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Abstract

Advanced methodologies and experiments have been shown in the
field of high-resolution infrared and microwave spectroscopy, suitable
for the identification and concentration monitoring of small reactive
molecules (molecular radicals and ions).

The methodology for spectroscopic studies of molecular ions has a
unique characteristic in that it enables not only the detection and
distinction of ions from neutral species but also the distinction between
anions and cations. Some results of molecular ion spectroscopy related
to cation ArD*, anion SD™ have been presented.

The formation mechanisms of HCN/HNC in extended negative
glow discharge plasma were studied with the help of the frequency—
magnetic field double modulation technique. The ability to distinguish
the generation of HNC and HCN by ionic reactions from that from
neutral reactions was used.

Important intermediates of the halogen hydrocarbon degradation
processes in reactions in the atmosphere, in combustion and in
combustion processes have been studied. The molecular radicals include
FCOz, CHzCl and CHzBI’.

Several micromechanical elements (multilayer muscovite and
multilayer graphene cantilevers with thicknesses < 1 um) as part of an
optical microphone in photoacoustic spectroscopy by using either a
discretely tuneable CO» laser or quantum cascade (QC) lasers as the
radiation source have been tested. A special photoacoustic cell was
designed to compare the sensitivity of these elements to a commercial
high-class condenser microphone. The responsivity to acoustic pressure
was found to be two orders of magnitude higher than that of the
microphone, and the cantilevers prepared from layered materials show
promise as pressure-sensitive elements.

The applicability of a photoacoustic method, called cantilever-
enhanced photoacoustic spectroscopy, in combination with quantum
cascade lasers for biomass burning product monitoring was discussed.
We found that several of the most abundant species produced by biomass
burning have absorption lines within the tuning range of commercial
quantum cascade lasers. The detection limits of some of these species
were determined under laboratory conditions using a commercial
photoacoustic unit along with quantum cascade lasers. Using these data
and the spectral information available from the HITRAN database, the
detection limits for several species in the tuning range of the
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commercially available QC lasers were estimated, and the cross-
sensitivities were evaluated.

Two mixtures of acetone/acetic acid/methanol were analysed,
where both contained acetone in excess. We demonstrated that this
method is suitable for measuring acetic acid with a high background of
acetone. The results are of importance for medical breath analysis.

LIDAR technology has been advanced in the last four decades to
become an eminent remote sensing tool, even for monitoring dense
forests, topographical objects and ecological subjects.

The urban street canyon of Legerova Street is part of the north-
south trunk road that passes through the centre of Prague. As many as
one hundred thousand cars move through this street canyon per day, and
mortality rates have increased as a result of dust, NOx and other exhaust
pollutants. The spatial distribution of pollutants (i.e., NO,, NO, and
O;) during a day was measured by combined DIAL/SODAR
techniques and spot analysers that were appropriately located near the
bottom of the street canyon. The measurements were performed under
different meteorological conditions (an autumn versus a summer
period). A purely physical approach does not provide a true description
of reality due to photochemical processes that take place in the street
canyon atmosphere.

Introduction

The combustion processes and industrial processes producing
toxic species (intermediates and end products) have a very large
environmental impact. Characterization of these processes by their
physical and chemical effects is one of the main tasks of environmental
studies. Effects can be clarified by laboratory experiments or by direct
monitoring. Spectroscopic methods are suitable for gas phase
concentration analysis under laboratory conditions as well as for direct
detection in the atmosphere.

I would like to present my professional activities related to
spectroscopic detection and analysis from small to trace concentrations
in gaseous media. Such activities include spectroscopic observation of
unstable species arising in the gaseous environment of low-temperature
plasmas (discharges, flames) and monitoring of gaseous pollutants in
air locally or remotely. We must be able to monitor concentrations at
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the sub-ppm level to obtain basic information about unstable species
such as ions and radical molecules. At the same level, pollutants must
be monitored for their harmful effects on human health.

Local observation is an indispensable complement to air
quality control, and spectroscopic techniques are evolving towards
increasing sensitivity and providing high selectivity, rapid response,
and a range of spectral line information. The remote detection
technique has great advantages in regard to global monitoring of air
pollution, but with the corresponding instrument demand. I present
results obtained using spectroscopic techniques in the investigation of
laboratory-produced stable and unstable species (atoms, molecules,
radicals, ions) in gaseous environments and the investigation of
concentration levels of gaseous pollutants in the atmosphere, where
photoacoustic spectroscopy and the LIght Detection And Ranging
(LIDAR) method play important roles in local detection and remote
sensing, respectively.

1. Spectroscopic observation of unstable species arising in the
gaseous environment of low-temperature plasmas
1.1 High-resolution spectroscopy and unstable species
An important tool of these studies is high-resolution spectroscopy,
with a focus on the identification and concentration monitoring of small
reactive molecules (molecular radicals and ions) [1] important in low-
temperature plasmas, such as fire or electric discharge plasmas, i.e.
important in the processes of combustion, electric discharge and
atmospheric chemistry. The effect of conventional chemicals such as
halogenated hydrocarbons on atmospheric chemistry is most noticeable
in the depletion of the ozone layer. A large number of combustion
processes on the Earth's surface produce greenhouse gases, acid rain and
the emission of hazardous pollutants into the atmosphere that we breathe.
This part of dissertation has shown advanced methodologies
and experiments in the field of high-resolution infrared and microwave
spectroscopy that are suitable for the identification and concentration
monitoring of small reactive molecules (molecular radicals and ions).
These species were generated in low-temperature plasma or chemical,
photolytic and pyrolithic reactions. All the methodologies used have one
thing in common, namely, the high spectral resolution, which makes it
possible to monitor energy transitions in the monitored species up to the
rotational level.



1.1.1 Molecular ions
1.1.1.1 Spectroscopic analysis as a means of verification

The methodology for spectroscopic studies of molecular ions
presented in this work has a unique characteristics: the detection and
distinction of ions from neutral species, also the distinction between
anions and cations. I have presented some results of molecular ion
spectroscopy related to cation ArD* [2, 3], anion SD- [4, 5]. The SD-
negative ion was detected and spectroscopically identified as the first
negative ion to be observed at the rotational level in the Czech Republic.
The concept of isotopically invariant parameters describing the
spectroscopic features of a molecule seems to be a very efficient tool. In
our studies, we applied calculation of isotopically invariant Dunham
parameters to a negative ion - the hydrogen sulfide (SH") anion. These
spectroscopic analyses represent highly effective means of verifying and
identifying observed unstable species.

1.1.1.2 Branching ratio of the dissociative recombination of HCNH"*

The formation mechanisms of HCN/HNC in extended negative
glow discharge plasma were studied [6-8| with the help of the frequency—
magnetic field double modulation technique. The ability to distinguish
the generation of HNC and HCN by ionic reactions from that from
neutral reactions was used. A substantial amount of HCN was produced
through neutral-neutral reactions other than the dissociative
recombination of HCNH". Therefore, measurements at liquid nitrogen
temperature, preferably even at lower temperatures, are truly essential.
At liquid nitrogen temperature, the observed HCN signal is very likely
to be predominantly produced by the dissociative recombination
reaction. However, the possibility of a contribution from neutral reaction
channels cannot be eliminated completely. The branching ratio of the
dissociative recombination leading to HCN and HNC production is
derived from the abundance ratio by examining the temperature
dependences of the HCN and HNC line signal intensities, as well as those
of HCNH". The subsequently obtained branching ratio is 3 with an
estimated uncertainty of 20% for the normal species and is 1.5 for the
deuterated species. This might be another reason for the larger
[HCN]/[HNC] ratio. The experimental value of [DCN]/[DNC] agrees
with the theoretical values. This result is more reasonable because
deuterated species are less prone to isomerization.
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1.1.2 Halogenated radicals
1.1.2.1 MW and IR spectroscopy of molecular radicals

In this part of the work, I concentrated on halogen radicals,
which are among the important intermediates of the halogen hydrocarbon
degradation processes in reactions in the atmosphere, in combustion and
in combustion processes. Most of these intermediates, especially those
of a radical nature, have not yet been identified spectroscopically and
therefore cannot be easily monitored. In this dissertation, I have
presented some of our significant results in the field of spectroscopic
detection and identification of molecular radicals. The first
spectroscopically unambiguous identification of high-resolution
molecular radicals, i.e., identification at the rotational level, is one of the
main results. The molecular radicals include FCO; [9-13], CH,Cl [14]
and CH,Br [15, 16]. For the FCO, and CH;Br radicals, the first
spectroscopic identification at this level of resolution was presented.

1.1.2.2 FCO: fluoroformyloxy radical

The FCO; fluoroformyloxy radical can play an important role
in atmospheric chemistry. Degradation of halogenated hydrocarbons
such as hydrochlorofluorocarbons (HCFCs) leads to cleavage into
fragments of the halogenated methyl derivative type, CX3 (X = Cl or F).

