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As demonstrated in Chapter 2, moisture determination is of great importance. Therefore, moisture control becomes imperative in all fields of our activity, from production management to creating a comfortable environment for our lives, as well as understanding the nature of changes that occur in the climate. In the second volume, Electronic and Electric
Humidity Sensors, it will be shown that there are a large number of different devices that allow to control moisture. Along with conventional devices such as mechanical hygrometers (hair), psitrometers, Cold mirror hygrometers, Dunmore cells, coulometric hygrometers, etc., moisture can be controlled using capacitive- resistive- surface acoustic wave (SAW)-,
quartz crystal microbalance (QCM)-, cantilever-, field effect transistor (FET)-, Schottky-barrier, moisture sensors based on field emissions, and many others. In recent decades, much has been done for the development of these devices and for the development of different measurement systems with greater efficiency. However, the process of developing
new moisture sensors as well as improving the older types of devices used for moisture measurement is still ongoing. New technologies and the tightening of ecological standards require more sensitive instruments with faster response times, better selectivity and improved stability. In this sense, optical humidity sensors, which are considered in this book, are
of particular interest. Optical hygrometry is a classic method of moisture measurement. However, unlike the devices mentioned above, the work of optical hygrometers is based on other principles. The detection and determination of the concentration of water vapour is carried out through measurements of optical properties. The first known measurements of
the absorption of water vapour in infrared (IR) were made by Fowle (1912) for the bands of 1.13 and 1.37 m using spectroscopic techniques. However, optical methods had the greatest development only in the last 30 years, when low-cost optoelectronic components such as light-emitting diodes (LEDs), laser diodes (LD), photodetectors (PD) and rapid data
acquisition, and data processing technique appeared. Optical hygrometers form a sufficiently large class of devices, which can be divided into subgroups on the basis of (1) the waveband used for the detection of water vapour (visible, infrared [IR] and ultraviolet [UV]) (Table 3.1), (2) the fraction of light, which is detected after interaction with the sample (i.e.
the transmitted, reflected or absorbed fraction) and (3) the spectral width of the light (e.g. , monochrome, polychromatic and reference light with continuous spectrum). Range, eV, nm, cm-1 (IR) 0.025–0.4 3000–50000 200–3300 Near Infrared (NIR) 0.4–1.6 780–3000 3100–13000 Visual (Vis) 1.1.6 780–3000 3100–13000 Visual (Vis) 1.26 –3.3 380–780
13000–26000 Ultraviolet (UV) 2.3–6.2 200–380 26000–50000 The most studied and most popular are the optical hydrometers of type, working in IR (1–14 m) and UV (100 nm) spectral ranges (Cerni 1994; Wiederhold 1997), where there are a large number of absorption bands, attributed to different gases (Figure 3.1). Areas of the electromagnetic spectrum
(EM) that are absorbed by atmospheric gases such as oxygen, carbon dioxide, ozone and other gases are known as absorption bands. Absorption bands corresponding to various gases in the IR-UV spectral regions are presented in Table 3.2. The main absorption bands, typical of liquid water and water vapour, are in the same band (Table 3.2 and Figure
3.1). It is important that the water molecule absorbs electromagnetic radiation in both a range of wavebands and discrete wavelengths. Gas Center Band Interval (cm−1) ν (cm−1) λ (μm) H2O 3703 5348 7246 9090 10638 12195 13888 visible 2.7 1.87 1.38 1.1 0.94 0.82 0.72 2500–4500 4800–6200 6400–7600 8200–9400 10100–11300 11700–12700 13400–
14600 15000–22600 CO2 2526 3703 5000 6250 7143 4.3 2.7 2.0 1.6 1.4 2000–2400 3400–3850 4700–5200 6100–6450 6850–7000 O3 2110 3030 visible 4.74 3.3 2000–2300 3000–3100 10600–22600 O2 6329 7874 9433 13158 14493 15873 1.58 1.27 1.06 0.76 0.69 0.63 6300–6350 7700–8050 9350–9400 12850–13200 14300–14600 14750–15900 N2O
2222 2463 3484 4.5 4.06 2.87 2100–2300 2100–2800 3300–3500 CH4 3030 4420 6005 3.3 2.20 1.66 2500–3200 4000–4600 5850–6100 CO 2141 4273 4.67 2.34 2000–2300 4150–4350 It was established that absorption of electromagnetic radiation by water depends on the state of the water; and absorption in different spectral ranges has a different
nature. The water molecule, in a gaseous state, has three types of transitions that can result in the absorption of electromagnetic radiation: Rotational transitions, in which the molecule obtains a quant of rotational energy. Vibratory transitions in which a molecule obtains a quant of vibrating energy. Electronic transitions in which a molecule is promoted to an
excited electronic state. It is important to know that electronic levels are associated with the energy of the electron subsystem. The transition from one electronic level to another can be considered as the transition from one electron from one orbital to another. Vibration levels are related to the vibration movements of molecules. Transitions between them
have almost no effect on the electron subsystem. Rotation levels arise from the rotations of molecules as a whole. The energies of the transitions increase in order: &lt;&gt; &lt;electronic (tkachenko-2006).-this-is-the-order-of-decreasing-mass-of-the-considered-subsystem:-&gt;&lt;/electronic&gt; &lt;atom&gt;rotational electron. A smaller mass results in a
higher frequency of oscillators (1/√m for harmonic oscillators). Typical transition ranges are summarized in Table 3.3 and presented in the 3.2. Figure 3.2 Relationships between the different scales used in spectroscopy: Wavelength, , Wave Number,&lt;/atom&gt; and Frequency, Frequency, Methods and instrumentation, Elsevier, Amsterdam, Netherlands,
2006.) Energy Type, J Frequency, Hz Wavelength, Electronic m (2–10)-10-19 (3–15)-1014 0.2–1.0 Vibrational (2–20)-10-20 (3–30) 1013 1.0 –10 Rotational (2–20)-10-21 (3–30)-1012 10–100 As seen in Table 3.4, transition energy can be presented in different units such as energy (ev), wavelength, and frequency. It should be noted that wavelength,
frequency and energy are equivalent measures in spectroscopy. This is done because the energy of a photon determines the frequency (and wavelength) of the electromagnetic wave (by the famous Planck E or E-hc/o formula in vacuum). The appropriate functions that can be used for converting these units are presented in Table 3.4. A practical drawback
of this is that many units used to characterize the same parameter transition energy. Wavelengths and energy are typically used in UV spectroscopy. IR spectroscopy usually uses wavelength and wavelength number. The wave number is used in infrared spectroscopy, as the wave number is directly proportional to the frequency and energy (oc/E/hc), and
therefore it is advisable to use this unit when power or frequency dependence occurs. The microwave and terahertz spectrososcope (THz) typically use the frequency. Quantity Ratio Of Commonly Used Units, m, nm Wave number at 1/o (cm) cm-1 Frequency á c/a (m) Hz Power (c to 3 × 108 m-s-1) eV Light speed h to 1,24/m (m) rotational transitions are
responsible for microwave and far infrared (FIR) absorption, vibratory transitions in the middle infrared (MIR), and near-infrared (NIR). In liquid water, rotation transitions are effectively turned off. In reality, the vibrations of the molecules in a gaseous state are accompanied by rotational transitions, resulting in a vibration-rotation spectrum. In addition, vibratory
nuances and combined bands occur in the NIR region. Therefore, the vibrating bands have fine rotational structure. In crystalline ice the vibratory spectrum is also affected by hydrogen bonding and there are lattice vibrations that cause absorption into the FIR. Electronic transitions occur in UV regions. Electronic transitions of gaseous molecules will show fine
vibratory and rotational structure. OPTICAL UV and IR absorption hygrometers offer several advantages in various fields of application (Wernecke and Wernecke 2014). These devices are able to observe a sample in their dynamic environment, no matter how distant, difficult to reach, or hostile this environment is. These devices are intrinsically safe, involve
low optical power, and are not electrical at the detection point. These hygrometers are passive and immune to electromagnetic disturbances, are geometrically flexible and corrosion resistant, and are compatible with telemetry. In principle, these devices are capable of Use. These characteristics give optical hygrometers immense potential importance in
biomedical, process and environmental monitoring applications. It should be noted that there are also hygrometers, operating in the THz and microwave regions of the spectrum. These devices differ significantly from optical hygrometers, because they are basically forced to use other radiant and radiation detectors. However, the basis of the operation of
these sensors is also the absorption of radiation by water vapour molecules. Therefore, techniques, which are often classified as optical hygrometry, are more correctly classified as electromagnetic radiation absorption hygrometry (EMR) (WMO 1992, 2011). It is important that, unlike absorption bands, there are areas of the EM spectrum, where the
atmosphere is transparent (little or no energy absorption) at specific wavelengths (Figure 3.3). These wavelength bands are known as atmospheric windows because they allow energy to easily pass through the atmosphere to the Earth's surface. As seen in Figures 3.1 and 3.3, a clear electromagnetic spectral transmission window can be seen between 8
and 14 m. A fragmented part of the window spectrum (arguably a part of the window with the blind) can also be seen in the IR visible at the average wavelength between 0.2 and 5.5 m. You can see that there is a large atmospheric radiation transmission at 0.5, 2.5 and 3.5 m, but in contrast there is a lot of atmospheric absorption at 2.0, 3.0 and approximately
7.0 m. Atmospheric windows are also observed in a spectral range of 4 cm to 20 m. It is understandable that passive and active remote sensing technologies do better if they operate inside atmospheric windows. For example, the range of 4 cm to 20 m is used for the operation of radio telescopes, studying the Universe. Figure 3.3 Approximate graph of
Earth's atmospheric transmission (or opacity) at various wavelengths of electromagnetic radiation, including visible light. (From . This file is in the public domain in the United States because it was created exclusively by NASA. NASA's copyright policy states that NASA material is not protected by copyright unless indicated.) Among hygrometers operated by
the absorption of electromagnetic radiation, it is also necessary to assign hygrometers, which are based on the detection of the fluorescence intensity of water molecules induced by UV irradiation, and hygrometers, using for the detection of water vapours detection of remote sound principles such as light detection and range (lidar). The principle of the
method, based on the absorption of electromagnetic radiation, is to determine the attenuation of radiation in a waveband that is specific to the water-steam, along the path between a radiation source and a receiving device. Therefore, the transmitted radiation carries the request for information about the analyte. In particular, its intensity (I) is related to analyte
(C), and this relationship is expressed in the Beer-Lambert Act, which is a combination of the Bouguer-Lambert Act and the Law of Beer. The first gives an expression for dI light intensity attenuation due to absorption and dispersion along a dl optical path. The latter describes the dependence of the dI intensity attenuation of concentration c of the sample. The
Differential Law Beer-Lambert Equation 3.1 states that a variation in the dI intensity along a differential path length dl is related to an absorption coefficient α(o) and concentration C of the sample: 3.1 () d I d l á α ( ) ⋅ C ⋅ I Integration of both sides of Equation 3.1 yields 3.2 () I ( I ( I ( I ( I ( I ( l ) , I 0 e , α , C l or 3.3 () l n ( I 0 I ), α ( ) l C to A, where: I 0 is the
intensity of incident radiation α(o) is the absorption of molar lymphopathy is the length of the optical path in the absorbent phase Absorption of molarity is characteristic of a species at a given wavelength. Therefore, analyte concentration is a linear function of the quantity record (I 0/I), which is defined as absorbance (A). In our case, the Beer-Lambert principle
states that when light energy at certain wavelengths travels through the gas, a certain amount of energy is absorbed by water within the path. The amount of light energy lost is related to water concentration. It should be noted that this equation is only valid under the assumptions of homogeneous absorption of parallel and monochromatic incident light in the
medium There are no other interaction processes within the medium Insignificant dispersion and reflection in the input and output windows Figure 3.4 shows the two transmittance measurements that are necessary to use absorption to determine the concentration of water vapours in the gas. The diagram in Figure 3.4a is for gas only, i.e. dry gas, and the
diagram in Figure 3.4b is for an absorbent sample in the same gas, i.e. for air or gas containing water vapours. In this example, IS is the light power supply that is incident in a sample; I am the light power measured after passing through wet gas or air, and sample support; and I 0 is the light power measured after passing only the dry gas and sample support.
