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ABSTRACT 

 

Applications of a Mid-IR Quantum Cascade Laser in Gas Sensing Research 

Muhammad Bilal Sajid 

Laser absorption based sensors are extensively used in a variety of gas sensing areas 

such as combustion, atmospheric research, human breath analysis, and high resolution 

infrared spectroscopy. Quantum cascade lasers have recently emerged as high 

resolution, high power laser sources operating in mid infrared region and can have 

wide tunability range. These devices provide an opportunity to access stronger 

fundamental and combination vibrational bands located in mid infrared region than 

previously accessible weaker overtone vibrational bands located in near infrared 

region. 

Spectroscopic region near 8 m contains strong vibrational bands of methane, 

acetylene, hydrogen peroxide, water vapor and nitrous oxide. These molecules have 

important applications in a wide range of applications. This thesis presents studies 

pertaining to spectroscopy and combustion applications. 

Advancements in combustion research are imperative to achieve lower emissions and 

higher efficiency in practical combustion devices such as gas turbines and engines. 

Accurate chemical kinetic models are critical to achieve predictive models which 

contain several thousand reactions and hundreds of species. These models need highly 

reliable experimental data for validation and improvements. Shock tubes are ideal 

devices to obtain such information. A shock tube is a homogenous, nearly constant 

volume, constant pressure, adiabatic and 0-D reactor.  In combination with laser 

absorption sensors, shock tubes can be used to measure reaction rates and species time 

histories of several intermediates and products formed during pyrolysis and oxidation 

of fuels.  
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This work describes measurement of the decomposition rate of hydrogen peroxide 

which is an important intermediate species controlling reactivity of combustion 

system in the intermediate temperature range. Spectroscopic parameters 

(linestrengths, broadening coefficients and temperature dependent coefficients) are 

determined for various transitions of acetylene. Furthermore, methane and acetylene 

sensors are developed for shock tube applications. The application of these sensors 

(along with an ethylene sensor) has been demonstrated to measure these species 

during the pyrolysis of n-pentane and iso-pentane.  
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1. Chapter 1: Introduction 
 

1.1 Motivation and Background 
 

Fossils fuels are major and vital source of energy to meet the ever growing demands 

of global economy. The share of renewable energy resources i.e. wind energy and 

solar energy has been increasing during the past of couple of decades, but 

hydrocarbons fuels are still likely to be dominant energy source during the foreseeable 

future.  

Combustion plays an important role in producing energy from the fossil fuels and 

hence advancement in combustion research is pivotal in addressing the challenges 

associated with use of fossil fuels. Two major contemporary challenges associated 

with hydrocarbon combustion are low efficiency and greenhouse emissions resulting 

from the practical combustion devices e.g. gas turbines and automotive engines. 

Solutions for these problems need in-depth understanding of combustion processes 

which can provide us the answers about selecting the optimum design and conditions 

for these practical combustion devices.  

Design of combustion devices is primarily based on turbulent model, chemical kinetic 

model and mixing model. Understanding of chemical kinetics and hence its accurate 

predictive capability are vital to  design these devices. Chemical kinetic models 

typically consist of thousands of elementary reactions and hundreds of species. These 

models need accurate experimental data for validation and improvement of these 

mechanisms. Shock tube and laser absorption measurements can accurately provide 

this critically needed data. Shock tube is nearly constant volume, constant pressure, 

and 0-D reactor. Elimination of species transport and heat flow makes these 
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experiments simple and accurate. Although the ignition delay time can be measured 

with shock tube only but utilization of laser absorption measurements enables us to 

measure several important reaction rates as well as species concentration time 

histories during fuel oxidation and pyrolysis. Such information is very useful in 

improving the chemical kinetic mechanisms. 

This thesis presents the successful application of 8 m cw-QCL to measure hydrogen 

peroxide decomposition reaction rate, development of methane / acetylene 

combustion sensor and its utilization in the study of n-pentane and iso-pentane 

pyrolysis. Furthermore, utilization of this laser in measurement of spectroscopic 

parameters of acetylene is also demonstrated.  

Quantum cascade lasers are results of recent technological advancements in laser 

physics and these devices are high power, high resolution, wide tunability laser 

devices capable of operating in mid infra-red (MIR)  region. Applications of these 

devices is increasing in variety of gas sensing applications like combustion, 

environmental research, human breath analysis as well as in high resolution infra-red 

spectroscopy. 

Gas sensing based laser absorption measurements have been previously reported for 

several species and in different environments. The important gases which have been 

measured include water vapor, carbon dioxide, carbon monoxide, ammonia, methane, 

acetylene and ethylene. These molecules have been primarily measured in 

environmental research and combustion research. Most of these measurements have 

been based on tunable-diode-laser-absorption- spectroscopy (TDLAS) which utilized 

diode laser operating in near infrared-red (NIR) region. Recently, studies using 

quantum cascade lasers have been reported in different studies. 
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Mid infra-red region around 8 m contains vibrational bands of several important 

species. These include hydrogen peroxide, methane, acetylene, nitrous oxide and 

water vapors. These vibrational bands are stronger than other bands present in near 

infra-red (NIR) region and hence provide an opportunity to measure these species 

with greater accuracy.  

Hydrogen peroxide is an important intermediate combustion product and its 

decomposition controls the overall reactivity of combustion system in the 

intermediate temperature range. It is also an important species in atmospheric 

research. Methane and acetylene are important hydrocarbon gas fuels. These 

molecules are also found in the atmosphere and are produced as intermediate species 

during pyrolysis and oxidation of larger hydrocarbons fuels. Measurements of these 

species provide valuable information to refine the chemical mechanisms.  

High resolution infrared spectroscopy is also an important research area where 

quantum cascade lasers are ideal devices for performing high quality measurements. 

These devices can be used to accurately measure line broadening coefficients of 

different molecule which provide valuable data to test and refine line-fitting profiles 

and to understand collisional narrowing models. 

Although, present work only utilized direct absorption based measurements, but same 

laser can be used to develop wavelength modulation spectroscopy (WMS) and cavity 

ring down spectroscopy (CRDS) based sensors. These techniques can allow one to 

reach even lower detection limits as compared to direct absorption technique. In 

particular, CRDS allow several orders of magnitudes lower detection limits. These 

techniques can be incorporated in the future work. 
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1.2 Overview of the Dissertation 
 

This thesis is aimed at describing the applications of 8 m continuous wave-quantum 

cascade laser (cw-QCL) in combustion, spectroscopy and chemical kinetics studies. 

The dissertation has been divided into several chapters so that first four chapters 

briefly introduce the fundamental concepts important for understanding the work 

described in this thesis. Subsequent chapters cover different studies which 

demonstrate the successful usage of the cw-QCL and suggest the future work which 

can be undertaken to expand the current work.  

Chapter 2 describes the fundamentals of infrared absorption spectroscopy. The 

understanding of these concepts is pivotal for advancement in laser absorption based 

sensors. These concepts mainly include absorption spectroscopy techniques, 

spectroscopic parameters and different line fitting profiles.  

Chapter 3 provides a synoptic description of quantum cascade lasers and their 

applications in variety of fields of scientific research.  Historical information about 

the development of this technology and working principle of QCLs are also included. 

