing an absorber
(Fig. 8a). The relevant periodical changes occur in the photodetector output signal which is
then demodulated using a lock-in amplifier. When the wavelength 1 is slowly scanned across
the absorption line, the demodulation at frequency f provides the signal that is proportional
to the first derivative of the line profile (Fig. 8b), while the 2/ — demodulation reveal the
second derivative (Fig. 8c).

a) b) c)
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%Wavelength
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Fig. 8. The concept of TDLAS (WMS) spectroscopy (¢ denotes the absorption cross-section).

The signal amplitude is proportional to the absorption coefficient. This approach improves
selectivity and increases the detection process immunity to noise and interferences.

The TDLAS (WMS) setup consists of a tunable laser with a driving system, beam shaping
optics, a gas probe, a photo-receiver with a signal processing unit (A/D), and a computer
(Fig. 9a). Various approaches are applied: either one with stabilization of 1 and A4 parameters
— which simply enables to determine the gas concentration, or another with registration of
spectrum derivatives — which leads to better distinguishing the absorption lines in
multicomponent media (Fig. 9b). TDLAS (WMS) provides an opportunity to detect the
amount of substance fractions of gases from major to trace levels. This method is very
selective and provides so-called in situ measurements. Using expression N = a(4)/o(4) (where
N —concentration the of gas sample, (1) — absorption cross-section and a(4) — absorption
coefficient), the detection limit of TDLAS systems can be determined by the minimum
detectable absorption coefficient at the level of 104-107° cm™!.
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Fig. 9. a) A schematic diagram of TDLAS sensor; b) the absorption line.

Another experimental scheme of this approach for the mid-IR range with the use of
quantum cascade lasers is presented in Fig. 10. In this case the method is called inter-pulse
spectroscopy. This technique involves short current pulses with a superimposed sub-threshold
ramp in order to tune the laser over a spectral line. It was pioneered by Namjou et al. [38]
using 1 MHz series pulses with 11 ns duration and a ramp signal at the frequency of 4 Hz.
That method ensured spectral tuning of each laser pulse with a slightly different wavelength
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of about 1 cm™!. To obtain a higher frequency of temperature modulation, a combination of
the ramp with a sinusoidal dither is usually applied. The spectral window of the analyses
determined by inter-pulse tuning provides one-laser detection of several molecular species.
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Fig. 10. A simplified scheme of the system for inter-pulse spectroscopy [38].

In practice, it is also possible to tune the laser spectra using longer pulses. It is applied in
the intra-pulse modulation technique. In this technique, the laser is driven by a relatively long
(~ a few ps) current pulse with the amplitude higher than the threshold value. During the
current pulse, Joule heating causes a temperature change in the laser structure and spectral
tuning of its radiation. The papers [39—42] describe the retuning process in the range of up to
6 cm 1. The tuning range depends on the pulse duration and system properties. The typical
spectral resolution of this method is better than that of inter-pulse ones and is defined by the
momentary laser line width. Its value is usually less than 0.01 cm™!. Fig. 11 presents a block
diagram of the operating principle of intra-pulse method.
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Fig. 11. A simplified scheme of the intra-pulse spectroscopy system [43].

3.3. Multipass Spectroscopy (MUPASS)

Optical trace detection of gas components requires a high sensitivity. The detection limit of
commonly used single-pass spectrophotometry (~10™* cm™!) is usually insufficient for this
purpose. The high sensitivity can be achieved by lengthening the light path in the
experimental cell containing the examined gas sample. Such an approach was employed in
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multi-pass spectroscopy. The examined gas samples are contained in a cell built of two
mirrors (Fig. 12). The light beam enters the cell through a hole in one mirror and then is
reflected many times inside the cell. Due to that, its optical path is tens or even hundred times
longer than that in single-pass spectroscopy. Such a solution results in a better detection limit
reaching the value of ~10~7 ¢cm™! (and even better). There are several kinds of this cell
arrangement [1].

a) b)
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Fig. 12. a) The operation concept of White’s; b) Herriott’s multi-pass cells.