The transmission measured in this case is attributed only to the analyte, i.e. water vapours. Figure 3.4(a,b) Two transmittance measurements required to determine the concentration of water vapours in gas. With regard to limitations on the law of beer, then one can select the following: at first, the law of beer has fundamental limitations. This law is only valid
for low concentrations of analyte. At higher concentrations, individual analyte particles no longer behave each other. The resulting interaction between analyte particles may change the absorption of the analyte. In addition, the concentration of the analyte through the refractive index (RI) of the sample may influence the values of α ( ). Only for sufficiently low
analyte concentrations, RI is essentially essentially and the calibration curve is linear. Second, the Beer Act has chemical limitations. A chemical deviation from the beer law can occur if the analyte is involved in a balancing reaction. Third, the Beer Act has instrumental limitations. There are two main instrumental limitations to Beer's law. The first limitation is
that Beer's law assumes that the radiation that reaches the sample is a single wavelength, that is, that the radiation is purely monochromatic. However, even the best wavelength selector passes radiation with a small but finite effective bandwidth. Polychromatic radiation always gives a deviation from the law of Beer, but the effect can be reduced to make
absorbance measurements at the top of a wide absorption peak. Radiation is the second contribution to instrumental deviations from the law of beer. Deviated radiation arises from imperfections in the wavelength selector that allow light to enter the instrument and reach the detector without passing through the sample. In principle, optical devices, which can
be used as optical hygrometers, can be classified according to how the specific wavelength of interest is extracted from the light source. On the one hand, a dispersive spectrometer includes an optical device such as a prism or diffraction grid to extend the light spectrum and isolate a specific wavelength band. It uses its absorption characteristics to measure
the ingredients and quantity of a sample. On the other hand, the non-dispersive spectrometer isolates the light-specific wavelength band that corresponds to the absorption spectrum of the target gas using narrowband transmission filters. Fourier's transformation spectroscopy represents another gas detection technique, especially in IR spectrum infrared
transformation spectroscopy (FTIR), which is widely used for multipurpose applications. It is based on the Michelson interferometer and a later fourier transformation to obtain the spectrum. Of course, the technique does not disorize as the easiest to use, does not require the use of expensive and bulky spectrometers and allows the development of compact
devices. It is best suited for the development of optical hygrometers. The instrumentation associated with the optical hygrometer is similar to that associated with conventional spectrophotometric techniques (Smith 2007). Typical optical hygrometers consist of an IR or UV (L) light source, one or more optical filters (F), input and output windows, a light pulse
helicopter (C), and IR or UV (D) detectors with associated electronics (signal converter and amplifier, and digital and analog processing units). The components are assembled together in a sampling chamber (S) that acts as a sealed optical gas, while allowing humidified gas to flow through (Figure 3.5). The wavelength used must be installed in the specific
measurement situation, taking into account the technical capabilities (the presence of the appropriate source and radiation detector), and the presence of other which can also interact with radiation in the selected range, and the expected percentage of water vapour in the sample. Figure 3.5 Main configuration scheme for measuring optical humidity in gas: 1
light source; Elements of 2 approaches; 3-modulator; 4-chopping; Optical filters of 5; 6 samples (air, gas); Measuring cell 7; Route of 8 measurements; 9-detector. The most commonly used source of radiation in optical hygrometers are hydrogen lamps, halogen lamps, tungsten bulbs, LEDs or LEDs. Until recently, the most commonly used source in IR range
hygrometers as well as UV range hygrometers were tungsten lamps, filtered to isolate a couple of wavelengths in the required region. They are small and resistant. In addition, the emission spectrum of the tungsten lamp can be modified by changing the lamp pressure and adding other gas components. These additives increase the number of spectral lines
available. However, in the last decade the use of LEDs and LD has received widespread use. Recent developments in diode laser technology, including the relatively recent availability of new quantum cascade laser (QCL) sources, have led to the development of highly sensitive and selective diode laser detection systems. It should be noted that while IR
spectroscopy such as FTIR is suitable for multi-component analysis of gases and other chemical species for a number of processes, laser spectroscopy is the method of choice for trace gas analysis due to its increased sensitivity and specificity, which arises when a spectrally narrow laser source polls a narrow absorption characteristic of the analyte. In
addition, the application of laser (monochrome) sources provides multi-component sensing capability. Werle (1996, 1998, 2004), Werle et al. (2002) and Allen (1998), (1998), (2002) and Allen (1998), have provided comprehensive reviews of diode laser-based gas sensor systems. The reasons for such a wide application of lasers in optical spectroscopy are
their small dimensions, their low energy demands and their manufacturing technology, which is compatible with the production of IC and solid state sensors. LD are made of the same materials as LEDs, but their structure is somewhat more complex and processed differently. Currently, LEDs and LD, sources with relatively intense radiation from narrow
bandwidth, are available in a range of wavelengths. The description of these devices can be found in Bass and Van Stryland's book (2002). Photomultiplier tubes, photodiodes, photodiode matrices, phototransistors and charging coupled devices (CCDs) are used as optical detectors. Photomultiplier tubes are the most sensitive photodetection systems and
are preferred for light detection of Level. Phototransistors and photodiodes (also known as quantum detectors) offer compaction and miniaturization of analytical systems, and are useful for measurements in the UV, visible and NIR spectral regions. Photodiode matrices and CCDs are multichannel detectors that can dispersed optical radiation. Optical filters
are among the typical wavelength selectors used in the optical chemical hygrometer. Optical filters are selected to optimize detection only in that part of the spectrum around water absorption lines. Today, many configurations have been adopted in optical hygrometers. However, they are mainly attributed to two main methods used to determine the degree of
radiation attenuation, such as (WMO 1992, 2011): Transmission of narrowband radiation at a fixed intensity to a calibrated receiver. This approach is illustrated in Figure 3.5. Radiation transmission at two wavelengths, one of which is strongly absorbed by water vapour and the other is not absorbed or only very weakly absorbed. If a single source is used to
generate radiation at both wavelengths, the ratio of its emitted intensities can be accurately known, so that attenuation in the absorbed wavelength can be determined by measuring the ratio of its intensities to the receiver. The simplest measurement method is shown in Figure 3.6. The two beams, each with a different wavelength, are created by a radiation
source with a wide spectrum (e.g. LED lamp) and an electronic or mechanical helicopter that switches between two F1 and F2 optical filters, which are transparent for different wavelengths. This results in a wavelength modulation between values of 1 and 2 (or more). This approach can also be performed using two lasers with different radiation spectra.
Figure 3.6 Setting up a two-beam measuring device: 1-measurement path, 2-reference path. The two-channel transmission cell combines reference and signal paths. A cell is filled with reference gas, which does not interact with infrared radiation. The gas to be measured can be inserted into another cell through the gas inlet. Two D1 and D2 detectors act as
receptors to record the intensity transmitted through both pathways. As is apparent from previous discussions, optical measurements of gaseous media transmittance serve as a physical basis for instrumentally determining the volume concentration of a specific gaseous component of the atmosphere from its absorption bands. However, experiments have
shown that optimal measurements took place only for transmittance changes in the range of 15% to 85%; outside this range, errors caused by errors in the photometry and zero configuration of the device became substantial. Unfortunately, in practice, we usually encounter other situations, and during direct absorption measurements in the atmosphere with
low concentration of water vapour we have to solve very on a large signal; essentially, this is the equivalent of finding a needle in a haystack. Therefore, the measurement of low concentrations of the sample material is limited by the noise present in the background measurement. It was found that a good way to solve the aforementioned problem is to not
transmission, but its derivative (differential). That is why optical moisture analyzers mainly have a differential optical absorption spectroscopy (DOAS) (Sigrist 1994; Kosterev and Tittel 2002). In a DOAS, to reduce errors due to fluctuations in source, temperature, etc., a second channel with the cell is used as a reference. The measuring signal and reference
signal can be combined to give a measurement value. Figure 3.7 shows a simplified optical scheme for this type of moisture hygrometer. The optical resolution is determined by the total length and accuracy of the mirror offset. Figure 3.7 Optical scheme for moisture measurement based on differential spectroscopy: 1, light source; 2 and 3, semi-transparent



mirrors; 4 and 7, attenuators; 5 and 8, mirrors; 6, sample cell; 6b, reference cell; 9, analyzer. A two-channel structural design can be implemented in which the signal is formed as the difference between workflows and reference, using a null comparison method, with optical, electrical or gas compensation. This method assumes that the signals of the two
channels are the same when there is no absorbent gas in the measuring cell. Therefore, compared to direct spectroscopy, DOAS produces a signal that is directly proportional to the concentration of the species. The dynamic range of gas concentrations that can be measured in the best zero-compensated devices is limited by errors in the establishment and
maintenance over time of channel equality, as well as by photometric accuracy, which is generally kept within 1%-3% (Mirumyants and Maksimyuk 2002). The incorporation of several automatic compensation systems allows to use simple methods to compensate for errors associated with the variation of ambient temperature, dirt of the optical elements of
the system, etc. However, it should be recognized that the most effective approach to the development of optical hygrometers is an approach based on the use of tunable diode lasers (TDLs). Hygrometers developed on the basis of this principle are called tunable diode laser absorption spectrometers (TDLAS) or TDLAS hygrometers. The advantages of
these devices are listed in Table 3.5. Examples of performing TDLAS hygrometers shall be taken into account in Section 3.4.2. As is clear from the title, the basis of these devices constituted the TDLs appeared in the 1960s. The main advantage of TDLs is the ability to change the wavelength of radiation. In principle, it is possible to change the frequency of
the light emitted by changing the temperature. But in TDLs, the change in their wavelength is achieved by ramping the injection current. The emission bandwidths for TDLs are in the order of 10-4–10-5 cm-1. measurements, the temperature of the laser is kept constant by using a thermoelectric heat pump matrix (Peletier). The laser is also modulated at high
frequency. As a result, when light is passed into the water often through a sample chamber containing air or natural gas of a certain moisture content, it is possible to accurately establish the water content by measuring the amount of loss in the absorption spectrum obtained by adjusting the laser radiation. It should be noted that TDLAS has the ability to
quickly adjust lasers, so techniques such as wavelength modulation spectroscopy (WMS), which produces dramatic sensitivity improvements over a direct absorption approach, are easily implemented (Linnerud et al. 1998). In WMS, the wavelength of the optical source is modulated, so that a small region of the absorption spectrum of an analyte, containing
a different absorption peak, is scanned repetitively. As the wavelength of the source scans through the spectral feature of interest, the relative attenuation of the source power is varied. Therefore, by modulating the wavelength of the source, a signal occurs that varies over time (i.e. optical power) in the detector. A phase-sensitive detection scheme is used to
detect the presence and quantification of the time variation signal produced by the presence of the analyte species. Since the line widths of the lasers are much narrower than the individual absorption lines observed for gas phase molecules, the TDLAS technique obtains an extremely high spectral resolution, resulting in the ability to isolate a single rotation-
vibration transition line of the analyte species (Figure 3.8), thus reducing (nearly eliminating) the background interference found by IR-NIR spectrometers. This TDLAS capability provides both extremely high specificity for the analyte, even in a complex sample matrix, and a detection limit that is several orders below a conventional absorption measurement.
Figure 3.8 Basic configuration of tunable laser absorption spectroscopy (TLAS). (Idea by Bange, J. et al., Airborne Measurements for Environmental Research, Wiley-VCH, Weinheim, Germany, 2013.) Advantages Disadvantages Very fast response in both directions: dry to wet or wet to dry Non-contact measurements No sensing surface to degrade due to
exposure during operation in several atmospheres High long-term stability No zero or span gases are needed Based on the fundamental measurement Immune to many pollutants present in air or natural gas Relatively expensive It must be calibrated using a test gas with the same basic main components of the Measured gas measurement is done near
atmospheric measurement measured pressure Strong pressure and temperature control Is required Specialized support is required because troubleshooting and repair can be very difficult phase sensitive detection, normally used WMS, allows the measurement of different multiples of the drive frequency used to modulate the output of the tunable diode
laser. Most implementations of TDLAS technology have made use of the second harmonic signal (known as 2F) for two main reasons. First, if spectrum 1F is an approximation very close to that derived from the peak of absorbance, absorbance, the second harmonic signal approximates the second derivative of the absorption spectrum. This operation
eliminates slanted backgrounds and offsets that are the result of output characteristics lower than the ideals of TDLs. This means that the 2F signal produces a zero baseline signal. And secondly, the second harmonic spectra show a peak, which matches the peak in the absorbance spectrum. In addition, the maximum height 2F is directly proportional to the
partial pressure of the water in the absorption cell. By simultaneously measuring the total cell pressure, the concentration of water vapour can be determined. The intensity of the transmitted light may be related to the concentration of the absorbent water vapour by the Lambert-Bouguer law. Simultaneous measurement of gas temperature and total pressure
and other humidity parameters such as absolute humidity, a dew point can be determined with a high degree of precision using psychometric equations. It should be noted that TDLAS hygrometers can be designed using different optical schemes such as single path, multipath beam, single modulation, double modulation, open path and closed path
(Buchholz et al. 2013). Some of them will be described in Section 3.4. The optical path length required for TDLAS depends on the required S/N ratio, dynamic range, transition line strength, time response, but also detector properties, electronics choice, optical fiber noise and other optical elements, and many other factors, causing the TDLAS system to
design a notrivial optimization problem (Buchholz et al. 2013). Fold of trajectory length, as in white (white 1942; 1999), Herriott (Herriot et al. 1964; May 1998), and Herriott's astigmatic arrangements (McManus et al. 1995), is a frequently applied principle, but difficult to optimize in applications. Additional information related to TDLAS can be found in
numerous reviews and original articles (Allen 1998; Werle 2004; 2013; White and Catalonia 2015). It is observed that conventional IR and NIR spectrometers do not have such a high wavelength resolution (Figure 3.9), and therefore such hygrometers can be used only spectral ranges, where there is not much overlap in the spectra of the absorbent species.