The rotational spectrum of the FCO» radical in the gas phase
was detected, rotational and centrifugal-distortion constants were
experimentally determined, and the values obtained were in good
agreement with ab initio calculations.

Direct measurements have shown that the FC(O)O" radical
survives in a collision-dominant environment for at least several
milliseconds [17]. This is one reason why the fluoroformyloxy radical
FCO," can play an important role in atmospheric chemistry.

All lines were fitted with an effective Hamiltonian [ 18], which
involved spin-spin and spin-rotation interactions together with the
corresponding distortion operators. A CALPGM fitting program [19]
was used to derive spectroscopic constants.

1.1.2.3 Molecular radicals CH:Br and CH:Cl

The concentration of bromine in the stratosphere is much less
than that of chlorine. However, several studies have demonstrated the far
greater destructive capacity of bromine to stratospheric ozone compared
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to chlorine. Garcia and Solomon reported the effectiveness of this
destruction to be 100 times greater for bromine [20].

The most important sources of bromine in the atmosphere
include methyl bromide CH3Br. Methyl bromide is released from both
anthropogenic and natural sources: it is used in pesticides or as an
extinguishing agent but is also released from the oceans (degradation of
algae and phytoplankton).

The rotational spectrum of the CH»Br radical was fully analysed,
and the rotational constants for both isotopomers of this radical were
accurately determined.

The effective structure derived from our experimental results and
the CH:Br electronic structure derived from the fine and hyperfine
splitting constants agree well with ab initio calculations. The resulting
constants and data obtained in the final analysis phase are summarized
in[15,16].

I want to mention the results of the measurement of the

CH,Cl radical, which actually served as an optimization element in the
detection of the CH,Br radical. The molecular constants published in
ref. [21] were used for prediction.

In complex systems such as flame plasma, electric discharge,
and the earth's atmosphere, a number of analytical tools are needed to
understand the ongoing physico-chemical processes. I have outlined how
to identify the spectroscopic characteristics of some reactive molecules
that are important in terms of atmospheric chemistry and combustion
processes through laboratory studies.

2.  Monitoring of gaseous pollutants in air

Air pollution control and the sustainability of a healthy
environment are key to the sustainability and improvement of the health
standards of the population of Europe and the world. Many people today
are exposed to a wide range of different pollutants from combustion
processes or many chemicals that strongly affect their health due to the
acute toxicity and long-term effects, such as asthma, allergies or cancer.
Research on new sensing technologies for controlling and monitoring air
pollution is increasingly gaining importance [22].

Generally, one component to multicomponent local gas
analyses are performed by chromatography in conjunction with mass
spectrometry. These techniques are characterized by high sensitivity
and selectivity but by a long response time (minutes) determined by
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the chromatographic separation time. This response time prohibits
application of these techniques in real time and for continuous
monitoring of gases. In contrast, IR laser spectroscopy allows highly
selective and rapid detection of most gases and vapours that exhibit
a strong fundamental absorption associated with molecular vibrations
in the IR region of A =3-20 pm [23-28].

2.1 Absorption spectroscopy
FTIR spectra [29] of several compounds that were suggested
as markers in breath analysis can be used as an example of input data
for multicomponent analysis (e.g. Fig. 1). The comparison shows
some promising regions for performing multicomponent analysis,
particularly the regions of acetic acid COH deformation, the CCO

valence band at approximately 1294 cm-1 and the OH wvalence

band at approximately 3581 cm_l, where acetone and methanol show
low absorption [23].
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Fig. 1: Example of FTIR spectra of acetic acid (red line), acetone (black
line) and methanol (blue line).

The recent development of laser sources for the mid-IR
(MIR) region has brought about quantum cascade lasers (QCLs),
which have initiated a new reason for the development of laser gas
sensors. By selecting materials of the active region and electron
injectors, QCLs in a broad spectral range of the MIR region can be
prepared [27, 30-32].



2.1.1 Laser photoacoustic spectroscopy
Photoacoustic detection in connection with a laser radiation
source is an effective tool for gas, liquid and solid phase
investigations. The greatest strength of a laser-induced photoacoustic
phenomenon lies in the simplicity based on the conversion of
absorbed energy of laser photons to kinetic energy to thermal
energy that will manifest itself in a change in pressure.

The production of a photoacoustic signal can be generally
caused by many processes from electrostriction with a polarizable
sample to thermal expansion with heat deposition through
photochemistry and molecular dissociation, bubble formation and
breakdown of the sample. In this order, the efficiency of
photoacoustic signal generation, i.e., the ratio of generated acoustic
energy to absorbed light energy, is increasing. For the mechanisms
of electrostriction and thermal expansion, the level of this

efficiency is 10_12 to 10_8; for the mechanisms of breakdown, this

efficiency can even reach 30%.

2.1.2 Trace detection of gases and vapours

The photoacoustic phenomenon can be formally described by
the molecular absorption of electromagnetic radiation and the subsequent
generation of acoustic waves in a cell, which is described by a
nonhomogeneous wave equation as a function of generated kinetic
energy [33].

The primarily high sensitivity of photoacoustic detection in the
IR region was achieved by using high-power gas lasers in the MIR
region, i.e., especially CO and CO; lasers, e.g., [20, 28, 34-36]. The
emissions of these lasers spectrally correspond to strong vibrational
transitions of the ground states of many molecules. These spectral
resonances together with the laser wattages enabled detection limits for
photoacoustic detection at the ppbv level [37, 38].

By using diode lasers in the NIR region, we lose the advantage
of detection at strong fundamental vibrational transitions of molecules.
The last great development in the area of solid-state tunable lasers,
however, enabled the return to this spectral region: the development of
optical parametric oscillators (OPOs) on the basis of periodically poled
lithium niobate (PPLN) [39-42] and quantum cascade (QC) diode lasers
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[43, 447, with which photoacoustic systems have been implemented for
trace analytics of molecules, such as formaldehyde, CO-, butyl alcohol,
NO, and hexamethyldisilazane [45, 46]. The detection limits achieved by
these systems are at the sub-ppb level.

New detection techniques for photoacoustic spectroscopy
have been developed. One of them is the use of quartz tuning forks
(QTFs), which were originally used as chemical sensors [47] and then
applied in photoacoustic spectroscopy [48]. Kosterev et al. developed the
technique of quartz-enhanced photoacoustic spectroscopy (QEPAS) with
high sensitivity on the basis of QTFs as photoacoustic sensors [49].
QEPAS was demonstrated in the near IR region using wavelength
modulation to suppress the background and obtain high sensitivity.

Another developed detection technique for photoacoustic
spectroscopy is cantilever-enhanced photoacoustic detection [50]. The
best sensitivities achieved at present in photoacoustic detection were
obtained by using the acoustic resonance of a photoacoustic cell and are
at the level of 10%-10° cm'W/VHz (normalized noise equivalent
absorption (NNEA) coefficient) [49, 51, 52]. In cantilever-enhanced
photoacoustic detection, a micromachined silicon cantilever is used
instead of a microphone. Shifts of this cantilever due to changes in
pressure are interferometrically measured by a laser Michelson
interferometer (which produces interference patterns by splitting a beam
of light into two paths, bouncing the beams back and recombining them;
the different paths then create alternating interference fringes on a back
detector).

2.1.3 Conversion of optical energy to thermal energy

The conversion of optical energy to thermal energy
depends on some physical properties of the sample, namely, not
only the absorbing part of the sample but also on the properties
of a buffering gas. For these reasons, photoacoustic spectroscopy
is not an absolute method and requires calibration. The molecular
relaxation of excited rovibrational states for sample heating is a key
step towards photoacoustic signal generation. In many cases, this
effect can be considered to be immediate because it is much faster
than the time dimension of laser modulation. However, for some
mixtures of gases, this effect is much slower, and the corresponding
long relaxation time may heavily affect photoacoustic signal
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generation [53, 54].

2.1.4 Microlevers for optical microphones

One of the objectives of these studies is based on
micromechanical sensing elements in the frame of new sensing
technologies [25]. A cantilever-type pressure sensor has been proposed
instead of the microphones used in PAS to achieve optimal sensitivity
[50, 55-58]. The main benefits of the cantilever are a very low spring
constant and an extremely wide dynamical range of the cantilever
movement. The spring constant can be 2 or 3 orders of magnitude
smaller than that of the membrane of a condenser microphone, and the
movement of the cantilever can be tens of micrometres without any
nonlinear or restricting effects. A noncontact (deflection,
interferometry) measurement of the cantilever end movement is
required to avoid damping due to the probe and to maintain the wide
dynamic range. Graphene or mica sheets have outstanding
electromechanical properties and impressive sensitivity as mass
detectors. Their mechanical properties offer utilization as
micro/nanolevers. These levers could work as extremely sensitive
pressure sensors or mass detectors. Realizing such types of sensing
devices for chemical analysis is an important challenge [59].

A cantilever beam is one of the simplest mechanical structures (Fig.
2). If a force F is applied at the free end perpendicular to the beam, then
the deflection z of the cantilever is, for a material with given Young’s
modulus.