Furthermore, this chapter also provides information about different molecules that 

absorb in 8 m region. Usefulness of the 8 m cw-QCL to detect these molecules in 

variety of different applications is also discussed. 

Chapter 4 discusses the application this laser for the measurement of hydrogen 

peroxide decomposition rate using shock tube and laser absorption spectroscopy. 

Spectroscopic database, such as HITRAN, based interference study to select suitable 

wavelength for measuring hydrogen peroxide under shock tube conditions is 

discussed. Furthermore, an experimental method to obtain concentrated liquid 



 

 

18 

 

hydrogen peroxide and loading of H2O2/Ar mixture in shock tube are described. 

Decomposition of hydrogen peroxide behind reflected shock waves and determination 

of its reaction rate are also described. Temperature and pressure dependences of the 

reaction rates are determined and have been expressed in Arrhenius expressions. 

Chapter 5 demonstrates the application of this high resolution cw-QCL in 

determination of spectroscopic parameters of 4+5 band of acetylene in the presence 

of different bath gases.  The experiments were performed in a static cell which could 

heated up to 600 K. Scanned wavelength direct absorption technique was 

implemented to measure these parameters. Foreign gas broadening coefficients were 

measured for 25 lines in the presence of argon, nitrogen and helium. Self-broadening 

coefficients were determined for 5 lines. Elevated temperature measurements for 

nitrogen and argon mixtures were also performed for some lines. 

Chapter 6 describes the development of in-situ combustion sensor for measuring 

methane and acetylene in shock tube experiments. HITRAN simulations were used to 

identify the optimum transitions to measure these species in the region around 8 m. 

Fixed wavelength absorption technique and two line thermometry was used eliminate 

the interference from larger hydrocarbons. Absorption cross section was measured at 

peaks and valleys of these transitions. The application of this sensor to measure 

methane and acetylene was demonstrated during pyrolysis of n-pentane. 

Chapter 7 presents the study for measurement of multi-species concentration time 

histories during pyrolysis of n-pentane and iso-pentane. The species measured were 

methane, acetylene and ethylene. CO2 gas laser operating near 10.6 m was used to 

measure ethylene. The measured species time histories were compared with simulated 

predictions of Lawrence Livermore National Laboratories (LLNL) n-alkane 



 

 

19 

 

mechanism. Sensitivity analysis and rate of production analysis were performed to 

identify the important reactions controlling the yield of these species. 

Chapter 8 summarizes the work presented in the thesis. Continuation of this work for 

future project has been discussed. Furthermore, new studies have also been proposed 

which can be carried out with 8 m cw-QCL. 
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2. Chapter 2: Fundamental Spectroscopy 
 

This chapter briefly describes the important concepts of infrared absorption 

spectroscopy. 

2.1 Beer-Lambert law 
 

Beer-Lambert law defines the absorption of a monochromatic light passing through a 

uniform medium:  

𝛼𝜈 =  −ln (
𝐼𝑡

𝐼0
) 

where 𝛼𝜈 is the spectral absorbance,  𝐼𝑡 and 𝐼0 are the transmitted and incident light 

intensities. For an isolated transition,  

 𝛼𝜈 =  𝑆(𝑇)𝑃𝐿 𝜒𝑎𝑏𝑠𝜑𝜈  

where L (cm) is the pathlength of absorbing medium, P (atm) is the total gas pressure, 

T (K) is the temperature, 𝜒𝑎𝑏𝑠 is the mole fraction of absorbing species, S (cm
-2

 atm
-1

) 

and 𝜑𝜈 (cm) are the linestrength and lineshape function for the absorption feature. As  

∫  
−∞

∞
𝛼𝜈𝑑𝜈 = 1, therefore, the integrated absorbance area (cm

-1
) is defined by 

𝐴 = ∫ 𝛼𝜈

−∞

∞

 𝑑𝜈 = 𝑃 𝜒𝑎𝑏𝑠𝑆(𝑇)𝐿 

Temperature dependence of linestrength can be described by 

𝑆(𝑇) = 𝑆(𝑇0)
𝑄(𝑇0)

𝑄(𝑇)
(

𝑇0

𝑇
) exp [−

ℎ𝑐𝐸″

𝑘
 (

1

𝑇
−

1

𝑇0
)]

∗ [1 − 𝑒𝑥𝑝 (−
ℎ𝑐𝜈0

𝑘𝑇
)] [1 − 𝑒𝑥𝑝 (−

ℎ𝑐𝜈0

𝑘𝑇0
)]

−1
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where T0 is the reference temperature, Q(T) is the partition function of absorbing 

molecule, 𝐸″is the lower-state energy, 𝜈0 (cm
-1

) is the line-center frequency of 

transition, h (Js) is Plank’s contact, c (cm/sec) is the speed of light, k(J/K) is 

Boltzmann’s constant.  

For fixed wavelength, direct absorption measurements, this law can be expressed in 

alternate form: 

𝛼𝜈 =  𝑛𝜎𝜈 𝐿  

where n = number density of absorbing molecules (molecules / cm
3
), 𝜎𝜈 is absorption 

cross section (cm
2 
/ molecules) of absorbing molecules. 

2.2 Line Broadening Mechanisms 
 

Assuming the time-independent spectroscopy model, a radiative transition between 

two states occurs at a single frequency. However, spectral lines posses specific line 

shapes and line widths. It is due to uncertainty principle, dynamics of molecules 

interaction and random thermal motions of molecules. These line broadening 

mechanisms can be broadly classified into Doppler broadening and collisional 

broadening. 

2.2.1 Doppler Broadening 
 

Molecules are in constant random motion. When a molecule has a velocity component 

in the same direction as the propagation of light, there will be shift in the frequency at 

which it will absorb a photon. The phenomenon is called Doppler shift. Hence, 

Doppler broadening is result of random motion of molecules. 

𝛥𝜈𝐷 = 7.162 × 10−7𝜈0√𝑇/𝑀 
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where M (g/mol) is molecular weight of the absorbing species.  

2.2.2 Collisional Broadening 
 

Collisional broadening, also known as pressure broadening, is result of collisions of 

molecules which perturb their energy states. 

The full width half maximum (FWHM) collisional broadening 𝛥𝜈𝐶 is defined as 

𝛥𝜈𝐶 = 𝑃2𝛾 = 𝑃 ∑ 𝜒𝑖2𝛾𝑖
𝑖

 

where 𝛾𝑖 (cm
-1

 atm
-1

) donates the collisional broadening coefficient of absorbing 

species for perturber i with mole fraction𝜒𝑖. 

2.3 Temperature Dependent Exponent 

 

The temperature dependent of collisional broadening coefficient is defined in terms of 

temperature exponent n as 

2 𝛾𝑖(𝑇) = 2𝛾𝑖  (𝑇0) (
𝑇0

𝑇
)

𝑛

 

2.4 Lineshape Profiles 

 

Line broadening of a transition occurs due to several different physical phenomena 

including Doppler broadening and pressure broadening. Different lineshape models 

have been proposed to simulate the experimentally measured spectra. In order to 

perform accurate spectroscopy based gas sensing measurements, the simulated 

lineshape should be able to match with the experimental measurements with 

minimum residual.  