In White’s cell (Fig. 12a), two special holes are made in surfaces of two mirrors. The first
hole is aimed to let the light beam into the cell while the second one — to let it out. In
Herriott’s cell (Fig. 12b) the radiation is let in and out of the detector using the same hole. The
optimal results are obtained for a special distribution of reflection points on the mirrors.

The MUPASS approach is often combined with the TDLAS (WMS) technique. Such a
solution improves the sensor sensitivity and enables to measure lower gas concentrations.
Fig. 13 shows an example of TDLAS technique with Herriott’s cell. That system was used for
measuring the NO concentration.

The laser was tuned within the range of 5.2105-5.2129 pm by a ramp driving signal. The
current pulses with 5 ms duration and 100 Hz repetition rate were used to set the laser
temperature. Such a pulse length made the laser operate in the quasi-cw mode. To improve
the signal to noise ratio, the absorption signals were averaged. The minimum detectable NO
concentration was about 3 ppb.
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Fig. 13. A schematic of the TDLAS-MUPASS sensor [44].

Multipass spectroscopy used together with TDLAS (WMS) belongs to the most sensitive
ones. This approach is useful for measurement of the absorption coefficients with a precision
better than 10”7 cm~!. Moreover, its maintenance is simple.
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3.4. Differential Optical Absorption Spectroscopy (DOAS)

DOAS spectroscopy is used to measure concentrations of trace gases in the atmosphere. A
simplified scheme of DOAS is shown in Fig. 14. Light from a broadband source (lamp) is
collimated and sent to a receiver which is distant from about several hundred meters to
several kilometers [45]. Therefore, this technique is capable to provide monitoring the
atmospheric environment along the optical path. The lamp spectrum is modulated by
extinction of air molecules and aerosols, as well as by many trace gases of different
concentrations and absorption cross-sections. The received light is transmitted using an
optical fiber to the spectrometer equipped with a computer. The absorption spectrum is
compared with the reference one, which provides an opportunity to determine the
concentration of trace gases.

A number of atmospheric species can be measured in the space using the DOAS method.
They include pollutants such as ozone, nitrogen dioxide (NOy), sulfur dioxide (SO>),
formaldehyde (CHCHO), carbon monoxide (CO), methane (CH4), and several other trace
gases [46]. The detection limits of DOAS found in the literature (dependent upon a chosen
system, path length, deployment configuration, and meteorological conditions) are from ppb
to sub-ppb level (0.38 ppb — SO», 0.5 ppb-NO>, 0.94 ppb-benzene) [47]. This technique is
limited by interferences from other atmospheric components, such as rain, fog, or haze [48].
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Fig. 14. A schematic of the DOAS sensor [49].

3.5. Differential Absorption Lidar (DIAL)

DIAL combines Light Detection and Ranging (LIDAR) and Absorption Spectroscopy
technologies to identify and quantify the gas of interest (Fig. 15). In the single-wavelength
LIDAR a laser source emits a light pulse with duration of a few nanoseconds. During the
propagation of radiation the photons are scattered on aerosol and air particles. The
backscattered light constitutes an echo signal which is registered by the lidar receiver,
consisting of a telescope, a photodetector, and digitizing electronics. This signal is recorded as
a function of time ¢ with respect to the moment # of sending the laser pulse. These time-
dependent data have a direct correspondence with the distance of the scattering position: z =
c(t — 1)/2, where ¢ denotes the light speed. Such simple lidars are used for various
applications, mainly for determining the aerosol distribution in atmosphere [50-53].
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DIAL operates at two wavelengths. The first probing beam is matched to the molecular
absorption line of the detected gas. The second one is out-tuned from the resonance and is
used to determine the signal baseline. Analysis of both signals and knowledge of the
absorption cross-section [54] provides an opportunity to determine the spatial distribution of
concentration of the compound of interest.

The DIAL system presented by R. Robinson et al. [55] is prepared for detection of light
hydrocarbons within 10 ppb to 100 ppb range, and 0.63 ppm of propane at the optical path of
1800 m. The DIAL system working on UV wavelengths was used by the University of
Warsaw for remote examination of ozone, NO2 and SO, conversion in atmosphere under
various processes [56, 57]. The detection limits of 5 ppb were achieved. While in the infrared
spectral range, specialists from the Military University of Technology designed a DIAL
system for detection of methane with the detection limit of 50 ppm-m (parts per million times
meter) [58].