In previous studies (to improve the physical modelling of urban air
pollution), we developed and employed laser photoacoustic spectrometry
[60-62]. The aim of this work was to design and fabricate several sensing
elements of the cantilever type and to test and characterize their
mechanical properties with the help of the PAS method [63]. Transducers
of different materials (silicon, carbon, mica) have been employed for the
design of new gas sensing elements. Fig. 3 shows the general
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Fig. 2: Schematic of the operation principle of a cantilever.

experimental scheme for testing of sensing elements and for any PAS
measurements.

Such a system is suitable for the measurement of trace gas
concentrations of many species. We determined the sensitivity of the
PAS system with an optical cantilever microphone in a standardized way
as the NNEA coefficient. From known QC laser and absorption
parameters, the detection limits for any molecule can be estimated. An
example of such an estimate is shown in Fig. 4 (QC series lasers from
Thorlabs, USA and sbcw series from Alpes Lasers, Switzerland).
Species measured in our laboratory are red coloured [24].
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Fig. 3: Experimental scheme for testing of sensing elements and for PAS
measurements.
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Fig. 4: Estimated detection limits of selected molecules.

2.2 Local monitoring - indispensable accessories for air quality

control

2.2.1 Main tools — lasers and QCLs

Sensors based on tunable diode laser absorption spectroscopy

(TDLAS) are potential candidates for the measurement of trace
concentrations of many species [64]. TDLAS is a well-established
spectroscopic method. Its main advantages are high sensitivity, fast
response, simplicity of design and operation, nonintrusive measurement
and low cost of operation. The measured narrow absorption lines (i.e.,
intensity and spectral position) act as a fingerprint of a given species.
Trace amounts of gases can be measured down to the ppm level in the
NIR region with weak overtone and combinational bands and down to
ppb levels in the MIR region, for which QCLs with power on the order
of tens of milliwatts are available and where many species show strongly
absorbing fundamental vibrational bands [65].

We determined the detection limits and NNEA (Noise Normalized
Equivalent Absorption coefficient) values for several other gases
absorbing within the range of the QD9550CM1 (all but acetonitrile) and
QDI10600CMI1AS (acetonitrile) lasers [24].

The detection limits were determined at the strongest lines within the
tuning range of the laser diodes. Among these species, acetonitrile is of
special importance, as it was suggested as a unique biomass burning
tracer with a long lifetime in the atmosphere (~900 days) [66].

The sensitivity of this method depends on the absorption coefficient
of the detected molecule, the laser wavelength, the laser intensity, the
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sensitivity of the detector to acoustic pressure and the arrangement of
the photoacoustic cell. The last topic was the subject of a literature
review [67]. Kauppinen et al. [50] showed that the sensitivity of
conventional (i.e., electret and condenser) microphones can be
surpassed by using an optical microphone, where the movement of a
pressure sensitive element, i.e., a silicon cantilever, is monitored by a
laser beam that is reflected from that element onto a position sensitive
detector.

We envisioned that the low-dimensional materials prepared from
layered precursors could have suitable mechanical properties, such as
pressure sensitive elements [63]. For photoacoustic detection, a
micromechanical detector with cantilevers prepared from layered
materials, i.e., highly ordered pyrolytic graphite (HOPG) and
muscovite (mica), was used. We compare three different elements:
a mica circular cantilever, a mica rectangular cantilever, and a
multilayer graphene (MLG) cantilever of low thickness (as low as 100
nm).

2.2.2 Experimental details — arrangement and lever systems
A general scheme of the experimental setup is depicted in
Fig. 3. A discretely tunable CO, laser (Edinburgh Instruments WL-
8-GT, Livingstone, Scotland) emitting in a spectral range of 9-11
um or QC lasers (see Fig. 4) were used as an excitation source.
Details can be found elsewhere [23, 24, 26, 63].

2.2.3 Sensitivity of the tested elements and multicomponent analysis
The sensitivity of the elements was determined as the
detection limit for methanol vapours. This limit was determined
by the method described in [68] from the calibration curve.
The resulting calibration curves are shown in Fig. 5. The best
sensitivity (in terms of the slope of the calibration lines) is achieved
using the rectangular mica cantilever [23] .
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Fig. 5: Calibration curves of the microphone (black squares, 166
Hz), MLG cantilever (blue triangles, 252 Hz), circular mica
cantilever (red circles, 275 Hz) and rectangular mica cantilever (green
stars, 581 Hz). Tested gas — methanol. Frequencies in brackets give
the modulation (chopper) frequency.

The circular mica cantilever was chosen as the
photoacoustic sensor for performing these analyses. The detection
limits for individual molecules were determined for this cantilever
at the lines with the best sensitivity [23].

For the multicomponent analysis, five CO, laser lines were
selected (9.24, 9.5, 9.58, 10.2 and 10.24 pm). Multicomponent
analysis was performed for the ~10:1:1 mixture of acetone:acetic
acid:methanol (Table I. T) [23].

Table I. Results of multicomponent analysis. The concentrations of
individual compounds are in ppm.
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Compound | 11
Prepared Calculated Prepared Calculated

Acetone 65 70 3950 4200
Acetic 6.2 6.0 10.7 2.6
acid
Methanol 6.5 34 10.6 12.5

The calculated results are in good agreement with the actual
concentrations for acetone and acetic acid (errors of 7% and 3%,
respectively) but somewhat surprisingly (considering the spectra) are
almost 50% different for methanol.

Considering the photoacoustic signal of acetic acid and
acetone at various CO, laser lines, the measured PA signal at 10.24
pm (per watt and ppm), which is directly proportional to the
absorption coefficient, is almost 500 times higher for acetic acid than
for acetone. We can assume that one part acetic acid can be
detected in 500 parts acetone. This is important for breath analysis
because the concentration of acetone in the breath of a healthy
person (in the ppm range) can be more than 25 x higher than that of
acetic acid (40-80 ppb) [69, 70].

We also tested a mixture with a significantly higher concentration
of acetone (almost 400 x higher than that of acetic acid and methanol; see
Table 1. IT) [23]. Here, the signal of the mixture was dominated by the
acetone signal. The calculated concentrations for acetone, acetic acid and
methanol differed by 7%, 76% and ~20%, respectively, from the actual
concentrations. The multicomponent analysis of the mixture of acetic
acid, acetone and methanol was performed with the photoacoustic setup
equipped with the circular mica cantilever using five selected CO; laser
lines. We demonstrated that this method is suitable for measuring acetic
acid under a high background of acetone. The results are of importance
for medical breath analysis.

3.  Remote Sensing
3.1 LIDAR as a laser remote sensing tool for atmospheric
measurements

The results of a large number of interdisciplinary investigations
17



clearly proved the impact of anthropogenic atmospheric pollutants on
humans and other parts of the environment [71]. To cover a local,
regional, and global scale, input information must be available through
effective advanced techniques; remote sensing methods belong to this
category of techniques.

The remote sensing detection of atmospheric pollutants [72] is
based on the same principles as “classical” optical methods of chemical
analysis; that is, a piece of information about the chemical constitution
of the atmosphere is encoded in both the results and the properties of the
spectroscopic interactions between the radiation (as a probe) and
atmospheric matter. These interactions compound to decrease the
radiation intensity when passing through a long distance in the
atmosphere (10! m — 10! km), from the source to the detector.

Generally, remote sensing techniques can be performed in
passive mode with natural radiation sources, such as the sun (e.g.,
correlation spectrometry), or in active mode using artificial radiation
sources, such as lamps or lasers (e.g., differential optical absorption
spectroscopy and tuneable diode laser absorption spectroscopy). In all
cases, the transparency condition must be fulfilled [73].

In principle, two main groups of optical methods are applicable
for active remote sensing of the atmosphere: long-path absorption
techniques and LIDAR [74-78]. The first group of methods uses
continuous sources of radiation and thus enables the assessment of only
the average concentration of a pollutant along the whole radiation
trajectory. The advantage of LIDAR techniques is their ability to provide
particular information about the distribution of pollutants along the beam
trajectory. The use of pulse laser sources permits this feature.

As the transmitted laser energy passes through the atmosphere,
gas molecules and particles or droplets cause scattering. A small fraction
of this energy is backscattered in the direction of the LIDAR system and
is available for detection. The scattering of energy in directions other than
the direction of propagation or absorption by the gases and particles
reduces the intensity of the beam, which is said to be attenuated. Such
attenuation applies to both paths (to and from) the distant backscattering
region.

There are several scattering/absorption mechanisms that
occur when the laser energy interacts with the atmosphere. The
predominant type of scattering is quasi-elastic scattering from
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aerosols (Mie scattering) or molecules (Rayleigh scattering).
Another form of atmospheric elastic scattering is resonance
fluorescence. Inelastic scattering includes Raman scattering and non-
resonance fluorescence. These scattering processes, sometimes in
combination with molecular absorption, form the basis for various
types of LIDAR remote sensing techniques. The most well-known
techniques are Dlfferential Absorption LIDAR (DIAL) and
Differential Absorption Scattering Energy (DASE).