Some important lineshape profiles are briefly discussed below: 
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Voigt profile is simplest and computationally efficient lineshape function. Voigt 

lineprofile assumes that collisional broadening is independent of thermal motion and 

lineprofile is convolution of Doppler (Gaussian) and pressure (Lorentzian) broadening 

[1].  

Voigt lineshape function is given by 

𝑉(𝑥′, 𝑦) =
𝑦

𝜋
∫

exp (−𝜉2)

𝑦2 + (𝑥′ − 𝜉)2
= 𝑅𝑒[𝑤(𝑥′, 𝑦)]

−∞

∞

 

Where 𝑥′ = (𝜈 − 𝜈0)/𝛥𝜈𝐷
′  is the normalized frequency detuning relative to the 

pressure shifted linecenter  𝜈0
′ , 𝑦 = 𝑃𝛾/𝛥𝐷

′  is the normalized pressure (collisional) 

broadening parameter, and 𝑤(𝑥′, 𝑦)is the complex probability function.  

Note that y is linearly proportional to pressure and is identical to the Voigt parameter 

(𝑎 =  𝛥𝜈𝐶/2𝛥𝜈𝐷
′ ). 

However, Voigt profile does not take into account collisional narrowing effect which 

arises from velocity-changing collisions. Hence, spectroscopic parameters derived 

from the Voigt profile can result in systematic errors of several percent when Doppler 

broadening is important [2-4].  

More elaborate line-fitting profiles, i.e. Galatry [5] and Rautian [6] have been 

established which include the effect of collisional narrowing. These lineshape profiles 

account for the reduction in Doppler broadening due to velocity-changing collisions 

and resulting lineshape profile is narrower than the one modeled by Voigt profile [7].  

Collisional narrowing effect can be modeled on the basis of either hard collision or 

soft collision theory. Soft collision model assumes that velocity after collision is 

strongly dependent on the velocity before collision, while hard collision model 
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presumes that velocity after collision is unrelated to the velocity before collision. 

Hard collision model simulated by Rautian and Sobel’man [6] profile is generally 

believed to be applicable in the limit when M1<<M2, while soft collision model 

simulated by Galatry profile [5] holds when M1>>M2, where M1 and M2 are 

molecular weights of absorber and perturber, respectively. In both hard and soft 

collisional models, a narrowing parameter () based on frequency of velocity-

changing collisions is introduced to account for reduction in Doppler broadening [3].  

Galatry profile is defined as 

𝐺(𝑥′, 𝑦, 𝑧)𝑑𝑥′ =
1

√𝜋
𝑅𝑒 (∫ 𝑒𝑥𝑝 {𝑖𝑥′𝜏 − 𝑦𝜏 +

1

2𝑧2
[1 − 𝑧𝜏 − exp (−𝑧𝜏)]} 𝑑𝜏

∞

0

) 

where 𝑧 = 𝑃𝛽/𝛥𝜈𝐷
′  and 𝛽 (cm

-1
 atm

-1
) is the collisional narrowing parameter. 

The Rautian lineprofile based on hard collisional model is given by: 

𝑃(𝑥′, 𝑦, 𝑧) = 𝑅𝑒 [
𝑤(𝑥′, 𝑦 + 𝑧)

1 − √𝜋𝑧𝑤(𝑥′, 𝑦 + 𝑧)
] 

When z = 0, both Rautian and Galatry profile are reduced to Voigt profile. The 

lineshape functions are used in the normalized form given by 

 ∫ 𝐺(𝑥′, 𝑦, 𝑧)𝑑𝑥′ = 
∞

−∞
∫ 𝑃(𝑥′, 𝑦, 𝑧)𝑑𝑥′ = 

∞

−∞
∫ 𝑉(𝑥′, 𝑦, 𝑧)𝑑𝑥′ = √𝜋

∞

−∞
 

The soft collision model can be applied in more general cases when M1 and M2 are 

not very different. This is because of the fact that small change in velocity can also 

result from small angle scattering of the long-range part of the intermolecular 

potential [3]. However, hard collision model is more difficult to apply in general 

situations as it explicitly assumes velocities after collision are unrelated to velocities 

before collisions [7]. Recently, more general line-fitting profiles taking into account 
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velocity changes due to intermolecular collisions and speed dependence of collisional 

width have been developed for both soft collisional [8-10] and hard collisional models 

[11, 12]. These speed dependent line profiles incorporate in-depth treatment of 

underlying physical phenomena and show better agreement with experimentally 

measured line profiles than soft and hard collisional models which do not account for 

speed dependence of broadening coefficients [13, 14]. Ciurylo et al. [14] have also 

shown that the hard collisional model is not strictly valid in the limit M1<<M2. A 

recent study [15] compares several of these models and proposes to use their partially 

pCqSDHC (Correlated quadratic-Speed-Dependent Hard-Collision) model in standard 

radiative transfer codes e.g. HITRAN [16]. This mode incorporates the collisional 

narrowing, speed dependence and line shift phenomena. 
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3. Chapter 3 Quantum Cascade Lasers and Their 

Applications 
 

Quantum cascades lasers (QCL) are increasingly being employed in various research 

areas. These include high resolution spectroscopy, combustion, environmental 

research, human breath analysis and infrared countermeasure research [17-21]. Due to 

several advantages associated with these devices, QCLs are now replacing slower and 

bigger size mass spectrometers and FTIR system [19]. 

First quantum cascade laser was developed in Bell Laboratories in 1994 [22]. The 

primitive devices operated at very low efficiency (~0.01 %), produced very low 

optical power (~ W) and required cryogenic cooling. Significant technological 

advancements have been made during last two decades. Presently available compact 

size devices, operating in mid infra-red (MIR) region, provide high resolution (~ 

0.0001 cm
-1

), high optical power (> 200 mW), wide tunability (~ 500 cm
-1

) and 

usually operate at room temperature. These QCLs have provided access to stronger 

fundamental and overtone vibrational bands than weaker overtone bands in near infra-

red (NIR) region previously accessible by tunable diode lasers. 

3.1 Working Principle of Quantum Cascade lasers 
 

Semiconductor lasers use semiconductor materials based gain mediums and achieve 

popular inversion through interband or intersubband transitions. Several 

semiconductor materials e.g. InGaAs/AiInAs alloys on InP and GaAs/AlGaAs on 

GaAs have been used to manufacture these devices [17]. These lasers can be broadly 

classified into diode lasers and quantum cascade lasers. 
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Principle of operation for QCLs is very different from those of diode lasers. Diode 

lasers depend on the process of electron-hole recombination. In diode lasers; a photon 

is emitted when an electron from conduction band recombines with a hole in the 

valance band. The wavelength of emitted light depends on the bandgap of material 

system used to fabricate the device. Although combinations of different materials 

result in different bandgaps, however, these lasers are limited to less than 3 m due to 

limit to the materials that can be used [17, 19].  