Figure 3.9 Illustration showing the narrow emission bandwidth TDLAS versus conventional go techniques. TDLAS hygrometers are able to respond quickly. The optical response is approximately 2 seconds. However, it takes time to purge the absorption cell and sampling system. Therefore, typical system response times are in the range of 3-10 min for a
90% step change. The typical accuracy of a TDLAS hygrometer is 2% of the reading in terms of either the lunar fraction or As a general rule, modern TDLAS hygrometers use a self-calibrating data assessment strategy based on the focus of early principles and parameters known as absorption line resistance, pressure, gas temperature, and absorption path
length. The best elaborateDLAS hygrometers have the detection limit of 50 ppb (0.05 ppm). This is achieved using a multistep absorption cell to achieve a longer optical path length and operate the cell at a vacuum pressure. It should be noted that the application of lasers with this cell allows the development of very compact, robust and lightweight
instruments. The advantages, shown above and listed in Figure 3.9, as well as the features of TDLAS make it very suitable for several applications. For example, using TDL spectrometry, the measurement of the isotopes H2 16O and H2 18O of water vapour can be performed (Wang et al. 2014). For these purposes, Wang et al. (2014) proposed to use a
field-based QCL-based spectrometer operated in the 7.12 m region. The target lines shown in Figure 3.10 have been selected based on four criteria: (1) both lines must provide approximately the same peak absorption to allow the probe of both isotopes with significantly different natural abundance using the same optical path, (2) the lowest state energies of
both transitions must be within ±6.8 cm-1 to relax the sample gas temperature stability requirement at only ± 1 K (assuming the target accuracy of the delta value is 0.1o), (3) the minimum interference of other species present in the air, and (4) the central frequencies of the selected lines must be within ∼1 cm-1 with each other to allow simultaneous access to
both lines within a single current scan of a typical single frequency distributed feedback (DFB) QCL. The optical design of the system and the functional block diagram of the water vapour isotope analyzer designed by Wang et al. (2014) are detailed in Figure 3.11. Experiment has shown that the detection limits of 1 s achieved for measurements H2 16O, H2
18O and 18O using this instrument were 2.2 ppm, 7.0 ppb and 0.25%, respectively. Allan's deviation analysis indicated that after 160 s averaging the achievable detection limits for measurements H2 16O, H2 18O and 18O can be 0.6 ppm, 1.7 ppb, and 0.05%, respectively. Figure 3.10 The lines selected for H2 16O and H2 18O are: transition 514 ←541 to
1390.52 cm-1 and transition 432 ←541 to 1389.91 cm-1, respectively, in the rotational-vibrational band of H2O. (Reprinted with permission from Wang, W.E. et al., Rev. Copyright 2014 by the American Institute of Physics.) Figure 3.11 Schematic and optical design of the system. M, mirror; BS, beam divider; QCL, quantum cascade laser; DCM, dichroic
mirror; MCT detector, mercury cadmium telurium detector; OAPM, parabolic mirror off the axis; NI-DAQ, National Instruments data acquisition board. (Reprinted with permission from Wang, W.E. et al., Rev. Copyright 2014 by the American Institute of Physics.) It should be noted that the measurement of Water vapour isotopes is important for monitoring the
atmosphere. Measurements of water vapour isotopes (H2 16O and H2 18O) allow fingerprinting of water flows in the urban environment, including partitioning heat flow between evaporation (bare soil and waterproof surfaces) and plant perspiration. Therefore, stable isotope measurements can provide transformative observational capabilities for
environmental monitoring and climate assessments at regional and global levels. In addition, water vapour isotopes can be used to evaluate the role of spatial heterogeneities in earth's surface composition in turbulent flows of water vapour and sensitive heat. These capabilities are particularly important for water cycle examination in urban environments.
Isotopic measurements are critical to hydrological cycle studies, gas exchange and transport processes between vegetation and atmosphere, and understanding spatial and temporal variations (Gat 1996; Yakir and Sternberg 2000; 2008, 2012) With regard to the disadvantages of these devices, they are listed in Table 3.4. In addition, the measurement does
not depend on the flow, but care must be taken to control the temperature and pressure of the sample. Changes in sample temperature and pressure affect the line shape of rotational-vibratory transitions and will cause changes in instrument readings. The drawback of this technology is also the temperature sensitivity of the TDL. The binding temperature of
the laser diode is critical for measurement; any small change in diode temperature will displace the central wavelength of the emission and may result in erroneous measurements or alarm conditions in the analyzer. While most manufacturers use conventional thermoelectric coolers and thermocouples to maintain a stable temperature of the laser diode, the
use of on-board moisture reference cells has been used to provide the TDLAS system with line locking capability and provide feedback to the TDL temperature control loop to increase reliability and confidence in measurement. Part of the laser beam is passed through the set of reference cells where the analyte sample spectra are monitored in the reference
cell and any changes in the observed peak are used as a feedback signal for tunable laser diode temperature control. A final disadvantage is the range and precision capability of the TDLAS device. Although it is acceptable to use these instruments in traditional pipe natural gas applications, their use for low water vapour detection is limited due to the
detection capacity in a methane-based background. Specialized techniques, such as differential spectroscopy, add maintenance, cost, and potential errors to measurement systems. IR light is defined as electromagnetic radiation with a longer wavelength than in the visible light range, i.e., 800 nm. The IR range can be further divided into near-infrared (NIR)
at 780–3000 nm (0.78–3.0 m) medium infrared (MIR), at 3000–8000 definitions of far infrared range (FIR) from nm (3.0–0–0 m) to &gt; 8000 nm (&gt;8.0 m) vary throughout the literature and should be understood as a general guideline. General. have shown that in this region of the spectrum there are multiple absorption bands due to the interaction of
radiation with different gases present in the atmosphere (Table 3.2), which makes this spectral range, particularly NIR and MIR, attractive to several gas analyzers, including optical hygrometers (Smith 1993). In the most distant area there is an absorption band of H2O at 1594.8 cm-1 (6.3 m). The important advantage of IR hygrometers is low cross-sensitivity
to temperature fluctuations and variations in gas density and particle contribution (e.g. dust and particles). It should be noted that little difference can be observed in the position of the absorption bands in various sources. As is known, pressure, temperature and variance in the composition of the sample gas can affect the position of these bands. For
example, the absolute signal for water in the same volume ratio at two different pressures will be different due to the pressure expansion. It should be understood that in addition to the discrete absorption bands of water vapour, there is also a so-called continuous absorption spectrum, for example, in the 200-1200 cm-1, which is also attributed to water
vapour. Continuous absorption by water vapour is defined as any absorption observed by water vapour, not attributable to the contribution of the Lorentz line within 25 cm-1 of each line. It has been suggested that it results from the accumulated absorption of the distant wings of the lines in the FIR. This absorption is caused by the widening of collisions
between H2O molecules (called self-enlargement) and between H2O and non-absorbent molecules (N2) (called foreign widening). The most recent work suggested that much of the continuum could be due to collision-induced transitions and is not related to the wings of the line. The presence of such a number of strips forces you to approach carefully when
selecting the spectral range in which the hygrometer can operate. Of course, this choice should take into account technical capabilities such as the presence of the right source and radiation detector, the presence of other components that can also interact with radiation in the selected range, the presence of free water and the expected percentage of water
vapour in the sample. In this case, the selected wavelength must meet the following requirements: High selectivity with respect to water in reflection, transmission, or absorption properties High contrast in the optical properties between water and other components of the measured material Comparison of all these factors indicates that the preferred spectral
range for IR optical hygrometers is around the strong water absorption peaks at 1.47 and 1.94 m (Figure 3.12). These wavelengths are also well separated from CO2 and CO absorption peaks, which are often present in a mixture of For moisture measurement, absorption bands close to 2.7 m can also be used and in the 5-7 m region (Figure 3.13) (Silver and
1987). In a short interval of 5.7 to 6.6 m the absorption of water vapour is very intense. Of course, wavelengths in actual hygrometers may differ slightly from the specified values listed in Table 3.6 which is sometimes associated with a limited selection of lasers with the required wavelength. But we must understand that the use of wavelengths, not coinciding
with the water vapour absorption band will be accompanied by a reduction in hygrometer sensitivity. As a result, when developing hygrometers, radiation is commonly used in the near IR spectral range between 1.3 and 2.7 m. It is also important to note that today, for a given spectral range diode lasers (DL) were developed with unique properties such as
very high spectral resolution and spectral power density, continuous tunability in combination with excellent technical properties, i.e. quite low cost, very low size, weight and energy consumption, long laser life , and good beam quality. That's why in recent years IR hygrometers operated in this spectral range had a huge influence on atmospheric hygrometry.
There is also a large set of highly sensitive receivers for this spectral range, capable of working without cooling, which greatly simplifies the work of hygrometers. Figure 3.12 Infrared air absorption spectra near the IR range. (Data extracted from Wernecke, R. and Wernecke, J., Measurement of Industrial Moisture and Humidity: A Practical Guide, Wiley-VCH,
Weinheim, Germany, 2014.) Figure 3.13 Infrared absorption spectra of a number of relevant gas species in the area between 2 and 6 m. It is a simplified graphical presentation to show the importance of individual absorption lines, as well as the shading effect of water vapour. (With friendly permission from Springer Science+Business Media: Solid State Gas
Sensor, 2009, Springer, New York, Comini, E. [Eds.] et al.) With respect to the preferred absorption band in this spectral region, Buchholz et al. (2013) believed that the absorption line close to 1.37 m is the most optimal. According to Buchholz and Others (2013), the absorption line close to 1.37 m should be selected to minimize cross-sensitivity to other
neighboring gases or H2O lines and temperature dependence on the line area. Another advantage of this line is the excellent availability of high-quality telecommunications grade fiber optical components and fiber-coupled laser modules, which minimize the size, weight and cost of the instrument and enable effective suppression of parasitic water absorption
in air absorption routes outside the intended measuring cell. Previous optical IR hygrometers as sources of radiation mainly used halogen lamp, tungsten bulb and thermal radiation sources, filtered to isolate a wavelengths in the required region. Thermal radiation sources such as Globar, Nernst pin (lamp) and incandescent bulb, which gives a continuous
spectrum of radiation, were mainly used for measurements in the FIR region. Fir. in recent decades, as radiation sources are mainly used LED, and especially LDs, that the advantages for spectroscopic applications have been previously considered. In addition, the main water vapour absorption bands that can be used for measurements are in NDIR (non-
dispersive infrared) and MIR spectral ranges, which match the spectral range of radiation from LEDs and lasers offered on the market. Of course, there are now developments using thermal radiation sources (Bauer et al. 1996). But these thermal sources are being manufactured using a modern technology, which allows them to be miniaturized (Spannhake et
al. 2005) (Figure 3.14). In addition, they allow to reach high modulation frequencies. Small time constants are important parameters for directly modulating IR radiation. Today, thermal emitters allow direct modulation of radiation within the frequency range up to several Hz. Other sources of IR radiation that can be used in hygrometers are listed in Table 3.7.
Figure 3.14 Main architecture of an NDIR gas detection microsystem. (With friendly permission from Springer Science+Business Media: Solid State Gas Sensor, 2009, Springer, New York, Comini, E. [Eds.] et al.) Radiation Type Method Material Source Example Wavelength (m) Observation Current Flow Resistor Heating Tungsten Infrared Bulb 1–2.5 The
long wavelength region is cut by external bulb (glass). Secondary radiation is emitted through the Nichrome Kanthal Tube Electric Heater 2–5 Silicon Carbide (Globar) Silicone 1–50 Constant Voltage, Large Current Ceramic Nernst Glow 1–50 Preheating is necessary Secondary heating by another energy source Metal (stainless steel, etc.) Sheath Heater 4–
10 Ceramic lamp type IRS 4–25 Radiant burner 1–20 Gas burning heating Discharge heating Carbon arc lamp 2–25 Causes some environmental problems such as soot Cold gas discharge Mercury Cesium Xenon Mercury lamp Xenon lamp 0.8–2.5 The long wavelength region is cut by external bulb (glass). Secondary radiation is emitted through the Tube
Laser Emission Stimulation Carbon Dioxide Fig Compounds Fig Compounds Lead Co2 Laser InGaAs Laser PbSnTe 9–11 1.1– 1.5 1.2–6 to 7 But it should be recognized that thermal emitters (black body radiation sources) are not optimal for use in hygrometers and their parameters are significantly lower than LEDs , and especially LDs (Wilson et al. 1995).
