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Abstract

Trace molecule sensing is an important field of current research for atmospheric-
monitoring, biomedical-diagnosis and fundamental-spectroscopic analysis. High-
sensitive spectroscopic techniques with proper resolution is necessary to detect these
trace molecules precisely at ultra-low concentrations. We have developed,
implemented and utilized high-sensitive cavity-enhanced absorption spectroscopy
(CEAS) technique coupled with coherent and incoherent optical sources to study the
fundamental-spectroscopic properties, isotopic-exchange and detect various trace
molecules in gas-phase.

In this thesis, we have studied the A-type and I-type doublet feature in diatomic and
linear-polyatomic ~ molecule, respectively. = High-resolution  spectroscopic
measurements of rotationally-resolved spectral-doublets were carried out by cavity
ring-down spectroscopy (CRDS) coupled with a continuous-wave external-cavity
quantum cascade laser (cw-EC-QCL). Several spectroscopic features have been
explored that are influenced by the I-type doubling of the fine-structure lines of the
site-specific beta-isotopomer of nitrous-oxide (N20), corresponding to (1110)<«—(0110)
and (1220)«—(0220) transition in the 7.8 pm mid-IR-region. We have studied the
rotationally-resolved e- and f-components of the A-doublet splittings in the (?]]1/2-
2[11/2) and (][ [3/2-%]]3/2) allowed sub-bands of the v=1<-0 fundamental vibrational-
band of nitric-oxide (NO) molecule near mid-IR-region (5.2 pm). Several
spectroscopic-parameters were determined for these doublet-spectral transitions.
Further, we have exploited CEAS technique to develop a simple and cost-effective
optical detection method for high-sensitive and selective real-time measurement of
nitrogen-dioxide (NO2) levels using a diode laser operating at 406 nm. We have
detected the NO: levels in different exhaust-gases employing this developed-setup.
Next, we provided the direct experimental evidence of 1°O- and 180-oxygen isotope-
exchange between CO; and NO:; which are simultaneously emitted into the
atmosphere from common sources. A combined near-infrared and UV-Vis optical
cavity-enhanced experimental investigations along with quantum-chemical
calculations followed by reaction modelling study revealed that CO2 and NO: can
communicate isotopically by near-ultraviolet-driven NO> photolysis.

Finally, we reported the development of an optical system based on the incoherent
broadband cavity-enhanced absorption spectroscopy coupled with LED source
operating at 450 nm for the precise detection of diacetyl molecule in gas-phase. The
sensor system was utilized for the detection of diacetyl concentration in different
curd sample and beer. Thus, we developed and utilized different CEAS techniques
and implemented them for varied perspective of studies.
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Chapter: 1

Trace molecule sensing: why it is so important?

1.1 Introduction

Trace gases are gases found in limited quantities in a specific environment, like the
atmosphere of a planet. Nitrogen gas (78.1 %) is the primary constituent of our
earth’s atmosphere followed by oxygen gas (20.9 %), argon an inert gas (0.9 %) and
remaining 0.1 % is the trace gas [1-3]. Irony is the even though trace gases are found
in small amounts in our atmosphere but they are playing a significant roles in
various atmospheric phenomenon. So, several researchers are motivated to study
theses trace gas molecules to understand missing links still now. Trace gases in
atmosphere are composed of numerous inorganic and organic molecules such as
methane (CHa), carbon dioxide (COy), acetylene (C2Hbz), ozone (Os), sulphur dioxide
(SO2), nitrous oxide (N20), hydrogen sulphide (H>S), and oxides of nitrogen (NOx).
In spite of their low concentration compared to the whole atmosphere, the balance in
their concentration is highly necessary to maintain the atmospheric stability.
However, human activities such as the industrial revolution, deforestation, fossils
fuels burning and accumulation of waste products in a random manner accelerate
the enhancement of the concentration of those trace constituents during the last two
centuries rapidly. Further, the exact trace gas concentrations vary from region to
region depending on their sources of origin like anthropogenic or biogenic (emission
from different natural phenomenon) sources [4,5]. Even many trace molecules and
radicals have immense astrophysical significance and their study leads to reveal
various interesting processes in interstellar space.

Atmosphere of the earth is a complex mixture of various trace gases, and their
measurements play a significant role in chemical and climatic models. Recent
advancements in atmospheric science have largely depend on data collected from

the atmosphere, especially in understanding how the sun interacts with the



atmospheric constituents, resulting in chemical and radiative changes which in turn
have impact on the environmental and climatic change. When it comes to
technology, there was a substantial progress in measuring various atmospheric trace
components, both through in situ (on-site) and remote sensing techniques,
particularly in the lower atmosphere. Trace gases are crucial in understanding
climate change and various environmental challenges. Recent developments in both
in situ and remote sensing instruments have provided researchers with the
capability to study atmospheric processes in intricate detail [6,7].

Detecting trace gases and pollutants in the environment is crucial for ensuring a safe
workplace and a healthy surrounding. Furthermore, modern technology demands
sensors that are highly portable and possess exceptional detection limits, sensitivity,
and selectivity. Gas sensors have come a long way since their traditional use in coal
mines, like the Davy lamp in 1816, and are now applied in numerous fields such as
controlling outdoor and indoor air quality, industry, upper atmosphere research,
security, and detecting volatile organic compounds (VOCs), among other
applications [8]. In today's context, state-of-the-art gas sensors must be responsive,
safe, easy to operate, portable, cost-effective, and highly selective, capable of
identifying target gases even at very low concentrations, measured in parts per
billion to million by volume (ppb to ppm), even when surrounded by complex and
unknown gas mixtures [9]. Additionally, modern applications require gas sensors to
be portable and compatible with the Internet of Things (IoT), making them suitable
for both industrial and household use. The performance of a gas sensor is assessed
depending on several factors or figures of merit, including sensitivity, selectivity,
response time, energy efficiency, reversibility, gas absorption capacity, and
manufacturing cost. The choice of analytical techniques is critical in enhancing a
sensor's selectivity, particularly when identifying specific gases at low
concentrations in diverse environments. Gas sensors must also meet the criteria of
stability and reproducibility, which can be affected by factors like design flaws,
structural changes, the introduction of foreign contaminants over time, chemical
reactions with gases, and alterations in the surrounding conditions. However, while

significant efforts have been made to improve the sensitivity of trace gas sensors,
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research should focus on enhancing their selectivity, ensuring they have minimal or

zero cross-sensitivity to other gases present in the working environment.

1.2 Why trace gas sensing is necessary?

1.2.1 Environmental monitoring

Monitoring trace gases helps in controlling and improving air quality, which directly
impacts human health. Elevated levels of certain trace gases, like carbon monoxide
(CO) and nitrogen dioxide (NO3), can lead to serious health issues like respiratory
problems and others. Trace gases such as nitrous oxide (N20), methane (CH4), and
carbon dioxide (COz) are greenhouse gases. Detecting their levels is essential for
understanding and mitigating climate change. They are the crucial components
causing global warming by trapping heat inside the earth's atmosphere. Measuring
trace gases concentration can provide early warnings of environmental hazards. For
example, detecting the presence of hydrogen sulphide (H2S) can prevent accidents
and maintain workers' safety in industrial area. Trace gas monitoring is fundamental
scientific research area, enabling a better understanding of natural processes,
environmental changes, and their consequences. The typical concentrations of some

trace gases and their atmospheric importance are depicted in Table 1.1.

Table 1.1: Trace gases concentration and their atmospheric importance. [10-22]

Concentrations
Trace gas Importance
ppbv (10°)
Greenhouse gas, causes ozone layer
Nitrous oxide (N20) 300-340 depletion, released from anthropogenic
and natural sources.
Regulates atmospheric chemistry and
Nitrogen dioxide (NO») 0.01 - 200
affect ozone concentrations.
Plays a vital role in atmospheric

Nitric oxide (NO) 10-50 chemistry as well as acts as biological

biomarker.




Greenhouse gas, emitted from fossils
Methane (CHy) 1500 - 2000
fuels.
Act as gas fuel for welding and cutting
Acetylene (C2H>) 05-3
process.
Essential for life on earth, primary
Carbon dioxide (CO») 350 - 400
Greenhouse gas.
Toxic gas produced from combustion of
Carbon monoxide (CO) 80 - 100
fossil fuels and biomass.
Ammonia (NHs3) 0.01 -50 Produced from fertilizer use.
Acts as mediator of many physiological
Hydrogen Sulfide (H2S) 0.11-0.33
processes.

1.2.2 Biomedical diagnosis

Trace gas analysis has gained significant importance in biomedical diagnosis. Trace
gases monitoring can help in the early detection and diagnosis of several diseases.
Typically the human exhaled air contains nearly 2000 trace constituents, out of
which most of them are volatile organic compounds (VOC’s). For instance, the
presence of specific volatile organic compounds (VOCs) in a person's breath can
indicate the presence of certain diseases. Trace gas detection in human breath can
provide a non-invasive and continuous way to monitor an individual's health
condition. Breath analysis can be used to track the patients’ health condition
suffering with chronic diseases like asthma or chronic obstructive pulmonary
disease (COPD). It offers a non-invasive alternative to traditional diagnostic methods
which are really painful, reducing patient discomfort and the need for invasive
procedures. Monitoring trace gases is crucial for research in areas like drug
development, pharmacology, and physiology, enabling a better understanding of
metabolic processes and disease mechanisms. Advances in trace gas monitoring

technology have led to the development of portable, wearable, and point-of-care




devices, making health monitoring more accessible and convenient. Table 1.2

comprises of trace molecules in exhaled breath and diseases associated with it.

Table 1.2: Trace gases concentration in human breath and linked diseases. [23-36]

Concentrations in
Trace gas Diseases/ Conditions
exhaled breath
Nitrification and denitrication
Nitrous oxide (N20) 250-350 ppbv
process in human body
Nitric oxide (NO) 5-60 ppbv Cystic fibrosis, Asthma
Ammonia (NHs3) 0.05-2 ppmv Liver cirrhosis, Kidney diseases
Hydrogen sulfide (H2S) 0.2-2 ppmv Halitosis, Airway diseases
Carbon dioxide (COy) 359 Diabetes mellitus, H. Pylori
and its isotopes infection in stomach
Intestinal diseases, Fermentation by
Methane (12CHy) 2-10 ppmv
gut microbes

1.2.3 Isotopic analysis

Trace gas monitoring allows for the identification and measurement of specific
isotopes in a sample. This is crucial in various fields, including geology,
environmental science, and nuclear physics. In archaeology and geology, trace gas
monitoring is essential for radiocarbon dating. By measuring the trace amounts of
radioactive carbon-14 (14C) in a sample, researchers can estimate the age of organic
materials. Trace gas monitoring is used to trace the reaction pathways and sources of
isotopes in the environment. This is valuable for understanding processes like
groundwater flow, pollutant transport, and nutrient cycling. Isotope analysis of trace
gases, such as carbon dioxide (1°O12C10O, 16012C180O, 16013C160), methane (12CHy,
13CHy4, 12CHsD, 12CHzD»), nitrous oxide (#N14N16O, 15NMN1Q, 14N1BN16Q) and water
vapour (H20O, BOH!O, VOH'*O, HDO, D:0), provides insights into paleoclimatic




informations, helping scientists reconstruct climatic history and study climatic
changes [37-42]. In the food and beverage industry, trace gas monitoring is
employed to detect isotopic fraud, ensuring product quality and authenticity, such
as verifying the origin of wines or the authenticity of organic products. Isotope
analysis of trace gases like water vapour provides insights into the sources of water
in hydrological systems hence helping manage water resources and assess
groundwater contamination. Many industrial processes require precise control of
trace gases and chemicals. Sensors that can detect and monitor trace molecules are
crucial for quality control, safety, and process optimization in industries like

manufacturing, petrochemicals, and semiconductor fabrication.

1.3 Detection methods of trace gas molecules

As trace gases are available in very low concentrations in the order of parts per
billion by volume (ppbv) to parts per trillion by volume (pptv). Therefore, high
sensitive and highly selective detection methods are essential to detect those
molecules in trace levels. So, over the decades several spectroscopic [43-46] and non-
spectroscopic [47,48] techniques have been developed coupled with different
coherent and incoherent optical light sources. In this thesis we will find the
utilization of high-resolution and ultra-sensitive spectroscopic method for the
fundamental spectroscopic study of I-type doublet [37,49] in site-specific nitrous
oxide molecule and A-type doublet [50] in nitric oxide molecule. Development of
coherent and incoherent optical source based cavity enhanced absorption
spectroscopy (CEAS) technique for the detection of inorganic and organic
compounds [51]. Further, the isotopic exchange study between carbon dioxide and
nitrogen dioxide molecule to find how these isotopes communicating among them

isotopically has been discussed in this thesis.
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Chapter: 2

Coherent and incoherent optical sources

2.1 Introduction

Light is an essential part of live. We know light is an electromagnetic wave which is
a fundamental entity in the field of photonics [1,2]. It can be classified on the basis of
frequencies, wavelength, and intensity. Photons constitute light waves, which
exhibit distinct attributes such as phase, amplitude, frequency, and period. [3-5].
When it comes to optical light sources, they can be broadly categorized into two
types: coherent and incoherent. These classifications are based on the behaviour of
the light waves they emit, particularly in terms of their phase relationship [6-9].
Understanding the differences between these two types of light sources is very
crucial for various applications in optics like laser technology, spectroscopy, imaging

and communication.

2.2 Coherent light source

Coherent light sources are characterized by the emission of light waves with a well-
defined phase relationship. In other words, the peaks and troughs of the individual
waves are synchronized, maintaining a constant phase difference between them.
This coherence is a result of the underlying physics of the light generation process.
Important features of light emitted from these coherent sources are as follows:
Coherent light sources emit light at a specific well-defined frequency. This
monochromatic property is one of the defining characteristics of coherent light.
Coherent light sources produce highly directional beams of light. When two
coherent light beams of the same frequency intersect, they can produce interference
patterns, which can be observed as alternating regions of constructive and
destructive interference. This property is often exploited in applications like

interferometry and holography. Coherent light sources exhibit both temporal and
13



spatial coherence. Temporal coherence refers to the synchronization of waves at
different points in same time, while spatial coherence pertains to the synchronization
of waves at different points in space. Few examples of coherent optical sources are

He-Ne laser, diode laser, quantum cascade laser (QCL) etc.

2.2.1 Diode Laser

Diode laser is specifically fabricated p-n junction diode which emits laser light when
subjected to forward bias [10-16]. In a forward-biased state, this diode enables the
movement of electrons from the n-region and holes from the p-region across the
junction, leading to their recombination. During the recombination process, photons
of light are released from certain direct band gap semiconductors, such as Ga-As.
This released light is known as recombination radiation. The emitted photons,
during recombination, stimulate other electrons and holes to recombine as well. This
results in stimulated emission, which is responsible for lasing action. The application
of a substantial forward bias voltage to the PN junction results in the injection of a
significant concentration of electrons and holes into the junction region. Near the
junction, a notable population of electrons resides in the conduction band,
accompanied by a substantial number of holes in the valence band. When the
population density becomes high, it leads to a state of population inversion. In this
condition, electrons and holes readily recombine, producing radiation in the form of
light. With an increase in the forward-biased voltage gradually, more light photons
are emitted, intensifying the light coming out of the diode laser. These photons, in
turn, initiate a chain reaction of stimulated recombination, resulting in the emission
of coherent photons. In this thesis we have utilized diode laser operating at 406 nm

wavelength region for the trace detection of nitrogen dioxide molecule.

2.2.2 Quantum cascade laser

The fundamental principle behind LASER (Light Amplification by Stimulated
Emission of Radiation) is rooted in the concept of stimulated emission of photons,
leading to the generation of coherent radiation. Laser radiation demonstrates

exceptional temporal and spatial coherence, as well as high spectral power densities,
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offering significant advantages in a wide range of spectroscopic techniques.
However, a crucial requirement for achieving lasing action is the establishment of
population inversion within the electronic states of the active medium, coupled with
effective optical feedback provided by a resonator. Conventional semiconductor
lasers adhere to this principle by producing wavelength-dependent radiation
through inter-band transitions, which involve radiative recombination between
electrons in the conduction band and holes in the valence band. Different materials
possess distinct bandgap energies, resulting in varied emission wavelengths.
Conversely, in the case of Quantum Cascade Lasers (QCLs), emission is
accomplished by harnessing intersubband transitions of a single type of charge
carrier, which is an electron [17-23]. Therefore, QCLs are referred to as unipolar laser
sources, and their lasing principle significantly deviates from conventional bipolar
semiconductor lasers.

QCLs differ from diode lasers both in terms of their structure and mechanism. Diode
lasers rely on the interband transition of electrons to produce photons, while QCLs
exploit intersubband transitions in thin semiconductor layers. The fundamental
mechanism of photon generation in a QCL involves arrangement of alternating thin
semiconductor layers acting as quantum wells. When an appropriate electric field
bias is applied, electron transitions occur between these subbands, resulting in the
emission of photons. Subsequently, electrons tunnel through barriers to reach other
subbands, undergoing further transitions, and generating additional photons. This
process continues, creating a cascade of photon output. One of the notable
advantages of QCLs is their capacity to produce different output wavelengths by
varying the thickness of semiconductor layers. Consequently, the same
semiconductor materials can yield different wavelengths by simply adjusting the
thickness of these layers.

Some important features of QCL are wide tuning range, can operate at room
temperature and have impressively high output power. It has extremely narrow line
width and provides access to mid-IR figure print region. This recent advancement of
QCL enabled the researcher to couple this QCL with different techniques to pursue

high-resolution spectroscopic study of various trace gas molecules. In this thesis, we
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have coupled high-resolution cavity ring-down spectroscopy (CRDS) with QCL to
explore the fundamental spectroscopic parameters of site specific nitrous oxide

isotope.

2.3 Incoherent light source

Incoherent light sources, in contrast, emit light waves with random or uncorrelated
phases. The individual waves lack synchronization in the alignment of their peaks
and troughs, and there is no consistent phase relationship between them. This
incoherence is a characteristic of many common light sources. Some characteristics of
this incoherent light source are as follows: Light emitted from incoherent sources
spans a spectrum of frequencies. They are not limited to a single wavelength,
making them suitable for various applications where a broad spectrum of light is
needed. Incoherent light sources emit light in multiple directions. There is no well-
defined direction for the emitted light, making it suitable for illumination purposes.
When two incoherent light beams intersect, they do not produce well-defined
interference patterns. The random phase relationship results in a lack of coherent
interference effects. Incoherent sources may exhibit partial spatial and temporal
coherence, but these characteristics are not as pronounced as in coherent sources.
Natural sun light, LED, tungsten filament, light bulb etc. are some examples of

incoherent light source.

2.3.1 Light-Emitting Diodes

Light-Emitting Diodes (LED) are electronic devices based on solid-state technology
that produce light upon the passage of an electric current [24-29]. They are widely
used for various applications, including displays, indicators, lighting, and optical
communication. The operation of LEDs is based on a fundamental principle known
as electroluminescence. LEDs are typically constructed using semiconductor
materials. The most common semiconductor materials used in LEDs are gallium
arsenide (GaAs), gallium nitride (GaN), and others. The wavelength or color, of the
emitted light is dictated by the choice of material. Within an LED, there exists a p-n

junction characterized by an abundance of holes in the p region and an excess of
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electrons introduced through doping in the n region. Applying a forward bias voltage
across the p-n junction, with the p-side connected to the positive terminal and the n-side to
the negative terminal of a power supply, results in the injection of electrons from the n-side
into the p-side. Subsequently, these electrons combine with the available holes in the p-side.
The process of recombination liberates energy in the form of photons, manifesting as
light emission. The energy emitted by photons is determined by the energy band gap
of the semiconductor material. The energy associated with the emitted photons
corresponds to the difference in energy levels between electrons in the conduction
band and holes in the valence band. This is responsible for the specific color of light
produced. The semiconductor material properties dictate the wavelength of the
emitted light, which can cover a wide spectrum, from ultraviolet (UV) to infrared
(IR). LEDs are highly efficient light sources because nearly all of the input electrical
energy is converted into light. In this thesis, we have developed a cavity enhanced
absorption spectroscopy (CEAS) setup using an incoherent LED light source for the

trace detection of organic molecule.
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Chapter: 3

Fundamental aspects of spectroscopy

3.1 Introduction

Spectroscopy is an efficient scientific technique that allows us to study the
interaction of matter with electromagnetic radiation. It encompasses a wide range of
methods for studying the interaction of light with matter, offering valuable insights
into the composition, structure, and behaviour of atoms, molecules, and materials.
Fundamental spectroscopy [1-4] serves as the foundational framework upon which
the diverse branches of spectroscopic analysis are developed. Extending across a
broad spectrum, electromagnetic radiation encompasses radio waves characterized
by long wavelengths to gamma rays with exceedingly short wavelengths.
Spectroscopy involves the study of how matter interacts with this entire spectrum,
but it most commonly focuses on regions such as the visible, ultraviolet, infrared,
and microwave. When matter interacts with electromagnetic radiation, it can either
absorb or emit energy. Absorption occurs when a material absorbs specific
wavelengths of light, leading to the excitation of its electrons or other energy
transitions. Emission, on the other hand, results in the release of energy in the form
of light as electrons transition back to lower energy states. This emission can be of
two types spontaneous and stimulated. In atoms and molecules, electrons exist in
discrete energy levels or orbitals. Spectroscopy is concerned with transitions
between these energy levels. For example, electronic transitions involve changes in
the energy levels of electrons, leading to absorption or emission of light in the UV
and visible regions. Spectroscopy deals with the measurement of the wavelength (\)
and frequency (v) of electromagnetic radiation. These two properties are inversely
related through the speed of light (c) as Av = c. Wavelength determines the color or
type of radiation, while frequency relates to its energy. Spectroscopic techniques

often result in the generation of spectral lines or bands. These are specific, discrete
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lines in a spectrum that correspond to the wavelengths of absorbed or emitted light.
Spectral lines are characteristic of the material and transitions involved, making
them valuable for identifying substances. Spectroscopy encompasses various
techniques, each tailored to investigate specific properties of matter. Common types
include X-ray spectroscopy, Nuclear Magnetic Resonance (NMR) spectroscopy, UV-
Visible spectroscopy, and Infrared spectroscopy, among others [5-9]. Absorption
spectroscopy employs the Beer-Lambert law, establishing a connection between the
concentration of an absorbing substance, the path length of the sample, and the
material's absorbance. This relationship is fundamental for quantitative analysis.
Spectroscopy finds applications in various fields, including chemistry, physics,
astronomy, biology, environmental science, and materials science. It is used for
identifying substances, quantifying their concentrations, probing molecular
structures, and monitoring chemical reactions.

This thesis is focused on the implementations and development of spectroscopic
techniques for trace gas sensing in vehicular exhaust and kinetic study. This thesis
contains a range of spectroscopic techniques, including mid-infrared quantum cascade
lasers, diode lasers, and light-emitting diodes (LEDs). Hence, the objective of this chapter
is to provide an introduction to infrared spectroscopy and explore various

spectroscopic approaches for monitoring trace gases.

3.2 Infrared absorption spectroscopy

In the infrared (IR) spectral region, molecules experience vibrational transitions,
giving rise to absorption spectra characterized by numerous closely spaced
components (usually < 10 cm™). These components originate from rotational
transitions linked to each vibrational excitation. Individual spectral line possesses a
specific linewidth and shape, influenced by the temperature and the molecular
environment. This section briefly discusses the spectroscopic transitions occurring in
the infrared fingerprint region between vibrational, rotational, and rotational-

vibrational (ro-vibrational) states.
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3.2.1 Vibrational spectroscopy

Molecular vibration is manifested when the atoms within a molecule undergo either
stretching or bending of bonds in response to exposure to electromagnetic (EM)
radiation. This displacement among the atoms results in a change in dipole moment,
facilitating transitions between quantized vibrational energy levels. Such vibrations
are considered IR-active. Significantly, IR-active transitions take place during
alterations in the dipole moment, whether along the symmetry axis or perpendicular
to it. This stands in contrast to molecules with a permanent dipole moment.
Therefore, heteronuclear diatomic molecules like NaCl, KBr, or OH exhibit
differences in atomic polarizabilities, leading to a non-zero permanent dipole
moment and its magnitude changes during bond stretching. In contrast,
homonuclear diatomic molecules such as H> and N2 are deemed infrared inactive
since there is no probability of change in the dipole moment to occure.