 

Figure 3-1 Quantum Cascade Laser operation (Taken from [17]) 

Quantum cascade lasers consist of alternating layers of semiconductor materials and 

hence forms quantum energy wells that confine the electrons to particular energy 

states. When an electron transitions from one valance bond energy state to lower state, 

it emits photon. The electron continues to cascades through the structure when it 

passes through next active region it transitions again and emits another photon. A 

QCL may have several active regions and each electron generates that many photons 

when it passes through the structure (Figure 3-1). This results in achieving high 

optical powers in these lasers. The output wavelength or emission energy depends on 

spacing between subbands and not on the material used. Hence, wide range tuning can 
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be achieved without changing material composition. Moreover, this provides the 

freedom to use the mature and robust material technology to manufacture the devices.   

Improvements in power efficiency and spectral performance have been two important 

aspects of history of development of quantum cascade laser technology.  

3.1.1 Power Efficiency Performance 
 

High power efficiency is pivotal in developing quantum cascade lasers suitable for 

practical applications. First QCL had wall plug efficiency (WPE) of only 0.15 % and 

operated at 10 K [22]. 

Low WPE results in high demands for energy supply for operating the laser. 

Moreover, any electrical energy not converted to light output must be dissipated as 

heat which may adversely affect the laser operation and hence need to be removed. 

The total efficiency can be described as product of four device efficiencies i.e. optical, 

internal, current and voltage efficiencies. These efficiencies are function of 

wavelength of laser and hence WPE is also dependent on wavelength.  Several 

different approaches have been adopted for improvement of WPE. For low-duty-cycle 

pulsed lasers operating at lower temperatures, strategies focused on reducing the 

voltage defect and compensation for the effect of interference roughness on electron 

transport has resulted in achieving more than 50 % total efficiency.  
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Figure 3-2 Improvement in efficiency of quantum cascade lasers during past 20 years (Taken from [17]) 

 

Improving efficiency of continuous wave-quantum cascade lasers (cw-QCLs) requires 

different approaches than those employed for pulsed lasers. These approaches are 

mainly focused on reducing the temperature changes resulting from self-heating or on 

reducing the sensitivity of laser to temperature changes. Furthermore, efforts have 

been made to actively remove the heat generated from in the active core. Mounting 

the device on high-thermal-conductivity heat sinks has been successfully achieved. 

External cooling methods e.g. thermoelectric coolers can also be used to control the 

temperature of active core. 

Figure 3-2 shows the improvement in WPE for both pulsed and cw-QCLs. It is 

evident that there has been significant increase in WPE has been made during last two 

decades. Presently the QCLs can operate with WPE more than 50 % and even room 

temperature operated devices can operate with 20 – 25 % efficiency. 
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3.1.2 Spectral Performance 

 

QCLs are ideal devices for trace gas sensing research because of their several features 

which include single-mode operation, narrow linewidth, high power, and wide 

tunability. The most common approaches for producing these devices are distributed 

fee back (DFB) lasers and external cavity (EC) lasers.  

In DFB QC lasers, the change in output frequency can be continuously changed by 

varying the heat sink temperature or injection current. A tuning rate of 0.1 – 0.2 cm
-1 

/ 

K can be generally achieved which allows to scan the laser across the absorption 

feature of interest. But, still, a limited tunable range can be achieved by these DFB 

lasers. However, the wide tunability can be achieved by using multiple DFB QC 

lasers. A tuning range of 220 cm
-1

 was reported by using 24 DFB lasers [23].  

EC QCLs allow achieving wider tunability than EC DFB lasers. A step-wise tuning to 

discrete wavelengths can be achieved by mode matching of grating-cavity and Fabry-

Perot cavity. Continuous tuning can be obtained by piezo-activated mode-tracking 

system to provide independent controls of EC length and diffraction grating angle.  

Tuning range of more than 430 cm
-1

 has been demonstrated by singe QC laser chip. 

3.2 Applications of Quantum Cascade Lasers 
 

There are various areas where quantum cascade lasers are being used extensively 

successfully. Moreover, many different emerging applications are likely to become 

common in near future due to anticipated technological advancements. 

  



 

 

31 

 

3.2.1 Gas Sensing Research 

 

Quantum Cascade Lasers allow to access mid-infrared (MIR) spectroscopic region 

which contains stronger fundamental and combination bands than overtone bands 

present in near infrared (NIR) region. Moreover, this MIR region contains bands of 

several molecules e.g. H2O, CO2, CO, CH4, C2H2, C2H4, H2O2, NO, N2O, NH3 etc. 

[16]. Hence, sensors capable of ppb or ppt level detection limits have been developed 

for various species. Furthermore, due to wide tunability range present in QCL 

devices; it is often possible to develop sensors for measuring multiple species. These 

devices allow building in-situ and fast sensors which can be used in variety of 

environments. Hence, these QCLs are now replacing FTIRs and mass spectrometers 

in various gas sensing applications.  

Some important applications in gas sensing research are briefly discussed below. 

3.2.1.1 High Resolution IR Spectroscopy 
 

Continuous wave Quantum Cascade lasers (cw-QCL) are ideal devices for performing 

high resolution spectroscopy research. These high power devices allow to access MIR 

region containing fundamental and combination bands which were previously not 

accessible with diode lasers. Various important spectroscopic parameters e.g. 

linestrengths, broadening coefficients, temperature dependent exponent and 

collisional narrowing parameters can be measured with such measurements. These 

results provide pivotal information in developing laser absorption based sensor for 

measuring the species in different applications e.g. environmental research. 

Furthermore, these measurements can be used to test and refine various line fitting 

profiles and collisional broadening and narrowing mechanisms.  
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3.2.1.2 Combustion Research 
 

Combustion of hydrocarbon fuels results in formation of various stable and 

intermediate species. These species include H2O, CO2, CO, CH4, C2H2, C2H4, H2O2, 

etc. Quantum cascade lasers can be used to quantify these species producing during 

various experimental configurations and test conditions. These measurements provide 

important data for species time-history that can be used to test and refine the chemical 

kinetic models for different hydrocarbon fuels. 

These laser absorption based sensors can be used in variety of combustion research 

devices e.g. burners, shock tubes, rapid compression machines and flow reactors. 

However, shock tube / laser absorption based measurements are most widely available 

in literature. 

3.2.1.3 Environmental Research 
 

Burning of fossil fuels and different anthropogenic activates have resulted in 

increased levels of greenhouse gases and other pollutants present in earth’s 

atmosphere. Compact size, high power efficiency and along with ppb / ppt level 

detection limits have allowed to build portal sensors for environmental applications. 

These sensors may be based on direct absorption or may employ cavity based 

techniques e.g. cavity ring down spectroscopy (CRDS) to achieve lower detection 

limits.  

3.2.1.4 Human Breath Analysis 
 

Exhaled human breath contains several trace gases. It has been identified that elevated 

levels of some of these gases can be used as biomarkers for several diseases [24]. 
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Hence, laser based sensors can be used to perform fast and non-intrusive 

measurements for diagnostics of different diseases. 

3.2.1.5 Industrial Process Monitoring and Control 
 

Laser absorption based sensors can be used to monitor combustion processes as well 

as exhaust gas emissions of different practical combustion devices e.g. engines, 

boilers, gas turbines etc. Hence, this information can be also be used to control the 

operating conditions of these devices. Studies have been reported in literature which 

shows the successful demonstration of diode lasers and quantum cascade lasers in 

harsh environments present in practical combustion devices [25, 26]. 

