— CHEMICAL ENGINEERING: ISSN 2664-9968

ECOLOGY AND ENVIRONMENTAL TECHNOLOGY

UDC 535.361:621.373.826
DOI: 10.15587/2706-5448.2020.210308

DEVELOPMENT OF A LASER COMPLEX
FOR ECOLOGICAL MONITORING OF
THE ATMOSPHERE OF URBAN AND
INDUSTRIAL AREAS

Titar V.,
Shpachenko 0.,
Panimarchuk 0.,
Guzenko M.,
Koshman S.,
Lutsky S.

The object of research is methods of remote ecological monitoring of the surface layer of the atmosphere
within residential areas and industrial zones of big cities. For the remote determination of the quantitative cha-
racteristics of gas and aerosol air pollution with high accuracy and spatial resolution, a mobile laser complex
has been proposed. Determination of the composition and concentration of gas pollutants is carried out using
two methods — the differential absorption method and the spontaneous Raman scattering (SRS) method. The
dif ferential absorption method is used to detect low concentrations of polluting gases along a stationary sound-
ing path. The spontaneous Raman scattering method is used for remote detection of harmful gaseous substances
at their concentrations exceeding the maximum permissible standards. SRS method used in the developed gas
aerosol lidar allows one to obtain three-dimensional distributions of the concentrations of the gases being de-
termined with a resolution of the order of one meter. This makes it possible to quickly and accurately identify
environmentally hazardous sources of air pollution and reasonably apply penalties to violators of environmental
standards. Remote analysis of the aerosol composition of the surface layer of the atmosphere is carried out
using lidar holography methods, which were developed in the laboratory of radio and optical holography of
V. N. Karazin Kharkiv National University (Ukraine). The dif ference in reflection from liquid and solid aerosol
particles makes it possible to form polarization holograms and consider them separately for liquid and solid
aerosols. Quantitative analysis of the composition and concentration of particles observed from their holographic
images is characterized by a high level of sensitivity, since, unlike other known methods, it does not require
a priori assumptions about the qualitative composition of the determined aerosol. Thus, due to the use of various
physical principles of the interaction of laser radiation with gaseous and aerosol components of the air, the de-
veloped laser complex for environmental monitoring of the atmosphere is an ef fective means of monitoring the
state of the air in the conditions of modern megacities.
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1. Introduction

The widespread use of fossil fuels such as oil, coal,
gas in industry, transport and in everyday life leads to
the emission of an ever-increasing amount of gaseous and
aerosol pollutants into the atmosphere. These substances
affect natural physical and chemical processes in nature,
the life of animals and, especially, people. Humanity feels
the harmful effects of atmospheric pollution in the form
of acid rain, the deposition of toxic industrial waste, and
the appearance of photochemical smog in industrial areas.

The problem of the ecological state of the atmosphere
in industrial centers was significantly aggravated in connec-
tion with the continuous motorization that took place in
European states. Automobile transport is one of the most
dangerous sources of air pollution. Today, emissions from

vehicles prevail over emissions from stationary sources,
with a ratio of 60:40 % or more.

Under traditional monitoring, dozens of pollutants re-
main <«uncontrolled», including such hazardous ones as
polycyclic aromatic hydrocarbons PAHs (benzene, benz-
pyrene, toluene, etc.), formaldehydes, chlorine-containing
substances, ozone (the special toxicity of which increases
in the presence of nitrogen oxides 20 times). Especially
dangerous toxic substances are formed in the atmosphere
also in secondary reactions during the chemical interaction
of pollutants emitted from man-made sources under the
influence of solar radiation (transformation processes).

In connection with the constantly increasing anthropo-
genic pollution of the Earth’s biosphere, the development
and implementation of the latest methods of environmental
monitoring is becoming increasingly important.
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2. The ohject of research
and its technological audit

The object of research is methods of remote ecological
monitoring of the surface layer of the atmosphere within
residential areas and industrial zones of big cities.

The most complete modern requirements for the prompt-
ness of obtaining information about the state of the atmo-
sphere are met by laser sensing methods capable of providing
remote monitoring of a given section of airspace in real
time. For this purpose, the laboratory of radio and opti-
cal holography of V. N. Karazin Kharkiv National Univer-
sity (Ukraine) has developed a laser complex for environ-
mental monitoring of the state of the atmosphere in large
industrial centers. The complex consists of two mobile units.
One of the installations is a laser differential absorption
gas analyzer (LDAG) designed to determine the integral
concentration of the main gas pollutants along selected
stationary routes. The second mobile unit is a gas-aerosol
holographic lidar (GHL), one of the channels of which al-
lows one to determine the concentration of a wide range of
atmospheric gases by spontaneous Raman scattering (SRS),
and the second channel is designed to determine the type
and concentration of aerosols by holographic methods.