Pulsed
lasers

Telescope

/\\ Off line
Online ~———_
Time delay | Computer | .

Fig. 15. The principle of determination of gas concentration and location by DIAL [55].
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3.6. Photoacoustic Spectroscopy (PAS)

PAS spectroscopy is a powerful technique to measure concentrations of gases in the range
from ppb to even ppt. PAS operation is based on conversion of a modulated light into a sound
wave in the absorbing materials. The sample gas is injected into a photoacoustic chamber and
irradiated with optical radiation. The wavelength corresponds with the absorption line of a
molecule of interest. If an absorber is present in the chamber, a portion of optical radiation is
converted onto heat energy. Then a local growth of the pressure and temperature occurs.
When the optical beam is modulated with a certain frequency, it results in an acoustic wave.
The strongest effect is achieved when the modulation frequency is matched to the resonance
of the photoacoustic chamber. The acoustic wave is converted onto an electric signal with a
high-sensitive microphone (Fig. 16). The microphone output signals are recorded using lock-
in voltmeters.

A very high detection sensitivity can be achieved in the Quartz Enhanced Photoacoustic
Spectroscopy (QEPAS). The principle of operation is similar to that of the PAS technique but
the laser beam is focused between the teeth of a resonant piezo-quartz fork [60]. Such a
transductor is sensitive to the signals generated by asymmetric tooth oscillations induced by
the laser-stimulated acoustic wave. The signals from symmetric oscillations generated by
external interfering sources are quenched. This feature as well as a high quality factor of the
quartz fork results in an opportunity to construct ultra-compact sensors with a detectable
concentration limit reaching the levels of a few ppb or even sub-ppb. In QEPAS setups, the
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measurements are usually performed with a wavelength modulation technique using the 2f
detection [61].

Laser beam
power P
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Modulated Por /.
atfor /2
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Fig. 16. The concept of photoacoustic spectroscopy [59].

3.7. Fourier Transform Infrared (FT-IR) spectrometry

The principle of FT-IR results from properties of the Michelson interferometer. Its scheme
is presented in Fig. 17. When sliding of the mirror is performed, the Michelson interferometer
produces a time-dependent signal which corresponds with the Fourier transform of light
source spectrum (called interferogram) (Fig. 17a). During FT-IR operation, radiation from the
source passes through the experimental cell, where the source spectrum is modified by the
absorption of a sample. Then the interferogram is converted onto the transmission spectrum
by computing the Fourier transform of the signal (Fig. 17b). FT-IR enables performing a
precise measurement of the spectrum, increasing the speed (collecting a scan every second),
and growing the sensitivity (averaging spectra to minimize random noise). Moreover, this
method creates a wide spectrum of the sample covering simultaneously several molecular
fingerprints reducing the scan time from several minutes (for common spectrography) to a
few seconds.

a) b)

Infrared
Detector Fourier transform

light source
’ SB

Optical path difference [x] Wavenumber [cm']

Beam
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Sliding
mirror

Fixed
mirror

Signal strength

Fig. 17. a) The concept of FT-IR spectrometry; b) the interferogram of Fourier transformation.

3.8. Cavity Ring-Down Absorption Spectroscopy (CRDS)

CRDS is a highly-sensitive laser absorption technique for the quantitative detection of
atomic and molecular species. CRDS was first demonstrated by O’Keefe and Deacon in 1988
[62]. This technique enables to measure the absorption using a high-finesse stable optical
cavity. The principle of this method is presented in Fig. 18. Laser pulses are injected into an
optical cavity consisting of two spherical and high-reflection mirrors. Due to multiple
reflections the radiation can be stored inside the cavity. After each reflection, a small part of
laser radiation leaves the cavity due to residual transmission of mirrors (Fig. 18). The
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transmitted light decreases exponentially with the defined decay time often referred as the
ring-down time.