3.2.2 Infrared Countermeasures 
 

All aircrafts exhibit infra-red signatures due to jet engine operation with peak 

emission in 2 -5 m range [19].  Hence, heat-seeking missiles can be used target these 

planes. Flares have been conventionally used as countermeasure to confuse these 

missiles. However, recent advancement in high efficiency, high power and compact 

size quantum cascade lasers operating in 4 – 5 m that can be mounted on-board [17, 

19, 27]. These systems can provide better safety from potential threats. 

3.2.3 Free Space Communication 
 

Diode lasers operating in near infra-red (NIR) region has been successfully used in 

free space telecommunication applications. Quantum Cascade lasers operating in mid 

infra-red (MIR) and far infra-red (FIR) lasers appear as superior alternative for these 

diode lasers. These lasers can operate with higher optical power. In the MIR region; 

spectral windows around 3  5 m and 8 – 12 m are particularly suitable for free 
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space telecommunication since major greenhouse gases do not absorb in this 

wavelength range [19]. Furthermore, light emitted at longer wavelengths is less 

sensitive to scattering which may occur due to rain or due to presence of other 

particles [19]. Beside, QCLs operating in MIR region, terahertz quantum cascade 

lasers have also been identified as suitable choice for telecommunication applications 

[28]. 

3.3 Spectroscopic Region around 8 m  
 

Region around 8 m contains vibrational bands of several molecules e.g. CH4, C2H2, 

H2O, H2O2, N2O etc. Figure 3-3 shows the vibrational different bands of these 

molecules in spectroscopic region of 1 – 20 m. It can be observed that bands present 

in MIR region are stronger than overtone bands present in NIR region. Hence, sensors 

based on these bands will provide higher sensitivities for detecting these molecules in 

different applications. Importance of these molecules in different applications is 

briefly discussed below: 

Methane (CH4) is an important greenhouse gas and hence accurate quantification in 

atmosphere can provide valuable information for atmospheric research [29]. It is also 

produced during fuel oxidation and pyrolysis [30, 31] of larger hydrocarbons. 

Acetylene (C2H2) is an important species in combustion, breath analysis, 

environmental studies and astrophysics research. In combustion; it is produced as an 

intermediate product and has been identified as soot precursor [32]. It can also be 

used as an indicator for monitoring air quality and has been recognized as smoking 

biomarker in human breath [33, 34]. Its presence has also been confirmed in various 

celestial body atmospheres [35]. 
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Hydrogen peroxide (H2O2) is produced in larger quantities before the onset of 

hydrocarbon ignition at intermediate temperature conditions [36]. The thermal 

decomposition of H2O2 results in two highly reactive OH radicals and hence H2O2 

decomposition controls the overall reactivity of the system under these conditions 

[37]. The measurements of the reaction rate constant of the elementary H2O2 

decomposition reactions are important in understanding the combustion chemistry of 

hydrocarbons. Furthermore, it plays an important role in atmospheric chemistry as 

well. 

 

 

Figure 3-3 Vibrational bands of different molecules absorbing in 8 m region (T = 296K) 
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Nitrous oxide (N2O) is also an important greenhouse gas present in earth’s 

atmosphere [38]. Water (H2O) is a major combustion product and hence its 

measurement in a combustion system can be used to deduce temperature as well as to 

understand the overall combustion process [39]. 

3.4 Continuous-wave External Cavity Quantum Cascade Laser 

near 8 m 
 

The thesis presents applications of a continuous-wave External Cavity Quantum 

Cascade Laser operating near 8 m as the tunable mid-IR light source. The laser 

manufactured by Daylight solutions (model: 21077 MHF) has been used as the 

tunable mid-IR light source. The laser has a tunable range of 1217 – 1328 cm
-1

 and 

covers vibrational bands of CH4, C2H2, H2O, H2O2, N2O etc. 

The laser head is connected to a control box which displays centerline frequency and 

allows operating the laser under different settings. It allows input of desired values of 

laser frequency, temperature and injection current. The highly collimated laser light 

can reach an energy output of 120 mW. The laser is expected to have a line-width of 

less than 0.001 cm
-1

. The laser chip was maintained at 16 
0
C with the help of 

thermoelectric cooling and recirculating chiller. Depending on the nature of the 

application, the laser can be operated in three different frequency modes. These 

include fixed wavelength, coarse modulation and fast modulation modes [40]. Fast 

modulation can provide a fine tuning range of approximately 0.1 cm
-1

 with a 

sinusoidal repetition rate of 10 kHz – 2 MHz, while coarse modulation provides wider 

tuning range of nearly 1 cm
-1

 at a maximum sinusoidal repetition rate of 100 Hz. In 

the current study, we have used the coarse modulation mode which provides sufficient 

tuning range to scan over an individual acetylene transition at the target temperature 
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and pressure conditions. Coarse modulation is achieved by using a piezoelectric 

transducer (PZT) which mechanically modulates the external cavity grating. The laser 

PZT is driven by an external piezo-driver (Thorlabs MDT694A) which receives 

sinusoidal wave (100 Hz and 0 – 10VDC) from a standard function generator (Stanford 

Research Systems DS 345). 
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4. Chapter 4: Hydrogen Peroxide Thermal 

Decomposition  
 

4.1 Introduction 
 

Modeling of the chemistry of combustion systems requires a large database of 

reaction coefficients including several critical reaction coefficients over a wide range 

of temperatures and pressures. Hydrogen peroxide (H2O2) is an important 

intermediate species that can be formed in high concentrations in such combustion 

systems [36, 37, 41, 42]. The thermal decomposition of hydrogen peroxide, in the 

presence of a second body (M), results in highly reactive OH radicals, as indicated in 

the following reaction: 

H2O2 + M  2 OH + M  (k1)  (1) 

This reaction controls the overall reactivity of the system in the intermediate 

temperature range (900 to 1200 K) [37] and plays a critical role in the operation of 

homogeneous charged, compression ignition (HCCI) engines, ignition processes in 

diesel engines and knocking in spark ignition engines [36]. 

Several studies of the thermal decomposition of hydrogen peroxide were conducted in 

flow systems and static cells [43-47]. These studies were generally carried out below 

900 K and hence provided limited information directly relevant to combustion 

applications. Despite the importance of this reaction, until now only two research 

groups (University of Göttingen, Germany and Stanford University, USA) studied the 

decomposition of H2O2 under combustion conditions using shock tube facilities. In 

1969, the Göttingen group [48] obtained the first H2O2 decomposition rates behind 

reflected and incident shock waves between 950 and 1450 K and pressures up to 20 
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atm by using UV absorption spectroscopy at 230 and 290 nm.  The Göttingen group 

studied the reaction again in 2002: Kappel et al. [49] studied the thermal 

decomposition of H2O2 behind reflected shock waves using UV absorption at 215, 

230 and 290 nm. The rate coefficients were measured between 950 and 1235 K and at 

pressures of 1, 4 and 15 atm. However, the HO2 interference at 215/230 nm and the 

relatively low H2O2 absorption at 290 nm affected the accuracy of these 

measurements somewhat [50]. Recently, Hong et al. [51], at Stanford University, 

measured H2O2 decomposition rates by using IR absorption spectroscopy of H2O near 

2.55 m, because the water formation rate is predominantly controlled by H2O2 

decomposition. In their measurements, the decomposition rate of H2O2, in the 

presence of Ar and N2 bath gases, was studied over the intermediate temperature 

range from 1000 to 1200 K and at relatively low pressures between 0.9 and 3.2 atm. 