The proposed laser complex allows for comprehensive
environmental monitoring of the atmosphere in the zone
of residential urban development and in the sanitary pro-
tection zone of enterprises according to its actual state in
combination with accurate accounting of the composition
and power of emissions from man-made sources. With the
help of the proposed laser complex, it is possible to obtain
a reliable assessment and forecast of the likely development
of man-made situation at the stage of critical parameters
of pollution for taking preventive measures in order to
prevent environmental disasters.

3. The aim and ohjectives of research

The aim of research is to develop schematic diagrams
for the technical implementation of the selected optimal
methods of laser sensing and in a set of measures for
environmental monitoring of the surface layer of the atmo-
sphere in urban and industrial areas. To achieve this aim,
it is necessary to complete the following tasks:

1. Justify the choice of physical principles of interaction
of laser radiation with atmospheric components, which
will be optimal for determining the level of concentration
of pollutants in various zones of urban areas, taking into
account the proximity of industrial facilities.

2. Evaluate the efficiency of using the developed schemes
by means of computer simulation of the process of detecting
the most common polluting gases during sounding of the
atmosphere with laser pulses.

3. Describe the basic principles of metrological support
of the information processing system in the created laser
complex for environmental monitoring of the surface layer
of the atmosphere.

4. Research of existing solutions
of the prohlem

Quite a lot of works have been devoted to the issues
of remote laser sensing of the atmosphere in order to de-
termine its individual components. So, the importance of

the problem of monitoring the state of the environment
and the use of lasers for remote environmental monitor-
ing of the state of the atmosphere are reflected in [1].
And in [2] it is noted that there are many methods for
detecting pollutants: infrared spectroscopy, electrochemistry,
gas chromatography, etc. Each of these methods has its
own advantages and disadvantages. It is emphasized that
the methods of laser sensing (lidar methods) are remote
and do not require the collection of chemical samples for
analysis, which in many cases is a significant advantage.

In [3], a brief history of the development of lidars (En-
glish lidar — «light detection and ranging» — «detection
and determination of range using light») and their ap-
plication in atmospheric research is presented. It is em-
phasized that every year lidar systems are becoming more
and more sophisticated, so that now it has become possible
to widely use them in practice for monitoring pollution.

In laser sensing, the following effects of interaction
of a light wave with a medium are mainly used: aerosol
and molecular scattering, fluorescence, spontaneous Raman
scattering, and resonance absorption [3, 4].

In [5], an overview of the existing differential absorption
lidars is given. It is noted that the differential absorption
method is mainly used in ground and airborne lidars to
measure the concentration of tropospheric and stratospheric
ozone and tropospheric water vapor. It is reported that
work has begun on the development of a differential ab-
sorption lidar for integrated high-precision measurements
of CO, and CHy along the sounding path.

In [6], information is given on preliminary tests of
a differential absorption lidar based on board a research
aircraft. Lidar is designed to determine the integral con-
centration along the sounding path of such greenhouse
gases as COy and CHy.

The works [7, 8] report the creation of ground-based two-
lidar systems based on the differential absorption method.
The IPDA (integrated path differential absorption) laser
system developed by the authors allows measuring low
concentrations of CO,, CHy, and H,O, averaged over the
sounding path. In this case, to obtain information about
the concentration of the substances under study, laser ra-
diation is used, reflected in the opposite direction from
topographic objects, and a tunable continuous laser is
used. The created DIAL (Differential absorption lidar)
laser system uses a pulsed laser and a range gating tech-
nique. In the DIAL system, atmospheric aerosol is used as
a reflector distributed in space. DIAL lidar is designed to
determine the distribution of CO, and H,O concentration
with a range resolution of about 250 m.

In [7], the results of testing the ground-based differen-
tial absorption lidar developed by IPDA for measuring the
average concentration of CO,, CHy, and H,O along the
sensing path are presented. The tests were carried out at
night on a 2.75 km track. A rock surface was used as
a reflector. Tests have shown that the accuracy of measure-
ments of the concentration of COy and CHy in dry air for
a measurement period of 30 s is 4 umol/mol and 50 nmol /mol,
respectively.

Work [8] is devoted to testing the created DIAL lidar.
Simultaneous measurements of the concentration of CO,
and HyO were carried out using DIAL and IPDA lidars,
as well as a special contact CO, and H»O sensor installed
at a point on the sensing path. The contact sensor has
been pre-calibrated according to the standards of the
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World Meteorological Organization (WMO). Experiments
have shown that the data obtained by the DIAL lidar is
consistent with the results of the IPDA and the contact
probe, with an accuracy of measurement errors.

In [4], the results of preliminary tests of a small-sized
prototype of an onboard scanning Raman lidar designed
to detect leaks from gas and oil pipelines are presented.
The tests were carried out in real conditions of the trans-
continental gas pipeline and showed good results. The
developed laser system is capable of detecting methane
at a concentration level of 6 ppm (ppm — from the Eng-
lish «parts per million») and a concentration of hydrogen
sulfide at a level of 2 ppm.