Laser pulse -

Intensity
v
Intensity

\
N o
v R

Time Mirrors Time

Fig. 18. The principle of CRDS.

When intrinsic cavity losses can be neglected, this decay time depends on the mirror
reflectivity, resonator length, and extinction factor (absorption and scattering of light in the
cavity) [63]. Then, determination of the absorption coefficient is possible by comparing the
decay time values for the so-called “clear” cavity (reference value) with those for the cavity
filled with the analyzed gas. The detection limit is related to the precision of decay time
measurement.

Effective storage of light in the resonator is ensured only when the laser frequency is well
matched to that of the cavity mode. Then, the best sensitivity can be achieved. However, the
major disadvantage of this method is a strong dependence of the cavity mode frequency on
mechanical instabilities causing fluctuations of the output signal [64]. Such disadvantages can
be overcome using active stabilization of the cavity length [65, 66], or can be minimized with
the CEAS approach — cavity enhanced absorption spectroscopy [67].

CEAS is based on the so-called off-axis arrangement of cavity. The radiation beam is
injected under a small angle with respect to the cavity axis. As usually, the beam is repeatedly
reflected by the mirrors; however, the reflection points are spatially separated. As the result,
either a dense structure of weak modes is obtained or the modes do not occur. The system is
much less sensitive to mechanical instabilities. The CEAS sensors attain the detection limit of
about 10 cm™! [68].

The detailed information about CRDS and CEAS techniques is presented in the authors’
papers [69—-71].

4. Experimental results

In this section some research activities in detection of three trace gas species in human
breath (biomarkers) will be described. The main aim was to achieve substantial progress in
early diagnosis of diseases owing to application of a low-cost and simply-maintained
equipment for fast medical screening. In the designed instruments, optical techniques such as
MUPASS and CEAS were applied. It was mentioned that laser absorption spectroscopy
methods provide an opportunity to reach the trace gas detection limit of ppb level. However,
during selection of the absorption spectra of some biomarkers, the main problem was to
minimize the influence of other compounds (interferers), especially water and carbon dioxide.
Their concentration in breath is much higher in comparison with the biomarkers’ threshold.
Therefore, the art of selection of wavelengths and circumstances for optical detection of
certain biomarkers consists in minimization of such interferences. That is why these
spectroscopy methods require laser radiation that is precisely tuned to the peak of selected
line. The laser linewidth and its fluctuations should be much lower than the absorption profile
width.
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4.1. Nitric Oxide sensor

Monitoring the exhaled NO (FENO) is used to monitor asthma, hypertension, rhinitis and
lung inflammation [72—-74]. The nitric oxide level in human breath ranges from several ppb to
several hundred ppb. Its fingerprint lines are located in the range of 5.260 — 5.266 pm.
Normally, the maximum of NO absorption corresponds with the wavelength of 5.263 pm.
However, this absorption line is strongly dominated by absorption bands of water vapor and
carbon dioxide existing in the exhaled air. Reduction of H2O content by the factor of 30 using
a dehumidifier is not able to eliminate its interferences. The solution consists in reduction of
the breath sample pressure which causes a decrease of spectral lines broadening. Such line
narrowing (with maintaining their amplitudes) provides splitting of NO specific absorption
fingerprint from interferences caused by CO; and H»O.

The designed NO sensor consists of a laser with the control system, an optical system, a
sample module and a signal processing unit. A high detection performance of the sensor is
obtained by matching the quantum cascade laser wavelength to the NO absorption line
(5.2630 pum). The optical cavity was built of two concave dielectric mirrors, 60 cm apart,
0,995 reflectivity at the wavelength of interest. The leakage radiation from the cavity was
registered with optimized detection modules — PVI-2TE (VIGO System S.A.). The signal
from the module was digitized using an AD converter (C328 series from Cleverscope). A
precise laser current driver and a temperature controller (in the laser control system) ensured
high stability of generated wavelengths.