First, thermal emitters need a high operating temperature (up to 2000K) to obtain high radiation power in the MIR range, and this can cause unwanted heating in a compact instrument. But the radiation emitted can be accompanied by system performance degradation; heats detectors and electronic elements and generates parasitic components of the
detector signal (Cozzani et al. 2007). Second, its emitting spectrum ranges from visible to FIR. Therefore, they emit too wide a spectrum of light and are not efficiently efficient view of energy consumption. Third, extremely wideband radiation produced by a black body requires optical filtering for the required spectral range selection, and this often eliminates
most of the optical power. In addition, narrowband pass filters sometimes transmit light at wavelengths outside the band pass region that are still detected. Fourth, the emission area of a black body source is often larger than that of a semiconductor light source, so obtaining a uniform, collimated beam of light can be difficult. Finally, black body sources tend
to have a slower response rate than semiconductor devices, making them less suitable for applications where high-speed or frequency modulation is required (Wilson et al. 1995). If you look at Figure 3.15, you can see that modern lasers can be used for the development of optical hygrometers covering the NIR and MIR spectral regions, with wavelengths
ranging from 0.6 to &gt;2 m for conventional DL and 2 to &gt;4 m for newly developed QCL (Hvozdara et al. 2002; Kosterev and Tittel 2002). QCLes are semiconductor lasers based on transitions in a multi-amount heterostructure of well (Faist et al. 1994). The emission wavelength depends mainly on the thickness of the quantum well rather than the size of
the band separation, as is the case with conventional DL. This has allowed, using the same base semiconductors (InGAAs and AlInAs grown in InP), the manufacture of lasers with emission wavelengths ranging from 3.5 to 17 m (Werle et al. 2002). Therefore, QCL can operate at wavelengths in the MIR range, which match well with the fundamental
vibrational absorption bands of water vapour and other chemical species, compared to conventional diode sources, where laser emission generally coincides with weaker harmonic bands (Grouiez et al. 2008). In addition, due to a specific recombination mechanism, QCLes can operate at a close temperature and produce more optical power (milliwatts) of
radiation within a wide range of frequencies. For comparison, lead salt DL (PbSnTe and PbSnSe) designed for wavelength region from 5 to 8 m can only operate at liquid nitrogen temperature. This greatly limits its application in the development of hygrometers, since the hygrometer in this case must have a cryogenic cooling diode laser system. But in this
case, the hygrometer is bulky and cannot be used for independent operations. Figure 3.15 Approximate spectral windows of commercially available ambient temperature diode laser sources. Of course, LEDs and LEDs also have disadvantages. They have a strong dependence on power and spectrum characteristics in temperature and its price significantly
exceeds the costs of thermal sources. But their use greatly improves the performance of hygrometers and therefore, these disadvantages do not limit the application of LEDs and LDs in hygrometers. Gas and solid state lasers (Figure 3.16) can be used in the same spectrum region. But he and the cost of these lasers are lower than semiconductor lasers,
which significantly limit their application in the development of portable devices. Figure 3.16 Commercially available gas spectral windows and solid-state lasers. (Data extracted from .) The signal can be measured using heterodine or direct sensing systems. According to Grund et al. (1995), these systems have the following differences: diffraction-limited
optics are generally used in heterodinos lidars, and the aperture and focus of these optics must roughly coincide with the force and range of the return; Limited field of view reduces backlight, but direct sensing systems can make use of larger optics. The signal-to-noise ratio of heterodine (SNR) is approximately constant over long range and can be optimized
at long range by focus, while direct SNR detection quickly drops with the range; therefore, very good differential absorption lidar (DIAL) results can be obtained using short-range direct detection, but long-range results are affected. Therefore, somewhat smaller optics can be used for heterodine systems and the results of the smaller heterodine system are
superior to those of direct long-range lidar detection but lower at short range (Grund et al. 1995). With respect to PPs, suitable for use in IR optical hygrometer, there are currently a wide variety of semiconductor detectors and thermal detectors, which are capable of covering the entire spectral range, suitable for the development of optical hygrometers
(Tables 3.8 and 3.9 and Figure 3.17). Figure 3.17 shows the normalized detection characteristics for different types of detectors. Quantum type semiconductor detectors show excellent IR range detection and rapid response, but are strongly wavelength dependent (Figure 3.17) and generally need to be cooled for accurate measurement. In thermal detectors
such as pyroelectric sensors, bolometers and thermopiles the absorbed photon results in an increase in detector temperature, which implies an alteration of its electrical properties. Types of Detectors Operation Method Metal Semiconductor Superconductor Ferroelectric Electric Electron Switch in Electrical Conductivity Thermocouple
Generation/Thermopylate Voltage, caused by the change in the temperature of the junction of two dissimilar materials Pyroelectric changes in spontaneous electrical polarization Golay cell/Gas microphone Thermal expansion of a type of gas Spectral response detector (m) Operating temperature (K) D* (cm) Hz1/2/W) Thermal thermocouple (thermopile)
Pneumatic cell detector Golay cell, condenser-microphone PZT, TGS, You depend on the material in window 300 300 300 300 D* (a, 10, 1) at 6 x 108 D* (a, 10, 1) at 1.108 D* (or, 10, 1) to 109 D* (or, 10, 1) to 2 x 109 Quantum Type Antigen Type Photoconductivity Type PbS PbSe InSb HgCdTe 1–3.6 1.5–5.8 2–6 2–16 300 300 213 77 D* D* = 1·109 D*
(500,600,1) = 1·108 D* (500,1200,1) = 2·109 D* (500,1000,1) = 2·1010 Photovoltaic type Ge InGaAs Ex. InGaAs InAs InSb HgCdTe 0.8–1.8 0.7–1.7 1.2–2.55 1–3.1 1–5.5 2–16 300 300 253 77 77 77 D* (λp) = 1·1011 D* (λp) = 5·1012 D* (λp) = 2·1011 D* (500,1200,1) = 2·109 D* (500,1200,1) = 2·1010 D* (500,1000,1) = 1·1010 Extrinsic type Ge:Au Ge:Hg
Ge:Cu Ge:Zn Si:Ga Si:As 1–10 2–14 2–30 2–40 1–17 1–23 77 4.2 4.2 4.2 4.2 4.2 D* (500,900,1) = 1·1011 D* (500,900,1) = 8·109 D* (500,900,1) = 5·109 D* (500,900,1) = 5·109 D* (500,900,1) = 5·109 D* (500,900,1) = 5·109 Despite of its smaller detectivity compared to quantum detectors (Figure 3.17) , thermal detectors are widely used due to their
uncooled operation, small dependence on wavelength and flat response. In this thermopiles they show better sensitivity than pyroelectric detectors and bolometers (Schilz 2000). Thermopylae detectors manufactured by PerkinElmer are shown in Figure 3.18. Modern thermoptics made of micromecanized technology are extremely sensitive, with a fast
response time due to their small size (Graf et al. 2007; Fonollosa et al. 2009). One should keep in mind that today, silicon-based thermopiles are commonly used for infrared detection in NDIR spectrometers. Figure 3.18 (a) Photo of PerkinElmer double thermopylae detectors. The left side shows open detectors. Clearly you can see the two thermooptics. The
gray squares in the center of each sensor chip are the absorbent areas, which collect the IR light to be measured. The small cube near the lower chip is the thermistor, which detects the ambient temperature. The right side shows the detectors covered by a cover that holds the two different IR filters. . (b) Detection unit schematics in a TO8 package, with
thermopiled elements manufactured with micromecanizing technology, optical filters and welding joints. (From .) (Reprinted by Sens. Actuators A 149, Fonollosa, J. et al., Limits on the integration of filters and lenses into thermoelectric IR detectors by flip-chip techniques, 65–73, Copyright 2009, with permission of Elsevier.) Filters are also important elements
of the optical hygrometer to improve the selectivity of specific narrowband optical filters. They are usually placed directly on top of the IR detector set. An optical band-pass filter usually consists of a number of dielectric layers on a substrate. The thickness, number and material of the layers deposited in the substrate determine the transmission characteristics
of the filter (Rancourt 1996). Silicon is usually used as a substrate to leverage its related technologies. Systems are also designed with narrow-band but adjustable optical filters (Santander et al. 2005). As we know, the sensitivity of depends on the length of the absorption path. For example, according to the Lambert-Beer Act, the transmission of IR radiation
through the absorbent gas is inversely proportional to the exponential function of concentration and length of the journey. This means that to achieve high sensitivity in the IR spectral range, the optical path must be long. Therefore, the measurement path on IR optical hygrometers is typically greater than 1 m. It is understandable that optical path lengths such
long are often undesirable or simply not possible in industrial applications. Therefore, instead of a single transmission, compact cells with multiple reflexes within the cell are incorporated into the device (e.g. Herriot measuring cells) (Figure 3.19). Currently, Herriot cells (Herriot et al. 1964; Herriot and Schulte 1965) have been widely applied in atmospheric
monitoring and are commercially available with astigmatic optics that provides more than 100 m of optical path length not superimposed in a physical cell less than 1 m in length. Liu (2012) in his experiments, has used a multistep absorption cell with physical length of about 35 cm, which provided an optical absorption path length of more than 30 m.
Therefore, using this approach, the length of the optical path remains constant, while cell dimensions can be significantly reduced. For comparison, the measurement path in the UV optical hygrometer is typically a few centimeters in length. Figure 3.19 Diagram showing the principle of Herriot's cellular operation. Of course, a simplified version shown in
Figure 3.20 can be used when using the open track and the double emission step is achieved by using a separate reflector (Seidel et al. 2012). The same approach was used in the development of the hygrometer by Wilson et al. (1995). However, this approach can only be used for stationary devices. An additional difficulty of this approach is that to achieve
the required accuracy it is necessary to ensure that any target movement (reflector) such as rotation, translation or inclination of the target must have a negligible influence on the accuracy and, if possible, on the accuracy of the spectrometer. In addition, the performance of the spectrometer should not be disturbed if there is a small deviation from the precise
perpendicular target position. There should be no dependence on the exact position of the laser on the target, which is not only important for adjustment, but also for future scanning applications for spatially resolved measurements. In addition, for high sensitivity it is still necessary to use sufficiently long optical path lengths. However, the longer the optical
path lengths, the more difficult it is to meet the requirements listed above. (2012) in his hygrometer he used the reflection tape at a distance of 75 cm to 1 m. Figure 3.20 Optical configuration of the spectrometer with the and detection of the side (left) and the separate dispersion target (right). Here the light of a DFB laser coupled from fiber to 1370 nm was
collimated and directed through a 50/50 dielectric beam divider on the target, where it was partially reflected/dispersed. The beam separator is used to direct the part of the reflected light to a placed photodiode placed the incoming beam path. A micro prismatic reflection tape was used as a reflector (dispersion target). (With friendly permission from Springer
Science+Business Media: Appl. Phys. B, TDLAS-based open path laser hygrometer that uses simple reflective sheets as dispersion targets, 109, 2012, 497–504, Seidel, A. et al.) In order to reduce errors due to fluctuations in source, temperature, and so on, a second cell is often used as a reference (Silver and Hovde 1994; 2007). The measuring signal and
reference signal can be combined to give a measurement value. As for the errors and anomalies observed in the measurement in the MIR region, they are discussed in detail by Chalmers (2002). Modern optical go hygrometers are generally being developed using two approaches: (1) radiation transmission at two wavelengths; a wavelength corresponds to
the water absorption line and the second wavelength is used as a reference (Foskett et al. 1953; Chen and Mitsuta 1967), and (2) TDLAS (Amerov et al. 2007; Soleyn 2009; Buchholz and Ebert 2013; 2017). The benefits of these approaches were previously considered in Section 3.3. It is important to note that this multichannel approach can also be used in
TDLAS hygrometers. For example, to achieve an unprecedented dynamic range of 1–40,000 ppm, Ebert and Buchholz (2016) have simultaneously used two lasers at 1.4 and 2.6 m for high/low H2O concentrations. The successful representative of optical hydrometers, developed when using the first approach, is LI-7500A Open Path CO2/H2O Gas
Analyzer, manufactured by LI-COR Inc. ( ) and shown in Figure 3.21. The LI-7500A analyzer is a high-speed, high-precision NDIR gas analyzer that accurately measures carbon dioxide and water vapour densities in turbulent air structures. The LI-7500A sensor head has an open optical path of 12.5 cm, with single-pass optics and a large 8 mm diameter
optical beam. Optical filters centered at 3.95 m provide a reference signal for CO2 and water vapour. Absorption at wavelengths centered at 4.26 and 2.59 m provides measurements of CO2 (0–3000 ppm) and water vapour (0–60,000 ppm), respectively accurately ±1–2%. This design minimizes sensitivity to dirt and dust, which can accumulate during normal
operation. It should be noted that LI-COR Inc. also designed the CO2/H2O gas analyzer, LI-7200, with an attached optical cell (Figure 3.21b). This analyzer has an optical scheme similar to the optical scheme used in LI-750A. Figure 3.21 CO2/H2O gas analyzers designed by LI-COR Inc.: (a) Li-7500A Analyzer with open path and (b) LI-7200 with optical
cell. (From .) As for the second approach, here we have a large number successful projects (Amerov et al. 2007; Soleyn 2009; Buchholz and Ebert 2013; 2017). For example, Nwaboh et al. (2017) suggested TDLAL hygrometer for absolute H2O measurements in methane, ethanol, propane and a low CO2 natural gas. The sensor was operated with a 2.7 2.7
DFB laser, equipped with a high-pressure single-pass gas cell, and used to measure the amount of H2O of the fractions of substance in the range of 0.31–25,000 imol/mol. Total operating gas pressures were up to 5000 hPa. The relative reproducibility of the H2O quantity of substance fraction measurements at 87 emomol/mol was 0.26% (0.23 omol/mol).