In [9], the creation of two types of compact Raman
lidars for detecting hydrogen leaks is reported. Tests have
shown that a diode-pumped Raman mini-lidar is capable of
detecting hydrogen gas concentrations of 1 % over a dis-
tance range of 0—50 m when operating in the storage
mode for 30 s. A Raman mini-lidar based on LEDs can
detect 1 % hydrogen concentration at distances of 0—20 m
when operating in accumulation mode for 3.5 minutes.

Works [10, 11] are devoted to the creation of a Ra-
man (SRS) lidar for remote sensing of CO; leakage. The
conducted field measurements showed the efficiency of
detecting CO, at a distance of 0.2 km from the lidar in-
stallation site and good agreement of the obtained data
with the data measured with the instruments on site.

The work [2] presents the results of preliminary experi-
ments on the creation of a receiving channel of a hyper-
spectral Raman (SRS) lidar for geoecological monitoring.
The scheme used by the authors with the use of a CCD
matrix (abbreviated from <«charge coupled device») will
allow achieving high sensitivity and selectivity with the
ability to register the spectrum of more than 100 deter-
mined chemicals online. At the same time, it is noted
in [2] that the results obtained are preliminary, and fur-
ther research is required for the successful development
of the proposed technology.

Along with gas pollutants, when studying the ecologi-
cal state of the atmosphere, it is necessary to take into
account the presence of aerosol particles of natural and
anthropogenic origin in it. Historically, the sounding of
the atmosphere using lasers was used primarily to study
not the gas composition, but the aerosol component, for
example, to study the transparency of the atmosphere or
the height of clouds [3].

It should be noted that the interpretation of the results
of laser sensing of aerosols is more difficult than in the
case of sensing the gas component. The lidar equation for
aerosol is indefinite, since it contains two unknown func-
tions — the transparency of the probed air area and the
attenuation coefficient [12]. Therefore, the solution of the
lidar equation for aerosol becomes possible only with the
introduction of some a priori information about the in-
vestigated aerosol, as well as with the expansion of the
measurement information. For example, in [13], new tech-
niques for studying cloud media are considered using the
angular properties of the multiple scattering intensity and
the polarization characteristics of lidar signals reflected
from aerosol particles. The authors presented a new theo-
retical approach with the aim of developing and creating
lidars for determining the microphysical parameters of the
stratospheric aerosol. However, the study of the angular
properties of the reflected signal intensity is inapplicable

in monostatic lidar systems in which the emitter and the
receiving telescope are located on the same platform.

It is noted in [14] that probing at several wavelengths
allows one to obtain information not only on the spectral
dependence of the aerosol scattering coefficients, but also
on the microphysical parameters of particles. The paper
presents a theoretical assessment of the parameters of
a multiwave lidar for aerosol monitoring in the altitude
range of 1-10 km. However, it should be noted that the
use of sounding at several frequencies makes it possible
to determine the parameters of the aerosol microstructure
only if the aerosol consists of isotropic dielectric spheres.
The assumption of sphericity and isotropy does not hold
for dusty structures and industrial aerosol. For nonspherical
particles, the interpretation of lidar measurements requires
the introduction of additional assumptions based on in-
formation about the shape parameters of the scattering
particles. Therefore, multifrequency sounding also does not
guarantee the elimination of large errors in determining
the countable and mass concentration of aerosol.

Analysis of the review of the literature data allows to
draw the following conclusions. Remote laser sensing of the
atmosphere is a very promising method of environmental
control. However, the currently existing lidar systems are
aimed at solving specific applied problems and therefore
make it possible to determine an extremely limited amount
of polluting gases. Remote laser investigation of aerosols,
despite the use of various methods, does not allow one
to unambiguously solve the lidar sensing equation, which
leads to large errors in the interpretation of the data ob-
tained. In addition, there is no information in the available
literary sources about the development of laser systems
for remote sensing of the surface layer of the atmosphere,
which would make it possible to comprehensively solve
the problem of determining both aerosol and gas pollu-
tion. Therefore, the development of a laser complex for
environmental monitoring of the atmosphere using various
physical methods of remote gas analysis in combination
with fundamentally new methods of lidar holography for
studying aerosols is a promising task.

5. Methods of research

5.1. Laser differential absorption gas analyzer (LDAG).
The differential absorption method, which is used in the
developed LDAG, is based on the absorption of light ener-
gy by molecules of the gas under study when the laser
radiation frequency coincides with the frequency of the
electronic or vibrational-rotational transition of these mole-
cules. For the technical implementation of this method, it
is necessary to carry out probing at two frequencies, one
of which exactly coincides with the resonance frequency of
the molecules under study, and the second differs somewhat
from it (usually the difference in wavelengths is about
15 nm). This is necessary to take into account the ef-
fect on the measurement results of aerosol and molecular
scattering and absorption by foreign substances [15]. The
method turns out to be effective in the case when the
temporary accumulation mode is applied and the average
concentration of the gas under study is determined along
a stationary path, at one end of which a probe laser is
located, and at the other end, a receiving device. If the
receiver and emitter are located side by side, then a reflector
is placed at the other end of the path.
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When sounding the atmosphere at two frequencies, one
of which (v1) lies on the absorption line, and the other (v2)
outside it, the average gas concentration N on a path of
length z can be determined by the formula [16]:

1nK(Jw /Jvz)

N= 2(6,4-0,2)z

()
where K — the instrumental constant due to differences
in laser energy, filter transmission, etc. at frequencies vi
and v2; J,, and J,, — the intensity of the received ra-
diation at the two used frequencies after the passage
of the probe pulse through the investigated layer of the
atmosphere; 6,y and o, — absorption cross sections at
frequencies v1 and v2.