The concentration of NO was calculated using special software. During examination of the
NO sensor, the reference gas mixtures were delivered to the sensor at the atmospheric
pressure and at the temperature of 296 K. The mixtures were prepared as biomarker signatures
using a KIN-TEK generator of the gas standards. Owing to that, a high precision of the gas
mixtures was ensured. The obtained results showed that the sensor provides the detection
limits of 30 ppb. According to the ATS recommendation, NO concentrations higher than
50 ppb for adult patients and higher than 35 ppb for children, can be symptoms of atopic
asthma, eosinophilic bronchitis or COPD with mixed inflammatory phenotype [75, 76];
therefore, the sensor can be used for the statement of morbid state in both cases.

4.2. Carbon oxide and methane sensors

Looking for cheap solutions suitable for screening examination, it is reasonable to
construct optical sensors working in the near-infrared range. In this range, one can expect a
lower sensitivity in comparison with mid-infrared wavelengths, but still sufficient for
effective monitoring several biomarkers in human breath. A profit consists in easily available
and relatively cheap diode lasers, photodetectors (the photodiodes, much more sensitive than
for the MIR spectral range), and standard optics. The compounds that occur in breath in
relatively high concentrations are the most suitable for the NIR range. Carbon monoxide and
methane belong to these biomarkers.

Carbon monoxide is a biomarker of hyper-bilirubin, oxidative stress, respiratory infections,
and asthma [77-81]. It is also used to monitor bilirubin production in smoking cessation and
access the lung diffusion capacity. The CO concentration in a healthy man breath should not
exceed the value of 10 ppm, nevertheless in some cases (for smokers) it can reach 20 ppm
[82]. The absorption line of 2.33372 um is the best candidate: the CO absorption coefficient at
10 ppm reaches here the value of 4.4-107° cm™; the interference of water vapor is about 200
times weaker and that of CO; is negligible.

The average concentration of methane in the exhaled air is about 3-8 ppm, but the upper
limit should not exceed 10 ppm for a healthy man. The excess has been identified as a
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biomarker of colonic fermentation and intestinal problems [83]. It was found that the
wavelength of 2.25366 um with the absorption coefficient of 1.25:107° em™! for 10 ppm is
very suitable for detection of methane in breath. At this wavelength the interferences of both
CO; and H>O are more than three orders of magnitude smaller.

Relatively high absorption coefficients of CO and CH4 at morbid state suggested applying
the MUPASS technique together with WMS for their detection. Single-mode cw DFB-diode
lasers tuned to respective absorption lines of the biomarkers were used. The triangle-shaped
modulation of laser diode current enabled periodic scanning of wavelength over the
absorption lines. The observation was performed when the scanning was done from the line
peak to its right wing, (ie. within the range of 2.25366-2.2537 pum for CHs; and
2.336-2.33372 pum for CO).

The MUPASS cell (White’s design) was constructed with two metallic mirrors, 0.5 m
apart. Their diameter was 2 inch, while the radius of curvature was 2 m. The light beam was
reflected 30 times between the mirrors and then was focused on the photodiode, providing the
signal to the lock-in amplifier. The demodulated signal was finally averaged over 60 s.

Good linear correlation between the data supplied by the gas mixing system and the sensor
was observed for both detection setups within the concentration range of 0.4—100 ppm. The
precision of the measurement was better than 0.1 ppm. That is sufficient for monitoring
carbon monoxide and methane in human breath for both sick and healthy man [84].

5. Conclusion

The presented work describes some practical aspects of the gas detection. A few examples
of the gas sensing technology are briefly presented. However, the main attention of these
analyses is paid on optoelectronic sensors and laser absorption spectroscopy. The operation
principles and performances of some methods are also shown. In the experimental part of this
work, some efforts concentrated on construction of a simple optoelectronic sensor for optical
detection of certain biomarkers in breath are presented. The main goal was to achieve
substantial progress in early diagnosis of diseases due to application of a low-cost and simply-
maintained equipment for fast medical screening. The final goal will be an instrument
designated for use in medicine doctors' cabinets, clinics and consulting rooms. The aim is
developing and implementing to the clinical practice an early-warning table-top system for
real-time detection of diseases. Such an apparatus should be simple and cheap. Its sensitivity
should meet the requirements for medical applications.
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