The maximum sensor accuracy was determined using an H2O in the methane mixture, and was found to be 40 nmol/mol for a time resolution of 100 s. This corresponds to a normalized detection limit of 330 nmol mol-1-m Hz-1/2. The relative combined uncertainty of the H2O fraction of quantity measurements delivered by the sensor was 1.2%. The Pico-
SDLA H2O hydrometer (hereinafter Pico-SDLA) (Durry et al. 2008; 2016) is operating in the same spectral range. The Pico-SDLA hydrometer is a lightweight spectrometer that measures water vapour using laser absorption spectroscopy. The hygrometer was equipped with the probe diode laser emitted at a wavelength of 2.63 m and had a trajectory length
of 1 m through ambient air. The water vapour absorption line was scanned by adjusting the laser current and setting the TEC temperature. As noted above, current laser modulation is the preferred method for scanning the water vapour absorption line as the response time is much faster than for temperature modulation. After passing through the ambient air
sample, the laser beam focused on an Indian arsenide detector using a sapphire lens. One feature of the hygrometer was that two different transitions of rotation-absorption of water vapour vibration were proned during measurements. This transition was necessary due to the large variation in the mixing ratio that occurs between the troposphere and the
stratosphere. For measurements from the ground up to about 200 hPa of pressure level, line 413 ← 414H16 2O was used at 3802.96561 cm-1. While above the pressure level of 200 hPa, we use line 202 ← 101H16 2O to 3801.41863 cm-1. During in-flight measurements, switching from one line to the other is automatically activated. Both sets of line
parameters were obtained from the HITRAN 2012 database (Rothman et al. 2013). The mass of the Pico-SDLA was less than 9 kg, so it was suitable as a payload for small stratospheric balloons (500 and 1500 m3). The hygrometer was able to measure water vapour from the ground to altitudes of 35 km for concentrations ranging from 15,000 to less than 1
ppmv (Ghysels et al. 2016). The mixing ratio was extracted from the measured spectra using a nonlinear least squares adjustment algorithm applied to the measured line shape. (2016) used the Beer-Lambert Act to model spectrum and used a Voigt (VP) profile to describe how the molecular line. (2007) and AMETEK ( ) have chosen the water vapour line at
1854 nm for measurements. They proposed the use of a fully digital protocol for laser drive signal modulation and detector demodulation A reference cell used in parallel with the sample cell allows you to continuously validate system performance. The TDLAS hygrometer designed by Amerov et al. (2007) was shown to have a detection limit of 5 ppmv for
nitrogen and natural gas samples. The hygrometer can operate in the range of 5–2500 ppmv. The accuracy of the hygrometer reading manufactured by AMETEK is &lt;1 ppb per volume. Michel Instruments (Figure 3.22) reported that his hygrometers had limit detection of 1 ppmv. Liu (2012) has shown that by reducing sample gas pressure, spectral
interference with bottom gas could be greatly reduced and effectively eliminated in real time, and thus increased specificity, improved accuracy, lower detection limit, faster response, and lower cost of ownership become achievable. Liu (2012) demonstrated that while using this technique a detection limit could be reached that approached 10 ppbv, accurately
around 5 ppbv, and response time in minutes. However, it should be noted that Liu (2012) in his experiments used a multistep absorption cell, large enough; its physical length was about 35 cm, but the length of the absorption path was extended to approximately 30 m. The IR TDL absorption hygrometer, designed by Edwards et al. (2000), had the same
accuracy, 5 ppbv. To achieve such accuracy, they used two-tone frequency modulation spectroscopy (TTFMS), a multistep absorption cell, and a computer-controlled diode laser operated at 1,393 m. Without using a multistep absorption cell, hydrometers generally cannot provide such high sensitivity and accuracy. For example, the 1.4 m-TDLAS hygrometer
with an internal optical cell with an optical path length of 1.5 m, developed by Buchholz and Ebert (2013) for adambro applications, had an accuracy of 33 ppbv. Figure 3.22 The OptiPEAK TDL600 Tunable Diode Laser Analyzer. The next generation TDLAS analyzer for automatic in-line moisture measurement in variable compositions of natural gas and
biomethane desihned by Michel Instruments. Range from 1–1000 ppmv. Limit detection no. 1 ppmv. (From The electrical and optical hygrometer scheme designed by Amerov et al. (2007) is shown in Figure 3.23. A DFB laser, which was used as a light source, produced an optical power of approximately 3 mW, when operated on the target wavelength for
water-steam measurement. The laser output was connected into a single-mode fiber, which was connected to a fiber optic divider, used to divide the optical power into a 70/30 ratio while connecting the DFB laser to the sample and reference cells. Signals from InGaAs 0.5 mm2 photodiode detectors are introduced into channels separate from the Electronic.
Simultaneous measurements of unknown samples and a known moisture reference were now possible, which was used to block the laser output wavelength to the 1854 nm water vapour absorption line. In addition, digital signal processing methods in this system can successfully eliminate minor background interference, caused by other species in the
sample. Figure 3.23 Electrical and optical scheme of the 1,854 m.operated TDLAS hygrometer (Data extracted from Soleyn, K., Minutes of the 5th International Gas Analysis Symposium, GAS 2009, Rotterdam, Netherlands, 11-13 February 2009.) Figure 3.24 is a schematic illustrating the components of a TDLAS hygrometer designed by Soleyn (2009). This
hygrometer was adapted for use in natural gas. The TDLAS hygrometer has a very good correlation with the reference standard. Hygrometer accuracy exceeds ±4 ppmv in the range of 5–200 ppmv, and ±2% reading in the range of 200–5000 ppmv. For use in natural gas the components of the hygrometer, which can be moistened, are constructed of
stainless steel with the exception of the optical window consisting of patented glass and the mirror consisting of patented polished metal alloy. These components are selected for their corrosion resistance and optical purity. The path length is known to be related to a lower discovery limit. Therefore, the path length on the hygrometer was optimized for a
volume ratio of approximately 5-5000 ppmv. The reference photodiod and photodiode are housed in an airtightly sealed and dry enclosure. A platinum resistance temperature detector (PRTD) measures gas temperature and a silicon micromecanized pressure gauge pressure sensor measures sample pressure. The temperature sensor is enclosed in a
stainless steel case and the pressure sensor is also constructed of stainless steel with a wet hatelloy diaphragm. For field installation, a pipe insertion membrane filter and pressure regulator will separate the liquids (hydrocarbons, liquid water and glycol to be transferred from the dehydration process) and drop them back into the pipe and also reduce
pressure. A second pressure regulator will decrease the pressure near the atmospheric one. The sampling system and absorption cell are installed in a stainless steel housing that is heated by a thermostatically controlled electrical resistance heater. Figure 3.24 Diagram illustrating the TDLAS hygrometer designed by Soleyn K. (Data extracted from Soleyn,
K., Minutes of the 5th International Symposium on Gas Analysis, GAS 2009, Rotterdam, Netherlands, 11-13 February 2009.) Today, many companies manufacture IR hygrometers and these hygrometers on the market. For example, General Electric Company developed Aurora Moisture Analyzer to measure moisture in natural gas. The sampling system for
this tool is shown in Figure 3.25. Aurora is equipped with a two-stage turnkey sampling system. An optional first stage consists of a membrane filter/regulator installed directly in the pipe. liquid (hydrocarbon, glycol or liquid-phase water) enters the sampling line. Pipe pressure is reduced by a regulator. As the gas enters the second stage flows it flows a fusion
filter, and a pressure regulator further reduces pressure. The flow rate is adjusted with a needle valve. Only clean, low-pressure gas enters the absorption cell. An optional heater can be installed in the enclosure for application in cold climates. The heater also serves to keep the sample in the gas phase. The laser-based measurement system provides a very
fast response. The optical response is &lt;2 s. The system is designed to run continuously for many years with unsurpassed reliability. Factory service or calibration is recommended over a five-year interval. Figure 3.25 Aurora moisture analyzer sampling system (a) and measuring cell (b). (From ) (Data extracted from Soleyn, K., Proceedings of the 5th
International Symposium on Gas Analysis, GAS 2009, Rotterdam, Netherlands, 11-13 February 2009.) Examples of other hygrometers are listed in Table 3.10. Most of these hygrometers use TDLAS technology. As seen in the table, these devices in addition to water vapour generally control the CO2 content in the atmosphere. For these purposes, a dual
laser TDLAS configuration consisting of two TDLs, tuned to the absorption lines characteristic of analytes in the sample, is commonly used. The optical scheme of the 5100 HD analyzer manufactured by AMETEK Process Instruments and intended to detect H2O and CO2 is shown in Figure 3.26. Figure 3.26 Optical diagram of the 5100 HD analyzer
manufactured by AMETEK Process Instruments. The Model 5100 HD can be configured with single/double lasers and single/double gas cells. In a two-cell laser configuration, two different gas flows can be monitored simultaneously. A specific application is the measurement of wet and dry natural gas currents for H2O levels. This dual-cell configuration is
superior to flow switching with a single gas cell that would require long periods of balance when switching from wet to dry flows. Dual laser systems can also be used for monitoring two gas species at the same time. (From .) Type of sensor Gases tested Produces country LI 6262 (closed route) H2O, CO2 LI-COR Inc. USA LI 7500 (open route) H2O, CO2 LI-
COR Inc. USA IR-3000 moisture transmitter H2O MoistTech. United States OP-2 (open route) H2O, CO2 ATC Bioscientific Ltd. UK DF-700 Moisture Analyzer H2O Servomex UK Ophir IR-2000 (Open Route, Very Large) H2O Ophir Corporation USA Gas Analyzer E-009 (Open Track, Very Large) H2O, CO2 Kysei Maschin. Trading Co. Ltd. Japan 5100/5100
H2O HD Analyzer, CO2 AMETEK Process Instruments USA OptiPEAK TDL600 H2O Analyzer, Michel Instruments UK Gases The Aurora H2O General Electric Company USA WVSS-II H2O SpecSensortras Inc. Analyzer. U.S. optical hygrometers can operate in the region shortwave (1.0-0.7). Studies have shown that absorption bands associated with the
presence of water vapour were also observed in this spectral region. One of the examples of hygrometers working on this spectral is a hydrometer, developed by Kebabian et al. (2002). The optical scheme of this hygrometer is shown in Figure 3.27. The hydrometer uses an argon emission line at 935.4 nm that can be divided into Zeeman into two
components. When the emission line is divided by Zeeman-divided by a longitudinal magnetic field of the appropriate force, it is divided into a component that is only absorbed weakly, 1, and a second component that is strongly absorbed by the water vapour line, n.o 2. This is the basis for differential absorption measurement. The main advantages of the gas
discharge lamp, compared to the use of alternative light sources (e.g. NIR DL) are the stability of the spectral properties of the light source, resulting in a relatively simple and inexpensive instrument. In addition, the light source is reproducible at any time, depending on its key physical dimensions (diameter and capillary length), gas filling pressure and
magnetic field. It also offers the advantages in its combination of time response and the ability to function properly in the presence of liquid water that normally cannot be achieved by other types of sensors, including cooled mirror hygrometers and capacitance-based sensors. (2002) shows that this hygrometer is acceptable for fine-structured on-site
measurements (more than tens of meters away) in the water vapour concentration profile both outdoors and in and near clouds that could not be obtained using commonly used technologies. Figure 3.27 Optical water vapour hygrometer scheme operated at 935.4 nm with all its optical elements. (From Kebabian, P. et al., J. Geophys. Atmosph., 107, 4670,
2002. With permission from American Geophysical Union.) An improved model of optical hygrometer, working in this range, has been developed by Matthey et al. (2006). They used the same spectral range, 935 nm. However, as a source of radiation, they have used low-power continuous-wave DL. In addition, they used four single-mode frequency-
stabilized optical signals. Three lasers were locked in three water vapour absorption lines of different resistors (strong [935.4283 nm], medium [9935.3049 nm] and weak [935,6501 nm]), while the fourth lied outside any absorption line (935,600 nm). Inline stabilization was performed by wavelength modulation spectroscopy using compact water vapour
reference cells. A displacement locking technique implemented around an electrical filter for offline slave laser stabilization was applied to an online master laser. (2006) believe that such a configuration is promising for on-site monitoring of water vapour in the atmosphere at various altitudes. Strongly absorbing water vapour lines can be used to while weakly
absorbent lines can be used for lower altitudes, showing high concentrations of water vapour. The simultaneous use of four different wavelengths (three in-line and one offline) allows the measurement of H2O profiles through the altitude ranging from the lower stratosphere to the boundary layer. Specific wavelengths should be selected based on the
atmospheric process under study, the desired altitude resolution and coverage, and the required measurement accuracy. In particular, this approach may be promising for the development of lidar systems discussed in Chapter 8 (Wulfmeyer and Walther 2001). It should be noted that in addition to terrestrial instruments there are TDL spectrometers,
developed for aircraft application (Table 3.11). The UV spectral range is also of interest to the development of optical hygrometers. In this spectral range there are several emission lines, which are of particular importance in the measurement of moisture due to their high selectivity to water. These are, for example, the Lyman-alpha line and the krypton line
(123.6 nm). Lyman-alpha (L α) radiation is emitted by hydrogen atoms H(2P–2S) to a narrow line in the UV part of the spectrum at 121.56 nm (Figure 3.28). It is produced by an electric shock in hydrogen. The wavelength of the Lyman-alpha line coincides with a minimum of deep absorption in the air transmission spectra due to the presence of water vapour.