To study the surface layer of the atmosphere, the dif-
ferential absorption method is effective in determining the
average concentrations of gases along a stationary route,
when it is necessary to detect the presence of very small
concentrations of the studied gas, but there is no need to
determine the localization of pollution sources. This method
can be effectively applied for environmental monitoring of
the atmosphere in urban areas that are sufficiently remote
from the production area of industrial enterprises.

A schematic block diagram of the developed LDAG
is shown in Fig. 1. The absorption lines of most gases
polluting the atmosphere are located in the mid-infrared
range. Therefore, a CdSe-based parametric light genera-
tor (PLG) pumped by an Er:YAG laser was chosen as
a source of probe radiation, which provides a smooth tuning
of radiation wavelengths in the 2.8—4.2 um range. In Fig. 1
power supply unit with an Er:YAG pump laser and a tun-
able laser (PLG) CdSe are designated by numbers 1 and 2,
respectively.

8116 o9

Fig. 1. Block diagram of the laser differential absorption
gas analyzer (LDAG)

The use of a tunable laser allows tuning to the ab-
sorption lines of various polluting gases, due to which
the amount of detected gases in the developed LDAG is
structurally unlimited. However, the process of tuning the
PLG to different wavelengths takes a certain time, during
which the aerosol and gas composition of the atmosphere
can change in a certain way. Therefore, for the «one-step»
obtaining of the probe pulses at two frequencies vl and
v2 (formula (1)), frequency modulation is additionally
applied, carried out by the frequency modulation unit 3.

The radiation of a tunable laser 2, modulated in fre-
quency using a modulation unit 3, is fed by rotary mir-
rors 4, 5 to the scanning mirror of the telescope 6. The
scanning mirror 6, together with the auxiliary mirror 7,
provides the direction of the probe radiation through the

exit window 8 to the desired point in space, where reflec-
tion of radiation in the opposite direction. A topographic
object (a wall of a house, factory structures, etc.) is used
as a distant reflector when using the LDAG to determine
the average concentration of the polluting gases under
study along a given area of the surface layer of the at-
mosphere). The radiation reflected from the topographic
object passes in the opposite direction to the selected
sounding path, through the input window 9 it enters the
focusing mirror of the telescope 10 and, using the optical
corrector 11 and the matching optical system 12, is fed
to the spectrum analyzer 13. Signals from the spectrum
analyzer are transmitted to the computer 14 for further
processing and visualization of the received data.

5.2. Gas aerosol holographic lidar (GHL). Gas acrosol
holographic lidar is designed to determine the content of
atmospheric gases by the SRS method and to determine
the aerosol content using holographic methods.

The determination of the chemical composition of the
atmosphere by the SRS method is based on the analysis
of the spectrum of backscattered radiation, in which, in
addition to the lines characterizing the incident light, ad-
ditional satellite lines are observed. The difference in the
frequencies of the exciting primary line and the lines of
each of the satellites is a characteristic of the scattering
substance and is equal to the frequencies of the natural
vibrations of its molecules.

The SRS method makes it possible to determine the
concentration of the gas under study using the relation-
ship between the number of photoelectrons P(z,Az) in the
signal received by the lidar system at the SRS wavelength
of the gas under investigation Ay and the concentration
of this gas N(z) at a distance z from the lidar. This de-
pendence is determined by the expression [17]:

Az
P(z.h) = mKSN— 0xN(2)

X exp{—Zj[GA(ﬁ,M)+GM(@M)*'

+ GA(&J\'R)"—GM(i’)"R)]dE;}v (2)
where n, — the number of photons emitted by the lidar;
K — transmission coefficient of the optics of the trans-
mitting-receiving system of the lidar; § — the area of the
receiving aperture of the lidar; n — quantum efficiency
of the photodetector used in the lidar; Az — observation
interval (strobe); 6; — SRS reverse cross-section of the
investigated gas component; A, — wavelength of the prob-
ing laser pulse; 64(&Ay), 0, (EN), O4(EAR), Oy (ENR) —
coefficients of aerosol (A) and molecular (Rayleigh) (M)
scattering at wavelengths A, and Ay, respectively.

The number of photons 7, in the laser probe pulse is
determined by the expression:

W?\IO
ny = he

3)

where & — Planck’s constant; ¢ — speed of light; W — energy
in the laser pulse.