3.2 LIDAR equation

Gas molecules exhibit very irregular wavelength
dependencies. The quantum nature of the absorption dictates that the
molecule can move to only one of the discrete higher energy levels.
Therefore, the absorption coefficients are sharply peaked functions of
frequency in the form of a series of spectral lines. These lines have finite
spectral widths resulting from various line-broadening effects. The
transition from one quantized bound energy state to another can be
rotational, vibrational or electronic, corresponding to a specific
wavelength region [79].

The transmitted laser beam becomes scattered in all directions
at all altitudes; the backscattered echoes are received by the telescope,
and their intensities are measured. The telescope field of view is
maintained to be larger than the beam divergence to completely
accommodate the beam at all altitudes. For the monostatic configuration
in which both the transmitter and receiver are co-located, the
instantaneous intensity /(7, A) of the received radiation of wavelength 1
can be expressed as a function of the range  between its scattering point
and the received location by means of the so-called LIDAR equation;
see, e.g., [ 80], representing an analogy to the radar equation.

The attenuation of radiation caused by the selective
absorption of atmospheric constituents is employed by DIAL techniques,
which are applicable for the remote sensing of typical air pollutants. In
this technique, the laser transmitter emits short laser pulses of two
wavelengths, Ao, (commonly referred to as an online wavelength) and
Aott (termed an offline wavelength), which are usually chosen to be inside
and outside the absorption band of the pollutant of interest, respectively.

The process for calculating the concentration C(r) from the
recorded waveforms of intensities /(r, Aon) and I(r, Aosr) of the received
radiation is schematically diagrammed in Fig. 6.
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Fig. 6: Principle of a DIAL-type LIDAR system in the monostatic
configuration.

3.3 Traffic-related airborne pollutants in urban streetcanyons

An urgent topic in urban air-quality studies is the dispersion of
toxic pollutants within urban street canyons [81] - streets that are
lined with buildings on both sides. Within these domains, large
quantities of emissions are released, mainly through motor vehicle
exhaust, and are then trapped and concentrated within the canyon
walls. Urban street canyons also contain many people inside the
buildings and/or in cars, potentially making these areas high-risk
health zones [82, &3]. Gathering information on pollutant
distribution is therefore a crucial starting point for planning effective
measures to improve the air quality and optimize urban design.

Monitoring the air pollution distribution requires a setup
containing a large and dense network of sample spots and/or the use
of remote sensing techniques. The advantage of remote sensing
techniques is their ability to provide information about the
distribution of pollutants along with their radiation trajectories. To
monitor the distribution of gaseous pollutants, long-path absorption

20



spectroscopy [84], Raman spectroscopy and DIAL are typically
employed [85].

In our studies, we used remote sensing DIAL measurements
and spot analyser monitoring to obtain 2D and 3D profile
measurements of NO, and O;. DIAL is a laser remote sensing
technique that belongs to a group of LIDAR techniques [73, 74,
76,77, 86]. Spot measurements can be used to add further information
related to the concentrations of analytes in places that are inaccessible
to DIAL and related to other pollutants such as NO, CO, and SO2.
The measurements were performed in a real urban street canyon,
Legerova Street, with an extensive amount of traffic. This street is a
part of a north-south trunk road that passes through the centre of
Prague and remains an unresolved environmental issue for the capital
of the Czech Republic.

The concentration of dust particles was found to be two orders of
magnitude higher than the allowed level. As many as one hundred
thousand cars move through Legerova Street per day, and mortality rate
increases have been observed due to dust, NOx and other exhaust
pollutants. People living on this street have a drastically higher risk of
developing lung cancer (growth 52%) and cardiovascular disease
(growth 44%) [87, 88]. The experimental results from our Legerova
Street measurements were compared using a model.

3.3.1 LIDAR measurements in the real street canyon

The DIAL/sonic detection and ranging (SODAR) system was
located approximately 650 m from the traffic entry point of the street
canyon. This distance was ideal with respect to the geometric
compression of the measuring system and was one of the major factors
influencing the correct evaluation of the measured data. The monitored
street canyon area was 700 m long. The vertical distribution was mapped
repeatedly by means of two-dimensional vertical scans above the street.
The scans through the atmosphere were performed in such a manner that
they followed the diagonal of the street canyon's ground plan.

3.3.2 Chemical reactions that occur in a street canyon

The mixture of nitrogen oxides emitted from automobiles
mainly consists of NO that is partially oxidized by atmospheric oxygen
to NO> in hot vehicle exhausts. Due to the relatively short distances in
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the frame of a street canyon, only the fastest chemical reactions can have
a significant influence on the transformation processes street canyon air.
Most of the pollutants emitted from traffic can be considered inert
components. However, nitrogen oxide gases are extremely important not
only for the chemical transformations that occur inside street canyons but
also for the impact of traffic pollution on human health. Regarding health
effects, NO 1is considered to be harmless; in contrast, NO, can have
severe adverse health effects in humans. A competitive reaction of NO
with ozone is dominant in the atmosphere under common atmospheric
conditions. This reaction is an order of magnitude faster than NO
oxidation by molecular oxygen [89]. This suggests that the reaction
between oxygen radicals and molecular oxygen is very fast.
Consequently, for all practical purposes, the whole complex reaction
system of NO, NO,, and O3 can be restricted to the production of NO»
as a product of the reaction between NO and ozone and the
photodissociation of NO,, which leads to the reproduction of NO and O3
. The time scales of these reactions are on the order of tens of seconds
and are thus comparable to the residence times of the pollutants in a street
canyon; the residence time of a pollutant controls the exchange rate
between the street and the background air.

3.3.3 Street canyon modelling

We assume that a street canyon is divided into layers with
homogeneous concentrations. The concentration in the lowest layer is
determined by vehicle emissions. The concentration in the highest layer
is also determined exogenously through various factors, including
environmental influences. Diffusion processes take place between
adjacent layers. The chemical reactions that occur between these layers
can be described by the Berkowicz model [90-92].

3.3.4 DIAL and spot measurements of pollutants

The NO; concentration measurements during the autumn were
determined primarily using concentrations of NO and O3 with a small
contribution of NO; photodissociation because the level of solar
radiation was small (approximately 50 W/m?); therefore, the rate
constant was low. The vertical and temporal distributions of NO;
depended mainly on the traffic, i.e., the number of cars that produced
NO.

The vertical distribution of NO; in the autumn period mainly
exhibited diffusion or homogeneous characteristics. The nondiffuse
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distribution of NO:> concentrations was related to the transport of
pollutants within the street canyon and to the background ozone
concentration. The small amount of traffic resulted in a low production
of NO (and subsequently NO») during the night. Ozone is located in the
upper layers of the atmosphere above the canyon street due to its
relatively long lifetime [93] and is not reduced by a reaction with NO at
night. Thus, O3 molecules descend to the bottom of the street canyon.
Then, in the morning hours, the O3 reacts with the NO molecules
produced by cars to form an inverse nondiffuse vertical concentration
distribution of NO,.

The vertical profiles of O3 concentrations were significantly
influenced by the reaction of NO with O3. A strong reduction in O3
concentrations at altitudes up to 40-80 m was observed from the early
morning hours through the morning hours. The amount of traffic
decreased over the lunch hours, and the production of NO molecules
subsequently decreased. Ozone molecules, in comparison to the much
lighter nitrogen molecules, dropped to the bottom of the street canyon.
Based on the O3 distribution measurements, we clearly interpreted that
ozone molecules accumulated in the upper layers above the street canyon
in the summer months. If such molecules were not reduced by NO
molecules, they penetrated into the lower layers of the street canyon.

In the morning hours, the ozone concentration reached
considerably higher values only above an altitude of approximately 80 m
relative to the ground of the street canyon. A reason for this observation
may be the NO reaction with the ozone that was consumed during the
conversion of NO to NO,. Thus, with an increase in the distance from
the ground, the NO, concentration did not decrease as predicted by
models that neglected the presence of possible chemical reactions in the
investigated system.

3.3.5 Comparison of the experimental data with the model
predictions

The considerable differences between the models and the
experimental measurements obtained in July can be interpreted based on
the reactions of the NO — NO, — O3 chemical system in the atmosphere
[94, 95]. We considered basic chemical reactions in a street canyon in
periods with low and high levels of solar radiation and then compared
the experimental data to a model. Concentration changes at different
times were induced by both chemical and physical processes, such as air
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exchange with the surroundings and direct emissions from cars. Two
large increasing areas of NO; concentration dominated in the
experimental data and in the model (Fig. 7). The first of the two peaks
corresponded to the beginning of increased car traffic at approximately
LT 06:00 and thus represented the beginning of the production of the NO
that reacted with the ozone that had accumulated overnight. The second
of the two peaks corresponded to the growth in the ozone concentration
levels due to the influence of solar radiation that penetrated the
atmosphere in the street canyon space at approximately LT 10:00;
combined with the rush hour traffic, these factors caused an increase in
NO: concentrations. CO molecules were considered inert, so their
concentrations varied only due to physical processes. Measurements
showed that the concentration of CO was significantly correlated to the
concentration of NOy. It follows that the NOx concentration was also
likely to change only based on the same physical effects. The sum [NO;]
+[0O3], i.e., the number of potential oxygen radicals hidden in molecules,
was found to grow slowly. In general, there are two potential sources of
"hidden" oxygen radicals (O*): the direct emissions of cars and the
surrounding environment. If these hidden radicals were caused by the
direct emissions of cars, then the concentration of hidden O* should have
been correlated with the concentration of CO. The main source of CO
was only the direct emissions of cars (as indicated in the real-time
composition of vehicle emissions). It is therefore likely that the main
source of growth was the hidden O* from the surrounding environment.
Using these considerations for our model, we found that the model and
experimental data were in good agreement, albeit with some
discrepancies (see Fig. 7).