Figure 3.28 Light source output spectrum between 115 and 135 nm, which corresponds to the response interval of the NO ionization chamber. The spectrum was recorded with a Hamamatsu 1259 PMT (CsI photocathode and MgF2 window). The resolution is 0.15 nm. Measurements were carried out in a 4.8 cm long absorption cell with dry air. In Lyman-
alpha the maximum signal is 6 × 105 counts/s. (From A. Zuber and G. Witt, Appl. Opt., 26, 3083–3089, 1987. With permission from Optical Society of America.) In principle, any wavelength that satisfies the requirement, that there is a big difference between the water vapour absorption cross section and the other components, can be used for moisture
control. The advantage of using the Lyman-alpha hydrogen line is that in this wavelength the difference in cross-sectional quantities is almost three orders of magnitude. For example, the dominant radiation absorber in the UV vacuum region (below 185 nm) is molecular oxygen with a pressure-dependent absorption cross-section at 121.6 nm of 2.3 × 10-20 in
STP (Kley 1984), while the absorption cross-section for water vapour at the same wavelength is 1.57-1.59 × 10-17 cm2 (Kley 1984). These data show that while for Lyman-alpha light water vapour absorption is very strong, oxygen absorption is exceptionally low, and most other common gases are relatively transparent, e.g. nitrogen. In addition, oxygen
effects can be eliminated using temperature and pressure measurements to calculate fractional oxygen density. Ozone absorption represents a true interfering agent, but it is only extremely high altitudes (stratosphere) where natural ozone concentrations routinely reach significant levels. Therefore, even traces of water vapour in a sample of the air dominate
the of this radiation. Therefore, the most commonly used source of UV radiation in hygrometers is the hydrogen gas emission that includes the Lyman-alpha line at 121.6 nm (Buck 1976a, 1985; Beaton and Spowart 2012). In addition, Lyman-alpha light sources have high production and spectral purity (Zuber and Witt 1987). The Lyman-alpha lamp is a direct
current (DC) powered hydrogen discharge tube with a temperature-controlled hydrogen reservoir made from a mixture of uranium and uranium hydride (Dieke and Cunningham 1952). Uranium powder and a certain amount of uranium hydride are contained in a side arm. The side arm can be heated and maintained at a constant temperature. Therefore,
uranium hydride serves as a source of H2, while uranium simultaneously acts as an effective chemical absorbent of gaseous contaminants that arise during discharge. Such a lamp configuration allows a low operating H2 pressure for good spectral purity of the Lyman-alpha emission line, while the hydride restores the lost H2 to the electrodes in order to give
an acceptable service life. It should be noted that the Lyman-alpha hygrometer was developed in the early 1970s almost in parallel in the United States, the Soviet Union and the former GDR (Buck 1973; Kretschmer and Karpovitsch 1973; 1973); and the US instrument was commercially produced by AIR Inc., Boulder CO. Other examples are listed in Table
3.12. Some of the devices listed in this table are no longer manufactured. Sensor type produces country L-5V Buck Research USA Lyman-alpha hygrometer MUERIJ METEO NL Lyman-alpha hygrometer Wittich and Visser NL AIR-LA-1 Lyman-alpha higrometer AIR Now: Vaisala USA Finland KH2O-Krypton Higrometer Campbell Sci. Us. Performing the UV
hygrometer, using the absorption in Figure 3.29 of the display of the α of the L. As with IR hygrometers, UV measurement is based on the detection of the fraction of light transmitted or absorbed after propagation through the sample. The UV hygrometer shown in Figure 3.30 was developed by Beaton and Spowart (2012) for air measurement of atmospheric
water vapour. A significant fraction of radiation is established to be absorbed over a few millimeters of path length under normal conditions, helping to minimize the adsorption surface and increase the exchange rate. Due to the extremely wide variation in the concentration of water vapour between the lower and upper troposphere, Beaton and Spowart (2012)
decided that it was necessary to adjust the length of the sample path to optimize the dynamic range of the signal for moisture and the density of the air of primary interest. It is known that if the path length is too short, the noise of the mixing ratio will be excessive at low humidity. If the length of the journey is too long there will be a reduced sensitivity to high
humidity resulting from the non-Lyman-alpha light that dominates in the signal. Therefore, the construction used in this hygrometer allowed to vary the path length from 2.4 mm to a maximum useful of 10 mm by placing spacers between the sample housing and the detector housing. The sample volume is a short cylinder 19 mm in diameter, giving a volume
of 0.7 cm3 when the path length is set to a minimum of 2.4 mm. Figure 3.29 The UV hygrometer mounted on a C-130 opening plate designed for aircraft applications. A radiofrequency (RF) excited Lyman-alpha (HHeLM-L) lamp from Resonance, Ltd., containing a temperature-controlled hydrogen sponge was used to improve spectral purity along with a long
service life. The feed box (15 cm 15 cm × 15 cm × 5 cm) is not displayed. The ruler is 30 cm long. The total cost was approximately US$15,000 USD. (From Beaton, S.P. and Spowart, M., J. Atmos. Oceanic. 29, 1295-1303, 2012. With permission from the American Meteorological Society.) Figure 3.30 Components of a Lyman-alpha hygrometer. In the first
Lyman-alpha UV light hygrometers usually a nitric oxide ionization cell served as a detector. A photoionization chamber is a simple device that contains one ionizing gas and two electrodes. Incoming radiation ionizes the gas (nitric oxide in this application), and an electric field maintained between the electrodes induces the drift of electrons and ions. The
resulting current is proportional to the intensity of the incident light. Radiation enters the detector through another magnesium fluoride window aligned with the source through the sampling volume. The combination of magnesium fluoride windows and nitric oxide as a means of ionization limit the detector response to incident wavelengths between 132 and
115 nm. This effectively filters almost everything except the Lyman-alpha line. Beaton and Spowart (2012) have shown that an energy-blind diamond photocathode vacuum photodiode (R6800U-26, Hamamatsu) could also be used with a spectral response of 115-220 nm. The light level is high enough that photomultiplier tubes are not needed, and
photodiodes are more compact and have lower microphone and magnetic field sensitivity than photomultiplier tubes. In this case a highly stable high voltage power supply is not needed, and in fact the photodiodes are quite insensitive to the supply voltage once it exceeds 10 V. In addition, vacuum photodiodes have an unlimited lifespan and are
mechanically and electrically robust. Its drawbacks compared to the ionization cell are NOT a lower quantum efficiency, 10% versus 60% for the NO cell (Carver and Mitchell 1964), and a smaller active area. There are also devices in which a photomultiplier connected to a low-noise electrometer is used as a Lyman-alpha radiation detector (Mestayer et al.
1986, 1987). Simulations have that the Lyman-alpha absorption hygrometer can offer a very fast response (5 ms). It is a great advantage of UV hygrometers: rapid response makes it a suitable instrument for ultra-fast hygrometry (sampling rates of 10-100 Hz), water vapour flow measurement or micrometeorological micrometeorological measurement indoor
and outdoor clouds. Of course, the response time indicated above is theoretical limit. However, even real instruments have a response time of less than 1 sec. It was also found that this device can measure water vapour densities of 0.1–25 g/m3 with relative accuracy of 0.2% and accuracy of 5%. It is important for applications that, unlike IR, the optical
pathway required for measurement in the UV range is much shorter than is required for IR light. Therefore, UV optical hygrometers can be embedded directly in pipes where moisture control is needed. For example, Figure 3.31 represents a measuring device integrated into a gas flow. The source and detector are aligned perpendicular to the direction of the
gas flow. The distance between the source and the L detector is variable and must be adapted to the expected water content of the gas to be measured. L can be calculated using the Lambert-Beer law, and is a function of absolute water content and effective absorption cross-section. On real devices, an optical path length can range from several millimeters
to 20 mm or more. The incident beam enters the sample chamber through the entry window and penetrates the gas to be measured. Typical window materials are quartz glass and magnesium fluoride. Figure 3.31 UV hygrometer built into the pipeline. (Idea by Wernecke, R. and Wernecke, J., Measurement of Humidity and Industrial Humidity: A Practical
Guide, Wiley-VCH, Weinheim, Germany, 2014. Excuse me.) However, the Lyman-alpha absorption hygrometer is a secondary measuring device and therefore it is not possible to use the single-beam Lyman-alpha absorption hygrometer only to measure the absolute density of water vapour (Schanot 1987). This means that this device must be calibrated
regularly, and this requires an additional absolute water vapor sensor, such as a refrigerated mirror hygrometer. Therefore, data received using these devices is usually corrected using the data medium of a second slow-response hygrometer and the application of an appropriate algorithm. Several remediation schemes have been developed to make the data
useful. But, of course, this situation is not comfortable for users. Aging of the Lyman-alpha light source, temperature deviation and contamination of optical windows are other factors that prevent stable and predictable calibration. One should keep in mind that devices working in the UV range are affected more than those in the IR range. This means that the
calibration characteristics of UV devices are subject to large changes during application time. Therefore, the Lyman-alpha absorption hygrometer is generally used in conjunction with a more stable absolute hygrometer, such as a hygrometer dew point. When a reference hygrometer is not available, a variable path length self-calibration technique can be
used in the case of constant absolute humidity. A first Lyman-alpha hygrometer with variable trajectory length was proposed by Buck (1976a) and and updated version was proposed by Foken et al. (1995). In addition, for the quantitative analysis of concentration C of absorbent species in single-beam devices, both me and I must be measured
simultaneously. Temporary changes in lamp output seriously affect measurement accuracy at small optical depths as well (Zuber and Witt 1987). Other complications include the possible presence of alternative absorbers with pressure or temperature-dependent absorption cross-sections, as well as the requirement of a parallel beam that cannot be met
without collimating optics. Zuber and Witt (1987) and Weinheimer and Schwiesow (1992) have shown that many of the problems listed above could be solved using a two-beam optical scheme (Figure 3.32). In this hygrometer, absorption is determined along two separate paths containing the sample and dry reference air, respectively, thus eliminating
unwanted absorption by O2 and other gases presented in the air. At the same time, differential absorption eliminates problems related to intensity variations in light source output. The dynamic range of the instrument can be adjusted by diluting the sample with reference air. The sample and reference air are supported in their respective chambers with the
help of a gas handling system. Weinheimer and Schwiesow (1992) also proposed using the second wavelength that is not strongly absorbed by water vapour to control window degradation. Weinheimer and Schwiesow (1992) believe that solids or liquids along the route have broadband absorption characteristics and are essentially opaque at UV
wavelengths, so absorption at primary and secondary wavelengths should be roughly the same for tightly spaced cells and wavelengths. Figure 3.32 Schematic drawing of the optical scheme of the two-beam UV hygrometer, which includes light source (the hydrogen discharge lamp emitted by the Lyman-alpha [121.6 nm]), absorption routes for the sample
and reference air, and without full ionization chamber detectors. The output of the two detectors is passed to the electronic units. (Idea by Zuber, A. and Witt, G., Appl. Opt., 26, 3083–3089, 1987; Weinheimer, A.J. and Schwiesow, R.L., J. Atmos. Oceanic Technol., 9, 407–419, 1992.) Other critical disadvantages of a Lyman-alpha absorption hygrometer are
long-term instability of the UV hydrogen lamp, long-term intensity fluctuations and degradation of MgF2 windows through solarization, which requires frequent calibration. In many cases it has hindered the use of UV hygrometers and forced many producers to abandon a production of Lyman-alpha absorption hygrometers. In addition, these lamps were mainly
handmade. Therefore, there is the careful selection of the light source before installing it on the meter, as for the lamp there is a considerable dispersion of the lighting parameters in relation to its careful preparation. As a result, these problems affect the cost of a meter and the hygrometer hygrometer is noticeably higher than the cost of routine moisture
meters. Beaton and Spowarti (2012) noted that nitric oxide ionization cells were also unstable and could fail in use or even while in storage. Experience has shown that krypton lamps are more stable, long-lasting and inexpensive sources and their production is much easier. Therefore, UV krypton hygrometers have also been developed over the past few
decades. The first UV hygrometer with a krypton lamp was developed in 1985 (Campbell and Tanner 1985). The benefits of this instrument were longer service life and easier production. But the absorption band in krypton hygrometers is not directly found in the Lyman-alpha band. The krypton tube emission exhibits a main band at 123.58 nm and a band
less than 116.49 nm. Modern krypton hygrometers manufactured by Campbell Scientific Inc. are shown in Figure 3.33. This device (KH20 krypton hygrometer) is designed for measuring rapid fluctuations in atmospheric water vapour (Foken and Falke 2012). The high frequency response is suitable for swirl covariance applications (up to 100 Hz). In the



KH20, the source is a low-pressure krypton glow tube. As noted above, the emission of the krypton tube exhibits a band greater than 123.58 nm and a band less than 116.49 nm (Budovich et al. 2013). Radiation at 123.58 nm is strongly attenuated by water vapour, while absorption by other gases in the optical path is relatively weak in this wavelength.