The molecular scattering coefficient depending on the
wavelength A can be determined from the Rayleigh scat-
tering equation as follows [18]:
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8n®(n? — 1)2 p(H)

GM(h, }\') = EYR RN

N 4 (4)

where 7=1.00029 — refractive index of air; H — altitude
above sea level of the atmospheric point at which the
molecular scattering occurred; N =2.504-10% — the number
of molecules in one cubic meter of a standard atmosphere;
p(H) — atmosphere density coefficient.

The atmospheric density coefficient can be approxi-
mated by an exponential function [18]:

H
p(H)=eXp[—HO],

where Hy,=7994 m is called the reduced height.
The aerosol scattering coefficient 6, in formula (2)
is determined by the expression [5]:

()

0,4(& 1) =na’Q,(x), (6)
where a — radius of the aerosol particle; x =2na/A — pa-
rameter that is used in the Mie theory and represents the
size of an aerosol particle in relative units; Q,(x) — scat-
tering efficiency factor.

The Q,(x) function is calculated using the Mie formulas
and the known constants of the substance that makes up
the aerosol [5].

SRS cross section (o) can be obtained theoretically
within the framework of the quantum mechanical theory
of the interaction of a system of particles with monochro-
matic linearly polarized light.

To determine the concentration of gas components ac-
cording to formula (2), it is necessary to know exactly all
the parameters included in it. However, given the fact that
many coefficients in formula (2) depend on the wavelength
and will be different for different gases, it is not always
convenient to use this expression in practice. An impor-
tant advantage of the SRS method is that the absolute
concentration of gas components can be determined by
comparing the intensity of satellites of the pollutants under
study with the intensity of a satellite caused by one of
the main atmospheric gases. A comparison is usually made
with nitrogen or oxygen, the concentration of which in the
surface region of the atmosphere is known and sufficiently
stable over time. In this case, complex atmospheric and
instrumental parameters are excluded from the equation (2)
of laser ranging for SRS, and the concentration of the
determined gas N,.(z) can be calculated by the formula:

P.(z,Ap.) Opyo

N,(2)=M———"—
@) Pys(2,hry2) Ope

Ny»(2), (7N

where M — instrumental constant determined by the dif-
ferences in the transmittance of the optics and the sensiti-
vity of the photodetector for the wavelengths of satellites
Are and Apyo; Po(z,Ap) and Pyy(z,Apyo) — the number of
registered photoelectrons in SRS on the molecules of the
studied gas and molecules of atmospheric nitrogen, respec-
tively; o, and ogy, — SRS reverse cross-sections of the
test gas and nitrogen; Ny,(z) — nitrogen concentration.
In contrast to the differential absorption method, the
Raman scattering method has a slightly lower sensitivity
and range (up to 2 km). However, it allows one to obtain,

with a high resolution (of the order of one meter), the
distribution of pollutants along the sounding path and can
be effective in environmental monitoring of atmospheric
areas directly adjacent to industrial enterprises.

In the proposed gas-aerosol holographic lidar, the sche-
matic block diagram of which is shown in Fig. 2, sounding
of the atmosphere is performed at two frequencies. For
this purpose, the radiation of a pulsed neodymium laser 1
with a wavelength of 49=1060 nm is fed to a frequency
doubler 2. After passing through a frequency doubler 2,
radiation with a wavelength of A;=530 nm is divided by
a semitransparent mirror 3 into two beams, one of which
is again fed to frequency doubler 4. Pulses having after
frequency doubler 4 the wavelength A,=265 nm, pass through
the reflective interference filter 5 to the collimator 7 and
are used for gas analysis of the atmosphere by the SRS
method. Radiation with a wavelength A;=530 nm, reflected
from a semitransparent mirror 3, is reflected from rotary
mirrors 6 and 6, is directed to the collimator 7 using
a reflective interference filter 5 and is used for polarizing
holographic aerosol sensing. The light scattered back by the
investigated volume of atmospheric air enters the receiving
telescope 8, passes through the diaphragm 9, the matching
objective 10 and is divided into two beams by the reflec-
tive interference filter 11. Part of the light with the wave-
length A;=530 nm, reflected by the interference filter 11,
is used for the formation of polarization holograms, and
the light of all remaining wavelengths transmitted through
the polarizing filter 11 is fed to the double monochroma-
tor 13 by means of the collecting objective 12. Double
monochromatization allows to get rid of stray light, and
the image of the investigated part of the spectrum falls on
the fiber matrix 14, which makes it possible tune in <«to
the allocation of satellite lines of various polluting gases.
From the array of light guides 14 the analyzed part of
the spectrum through the matching optical system 15 is
fed to the computer 16 for registration and processing.