Hong et al. [52] later combined UV absorption of OH (306.7 nm) and IR absorption 

of H2O (2.55 m) to re-measure the H2O2 decomposition rate and the H2O2 + OH 

reaction rate between 1020 – 1460 K and at pressure at 1.8 atm.  

The reverse recombination reaction (OH + OH) has also been investigated 

experimentally by flash photolysis of OH precursors to produce OH radials [15-18]. 

Trainer et al. [53] performed experiments at room temperature and sub-atmospheric 

pressure. Zellner et al. [54] studied the reverse recombination reaction in the 

temperature range of 253-353 K and at pressures ranging from 26 to 1100 mbar. High 

pressure measurements were carried out by Forster et al. [55] and Fulle et al. [56] at 

pressures up to 150 bar and temperatures up to 700 K. These measurements were 

complicated due to secondary reactions of OH radicals and hence the measured rate 

varied by up to a factor of three in these studies. Recently, Sangwan et al. [57] 
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measured the OH + OH rate using UV-vis absorption spectroscopy between 298 and 

834 K and at pressures ranging 1 to 100 bar with a stated uncertainty of ± 21%. 

Theoretical studies have also been conducted to determine the reaction rate of the 

thermal decomposition of hydrogen peroxide. Brouwer et al. [58] calculated the 

falloff curves and reaction rates in the temperature range of 200 to 1500 K using 

detailed and simplified statistical adiabatic channel models. Troe and Ushakov [59] 

performed ab-initio calculations to study both dissociation and recombination 

reactions up to 5000 K and also predicted the falloff behaviors. Sellevåg et al [60] 

used variable reaction coordinate transition-state theory, classical trajectory 

simulations and a two-transition-state model to report the low and high pressure 

limiting rate coefficients in the temperature range of 200 to 3000 K with He and Ar as 

bath gases. Troe [61] analyzed results from theoretical and experimental studies to 

determine the temperature and pressure dependence of thermal dissociation and 

recombination reactions of H2O2. 

Accurate H2O2 decomposition rate coefficient measurements in a wide range of 

temperatures and pressures under combustion conditions are essential for predictive 

kinetic mechanisms. In the current work, we used tunable Quantum Cascade Laser 

(QCL) absorption near 7.7 m to determine the reaction rate of H2O2 decomposition 

behind reflected shock waves for temperatures ranging from 930 to 1250 K and at 

pressures of 1, 2 and 10 atm. The measurements were performed at a relatively low 

H2O2 concentration, diluted in Ar, to minimize the effect of secondary reactions and 

post-shock temperature rise.  
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4.2 Experimental Details  

4.2.1 Shock Tube Facility 

 

Hydrogen peroxide decomposition rate measurements were performed in a helium-

driven, electro-polished, shock tube made of 304 stainless steel. The shock tube has 

an inner diameter of 14 cm and a driver section length of 9 m. The driver section 

length can be varied up to a maximum of 9 m. Test times up to 50 ms can be achieved 

by using contact surface tailoring [62, 63] in different driver gas mixtures. In this 

study, the driver section has a length of 4.5 m and highly pure Helium (99.99%) gas 

was used as the driver gas. The driven section was connected to mechanical and turbo 

pumps to achieve an ultimate pressure of about 10
-6

 Torr with an outgassing rate of 

10
-5

 Torr/min with overnight pumping. A high accuracy Baratron pressure transducer 

was used to measure the pre-shock mixture pressure in the shock tube. Five PCB 

113B26 piezoelectric pressure transducers (PZTs) connected to four ultra-fast 

frequency counter/timers (350 MHz-Agilent 53220A) were employed to obtain the 

axial incident velocity profile. The incident shock velocity at the end-wall of the 

driven section was determined by a linear extrapolation of the velocity profile. The 

velocity attenuation rates were less than 0.8% per meter and percentage error in 

calculated end-wall shock velocity varied between 0.07 – 0.2%. The reflected shock 

conditions, including pressure and temperature, were calculated by using one-

dimensional shock jump equations. The thermodynamic parameters were taken from 

the Sandia thermodynamic database [64]. A PZT pressure transducer (Kistler 603B1) 

located 2 cm from the end-wall was used to monitor the sidewall pressure history; 

typical pressure trace is shown in Figure 4-1 with a test time of approximately 3 ms. 

The post-shock pressure variation with time (dP5/dt) is approximately 2% per ms.  
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Figure 4-1 Typical pressure trace during a H2O2 decomposition rate measurement. The test conditions were T5= 
1167K, P5=2.35 atm, with Argon used as the bath gas. 

4.2.2 H2O2 Source and Delivery 
 

Hydrogen peroxide is a very unstable species and it can decompose rapidly on the 

surfaces with which it comes in contact. Due to its instability, high concentrations of 

H2O2 solutions are not supplied and generally 30% to 50% aqueous solutions 

containing trace amounts of EDTA for stabilization are commercially available. As 

the vapor pressure of H2O2 is significantly smaller than that of water, diluted solutions 

cannot be used to obtain pure H2O2 vapors. Although there is no simple precursor of 

H2O2, commercially available Urea-H2O2 adduct has been used upon gentle heating to 

obtain relatively pure H2O2 vapor [51, 65]. However, the presence of small amounts 

of water vapor was still reported [51]. Here, we started off with 50% H2O2 aqueous 

solution and converted it to a high-concentration H2O2 solution by continuously 

bubbling argon gas and vacuuming the mixture.  
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Figure 4-2 A schematic of the H2O2 delivery system from a H2O2/H2O solution. 

Figure 4-2 shows the schematic of the H2O2 delivery system into the driven section of 

the shock tube. As water has higher vapor pressure than hydrogen peroxide, 23.8 Torr 

compared with 1.98 Torr, at 298 K [66], bubbling and vacuuming processes removed 

more water from the aqueous H2O2 solution. The vapor pressure of the mixture was 

monitored by using a highly accurate Baratron pressure transducer. An empty 

container was placed between the mass flow controller and the container for the H2O2 

solution to avoid accidental back flow up to the flow controller. To reduce the 

decomposition of H2O2 on surfaces, tubes and valves made of Teflon or stainless steel 

were used. 

The mixture used for the shock tube experiments had a total vapor pressure of 

approximately 2.3 Torr. To introduce the H2O2/Ar mixture in the shock tube, the 

vacuum pump was isolated and the stream containing H2O2/Ar mixture was further 

diluted by a separate flow of argon. This procedure helped in minimizing the water 

concentration and in controlling the mole fraction of H2O2 in the initial (pre-shock) 
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mixture. A flow rate of 700 sccm of Ar for both streams was used to obtain 

approximately 0.4 – 0.5% H2O2 in the initial mixture.  