However, at 123.6 nm the water vapour absorption force is low by a factor of almost 2 compared to absorption in the Lyman-alpha line, while oxygen absorption is stronger by a factor of approximately 40 (Tillman 1965; 1996), making oxygen interference much more severe and variable with air density , a particular problem for aircraft measurements.
Radiation at the shortest wavelength (116.49 nm) is also attenuated by water vapour and oxygen molecules. This means that a much greater correction is required for oxygen than for the Lyman-alpha device. In addition, a variable path length self-calibration technique cannot be applied to the krypton hygrometer, as this device works with two absorption
lines, each with two absorbents. All of this reduces the accuracy of kripton hygrometer measurement. However, Campbell and Tanner (1985) determined that for their Kr lamp, this line (116.49 nm) contributes only 3% to the total lamp output. Since it is very close to the nominal limit of 115 nm for magnesium fluoride windows, they concluded that it is very
dimmed. Therefore, the use of MgF2 windows installed in the source and detector tubes should help to improve the measurements. But it is necessary to keep in mind that magnesium fluoride is hygroscopic material. This material changes its transfer characteristics in humid environments by the interaction of atmospheric components with UV photons.
Windows had to be cleaned manually more or less frequently. Another disadvantage is the wide range nonlinear output signal from Lyman-alpha and krypton-based systems. This requires special analog signal processing or the use of wide-range A/D converters for accurate calculations. In addition, we should keep in mind that due to the simplicity of the
configuration and its signal displacement deviation, these hygrometers cannot be used for the determination of absolute concentrations. A feature of the KH20 is that the source tube window undergoes scaling when operating, especially in humid environments. This will arise through the desaciation of atmospheric components by UV photons and can be
removed simply by cleaning the windows. Figure 3.33 KH20 krypton hygrometers developed by Campbell Scientific: calibration range—1.7–19.5 g/m3 (nominal), frequency response—100 Hz; Operating temperature range: from 30 to +50 oC; weight: 6.8 kg. ( .) There is no doubt that other wavelengths in the UV range can also be used for hygrometer design.
For example, the emission line (184.9499 nm) of the low hydrogen pressure lamp can be used for these purposes (Wernecke and Wernecke 2014). However, the sensitivity and accuracy of these devices will be much worse than on the devices considered above. Gersh and Matthew (1988) for their research have used radiation at wavelengths of 177 and
205 nm. A silica window flashlight filled with xenon was used as a source of UV radiation, while CsTe photocathodes, which are solar shutters, were used as detectors. They used this hygrometer to monitor and control the operation of the industrial drying chamber. The basic concept of this UV hygrometer was to measure the differential absorption by water
vapour of UV radiation in two spectral bands and to relate this measurement to the absolute humidity of the air in the measurement volume. In the first spectral absorption band (at 177 nm), UV radiation is strongly attenuated by water vapour, while in the second reference band (at 205 nm), UV radiation is not affected by the presence of water vapour. The
ratio of absorption to the intensities of the reference band is then a reflection of the water vapour mass per unit volume in the measurement region (which is the definition of absolute humidity). There is no doubt that this approach is correct, but the selected spectral range does not provide the necessary sensitivity. A complication arises from the fact that
atmospheric oxygen also absorbs UV radiation in the same spectral region as water vapour. With respect to other light sources in the desired spectral range, which unfortunately in this particular spectral range the set of sources is very limited (Heering 2004). LEDs can be manufactured to emit light in the UV range, although practices LEDs are very limited
below 365 nm. THE efficiency of the LED at 365 nm is approximately 5%-8%, while efficiency at 395 nm is closer to 20%, and power outputs at these longer UV wavelengths are also better. Taoyuan Electron Lmt. (HK) only (HK) UVC LED flashlight operated at 280nm ( ). But this source has a small power of 25 mW, strict requirements for operation and a
short service life. UVDSDs should be used within three months. A similar situation is observed for UV DL. Ce:LiSAF and Ce:LiCAF DL (Lawrence Livermore National University) can generate radiation in the range of 280 to 316 nm. Lasermate Group, Inc. provides a Solid State Laser Pumped Diode (DPSS) that work in the range of 261 to 2200 nm. Laser
2000 produces QL262 laser with wavelength 262 nm ( . Passively pulsed laser systems Q-switched laser, emitting wavelengths of 213 nm was designed by CryLaS GmbH ( . Only gas lasers can generate light with a wavelength of less than 200 nm: UV argon-fluoride (ArF) excimer lasers operate at 193 nm, and the Ar2* excimer laser can operate at 126 nm.
However, even in this case, the emission spectrum is not optimal for hydrometer construction (Parkinson and Yoshino 2003). In addition, the use of gas lasers does not contribute to lower prices and sizes of developed hygrometers. The use of semiconductor radiation detectors in UV hygrometers is also limited due to low sensitivity in the current spectral
range (Seib and Aukerman 1973; Razeghi and Rogalski 1996). The typical spectral characteristics of these photodetectors are shown in Figure 3.34. Figure 3.34 Examples of semiconductor photodetectors if optimized for operation in the UV spectral range. (From .) As demonstrated above, water vapour plays a unique role in atmospheric processes as a key
chemical and radiative component. Water vapour is present in all layers of the atmosphere, including upper layers, such as the troposphere, stratosphere and mesosphere, so it is important to control the concentration of water vapour in these layers. Using for these purposes most of the methods described above, as well as most solid humidity sensors,
which will be considered in Vol. 2 Electronic and electrical humidity sensors of our problem, is hindered due to the low concentrations of water vapour at these altitudes and strong temperature variations when the altitude changes. At certain altitudes, a strong temperature jump is possible. Currently, a limited number of techniques can be used for on-site
measurements of the upper troposphere and stratosphere moisture. Among them, the fluorescent technique, which offers high precision and fast response, has proven to be reliable (Meyer et al. 2015). The devices that used this technique worked well when used in dashboard balloons, high-altitude aircraft and rockets. Fluorescence is radiation that is
emitted after a chemical species radiation from another wavelength. UV radiation is being used for fluorescence excitation. It is the result of instantaneous deactivation that occurs after the species goes to a higher energy state in the absorption of incident radiation. the the species has a lifespan of approximately 1–100 ps, and returns to its ground state (not
excited) through the radiation emission: 3.4 () A * → A + h - where: A * is an excited state of an A h substance is the constant plank is the frequency of the photon The emission occurs in all directions , and is of a longer wavelength than incident radiation. The wavelength of the radiation emitted is influenced by the chemical structure of the fluorescent
species. Quantum fluorescence performance provides the efficiency of the fluorescence process. It is defined as the relationship between the number of photons emitted and the number of photons absorbed: 3.5 () - quantum yield - number of photons reissued number of photons absorbed The radiant intensity of the emission transmits information on the
concentration of fluorescent species. For a weak absorption system (i.e. A &lt; 0.05), fluorescence intensity (I F) is linearly related to the concentration (C) of the fluorescent species, as expressed in the following equation: 3.6 () I F to k F I 0 C where: I 0 is the intensity of the incident radiation k F is a constant that depends on the absorption characteristics of
the species , the quantum efficiency of fluorescence, and the configuration of the instrumentation system In relation to water vapour, the theory of fluorescent-based technique has been developed by Kley and Stone (1978) and Bertaux and Delannoy (1978). Subsequent refinements were carried out by Keramitsoglou et al. (2002). The fluorescent method of
water vapour detection is based on the photodissociation of H2O at wavelengths below 137 nm and the subsequent fluorescent relaxation of the oh* radical produced (Yushkov et al. 1995; 2000). For Layman-alpha dissociation of water vapour, the process can be expressed as 3.7() H 2 O + h ( 121.6 nm ) → OH*( A 2 x + ) + H ( 2 S) with a quantum
performance well below 1. About 10% of absorbed photons result in oh-OH fragment excitation to electronic state A 2+. The oh* radical electronically excited at 310 nm 3.8() OH*( A 2nd + ) → OH( X 2 ) + h ( 305 to 325 nm ) or is shutting down by collisions with air molecules 3.9 () OH*( A 2 x + ) + N ) 2 ,O 2 → products → OH( X 2 ) + M Fluorescence is
observed in both bands (0→0) and (1→0), but the strongest fluorescence comes from highly excited rotation levels (N to 20–22) of the band (0→0). A photomultipable with an interference filter measures the intensity of fluorescence that is the signature of H2O's stem molecules. The intensity of fluorescence is obtained as 3.10 () J OH * ? ⋅ A? H 2 O ? ⋅ F - ⋅
σ H 2 O ⋅ φ ⋅ A A + k q ⋅ ? air ⋅ exp á σ O 2 ⋅ ? Or 2 ? ⋅ L- where: L is the length of absorption between the lamp and the interaction region [OH*], [H2O], [air], [O2] are the numerical densities of OH*(A 2o+), H2O, air and respectively A is Einstein F's probability of transition is photon flow from the light source σ H 2 O and σ O 2 are vapor cross sections and and
for Layman-alpha, respectively φ is the quantum performance of the photo dissociation kq cooling coefficient Therefore, by measuring fluorescence radiation you can determine the abundance of H2O. Of course, for a correct measurement of photon flow, oxygen absorption should be taken into account. However, at an air pressure below 10-1 hPa air
quenching and oxygen absorption are negligible (Kley and Stone 1978) and the intensity of fluorescence becomes 3.11() J - H 2 O ? ⋅ F to ⋅ σ H 2 O ⋅ φ In the other case limiting P air &gt; 10 hPa, i.e. in the atmosphere up to 20–35 km, kq *[air]&gt;&gt; A and therefore 3.12 () J to H 2 O ? air ⋅ F to ⋅ σ H 2 O ⋅ φ ⋅ a k q ⋅ exp á σ O 2 ⋅ ? Or 2 ? ⋅ L to C ⋅ ? H 2 O
? Air Factor C of Equation 3.12 summarizes the molecular coefficients, known from the literature, as well as the specific quantities of the instrument. For example, for C calculations you can use the values of the following parameters: Einstein coefficient for reaction Equation 3.8, A to 1.26-106 s-1 (Crosley and Lenge 1975); and kp 2.3 x 10 x 11 cm, 3 s, 1
(Kley and Stone 1978). If C is a constant, the number of fluorescence photons detected is proportional to the H2O [H2O]/[air] mix ratio for measurements in the troposphere and lower stratosphere. The water vapour mixture ratio (μ) can then be expressed (after Kley and Stone 1978) as 3.13 () μ to J C ⋅ F - For measurements at higher altitudes, equation 3.11
should be used to obtain the correct water vapour mixture ratios. Therefore, under conditions with negligible oxygen absorption, fluorescence gives a direct measurement of the atmospheric water vapour mixing ratio in this case (Yushkov et al. 1995). Of course, we have to keep in mind that in reality, C is a function of the photo dissociation rate of reaction
Equation 3.7, and therefore depends on the photon flow in the volume of fluorescence, which in turn depends on variations in the intensity of the lamp (Zoger et al. 1999). The first fluorescent hygrometers suitable for atmosphere research have been developed by Kley and Stone in 1978. However, the actual flight instrument for use in the stratosphere was
described and characterized in 1979 (Kley et al. 1979). Later fluorescent hygrometers have appeared, developed in other laboratories (Goutail and Pommereau 1987; 1990, 1994; 1991; Yushkov et al. 1995; 1999). The most advanced Lyman-alpha fluorescence hygrometers have been developed in the Laboratories of the National Oceanic and Atmospheric
Administration (NOAA) in Boulder, Harvard and Julich (Germany). All existing fluorescent hygrometers are based on a similar principle, but constructively may differ essentially. Its versions are shown in Figure 3.35. Typically, the difference the design is associated with different designations of developed devices and a different approach to calibrating
fluorescent-based hygrometers. For example, devices designed for aircraft applications, in devices intended for balloon measurements (Yushkov et al. 1995), are not limited in size and weight, allowing additional elements to be introduced, improving their parameters (Goutail and Pommereau 1987; 1999). Typically, these devices have additional measuring
chambers and receivers to control the radiation intensity of the UV lamp (Figure 3.35). The presence of a closed measuring chamber essentially expands the opportunity to use fluorescent-based hygrometers, as it allows them to be used during the day. Figure 3.35(a) Sketch of the fluorescence cell and the main components such as Lyman-alpha radiation
source, photomultiplier tube, UV vacuum detectors (VUV) and mirror unit on the hygrometer designed by Zoger et al. (1999). (b) Conceptual diagram illustrating the main mechanical and optical components of the airborne rapid stratospheric hygrometer (FISH). The cell size is 0.3 L in total. As the lamp is not monochrome, the number of background counts
of the lamp should also be taken into account. Therefore, a rotating mirror is implemented between the lamp and the measuring cell. During a measurement cycle, the mirror is placed in three different positions to determine the total Ng fluorescence rate (mirror position 1), the Nu background rate (mirror position 3), and the intensity of the I0 lamp (mirror
position 2). Therefore, the mirror unit allows to monitor the intensity of Lyman-alpha radiation (I0) and a determination of background rates and dark count. Ng is the number of fluorescence photons detected proportional to the water vapour mixing ratio. Therefore, calibration factors can be determined that are almost independent of changes in radiation
source output. Measurements using this hygrometer can be performed with &lt;0.2 ppmv accuracy in an integration time of 1 s. (a) De Zoger, M. et al., J. Geophys. 104, 1807-1816, 1999. Excuse me. (b) by Meyer, J. et al., Atmos. Chem. It's a physic. 15, 8521–8538, 2015. Published by the European Union of Geosciences as open access.) The hygrometer
shown in Figure 3.36 has no such possibility, as measurements take place in open space. This means that readings are sensitive to environmental solar radiation, which usually exceeds the fluorescence radiation to be detected. Figure 3.36(a) Optical scheme and b) Fluorescent-based compact hygrometer electronic block diagram designed by Yushkov et
al. (1995) to carry out measurements of high-resolution stratospheric and stratospheric water vapour balloons at night. To increase useful signal detection efficiency and reduce device size, the radiation source and optical sensing system are placed coaxially. The lenses are made of glass The front lens has a diameter of 50 mm and is sealed to the lamp
body. The focal length is 10 mm, which leads to a distance of 24 mm between the windows of the ultraviolet vacuum lamp (VUV) and the volume analyzed. Analyzed. did not use special measuring cells. Measurements are carried out in open space in the vicinity of the target. Therefore, the device does not need a suction system to take samples of the air to
be analyzed. The total measurement uncertainty is less than 10% in stratospheric mixing proportions greater than 3 ppmv increasing to approximately 20% in mixing proportions less than 3 ppmv. A description of the improved version of the hydrometer that can be found in (Lykov et al. 2011, 2012). Compact and lightweight hygrometer has a mass of 0.5 kg.