In the case of polyatomic molecules, the complexity increases, as the motion of
individual atoms can be analysed in terms of components along the three axes of a
Cartesian coordinate system. Consequently, a molecule comprising N atoms exhibits
a total of 3N degrees of freedom, covering vibrational, translational, and rotational
motions. For a polyatomic linear molecule containing N atoms, the degrees of
freedom can be represented by 3N-5 (or 3N-6 for a non-linear molecule), offering a
characterization of the molecule's vibrational modes. For example, nitrous oxide
(N20), having 3 atoms, comprises of degrees of freedom 3N-5 = 4 (being a linear
molecule), which means it has 4 normal modes of vibration as depicted in Figure 3.1.
Each vibrational mode quantum number is specified in normal mode notation; v
and vs represent the symmetric and asymmetric stretching, respectively. v2 represent
the doubly degenerate bending modes leading to 4 vibrational degrees of freedom in
total from 3 vibrational modes. All the three vibrational modes of nitrous oxide are

IR-active leading to IR absorption in the mid-IR region.
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Figure 3.1: Different vibrational modes of nitrous oxide molecule.

These vibrational modes can be defined as the combinational displacement of
individual atoms and can be assumed to behave as a simple harmonic oscillator
(SHO). The well-known Schroédinger equation can be employed to evaluate the
permitted vibrational energy levels E,. Solving the equation the quantised value of

energy is obtained as follows:
E,=(v+3)hv  v=01234..... (3.1)

where, h is Planck’s constant, v is the vibrational quantum number, v is the

oscillation frequency of the molecule and is given by:

Lk (3.2)

274l 1
where, k is the bond force constant and p is the reduced mass of the molecule.

This bond force constant is related to potential energy function which is parabolic in

nature.
V(r) = %kx2 (3.3)

x is defined as the difference between the internuclear and the equilibrium

separation of the bond.

X=r—r, (3.4)
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In spectroscopic units (cm) vibrational terms are expressed as;

Gw)=2=v+)7 (3.5)
7oL E (3.6)

The vibrational selection rule for a simple harmonic oscillator isAv = +1. The
derivation of this selection rule originates from the properties of the harmonic
oscillator wave function, and under this condition, the primary vibrational transition
(1 < 0) takes precedence. Two successive vibrational energy levels are separated by

E,«v+1 = hw and therefore adjacent levels are equally spaced.

In real situation the vibrating motion of the atoms are not exactly simple harmonic.
The motion becomes anharmonic and the restoring force is no more directly
proportional to the displacement of the atoms. Morse potential function is the

simplest representation of this anharmonic effect:
V(r) = De[1— e 2Te)]2 (3.7)
where, D, is the dissociation energy and a is a constant for a particular molecule.

In the presence of anharmonicity the available vibrational energy levels are

described by the following expression:
1 1.9
Ey=(v+3)hv— @ +D)xchv (3.8)

The parameter x, is called the anharmonicity constant. For an anharmonic oscillator

the selection rules are as follows:
Av = +1,+2,1+3,+4, ........

Due to the presence of anharmonicity vibrational energy level converges and this is
the cause for the appearance of weaker overtone transitions (2 < 0, 3 <~ 0, 4 < 0,
....... ) that are forbidden by the selection rule Av = 1. However, still now we have
considered that each vibration is independent and unaffected by others. When the

restriction to simple harmonic behaviour is lifted, then selection rules permit
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combination bands and overtone transitions. These arise when the two or more

fundamental or overtone transitions excite simultaneously.

3.2.2 Rotational spectroscopy

Inside each vibrational energy level, there are numerous closely spaced rotational
lines, forming a dense array. The stack of rotational lines is a result of the interaction
between the dipole moment of the rotating molecule and the oscillating electric field
of incident infrared light. Rotational transitions necessitate the existence of a
permanent electric dipole moment in the molecule, experiencing periodic changes as
the molecule rotates around its centre of gravity. Rotational spectroscopy provides
significant insights into a molecule's bond angle and bond length. This information
is extracted through pure rotational transitions observed in the electromagnetic
spectrum, specifically in the microwave region. The energy levels of rotational
motion for linear polyatomic molecules and spherical rotors, excluding centrifugal

distortion, are expressed as:
E,=BJ(J+1) (3.9)

Where, B = # , ] (=0,1,2,3....) is the angular momentum quantum number, B is

the rotational constant, which depends on the moment of inertia (I) with respect to a

particular axis.

The selection rule governing rotational transitions is expressed as A] = £1. Where
4] = +1 corresponds to the absorption of a photon and 4] = —1 corresponds to
emission of a photon. The rotational lines are equally spaced with adjacent rotational

levels are separated by 2B].

In a real scenario, when a molecule begins to rotate under the influence of
electromagnetic (EM) radiation, the interatomic distance within the molecule
increases due to centrifugal force. Consequently, the moment of inertia experiences

an increment, leading to a gradual reduction in the spacing between two consecutive
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rotational energy levels as the quantum number ] increases. Therefore, taking into
account the distortion effect the rotational energy can be expressed with centrifugal
distortion term D;J(J+ 1) ? in equation 3.10, where D; is the centrifugal distortion

constant.

E;=BJJ+1)—-DjJ(J + 1)2 (3.10)

3.2.3 Ro-vibrational spectroscopy

In the ro-vibrational spectroscopy the fine structure of the vibrational band are
analysed. This fine structure emerges from rotational transitions coupled with
vibrational excitations. In practical terms, a molecule can undergo multiple
vibrations within a single rotation period, given that the vibrational frequency
significantly surpasses the rotational frequency (typically by one to two orders of
magnitude). Utilizing the Born-Oppenheimer approximation, the ro-vibrational
energy can be represented as the sum of the distinct energies linked to vibrational
and rotational motions. Therefore, the ro-vibrational energy can be expresed,

ignoring centrifugal distortion and anharmonicity as follows:

Etotat = Evor + Evip (3.11)
1\ —
Ecorar = (v+3) 7+ BJ( +1) (3.12)

Ro-vibrational transition having the selection rules which is same for individual
component separately, i.e 4] = 1 and Av = £1. The difference in energy between a
rotational level within the first vibrational state (v =1, ]J') and a rotational level in the ground

vibrational state (v = 0, J") can be expressed through the following equations:

AE == El7=1,], - EU=0,]” (313)
AE =7+ 2hB(J"+ 1), for 4] = +1, J'=] +1 (3.14)
AE = 7—2hB(J" + 1), for 4] = —1,])7= ] +1 (3.15)

We can combine and write the above two equation as:
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AE =V + 2Bm m=+1,+2,4+3,+4 ....... (3.16)

In the combined ro-vibrational spectrum, the lines to the high frequency side of the
band centre are denoted as R-branch (4] = +1), whereas the lines to the low
frequency side of the band centre are signified as P-branch (4] = —1). Further, when
the angular momentum becomes perpendicular to the major axis of rotational
symmetry then ro-vibrational transition with A/ =0 is also allowed. Thus, this
selection rule results in the emergence of a Q-branch characterized by an energy

gap AE = v.

When the anharmonicity is taken into account the rotational constant B is no longer
considered to be the constant for different vibrational levels. Consequently, Born-
oppenheimar approximation regarding energy separation breaks down. Hence, the

rotational constant can be expressed as:
1
B,=B,—« (v + 5) (3.17)

Where, B,is the rotational constant for equilibrium bond length and a denotes the
vibrational-rotation coupling constant, which has a positive value for most of the

molecule.

For this situation considered above, the energy of the transition can be described by:
AE =0y + (By + By)m + (B; — By)m? (3.18)
Where, B;and B, indicate the upper and the lower rotational constant, respectively.

It is crucial to note that in the absence of anharmonicity effects, the spectra resulting
from ro-vibrational transitions exhibit symmetry about the origin, and the frequency
spacing between two rotational lines of a specific vibrational transition is precisely
2B. However, when anharmonicity is present, asymmetrical spectra emerge. In the
presence of anharmonicity, the R-branch lines draw closer with increasing quantum
number m, while the P-branch lines become more widely spaced with an increase in
the quantum number m. Figure 3.2 shows the HITRAN simulation of the ro-
vibrational absorption bands of nitrous oxide isotopes in mid-infrared region. It also

demonstrates the capability of ro-vibrational spectroscopy to distinguish between
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the isotopes of a molecule. HITRAN (high-resolution transmission) is a simulated

spectroscopic database of trace molecules in the atmosphere [10].

150 ,14,,16

o =22
« 7.0x10

4 — B-Nitrous oxide ( N N O)
6.0x107> o-Nitrous oxide (“N'"*N'°0)

5.0x1071
4.0x10%
3.0x10%

2.0x10%

= 1.0x107° i
00_' Al LA »

1200 1220 1240 1260 1280 13001320 1340
Wavenumber (cm )

Line intensity (cm“'/(molccu]c-cm

Figure 3.2: HITRAN simulated ro-vibrational transitions for alpha and beta nitrous oxide.

3.3 Spectral line width

The consistent presence of a definite width in spectral lines provides valuable
information about both the energy levels and the surrounding environment of the
specific molecule. The broadening of spectral lines is influenced by several factors,
and the extent to which these factors contribute to overall spectral broadening is
determined by the experimental conditions. Doppler broadening, arising from the
Doppler shift wherein the frequency of radiation undergoes changes as the source
moves either toward or away from the observer, constitutes a primary source of
spectral broadening. The observed spectral profile shows the Maxwell-Boltzmann
distribution of molecular velocities parallel to the line of sight. Doppler broadening
can be expressed as Gaussian line shape function with full-width half maximum

(FWHM):
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1
2vq 2KkT

Wi =22 (2L In2)? (3.19)

where, v, is the transition frequency, m is the mass of the molecule, c is the speed of
lightt k is the Boltzmann constant and T is the temperature.
The aforementioned expression leads to the conclusion that Doppler broadening
escalates with increasing sample temperature, as molecules exhibit a broader range
of speeds at higher temperatures. In contrast, lower temperatures result in narrower

spectral lines due to the constrained speed range of molecules.

Another source of spectral broadening originates from the lifetime of the transition
which is known as lifetime broadening. This can be explained by the very well-
known quantum mechanical effect i.e. Heisenberg uncertainty principle. In
accordance with this principle, if the lifetime of a system in a specific state is denoted

by 1, then the energy levels of that state will be uncertain by an extent of AE.

AE =

a1l

(3.20)

Since, no excited state possesses an infinite lifetime, spectral transition lines
consistently display a certain width. Even at low temperatures, residual broadening

persists due to this inherent characteristic.

Pressure deactivation and spontaneous emission are among the notable factors that
significantly influence the finite lifetime of a state. When pressures rise above 50-100
Torr, collisional deactivation becomes possible, resulting in pressure broadening.
This phenomenon results in line shapes characterized by Lorentzian profiles.
Collisions induce transient interactions among colliding molecules, perturbing their
energy levels and causing additional broadening and frequency shifts in spectral
lines. The rate of spontaneous emission depends on the transition frequency.
Hence, the 'natural width' of the spectral line is affected by the particular region of
the electromagnetic spectrum used for measurement. Lorentzian line shape profiles
emerge from the broadening caused by the matural' lifetime, contributing to the
overall width of the spectral lines. It is essential to emphasize that when the
broadening of an individual line profile is influenced by both Doppler and

Lorentzian broadening; fitting the spectral line appropriately requires a Voigt
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profile. This profile results from the convolution of a Gaussian line shape with a

Lorentzian line shape.

3.4 Overview of techniques for trace gas analysis

Over the past few years, laser-based trace gas sensing has garnered considerable
interest in various fields. This technique finds applications in various fields like
chemical analysis for industrial process control, pollution monitoring, medical
diagnostics through exhaled breath analysis, industrial emission measurement and
also contributing to advancements in homeland security. Across the decades, the
growing importance of identifying and quantifying individual trace molecules,
along with their stable isotopologues has prompted the development of various non-
spectroscopic and spectroscopic detection methods dedicated to monitoring trace

molecules.

A range of versatile spectroscopic methods is available for tracking the
concentrations and diverse spectroscopic properties of trace molecules. Cavity ring-
down spectroscopy (CRDS), Tunable diode laser absorption spectroscopy (TDLAS),
Wavelength modulation spectroscopy (WMS), Incoherent broadband cavity
enhanced spectroscopy (IBBCEAS), Differential optical absorption spectroscopy
(DOAS), Photo acoustic spectroscopy (PAS), and Fourier transform infrared
spectroscopy (FTIR) are widely wutilized spectroscopic techniques for the
measurements of various trace molecules. This section provides a concise overview

of the gas detection techniques mentioned above.

3.4.1 Tunable diode laser absorption spectroscopy

Tunable Diode Laser Absorption Spectroscopy (TDLAS) is one of the most common
spectroscopic technique for analyzing trace gas properties and constituents,

including concentration, temperature, pressure, and flow velocity. It was pioneered

in 1970 by E D Hinkley [11]. TDLAS measures the wavelength-dependent
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absorption of light as it passes through a sample medium. Utilizing a diode laser
with tunable-wavelength characteristics as the light source, this approach identifies
variations in light intensity when the laser wavelength aligns with an absorption line
of a gas species within the sample. For the sample containing extremely low
concentrations of probing gas the change in transmission intensity is very small and
becomes challenging to detect. To overcome this limitation, TDLAS sensitivity is
significantly augmented by modulating the current of the laser. This modulation,
affecting both wavelength and light intensity, allows for enhanced detection. The
absorption response information is retrieved by demodulating the signal from the
photodetector at both the modulating frequency and its second-order harmonic.
Consequently, TDLAS proves invaluable for high-sensitivity measurements, finding
applications in diverse fields such as industrial processes, environmental

monitoring, and scientific research [12-16].

3.4.2 Photo acoustic spectroscopy

Photo-acoustic spectroscopy (PAS) is another spectroscopic approach to capture
absorption spectra in gases and condensed media. In PAS, this is accomplished by
detecting acoustic vibrations induced in an analyzed sample through modulated
optical radiation. The technique hinges on converting the initial optically induced
excitation (rotational, vibrational, electronic, excitation of optical phonons, etc.) into
heat, leading to the thermal expansion of the irradiated volume. The resultant
pressure changes are then detected by a sound transducer. The roots of PAS can be
traced back to the works of A.G. Bell, though his initial intentions did not involve
applying optical sound generation for chemical analysis [17-18]. Instead, he
visualised its potential for free-space communication. In earlier studies of PAS, the
technique was termed 'opto-acoustic spectroscopy,’ while the term 'photo-acoustic'
was reserved for phenomena related to optically generated phonons in crystals.
Photo-acoustic (PA) detection finds application in analyzing various media,
including solids, liquids, biological tissues, and gases. Its versatility extends to tasks

such as identifying spot defects in optical materials, conducting microscopy on
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biological tissues, determining dye concentrations in the textile industry, and

analyzing trace gases [19-23].

3.4.3 Cavity ring-down spectroscopy

O’Keefe and Deacon introduced Cavity Ring-Down Spectroscopy (CRDS) in 1988,
which stands as a state-of-the-art, ultra-high sensitivity direct absorption technique
[24]. This method enables cavity-enhanced absorption measurements of weakly
absorbing species with extremely low concentrations. CRDS leverages the concept of
a stable optical resonator to achieve an effective optical path length of several
kilometers within a compact physical sample length. Furthermore, CRDS boasts
several distinct advantages over existing spectroscopic techniques: In CRDS, signal
detection occurs in the time domain, rendering the technique immune to intensity
fluctuations of the optical source; CRDS provides an effective absorption path length
of several kilometers through the sample; The technique ensures limiting sensitivity
in the orders of 1078 to 10710 cm™ with high temporal and spatial resolution; No
secondary calibration is required; This versatile technique is well-suited for detecting
gas-phase atoms, molecules, and radicals; The instrumentation associated with the

technique is compact and robust [25-29].

3.4.4 Incoherent broadband cavity enhanced spectroscopy

Introduced in 2003, the IBBCEAS technique is theoretically straightforward and
demonstrates exceptional sensitivity in trace gas detection [30]. In this approach, the
detection involves capturing the output light from a stable optical cavity, where the
input light is sourced from an incoherent broadband light source. In IBBCEAS, an
optical cavity formed by two highly reflective mirrors is coupled with a broadband
light beam. Subsequently, light escaped from the cavity undergoes dispersion
through a grating monochromator and is detected by a sensitive photodiode array or

a charge-coupled device (CCD) array. Gas species concentration levels are
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determined using a least-square algorithm commonly employed in Differential
Optical Absorption Spectroscopy (DOAS). IBBCEAS offers several advantages like:
its experimental setup is cost-effective, simple, and suitable for field measurements;
it does not require mode matching or mode-hop-free scanning, distinguishing it
from CEAS; IBBCEAS can be applied across a spectral range from ~190 nm
(ultraviolet) to ~10 pm (infrared); it allows the simultaneous measurement of
multiple gas species in a broad wavelength range. Consequently, IBBCEAS finds
wide applicability in various fields, including chemical analysis, gas sensing, water
and air quality monitoring, remote vegetation sensing, process control both in

existing and emerging domains [31-35].

3.4.5 Wavelength modulation spectroscopy

Molecules can absorb photons at specific wavelengths, inducing transitions from
lower to higher energy levels. The amount of absorbed light at a given wavelength is
proportionate to the fraction of molecules in the absorbing quantum state. Laser-
Absorption Spectroscopy (LAS) stands on this relationship, offering quantitative
measurements of gas temperature and composition. Wavelength-Modulation
Spectroscopy (WMS), a LAS technique, enhances measurements in challenging
environments. Professor Goldenstein has pioneered multiple WMS techniques,
adopted worldwide, with ongoing efforts to enhance measurement capabilities and
WMS-based diagnostics' quality [36-37]. The laser wavelength modulates at
frequency fm, embedding discrete frequencies in the detector signal while scanning
the laser's nominal wavelength across a molecule's absorption transition.
Modulation shifts absorption information to harmonics of fm, extractable via digital
lock-in filters in post-processing. Wavelength scanning allows measurement of WMS
signal spectra. These signals are then employed to calculate gas concentration using
calibration involved or calibration-free WMS models. WMS offers noise-rejection

advantages, crucial for investigating hostile combustion environments [38-43].
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3.4.6 Differential optical absorption spectroscopy

Differential Optical Absorption Spectroscopy (DOAS) was initially documented by
Platt et al. [44]. The DOAS method involves positioning the light source and receiver
several kilometers apart to utilize absorption spectroscopy for determining the
concentrations of a specific species. The extended path length contributes to
remarkable sensitivity. However, DOAS faces a limitation in spatial resolution, as it
evaluates the average concentration of the sample along the entire path length. To
address this limitation, Multi-Pass Optical Absorption Spectroscopy (MOAS)
enhances spatial resolution by utilizing a White cell or Herriott Cell, providing an
extended path length within a confined region. In DOAS, the direct measurement of
the light intensity I in the absence of the sample is not feasible. Hence, to ascertain
the sample concentration, a differential absorption cross-section is utilized.
Typically, the determination of this cross-section involves comparing the light
intensity received by the detector both when the molecular absorption feature is on
resonance and when it is off resonance. As a result, DOAS requires a reference
spectrum acquired in the laboratory, which can be adjusted to atmospheric spectra

to calculate the mixing ratio of the trace species [45-49].

3.4.7 Fourier transform infrared spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) is a prominent technique utilized
for obtaining the infrared spectrum of absorption or emission from solids, liquids, or
gases [50-51]. The FTIR spectrometer captures high-resolution spectral data
simultaneously across a broad spectral range, offering a significant advantage over
dispersive spectrometers that measure intensity within a narrow wavelength range
at a time. The name Fourier-transform infrared spectroscopy stems from the
requirement for a mathematical process known as Fourier transform, which is
essential for converting raw data into the actual spectrum. Absorption spectroscopy
techniques, including FTIR and ultraviolet-visible (UV-vis) spectroscopy, aim to

measure the light absorption of a sample at each wavelength. Unlike the
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straightforward dispersive spectroscopy technique, which directs a monochromatic
light beam at the sample, Fourier-transform spectroscopy utilizes a beam that
encompasses multiple frequencies simultaneously. It measures how much of this
beam is absorbed by the sample, and this process is rapidly repeated, generating a
dataset that a computer then processes using the Fourier transform algorithm to

deduce absorption at each wavelength.

The beam is generated by starting with a broadband light source containing the full
spectrum of wavelengths to be measured. The incident light enters a Michelson
interferometer, which is a mirror configuration featuring one mirror that is displaced
by a motor. During the motion of the mirror, wave interference within the
interferometer periodically obstructs and allows the transmission of each
wavelength of light. This process generates a modulated beam with a distinct
spectrum corresponding to each moment or mirror position. Computer processing is
essential to transform the raw data, which includes light absorption at each mirror
position, into the desired outcome, which is the light absorption for each
wavelength. The Fourier transform algorithm is commonly employed for this
conversion, turning the raw data, known as an interferogram, from one domain

(mirror displacement in cm) into its inverse domain (wavenumbers in cm™) [52-56].
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Chapter: 4

High-resolution investigation of spectral doublets in
15N-{-site nitrous oxide isotopomer

4.1 Introduction

The concept of I[-type doubling in linear polyatomic molecules was first
demonstrated by G. Herzberg and the phenomenon is primarily caused due to
rotation-vibration interaction, where [ is the vibrational angular momentum
quantum number [1]. Later on, Neilsen and Shaffer pointed out the existence of I-
type doubling with adequate theoretical explanations [2]. The I-type doubling leads
to the splitting of degenerate energy levels due to Coriolis-type interaction which is
the interaction between vibrational states in a rotating molecule. [3]. It is worth
noting that this [-type doubling is entirely analogous to the A-type doubling of
diatomic molecules that arises due to the coupling between the rotational motion
and the unpaired electronic motion of the molecule, leading to the splitting of
rotational energy levels. However, the accurate measurements of [-type doublet fine
splitting of the isotopomers of linear nonsymmetrical molecules such as nitrous
oxide (N20) are challenging because of extremely small splitting. Precise high-
resolution spectroscopic data of I-type doublet splitting involving the parity doublet
e and f sub-states deepens our understanding of the molecular properties of linear
polyatomic molecules and their isotopomers. In the present study, we aimed to focus
on N20 molecule because of its site-specific isotopomers which arises due to the
intramolecular distribution of 1®N-isotopes within N2O. This molecule has also
received special attention over the years because it is an active greenhouse gas in the
atmosphere and also plays a significant role in stratospheric ozone-regulation

chemistry [4-6].
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N20 is a non-symmetrical linear molecule (N-N-O) that comprises a few site-specific
isotopologues among which #NNO and PN!4N1°O are most abundant with
natural abundance of 0.364%. Some other isotopologues like NN O and
4N14NT7O have an abundance of 0.198% and 0.036%, respectively and remaining
isotopologues of nitrous oxide have much lesser abundances. When the heavy
isotope of nitrogen, i.e. 1°N is at the central position within N2O isotopomer, it is
called a-site N2O (or 1°N9) and when N is at the end-site, it is referred to as p-site
isotopomer of N2O (or 15NP). Both 1N« and NP isotopomers have identical masses
and they are indistinguishable using the conventional mass-spectrometric (MS)
methods. However, the site-specific spectroscopic signatures are attributed to 1>N-O
and “N-O bonds within N2O. The high-resolution mid-IR quantum cascade laser
(QCL) spectroscopy provides the inherent advantage of site-selectivity along with
ultra-high sensitivity and good time-resolution when it is combined with the optical
cavity-enhanced absorption techniques such as cavity ring-down spectroscopy
(CRDS) [7]. N20O has three fundamental vibrational bands vi,v2 and v3 in the IR
region in which the v1 and vs are stretching modes, located at 1285 cm (7.8 pm) and
2224 cm! (4.5um), respectively. The v2 band which is a degenerate bending mode of
vibration has its origin at long wavelengths near 589 cm (17 pm). The v1 band is
comparatively strong and until recently only few spectroscopic measurements of
N20 have been carried out in this fundamental band. In this study the splittings of I-
type doublet features of 3-site specific N2O isotopomer were therefore accomplished
by probing the (1110)<«(01'0) transition for IT state (i.e. [=1) vibrational state near 7.8
pm. It is important to note that in the ‘v1’ (stretching vibration) type (1110)<—(0110)
band, the doublets arise due to the non-zero value of [=1 and v>=1 in both the lower

and upper states, which makes the energy levels non-degenerate as e and f levels.