It cannot be presumed that the chemical conversions in question
could have taken place in the canyon only in the summer period. The
November measurements, however, did not demonstrate an apparent
photochemical ozone generation effect inside the canyon, as was
observed in July. The intensity of the
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Fig. 7: Experimentally obtained NO» concentrations a) together with the
modelling results and b) for the time development of the vertical
distribution of NO; in the canyon of Legerova Street, as measured in
July.

solar irradiation striking the bottom of the street canyon remained a
limiting factor. In November, the particular NO, NO;, and O3
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concentration ratios were insufficient for initiating a significant shift in
the actual photochemical steady state to form higher ozone
concentrations at the bottom of the canyon. Then, higher NO;
concentrations at altitudes above 50 m relative to the canyon bottom can
be explained based on the NO conversion to NO;, but only in an
environment with higher ozone concentrations than the troposphere
background.

It is obvious that a real street canyon represents a very
complicated system. This complexity is the reason why a model
approach (Fig. 7b) to the solution of such a comprehensive problem,
much like the consideration of pollutant dispersion in the system,
remains necessary. However, the presented results of DIAL monitoring
should be extended to model studies with some basic simulations of the
chemical reactions in the system to enable such model approaches to
mimic reality as precisely as possible.

4. CONCLUSIONS
4.1 Laboratory measurements of unstable species

One part of this dissertation has shown advanced methodologies
and experiments in the field of high-resolution infrared and microwave
spectroscopy that are suitable for the identification and concentration
monitoring of small reactive molecules (molecular radicals and ions).
These species were generated in low-temperature plasma or chemical,
photolytic and pyrolithic reactions. All the methodologies used have one
thing in common, namely, the high spectral resolution, which makes it
possible to monitor energy transitions in the monitored species up to the
rotational level. This means that these methodologies are highly selective
and the subsequent spectroscopic identification is unambiguous.

The methodology for spectroscopic studies of molecular ions
presented in this work has a unique characteristic in that it enables not
only the detection and distinction of ions from neutral species but also
the distinction between anions and cations. I have presented some results
of molecular ion spectroscopy related to cation ArD* [2, 3], anion SD-
[4,5]. The SD negative ion was detected and spectroscopically identified
as the first negative ion to be observed at the rotational level in the Czech
Republic. The formation mechanisms of HCN/HNC in extended
negative glow discharge plasma were studied [6-8] with the help of the
frequency—magnetic field double modulation technique. The ability to
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distinguish the generation of HNC and HCN by ionic reactions from that
from neutral reactions was used. A substantial amount of HCN was
produced through neutral-neutral reactions other than the dissociative
recombination of HCNH".

I have presented some of our significant results in the field of
spectroscopic detection and identification of molecular radicals. The first
spectroscopically unambiguous identification of high-resolution
molecular radicals, i.e., identification at the rotational level, is one of the
main results. The molecular radicals include FCO; [9-13], CH,Cl1 [14]
and CH,Br [15, 16]. For the FCO, and CH;Br radicals, the first
spectroscopic identification at this level of resolution was presented.

In complex systems such as flame plasma, electric discharge,
and the earth's atmosphere, a number of analytical tools are needed to
understand the ongoing physico-chemical processes. I have outlined how
to identify the spectroscopic characteristics of some reactive molecules
that are important in terms of atmospheric chemistry and combustion
processes through laboratory studies.

4.2 Monitoring of air pollutants

We tested several micromechanical elements (multilayer
muscovite and multilayer graphene cantilevers with thicknesses < 1 pum)
as part of an optical microphone in photoacoustic spectroscopy by using
either a discretely tuneable CO» laser or quantum cascade (QC) lasers as
the radiation source [25, 26, 63]. The responsivity to acoustic pressure
was found to be two orders of magnitude higher than that of the
microphone, and the cantilevers prepared from layered materials show
promise as pressure-sensitive elements.

Lowering the noise and improving the long-term stability of the
signal was a crucial task for improving the sensitivity and stability of the
system [28].

The applicability of a photoacoustic method with a special
micromechanical lever, called cantilever-enhanced photoacoustic
spectroscopy, in combination with quantum cascade lasers for biomass
burning product monitoring was discussed [24]|. We found that several
of the most abundant species produced by biomass burning have
absorption lines within the tuning range of commercial quantum cascade
lasers. The detection limits of some of these species were determined
under laboratory conditions using a commercial photoacoustic unit along
with quantum cascade lasers. Using these data and the spectral

27



information available from the HITRAN database, the detection limits
for several species in the tuning range of the commercially available QC
lasers were estimated, and the cross-sensitivities were evaluated.

The multicomponent analysis of an acetic acid, acetone and
methanol mixture was performed [23] with a photoacoustic setup. Two
mixtures of acetone/acetic acid/methanol were analysed, where both
contained acetone in excess. We demonstrated that this method is
suitable for measuring acetic acid with a high background of acetone.
The results are of importance for medical breath analysis.

4.3 Remote sensing

LIDAR technology has been advanced in the last four decades
to become an eminent remote sensing tool, even for monitoring dense
forests, topographical objects and ecological subjects. The basic
advantage of using LIDAR remote sensing for such applications is that
it provides information on the three-dimensional structures that
characterize the vegetation heights, vertical distributions of canopy
materials, crown volumes, subcanopy topographies, biomass, vertical
foliage diversity and multiple layers, heights to the live crowns, large tree
densities, leaf area indexes, physiographic or life form diversities, etc.

The urban street canyon of Legerova Street is part of the
north-south trunk road that passes through the centre of Prague and
remains an unresolved environmental issue for the capital of the Czech
Republic. As many as one hundred thousand cars move through this
street canyon per day, and mortality rates have increased as a result of
dust, NOx and other exhaust pollutants. The spatial distribution of
pollutants (i.e., NO,, NO, and O;) during a day was measured by
combined DIAL/SODAR techniques and spot analysers that were
appropriately located near the bottom of the street canyon. The
measurements were performed under different meteorological
conditions (an autumn versus a summer period). A purely physical
approach does not provide a true description of reality due to
photochemical processes that take place in the street canyon
atmosphere. Inthe summer, sunlight triggers the production of ozone
and thereby influences the concentration of NO,. The formation of
an inverse nondiffuse vertical concentration distribution of NO, in
the morning hours was found to be related to the direct emission of
O; in the street and its background concentration. Rapid changes in
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NO, concentrations were observed over time and in the vertical
profile. An approach using a photochemical reactor to describe the
processes in a street canyon atmosphere was developed and verified as
a useful tool for prediction purposes.

Analyses of the processes related to the dispersion of pollutants
in a street canyon were carried out based on the results of comprehensive
NO; and O3 concentration level monitoring in the vertical profile above
the street. A set of the spatial measurements of the pollutant distribution
during a day was realized using the combined DIAL/SODAR method
and spot analysers. The measurements were performed under different
meteorological conditions (i.e., an autumn versus a summer period). The
vertical profiles of NO, concentration were interpreted based on a
mathematical model developed specifically for the given seasonal
conditions (summer period) when diurnal patterns of airborne pollutants
in urban street canyons are significantly affected by photochemical
processes.

The analysis clearly proved that a purely physical approach does
not provide a true description of reality in the given case because the
chemical reactions and photochemical processes taking place in the street
canyon atmosphere significantly affect the dispersion and distribution of
pollutants. An explanation of the inverse NO», and O3 distribution was
also provided. The approach of treating a street canyon as a
photochemical reactor is valid and is useful for prediction purposes [74-
78].

Acknowledgement

The author is grateful for the financial support from the Czech Science Foundation, projects
No. 17-05167S, 14-14696S, P108/11/1312, support from project No. V120192022127,
VG20132015108 funded by the Ministry of the Interior of the Czech Republic, and project
No. SS03010139 funded by the Technology Agency of the Czech Republic, from projects
No. LTC17071, LD14022, TD 1105, LD11012, LD 12020, OC09050, CM0901 and
CM1404 funded by the Ministry of Education, Youth & Sports - Czech Republic, support
from QUASAAR network contract MRTN-CT-2004-512202

REFERENCES

[1] G. Herzberg, The spectra and structures of simple free radicals : an introduction to
molecular spectroscopy, Dover Publications, Mineola, N.Y., 2003.