4.2.3  Optical Diagnostic Setup  
 

A continuous-wave external cavity quantum cascade laser (cw EC-QCL) provided by 

Daylight Solutions was used in this study. The laser (21077-MHF) has a tunable range 

of 1217-1328 cm
-1

 and covers the strongest spectroscopic features of H2O2 near 7.7 

m. The laser head was connected to a controller system that displayed the laser 

frequency and was used to set the laser voltage, current and laser scan mode. The 

laser can be finely tuned to different wavelengths by adjusting the laser frequency, 

temperature and injection current to the laser head. Depending on the nature of the 

application, the laser can be operated in three different modes – fixed wavelength, 

coarse modulation and high-frequency modulation. High-frequency modulation 

provides a tuning range of approximately 0.1 cm
-1

 at frequencies ranging from 10 kHz 

to 2 MHz. Coarse modulation provides a wider tuning range of nearly 1 cm
-1

 at a 

maximum frequency of 100 Hz. Coarse modulation was achieved by using a 

piezoelectric transducer (PZT) installed in the cw (continuous mode) mode hop free 

(MHF) drive train of the laser, which mechanically modulated the grating. The PZT 

was driven by an external Piezo-driver (Thorlabs MDT694A), which received sine-

waves generated by a standard function generator (Stanford Research Systems DS 

345). The infrared (IR) radiation output was highly collimated with sufficient power 

(> 120 mW) and the specified line-width of the laser was less than 0.001 cm
-1

.  
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Figure 4-3 An overview of the experimental setup 

Figure 4-3 shows a schematic of the optical setup used in the current study. The IR 

light from the cw EC-QCL was transmitted through GaAs windows located at an axial 

location 2 cm from the shock tube end-wall. To control the beam steering, an iris was 

placed upstream of the shock tube to reduce the beam size. A second iris was placed 

downstream of the shock tube to minimize thermal emissions originating from the 

shock tube. Common-mode-rejection [67] was employed by using a reference 

detector to minimize the effect of laser noise on the absorption signal. The laser 

intensity was measured with thermoelectrically cooled, optically immersed 

photovoltaic detectors (Vigo PVI 3TE-10.6). A Germanium etalon, with a free 

spectral range (FSR) of 0.0163 cm
-1

, was used to measure the wavelength tuning in 

the coarse modulation mode. The laser intensity and Kistler pressure transducer 
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signals were recorded by a National Instruments data acquisition system (NI PCI-

6133 DAQ) with a sampling rate of 2.5 MS/sec. A custom-built LabView program 

was used to record the data. 

4.3 Interference-free H2O2 diagnostic 

 

Figure 4-4 Room temperature (296K) IR cross-sections of hydrogen peroxide from 1000 to 4000 cm-1 (from the 
PNNL database 

 

As shown in Figure 4-4, H2O2 molecules absorb across several wavelength regions in 

the IR [66]. The strongest absorption features occur at around 7.7 m, i.e., 1200 to 

1350 cm
-1

 and accessible by our laser system. However, water vapor also absorbs 

strongly across the same wavelength region and there are only narrow absorption 

regions for H2O2 that are free from interference from H2O. We used spectral 

simulations on water vapor and hydrogen peroxide to identify the optimal H2O2 

transition – that is, the highest absorption strength and the least interference from H2O 

– for the expected conditions of our experiment. These simulations are shown in 
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Figure 4-5a and are based on the HITRAN 2008 database [68]. Figure 4-5b shows the 

selected H2O2 spectral feature around 1302 cm
-1

, which is sufficiently strong and has 

minimum interference from water. This feature was used in the fixed-wavelength 

measurements of the H2O2 time-history during the reflected shock wave experiments. 

The frequency of the laser was monitored by a wavelength meter (Bristol Instruments 

721). 

 

Figure 4-5 (a) Spectra simulation of H2O2 and H2O across the tuning range of our laser; (b) Zoomed-in view of 
the spectral region near 1302 cm-1 used to measure the H2O2 molar fraction. The test conditions were: T=1000 

K, P=2.5 atm, XH2O2=0.45%, XH2O=0.5%, L=14 cm 

The initial H2O2 mole fraction in the mixture loaded into the driven section of the 

shock tube was determined by scanning the laser across the H2O2 line at 1302.5119 

cm
-1 

(Figure 4-6a). As there were several H2O2 absorption lines within a single scan 

(~ 1 cm
-1

) of the laser, a C2H2 transition near 1302.59 cm
-1

 was used to identify the 
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targeted H2O2 line. This was achieved by loading 1% C2H2/Ar mixture at 1 Torr into 

the shock tube and then scanning the laser in the coarse modulation mode to record 

the acetylene transition at 1302.59 cm
-1

. We then vacuumed the driven section of the 

shock tube with a turbomolecular pump to ensure that no C2H2 remained in the 

system. In the H2O2 measurements, the reference signal (I0) and etalon trace were 

recorded with the shock tube under a vacuum. Thereafter, the H2O2/Ar mixture was 

injected in the shock tube and the transmitted signal (It) was recorded at the initial 

shock-fill pressure (P1).  

 

The measured absorbance was then calculated using the Beer-Lambert relation: 

ln(I0/It)= P1XH2O2 LS(T), where L is the laser path length (14 cm) through the 

shock tube, is the lineshape function expressed in cm and S(T) is the line-

strength of the H2O2 transition expressed in cm
-2

 atm
-1

 taken from the HITRAN 

spectral database [68] and XH2O2 is the molar fraction of H2O2. The room-temperature 

line-strength values listed in the HITRAN database have an uncertainty of 5 to 10%. 

The derived absorbance was fit to the Voigt profile to obtain the integrated area 

(Figure 4-6b), which was used to determine the mole fraction of H2O2 in the initial 

mixture.  

 

The mole fraction of water vapor in the gas-phase mixture was calculated by applying 

Raoult’s Law. Furthermore, an H2O absorption diagnostic near 2.8 m was used to 

confirm the very small levels of water vapor (~0.4 to 0.5%) present in the initial 

mixture. 
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Figure 4-6 (a) Laser modulation around 1302 cm-1 for measuring the initial H2O2 molar fraction. A line of C2H2 at 

1302.59 cm-1 was used to identify the H2O2 lines; (b) Resulting H2O2 absorbance (square symbols), fit with a 

Vogit profile (solid line).  The test conditions were: 9.8 Torr, 296 K and 14 cm path length. The resulting H2O2 

molar fraction is 0.42% in this case. 

 

After we measured the initial H2O2 mole fraction, we switched the laser to the fixed-

wavelength mode to measure the decay of H2O2 in the post-shock region. We then 

used the absorbance value at time zero (after the reflected shock) and the known 

initial (pre-shock) H2O2 mole fraction to calculate the H2O2 absorption cross-section 

for each shock. We could thus convert the measured H2O2 absorbance time histories 

to absolute molar fraction values.  