Over the past decades, studies primarily focused on the measurements of various
spectroscopic properties of 1#N>1°O and its isotopes with abundances using Fourier-
transform infrared spectrometry (FTIR) and Photo-ionization mass spectroscopy
(PIMS) combined with IR spectroscopy [8-11]. The group of Liu and co-workers used
the cavity ring-down spectroscopy (CRDS) to study ®N-enriched N:O isotopes to
determine various ro-vibrational parameters around 1.56 um [12]. CRDS technique
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near 0.8 pm was also used by Song et al.to determine different spectroscopic
parameters of 1®N-substituted N2O in 6vs bands [13]. Es-sebbar et al. reported the
broadening coefficients and line intensities of N2O in the vz band near 4.5 pm [14]. In
another earlier study, Shearer and co-workers measured the I-type doubling
separations in the 1.5-2.4 um region [15].Therefore, in view of the previous studies,
the high-resolution spectroscopic investigation of I-type doublets of the site-specific
a or P-isotopomers of N2O and their fine splittings between e and f sub-states for /=1

or I1 vibrational state near 7.8 um has not been reported earlier (to our knowledge).

In this present work, we have studied the I-type doublet features of the transitions in
the (1110)«—(0110) band of 1N4NO, such as the difference in doublet spacings in the
P and R branches, the effect of pressure, temperature and the pressure broadening
coefficients of the transitions on the doublets. Moreover, we have determined I-type
doubling constants which were not mentioned in previous papers and we have also
calculated the Coriolis constants. Hence, the present study presents a different
approach and set of spectroscopic features different from the other studies.
Nevertheless, for clarity we have included a table for comparison of the present
work with previous spectroscopic studies for the (1110)«—(0110) transition (Table 4.1).
The present study thus offers new fundamental understanding of the I-type

doubling in site-specific 1>NP isotopomer.

Table 4.1: Comparison of the present and previous works on the spectroscopic study of

(1110) «—(0110) transition band of °’N14N160.

Features Wang et al.[11] C. Amiot[16] Present Work
Spectral Range 1250 - 1650 cm'! 1750 - 6000 cm-1 1245 - 1313 cm’?
Resolution 0.005 cm? 0.001 cm? 0.001 cm?
Fourier transform Fourier transform
Method used CRDS

spectroscopy spectroscopy
Path length 15m 36 m 2500 m
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Line positions of

the ro-vibrational

transitions,

rotational

Band origins and constants,

Line positions and Ro-vibrational distortion

assignment of ro- transitions, constants, [-type
vibrational rotational doubling constants,
Features
transitions, constants, investigated the
determined
rotational distortion dependence of I-
constants, constants, type doublet

distortion constants

Interaction between

different levels

splitting on some

external parameters

or not, Coriolis
constants, Pressure
broadening

coefficients

4.2 Experimental Section

CRDS technique coupled with a cw-EC QCL was used for this present work. The
spectrometer was in our lab and its detailed experimental arrangement has been
given elsewhere [7]. In brief, a widely-tunable water-cooled cw EC-QCL (MHEF-
41078; Daylight Solutions, USA) with mode-hop-free (MHF) tuning range of 7.5 pm-
8 um (1341-1257 cm™) was used as a high-power (~100 mW) optical source for this
study. Recording of high-resolution ro-vibrational spectral lines was possible due to
extremely narrow line width (~0.0003 cm) of the cw EC-QCL. The measurement of
wavenumbers of the EC-QCL was done by a wavemeter (621B-MIR; Bristol
Instruments) with an accuracy of 0.001 cm-. The high- finesse optical cavity was
constructed with a 50cm long quartz-coated cylindrical ring-down cell (RDC). Two

highly reflective (HR) mirrors (R > 99.98%, CRD Optics Inc.; USA) were attached at
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two ends of the RDC. The periodic resonance between laser mode and cavity mode
was achieved by utilizing the cavity-length modulation technique when a ramp
voltage was applied to the three piezo-electric transducers (PZT, Thorlabs PE4)
attached to the end-HR mirror of RDC. The leaked-out optical signal from the cavity
was focused onto a mercury-cadmium-telluride (MCT) detector (PVI-4TE-8-1X1,
Vigo Systems S.A.). The output signal was then amplified using a preamplifier
(SR560; Stanford Research Systems) and finally the data was acquired with the help
of a high-speed data acquisition card (PCI 5122, 14-bit, 100 MHz bandwidth,
National Instruments) and further analysis was carried out using custom written
LabVIEW program. It is also noted that the optical cavity was wrapped with a
heating jacket to perform the experiments at higher temperatures. Highly-sensitive
pressure gauge from Pfeiffer Vacuum (CMR 361) was used to monitor the pressure

inside the optical cavity.

4.3 Results and discussions

4.3.1 Setup parameters

In our CRDS experiments, we achieved a typical empty cavity ring-down time of 1,
= 8.6 ps and standard deviation (1c) of 1.53% with an averaging of 20 successive
ring-down events. From these parameters, the limiting sensitivity of the CRDS
system i.e. minimum absorption coefficient was estimated to be dmin =5.93 x 108 cm-
1. The noise equivalent absorption coefficient (NEA) was determined to be 8.38 x 10-°
cm Hz /2. A typical detection limit for NP isotopomer in terms of mixing ratio at a
cavity pressure of 30 Torr was determined to be ~17 ppbv (parts by billion by
volume, 1 part in 10°) for a transition line at 1290.7498 cm-! with the line-strength of
8.563x1021 cm? molecule'lem? at 296 K. With allowance for the effect of pressure
broadening, this detection limit at an ambient pressure of 1 atm would correspond to

~667 pptv (parts per trillion by volume, 1 part in 1012).
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4.3.2 High-resolution I-type doublet spectra of f-N.O

To record the high-resolution CRDS spectra of I-type doublets for NP isotopomer,
we have used a certified calibrated gas mixture of (33.0+0.4) ppmv (parts per million
by volume, 1 part in 10°) of -N2O gas (Cambridge Isotope Laboratories. Inc., USA,
99.99%) with zero-air (Air Liquid, UK, 99.99%) inside the optical cavity with a range
of pressure 1.5-3.0 Torr depending on the experimental conditions. We probed
rotationally resolved I-type doublet transitions with a resolution of 0.001 cm-! for
I5NP isotopomer in both P- and R-branches in the (1110)«-(01'0) ro-vibrational
transition. There were 19 [-type doublets in the R-branch and 13 I-type doublets in
the P-branch that we have primarily recorded in the 1245-1313 cm-lspectral region.
Spectral plots between the ring-down decay rate vs wavenumber are shown in
Figure 4.1 and 4.2 for the P-and R-branches, respectively. The CRDS spectra were
titted with the Voigt line-shape function with the width constrained to that expected
from Doppler broadening. We observed the fine I-type doublet splitting between e
and f sub-states of the corresponding rotational lines in the IT vibrational state of

15NP isotopomer.
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Figure 4.2: CRDS spectra lines of I-type doublets of P-N.O in R-branch for the
(1170) «—(0110) transition. Spectra were fitted with the Voigt line-shape function.

We have tabulated all the experimentally recorded peak centres of the I-type

doublets for both P-and R-branches in Table 4.2 and Table 4.3, respectively. We

subsequently compared our experimentally obtained values with the values

obtained from the HITRAN simulation [17,18] and also calculated the splitting

between the e and f sub-components in

cml.

experiments agrees well with the values documented in the HITRAN database.
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Table 4.2: Experimental and HITRAN simulated line positions of e and f sub-states in P-

branch for the (1110)«—(0110) transition. | is the ground state rotational quantum number.

CRDS Experimental HITRAN simulation

Peak Center | Peak Center | (Pf)-(Pe) | Peak Center | Peak Center | (Pf)-(Pe)
J | @)@ | @)@ | () | ) Pe) | (m) @O | ()
36 | 1246.367(5) 1246.478(2) 0.110(7) | 1246.38068 1246.49216 | 0.11148
32 | 1250.009(2) 1250.092(0) 0.082(8) 1250.0237 1250.10481 | 0.08111
31 | 1250.925(6) 1250.996(6) 0.071(0) | 1250.92718 1251.00147 | 0.07429
26 | 1255.390(9) 1255.434(3) 0.043(4) | 1255.40069 | 1255.44535 | 0.04466
24 | 1257.160(1) 1257.190(4) 0.030(3) | 1257.16948 1257.20429 | 0.03481
23 | 1258.048(6) 1258.072(3) 0.023(7) | 1258.04941 1258.07972 | 0.03031
22 | 1258.913(6) 1258.940(6) 0.027(0) | 1258.92637 | 1258.95246 | 0.02609
20 | 1260.660(8) 1260.679(1) 0.018(3) | 1260.67135 1260.68984 | 0.01849
19 | 1261.533(9) 1261.547(5) 0.013(6) | 1261.53935 1261.55444 | 0.01509
16 | 1264.113(5) 1264.120(1) 0.006(6) | 1264.12532 | 1264.13183 | 0.00651
10 | 1269.201(8) 1269.205(6) 0.003(8) | 1269.212055 | 1269.21562 | 0.00357
6 1272.529(8) 1272.534(9) 0.005(1) | 1272.54307 | 1272.54823 | 0.00516
4 1274.180(8) 1274.185(1) 0.004(3) | 1274.19169 | 127419613 | 0.00444
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Table 4.3: Experimental and HITRAN simulated line positions of e and f sub-states in R

branch for the (1110)«—(0110) transition. | is the ground state rotational quantum number.

CRDS Experimental HITRAN simulation
J Peak Center | Peak Center | (Rf)-(Re) | Peak Center | Peak Center | (Rf)-(Re)
(cm?) (Re) (cm?) (Rf) (cm?) (cm?) (Re) (cm?) (Rf) (cm?)
1 1279.050(7) 1279.054(9) | 0.004(2) | 1279.06582 1279.06954 0.00372
3 1280.658(4) 1280.663(7) | 0.005(3) | 1280.66427 1280.67272 0.00845
5 1282.237(5) 1282.251(6) | 0.014(1) | 1282.25027 1282.26446 0.01419
8 1284.591(8) 1284.614(1) | 0.022(3) | 1284.60590 1284.63059 0.02469
12 1287.693(6) 1287.735(8) | 0.042(2) | 1287.70296 1287.74522 0.04226
14 1289.224(6) 1289.274(4) | 0.049(8) | 1289.23269 1289.28528 0.05259
16 1290.737(0) 1290.801(7) | 0.064(7) | 1290.74984 1290.81383 0.06399
18 1292.239(7) 1292.318(7) | 0.079(0) | 1292.25442 1292.33086 0.07644
20 1293.734(3) 1293.823(1) | 0.088(8) | 1293.74640 1293.83638 0.08998
22 1295.211(5) 1295.317(1) | 0.105(6) | 1295.22577 1295.33038 0.10461
26 1298.131(3) 1298.270(2) | 0.138(9) | 1298.14663 1298.28390 0.13727
31 1301.711(3) 1301.893(8) | 0.182(5) | 1301.72660 1301.91125 0.18465
33 1303.121(9) 1303.325(4) | 0.203(5) | 1303.13646 1303.34218 0.20572
35 1304.519(4) 1304.746(5) | 0.227(1) | 1304.53366 1304.76171 0.22805
36 1305.213(9) 1305.453(6) | 0.239(7) | 1305.22752 1305.46721 0.23969
37 1305.903(1) 1306.154(9) | 0.251(8) | 1305.91821 1306.16987 0.25166
40 1307.958(0) 1308.246(1) | 0.288(1) | 1307.97132 1308.26088 0.28956
41 1308.634(1) 1308.936(3) | 0.302(2) | 1308.64937 1308.95224 0.30287
43 1309.982(9) 1310.312(1) | 0.329(2) | 1309.99598 1310.32653 0.33055
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4.4.3 Determination of I-type doubling constant

It was observed that with an increase in J value the splitting between the e and f sub-
states increases for both P-and R-branches and the doublet spacing (Av) are clearly
distinguishable between the two branches as depicted in Figure 4.3. Here, the
separation between the doublets (Av in cm1) has been plotted against the rotational
quantum number J. The I-type doubling constant was calculated from fittings of the

plots using the following equation (4.1) [15]:

Av=(q'+ q")m+(q —q")(m*-1) 4.1)
where, q' and q" are the I-type doubling constants for the upper and lower states,
respectively, Av is the separation between the doublets, m = -J for P-branch doublets
and m=]J+1 for R-branch doublets. In our study, the I-type doubling constants for the
P-branch in the IT vibrational state (I=1) of 1NP isotopomer were found to be 8.33x10-
4 cm! and 7.07x104 cm! for the upper and lower states, respectively. However, for
the R-branch it was determined to be 7.589x10* cm ! and 6.210x10-4 cm-! for the upper

and lower states, respectively.

;0’351 o R Branch
::;0.30- > P Branch

A
0 0.25-
! ]
‘5 0.20 1
<

0.15

2] I )
£ 0.10- P
= 0.051 /
=) ] , ‘

£ 0.001 B0 —

1 »: L] ®: L hd L A Ll -
0 10 20 30 40 50
Rotational Quantum number (J)

Figure 4.3: Plot between Av vs | of the doublets in P-and R-branches and fitted with the

above equation (4.1).

Subsequently, we determined the Coriolis constant Q1 using the following equation

(4.2) [15]:

q,= Q(m+ 1D+ Q02+ +0Q:01+1) 4.2)
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where Q; are referred to as the Coriolis constants, qv is the doubling constant, v1, v2
and vs are vibrational quantum numbers of the state. In our study, the values of the
Coriolis constants, Q1 for the P-and R-branches are determined to be 1.25x104 and

1.38x10-# cm1, respectively.

Next, we investigated if the doublet spacing is affected by parameters such as
temperature and pressure. Keeping the temperature (298 K) fixed, we changed the
pressure inside the optical cavity and calculated the corresponding splitting between
e and f sub-states, but no significant change was observed in the I-type doubling
constant (Figure 4.4a). Further, keeping the pressure fixed (~2.5 Torr) inside the
cavity, we varied the temperature of the cavity from 298 K to 358 K as shown in
Figure 4.4b, to observe the [-type doubling effect, but no significant change was

noticed in the I-type doubling constant.
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Figure 4.4: Plots between the doublet spacing (Av) vs Rotational quantum number (]) for the
I-type doublets in P-and R-branches in the (1110)«—(0110) transition (a) at different

pressures and (b) at different temperatures.

We have obtained the doubling constants for P- and R- branches and there is a slight
difference in the doubling constant value for the respective branches and this might
be due to the inherent property of the molecule and not due to the pressure. The
selection rules for P- and R- branches are AJ] = -1 and AJ =1, respectively. P branch
lies towards the lower wavenumber side and R branch lies towards the higher
wavenumber side with respect to the Q branch. The spectrum that is expected based

on the ideal situation consists of spectral lines equidistant in energy from one
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another, separated by a value of 2B. But in reality, the lines in the R branch are more
closely spaced with increasing wavenumber and that the lines of the P branch
become further apart with decreasing wavenumber. This is attributable to two
phenomena rotational-vibrational coupling and centrifugal distortion. If we look
into Table 4.2 and Table 4.3 carefully it is found that the trend for the increase of
doublet splittings with an increase in rotational quantum number is slightly different
for P- and R- branches. Therefore, sample pressure will not bring any change in the I-
type doubling constant of 1’N#N0O. Nevertheless it should be mentioned that when
we increase the pressure gradually, each component of the doublet will get
broadened and after some optimum pressure it becomes difficult to distinguish
between e and f components of the doublet. The experimental trend obtained in
Table 4.2 and Table 4.3 has a good correlation with HITRAN simulation values for
both P- and R- branches.

4.3.4 Pressure broadening effect I-type doublet spectral transitions

We then studied the effects of pressure broadening on the spectral doublets of NP
isotopomer at room temperature. Calibrated gas mixture of p-N20O was injected into
the cavity and subsequently cavity-pressure was increased by injecting zero-air over
it and spectral data were accumulated at different pressures ranging from 5 to 40
Torr. Figure 4.5 represents the pressure broadening effect on the doublets of NP in
the (11'0)«—(01'0) transition for Re(5) and Rf(5) spectral lines as a representative
example. It was observed that with the increase in cavity- pressure, the peak height
was decreased and gradually became wider, which eventually balanced the peak-
area of the fitted absorption spectra. However, no shifts of the line-centre positions
of the I-type doublet spectra due to pressure-induced effects were observed in our
study. The I-type doublet CRDS spectra were fitted with the Voigt line-shape
function. Figures 4.6a and 4.6b indicate the plots of the Lorentzian full-width at half-
maximum (FWHM) against the optical cavity pressure. The pressure broadening
coefficients (y in cm atm!) were calculated from the slope of the linear fit of the data

set of the respective spectral transition lines.
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Figure 4.5: Variation of R(5) spectral doublet with pressure in the (1110)«—(0110) transition
band.
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Figure 4.6: (a) & (b) Linear plot of Lorentzian FWHM vs cavity pressure of e and f sub-
states of R(5) doublet, respectively.

Pressure broadening coefficients for the I-type doublet spectral lines of Re(5) and
Rf(5) were determined to be y=(0.095 £ 0.003) cm atm™ and y=(0.081 + 0.004) cm-
atm-1,respectively. Broadening coefficients for all other spectral lines of the P-and R-
branches involving e and f sub-states are tabulated in Table 4.4a and 4.4b. The
experimental values obtained by the CRDS measurements were compared with the

HITRAN simulated values and a good agreement was obtained between them,
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whereas the values in the HITRAN database are associated with an uncertainty

ranging from 5% to 10% [17,18].

Henceforth, we explored if there was any dependency of the pressure broadening
coefficients with the rotational quantum number (J). We then plotted the pressure
broadening coefficients as a function of ] as shown in Figures 4.7a and 4.7b and we
observed that broadening coefficients decreased with increase of | irrespective of P-

or R-branch involving e and f sub-states.
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Figure 4.7: (a) Dependence of pressure broadening coefficient (y) with | in P branch for e
and f sub-states. (b) Dependence of pressure broadening coefficient (y) with | in R branch for

e and f sub-states.

Table 4.4a: Experimental and HITRAN simulated pressure broadening coefficients of beta

nitrous oxide for e and f sub-states in the P-branch.

P(0110 - 1110)e

P(0110 - 1110)f

Wavenumber | ] Pressure Broadening | Wavenumber | ] Pressure Broadening
(cm?) coefficient (cm?) coefficient
(cm? atm?) (cm-! atm-1)
Experimental | HITRAN Experimental | HITRAN
CRDS CRDS
1246.367(5) | 36 | 0.079 £ 0.002 0.0700 1246.478(2) | 36 | 0.077 +0.005 0.0699
1250.009(2) | 32 | 0.083 +0.003 0.0710 1250.996(6) | 31 | 0.069 + 0.002 0.0713
1250.925(6) | 31 | 0.096 +0.001 0.0713 1255.434(3) | 26 | 0.078 +0.004 0.0729
1255.390(9) | 26 | 0.079 £ 0.006 0.0729 1258.072(3) | 23 | 0.075+0.007 0.0741
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1258.048(6) | 23 | 0.083 + 0.006 0.0741 1258.940(6) |22 | 0.076 +0.001 0.0745
1260.660(8) | 20 | 0.084 + 0.001 0.0755 1260.679(1) | 20 | 0.084 £ 0.001 0.0755
1261.533(9) | 19 | 0.077 +0.003 0.0760 1261.547(5) |19 | 0.074 £ 0.006 0.0760
1264.113(5) | 16 | 0.087 +0.001 0.0778 1264.120(1) | 16 | 0.082 £ 0.001 0.0778
1269.201(8) | 10 | 0.084 + 0.006 0.0827 1269.205(6) | 10 | 0.085 +0.003 0.0827
1272.529(8) 6 | 0.088+0.002 0.0874 1272.534(9) 6 | 0.074 +0.003 0.0874
1274.180(8) | 4 | 0.088 +0.001 0.0901 1274.185(1) | 4 | 0.106 £ 0.003 0.0901

Table 4.4b: Experimental and HITRAN simulated pressure broadening coefficients of beta

nitrous oxide for e and f sub-states in the R-branch.

R(0110 - 1110)e

R(0110 - 1110)f

Wavenumber | ] Pressure Broadening | Wavenumber | ] Pressure Broadening
(cm?) coefficient (cm?) coefficient
(cm atm) (cm atm)
Experimental | HITRAN Experimental | HITRAN
CRDS CRDS
1279.050(7) | 1 | 0.083 £0.004 | 0.0941 1279.054(9) | 1 | 0.087 £0.005 | 0.0941
1282.237(5) | 5 | 0.095+0.003 | 0.0881 1282.251(6) | 5 | 0.081 £0.004 | 0.0881
1284.591(8) | 8 | 0.087 +£0.001 | 0.0849 1284.614(1) | 8 | 0.079+£0.002 | 0.0849
1287.693(6) | 12| 0.083 £ 0.002 | 0.0801 1287.735(8) | 12 | 0.081 £ 0.003 | 0.0801
1289.224(6) | 14| 0.077 £0.003 | 0.0785 1289.274(4) |14 | 0.076 £0.001 | 0.0785
1290.737(0) | 16 | 0.079 £ 0.005 | 0.0771 1290.801(7) |16 | 0.076 £0.005 | 0.0771
1292.239(7) | 18| 0.078 £0.001 | 0.0760 1292.318(7) |18 | 0.087 £0.001 | 0.0760
1293.734(3) | 20| 0.084 £ 0.003 | 0.0750 1293.823(1) |20 | 0.082 £0.002 | 0.0750
1295.211(5) | 22| 0.070+0.001 | 0.0741 1295.317(1) |22 | 0.072+£0.003 | 0.0741
1301.711(3) | 31| 0.072+0.001 | 0.0710 1301.893(8) |31 | 0.077 £0.001 | 0.0710
1304.519(4) | 35| 0.067 +£0.004 | 0.0699 1303.325(4) |33 | 0.070 £0.005 | 0.0704
1305.213(9) | 36 | 0.068 £0.001 | 0.0696 1304.746(5) | 35| 0.070 £0.002 | 0.0699
1305.903(1) | 37| 0.042+0.006 | 0.0694 1306.154(9) | 37 | 0.068 £ 0.005 | 0.0694
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4.3.5 Evaluation of band centres, rotational constants and centrifugal

distortion constants

Finally, we investigated the band centres, rotational constants and centrifugal
distortion constants of e and f sub-states of the (110) and (0110) vibrational levels. To
measure such parameters, we have scanned the I-type doublet spectra of the probed
rotational lines belonging to the (1110)«—(01!0) transition and noted the transition
frequencies of e and f sub-states. Further, these transition frequencies were then
fitted with the equation (4.3) [19]:

v=v, + BI'G + 1) = B = Dy G+ 1) — PR = By + 1) = 2]+ DYUUG + 1) -
12]2 4.3)
where, v is the peak centre, v, is the band centre, B, and B, are rotational constants
of higher and lower states, respectively, D, and D) are centrifugal distortion
constants of higher and lower states, respectively. All the new spectroscopic values

of the band centres and rotational constants determined in this context have been

tabulated in Table 4.5.

Table 4.5: Values of the band centre and rotational constants from our experiment for e and

f sub-states of p-N-O in the (1110) «—(0110) transition. All values are in cm-1,

Branch &

sub-state

5) | 040345 | 0.40501

®)| 040362 | 040518

Re(1110)«(0110) | 1277.438(3) | 0.40407 | 0.40572
Rf(1110)«(0110) | 1277.439(9) | 0.40455 | 0.40599

Pe(1110)«(0110) | 1277.441(5

Pf(1110)«(0110) | 1277.437(8

The values of the band centres determined in our study was consistent with and of
comparable accuracy to the values of 1277.45496 cm™! predicted by Robert A. Toth

[20]. Moreover, we used the centrifugal distortion constant of lower state (i.e. 0110(e)
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& 0110(f)) from the earlier study [11] and subsequently we evaluated the new values

of the centrifugal distortion constants for the upper states, that were found to be
1.81x107 cm1, 1.68x107 cm’, 1.56x107 cm? and 1.53x107cm for the Pe(1110),
P£(11'0), Re(11'0) and Rf(1110), respectively. Taken together, our findings on I-type

doubling of NP isotopomer provide fundamental spectroscopic information that

will help for better understanding of site-specific isotopomers of several other linear

polyatomic molecules.