[2] Z. Zelinger, S. Civis, P. Kubat, P. Engst, DIODE-LASER APPLICATION FOR
RESEARCH OF MOLECULAR-IONS, Infrared Physics & Technology, 36 (1995) 537-
543.

29



[3] Z. Zelinger, P. Kubat, J. Wild, Unusual kinetics of ions in a discharge plasma:
ambipolar diffusion and mobilities of ArD+ in argon, helium and neon, Chem. Phys.
Lett., 368 (2003) 532-537.

[4] Z. Zelinger, A. Bersch, M. Petri, W. Urban, S. Civis, VELOCITY MODULATION
DIODE-LASER SPECTROSCOPY OF DEUTERIUM SULFIDE (SD-), Journal of
Molecular Spectroscopy, 171 (1995) 579-582.

[5] Z. Zelinger, A. Perrin, M. Strizik, P. Kubat, First determination of isotopically
invariant parameters of the negative ion-Hydrogen sulfide anion (SH-), Journal of
Molecular Spectroscopy, 249 (2008) 117-120.

[6] T. Amano, Z. Zelinger, Submillimeter-wave spectroscopy of HNC produced in an
extended negative glow discharge, Journal of Molecular Spectroscopy, 211 (2002) 273-
278.

[7]1 T. Amano, Z. Zelinger, T. Hirao, J. Takano, R. Toyoda, HNC and HCN in an
extended negative glow discharge: Implication to the branching ratio of the dissociative
recombination of HCNH+, Journal of Molecular Spectroscopy, 251 (2008) 252-255.

[8] Z. Zelinger, T. Amano, V. Ahrens, S. Brunken, F. Lewen, H.S.P. Muller, G.
Winnewisser, Submillimeter-wave spectroscopy of HCN in excited vibrational states,
Journal of Molecular Spectroscopy, 220 (2003) 223-233.

[9] Z. Zelinger, P. Drean, A. Walters, J.R.A. Moreno, M. Bogey, H. Pernice, S. von
Ahsen, H. Willner, J. Breidung, W. Thiel, H. Burger, Gas-phase detection of the FCO2
radical by millimeter wave and high resolution infrared spectroscopy assisted by ab initio
calculations, Journal of Chemical Physics, 118 (2003) 1214-1220.

[10] Z. Zelinger, S. Bailleux, D. Babankova, M. Simeckova, L. Striteska, L. Kolesnikova,
P. Musil, P. Kania, S. Urban, H. Beckers, H. Willner, High resolution rotational spectrum
of FCO2 radical (extension to lower frequencies), Journal of Molecular Spectroscopy,
243 (2007) 292-295.

[11] L. Kolesnikova, J. Varga, H. Beckers, M. Simeckova, Z. Zelinger, L.N. Striteska, P.
Kania, H. Willner, S. Urban, Detailed study of fine and hyperfine structures in rotational
spectra of the free fluoroformyloxyl radical FCO(2)center dot, Journal of Chemical
Physics, 128 (2008).

[12] S. Bailleux, Z. Zelinger, H. Beckers, H. Willner, E. Grigorova, High-resolution FTIR
study of the CO stretching band v(4) of the fluoroformyloxyl radical, FCO2, Journal of
Molecular Spectroscopy, 278 (2012) 11-16.

[13] A. Perrin, M. Strizik, H. Beckers, H. Willner, Z. Zelinger, P. Pracna, V. Nevrly, E.
Grigorova, First analysis of the high resolution FTIR spectrum of the v(2) band of the
FCO2 radical at 970.2 cm(-1), Molecular Physics, 108 (2010) 723-731.

[14] S. Bailleux, P. Drean, Z. Zelinger, M. Godon, The submillimeter-wave spectrum of
the chloromethyl radical, CH2Cl, in the ground vibronic state, Journal of Molecular
Spectroscopy, 229 (2005) 140-144.

[15] S. Bailleux, P. Drean, Z. Zelinger, S. Civis, H. Ozeki, S. Saito, Millimeter wave
spectrum of bromomethyl radical, CH2Br, Journal of Chemical Physics, 122 (2005).

[16] S.P. Bailleux, P. Drean, M. Godon, Z. Zelinger, C.X. Duan, First observation of the
rotational spectrum of the bromomethyl radical, CH2Br, Physical Chemistry Chemical
Physics, 6 (2004) 3049-3051.

[17] G.A. Arguello, H. Grother, M. Kronberg, H. Willner, H.G. Mack, IR AND VISIBLE
ABSORPTION-SPECTRUM OF THE FLUOROFORMYLOXYL RADICAL, FCO2-
CENTER-DOT, ISOLATED IN INERT-GAS MATRICES, Journal of Physical
Chemistry, 99 (1995) 17525-17531.

[18] J.K.G. Watson, Vibrational spectra and structure, vol. 6 . edited by James R. Durig,

30



Elsevier, Amsterdam, pp. 2-89, (1977).

[19] H.M. Pickett, THE FITTING AND PREDICTION OF VIBRATION-ROTATION
SPECTRA WITH SPIN INTERACTIONS, Journal of Molecular Spectroscopy, 148
(1991) 371-377.

[20] R.R. Garcia, S. Solomon, A NEW NUMERICAL-MODEL OF THE MIDDLE
ATMOSPHERE .2. OZONE AND RELATED SPECIES, Journal of Geophysical
Research-Atmospheres, 99 (1994) 12937-12951.

[21] Y. Endo, S. Saito, E. Hirota, THE MICROWAVE-SPECTRUM OF THE
CHLOROMETHYL RADICAL, CH2CL, Canadian Journal of Physics, 62 (1984) 1347-
1360.

[22] Z. Zelinger, B. Barret, P. Kubat, P. Ricaud, J.L. Attie, E. Le Flochmoen, J. Urban, D.
Murtagh, M. Strizik, Observation of (HDO)-O-18, CH30OH and vibrationally-excited
N20 from Odin/SMR measurements, Molecular Physics, 104 (2006) 2815-2820.

[23] J. Suchanek, P. Janda, M. Dostal, A. Knizek, P. Kubat, P. Roupcova, P. Bitala, V.
Nevrly, Z. Zelinger, Photoacoustic spectroscopy with mica and graphene micro-
mechanical levers for multicomponent analysis of acetic acid, acetone and methanol
mixture, Microchemical Journal, 144 (2019) 203-208.

[24] M. Dostal, J. Suchanek, V. Valek, Z. Blatonova, V. Nevrly, P. Bitala, P. Kubat, Z.
Zelinger, Cantilever-Enhanced Photoacoustic Detection and Infrared Spectroscopy of
Trace Species Produced by Biomass Burning, Energy & Fuels, 32 (2018) 10163-10168.
[25] H. Tarabkova, Z. Zelinger, P. Janda, Electrochemically controlled winding and
unwinding of substrate-supported carbon nanoscrolls, Physical Chemistry Chemical
Physics, 20 (2018) 5900-5908.

[26] J. Suchanek, M. Dostal, T. Vlasakova, P. Janda, M. Klusackova, P. Kubat, V.
Nevrly, P. Bitala, S. Civis, Z. Zelinger, First application of multilayer graphene cantilever
for laser photoacoustic detection, Measurement, 101 (2017) 9-14.

[27] S. Civis, Z. Zelinger, V. Nevrly, A. Dorogan, M. Ferus, V. lakovlev, A. Sirbu, A.
Mereuta, A. Caliman, G. Suruceanu, E. Kapon, Near-infrared wafer-fused vertical-cavity
surface-emitting lasers for HF detection, Journal of Quantitative Spectroscopy &
Radiative Transfer, 147 (2014) 53-59.

[28] J. Skrinsky, R. Janeckova, E. Grigorova, M. Strizik, P. Kubat, L. Herecova, V.
Nevrly, Z. Zelinger, S. Civis, Allan variance for optimal signal averaging-monitoring by
diode-laser and CO2 laser photo-acoustic spectroscopy, Journal of Molecular
Spectroscopy, 256 (2009) 99-101.

[29] A. Perrin, J. Vander Auwera, Z. Zelinger, High-resolution Fourier transform study of
the nu(3) fundamental band of trans-formic acid, Journal of Quantitative Spectroscopy &
Radiative Transfer, 110 (2009) 743-755.

[30] R. Szedlak, J. Hayden, P. Martin-Mateos, M. Holzbauer, A. Harrer, B. Schwarz, B.
Hinkov, D. MacFarland, T. Zederbauer, H. Detz, A.M. Andrews, W. Schrenk, P. Acedo,
B. Lendl, G. Strasser, Surface emitting ring quantum cascade lasers for chemical sensing,
Optical Engineering, 57 (2018).

[31] R. Pecharroman-Gallego, Quantum Cascade Lasers: Review, Applications and
Prospective Development, Lasers in Engineering, 24 (2013) 277-314.