Fig. 2. Block diagram of a gas aerosol holographic lidar

The aerosol channel of the gas-aerosol holographic lidar
under consideration makes it possible to study atmospheric
aerosol directly by analyzing the images of particles contained
in the probed air volume. For this purpose, a method was
developed for recording holograms of a focused image with

;18
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energetically enhanced focused reference signals formed by
dividing the reflected radiation by intensity, polarization,
or wave front [19-21]. This method makes it possible not
only to use lasers with a limited coherence length, but also
to compensate for the effect of atmospheric turbulence on
image quality.

In the diagram shown in Fig. 2 gas-aerosol holographic
lidar uses a combined method of dividing reflected radia-
tion by intensity and polarization. For this purpose, the
radiation with a wavelength A{=530 nm, selected with
the help of a reflective interference filter 11, is divided
by intensity with the help of a semitransparent mirror 17
and directed into two channels — an object and a refer-
ence. In the reference channel, the radiation is amplified
by an optical quantum amplifier (OQA) 18 and is focused
by the lens 19 into the plane of the diaphragm 20, with
the help of which the necessary spatial filtering of the
reference oscillations is performed [22].

The optical quantum amplifier 18 is triggered by the
power supply unit 29 with the help of pulses coming from
the output of the synchronizer 28, which delay the probe
pulses relative to the time delay of the signals scattered
by the aerosol. In the control unit 30, a control voltage is
generated, with the help of which the gain of the OQA is con-
trolled, maintaining the required power ratio of the reference
and object signals in the plane of the hologram formation.

To separate the reflected radiation by polarization and
obtain polarization holograms of the probed air volume, the
reference beam is fed with the help of a matching objec-
tive 21 to crossed cylindrical lenses 22, forming a beam
with a rectangular cross section, and then directed to
a polarization prism 23. The polarization prism 23 creates
a reference beam at the output, containing a set of linearly
polarized components with a continuously varying azimuth
in the plane of hologram formation [23, 24].

The object signal is directed by the semi-transparent
mirror 17 to the reflector 24, passes through the lens 25
and enters the input of the hologram forming unit 26, where
it interferes with the reference oscillations. The hologram
forming unit 26 is triggered from the synchronizer 28.
Since the polarization of the reference oscillations is dif-
ferent, the interference will occur only in those regions
of the hologram forming plane where the polarizations of
the reference and object signals coincide.

Since the state of polarization does not change upon
reflection from a liquid-drop aerosol, and depolarization
occurs upon reflection from solid particles, images of quali-
tatively different aerosol particles are formed on spatially
separated areas of the hologram. This makes it possible
with the help of the image reconstruction unit 27 and the
computer 16 to conduct an automatic separate counting of
aerosol particles with different physical properties. Thus,
lidar holography, which makes it possible to determine
the counting concentration and other parameters directly
from the analysis of images of particles in atmospheric
air, is currently the only remote method that does not
require the introduction of any a priori information about
the aerosol under study.

6. Research results

6.1. Efficiency evaluation of the GHL SRS channel. Ef-
ficiency evaluation of the developed SRS channel of the
gas aerosol holographic lidar (GHL) was carried out using

formula (2) for some of the most common air pollutants (CO,
NO,, SO,, CHy, HsS, CyHg). Below are the technical pa-
rameters of the developed lidar system, which were taken
for the calculations.

The pulse energy of the fundamental harmonic of a neo-
dymium laser is 500 mJ, the duration is 6 ns, and the pulse
repetition rate is 100 Hz. The pulse energy at a wavelength
of Ap=265 nm is 100 m].

The receiving aperture diameter of the telescope was
chosen to be 500 mm. The average transmittance of the
optics of the transmit-receive system of the lidar at wave-
lengths from 250 nm to 290 nm was taken equal to 50 %.

The used spectrometer «Ocean-FX» (USA) is equipped
with a CMOS matrix (CMOS - complementary metal-
oxide-semiconductor) «Hamamatsu S11639» (Japan) [25],
which has increased quantum efficiency in the ultravio-
let (UV) range (from 45 % and more depending on the
wavelength). For calculations, the value of n was taken
in the range from 250 nm to 290 nm, equal to 40 %.
The signal-to-noise ratio in the used spectrometer with
a single scan is 400:1.

In computer modeling of the operation of the SRS lidar,
the exponential dependence of the atmospheric density on
altitude can be neglected (5), since the device being de-
veloped is intended for sounding the surface layer of the
atmosphere at altitudes of the order of a kilometer. At such
altitudes, the density of the atmosphere can be considered
constant and taken as a unit. The calculations were carried
out for a transparent atmosphere, in which the scattering
from the background aerosol is approximately equal to the
molecular scattering [26] determined by formula (4).

Calculations have been made for a number of common
pollutant gases. At the same time, the content of CO,
NO,, SO,, HsS, CgHg in the atmosphere was taken at the
level of maximum permissible concentrations (MPC) in the
working area of the enterprise [27]. The concentrations
and combination shifts used for the calculations for the
listed polluting gases are given in Table 1.