Table 4.6: Comparison of the rotational and centrifugal distortion constants between present

and previous works on the spectroscopic study of (11'0)«—(01'0) transition band of

I5NI4N160).
vi, V2, 1, v3 Constants Wang et al.[11] Present Work
(0110)e By (cm™) 0.405037265 0.40501
(0120)f Bv (cm) 0.405781109 0.40518
By (cm™) 0.403489655 0.40345
(11%0)e
Dv (cm1) 1.609708 x 107 1.81 x 107
Bv (cm) 0.404358647 0.40362
(1110)f
Dv (cm?) 1.575290 x 107 1.68 x 10”7

Table 4.7: Comparison of the band centre as obtained from present and previous works on

the spectroscopic study of (1110) «—(0110) transition band of " NN16Q.

Band Centre (cm)

Band Robert A. Toth[20] Present work
(1110)«—(0110)(e) 1277.45496 1277.441(5)
(1110)«—(0110)(f) 1277.45496 1277.437(8)

4.4 Conclusion

High-resolution spectroscopic investigation of I-type doubling of P-site isotopomer

of N20, so- called 1°NP was performed in the vi fundamental vibration band at 7.8 um
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using the cw EC-QCL based ultra-sensitive CRDS technique. We probed 32 I-type
doublet spectral lines between e and f sub-states corresponding to the P- and R-
branches in the (1110)«—(0110) transition. Various new spectroscopic parameters such
as rotational constants, centrifugal distortion constants, I-type doubling constants
and Coriolis constants of NP isotopomer were determined in the IT vibrational state
(I=1) in the mid-IR “fingerprint” spectral region which were not explored earlier.
Furthermore, pressure broadening coefficients of the probed doublets of NP were
determined. The incorporation of the newly acquired experimental data will
enhance our comprehension of the site-specific p-site isotopomer of N2O and

intramolecular distribution of 1N isotopes in linear polyatomic molecules.
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Chapter: 5

Study of doublet splittings in A vibrational state of
IEN14N160 using QCL based CRDS system

5.1 Introduction

The I-type doubling of linear polyatomic molecules is an important aspect in
molecular spectroscopy. This concept was introduced by Herzberg [1] and
subsequently its theoretical framework was demonstrated by Neilsen and Shaffer
[2]. It is known that the bending or perpendicular vibrations of linear polyatomic
molecules are doubly degenerate when the molecules are not rotating. But when
molecular rotation is introduced, there is an interaction between rotational and
vibrational motion which induces the splittings of the degenerate energy levels and
removes the degeneracy. This phenomenon is known as I-type doubling, where [ is
the vibrational angular momentum quantum number and this doubling is mainly
due to Coriolis-type interaction between perpendicular vibration and rotation. High-
resolution spectroscopic measurements of I-type doubling can provide several
important information of molecular properties such as doubling constants, Coriolis
constants, Coriolis interaction, rotational constants, and centrifugal distortion
constants. The [-doubling effect is usually significant in the lower states for which /
=1 (i.e. IT state) but the I-doublet splittings are extremely small for [ = 2 (i.e. A state)
or higher states. Therefore it is a great challenge to measure the I-doubling effects in
A state involving the parity doublet e and f sub-states. It is noteworthy to mention
that if we have to observe such small splittings in A vibrational state, then usually

high rotational states need to be probed [3].

Nitrous oxide is a linear polyatomic molecule having two nitrogen atoms and one
oxygen atom (14N!N0O). Two stable isotopes of nitrogen (*N and N) and

three isotopes of oxygen (1O, 7O, and'80) combine to form a total of
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twelve isotopic molecules of nitrous oxide. Among all the isotopes, the site-specific
alpha-nitrous oxide (a-N20) (N>N¢Q) and beta-nitrous oxide (p-N20) (15N14N16O)
depending on the centre and end position of >N within the linear NNO molecule are
the most natural abundant species of nitrous oxide isotope. N2O is an important
trace molecule and active greenhouse gas in the atmosphere. It plays a significant
role in global warming and stratospheric ozone depletion [4-6]. High-resolution
spectroscopic investigation of N2O and its site-specific isotopomers is an interesting
field to be explored for better fundamental understanding of linear polyatomic
molecular properties. We have explored the p-N:2O isotopomer and its fine I-doublet
splittings arising from the (1220)<—(0220) ro-vibrational transition near 7.8 pm mid-
infrared wavelength region using an ultra-sensitive optical cavity-enhanced

absorption technique such as CRDS coupled with a continuous-wave (cw) EC-QCL.

Over the past studies mainly focused on the detection of N2O sample concentration
along with spectroscopic measurements of line strength, line positions, pressure
induced frequency shift for N2O using Fourier transform infrared spectroscopy
(FTIR) [7-9]. But only few studies were performed related to I-type doubling of N2O
and its isotopes [10-12]. However, few studies have been performed so far to explore
the fine I-doublet splittings for I = 2 or A vibrational states of a-N2O or B-N2O
isotopomer. Our study was focused to determine the characteristics of the doublet
spectral lines in the (0220) to (1220) band. Robert A. Toth in his paper has reported
several bands of nitrous oxide and its isotopomers, where the author discussed band
centres and different rotational constants. A.W.Liu et al. in their few papers studied
several spectroscopic properties of N2O and its isotopes using cavity ring-down
spectroscopy but they have different spectral regions of working compared to this
present work. A table of comparison is depicted below clearly to visualize the

difference of the present work with the previous work (Table 5.1).

In this study, we first report the experimental observation of I-type doublets of -
N20 for [ = 2 in the (1220)«—(0220) ro-vibrational transition. We employed the EC-
QCL based CRDS technique to study the fine structure lines of I-doublet splittings

between the parity doublet e and f sub-states corresponding to P-branch of $-N2O in
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the region 1341-1257 cm!. We probed the doublets with relatively high J values and

the corresponding doublet splittings were utilized to evaluate Coriolis constants,

band centres, rotational constants and centrifugal distortion constants. Pressure

broadening effect was also studied for e and f sub-states of these doublets. This

investigation provides novel experimental evidence, contributing to an enhanced

fundamental understanding of the properties of linear polyatomic molecules.

Table 5.1: Comparison of the present and previous works on the spectroscopic study of

(1220)«—(0220) transition band of 1’N14N16O.

Features Robert A. Toth | AlSaif etal. | Wang et al. Present Work
Spectral 1240-1310 1250 - 1650
1100 - 1440 cm! 1245 - 1313 cm’?
Range cm'! cm'!
Resolution 0.005 cm-! - 0.005 cm! 0.001 cm-!
Fourier Frequency Fourier
Method used transform locking of an | transform CRDS
spectroscopy EC-QCL spectroscopy
Path length 73 m - 15m 2500 m
N20O and its N2O and its
Molecule HN1N160 I5N14N160O
isotopes isotopes
Line Line positions of
Line positions of Line positions the ro-vibrational
ro-vibrational positions of and transitions,
transitions, band 1o- assignment rotational
Features centres, vibrational of ro- constants,
determined rotational transitions, vibrational distortion
constants, few transitions, constants, I-type
distortion spectroscopic | rotational doubling
constants parameters constants, | constants, Coriolis
distortion constants, Pressure
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constants broadening

coefficients

5.2 Experimental technique

We have used a continuous wave (cw) external-cavity (EC) quantum cascade laser
(QCL) (MHF-41078; Daylight Solutions, USA) based cavity ring-down spectroscopy
(CRDS) setup to perform this current work. Here we have briefly described the
experimental setup and its detailed description has been given elsewhere [13,14].
The EC-QCL light source in the mid infrared region operates at the centre
wavelength ~7.8 pm. This water cooled EC-QCL has a specified mode-hop-free
(MHEF) tuning range of 7.5 pm-8 um (1341 cm1-1257 cm!) with a linewidth of 0.0003
cm! and high output power of > 80 mW. Initially, a highly intense and adequately
collimated laser beam underwent passage through an optical isolator (FIO-5-7.8;
Innovation Photonics) designed to inhibit the back reflection of laser light. An
acousto-optic-modulator (AOM) (AGM406B11M; IntraAction Corp; USA) which acts
as an optical switch diffracts the laser beam into zeroth order and first order. The
zeroth order beam was directed towards the wavemeter (621B-MIR; Bristol
Instruments) for continuous and real-time monitoring of the wavenumber of the
laser beam with an accuracy of + 0.001 cm™. The first order beam was coupled with
the ring-down cell (RDC) and was precisely aligned along the central axis of the
optical cavity. The cavity consists of 50 cm long quartz-coated RDC and two highly
reflective mirrors (CRD Optics Inc;USA) were fixed at the two ends of RDC. The
light transmitting from the cavity was detected with a thermoelectrically cooled mid-

IR mercury cadmium telluride (MCT) detector (PVI-4TE-8-1X1, Vigo Systems S.A.).

The modulation of the cavity length was achieved by utilizing three piezoelectric
transducers (PZT, Thorlabs PE4) which were attached to one of the mirror mounts of

RDC. This helped to attain the periodic resonance between laser mode and cavity
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mode. This periodic coupling between the laser mode and cavity mode was obtained
by applying the triangular voltage simultaneously to the three PZTs as well as to
modulate the cavity length over one free spectral range (FSR). When the cavity mode
and the laser mode came into resonance, the intra-cavity light is built up and the
decay of this signal is captured using a high-speed data acquisition card (PCI 5122,
14-bit, 100 MHz bandwidth, National Instruments) and further it was analysed by a

custom written LabVIEW program.

We have achieved an empty cavity ring-down time of 1, = 8.6 pus which is inverse of
decay rate (i.e. k = 1/1) with standard deviation (1c) of 1.53%, by averaging twenty
successive ring down events for the current experimental measurements. The
limiting sensitivity which is minimum absorption coefficient (amin) was estimated to

be 5.93 x 10 cm ! using the following equation 5.1:

AT i
Amin = C;r%m (5'1)

Where c is the speed of light, 1, is empty cavity ring down time, Atmin is the
minimum detectable change in T when an absorbing molecular species is placed
inside the cavity. This absorption coefficient corresponds to a noise equivalent
absorption coefficient (NEA) of 8.38 x 10 cm Hz -1/2 for 100 Hz data acquisition
rate. To evaluate the minimum detection limit in terms of mixing ratio, we have
utilized P(22) spectral line in the (1220)<«—(0220) transition of p-N20 at 1265.2489 cm-!
with the absorption cross-section of 4.18x1022 cm? molecule’cm. The minimum
detection limit of B-N2O for this spectral line with a cavity pressure of 20 Torr was
determined to be 509 ppbv (parts by billion by volume, 1 part in 10°). If the pressure
inside the optical cavity is increased further to 1 atm pressure (760 Torr) this

detection limit would correspond to 13 ppbv.
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5.3 Results and discussions
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Figure 5.1: CRDS spectra of I-type doubling of p-N2O in P branch for different | values of
(1220) «—(0220) transition, where first peak represents the e sub-state and second peak
represents the f sub-state for each plot. Spectra were fitted with the Voigt line-shape function.

The fine structure lines of the spectral doublets of B-N2O acquired in the present
study have very low absorption cross-sections (~1022). The high-resolution and
ultra-high sensitive CRDS technique coupled with cw EC-QCL enabled us to capture
those fine spectral lines. A certified calibration gas mixture of (230.0 + 6.0) ppm of [3-
nitrous oxide gas (Cambridge Isotope Laboratories. Inc.) with zero-air (Air Liquid,
UK) was used for this study. The high-resolution CRDS spectra were recorded with
a resolution of 0.001 cm by maintaining the cavity pressure around 1.5 Torr. We
have acquired seven rotationally resolved I-type spectral doublets belonging to the
P-branch in the (1220)«—(0220) ro-vibrational transition in the spectral region ranging

from 1250 cm! to 1269 cm!. Figure 5.1 depicts the rotational doublets of 3-N2O for
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different rotational quantum numbers (]). It was clearly observed that e and f sub-
states of each doublet are well-resolved except for the doublet with rotational
quantum number [=18. Here, the ring-down decay rates (in s) were plotted against
wavenumbers (in cm?) to represent the CRDS spectra of I-type doublets and the
spectra were fitted with the Voigt line-shape profiles. It was observed that with an
increase in | value of the doublets, the spectral separation between the e and f sub-
states also increased gradually. It was mentioned earlier that the I-doublet splittings
with [=2 or higher are usually observed for considerably higher values of the
rotational quantum numbers and this is clearly observed in our experimental
findings for higher | states. We have represented all the experimentally obtained
peak centres of e and f sub-states of the [-doublets and their spectral separation in
Table 5.2 and subsequently the values were compared with the values obtained from
the HITRAN simulation [15,16]. We found that our experimental CRDS data are in
good agreement with the HITRAN simulated data.

Table 5.2: Line positions of e and f sub-states and spectral difference between the sub-states

for P branch in the (1220)«—(0220) transition.

CRDS experimental HITRAN simulation

Peak Center | Peak Center | (Pf)-(Pe) | Peak Center | Peak Center | (Pf)-(Pe)
J (cm1) (Pe) (cm1) (Pf) (cm1) (cm1) (Pe) (cm1) (Pf) (cm1)
18 | 1268.702(1) 1268.704(5) 0.002(4) 1268.71621 1268.71846 0.00225
22 | 1265.233(3) 1265.237(5) 0.004(2) 1265.24895 1265.25324 0.00429
25 | 1262.606(2) 1262.611(9) 0.005(7) 1262.61915 1262.5820 0.00667
26 | 1261.725(0) 1261.732(3) 0.007(3) 1261.73696 1261.74464 0.00768
29 | 1259.062(2) 1259.070(4) 0.008(2) 1259.07361 1259.08505 0.01144
33 | 1255.470(5) 1255.486(5) 0.016(0) 1255.4832 1255.50188 0.01868
34 | 1254.571(0) 1254.583(7) 0.012(7) 1254.57855 1254.59953 0.02098
38 | 1250.924(5) 1250.948(4) 0.023(9) 1250.93162 1250.96425 0.03263

Then we plotted the doublet spacing (i.e. the spectral separation between e and f
sub-states of each doublet in cm) with the rotational quantum numbers (J) as
shown in Figure 5.2. The results were then fitted with the equation 5.2 [10] to

evaluate the [-type doubling constants for the chosen ro-vibrational level of -N2O.
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Av =+ q)m+(q —q")(m*-1) (5.2)

Where, q' and q" are the [-type doubling constants for the upper and lower states, Av
is the separation between the doublets, m = -] for the P-branch doublets. The I-type
doubling constants for [ = 2 (A state) vibrational state in the (1220)<«—(0220) transition
involving P-branch were found to be 2.41 x 10# cm and 2.13 x 104 cm'! for upper
and lower states, respectively and these values are almost three times smaller than

the values of doubling constants for the IT state (i.e. I=1) as shown in Table 5.3.
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Figure 5.2: Measurement of I-type doubling constant for | = 2 state probing ro-vibrational
spectral lines of P branch in the (1220)«—(0220) transition from doublet separation vs
rotational quantum number plot and fitted with Eqn 5.2.

Table 5.3: Values of (q'+q") and (q'-q") obtained from the fitting.

Lower Upper (a'+q9") | (9'-9")
state state Branch cm?! cm!
(vi,vo,Lv3) | (v1,v2,l,v3)
(0220) (1220) P(0220)—(1220) | 4.54x10+4 | 0.28x10+
(0110) (1110) P(0110)—(1110) | 15.4x10+4 | 1.26x10+

We next determined the Coriolis constants using the equation 5.3 [10].

q,= Qv + 1D+ Q(v2 + 1) +Q3(s + 1) (5.3)
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Where Qi are Coriolis constants, g, is doubling constant,v; , v, , v; are vibrational
quantum numbers of the state. We evaluated these constants from the
experimentally obtained data as well as from the fitted values. From our study, the

Qi values were determined to be

Q1=0.28x104 cm-!

Q2=-3.97x104 and

Q3=1.38x10% cm!

Next, we have evaluated the band centres, rotational constants and centrifugal
distortion constants of e and f sub-states separately for the (1220) and (0220)
vibrational levels. For this purpose, we utilized the experimentally obtained peak
centres of e and f sub-states of the doublets, the rotational quantum number for
upper and lower states and the angular momentum quantum number of this state.
Further, we used the centrifugal distortion constant of (0220)e & (0220)f states from
the earlier study [17]. Then we have fitted these parameters with equation 5.4 [18] to
obtain the desired parameters.

v= v+ B+ D)~ Bl = Dy G+ D) = PP = BY " + 1) = P+ DYUTG + 1) -
12]? (5.4)
Where, v is the peak centre, v,is the band centre, B, and B, are rotational constants
of higher and lower states, respectively, D, and D) are centrifugal distortion
constants of higher and lower states, respectively, |' and | are rotational quantum
number for upper and lower states, respectively. The values of band centres,

rotational constants and centrifugal distortion constants for the I-type doublets of -

N->O are tabulated in Table 5.4.
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Table 5.4: Band centre, rotational constants and centrifugal distortion constants for e and f

sub-states in the P-branch for (1220) «—(0220) transition of p-N>O. All values are given in cm-
1

Band Vo B’v B”v D’v

P (0220 - 1220)e | 1283.753(9) | 0.4050 | 0.4064 | 1.31 x 107

P (0220 - 1220)f | 1283.735(0) | 0.4039 | 0.4064 | 1.48 x 107

Additionally, we have performed the pressure broadening effect on the I-type
doublets of B-N2O at room temperature by varying the cavity pressure from 0.5-30
Torr. Initially the calibrated gas mixture was introduced into the optical cavity and
then gradually the pressure of the cavity was increased by introducing zero-air upon
it. Figure 5.3 illustrates a representative example of the pressure broadening effect

for both e and f sub-states of P(29) doublet with a cavity pressure up to 20 Torr.
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Figure 5.3: Pressure broadening effect on P(29) spectral doublet of p-N-O, fitted with the
Voigt line-shape function.
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Figure 5.4: (a) and (b) Linear plot between FWHM of absorption spectra and cavity
pressure for e and f sub-states of °N P-N2O, respectively, which is used to find out the
pressure broadening coefficient for the respective sub-state.

We observed that with the increase in pressure, the peak heights of the absorption
features decreased gradually and spectral lines became wider. These observations
suggest that the spectral measurements should be carried out at low pressure in
order to obtain well-resolved I-doublet splittings between the e and f sub-states.
Figures 5.4a and 5.4b indicate the plots between the Lorentzian full-width at half-
maximum (FWHM) and cavity pressure, and it was observed that FWHM varies
linearly with pressure. From the linear fits, the pressure broadening coefficients of
the doublets for e and f sub-states of P(29) were determined to be y=(0.067 + 0.002)
cm! atm and y=(0.075 + 0.002) cm atm, respectively. We have also represented
the pressure broadening coefficients of e and f sub-states for few other doublets in
Table 5.5. The experimental values of the pressure broadening coefficients obtained
by the CRDS measurements are in good agreement with the HITRAN simulated
values. The values in the HITRAN database exhibit an uncertainty ranging from 5%
to 10% [16]. Henceforth, we explored whether there was any dependency of pressure
broadening coefficients with rotational quantum number (]). Figure 5.5 depicts a plot
of the variation of the pressure broadening coefficients with the rotational quantum
number and it was observed that the broadening coefficients decreased with the
increase in J values. Upward trend of pressure broadening for e sub-state for ] = 33
may be due to the slight overlapping with the spectral line (P(40)) of N 4NO
having peak centre at 1255.4736 cm'! and very slight overlapping with the spectral
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line (P(26)) of “N1°N16O having peak centre at 1255.4453 cm! which is clearly seen
from HITRAN simulated spectra. This overlapping will be more effective as we
increase the pressure inside the cavity. At low pressure there will be no or very
negligible overlap with the other spectral transitions. Taken together, all the new
spectroscopic parameters obtained in this study by high-resolution CRDS
measurements will improve our fundamental understanding of the molecular

properties of 3-N2O isotopomer.
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Figure 5.5: Variation of pressure broadening coefficients with rotational quantum number

for e and f sub-states.

Table 5.5: Represents the comparison between pressure broadening coefficients obtained

from CRDS experiments and HITRAN simulation.

Pressure Broadening
Transition Wavenumber | | coefficient
(cm1) (cm™ atm1)
Experimental Simulated
CRDS HITRAN
1265.234(9) 22 0.088 + 0.003 0.0738
P(0220 - 1220)e 1262.604(5) 25 0.075 + 0.002 0.0726
1259.059(8) 29 0.067 + 0.002 0.0713
1255.471(6) 33 0.077 £ 0.002 0.0705
1265.238(9) 22 0.083 + 0.005 0.0738
1262.610(9) 25 0.069 = 0.005 0.0726
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P(0220 - 1220)f 1259.069(8) 29 0.075 £ 0.002 0.0713
1255.486(8) 33 0.064 + 0.001 0.0705
1250.947(2) 38 0.059 + 0.001 0.0698

5.4 Conclusion

In summary, we have utilized the high-resolution cw-CRDS technique coupled with
an EC-QCL light source for the measurements of [-type doubling of B-N2O
isotopomer for A state (i.e. | = 2) vibrational state. We probed the (1220)<—(0220) ro-
vibrational transition of 3-N2O to observe the fine structure splittings between the e
and f sub-states in A vibrational state. We determined several new spectroscopic
parameters of B-N20 such as Coriolis constants, band centres, rotational constants
and centrifugal distortion constants. We also performed the pressure broadening
effects on the doublets at room temperature and subsequently determined the
broadening coefficients of e and f sub-states to understand the pressure-induced
spectral features. This investigation thus provides various new spectroscopic
information of I-type doubling of B-N2O leading to better fundamental

understanding of the linear polyatomic molecular property.
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Chapter: 6

A-doublet splittings of NO in ?[ [32and ?[ |12 spin-split
sub-bands at mid-IR

6.1 Introduction

Nitric oxide (NO) is a linear stable paramagnetic molecule as well as an important
atmospheric constituent because it plays a vital role in tropospheric and
stratospheric ozone chemistry [1]. This diatomic molecule has also a major role in the
NOx cycle of the lower atmosphere and interstellar chemistry [2-3]. Some major
sources of NO are burning of fossil fuel, combustion of biomass and emission from
agricultural lands and plants. Furthermore, NO has an important role in medical
science, where it is considered as an important biomarker for monitoring
inflammatory diseases of the airways like asthma and chronic obstructive
pulmonary disease [4]. In view of these, an accurate knowledge of various

spectroscopic properties of NO is crucial.

The ro-vibrational spectroscopy of NO presents a particularly intriguing theoretical
aspect due to the presence of an unpaired electron and a non-zero nuclear spin in the
nitrogen nucleus. The ground electronic state of NO is 2], which splits into 2| ]1/2and
2[]s/2 states by the spin-orbit interaction. This splitting is appearing due to two-fold
degeneracy of the electronic orbital angular momentum (A = #1) and two-fold
degeneracy of the electronic spin (Z = £1/2). Finally, the projection of total angular
momentum along the inter-nuclear axis is given by Q (Q = IZ + A 1) which can have
the values of Q =1/2 and Q = 3/2. This is the reason that the ground state of NO
splits into two states. Further, these ?[]1/2 and 2] ]3/2 states individually get split into
two sub-states with e and f components. This phenomenon is known as A-type
doubling in the linear diatomic molecule arising due to interaction between the
rotational motion and the unpaired electronic motion of the molecule [5-6]. The total

parity for this e and f sub-states is represented as +(-1)-1/2 and -(-1))-1/2, respectively
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[7]. However, probing the A-doublet splittings between e and f components in the
2[]1/2 and ?[]s3/2 allowed sub-bands of NO is extremely challenging because the
splitting is as low as 0.001 cm depending on the vibrational state. This work is
mainly focused on the study of A-type doublets in NO near 5.2 pm mid-IR region.
Moreover, the recent advancements of the widely-tunable mid-infrared continuous-
wave (cw) external-cavity quantum cascade lasers (EC-QCLs) with an extremely
narrow line-width (~0.0001 cm) working in the room temperature have enormous
measurement capability for high-resolution spectroscopic applications [8-9].
Furthermore, when an EC-QCL is coupled with an optical cavity-enhanced
absorption technique such as CRDS, it will provide ultra-sensitivity due to
quantitative measurements with high-temporal and spatial-resolutions [10-11].
CRDS has already been demonstrated to be a powerful method for high-precision
optical measurement of molecular absorption transitions by measuring the ring-
down decay rate (rather than changes in light intensity) when light moves back and

forth in a high-finesse optical cavity.