[32] C.K.N. Patel, From CO?2 laser to quantum cascade lasers-A saga of high power
infrared lasers, Journal of Laser Applications, 21 (2009) 224-238.

[33] L.B. Kreuzer, 1 - The Physics of Signal Generation and Detection A2 - PAO, YOH-
HAN, Optoacoustic Spectroscopy and Detection, Academic Press, 1977, pp. 1-25.

[34] L.B. Kreuzer, N.D. Kenyon, C.K.N. Patel, AIR-POLLUTION - SENSITIVE
DETECTION OF 10 POLLUTANT GASES BY CARBON-MONOXIDE AND

31



CARBON-DIOXIDE LASERS, Science, 177 (1972) 347-+.

[35] F.J.M. Harren, F.G.C. Bijnen, J. Reuss, L. Voesenek, C. Blom, SENSITIVE
INTRACAVITY PHOTOACOUSTIC MEASUREMENTS WITH A CO2 WAVE-
GUIDE LASER, Applied Physics B-Photophysics and Laser Chemistry, 50 (1990) 137-
144.

[36] F.J.M. Harren, R. Berkelmans, K. Kuiper, S.T. Hekkert, P. Scheepers, R.
Dekhuijzen, P. Hollander, D.H. Parker, On-line laser photoacoustic detection of ethene in
exhaled air as biomarker of ultraviolet radiation damage of the human skin, Applied
Physics Letters, 74 (1999) 1761-1763.

[37] M.W. Sigrist, TRACE GAS MONITORING BY LASER-PHOTOACOUSTIC
SPECTROSCOPY, Infrared Physics & Technology, 36 (1995) 415-425.

[38] S. Schilt, L. Thevenaz, M. Nikles, L. Emmenegger, C. Huglin, Ammonia monitoring
at trace level using photoacoustic spectroscopy in industrial and environmental
applications, Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy, 60
(2004) 3259-3268.

[39] C.S. Yu, A.H. Kung, Grazing-incidence periodically poled LiNbO3 optical
parametric oscillator, Journal of the Optical Society of America B-Optical Physics, 16
(1999) 2233-2238.

[40] C. Fischer, R. Bartlome, M.W. Sigrist, The potential of mid-infrared photoacoustic
spectroscopy for the detection of various doping agents used by athletes, Applied Physics
B-Lasers and Optics, 85 (2006) 289-294.

[41] D. Costopoulos, A. Miklos, P. Hess, Detection of N20O by photoacoustic
spectroscopy with a compact, pulsed optical parametric oscillator, Applied Physics B-
Lasers and Optics, 75 (2002) 385-389.

[42] A.K.Y. Ngai, S.T. Persijn, G. Von Basum, F.J.M. Harren, Automatically tunable
continuous-wave optical parametric oscillator for high-resolution spectroscopy and
sensitive trace-gas detection, Applied Physics B-Lasers and Optics, 85 (2006) 173-180.
[43]1 M.G. da Silva, H. Vargas, A. Miklos, P. Hess, Photoacoustic detection of ozone
using a quantum cascade laser, Applied Physics B-Lasers and Optics, 78 (2004) 677-680.
[44] B.A. Paldus, T.G. Spence, R.N. Zare, J. Oomens, F.J.M. Harren, D.H. Parker, C.
Gmachl, F. Cappasso, D.L. Sivco, J.N. Baillargeon, A.L. Hutchinson, A.Y. Cho,
Photoacoustic spectroscopy using quantum-cascade lasers, Optics Letters, 24 (1999) 178-
180.

[45] A. Elia, F. Rizzi, C. Di Franco, P.M. Lugara, G. Scamarcio, Quantum cascade laser-
based photoacoustic spectroscopy of volatile chemicals: Application to
hexamethyldisilazane, Spectrochimica Acta Part a-Molecular and Biomolecular
Spectroscopy, 64 (2006) 426-429.

[46] A. Elia, P.M. Lugara, C. Giancaspro, Photoacoustic detection of nitric oxide by use
of a quantum-cascade laser, Optics Letters, 30 (2005) 988-990.

[47] D. Zeisel, H. Menzi, L. Ullrich, A precise and robust quartz sensor based on tuning
fork technology for (SF6)-gas density control, Sensors and Actuators a-Physical, 80
(2000) 233-236.

[48] A.A. Kosterev, Y.A. Bakhirkin, R.F. Curl, F.K. Tittel, Quartz-enhanced
photoacoustic spectroscopy, Optics Letters, 27 (2002) 1902-1904.

[49] A.A. Kosterev, F.K. Tittel, D.V. Serebryakov, A.L. Malinovsky, I.V. Morozov,
Applications of quartz tuning forks in spectroscopic gas sensing, Review of Scientific
Instruments, 76 (2005).

[507] J. Kauppinen, K. Wilcken, 1. Kauppinen, V. Koskinen, High sensitivity in gas
analysis with photoacoustic detection, Microchemical Journal, 76 (2004) 151-159.

32



[51] M.B. Pushkarsky, M.E. Webber, C.K.N. Patel, Ultra-sensitive ambient ammonia
detection using CO2-laser-based photoacoustic spectroscopy, Applied Physics B-Lasers
and Optics, 77 (2003) 381-385.

[52] A. Schmohl, A. Miklos, P. Hess, Detection of ammonia by photoacoustic
spectroscopy with semiconductor lasers, Applied Optics, 41 (2002) 1815-1823.

[53] M. Hammerich, A. Olafsson, J. Henningsen, PHOTOACOUSTIC STUDY OF
KINETIC COOLING, Chemical Physics, 163 (1992) 173-178.

[54] A. Veres, Z. Bozoki, A. Mohacsi, M. Szakall, G. Szabo, External cavity diode laser
based photoacoustic detection of CO(2) at 1.43 mu m: The effect of molecular relaxation,
Applied Spectroscopy, 57 (2003) 900-905.

[55] K. Wilcken, J. Kauppinen, Optimization of a Microphone for Photoacoustic
Spectroscopy, Applied Spectroscopy, 57 (2003) 1087-1092.

[56] T. Kuusela, J. Kauppinen, Photoacoustic gas analysis using interferometric
cantilever microphone, Appl Spectrosc Rev, 42 (2007) 443-474.

[57] V. Koskinen, J. Fonsen, K. Roth, J. Kauppinen, Progress in cantilever enhanced
photoacoustic spectroscopy, Vib. Spectrosc., 48 (2008) 16-21.

[58] V. Koskinen, J. Fonsen, J. Kauppinen, 1. Kauppinen, Extremely sensitive trace gas
analysis with modern photoacoustic spectroscopy, Vib. Spectrosc., 42 (2006) 239-242.
[59] P. Li, Z. You, T. Cui, Graphene cantilever beams for nano switches, Applied Physics
Letters, 101 (2012).

[60] Z. Zelinger, M. Sttizik, P. Kubat, S. Civis, E. Grigorova, R. Janeckova, O. Zavila, V.
Nevrly, L. Herecova, S. Bailleux, V. Horka, M. Ferus, J. Skiinsky, M. Kozubkova, S.
Drabkova, Z. Jatour, Dispersion of light and heavy pollutants in urban scale models: co 2
laser photoacoustic studies, Applied Spectroscopy, 63 (2009) 430-436.

[61] Z. Zelinger, M. Strizik, P. Kubat, K. Lang, K. Bezpalcova, Z. Janour, Model and real
pollutant dispersion: concentration studies by conventional analytics and by laser
spectrometry, Int. J. Environ. Anal. Chem., 86 (2006) 889-903.

[62] Z. Zelinger, M. Strizik, P. Kubat, Z. Janour, P. Berger, A. Cerny, P. Engst, Laser
remote sensing and photoacoustic spectrometry applied in air pollution investigation,
Optics and Lasers in Engineering, 42 (2004) 403-412.

[63] Z. Zelinger, P. Janda, J. Suchanek, M. Dostal, P. Kubat, V. Nevrly, P. Bitala, S.
Civis, Silicon micro-levers and a multilayer graphene membrane studied via laser
photoacoustic detection, Journal of Sensors and Sensor Systems, 4 (2015) 103-109.

[64] J.S. Li, W. Chen, H. Fischer, Quantum Cascade Laser Spectrometry Techniques: A
New Trend in Atmospheric Chemistry, Appl Spectrosc Rev, 48 (2013) 523-559.

[65] A. Kosterev, G. Wysocki, Y. Bakhirkin, S. So, R. Lewicki, M. Fraser, F. Tittel, R.F.
Curl, Application of quantum cascade lasers to trace gas analysis, 90 (2008) 165-176.
[66] T.G. Karl, T.J. Christian, R.J. Yokelson, P. Artaxo, W.M. Hao, A. Guenther, The
Tropical Forest and Fire Emissions Experiment: method evaluation of volatile organic
compound emissions measured by PTR-MS, FTIR, and GC from tropical biomass
burning, Atmospheric Chemistry and Physics, 7 (2007) 5883-5897.