Table 1

Concentrations and combination frequency shifts of pollutant gases
used for calculations

Raman frequency Concentration
fas hift (cm!) (28]

shift (cm (mg/m®) —
co 2145 20 172
NG, 1320 5 26
50, 1151.1 10 28
CH, 2914 70 451
HZE 2611 10 71
EZHE 3072 15 B.2

The mass concentration of nitrogen in the surface layer
of the standard atmosphere was taken equal to 75.51 % [29].

Estimated calculations of the lidar efficiency were car-
ried out using formula (2) under the assumption that the
sounding path is homogeneous. In this case, the aerosol
and molecular scattering coefficients under the integral
sign are constants, so that integration over the spatial
coordinate gives only the distance to the probing point.
Fig. 3, 4 show the results of calculations for the sounding
path from 50 m to 200 m.
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Fig. 3. The number of photoelectrons P,(z, Ay, ) registered
by the lidar system depending on the distance to the probing point (2)
for various gases under study
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Fig. 4. Dependence of the detection time of the polluting gases
under study on the distance to the sounding point

In the computer simulation of the lidar operation in
the signal accumulation mode, it was taken into account
that the value n, included in formula (2) is determined
not only by expression (3), but also in proportion to the
accumulation time. Since different gases have different
values of the SRS reciprocal cross section (6;) and, in
addition, the calculations were carried out for concen-
trations that are different for different gases (Table 1),
to achieve approximately the same results for different
gases, different signal accumulation times are required.
This is clearly seen in Fig. 3, where next to the chemical
formula of polluting gases in parentheses is indicated the
accumulation time of the signal for which the presented
graphs were calculated.

Taking into account that n, is proportional to the signal
accumulation time, let’s also calculated the dependence
of the detection time of the polluting gases under study
on the distance to the probing point, which are shown
in Fig. 4. As can be seen from the graphs in Fig. 4, the
required signal accumulation time increases sharply with
distance according to a law close to a square law. Cal-
culations have shown that in order to detect the pollut-
ing gases under study at their concentration equal to the
MPC in the working area of the enterprise, at a distance
of half a kilometer, it is required to carry out the signal
accumulation mode for tens of minutes. For example, it
will take 10 minutes to detect CHy, and 36 minutes to
detect CgHg. This, of course, reduces the efficiency of
the developed lidar system and makes it problematic to
construct a three-dimensional spatial distribution of the
determined gas, since in the presence of wind, the air
masses will mix in tens of minutes. However, as can be
seen from the graphs in Fig. 4, with a detection range of
200 m, the accumulation mode for the investigated gases
is from 11 seconds (for CH,) to 4 minutes (for CO).
This is quite acceptable from the point of view of the
efficiency of the measurements carried out by the lidar.

6.2. Metrological support of the information processing
system of informative parameters of LDAG and GHL. The
laser complex, which includes LDAG and GHL systems,
belongs to the field of environmental protection, which
become between man and nature and largely determine
both their interaction and the very coexistence of man and
nature. LDAG and GHL systems are distributed in space,
have a complex hierarchical structure and include measuring,
computing and control elements that are interconnected
by communication channels. The complexity of LDAG and
GHL systems makes it necessary to meet the requirements
for increased measurement accuracy. In LDAG and GHL
systems, a fundamentally different approach to solving the
problem of increasing accuracy is used — constructive and
structural-algorithmic methods. Constructive is based on
the use of stable elements, materials, improvement of pro-
duction technology. The structural-algorithmic method of
increasing the accuracy is based on the introduction of
test influences into the measuring transducer, which allow
obtaining information not only about the measured value,
but also about errors for correcting the conversion function
and increasing the measurement accuracy [30]. The solution
of the assigned tasks is achieved through the introduction
of metrological support for LDAG and GHL systems.

Metrological support of LDAG and GHL systems is «the
installation and application of scientific and organizational
foundations, hardware and software, rules and regulations
in order to ensure the specified accuracy of measurements
and specified accuracy of control actions» [31]. One of the
important tasks of increasing the accuracy of LDAG and
GHL is the introduction of metrological support for the
information processing system. LDAG and GHL are informa-
tion systems, therefore the characteristics of accuracy and
the probability of obtaining information are fundamental.

Information is a fundamental quantity, it can’t be ex-
pressed through other basic quantities. Information in-
cludes the content of the system about itself and is an
internal property. Mathematically, information I is defined
as a measure of the ordering of a set that consists of
different objects. The measure of information I associated
with a system that can assume N possible states is logy N
and is measured in bits. The information equation is valid
if different states are equally probable [32].

The content of the information model of a parameter
is a set (unity) of the content of the stochastic and deter-
ministic parts, which determine the numerical value of the
possible states of the parameter relative to the sensitivity
threshold and the probability of transition from one state
to another. The stochastic part of such a model carries the
information of the uncertainty of the sensitivity threshold
of the informative parameter, and the deterministic one
carries the numerical value of the possible states of these
parameters.

The methodology of information modeling of an infor-
mative parameter is based on the «display» of properties
of some nature, which are identified as a manifestation of
the intensity of physical quantities, the place and time of
their manifestation in the form of a model.