Over the past decades some experimental and theoretical spectroscopic studies have
been performed on NO mostly to investigate the absolute line positions, line
intensities, frequency and shape parameters of the ro-vibrational lines, A-type
doubling and differential broadening in various overtone, combination and hot
bands exploiting mainly Fourier transform infrared spectroscopy (FTIR) and photo-
acoustic spectroscopy (PAS) [12-15]. But, the high-resolution experimental
investigations of fine A-splittings between e and f components in the allowed 2[]1/2
and ?[[s/2 sub-bands of the 1 «— 0 fundamental vibrational bands near 5.2 pm have
not yet been explored in details, to the best of our knowledge. Comparisons between
the present and previous works have been provided in Table 6.1. Moreover, how the
fine splittings are affected in collision with various perturbing gases along with their
dependence on the rotational quantum number ] that are poorly understood in ro-
vibrational spectra of a paramagnetic linear NO molecule in the gas-phase. Further,
the high-precision measurements of the transition dipole moment and the molecular
parameter such as Herman-Wallis Factor involving rotational-vibrational coupling

between the e and f A-doublet components of NO would be interesting aspects to
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gain valuable insights into the fundamental knowledge of NO spectroscopic

parameters in view of various applications.

In this work, we have utilized a high-sensitive cavity ring-down spectroscopy
(CRDS) technique coupled with a high-resolution cw-EC-QCL radiation source to
study the fine spectroscopic properties of A-type doublets of NO molecule in the
allowed (?[J1i/2, 1)«=(][]1i/2, 0) and (}[]s/2, 1)«—(*]]3/2, 0) vibrational sub-band
transitions in the mid-IR spectral region ranging from 1880 cm™ to 1950 cm.
Exploiting the EC-QCL coupled CRDS we have measured the fine splittings between
the e and f A-components in the R branch of the 2[]1/2 and ?][3/2 sub-bands. The
transition dipole moments, Herman-Wallis coefficients, A-doubling constants and
their J-dependence were determined from the fine-resolved A splitting for both the
spin-split 2[[1/2 and ?[]3/2 sub-bands of NO. Finally, we investigated the pressure
broadening effects on these A-type doublets using zero-air (mainly Oz + N3), argon
(Ar) and helium (He) gases as collision partners and subsequently explored how
these collision-induced broadening coefficients and collisional cross-sections depend

on the rotational quantum number, J.

Table 6.1: Comparison of the present and previous works on the spectroscopic study of A-

doublet transition of *N16O.

Features C. A. Almodover | L.H. Coudert et Present Work
et al. [17] al. [16]
Spectral Range 1887 - 1990 cm ! | 1700 - 2100 cm! 1880 - 1950 cm!
High-pressure,
high-temperature
Fourier transform | Cavity ring-down
Method used optical cell for
midinfrared spectroscopy spectroscopy
spectroscopy
Path length 21.3 cm 36.18 m 1740 m
Parameters Line positions, Line positions, Line positions of
measured line intensities, line intensities the ro-vibrational
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pressure induced and Herman- transitions, doublet

shift and pressure | Wallis coefficients | separation, A-type

broadening effect doubling constants,
using Nitrogen transition dipole
and Argon moments, Herman-

Wallis coefficients,
investigated
pressure
broadening effects
on these A-type
doublets using
Zero-air, Argon
(Ar) and Helium
(He) gases as
collision partners,
collisional cross-
sections and their
dependence on the
rotational quantum

number, J.

6.2 Experimental section

All the high-resolution spectra of A-type doublets of NO are recorded using a high-
sensitive CRDS technique coupled with an EC-QCL in the mid-IR region. The
detailed experimental set-up and its optical arrangement have been described
elsewhere [18-20]. In a nutshell, we have employed an EC-QCL as an optical source
operating at the center wavelength A = 5.2 um (1923.07 cm). This QCL is a water-

cooled system emitting continuous wave (cw) light in the range of 1832 cm-! - 1974
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cm’! with mode-hop free (MHF) tuning. It is a highly collimated laser source with
high output power (~80 mW) and its extremely narrow linewidth (~0.0001 cm)
helped to resolve the fine A-type splittings in the allowed two sub-bands ?[]1/2 and
2[]3/20f NO. A piezoelectric transducer (PZT) was attached to the tunable diffraction
grating of the EC-QCL system for extremely fine tuning over ~ 1 cm-! to acquire the
fine spectral lines. The real-time wavenumber of the light emitted from the EC-QCL
was continuously monitored by a wavemeter (621B-MIR; Bristol Instruments) with
an accuracy of 0.002 cm’. The first order beam from an acousto-optic modulator
(AOM) (IntraActionCorp; AGM-406B11M) was collimated into the high-finesse
optical cavity for ring-down measurements, whereas the zeroth order beam was
directed towards the wavemeter for wavelength monitoring. This high-finesse
closed optical cavity was constructed with two highly reflective (HR) mirrors (R >
99.98%, CRD Optics Inc.; USA) placed 50 cm apart. The optical signal transmitted
out from the cavity was detected utilizing a thermoelectrically-cooled photovoltaic
mercury cadmium telluride (MCT) detector (VIGO, PVI-3TE-6). The output signal
from the detector was then connected to a low-noise voltage preamplifier (SR560;
Stanford Research Systems) for further amplification and filtering. Finally, the data
was acquired with the help of a high-speed data acquisition card (PCI 5122, 14-bit,
100 MHz bandwidth, National Instruments) and further analysis was carried out

using a custom written LabVIEW program.

6.3 Results and discussions

6.3.1 Setup parameters

We achieved an empty cavity ring-down time (RDT) 1, = 5.8 ps with a standard
deviation (1o) of 0.68% for an averaging of 15 successive ring-down events for the
present experimental conditions. Utilizing this RDT, a minimum absorption
coefficient dmin = 3.91 X 108 cm was achieved and subsequently the noise
equivalent absorption coefficient (NEA) was determined to be 5.53 X 10 cm Hz1/2.

A standard calibrated NO gas (MESA Specialty Gases & Equipment, US) was used in
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diluted form (40 £ 0.5) ppm for recording the high- resolution spectra of the target
molecule. Signal to noise ratio depends on the empty cavity ring-down we can
achieve. The higher the empty cavity ring-down time higher will the signal-to-noise
ratio we obtain. In the present setup, we have obtained the empty cavity ring-down
time ~ 5.8 us. Corresponding to this ring-down time, the concentration of the sample
we have used is the optimum concentration to achieve the maximum signal-to-noise

ratio. Further, increasing the concentration above it will lead to saturation.

6.3.2 A doublet spectral lines of NO

We probed numerous A-type doublet spectral lines of nitric oxide belonging to the
R-branch arising from the (?[]1/2, 1)<—(*]]1/2, 0) and (*][]3/2, 1)«—(*[]3/2, O) vibrational
transitions. The fine ro-vibrational CRDS spectra were recorded for the rotational
levels ] = 05 to ] =195 and J = 7.5 to ] = 23.5, in the 2[[1/2 and ?[]s/2 sub-states,
respectively with known sample concentrations inside the ring-down cell. The
pressure inside the optical cavity was maintained at 1.0 to 5.0 Torr (1 atm = 760 Torr)
depending on the experimental conditions. Few representative spectral transitions of
these rotationally-resolved A-type doublets have been shown in Figure-1. Here, we
have plotted ring-down decay-rate (k in s1) vs wavenumber (in cm™) for both the
2[]1/2 and ?[[s/2 sub-band and the spectra were fitted with the Voigt line-shape
functions. Line positions of e and f sub-states in R branch for the (3] ]1/2, 1)<—(?] ]J1/2, 0)
and (*[[s/2, 1)<—(*[]s/2, 0) vibrational transitions obtained experimentally are

represented in Table 6.2 and Table 6.3.
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Figure 6.1: CRDS spectra of A-type doublet in R-branch for 2| |12 and ?[ |32 states.

An interesting feature was observed from the recorded high-resolution R-branch
spectra as depicted in Figure 6.1. We found that A-type doublet splittings between e
and f sub-states of NO gradually decreased with increase in rotational quantum
number (J) for the ?[]i/2 sub-band, whereas the splittings appeared to increase
gradually with ] for the ?[[3/2 sub-band. The different spin-orbit interaction results in
variation of the A-doublet splittings with ] for the two individual spin-split sub-
bands where for the ?[[3/2 state (Q = 3/2), the electronic orbital angular momentum
(A) and electronic spin (X) are in the same parity, but for the 2[]1/2 state (Q = 1/2)
they are in opposite parity. We then measured the separations between the e and f
sub-states with respective J values for the (°[[1/2, 1)<=(*[[1/2, 0) and (}[]3/2, 1)<=(*[]3/2,
0) vibrational transitions. Figure 6.2 (a,b) shows the variation of the experimentally
obtained doublet separation with the corresponding J value for both the ?[[1/2 and

2[]3/2 sub-bands. The uncertainty value in the HITRAN database for line positions of
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NO corresponding to these transitions varies from 0.0001 cm-! to 0.001 cm (code 4)
[21]. There is a difference in the line positions observed between the present work
and the HITRAN database. As in the present work, we mainly focused on the
spectral difference between the e and f sub-states of the A-doublets and it is well
matched with the HITRAN simulated value. We think this arises because we change
the wavelength of the light coming out of the quantum cascade laser with the help of
piezo by changing the voltage given from the piezo to the QCL. This difference
observed in the absolute frequency is due to the experimental error occurring during

the time of the experiment while changing the wavelength with the help of piezo.

Table 6.2: Experimental and HITRAN simulated line positions of e and f sub-states in R

branch for the 2| |12 band. | is the ground state rotational quantum number.

Cl T2, DC[ 12, 0)
CRDS Experimental HITRAN
J Central Central Central Central
Wavenumber | Wavenumber | Wavenumber Wavenumber

(cm?) (Re) (cm™) (Ry) (cm?) (Re) (cm™) (Rf)
0.5 1881.026(5) 1881.038(4) 1881.03403 1881.04634
1.5 1884.280(8) 1884.292(3) 1884.29279 1884.30474
25 1887.507(5) 1887.518(8) 1887.51705 1887.52880
3.5 1890.697(7) 1890.708(4) 1890.70696 1890.71853
4.5 1893.852(6) 1893.863(7) 1893.86252 1893.87400
55 1896.975(4) 1896.986(2) 1896.98369 1896.99490
6.5 1900.060(6) 1900.071(0) 1900.07042 1900.08142
7.5 1903.113(1) 1903.124(2) 1903.12265 1903.13343
8.5 1906.129(3) 1906.139(5) 1906.14029 1906.15083
9.5 1909.114(6) 1909.124(9) 1909.12324 1909.13354
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10.5 1912.060(2) 1912.061(0) 1912.07141 1912.08145
115 1914.977(6) 1914.987(6) 1914.98468 1914.99445
135 1920.694(6) 1920.703(8) 1920.70601 1920.71522
145 1923.501(9) 1923.510(3) 1923.51379 192352271
15.5 1926.273(4) 1926.282(2) 1926.28611 1926.29474
165 1929.011(4) 1929.020(2) 1929.02281 1929.03115
17.5 1931.713(9) 1931.721(8) 1931.72373 1931.73178
185 1934.379(2) 1934.386(8) 1934.38869 1934.39645
19.5 1937.006(4) 1937.014(3) 1937.01752 1937.02522

Table 6.3: Experimental and HITRAN simulated line positions of e and f sub-states in R

branch for the 2| |3 band. | is the ground state rotational quantum number.

([ 1a2, D=C] [372, 0)
CRDS Experimental HITRAN
J Central Central Central Central
Wavenumber | Wavenumber | Wavenumber Wavenumber

(cm?) (Re) (cm™) (Ry) (cm?) (Re) (cm™) (Rf)
7.5 1903.633(2) 1903.634(6) 1903.64323 1903.64421
8.5 1906.723(6) 1906.725(3) 1906.73158 1906.73277
9.5 1909.768(5) 1909.770(5) 1909.78178 1909.78321
10.5 1912.780(3) 1912.782(5) 1912.79368 1912.79353
12.5 1918.690(4) 1918.693(2) 1918.70195 1918.70413
13.5 1912.583(5) 1921.586(5) 1921.59802 1921.60048
14.5 1924.442(9) 1924.446(1) 1924.45523 1924.45796
16.5 1930.045(7) 1930.049(6) 1930.05253 1930.05581
18.5 1935.484(9) 1935.489(2) 1935.49294 1935.49677
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19.5 1938.141(0) 1938.145(4) 1938.15405 1938.15816
205 1940.767(8) 1940.772(7) 1940.77578 1940.78016
225 1945.884(3) 1945.889(7) 1945.89998 1945.90489
235 1948.392(9) 1948.398(6) 194840242 1948.40759

It is observed from Table 6.2 and Table 6.3 there is a constant difference of 0.01 cm-!
between the peak centre obtained experimentally and that of the HITRAN peak
centre. This arises because we change the wavelength of the light coming out of the
quantum cascade laser with the help of piezo by changing the voltage given from the
piezo to the QCL. We can calibrate the experimentally obtained line centre and we
will find experimental values are overlapping with HITRAN database values upto
three to four decimal places. But as we are working with the doublet spectral line so
this calibration is not our major concern as it will get automatically eliminated when

we take the difference of the line centres to find the separation between the doublets.

6.3.3 Variation of doublet separation with rotational quantum number

<0.015 ) —~ )
§ ] A 1/2_Expt £ 0.0074 A 3/2_Expt
~ . @ 1/2_HITRAN 3 @ 3/2_HITRAN
=0.0124 3. - =
=] A 1)
- 4 |=A =] - )
= Ab*“an . 0.005 ‘&‘P
; 0.009 1 e S E | A &
s | | X S o
o 2.0.002 ‘5000
Z0.006- b ] dﬂ;‘}
= 2
= = 0.000
= =
(= 0.003 T Y T T T v T v T : T = T A T N T ¥y T
a 0 . 8 16 24 32 5 0. 8 16 24 32
Rotational quantum number (J) Rotational quantum number (J)

Figure 6.2: (a) & (b) Plot between A-type doublet separation vs | for experimentally
obtained and HITRAN, respectively for 2] [12 and 2] |32 states.

The experimentally obtained doublet separations were in good agreement with the

predicted values found in the HITRAN database. Subsequently, we determined the
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A-type doubling constant using the following equation 6.1 [22] and the variations of

doubling constants with respective ] values have been depicted in Figure 6.3.
A

av=14 (7 +3) [(2 +4) <1+ (2;§)>+ 4(”%()(”%)] 6.1)

1

o= e (43T

where, Av = doublet separation, q,= doubling constant, ] = rotational quantum

number, A = interaction constant between A and X, B = rotational constant.

It is well observed that the variation of doubling constant with respective ] values
has a non-linear nature (Figure 6.3). In our study, the doubling constants for the
2[]1/2 state vary widely in the range 10 to 10+ orders with ] values from 0.5 to 19.5,
whereas for the ?[[3/2 state, the doubling constants are of the order of 105 with ]
values from 7.5 to 23.5. A noticeable difference in the nature of variation of the

doubling constants with ] values for the ?[]1/2 and ?[[3/2 states is clearly observed in

our findings.
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Figure 6.3: Variation of doubling constant q, with the rotational quantum number (]) for
2[]1,2 and [ ]2 states.

6.3.4 Transition Dipole Moment and Herman-Wallis coefficients

Next, we have attempted to determine the vibrational transition dipole moment

from the line intensities of the experimentally probed ro-vibrational spectral lines. It
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is noteworthy to mention that diatomic molecules having a permanent electric
dipole show variation of moment of inertia with vibrational motion of the molecule.
This is known to be the major cause for the ro-vibrational perturbation of line
intensity. Therefore, ro-vibrational interaction existing in molecules is capable of
affecting the intensities of the absorption lines. By adopting the Herman-Wallis
considerations, the influence of ro-vibrational interaction on the ro-vibrational line
intensities of the molecular absorption spectra can be represented with the Herman-
Wallis coefficients [23-25]. The line intensities of the individual ro-vibrational
transitions were estimated from the integrated area under the curve of the respective
A-doublets belonging to the (?[[1/2,1)<—(}[[1/2,0) and (q]3/2,1)«-(q]3/2,0) vibrational
transitions. The individual absolute line strength S;r can be expressed by the

following equation 6.2 [12].

57 = (52) GE) 07 v (£5)[1 - (222 o2

where, v, is the central wavenumber for respective transitions in cm, E” is the
energy of the lower state, T is the temperature, K is Boltzmann constant, Sy is the
Honl-London factor, F is the Herman-Wallis factor, p, is the vibrational transition
dipole moment in Debye, Zp and Z, are the rotational and vibrational partition

functions, respectively.

In the present study, all the experiments were performed at room temperature T =
296 K. The product of these two partition functions (Z,Zz) was set to 380.36 at 296 K.

The energy values for each transition in Equation 6.2 were taken from the HITRAN

m2-Q

|m|2 where, m =] + 1 for the R-

database. The Honl-London factor is given by Sz =

branch and m = -J for the P-branch.? The product of the Herman-Wallis factor and
square of vibrational transition dipole moment can be re-written from the Equation

6.2 which is as follows:

2 F = - Sif 172 CcV; 6'3
SR T v RO ] 9

Herman-Wallis factor can be expressed as a function of m as [26]:
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ui F(m) = p2 (1+a*m+b*m?+c*m?d) (6.4)
where, a, b, c are the so-called Herman-Wallis coefficients.

Henceforth, we have utilized the Equation 6.3 to determine the product of Herman-
Wallis factor and square of vibrational transition dipole moment from the observed
line intensities of individual sub-states of A-doublet spectral lines. Subsequently, we
have plotted the product of Herman-Wallis factor and square of vibrational
transition dipole moment against m for the ?[]1/2 and ?[[3/2 states as shown in Figure
6.4. We have fitted the plots in Figure 6.4 with the Equation 6.4 to obtain vibrational
transition dipole moment and Herman-Wallis coefficients for the 2[]1/2 and ?[]3/2
states. The values of transition dipole moments and Herman-Wallis coefficients
obtained from the least-square fittings are represented in Table 6.4. We have not
observed any significant difference in the values of vibrational transition dipole

moment and Herman-Wallis coefficients among the two sub-bands 2[[1/2and ?[[s/2.
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Figure 6.4: (a) & (b) The variations of p% F with m for (12, 1)«(12 0) and (32,
1)«(’[]3, 0) vibrational transitions, respectively and fitted with polynomial function
(equation-6.4) to obtain the Herman-Wallis coefficients.
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Table 6.4: Transition dipole moments and Herman-Wallis coefficients for the [ [12 and 2] |3,

states.
Transition Dipole Herman-Wallis coefficients
Transitions Moment
a b
(1/Debye)

ClIv2 De=Cll2

0) (5.64 £0.11) x 102 -0.0677 4.84 x 103
ClIs/2 D=Cl 1372

0) (5.71 £ 0.26) x 102 -0.0706 472 x103

6.3.5 Pressure broadening coefficients and its variation with rotational

quantum number

We next investigated the pressure broadening effect on the ro-vibrational lines of A-
type doublets for the 2[[1/2 state in presence of various perturbing gases at room
temperature. We have used zero-air, argon (Ar) and helium (He) as collision
partners to understand the pressure broadening effect on the NO doublets and
subsequently determined the pressure broadening coefficient, y (in cm? atm™) for
each of these perturbing gases. To study the pressure broadening effect, ro-
vibrational lines of the 2[]1/2 state were probed at different pressures maintaining the
same number of NO molecules inside the optical cavity. A specific concentration of
NO molecule (40 ppm) was introduced into the cavity and then the cavity-pressure
was increased gradually (from 1 to 50 Torr) by injecting the perturbing gas over it.
As represented in Figure 6.5, it was observed that with increase in cavity-pressure
the spectral lines corresponding to e and f sub-states of the doublet were gradually
broadened and at the same time, the peak heights were observed to decrease
gradually. It was found that with further increase in cavity-pressure, when an
optimum pressure (~80 Torr) is reached, it would not be possible to resolve the e and
f sub-states of the A-doublets in NO. This suggests that to observe the resolved e and
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t A-components it is better to work at low pressures (typically 60 Torr <) for the
high-resolution spectroscopic analysis of NO doublets. However, the spectra were
titted with the Voigt-line shape function. Next, from the Voigt-fitted individual
spectral doublets, the Lorentzian FWHM (full width at half maximum) for e and f
sub-states were determined and subsequently FWHM was plotted against the
cavity-pressure from where the pressure broadening coefficients (y) were
determined for each perturbing gases. The pressure broadening coefficients (ye & i)
for different gases (zero air, Ar & He) are summarized in Table 6.5 & 6.6. We have
compared the pressure broadening coefficient of NO molecule we have obtained for

the perturbing gas argon with the previous work represented in Table 6.7 and Figure

6.6.
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Figure 6.5: Variation of spectral line width of R(5.5) rotational line of nitric oxide doublet
for different perturbing gases (zero-air, argon and helium). Lorentzian FWHM was plotted
against cavity-pressure and fitted linearly to evaluate pressure broadening coefficients (y. &

vy for e and f sub-states in the 2] |12 state.
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Table 6.5: Experimentally obtained pressure broadening coefficients (y.) of NO for the e

component in the 2| |12 sub-band.

Cl T2, 1)=C[ 12, 0)
] Experimental Pressure broadening coefficient (ye) (cmatm?)
peak centre
fem) Zero-air Argon Helium
0.5 1881.026(5) 0.067 +0.001 0.050 + 0.003 0.052 +0.001
2.5 1887.507(5) 0.065 +0.003 0.049 +0.002 0.050 +0.001
3.5 1890.697(7) 0.062 +0.002 0.047 +0.002 0.048 +0.002
4.5 1893.852(6) 0.061 £ 0.001 0.045 +0.002 0.047 £ 0.001
5.5 1896.975(4) 0.055 £ 0.002 0.043 +0.001 0.046 +0.001
6.5 1900.060(6) 0.056 + 0.002 0.042 +0.001 0.045 +0.001
7.5 1903.113(1) 0.057 £ 0.002 0.042 +0.002 0.044 +0.002
8.5 1906.129(3) 0.052 +0.001 0.040 +0.001 0.043 +0.002

Table 6.6: Experimentally obtained pressure broadening coefficients (yy) of NO for the f

component in the 2| |12 sub-band.

Cl T2 D vz 0)F
J Experimental Pressure broadening coefficient (yr) (cm7atm-)
peak centre
(em)
Zero-air Argon Helium
0.5 1881.038(4) 0.068 £ 0.003 0.050 £+ 0.002 0.051 £ 0.003
25 1887.518(8) 0.065 £ 0.001 0.050 £+ 0.002 0.050 £ 0.001
3.5 1890.708(4) 0.062 £ 0.003 0.047 £ 0.003 0.049 £ 0.002

93




4.5 1893.863(7) 0.060 £ 0.001 0.045 £ 0.002 0.048 + 0.001
5.5 1896.986(2) 0.057 £ 0.001 0.044 £ 0.001 0.046 £ 0.001
6.5 1900.071(0) 0.058 + 0.002 0.043 +0.002 0.045 +0.001
7.5 1903.124(2) 0.057 +£0.001 0.042 +£0.001 0.044 +0.002
8.5 1906.139(5) 0.055 £ 0.001 0.040 £ 0.001 0.043 +0.002

Table 6.7: Comparison of pressure broadening coefficient using argon as perturbing gas

between present and past work.

Cl T2, 1)« C]]12, 0)
] Pressure broadening coefficient (cm-atm-)
Argon
Present Work C. A. Almodover et al.
(Ye) (ve) (2ye) (2ye)
0.5 0.050 £0.003 0.050 £ 0.002 - -
25 0.049 +0.002 | 0.050 +0.002 | 0.0967(2.6%) | 0.0991(7.9%)
3.5 0.047 £0.002 0.047 £0.003 | 0.0915(3.0%) 0.0924(7.8%)
4.5 0.045 £ 0.002 0.045 £0.002 | 0.0897(0.6%) 0.0904(2.8%)
5.5 0.043 +0.001 | 0.044 +£0.001 | 0.0879(1.7%) | 0.0884(6.5%)
6.5 0.042+0.001 | 0.043+0.002 | 0.0843(1.7%) | 0.0852(1.9%)
7.5 0.042+£0.002 | 0.042+£0.001 | 0.0836(2.4%) 0.0848(10.9%)
8.5 0.040 £ 0.001 0.040 £0.001 | 0.0821(1.4%) 0.0838(5.3%)
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Figure 6.6: Graphical representation for comparison of pressure broadening coefficients

using argon as perturbing gas between present and past work.