The absence of the receiver, controlling the radiation intensity of the lamp, the authors explain by the high stability of the radiation intensity of the lamps used in the hygrometer. (Idea of Yushkov, V. et al., SPIE Proc., 2506, 783–794, 1995.) In this sense, the current device can only be used at night. However, devices with an open structure have another
significant advantage. They prevent H2O desorption contamination from walls, which is very important when measuring in the atmosphere with a very low concentration of water vapour. For fluorescence excitation, the UV hydrogen vacuum or krypton lamps described above can be used (Varier 1967; Buck 1976b; 1999). As mentioned above, the radiation
from the hydrogen lamp contains a Layman line (121.6 nm). A spectral oxygen window in this line provides the most effective generation of excited hydroxyl radicals within the volume where fluorescence is being recorded. The radiation from krypton's vacuum UV lamp does not possess this property. UV hydrogen vacuum lamps may have a different design,
which is associated with the use of various hydrogen sources. The most common sources of hydrogen are uranium hydride and a mixture of hydrogen and helium. According to Varier (1967) and Buck (1976b), the intensity of a 121.6 nm line in brightness discharge lamps using a mixture of 2%-25% hydrogen and helium or argon grows through decreased
recombination of hydrogen atoms on the walls of the bulb. These lamps are easier to manufacture and are more environmentally safe compared to those containing uranium and uranium hydride (Hutcheson 1972; 2002). It was established that uranium hydride could be replaced by ZrCo hydrochloride, which has the same thermodynamic properties (Lykov et
al. 2012). This replacement eliminates thermostatic control of the lamp, which helps reduce the size and weight of the hygrometer. But, it was established that in the spectra of hydrogen UV lamps within the range of 200-360 nm is present an intensive hydrogen continuum, which overrides the hydroxyl fluorescence spectrum and can cause considerable noise
during laboratory calibration of hygrometers in a chamber Therefore, in optical fluorescence hygrometers, which use a hydrogen discharge lamp, a radiation of 270-320 nm should be rejected with a special window filter. For this type of filter, mgF2 is generally used, spectral spectral characteristics Figure 3.37. Figure 3.37 Typical spectra of the transmittance
of the monocrystalline magnesium fluoride window of the hydrogen lamp without filter (1) and with filter (2) for selective absorption at 300 nm. (Data extracted from Yushkov, V. et al., SPIE Proc., 2506, 783–794, 1995.) To improve sensitivity, an interference filter centered at 318 nm is also desirable. Selects the spectral region, matching the emission of the
upper rotational levels of oh's A→X system band (0→0). With regard to the measurement of sensitivity of photofragment fluorescence, it is usually carried out by sun blind photomultiplier (PM). A HAMAMATSU R647-P photomultipliation is generally used for these purposes. In some devices, in addition to the elements indicated above, one (Goutail and
Pommereau 1987) or two (Zoger et al. 1999) may also be present. They are applied to control the intensity of radiation, used for fluorescence excitation. Usually these detectors are the no-no-ionization chamber detectors. The energy required to ionize does NOT correspond to a threshold wavelength of 134 nm. Therefore, ionization cells filled with NO are a
highly selective radiation sensor for the VACUUM UV spectral region (VUV) (Samson 1967). An iodine ionization cell that is sensitive from 115 to 135 nm (Kelly et al. 1989) can also be used. The electronic system used in hygrometer designed for lamp modulation and synchronous demodulation of the received signal. This technique improves the noise-to-
signal ratio by more than 100 times. Studies have shown that fluorescent-based hygrometers have high sensitivity. In addition, they are compact enough for balloon and aircraft measurements (Table 3.13). Rocket-transmitted measurements have also been reported in the mesosphere using this technique (Khaplanov et al. 1996). In addition, the Lyman-alpha
fluorescence technique can achieve a wide dynamic range for measurements from the middle troposphere and greater than approximately 1000 ppmv in the dry stratosphere with only 2-5 ppmv, where changes in the order of 0.1 ppmv can be detected with a relatively uncertain ±5%. At that high response rate, when the integration time is in the order of 1 sec,
it allows the measurement of small-scale characteristics in the atmosphere. However, the H2O measuring range of these devices is limited to pressures below 300 hPa due to strong Lyman-alpha absorption in the lower troposphere. Other disadvantages of these hygrometers are the instability of the emission hydrogen UV lamp, a relatively short lifespan, and
the lack of commercially produced samples with reproducible parameters. Numerous studies have confirmed that optical hygrometers have several important advantages, which found in other hygrometers. At first, the measurement of water vapour using this optical (or spectroscopic) technique has received a very favorable response from the industry
because these devices employ a contactless sensor for the detection of water vapour in various environments, including natural gas: the sample never comes into direct contact with the sensor element. This non-contact approach significantly reduces instrument maintenance requirements and reduces overall equipment maintenance costs. In addition, in
principle, optical methods for moisture measurement can be used in extreme environmental conditions (high pressure, high temperature, aggressive gases, etc.), and lack of measurement delay. The response speed is limited only by the speed of the indicator or recorder. The time constant of an optical hygrometer is usually a few milliseconds. Therefore,
these instruments are very useful for tracking rapid humidity fluctuations, as the method does not require the detector to achieve steam-pressure balance with the sample. This makes the method ideal for use in measuring the humidity of an aircraft or under any circumstances where rapid moisture changes can occur. In addition, the optical method has a
specific sampling; it is possible to take samples instantly of any desired atmospheric route length of a few millimeters to thousands of meters (Figure 3.38), and by doing so reaching an integrated value of absolute humidity on the road in question. This is called open path measurement. If the length of the path is appreciable, the value obtained is more
representative than that obtained by point sampling (Foskett et al. 1953). Of course, extractive or cell-based IR measurements, commonly used in previously considered optical hygrometers, have the obvious advantage over the open path configuration that the physical conditions (concentration, pressure, temperature, absorbent path length, etc.) of the
measurement can be easily controlled or changed at will (Table 3.14). This provides better conditions for long-term measurements when high determination accuracy is needed, for example, for fundamental studies in gas spectroscopy or the development of analytical methods. Open trajectory measurements, on the other hand, are more prone to technical
difficulties related to changing atmospheric (meteorological) conditions that lead to uncertainties, but the on-site nature of these studies also offers distinctive advantages. Figure 3.38 Experimental configuration for remote monitoring of the atmosphere with retroreflector by open path measurement. (From Korotcenkov, G. (Ed.), Electrochemical and Optical
Sensors, Momentum Press, New York, 311–476. Excuse me.) Advantages of extractive open path (closed cell) Adjustable path length, regardless of plume size Simplicity, repeatability Lower detection Limits stable conditions, longer measurement times quantitative and background spectra more easily collected In situ measurement, non-invasive sampling
Detection of very polar, reactive and labile compounds Integrated in-line measurements (average): pollution area sources can be examined: pollution area sources can be examined: pollution contamination area sources can be examined at dangerous sites Disadvantages Time delay between sampling and measuring Very polar, reactive compounds difficult
to sample (may lead to errors in analysis) Memory effects, Losses on the cell wall Path length limited by the size of the pen field adjustment required at each site Time dependence No temperature control and pressure Decrease of S/N for longer paths Calibration spectra on the same path as the sample cannot be collected Experiments are difficult to repeat
The advantages of optical hygronometer can also include its ability to maintain high sensitivity capillary hygrometer, electric hygrometer and even the dew point apparatus become less sensitive. In addition, the optical hygrometer will work well below and above the freezing point. In addition, this instrument has a negligible drift and can generally operate in a
wide range of humidity. Optical hygrometers can be used for high humidity measurement as well as for very low concentrations in the ppmv range. Finally, the method does not in any way alter the concentration of the sample by adding or subtracting water or changing the state of any part of the sample as in dew point or psychometric methods. We should
keep in mind that all the devices mentioned above have advantages and also deficiencies. Optical techniques often require high effort in equipment and analysis. These aren't tiny. The size of the measuring cell with the required optical path length is a limiting factor in the development of IR hygrometers. Attempts to reduce the size of IR hygrometers are
accompanied by a measurement range restriction and decreased sensitivity. Miniaturization of UV hygrometers is impossible due to the size of existing UV light sources and radiation detectors in this area. In addition, optical hygrometers are expensive compared to other devices. They may also suffer from contamination. In addition, regular calibration is
required for many traditional instruments, which is inconvenient and costly. Other hygrometers such as dew hygrometers or frost point are generally used for this purpose. Therefore, according to WMO reports (1992, 2011), optical hygrometers are more suitable for measuring changes in vapour concentration rather than absolute levels. Who has the desire to
learn more about optical sensors and optical spectroscopy may refer to revisions and books published in this field (Wolfbeis 1991, 1992, 2006, 2008; Ligler and Rowe Taitt 2002; Narayanaswamy and Wolfbeis 2004; Orellana and Moreno-Bondi 2005; Orellana 2006; Tkachenko 2006; 2008; 2011, and many others). Allen M.G. (1998) Diode laser absorption
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Sometimes it is desirable to detect only a change in the amount of moisture in the sample, while the exact concentration is of only secondary importance. Research has shown that the indicated problem can be solved by using certain salt crystals, which change color with the appearance of moisture. The use of this effect has been found to be the most
economical method for detecting changes in humidity level. Experiments have shown that cobalt chloride is the most suitable material for this type of application. In fact, cobalt chloride has six states of hydration and exhibits changes progressive color with corresponding changes in hydration status. Based on this effect, a great different humidity indicators
have been developed and presented on the market. Moisture indicators can be manufactured as strips, cards and in the form of elements embedded in the main gas. These indicators are cheap, easily stored, not easily damaged, and can be used in many variants. One should keep in mind that in addition to cobalt salt indicators, other salts can also be
applied in moisture indicators. Studies have shown that there is a large enough set of materials that can also change color when exposed to moisture. A subscription is required to access the full-text content in this book. Book.
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