The principle of the information processing system
in LDAG and GHL is based on a fundamental approach
using information from the quantum components of met-
rological parameters of physical quantities (decision of
the International Committee of Weights and Measures
of May 20, 2019).
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The use in information processing systems of the quan-
tum components of the metrological parameters of the
LDAG and GHL automatically gives the absolute calcu-
lation error, which depends on the number of received
decimal places of the numerical value of the parameter
information [33].

7. SWOT analysis of research results

Strengths. The strengths of the development are the
use of various spectral methods, which provides an inte-
grated approach to solving the problems of environmental
monitoring of the surface layer of the atmosphere in resi-
dential areas and industrial zones of large cities. LDAG
allows detecting low concentrations of polluting gases along
a stationary sounding path and is suitable for use in resi-
dential areas of a modern city. GHL provides the ability
to obtain, within a few minutes, three-dimensional images
of the distribution of gaseous and aerosol components of
atmospheric air with a spatial resolution of about 1 m. This
will allow the use of GHL in industrial areas for reliable
and prompt determination of penalties against enterprises
that violate environmental standards.

Weaknesses. The disadvantages of the work performed
include the fact that at this stage, computer modeling of
only one gas-analyzing SRS channel of the GHL was car-
ried out. Computer simulation of the GHL aerosol channel
was not carried out due to the complexity of the physico-
mathematical description of the process of registration and
processing of information about aerosols by lidar holography
methods.

Opportunities. The problems of operational remote moni-
toring of the atmosphere are acute not only for Ukraine,
but also for all industrialized countries. The developed
mobile laser complex, when introduced into practice, is
capable of ensuring timely detection of sources of atmo-
spheric pollution with high accuracy in order to improve
the ecological situation in large cities and prevent envi-
ronmental disasters.

Threats. Difficulties in the implementation of the results
of this development into practice are associated, first of all,
with the need to develop technological documentation for
the manufacture of original components in accordance with
the LDAG and GHL schemes. In addition, the creation
of an industrial design of the developed laser complex
requires a fairly significant investment, since the complex
includes expensive parts and equipment.

1. The analysis of the physical principles of the in-
teraction of laser radiation with the components of the
atmosphere shows the following. The differential absorption
method is effective for determining the average concen-
tration of pollutant gases along a fixed sounding path
when it is necessary to determine the presence of small
amounts of the most common pollutants. This method
can be successfully applied for environmental monitoring
of the state of the air environment within city blocks,
which are quite remote from industrial facilities.

The spontaneous Raman scattering (SRS) method is
effective in determining the spatial distribution of pol-
luting gases with a good spatial resolution (of the order
of one meter) at relatively short distances (up to 1 km).

At the same time, the list of detected gases is not struc-
turally limited by anything. This method makes it possible
to identify pollution sources quickly enough and with
good spatial accuracy. Therefore, the SRS method can be
successfully applied for environmental monitoring of the
surface layer of the atmosphere in the industrial zone of
large metropolitan areas.

The most effective methods for determining the type
and countable concentration of acrosols are lidar holography
methods developed in the laboratory of radio and optical
holography of V. N. Karazin Kharkiv National University.
These methods allow for separate automatic counting of
liquid-droplet and solid (dust, soot) aerosol particles in
the investigated volume of atmospheric air directly from
the analysis of their images. The images of aerosol par-
ticles are reconstructed from the registered holograms of
the probed airspace area.

2. The schematic diagrams of a laser gas analyzer of
differential absorption (LDAG) and a gas-aerosol holo-
graphic lidar (GHL) have been developed. In LDAG, in
practice, the physical principle of absorption of a quantum
of light energy with a certain frequency by the molecules
of the studied gas is realized. In the GHL, to determine
the gas composition of air, the method of spontaneous
Raman scattering (SRS) of a light quantum by molecules
of atmospheric gases is implemented in practice. To obtain
information about aerosols that make up the studied area
of the atmosphere, the GHL implements original methods
of lidar holography.

Efficiency evaluation of the GHL gas-analyzing chan-
nel was carried out by means of computer modeling of
the process of detecting a number of the most common
polluting gases. The estimation was carried out for the
case when the diameter of the receiving aperture of the
GHL telescope is 500 mm, and the energy of the probing
pulse is 100 mJ. Computer modeling showed that with such
parameters, the GHL provides the detection of pollutants
in the surface layer of the atmosphere at the level of ppm
units with a detection range of up to 200 m with a resolu-
tion of 1 m and signal accumulation from 10 s to 4 min.

3. The description of the basic principles of metrologi-
cal support of the information processing system in the
created laser complex for environmental monitoring of
the surface layer of the atmosphere is carried out. It is
concluded that the complexity of the LDAG and GHL
systems imposes increased requirements on the measurement
accuracy. In the created laser complex, an increase in the
measurement accuracy is achieved both structurally and
through the introduction of metrological support for LDAG
and GHL systems.
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