We thus investigated whether the pressure broadening coefficients (ye & yr) of the
perturbing gases have any dependence on the rotational quantum number J. In order
to identify this effect, we plotted the pressure broadening coefficients as a function
of ] and the results were shown in Figure 6.7. It was clearly observed that with
increase in rotational quantum number, the pressure broadening coefficients
gradually decreased irrespective of the perturbing gas used as the collision partner
with NO, indicating strong dependence of ye and yr on ]J. This behaviour is possibly
attributed to the decrease of non-adiabatic transition probability which leads to
decrease in collision line-width with increasing rotational energy of absorbing
molecules [27-29]. It is also noted that we observed the similar broadening coefficient

for both e and f component in the studied ?[]1/2 sub-band within the experimental

uncertainties.
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Figure 6.7: Variation of pressure broadening coefficients (ye & yy) of e and f components of
nitric oxide (NO) in the 2[ |12 state with respective | value for different perturbing gases
(zero-air, Argon (Ar) and Helium (He)).
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6.3.6 Variation of collisional cross-sections with rotational quantum

number

Finally, to gain a deeper understanding of the rotational J-dependence of the
collision-induced broadening coefficients associated with the inelastic collision
mechanism in the system, we determined the collisional cross-sections (o) for
different perturbing gases using the following relation 6.5 [1]:

ycnKgT
0 —_— —

s (6.5)

where, y is the pressure broadening coefficient, ¢ the speed of light, Ks the Boltzman

constant, T the temperature and <v> the average speed of the two collision partners.

The results of collision cross-section (0) vs rotational quantum number (J) for
different collision partners have been shown in Figure-8. Here, we observed a
relatively weak dependence of cross-sections on the rotational quantum number for
He, whereas the cross-section for Ar and zero-air exhibited strong dependence on J.
These observations suggest that the mass of the perturbing molecule is one
important parameter to cause various effects on the gas molecule with which we are
working. These observations suggest that the lighter gas molecule (He) has no
significant effect to markedly change the angular momentum of NO in contrast to
the heavier gases involved in the inelastic collision mechanism because the angular
momentum in the collision depends on the reduced mass of the colliding molecule

pair.

Taken together, all these high-resolution spectroscopic parameters along with the
fundamental information of the rotationally inelastic collisional cross-sections for the
2[]1/2 spin-split sub-band of NO in the mid-IR region for the v = 1 <~ 0 fundamental
vibrational band near 52 pm at room temperature laboratory conditions are
important for better understanding of the molecular properties of the target

molecule.
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Figure 6.8: Variation of pressure broadening collisional cross-sections (0) vs rotational
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6.4 Conclusions

In summary, we have utilized the highly-sensitive CRDS technique coupled with the
EC-QCL radiation source for studying the A-doublets of nitric oxide (NO) in the
([T/2, )<=(]1/2, 0) and (?[]3/2, 1)« (}]3/2, 0) vibrational transitions near 5.2 pm. We
have measured the A-doublet splittings between the e and f sub-states of 33 ro-
vibrational spectral lines in the R-branch belonging to the above mentioned
transitions. The A-type doubling constants, Herman-Wallis coefficients and
vibrational transition dipole moments were determined. Furthermore, the pressure
broadening effects on the A-doublets of NO in collision with zero air, He and Ar as
perturbing gases and their J-dependence were investigated. This is a detailed high-
resolution spectroscopic study on the A-type doublets of NO in the fundamental ro-
vibrational band via QCL coupled with CRDS. These new and high-resoluion
measurements will help for better fundamental understanding of NO molecular

properties and to utilize these data for various future applications in the future.
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Chapter: 7

Development of a diode laser-based cavity-enhanced

spectrometer for the detection of NO, levels in exhaust gas

7.1 Introduction

Nitrogen dioxide (NO2) is an emerging pollutant in the troposphere and plays a
critical role in atmospheric chemistry, contributing to tropospheric ozone layer
formation, photochemical smog, and secondary aerosol production [1-3]. It is a
highly reactive gas and has an active role in the production of nitrous acid (HONO)
and nitric acid (HNOj3) in the atmosphere through gas-phase reactions [4-6].
Moreover, exposure to high concentrations of NO: can cause respiratory irritation,
and long-time NO. exposure could also increase the risk of acute diseases, including
asthma and breast cancer [7-9]. Thus, NO; is a key air pollutant that plays a
significant role in determining the air quality and has several adverse effects on
public health [8]. Anthropogenic activities like vehicular emission, fossil fuel
burning, industrial and power plant emission, and biogenic activities of denitrifying

bacteria are some main sources of NOx> released into the atmosphere [10-12].

Due to its atmospheric and environmental interests and severe public health
impacts, measuring actual NO2 concentration in different locations of ambient air,
such as roadside pavements, urban areas, rural areas, and indoor environments, is
essential for better air quality management [13-15]. Environmental protection
agencies like United State Environmental Protection Agency (USEPA) and World
Health Organization (WHO) have set a 24-hour and annual permissible limit of NO»
in ambient air are 100 ppb and 10 pg/m3, respectively [16-18]. In addition, National
Clean Air Policy (NCAP) in India was laid down in 2019 by the Ministry of

Environment Forest and Climate Change (MoEF&CC) in order to set a permissible
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limit for several air pollutants, which is known as National Ambient Air Quality
Standard (NAAQS) [19]. According to NCAP, the maximum permissible limit for
NO2 on a 24-hour average basis is 80 pg/m3. In this context, to maintain the
permissible limits of NO2, controlling NO; emissions from primary sources like

vehicular emissions and power plant emissions is crucial.

Over the past decades, several methods have been developed exploiting mass
spectrometry, spectroscopy and measurement using sensors in order to monitor NO2
concentration [20-22]. Optical spectroscopic methods are believed to be more
accurate over the others. Since, NO2 remains in the atmosphere in the order of few
tens of ppb levels, the highly-sensitive methods like cavity ring-down spectroscopy
(CRDS), [21,23,24] Ditferential optical absorption spectroscopy (DOAS) [25,26] and
newly-developed Incoherent broadband cavity-enhanced absorption spectroscopy
(IBBCEAS) [27,28] are usually used for the measurement of NO,. All the methods
have their own advantages and disadvantages, and the methods are usually chosen
as per need to the measurements as sensitivity, portability, robustness, cost of the

instrument etc.

The long-path techniques for measuring NO; can be broadly classified into free-
space and cavity-based measurements. Free space measurement technique includes
DOAS, tunable diode-laser absorption spectroscopy (TDLAS) [29] and differential
absorption lidar (DIAL) [30].

The most popular method among these free space measurement techniques is DOAS
which uses a distant artificial continuum light source such as a high-pressure xenon
lamp as a light source. The DOAS uses an open path which is efficient to detect the
average concentration of the species in the atmosphere. This methodology can detect
the species which have narrow absorption features. [26] However, DOAS also cannot
accurately measure emitted trace gases directly from the source. In addition, the

optical alignment of the apparatus is complex.

Another widely used free space measurement is TDLAS, where the long optical path

length is achieved by the introduction of multipass cells like White cell, Herriot cell,
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and Astigmatic cells, which usually gives optical path lengths ranging from a few
meters to a few hundred of meters whereas cavity-based techniques can give path

length in the order of kilometer.

CRDS method is a well-established optical method based on cavity based
measurement for the detection of trace gases. Although it can accurately detect trace
quantities at ppb to ppt levels with high accuracy, but its data acquisition and optical
alignment are critical. Moreover, some measurements use mid-IR quantum cascade
lasers (QCLs) as a light source which has narrow band-width, but at the same time,
these lasers are expensive, the optical alignment in the mid-IR region is difficult and

requires several high-cost optical components to develop the optical set-up [23,24].

The IBBCEAS method by Fiedler et.al [27] is another cavity-based measurement uses
a broadband light source like a xenon lamp or LED, which is useful in recent times to
detect trace species in the atmosphere. In this technique, the source selection plays a
potential role in monitoring the type of atmospheric constituents to be measured and
their limit of detection (LOD). The arrangement using a lamp requires a more
significant number of optical components as well as difficult optical alignment,
whereas the arrangement using LED uses a lesser number of optical components,
and the setup is comparatively easy to operate. In view of these, all the optical setups
require a high-acquisition time to get a proper data set, thus the methods are mostly
suitable for the measurement of average concentration of the species. A simple and
cost-effective measurement technique is required to capture the gas emission
directly from the source and quickly measure its mixing ratios accurately. Relatively
cheap and compact diode lasers with narrow bandwidth are now easily available at
the visible spectral region, where NO: usually exhibits structured electronic
transition absorption features. This kind of diode laser would be an ideal source for
the development of a simple detection method for sensitive and selective

measurement of NO» levels.

The detection limit of an instrument depends both on optical pathlength as well as

absorption cross-section. Specifically, the detection limit of NO2 for most of these
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technique lies between a few tens to a few hundreds of ppb. It was noticed that in
most of the cases researchers have used the continuous gas flow method through the
sample cell which requires a particular accumulation time to capture the data.
However, in our case, it is purely a static system and the data can be captured
instantaneously. U Platt in his work stated that a detection limit of 80 ppt could be
achieved with a 5 km optical pathlength in DOAS technique. Y. Yamamoto et al.,
utilized the cavity ring-down spectroscopy and reported the minimum detection
limit of 9 ppb for 30 s integration time and subsequently measured the concentration

of real samples in ppm order.

We have provided a detailed comparison between Bian et al. work [31] and the
present work in Table 7.1. In the work of Bian et al, it is mentioned that the
concentration is sensitive to the gas flow rates, whereas the present work is free from
this effect as here the gas is in static condition inside the cavity. Our system is more
flexible as we can collect the gas from any place with our gas collection system and
insert that gas sample inside the cavity to detect the concentration of NO2 present in

the collected gas sample.

Table 7.1: Comparison of the present and previous work on the cavity-enhanced

spectroscopy for the detection of NO2 molecule.

Features Bian et al. [31] Present Work

Optical source LED Diode Laser

Centre at 406.5 nm with 1.2 nm

Wavelength region 430 nm to 450 nm
linewidth
Cavity pressure 300 Torr 100 Torr
Path length - 180 m
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Dynamic flow of gas
System type Static
through the cavity

Detection limit from

Allan variance at 20 s 6.3 ppb 1.2 ppb
integration
Minimum 1.9 ppm (calibrated gas
concentration of NO» 35 ppm mixture)

measured in a sample 2.8 ppm (real gas sample)

In this study, we have developed a simple, robust, and precise optical method based
on cavity-enhanced absorption spectroscopy. A diode laser of comparatively smaller
bandwidth (~1.2 nm) operating at 406 nm was coupled to an optical cavity made of
two high-reflective mirrors for high-sensitive and selective detection of NO> mixing
ratios. We have selected an interference-free narrow absorption region for NO:
measurement where the absorption cross-section of NO; is maximum. We have
optically characterized the spectrometer in detail, checked the stability, and
optimized, and calibrated this developed system for real sample analysis. Finally, we
have utilized this developed system to measure the real-time NO: emissions from

some vehicles and diesel generators.

7.2 Experimental setup

A schematic diagram representing our experimental setup based on cavity-enhanced
absorption spectroscopy (CEAS) is depicted in Figure 7.1. We have utilized a highly
collimated (< 1 mrad) diode laser (19057001-CNI Optoelectronics Tech. Co., Ltd)

with a centre wavelength ~ 406.5 nm and output power of ~ 90 mW as an optical
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light source. Here, a DC regulated power supply was used to operate the laser in
continuous mode. The laser light was primarily passed through a combination of the
polarizer (LPVISE 100-A, Thorlabs) and a quarter wave plate (QWP)(AQWP05M-
600, Thorlabs) which were oriented in such a way so that it can act as an optical
isolator to prevent the back reflection of light towards the laser. Then the laser beam
was passed through a plano-convex lens (LA1484-A, Thorlabs). Thereafter, the laser
light was precisely aligned along the central axis of the quartz coated 50 cm long
optical cavity, which was formed by two high-reflective (HR) plano-concave mirrors
(149645 Layertec) with manufacturer specified reflectivity of R > 99.98% for 400-800
nm and 1 m radius of curvature (ROC). Further, the transmitted light from the cavity
was focused on the metal tip of optical fibre (MF11L1, Thorlabs) with the help of a
plano-convex lens. Finally, the output optical signal was detected by a spectrometer
(CCS-200, Thorlabs), and data were collected through the spectrometer software on a
PC. A high pressure Pirani gauge (CMR 361, Pfeiffer vacuum) was connected to the

optical cavity to maintain the optimum pressure inside the cavity.
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Figure 7.1: A schematic of the CEAS setup. QWP and P are the quarter wave plate and
polarizer, respectively; whereas L1 and Lz are the Plano-convex lenses, A is an adapter to

attach the optical fibre, and PC is the personal computer.

As the real gas samples contain particulate matter, therefore in order to remove

those particles, we have designed a special gas collection arrangement using a round
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bottom flask that is attached to the optical cavity. The actual photograph of the
experimental setup, gas collection system, and a representative picture of real

sample collection are given in Figure 7.2.

Figure 7.2: (a) Front view of the experimental measurement setup, (b) Picture of the gas
collection system, (c) Gas inlet and outlet, (d) Porcelain disk to eliminate aerosol particles,

(e) Collection of the real air sample.

7.3 Result and discussions

7.3.1 Selection of interference free spectral region for NO: detection

Nitrogen dioxide molecule has significant absorption in the UV-visible region
ranging from 250 to 650 nm. Its maximum absorption cross-section occurs in the
wavelength region of 400 nm to 410 nm, which is in the order of ~10-1° cm? molecule-
1 [32,33]. Low-cost and easily accessible handy and compact size diode lasers are
available in the UV-Visible region, and these diode lasers operate in the room
temperature. However, the absorption of NO: in the UV-visible region is
comparatively broad in contrast to other spectral regions, and therefore absorption
of other trace gas molecules may be possible during the measurements. We have to

choose an interference-free spectral region for selective and accurate measurements
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of NO2 in ambient air. The HITRAN simulated electronic spectra of various
molecules (Figure 7.3) show that NO; has no overlaps with different important
atmospheric trace molecules significantly present in this UV-visible region. From
this figure, it has been found that most of the atmospheric abundant trace gas
molecules (except chlorine oxide, OCIO) do not interfere with NO2 in the 405-407 nm
region. Chlorine oxides are mainly found as a disinfectant in water and dissociate
easily. Therefore, the abundance of it mostly in traffic air is negligible [34]. To
develop a high-sensitive compact sensor system based on CEAS for the selective and
accurate detection of NO,, we have utilized a diode laser with central wavelength~

406.5 nm as the optical source with high optical power (90 mW) in our experiment.

Broad electronic spectra of various trace gas molecules are observed in the UV-
Visible region. So, here we cannot define the spectrum of the molecule in terms of
linewidth. In the UV-Visible region, we mostly know the spectral feature of the
molecule in terms of variation of absorption cross-section along with the
wavelength. The variation of absorption cross-section with wavelength, which we
have represented in Figure 7.3 for several trace gas molecules in this UV-Visible
region, clearly reflects that the spectra are broad in this region. In the mid-IR region,
we observe the molecular finger prints of several trace molecules. There we obtain
the sharp ro-vibrational spectral lines of individual molecules. So, in the mid-IR
region we can define the absorption peak of different molecules in terms of
linewidth as well as absorption cross-section. In UV-Visible region, researchers
mostly work with broadband light sources like LED, Xenon lamp, supercontinuum
light source etc. which has a broad range of coverage greater than or equal to 30 nm
compared to those sources the diode laser which we have used as an optical source

has a linewidth of 1.2 nm is very small.
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Figure 7.3: HITRAN simulated spectra at 298 K of various trace gas molecules in the
UV-Visible region.

7.3.2 Laser profile and Allan variance analysis

We have accumulated the diode laser profile with the spectrometer, as shown in
Figure 7.4a, and fitted it with a Gaussian line profile. We obtained the FWHM of the
laser line ~1.2 nm. This narrow spectral feature of the laser light makes it feasible for
sensitive and selective detection of NO; in the visible region without any interfering
absorption. The precision of any optical system is usually determined using Allan
variance analysis [35,36]. Here, we have employed the following equation to

investigate the Allan variance:

02(NOy) = 5 TR (CNOy i+ () ~CNO;() (1) (7.1)

where, n is the number of measurements taken, t is integration time, Cno, is the
concentration of the NO, to be measured and ¢?(N0O,) is the Allan variance. The
square root of it yields Allan precision. Figure 7.4b shows the plot of the Allan
variance versus integration time. It was observed that on successive averaging of the
data, the Allan variance decreased linearly signifying the white noise region. We

achieved an optimum integration time of ~240 s which corresponds to an empty
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cavity light intensity for 3.9 s acquisition time. After this optimum time, further data
averaging did not yield better signal-to-noise ratios because of various fluctuations.
The Allan variance analysis also allows us to determine how precisely we can
measure the concentration with our developed cavity-enhanced sensor system. From
the Allan variance plot, the precision estimated to be ~ 0.5 ppb, suggesting that the
developed system is highly capable to distinguish between two samples having

concentration difference of NO2 0.5 ppb.
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Figure 7.4: (a) Diode laser spectra fitted with Gaussian profile depicts the centre wavelength
and line width. (b) Allan variance analysis to find the stability of the developed sensor

system.

7.3.3 Measurement principle in CEAS

In this present work, we have utilized the fundamental aspect of cavity-enhanced
absorption spectroscopy and coupled the diode laser radiation into a stable optical
cavity. Two high- reflective mirrors were used to construct the cavity to increase the
effective path length which subsequently increases the sensitivity of the sensor
system. The transmitted signal was primarily captured in the absence of absorbing
sample inside the cavity, and thereafter the spectra were captured introducing the
absorbing sample inside the cavity. It is noteworthy to mention that with
absorptions of molecular species, the scattering also plays a crucial role in the

extinction of the transmitted optical signal. Two types of scattering might be relevant
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in this scenario: Rayleigh and Mie. Incorporating the effects of absorption and

scattering, the total absorption coefficient can be written as follows:

1-R(4)

¥ pay(D) + e (DX (22 - 1) 7.2)

a(h) = (
where, d is the actual length of the cavity, agq,(4) is the absorption coefficient for
Rayleigh scattering, a,;.(4) is the absorption coefficient for Mie scattering, Io(}) is
the intensity when the cavity is empty and I(}) is the intensity when the cavity is
tilled with an absorbing sample. Unlike most incoherent broadband cavity-enhanced
methods, which wusually work under flowing conditions and thus require
accumulation time, our current measurement is of static type which is focused on
quick and robust measurement of the NO: released from primary sources. The
measurement of real sample follows two steps: first, the collection of gas samples
from the sources followed by measurement in a high sensitive optical cavity. During
the collection of the gas samples from the sources, the emitted gas has been
channelized through the porcelain disc having pore size ~5 pm in order to eliminate
the particulate matters and aerosol particles from the collected gas sample which
mainly gives the Mie scattering. Hence, we can drop the scattering effect coming
from the Mie scattering. In our sensor system for all the measurements, we have
maintained 100 Torr cavity pressure. Since the Raleigh scattering cross-section for
most of the gases lies in the order of ~10” to 1026 cm?molecule’ the Raleigh
scattering loss at this pressure lies in the range of ~10° to 10 cm, whereas the
cavity loss normalized by cavity length is in the order of 107 cm [37]. Therefore, the
Raleigh scattering is negligible with respect to absorption. Further, to verify it
experimentally, we have captured the empty cavity spectra and spectra by
introducing 99.99% pure nitrogen inside the cavity at 100 Torr cavity pressure which
can tell us the effect of Rayleigh scattering in our measurement. In Figure 7.5, we
have given two traces measured by our instrument, where the black trace represents
the output intensity of the laser after passing through an empty cavity, and the red
trace represents the output intensity of the same when the cavity is filled up by
99.99% pure nitrogen. The plots are zoomed in for better clarity, and we have not

observed any significant change in intensity between an empty cavity and a cavity
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filled with nitrogen gas. As nitrogen has no absorption feature in the laser region
406.5 nm, therefore we can say that there is no significant effect of Rayleigh
scattering present in our experiment. Thus, the expression for the absorption
coefficient in Equation 7.2 can be modified to Equation 7.3 by dropping the terms
representing two types of scattering.

ar) = (D)X (22— q) (7.3)
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Figure 7.5: Spectra for 100 Torr pure nitrogen inside the optical cavity.

It is correct that particles size slightly smaller than 5 micrometers can give Mie
scattering. We have used a porcelain disc with a pore size of 5 micrometers as a
filter, which states that this type of filter reduces the chance of Mie scattering.
However, to check interference from particulate matter below 5 micrometers, we
have measured the change in intensity by inserting atmospheric air passing through
the porcelain disk to the cavity maintaining 100 Torr cavity pressure, which is
already shown in Figure 7.7, and the figure shows that there is no change in intensity
after inserting atmospheric air sample. Also, according to the data of the live
monitoring station of Central Pollution Control Board situated within 1 kilometer
radius of our measurement place shows that the concentration of PM 10 is in the

range of 50-100 pg/m?3 and concentration of PM 2.5 is in the range of 20-50 pg/m? at
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the time of our measurement. Thus, it could be said that whatever the absorption we
have found is mainly due to the absorption of NO, and the chance of Mie scattering
is negligible. Another important point we want to highlight, that Mie scattering
plays a significant role for the system that captures the measurement in continuous

gas flow mode whereas our system works in purely static mode.

7.3.4 Minimum detection limit of nitrogen dioxide measured from the

developed setup

According to the principle of cavity-enhanced detection method, every optical
system must be calibrated before any measurement. The calibration of the
instrument can be done either by introducing known concentration of samples
thereby noting the path length and reflectivity of the mirrors or by introducing inert
gases to the cavity and by noting their Rayleigh cross-section. Since, our sensor
system is insensitive to Rayleigh scattering, we have calibrated our system by noting
the absorption corresponding to the known samples according to the method
described by previous studies [38]. We have measured the absorption of calibrated
NOz samples which are standardized by our previously reported method [39] and
subsequently, the effective optical path-length of the current setup has been

measured by using the Beer-Lambert law:
I(A) = Io(X) exp(-a L) (7.4)

where, Io(2) is the intensity when the cavity is empty, I(1) is the intensity when the
cavity is filled with sample, a is the absorption coefficient, and L is the effective path
length through the sample. The absorption coefficient a is related to the

concentration [X] of the molecular species and absorption cross-section oy as follows:
[X]=— (7.5)

The absorption cross-section of NO: in the laser region is 5.214 x 10-1° cm? molecule-!
[32,33]. Based on these parameters, the effective path length of the present setup is

found to be ~180 m and the mirror reflectivity for this laser region determined to be
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~99.72%. The limiting sensitivity, i.e., the minimum absorption coefficient of the
present setup, was estimated to be amin= 5.57x107 cml. A typical detection limit for
NO:z in terms of mixing ratio corresponding to this absorption cross-section at a
cavity pressure of 100 Torr was determined to be ~ 327 ppb (parts per billion, 1 part
in 109).

The detection limit of the system is limited to 327 ppb as we have mentioned above.
This detection limit depends on various factors such as the reflectivity of the mirrors
used to construct the cavity, optical pathlength, actual length of the cavity used, and
the sensitivity of the detector. If the mirror with higher reflectivity and the cavity
with greater than the actual length can be used to construct the cavity, which in turn
will increase the effective optical pathlength and subsequently, we can detect the

sample with a much lower concentration than 327 ppb.

7.3.5 Calibration of the developed experimental technique

As mentioned earlier, we first measured the effective optical path length of the set
up. Then, we performed the calibration and determined an optimum pressure inside
the cavity at which all the real samples can be accurately measured. This is done by
noting the change of intensity due to the absorption of the samples with respect to

mixing ratio.

We have utilized pure NO: gas (INTERGAS, Newfield Industrial Estate, 99.5%
Grade) in diluted form to calibrate the sensor system. We first utilized a diluted NO-
gas of 12 ppm and measured it by varying the cavity pressure from 5 to 100 Torr, as
shown in Figure 7.6a. It was observed that with an increase in cavity pressure, the
difference between the empty-cavity intensity and the intensity with gas sample
inside the cavity gradually increases. It is observed that for the 100 Torr cavity-
pressure, the intensity difference between empty cavity and the cavity filled with
NO:; gas is significant and distinguishably away from the error limit. Therefore, we
optimized the developed system and subsequently performed all the experiments

maintaining the cavity pressure at 100 Torr.
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Figure 7.6: (a) Intensity variation due to absorption at different pressure for known NO2 gas
concentration. (b) Variation of the intensity of laser spectra due to absorption for different
known concentrations of NO; gas. (c) Calibration curve representing a linear nature between

intensity differences versus different mixing ratios.