[67] A. Miklos, P. Hess, Z. Bozoki, Application of acoustic resonators in photoacoustic
trace gas analysis and metrology, Review of Scientific Instruments, 72 (2001) 1937-1955.
[68] G.L. Long, J.D. Winefordner, Limit of detection. A closer look at the [TUPAC
definition, Analytical Chemistry, 55 (1983) 712A--724A.

[69] K. Dryahina, V. Pospisilova, K. Sovova, V. Shestivska, J. Kubista, A. Spesyvyi, F.
Pehal, J. Turzikova, J. Votruba, P. Spanel, Exhaled breath concentrations of acetic acid
vapour in gastro-esophageal reflux disease, Journal of Breath Research, 8 (2014).

[70] P. Spanel, K. Dryahina, A. Rejskova, T.W.E. Chippendale, D. Smith, Breath acetone

33



concentration; biological variability and the influence of diet, Physiological
Measurement, 32 (2011) N23-N31.

[71] T.E. Graedel, P.J. Crutzen, THE CHANGING ATMOSPHERE, Scientific
American, 261 (1989) 28-36.

[72] Klein V., Werner Ch., Fernmessung von Luftverunreinigungen mit Lasern und
anderen spektroskopischen Verfahren, Springer-Verlag, Berlin, 1993.

[73] Svanberg S., Differential Absorption Lidar (DIAL) in: SIGRIST M.W. (Ed.) Air
Monitoring by Spectroscopic Techniques, John Wiley & Sons, New York, 1994, pp. 85-
161.

[74] M. Strizik, Z. Zelinger, P. Kubat, S. Civis, 1. Bestova, V. Nevrly, P. Kaderabek, J.
Cadil, P. Berger, A. Cerny, P. Engst, Influence of photochemical processes on traffic-
related airborne pollutants in urban street canyon, Journal of Atmospheric and Solar-
Terrestrial Physics, 147 (2016) 1-10.

[75] Z. Zelinger, M. Stiizik, P. Kubat, S. Civis, E. Grigorova, R. Janeckova, O. Zavila, V.
Nevrly, L. Herecova, S. Bailleux, V. Horka, M. Ferus, J. Skiinsky, M. Kozubkova, S.
Drabkova, Z. Janour, Dispersion of Light and Heavy Pollutants in Urban Scale Models:
CO 2 Laser Photoacoustic Studies, Applied Spectroscopy, 63 (2009) 430-436.

[76] Z. Zelinger, M. Sttizik, P. Kubat, Z. Janour, P. Berger, A. Cemy, P. Engst, Laser
remote sensing and photoacoustic spectrometry applied in air pollution investigation,
Optics and Lasers in Engineering, 42 (2004) 403-412.

[77] Sttizik M., Zelinger Z., Sivakumar V., Engst P., LIDAR for ground- and airborne
trace gas detection, in: M. Lackner (Ed.) Lasers in Chemistry, Wiley-VCH, Weinheim,
2008, pp. 131-171.

[78] M. Strizik, Z. Zelinger, V. Nevrly, P. Kubat, P. Berger, A. Cerny, P. Engst, P. Bitala,
R. Janeckova, E. Grigorova, 1. Bestova, J. Cadil, P. Danihelka, P. Kaderabek, M.
Kozubkova, S. Drabkova, D. Hartman, M. Bojko, O. Zavila, CFD modelling for
atmospheric pollutants/aerosols studies within the complex terrains of urban areas and
industrial sites, International Journal of Environment and Pollution, 54 (2014) 73-90.
[79] R. Siegel, J.R. Howell, Thermal radiation heat transfer (3rd revised and enlarged
edition), NASA STI/Recon Technical Report A, 93 (1992) 17522.

[80] Fiocco G., Lidar studies of aerosol studies: An outline in: Vincent R. A. (Ed.) MAP
Handbook, , 1984, pp. 56-59.

[81] J. Fenger, Air pollution in the last 50 years - From local to global, Atmos. Environ.,
43 (2009) 13-22.

[82] W.J. Gauderman, E. Avol, F. Gilliland, H. Vora, D. Thomas, K. Berhane, R.
McConnell, N. Kuenzli, F. Lurmann, E. Rappaport, H. Margolis, D. Bates, J. Peters, The
effect of air pollution on lung development from 10 to 18 years of age, New England
Journal of Medicine, 351 (2004) 1057-1067.

[83] M. Riediker, R. Williams, R. Devlin, T. Griggs, P. Bromberg, Exposure to
particulate matter, volatile organic compounds, and other air pollutants inside patrol cars,
Environmental Science and Technology, 37 (2003) 2084-2093.

[84] A.G. Triantafyllou, S. Zoras, V. Evagelopoulos, S. Garas, C. Diamantopoulos, Doas
measurements above an urban street canyon in a medium sized city, Global Nest Journal,
10 (2008) 161-168.

[85] C. Weitkamp, Lidar: Range-Resolved Optical Remote Sensing of the Atmosphere in:
C. Weitkamp (Ed.) Springer Series in Optical Sciences, Springer 2005.

[86] Fredriksson K., , in: Measures R.M. (Ed.) Laser Remote Chemical Analysis Wiley
Interscience, New York, USA, 1988, pp. 273-331.

[87] O. Hertel, F. De Leeuw, O. Raaschou-Nielsen, S.S. Jensen, D. Gee, O. Herbarth, S.

34



Pryor, F. Palmgren, E. Olsen, Human exposure to outdoor air pollution (IUPAC technical
report), Pure and Applied Chemistry, 73 (2001) 933-958.

[88] H. Kazmarova, B. Kotlik, M. MikeSova, V. Vrbikova, HEALTH RISKS OF AIR
POLLUTION, in: V. Puklova (Ed.) Environmental Health Monitoring System in the
Czech Republic, National Institute of Public Health, Prague, 2015, pp. Summary Report,
2014.

[89] J.H. Seinfeld, Climate change, Rev. Chem. Eng., 24 (2008) 1-65.

[90] R. Berkowicz, OSPM - A Parameterised Street Pollution Model, Environmental
Monitoring and Assessment, 65 (2000) 323-331.

[91] R. Berkowicz, M. Ketzel, S.S. Jensen, M. Hvidberg, O. Raaschou-Nielsen,
Evaluation and application of OSPM for traffic pollution assessment for a large number
of street locations, Environ. Model. Softw., 23 (2008) 296-303.

[92] O. Hertel, R. Berkowicz, S. Larssen, The Operational Street Pollution Model
(OSPM), Air pollution modeling and its application VIII, (1991) 741-750.

[93] J.H. Seinfeld, S.N. Pandis, Atmospheric Chemistry and Physics, From Air Pollution
to Climate Change 1 st ed., Wiley-Interscience, New York 1997.

[94] DERWENT R.G., HERTEL O., Transformation of Air Pollutants, in: J. Fenger, O.
Hertel, F. Palmgren (Eds.) Urban Air Pollution — Europian Aspects, Kluwer Academic
Publishers, London, 1998, pp. 137 — 159

[95] D.H. Ehhalt, Photooxidation of trace gases in the troposphere, Physical Chemistry
Chemical Physics, 1 (1999) 5401-5408.

LIST OF ABBREVIATIONS

MW - MicroWave

IR - InfraRed

LIDAR - LiIght Detection And Ranging

DIAL - DIfferential Absorption Lidar

QC - Quantum Cascade

HITRAN - HIgh Resolution TRANsmission molecular absorption database
SODAR - SOnic Detection And Ranging

FTIR - Fourier-Transform InfraRed

MIR - Mid-InfraRed

QCLs - Quantum Cascade Lasers

UV — UltraViolet

WMS - Wavelength-Modulation Spectroscopy

FMS - Frequency-Modulation Spectroscopy

CRDS - Cavity RingDown Spectroscopy

ICLAS - IntraCavity Laser Absorption Spectroscopy
NIR - Near-InfraRed

DEFB - Distributed-FeedBack

ECDL - External Cavity Diode Laser

OPOs - Optical Parametric Oscillators

CW - Continuous Wave

QTFs - Quartz Tuning Forks

QEPAS - Quartz-Enhanced PhotoAcoustic Spectroscopy
NNEA - Normalized Noise Equivalent Absorption
PAS - PhotoAcoustic Spectroscopy
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AFM - Atomic Force Microscopy

MLG — Multi-Layer Graphene

SLG - Single-Layer Graphene

HITEMP — HIgh-TEMPerature molecular spectroscopic database
TDLAS - Tunable Diode Laser Absorption Spectroscopy
MEMS - MicroElectroMechanical System

HOPG - Highly Ordered Pyrolytic Graphite

UHYV - UltraHigh Vacuum

RADAR - RAdio Detection And Ranging

YAG - Yttrium Aluminium Garnet

DASE - Differential Absorption Scattering Energy

BBO - Barium-B-BOrate

QSSA - Quasi-Steady State Assumption

ODEs - Ordinary Differential Equations

LT - Local Time
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