Next, we prepared various gas mixtures of different concentrations of NO2 and
measured the change in intensity of the transmitted laser light for the respective
mixtures, as shown in Figure 7.6b. Then, we have plotted the change in intensity
(intensity difference between empty-cavity and filled cavity) vs concentration of
NO,, and the linear nature of the fitted curve will act as the calibration curve in our
setup, as depicted in Figure 7.6c. From this curve, knowing the intensity difference
of any unknown gas sample experimentally, we can accurately and quantitatively

determine the trace amount of NO2 mixing ratios present in the sample.
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7.3.6 Detection of nitrogen dioxide concentration in different exhaust

air samples

We have collected gas samples from various sources with the help of our specially
designed gas-collection system. Then, we measured the traces of NO: in each
sample, as shown in Figure 7.7, inside the optical cavity maintaining the 100 Torr
cavity pressure. It was observed that no trace of NO2 was detected in lab air, air from
the open atmosphere, exhaled breath, and air from bike exhaust. However, within
our experimental detection limit, quite a significant trace of NO2 14 ppm was

observed in the gas sample collected from car exhaust.
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Figure 7.7: Variation of intensity for different gas samples.

Finally, we collected samples from vehicular emissions, i.e. (petrol and diesel
vehicles) and power generator exhaust by the specially designed gas-collection
system. We measured the concentration of NO: present in these respective gas
samples by exploiting our developed sensor system, as shown in Figure 7.8. NO;
concentrations in the exhaust gases emitted from the power generator, petrol car,
and diesel car were determined to be 2.8 ppm, 10 ppm, and 14 ppm, respectively, at
the heavy levels. Taken together, these studies suggest that regular monitoring of

NO: levels coming primarily from these sources is highly desirable because people
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near this type of source of NO; are highly exposed to the emission without knowing

the concentrations.
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Figure 7.8: (a), (b) & (c) Drop in intensity for gas samples collected from the power

generator, petrol car, and diesel car exhaust, respectively.

7.4 Conclusion

In summary, we have designed and developed a simple and compact optical sensor
system at 406 nm vis-region for sensitive detection of NO2 based on an optical
cavity-enhanced absorption spectroscopy technique. The detection limit of 330 ppb
for NO2 was achieved with a data acquisition time of ~ 3.9 s. An effective optical
path-length of 180 m was achieved within the high-finesse optical cavity. High-
sensitive and selective measurement of NO2 was demonstrated in an interference-

free absorptive region and free of aerosol, indeed Rayleigh and Mie scatterings. To
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check the performance of the instrument, we have utilized developed sensor for the
detection of NOsz levels in the vehicular exhaust gases. This setup can be further
employed to detect several other important trace air pollutants by changing the
diode laser source to other specific wavelengths of absorptions. Our observations
clearly suggest that the concentration of NO: released from primary emission
sources is higher as compared to the average permissible limits as laid down by
environmental protection agencies. Consequently, a strict rule needs to be
implemented so that exposure to high NO2 concentration by people near the sources

like roadside pavement and under traffic can be avoided.
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Chapter: 8

UV-A light-induced low-energy barrier gas phase
oxygen isotope exchange between carbon dioxide and

nitrogen dioxide

8.1 Introduction

Carbon dioxide (CO.) is one of the most abundant trace gas molecules in the
atmosphere having lifetime of a few hundred years and plays a pivotal role in
dynamic balance between anthropogenic activities and natural biogeochemical
processes [1]. COz exists in the atmosphere primarily in four isotopologue forms
with varied natural abundances: 1°O12C160O (98.42%), 16O13C160O (1.10%), 17O12C160O
(0.07%) and 18012C1%0O (0.39%) [2]. The oxygen isotope ratios of CO. in the
atmosphere (i.e O/10 and 170/1°0) are primarily influenced by hydrosphere-
biosphere interactions involving the CO»-H>O cycles [3-7]. The oxygen isotopic
compositions of atmospheric CO> are usually used as a powerful tracer for
atmospheric monitoring, and climate control studies in addition to oceanographic
and paleoclimate research [8-11]. Therefore, the measurement of oxygen isotopic
signatures of CO, during the exchange of light 1°0- and heavy 8O-isotopes with
several other key atmospheric species such as nitrogen dioxide (NO2) may provide
important insights into the chemical transformation mechanisms, atmospheric

dynamics and isotopic fractionation chemistry in the atmosphere.

In an early study, it was shown that the gas-phase 180-atom exchange takes place
between an oxygen molecule (1*O;) and doubly ¥O-isotope substituted CO:
(18012C180) molecule with an activation energy-barrier of 80 Kcal mole-! in a crossed-

molecular-beam-experiment [12]. This study revealed that this O-atom exchange
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takes place through a weakly-bound COs; transition complex by adiabatic
mechanism. Moreover, in the upper troposphere, the heavier ozone (O3) isotope i.e.
18010, undergoes isotopic exchange with 1012C10O to form 8012C1°0O in the
presence of high-energy UV radiation below wavelength 305 nm via the formation of

an excited state of the oxygen atom O(1D) [13].

Nitrogen dioxide (NO) is a significant reactive air pollutant with a lifetime of few
days, co-emitted with CO; from common sources. It is therefore essential to
understand the isotope-exchange chemical transformation mechanism occurring
under available UV radiation in the troposphere [14]. To date, there is no theoretical
or experimental evidences of the gas-phase O-atom isotopic exchange between
1BO12C180 and N'°O; in the presence of tropospherically available long-wave UV
radiation (i.e. near-UV, so-called UV-A band) covering wavelength 320-400 nm.
Moreover, the underlying isotope-exchange mechanisms involving 180O-isotopic
enrichments or depletions in CO2 or NO; driven by UV-A radiation are presently
unknown. It is also not known whether there are any intermediate transition states
or what additional processes might occur in the CO>-NO: isotope-exchange reaction.
There is therefore a fundamental gap in the understanding of the O-atom exchange

of COz by NOz photolysis in response to near-UV radiation in the lower atmosphere.

In this study, we provide the first clear-cut experimental evidences on how the
heavier 180O-isotope in COz is transmitted to another atmospheric NO: species and
how these two molecular species communicate isotopically in the gas-phase in
response to near-UV radiation, thus evolving an in-depth fundamental insight into
the oxygen 1°0- and 180- isotope exchange between CO: and NO.. Here, we
employed a combination of high-resolution laser-based isotope-selective integrated
cavity output spectroscopy (ICOS) exploiting a near-infrared (near-IR) laser source
operating at 2.5 pm for precise monitoring of CO: isotopes and the UV-vis cavity-
enhanced absorption spectroscopy at 406 nm for detection of N1°O; levels during the

UV-A light-induced isotope-exchange experiments.

Quantum chemical calculations at the B3LYP/6311++G (d,p) level using Gaussian 16

followed by reaction modelling study suggest that the 80-atoms are transferred
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from 18012C160O to N1¢O; through an intermediate transition (TS1) complex formed
by 18012C160, N1®O3; and N'°O. This intermediate overcomes a very low-barrier of
1.67 kcal mol! transition state (TS2) and subsequently its breakdown occurs in a time
scale of ~13 ns which corresponds to a rate constant of dissociation 7.64x 107 s-1. This
study revealed that the near-barrierless second step increases the overall 18O-isotope
exchange reaction rate and the transfer of the 180-isotope from BO12C160 to N1O;
leads to isotopic depletion of 180 in 18012C10. Our investigations mark the first-ever
study of 180-isotopic exchange reaction between 18012C1°O and N'°O, shedding a
new light on this uncharted area of gas-phase isotopic photochemistry. Taken
together, our findings thus open a new gas-phase mechanism driven by near-UV
radiation in atmospheric chemistry and oxygen isotopic fractionations which until

now has not been explored.

8.2 Experimental method

The concentration and isotope ratios of CO:in the gas samples were measured
utilizing a COzIsotope Analyzer (Loss Gatos Research, LGR, CCIA 36-EP) that
exploits a laser-based high sensitive optical cavity-enhanced absorption
spectroscopic method termed as off-axis integrated cavity output spectroscopy (OA-
ICOS). The details of the technique have already been described elsewhere [15]. In
brief, a temperature-controlled DFB diode laser source operating at ~ 2.05 pm was
utilized to trace the isotopes of COz. This near-infrared (IR) laser source was coupled
with a high-finesse closed optical cavity constructed with two highly reflective (HR)
mirrors (R > 99.98%) placed ~ 59 cm apart, providing an effective optical path length
of ~ 3 km. The rovibrational absorption features were probed at 4874.178 cm- and
4874.448 cm! corresponding to the Pe(36) and Re(28) spectral lines of O12C0O
and 16012C160, respectively, arising from the (2,0°,1) < (0,0°,0) vibrational transition.
The scan across this wavenumber was done by tuning the laser frequency over 20
GHz. The cavity pressure (~ 30 Torr) was maintained with the help of a diaphragm
pump and solenoid valves to analyze the gas samples. The absolute concentrations

of 16012C 16O and 8012C1¢0 in air samples were determined using the Beer's law by

126



capturing the real-time absorption spectra and then the spectra were fitted with the
Voigt profile line shapes. We measured 6180 values in per mill (%o) in gas samples

with a typical precision of + 0.25 %.o.

We conducted repeated experiments with air samples containing either CO; or
mixtures of CO; and NO; with high-purity (99.99%) dry Nz in response to the UV-A
radiation to measure the isotopic changes. The gas mixtures with varying mixing
ratios were taken in a cylindrical reaction chamber composed of glass measuring 15
cm in length and 5 cm in diameter, maintaining 760 Torr (1 bar) chamber pressure.
Next, these samples were exposed to the UV-A radiation using three Narva UV-A
lamps for 40 mins, which emit light with maximum intensity at ~375 nm. The

manufacturer-supplied spectral profile is given in the Figure 8.1.
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Figure 8.1: Manufacture supplied intensity profile of the UV lamp NARVALT 8WT5

To investigate the exchange of oxygen isotopes between N1°O,and 18012C160O, we
have recorded the concentrations of 16012C160 and 18012C1O by the ICOS technique.
The total concentration of NO: (sum of N1°O; and 180ON!¢O) was measured by our
recently developed cavity-enhanced absorption spectroscopy (CEAS) technique,
which traces the UV-visible absorption spectra of NOzat 406 nm [16]. As both
isomers of NO; exhibit similar electronic energy levels, they result in analogous UV-
visible absorption characteristic features. A snapshot of both ICOS and CEAS

measurements has been given in the Figures 8.2 and 8.3 as representative examples.
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Figure 8.3: The measurement of NO2 concentration using CEAS technique

It is noteworthy to mention that concentrations of 10012C160O and 18012C16O are
measured at the time of initiation of the reaction as well as upon its completion,
whereas NO:; concentrations are measured throughout the progression of the
reaction at regular intervals of time in order to calculate photolysis rate constant of
NOz under the UV-A irradiation. Our primary focus was to track the changes
in 183012C160 and N'°O; concentrations continuously during the course of the

experiments.

8.3 Results and discussions
8.3.1 General observation

Our initial step involved irradiating UV-A radiation on a gas mixture containing

oxygen isotopes of COz and then precisely monitoring the impact of UV irradiation
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on the concentration of 1°0 and 80-isotopes of CO2. We quantified the concentration
of 16012C160 in parts per million (ppm), while the concentration of 8O12C1eO was
measured as 880 in per mill (%o) at the start of the reaction as well as after 40
minutes both in the presence and absence of UV irradiation. We have reported here
the change in 18012C1°O and 1°O2C1°0O concentrations after 40 minutes of UV
irradiation. This is because the stable maximum values of 18012C1¢0O and 680 were
found after the 40 minutes as a result of the isotopic exchange. A plot of % change in
1BO12C160 /16012C160 ratio with respect to time of UV irradiation is given in the
Figure 8.4. Here, 680 is defined as the ratio between the concentration of 1O and
180O-isotopes of COy, in a sample with respect to the ratio of the same in a standard
sample Pee Dee Belemnite (PDB) i.e 0.0020672 as per equation 8.1.

5180 = (Semple®sample® _ 1y 1000 (8.1)

18 16
ppB0/ppBO

0.045 4

0.030 A

Change in % 18012c180/c 160,

0 20 40 60 80 100
Time (minutes)

Figure 8.4: Plot of % change in 18012C10Q/1012C160 ratio with respect to time

From our experiments as depicted in Figure 8.5, it has been observed that when NO»
was not present in the mixture, the change in 1°012C10O and 18012C160O isotopic
concentrations over time in the presence and absence of UV radiation exhibits no
significant variations. In this situation, the typical concentrations of 1O and 180
isotopic species of CO; were found to be the values in the gas samples ranging from
8-50 ppm (parts per million by volume) and 6-50 ppb (parts per billion by volume),
respectively. Next, in order to assess the impact of N1¢O; on 8012C160O under UV-A
radiation available in the Earth's troposphere, we have performed the same set of

experiments with adding 363 ppm of N'O; to the gas sample containing 8012C160O
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and 16012C160. We observed a slight increase in the concentration of 1°0O12C1¢O with
time between the UV irradiated and unirradiated samples containing the same
amount of NOz Figure 8.5a. But, a pronounced decrease in 8012C!O concentration
was exhibited in response to UV irradiated sample containing NO. Figure 8.5b. This
isotopically depleted 18012C1¢0 is likely to be the effect of UV-A radiation induced
BO isotope exchange between the 18012C1°0O and the N0, molecular species. In
addition, this observation was contrary to the observed increase in 18012C160O
concentration when the air sample containing same NOz concentration was kept into
dark for same span of time. However, apart from the isotope exchange reaction,
other secondary reactions may also occur in the absence of light which might be
responsible for the enhancement of 10O™2C!O concentration more in the dark phase
as compare to the UV-A light driven condition. In this context, it is noteworthy to
mention here that the initial concentrations of both 10012C10O and 18012C1¢0 in the
mixture containing N1O; are notably higher compared to the air samples without
addition of N1¢O,. The detailed information of the initial and final concentrations of
16012C160 and 18O12C1°0 in the presence and absence of N1¢O; are given in the Table

8.1.

Table 8.1: The initial and final (after 40 minutes) concentrations of 1°012C160,18012C160O
and 6180 wvalues observed in different sets of experiments as N2, N2 + UV, N2 + NO,, N2 +
NO;+ UV

Experiment |N; N>+ UV N2+ NO; Nz + NO+ UV

Time(min) |0 40 0 40 0 40 0 40

C10; (ppm) [10.83£0.02J19.05+0.01f 9.56£0.03 | 22.82+0.02 | 241.75+0.02 | 284.28+0.03 | 238.23£0.02 | 263.78+0.03

010 -918.02  [-141.59 -678.30 -356.53 518.21£1.96 | 452.67+1.89 | 696.56+2.36 | 247.69+0.87

12824 |+47.69 14592 $29.56
(per mill)

18012C160  [1.83£0.05 [27.840.06 | 6.3620.06 | 30.35£0.04 | 758.71+0.04 | 853.68+0.06 | 834.70+0.05 | 657.70+0.04
(ppb)
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Figure 8.5: (a) Effects of UV-A radiation in the presence and absence of N°O; on the 1°0-
oxygen isotopic distribution of COz. (b) Effects of UV-A radiation in the presence and
absence of N1°O, on 180-oxygen isotopic distribution of COx.

8.3.2 Investigation of the stoichiometry of the reactants in isotopic exchange

To ascertain the stoichiometry of the reactants in the isotopic reaction process, we
systematically investigated the actual effect of NO, with five different
concentrations ranging from100-520 ppm including [N16O;] = 93, 250, 363, 472 and
512 ppm. As we increase the concentration of N1°O,, we observed a corresponding
increase in the concentrations of the oxygen 1°O- and 8O-isotopes of COx. It is noted
that in the mixtures before subjecting the UV irradiation, the possible exchange of
160-isotopes in between N0, and °O12C1°0O, will not show any change in N1°O;
and 10012C1¢0 concentrations. But, when a similar oxygen isotope-exchange reaction
occurs between N1°O, and 18012C160, the exchange of 180 remaining in 18012C160O
could be replaced by 1O of N1€O,. This exchange of 10 and O results in an 180
depletion in the measurements of 18012C1®O concentration and consequently

accounts for an increase in 18ON1QO concentration.
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Figure 8.6: Change in 6180 values in per mil (%0) and percentage change in oxygen isotopes

of COzwith the initial NO, and CO; ratios.

Next, to gain more insights into the impacts of the concentration of the reactant
species N1°O; in the 180-isotopic exchange between 18012C160O and N'O,; we
thoroughly investigated the variation of 680%o and the percentage change in
18012C16Q /16012C160 ratio relative to the ratio of the concentrations of the reactants
NO2/CO:z prior to the experiments as shown in Figure 8.6. From our experiment, it is
clearly evident that the change in 6180 %o value is maximum when the ratio of the
initial concentration of NO; and CO; is 2:1. A similar kind of trend was also
observed for the percentage (%) change in 18012C160 /16012C160 ratios with respect to
the ratios of initial concentration of NO2 and COsz. These findings suggest that this
isotopic exchange driven by UV-A radiation is favourable in the presence of two
NO; and one CO; molecules. Consequently, the stoichiometry of the isotopic

exchange reaction can be expressed as NO2: CO2 = 2:1.

8.3.3 Assessment of reaction mechanism

To unravel the underlying mechanisms of experimental findings, we next conducted
a series of computational and kinetic modelling studies. Initially, we optimized the
structures of the reactants, products and transition states by using the Gaussian 16

[17] software package with the density functional theory (DFT) using the B3LYP
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functional and 6311++G (d,p) basis set. Following structure optimization, we
calculated the rate constant of the probable steps by utilizing the kinetic and
statistical thermodynamic package, the so-called KiSThelp [18] software.
Subsequently, we employed a simulation package of computer program for
modelling complex chemical reaction systems called Acuchem [19] to simulate the
concentrations of BO12C160 based on the rate constants derived from our proposed
reaction mechanism. The simulated ¥O™2C1®O concentrations after the specified
reaction time for the sets with different initial concentrations of 18012C1O and N'°O;

are then compared with our experimentally observed 18012C1°0O concentrations.

The crucial reaction steps for the UV-light-driven O-atom isotopic exchange reaction
are illustrated in Figure 8.7a. It is well-known that nitrogen dioxide (NO,)
undergoes photolysis in presence of UV-A radiation (A ~375 nm) resulting in the
production of nitric oxide (N'°O) and triplet oxygen (1°O(°P)) which subsequently
reacts with N16O; leading to the formation of N1¢Os. In the next step, N1°O and N1°O;
are combined to create a N1°O; —N¢O type of complex. We have assumed that this
step involving complex formation is barrierless because in this case the overall
energy is decreased upon complex formation. The structure of the N16O;—NO
complex resembles that of the asymmetric dimer of nitrogen dioxide i.e., ONONO:
which is believed to be a key intermediate in most of the reactions between NO2 and
compounds containing O—H group like water, alcohol, phenol etc. [20,21]. In the
course of the isotope exchange reaction, the N1O3; —N!°O complex first binds with
BO12C160 through bond formation between the 1®O-atom of N©Os; moiety and the
12C-atom of 18012C16Q. After the formation of 6ON-180-12C(160)-160-N(16O»)
complex, it undergoes dissociation by breaking 30-12C and O-N bonds of the

complex to form 16012C160, N16O; and 18ON6O.
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Figure 8.7: (a) Main reactions involved in oxygen-atom exchange reaction. (b) Energy

barrier between the reactant and products from the initial reactant N°Oz;—N1O and

18012C16Q0 calculated by DFT at 6311G++ (d,p) basis set using Gaussian 16.

The energy barrier of the transition states, 1ON-180-12C(160)-160-N(1O) with
respect to the reactant N1®O3 —NO and 8012C!0O for the two steps are given in
Figure 8.7b. It is quite evident that the transition state TS1 for the 1®°ON-180-12C(16O)

160-N(16O2) complex formation from N6O;—N1O and 8012C160 (first step) has a
barrier of 37.44 kcal mol! which is responsible to make the first step as a rate-

determining slowest step with rate constant 1.36 x 10-1 cm3 molecule! s at 298 K. It
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has also been found that once the 1*ON-180-12C(160)-160O-N(1O2) complex is formed,
the dissociation of it to form 1€O12C10O, N1¢O, and BONO overcomes a very low-
barrier of 1.67 kcal mol-l. Due to this near-barrierless, the breakdown of the 1*ON-
18O-12C(160)-160-N(16O2) complex occurs in a time scale ~13 nanosecond which
corresponds to a rate constant of dissociation 7.64x 107 s'1. However, the energy-
barrier of the first step is lower as compared to the previously reported barrier for
8O-isotopic exchange between oxygen 1°0O; and 18012C180 which was 80 kcal mol-1.
In addition, the near-barrierless second step increases the overall O-exchange

reaction rate.

After calculating rate constants, we have utilized these in order to simulate!8012C1O
concentration with the time of reaction. The relevant photochemistry and the set of
reactions used to simulate the concentrations of 18012C1¢0O are summarized in Table
8.2 along with the rate constants of the reactions. In the first step, N1°O, undergoes
photolysis to form N'O and O(P). The decay of NO: concentration due to
photolysis was monitored by the CEAS technique exploiting the UV-Vis absorption
spectroscopy as shown in Figure 8.8. The rate constant of the photolysis step has
been determined from the slope of the first-order decay plot generated by plotting
the logarithm function of the ratio of initial nitrogen dioxide concentration and the
concentration of nitrogen dioxide with the time of photolysis (In([NO2]o/[NO2]:))
versus time of irradiation Figure 8.9. As both the isotopes of NO2 (NO, and
1BON€QO) exhibit almost similar absorption due to their similar electronic energy
level, change in individual concentrations N°O, and8ONO isotopes of NOz could
not be traced by this CEAS method. Moreover, the change in N°O, and 80N1°O
concentration due to isotopic exchange is much less compared to the change in NO»
concentration due to photolysis. Therefore, the change in NO2 concentration
measured by UV visible cavity-enhanced spectroscopy could be considered solely
due to photolysis of it. As a result, the photolysis rate constant was calculated from
our experimentally measured value using cavity-enhanced absorption spectroscopy.
The rate constants of the second step (R2) and steps Re-Ri13 are taken from the [IUPAC

kinetic database.22
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The rate constants of the third (Rs3), fourth (R4) and fifth (Rs) steps were calculated
with the help of KiSThelp software, where the output geometries of reactants,
product complexes and transition states obtained from the Gaussian-16 calculation

were used as input files for rate constant calculation exploiting the Transition State

Theory.
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Figure 8.8: Change of laser intensity in CEAS technique due to absorption of NO2 and the
variation of the intensity with the extent of photolysis.
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photolysis rate constant.
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Table 8.2: The relevant photochemistry and rate constants of the significant reactions

involved in the isotopic exchange reaction

Reactions Rate constants
Ri. N0, — N160 + O(3P) Kphotolysis = 2.5 X 103 51
Ro.  N16O; + 160(3P) = N1605 knos = 2.30 x 1011 cm3 molecule! s

Rs. N160; -N160 + 18012C160 — Complex 1 K fwdl = 1.36 x 101 cm? molecule 571

Rs. Complex 1 — N6QO; -N160 + 180O12C160 Kback1= 1.1x107 s1

Rs. Complex 1— NO*%Q18 + NO2 + CO; Kiwdz = 7.64x 107 g1

Rs. NO + NOs;= NOs> + NO» 2.6x10-11 cm3 molecule! s
R;. NO + O= NO, 5.0x10 11 ¢cm3 molecule! s1
Rs. O+ NO; =0+ NO 9.9x10-12 cm3 molecule s1
Ro. O+ NO;=NO; + O, 1.7x10-11 cm3 molecule! s1
Ri0. NO> + NO = N»O3 4.0%10-12 cm3 molecule? s1
R11. N2O3 = NO + NO» 3.622x108 s'1

Ri2. NO>+ NO;3 = N2Os 2.2x1012 ¢cm3 molecule? s1
R1s. N>Os = NOs + NOs 6.9%x10-2 cm® molecule! s

The detailed information of the different initial concentrations of the reactants used
in the experiment as well as for modelling purposes for different sets of the studies
are given in the Table 8.3. The experimental and modelled concentrations of
BO1R2CI60 after the same span of reaction time from different sets of studies are
shown in Figure 8.10a. It is clearly evident here that our experimental results are in

close agreement with that of the modelling studies, thus validating our proposed

137



reaction kinetics mechanisms underlying underlining pathways involved in the

isotope exchange reaction.

Table 8.3: Different sets having different initial concentrations of the reactants and final

concentrations observed through experimental and modeled study with same reaction time.

18012C160Ofinal | 18012C16Ofinal
18012C16Qinitial
Sets N16O; (ppm) experimental modeling
(ppb)

(ppm) (ppm)
Set-1 512.13+0.35 1150.12+0.05 850.51+0.06 846.67
Set-2 363.45+0.35 671.15+0.07 489.76+0.09 481.67
Set-3 251.33+0.32 517.25+0.04 352.35+0.06 373.28
Set-4 93.14+0.32 275.26£0.06 236.08+0.04 210.25

To further validate and identify the most crucial reactions involved in isotope-
exchange process, (listed in Table 8.2) we have done the sensitivity analysis using the
reactions depicted in Figure 8.10b. In this analysis to verify the impact of a particular
reaction on the product formation, the reaction modelling has been repeated by
taking the rate constant of the reaction ten times than the calculated or supplied
value. The rate constant of the reactions (given in Table 8.2) which has been
increased by ten times, and the impact of change on 8012C1°O concentration with

respect to the predicted value has been given in Figure 8.10b.

From the analysis in Figure 8.10b, it is clearly evident that reaction the Rj is the rate-
determining step and significantly contributes to the isotopic exchange reaction. It
has also been found from the given rate constants in Table 8.2 that the rate constant
of reaction Rs is the lowest among all the rate constants which is in the order of 10-16
cm?® molecule! s1. This suggests that the reaction Rs is the rate-determining slowest

step in the isotopic exchange reaction.
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Figure 8.10: (a) Comparison of experimental and modeled yields of 18012C160 isotope with
different initial concentrations of the reactant N16O; and 18012C160. Initial concentrations of
the reactant species are given in the inset of figure. (b) Assessment of the most effective
reaction on 18012C1°0 production in terms of % change in 18012C1O concentration with
increasing rate of the reactions by ten times. The reaction numbers Ri to Re are taken

according to Table 8.2.

8.4 Conclusion

In summary, our investigation gives the first direct experimental evidence of the gas-
phasel®O-isotope exchange reaction between 18012C1°0O and N1¢O; through a near-
barrierless transition from a complex formed between 18012C160 and N16O5-N1€O. It
is well-known that NO and CO: are concurrently emitted from various
anthropogenic sources like fossil fuel burning, vehicular emission, industrial
emission etc., and the UV-A light is reasonably prevalent in the Earth's troposphere.
Therefore, it becomes imperative to investigate the oxygen atom exchange reaction
between them in response to the UV-A radiation in the lower atmosphere. Based on
the high-resolution laser-based cavity-enhanced spectroscopic methods, our findings
give evidence of how the heavy oxygen atom i.e.180 isotope in CO; driven by near-
UV radiation is transmitted to another important atmospheric species, such as NO2

and how this two molecular species communicate isotopically. Our experimental
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observations are substantiated through detailed theoretical calculations and reaction
modelling studies. Our proposed underlying mechanisms and the reaction pathways
revealed the existence of a near-barrierless transition state from an intermediate
containing nitrate portion, which facilitates the transfer of the 130-isotope from
BORCI0 to N1°O; leading to isotopic depletion of 180 in 18O12C1Q. In addition, the
calculated reaction rates and new findings obtained in this study can be valuable for
a range of atmospheric modelling endeavours and isotopic photochemistry
providing enhanced fundamental insights into the atmospheric dynamic processes
and isotope-specific chemical transformation mechanisms involved in the lower
atmosphere. Several important gaps, however, may remain in our study and further
laboratory experiments need to be done to fully understand the mystery of 180-
isotopic communication and reaction dynamics. In view of the importance of CO:
and NOz, we have therefore taken for the first time, a major step towards unraveling

a missing link of the UV-A driven 80-isotope exchange between them.
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Chapter: 9

Development of a LED based cavity-enhanced
spectrometer for high-sensitive detection of diacetyl in

gas phase

9.1 Introduction

Diacetyl is an organic molecule composed of four carbon, six hydrogen and two
oxygen atoms. It is also known as 2,3-butanedione, with the molecular formula
C4HeOo. It is a vicinal diketone, means it has two carbonyl groups (C=0O) that are
adjacent to each other on the carbon chain.! Diacetyl is a natural byproduct of
fermentation and is produced during the metabolism of certain microorganisms.??3
Diacetyl can also be synthesized chemically for various industrial applications,
including its use in the production of flavourings and fragrances.4*¢ Exposure to high
levels of diacetyl vapor has been associated with respiratory issues, leading to a
condition known as bronchiolitis obliterans.”10 Therefore, gas phase detection of
diacetyl is an important research area.

Diacetyl has a butterscotch-like aroma and it is widely used as a flavouring agents. It
is an oxidative compound and has significant impact on cellular health. Diacetyl is a
degradation product of different food components such as amino acids, fatty acids
and carbohydrates.!13 An earlier research has shown diacetyl can be produced due
to the action of lactic bacteria. Diacetyl is an important wine flavourant synthesized
during alcoholic and malolactic fermentation.%1¢ Lactic acid bacteria under
controlled physiological condition can produce diacetyl.”-18 Diacetyl is found in
several dairy products such as yogurt, butter, cheese, goat milk, cream and

margarine in varied concentrations. In addition diacetyl is also found naturally in
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some products like wine and coffee.1%?! Further, diacetyl has high commercial
importance and is manufactured to use as a food additive.

Over the decades the diacetyl was analysed and quantified using gas
chromatography detection method. Several other methods used for the detection of
this organic compound in subsequent time were high-performance liquid
chromatography (HPLC), gas chromatography with a mass selective detector (GC-
MS), fluorometric, colorimetric and liquid chromatography mass spectrometry (LC-
MS).222 Progressive advance of science and technology has led to the development
of bio-sensors for the detection of diacetyl molecule.®® Different techniques
mentioned above are non-spectroscopic and most of them are applicable for liquid
phase detection. All these measurement technique demands control and systematic
process for sample preparation. Instantaneous gas phase detection of diacetyl
molecule is highly required in the dairy farm and fermentation factory where huge
numbers of workers are exposed to that environment.

In this work, we have developed a spectroscopic detection strategy for the precise
detection of diacetyl molecule in gas phase. High finesse optical cavity was coupled
with a LED light source operating at 450 nm. This detection technique is widely
known as incoherent broadband cavity enhanced absorption spectroscopy
(IBBCEAS). We have optically characterized the spectrometer in details, checked the
stability and optimized, and calibrated this developed diacetyl sensor system for real
sample analysis. Finally, we have demonstrated the spectrometers for diacetyl

detection from different curd samples and beer.

9.2 Experimental

A representation of the experimental setup based on IBBCEAS is depicted in Figure
9.1. We have utilized a LED (M450LP2, Thorlabs) with a centre wavelength ~ 450 nm
and output power of ~ 140 mW at 1200 mA input current as an optical light source.
Here, a power supply (upLED) was used to operate the LED in continuous mode by
modulating the current (0 - 1200 mA), which in turn will vary the intensity of the
light emitted from the LED. The diverging light emitted from the LED was primarily
passed through an iris diaphragm and then the light was passed through a plano-
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convex lens (LA1509-A, Thorlabs) to converge the light beam and couple it into the
high finesse optical cavity. The optical cavity was composed of quartz coated 30 cm
long cavity attached with two high-reflective (HR) plano-concave mirrors (149645
Layertec) at its both end. High-reflective (HR) mirrors has reflectivity of R > 99.98%
for 400-800 nm and 1 m radius of curvature (ROC) as specified by manufacturer.
Further, transmitted light from the optical cavity was focused onto the tip of an
optical fiber (MF11L1, Thorlabs), utilizing a plano-convex lens (LA1422-A).
Ultimately, a spectrometer (CCS-200, Thorlabs) was employed to capture the output
optical signal, and the data were acquired through the spectrometer software on a
personal computer. To ensure optimal pressure within the cavity, a high-pressure

Pirani gauge (CMR 361, Pfeiffer Vacuum) was connected to the optical cavity.
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Figure 9.1: A representation of the developed IBBCEAS setup.

9.3 Results and discussions

Diacetyl molecule has significant absorption feature in the UV-Visible region. We
have selected the LED source with central wavelength around 450 nm to develop the
IBBCEAS setup for the gas phase detection of diacetyl molecule in trace levels. The
LED profile was accumulated with the spectrometer and fitted with the Gaussian
line shape function as shown in Figure 9.2a. We obtained the line-width of this LED

source to be ~ 18 nm. The absorption cross-section of diacetyle is in the order of ~10-
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20 cm? molecule! for the wavelength region of 440 nm to 460 nm. More specifically
the absorption cross-section of diacetyl is 4.06 X 102 cm? molecule! at 450 nm,

which is the wavelength of our interest for this experimental setup development.
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Figure 9.2: (a) LED profile fitted with Gaussian line shape function depicts the centre
wavelength and line width. (b) Allan variance analysis to find the stability of the developed

sensor system.

We investigated the stability of the developed incoherent broadband cavity
enhanced spectrometer by means of Allan variance analysis. This analysis will help
us to determine the optimum integration time to improve the limiting sensitivity by
maximizing the signal to noise ratio. We have captured the empty cavity transmitted
intensity profile for consecutive two hours in the interval of four seconds. Figure
9.2b shows the plot of the Allan variance versus integration time. On successive
averaging of the data it was observed that the Allan variance decreasing linearly
depicting the white noise region. Hence, we achieved the optimum integration time
of ~ 70 s corresponding to 4 s data acquisition time of an empty cavity transmitted
light intensity. After this 70 s optimum time various fluctuations come into scenario,
therefore further data averaging did not yield better signal-to-noise ratios. The Allan
variance analysis also allows us to determine the precision of the measurement i.e.
how precisely we can measure the concentration with our developed cavity-
enhanced sensor system. From the Allan variance plot, the precision estimated to be

~ 0.1 ppb corresponds to 70 s optimum integration time.
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The known concentration of nitrogen dioxide was employed to determine the optical
path length of our developed IBBCEAS setup for the precise detection of diacetyl
molecule from different sources. High-sensitive CRDS coupled with QCL was
utilised to measure the concentration of nitrogen dioxide.

We have utilized pure nitrogen dioxide (NO) gas (INTERGAS, Newfield Industrial
Estate, 99.5% Grade) diluted with ultra-high purity (UHP) nitrogen gas to determine
the path length of our developed IBBCEAS setup. We have selected the interference
free ro-vibrational transition line of NO2 to determine its concentration exploiting
the high-sensitive cavity ring-down spectroscopy coupled with quantum cascade
laser operating at 6.2 um wavelength region. We have captured the spectral trace of
NO:z by varying the pressure inside the cavity using the diluted mixture of NO2 with
nitrogen shown in Figure 9.3. Then the peak centre at 1632.6777 cm-! with absorption
cross-section 5.189 X 1020 cm? molecule! was considered to evaluate the mixing ratio
from the slope of the peak-area vs pressure curve Figure 9.4. The spectral trace was
fitted with voigt line shape function to find the peak area. We obtained the mixing
ratio for NOz in this prepared gas mixture to be 910 ppb (parts per billion by
volume). This same gas mixture was then injected into the cavity of the developed
IBBCEAS setup to determine its path length from the intensity drop utilizing Beer-

Lambert law.
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Figure 9.3: CRDS spectra of NO: for the prepared gas mixture.
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Figure 9.4: Plot of peak-area vs pressure and fitted with linear regression.

We have introduced this nitrogen dioxide gas inside the optical cavity to observe the
value of intensity change (Figure 9.5) and using the Beer-Lambert law (equation 9.1)
we have evaluated the optical path length of the developed IBBCEAS setup.

I(A) = Iy(A)eLXlon (9.1)
where, [)(4) is the intensity when the cavity is empty, /(1) is the intensity when the
cavity is filled with sample, L is the effective path length through the sample, [X] is
the concentration of molecular species and ¢, is the absorption cross-section.

Equation 9.1 can be re-written as:
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Figure 9.5: Intensity change by inserting 910 ppb NO: to determine the optical path length

of the developed sensor.
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The absorption cross-section of nitrogen dioxide at 450 nm wavelength is 4.272 X 10-
19 cm? molecule! and we have utilized the known concentration of NO2 (910 ppb) for
path length calculation of the developed sensor. Optical cavity was filled with
known concentration of NO; at 95 Torr cavity pressure. Based on these parameters
we have obtained the optical path length of our developed IBBCEAS setup to be 4.5
kilo-meters. Hence, we have evaluated the mirror reflectivity to be ~99.99% for 450
nm wavelength region. Minimum absorption coefficient i.e. the limiting sensitivity
of the present IBBCEAS setup was estimated to be amin = 2.51x108 cm-1. A typical
detection limit for diacetyl in terms of mixing ratio corresponding to absorption
cross-section of 4.06 X 1020 ¢cm? molecule! at a 100 Torr cavity pressure was
determined to be ~ 190 ppb (parts per billion, 1 part in 10°).

Next, to validate and verified whether our developed sensor can really able to sense
the diacetyl molecule. Hence, we have utilized 2,3-Butanedione (97 % pure, Sigma
Aldrich) for our experiment. We have taken the liquid diacetyl molecule in sample
vial and collected the gas from the head space of the sample vial in a controlled way.
As the vapour pressure of diacetyl is significantly high which implies that the
concentration of diacetyl in the gas sample collected from head space will also be
high, so direct insertion of this sample inside the optical cavity may lead to
saturation of the transmitted signal. Therefore, we have mixed this sample with
ultra-high purity (UHP) nitrogen gas to dilute it to some standard concentrations.
The collected gas sample from the head space was mixed with nitrogen gas in

different mixing ratios to obtain various concentration of diacetyl.
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Figure 9.6: (a) Variation of intensity due to absorption at different pressure for known

diacetyl gas concentration. (b) Variation of intensity of laser spectra due to absorption for
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different known concentrations of diacetyl gas. (c) Calibration curve representing a linear

nature between In(ly/I) verses different mixing ratios.

Figure 9.6a and 9.6b clearly depicts that our developed setup is fully able to detect
the diacetyl concentration in the collected air sample. Primarily we have taken the
gas sample containing 11 ppm diacetyl. Further, we injected this gas mixture inside
the optical cavity and varied the cavity pressure from 5 Torr to 100 Torr (Figure
9.6a). It was observe from the Figure 9.6a that with the increase in pressure the
absorption becomes much more prominent. This happens because number of
molecule per unit volume increases with increase in pressure, hence number of
diacetyl molecule contributing for absorption increases, therefore absorption
enhances gradually with increase in pressure. Since, we have observed the
maximum absorption for 100 Torr cavity pressure so we have maintained this
pressure inside the optical cavity throughout our experiment. Subsequently, we have
injected the gas samples with different diacetyl concentration varying from 15.92
ppm to 0.19 ppm and acquired the transmitted intensity profile depicted in Figure
9.6b. As with the increase in concentration number of molecule per unit volume
increases therefore we found that the absorption drops significantly with increase in
diacetyl concentration. Then, we have plotted In(Ip/I) vs concentration and obtain
the linear relationship among them (Figure 9.6c) validating the Beer-Lambert law.
Further, we have fitted this plot with a linear regression and the slope obtained will
allow us to determine the concentration of diacetyl content in any gas sample limited
to the detection limit of our developed setup by knowing the value of I, and I

experimentally.

150



1.0 1.0
—— Empty Empty
0.84 354 ppb —— Mother Dairy_curd 0.8.- 330 ppb —— Thacker Dairy_curd
1 u.i: / y :n« T
0645 / £0.6¢ / \
wn ély.xn \ v y go:m /
q:) 0.78 / \ : “om /
H 0.4 7 o 14/9.00 449.92 450.24 450.56 45'}“! 8 0-4 ] #
E o Wavelength (nm) E J 449.60 aa.;z‘ cllinrl.'z‘h;»":s(n’,ls:')asu.xx
0.2 4 0.2 4
0.0 0.0
420 430 440 450 460 470 480 450 ' 43'0 ' 4:10 ' 4%0 ' 460 ' 4;0 ' 4é0
(©) Wavelength (nm) d Wavelength (nm)
(d)
1.0 — 1.0
— Empty —— Empt
247 ppb Home-made_curd 308 ppb B::l: !
0.8 1 0.8
Lo.6d . 06 e
[72] Zom Zose
So4{ \ 0447
: o e \ : 0.76:
)l o «%?ﬂﬁ?ﬁh ﬁ:’im S — 449.60 449.92 45024 45056 450.88
0'2 . 0.2 . Wavelength (nm)
0.0 - 0.0 -
420 430 440 450 460 470 480 420 430_440 450 460 470 480
Wavelength (nm) Wavelength (nm)

Figure 9.7: (a), (b), (c) & (d) Drop in intensity for gas samples collected from mother dairy

curd, thacker dairy curd, home-made curd and beer due to the presence of diacetyl.

Finally, we have measured the concentration of diacetyl molecule in various gas
samples collected from different sources. We have broadly selected two types of
sample curd and beer. Among this curd we have taken three different categories of
curds one was home-made and other two were from mother dairy and thacker dairy.
So, in total we have tested for four different samples. Henceforth, to measure the
concentration of diacetyl molecule we have collected the gas sample from the head
space of the container containing these curd and beer. Then we have injected these
samples into the optical cavity of our developed system one by one to obtain the
value of drop down intensity (I) due to absorption Figure 9.7. Therefore, we
obtained the diacetyl concentration to be 354 ppb, 330 ppb, 247 ppb and 308 ppb for

mother dairy curd, thacker dairy curd, home-made curd and beer, respectively.
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Taken together, this study will open an avenue for the gas phase spectroscopic
detection of diacetyl molecule.

9.4 Conclusions

In summary, we have designed, developed and implemented a simple optical sensor
system at 450 nm vis-region for sensitive detection of diacetyl based on optical
incoherent broadband cavity-enhanced absorption spectroscopy technique.
Detection limit of 190 ppb for diacetyl was achieved with a data acquisition time of ~
4 s. An effective optical path-length of 4.5 km was achieved within the high-finesse
optical cavity. We have utilized the developed sensor for the detection of diacetyl
levels in the gas samples collected from head space of curd and beer container. This
setup can be further employed for the detection of real-time diacetyl concentration in
the air of the dairy farms and fermentation factories. This in turn will allow to
control and regulate the air quality standards in those places and help the workers to

take proper precautions to restrict the inhalation of this air.
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Chapter: 10

Summary and future perspective

10.1 Summary of the thesis

The works in this thesis involved the development, design, implementation and
utilization of different variants of cavity enhanced absorption spectroscopy
technique such as cavity ring down spectroscopy, integrated cavity output
spectroscopy and incoherent broadband cavity enhanced spectroscopy for detection,
isotopic exchange study and fundamental spectroscopic analysis of trace molecules
and their isotopes.

A-type and I-type doublets are very fundamental molecular property found in
diatomic and linear polyatomic molecules, respectively. Those doublet spectral
transitions were studied to explore various spectroscopic properties using the above
mentiond spectroscopic techniques. High-resolution spectroscopic investigation of I-
type doubling of B-N2O was performed in the vi fundamental vibration band at 7.8
pum using the cw EC-QCL based ultra-sensitive CRDS technique. We probed 32 [-type
doublet spectral lines corresponding to the P- and R-branches in the (1110)<«—(0110)
transition. We also probed the (1220)<—(0220) ro-vibrational transition of p-N2O to
observe the fine structure splittings between the e and f sub-states in A vibrational
state. Further, we have analysed these experimentally obtained spectral doublets to
determine several new spectroscopic parameters such as I-type doubling constants,
Coriolis constants, rotational constants and centrifugal distortion constants. We also
performed the pressure broadening effects on the doublets at room temperature and
subsequently determined the broadening coefficients of e and f sub-states to
understand the pressure-induced spectral features. We have utilized the highly-
sensitive CRDS technique coupled with the EC-QCL radiation source for studying
the A-doublets of nitric oxide (NO) in the (?[]1/2, 1)<=(*[]1/2, 0) and (’[]3/2, 1)<=(*[ ]3/2,

0) vibrational transitions near 5.2 pm. the A-doublet splittings between the e and f
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sub-states of 33 ro-vibrational spectral lines in the R-branch belonging to the above
mentioned transitions were acquired experimentally. Some fundamental
spectroscopic parameters like A-type doubling constants, Herman-Wallis coefficients
and vibrational transition dipole moments were evaluated from these experimentall
obtained spectral transitions. We have performed the pressure broadening study of
the A-doublets in collision with zero air, He and Ar as perturbing gases and their J-
dependence were investigated.

Next, we have developed a compact spectrometer exploiting cavity enhance
absorption spectroscopy coupled with diode laser operating at 406 nm for the
precise detection of nitrogen dioxide. We have utilized this sensor system for the
high-sensitive and selective measurement of NO: in an interference-free absorptive
region and free of aerosol indeed Rayleigh and Mie scatterings. Nitrogen dioxide
content in the vehicular exhaust gases were also measured with this developed
setup. Utilizing this developed setup and ICOS spectroscopic methods, our findings
give evidence of how the heavy oxygen isotope in COz driven by near-UV radiation
is transmitted to another important atmospheric species, such as NO2 and how this
two molecular species communicate isotopically. Our experimental observations are
substantiated through detailed theoretical calculations and reaction modelling
studies. Our proposed underlying mechanisms and the reaction pathways revealed
the existence of a near-barrierless transition state from an intermediate containing
nitrate portion, which facilitates the transfer of the 8O-isotope from 18012C1°0O to
N1O; leading to isotopic depletion of 180 in 18012C10. In addition, the calculated
reaction rates and new findings obtained in this study can be valuable for a range of
atmospheric modelling endeavours and isotopic photochemistry providing
enhanced fundamental insights into the atmospheric dynamic processes and isotope-
specific chemical transformation mechanisms involved in the lower atmosphere.
Further, we have designed, developed and implemented a simple optical sensor
system at 450 nm vis-region for sensitive detection of diacetyl based on optical
incoherent broadband cavity-enhanced absorption spectroscopy technique.

Detection limit we have achieved for the detection of diacetyl was 190 ppb. We have
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utilized the developed sensor for the detection of diacetyl levels in the gas samples

collected from head space of curd and beer container.

10.2 Future perspective

10.2.1 Fundamental spectroscopic study of a-nitrous oxide

In chapter 4 and chapter 5, we have discussed the fundamental spectroscopic study
of B-nitrous oxide. a-nitrous oxide also possess the I-type doublet feature. Therefore,
we will utilize the cavity rind down spectroscopy coupled with quantum cascade
laser to obtain the [-type doublet spectral transitions for a-nitrous oxide. Various
spectroscopic parameters will be evaluated and we will compare those parameters
with our previously obtained parameters for B-nitrous oxide. This will help us to
clearly differentiate and distinguish between the site specific nature of the nitrous
oxide isotope. We will try to simultaneously detect the a-nitrous oxide and (-

nitrous oxide by capturing them in a single laser scan over the region of 0.1 cm-1.

10.2.2 Study of nitrogen dioxide from car exhaust

In chapter 7, the developed CEAS technique coupled with diode laser operating at
406 nm was demonstrated for the detection of NO2 present in the exhaust gases. We
a future plane to utilize this developed setup to observe the concentration of NO-
released from different four wheeler vehicles depending on their engine capacity.
We will also like to see how this NO2 concentration varies with the aging of the
engine, engine operated at different speed and after varied hours of continuous
engine operation. Further, it should be mention that the similar setup could be used
for detection of other important trace gases just by modifying the setup with the

optical source of that specified wavelength.

10.2.3 Develop and work on different experimental techniques

Most of the work in this thesis is related to the gas phase studies. I have interest to
explore and extend my knowledge towards condensed phase and nanoparticle
chemistry. To work in this area two experimental techniques like evanescent wave

cavity ring-down spectroscopy (Ew-CRDS) and surface plasmon resonance (SPR) are
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widely used along with other well known techniques. So selecting some specific
system and working in this techniques will allow me acquire knowledge and

enhance my research field.
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