4.4 Results and Discussion 
 

In this study, we measured the reaction rate (k1) of the thermal decomposition of 

hydrogen peroxide, diluted with Ar, behind reflected shock waves in a shock tube. We 

conducted the experiments at temperatures between 930 and 1250 K and pressures of 
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1, 2 and 10 atm. Figure 4-7 shows a few representative absorption time histories of 

H2O2 decomposition across a range of temperatures and at a pressure of about 1 atm. 

The decay of H2O2 is strongly dependent on temperature and the decay rate increases 

significantly with as the temperature increases. Furthermore, the initial absorbance of 

H2O2 decreases as the temperature increases due to the relatively low value of the 

lower-state-energy (E") of the selected H2O2 absorption transition.   

 

Figure 4-7 Absorption signals for H2O2 decay at different temperatures for measurements near 1 atm. 

Figure 4-8 presents an example of the H2O2 molar fraction time history derived from 

absorption measurements at a post-shock temperature of 1167 K and a pressure of 

2.35 atm. The initial H2O2 mole fraction was 0.50% in the example shown in Figure 

4-8, but it varied between 0.4 to 0.5% in other cases. To extract the rate constant, k1, 

we fitted the experimental decays using the H2/O2 mechanism, such as described by 

Hong et al. [69]. Under the conditions of Figure 4-8, the best fit to our experimental 

data correlated with a rate constant of 1.45x10
8
 cm

3
mol

-1
s

-1
. To demonstrate the 

sensitivity of H2O2 profiles to the decomposition rate constant, we ran simulations, 

also presented in Figure 4-8, in which the best-fit k1 was varied to 2k1 and 0.5k1. We 
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also confirmed the sensitivity of the H2O2 decays to the rate constant, k1, by 

sensitivity analysis (Figure 4-9): the sensitivity, 𝛼𝑖−𝐻2𝑂2(𝑡), is defined [51] here as 

the partial derivative of the H2O2 mole fraction (𝑋𝐻2𝑂2) with respect to the rate 

constant of a reaction (𝐴𝑖), normalized by the maximum H2O2 mole fraction and the 

rate constant parameter, i.e., 

𝛼𝑖−𝐻2𝑂2(𝑡) = (𝑑𝑋𝐻2𝑂2/𝑋𝐻2𝑂2
𝑚𝑎𝑥 )/(𝑑𝐴𝑖/𝐴𝑖).       

 [1] 

 

Figure 4-8 The H2O2 molar fraction time history for reflected-shock conditions of T = 1167 K, P = 2.35 atm, 
XH2O2=0.5% and XH2O=0.4% in Ar bath gas. The best-fit results are k1=1.45x108 cm3mol-1s-1. Decay profiles with 

2k1 and 0.5k1 are also plotted. 

In Figure 4-10, we plot the second-order H2O2 decomposition rates as a function of 

1000/T for the three pressures considered here, 1, 2 and 10 atm. As indicated in the 

figure, the rate constants of pressure-dependent reactions do not change with pressure 

as long as the reaction is within the low-pressure limit; at pressures for which the 

reaction is in the falloff region, the rate constants decrease with increasing pressure. 

As can be seen in Figure 4-10, the H2O2 reaction rates at relatively low pressure 

values, 1 and 2 atm, exhibit negligible pressure dependence between 930 and 1250 K, 
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implying that the reaction is within the low-pressure limit at these pressures. 

Measurements of the second-order rate constant at 10 atm are lower compared with 

those at 1 and 2 atm, demonstrating that the reaction is in the falloff regime at 10 atm. 

As an example, the second-order rate constant decreases by about 50% at 1100 K 

when the pressure is increased from 2 to 10 atm. The measured second-order rate 

constant and pseudo-first-order rate constant results are listed in Table 4-1. Due to the 

falloff behavior, the activation energies in the low-pressure limit (1 and 2 atm) and at 

10 atm are slightly different. Kappel et al. [49] observed similar behavior in their 

experimental study.  

  

 

Figure 4-9 Sensitivity analysis of H2O2 decay using Hong et al.’s [31] mechanism at typical post-shock 
conditions: T = 1000 K, P = 2.5 atm, XH2O2= 0.45%, XH2O=0.5% in Ar. 

We fitted our measurements on the basis of Arrhenius’s equation in the temperature 

range of 930 to 1250 K. We found the best-fit rates for the low-pressure limit (1 and 2 

atm) and at 10 atm to be: 
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k1 (1 and 2 atm) = 10
(16.29± 0.12)

 exp (-21993 ± 301/T)   [cm
3
mol

-1
s

-1
] 

 [2] 

k1(10 atm)= 10
(15.24 ± 0.10)

 exp(-19955 ± 247/T)   [cm
3
mol

-1
s

-1
] 

 [3] 

 

Figure 4-10 H2O2 rate coefficients measured as a function of temperature at three pressures (1, 2 and 10 atm). 
Best-fit Arrhenius curves for low (1 and 2 atm) and high pressure (10 atm) are also shown. Comparisons with 

previous measurements and theoretical calculations are also shown.  

 

These best-fit rates and comparisons with previous measurements are also presented 

in Figure 4-10. Our data agree very well with the measurements by Kappel et al. [49] 

and Hong et al. [51] even though these two experimental studies used different 

diagnostics compared to the method we used. There is also a good agreement between 

our low-pressure measurements and the theoretical calculations by Sellevag et al. [60] 

for the low-pressure limit. 
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Figure 4-11 The falloff behavior of the H2O2 decomposition rate in an Ar bath gas. Comparisons with previous 
measurements and calculations are also shown. 

 

Figure 4-11 shows the falloff behavior of the rate constant of the decomposition of 

H2O2. The pseudo-first-order rate is plotted as a function of the concentration of the 

Ar bath gas at four temperatures. Data points for experimental studies are obtained 

from the rate expressions at specific pressures, i.e., equations [2] and [3] in our study. 

Comparisons with Kappel et al.’s [49] proposed falloff curves and Sellevag et al.’s 

[60] calculated falloff curves near the low-pressure limit are shown. We note that the 

experimental data are available only near the low-pressure limit and there is little 

experimental data available for the high-pressure limit of k1. Kappel et al. [49] 

developed falloff curves based on their measurements at pressures of 1, 4 and 15 atm. 

However, uncertainty exists in these falloff curves due to the scatter in their 

experimental data and to the unavailability of data near the high-pressure limit.  
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Troe and Ushakov [59] theoretically calculated the rate constant in the high-pressure 

limit based on reverse recombination reaction measurements performed at room 

temperature and at a very high pressure of 150 bar. Comparisons of the measurements 

of Kappel et al. [49] with the calculations of Troe and Ushakov [59] show earlier 

deviation from the low-pressure limit than predicted by the theoretical calculations. 

Sellevag et al. [60] calculated the falloff curves for the studied reaction near the low-

pressure limit by using a two-dimensional master equation (2D-ME). They used the 

energy transfer parameters obtained from Kappel et al.’s [49] measurements. 

However, they observed that these measurements showed earlier deviation from low-

pressure limit than predicted by their calculations. Our measurements at 10 atm also 

show the deviation from the second-order behavior. Direct measurements at much 

higher pressures are needed to improve the evaluation of the falloff behavior of this 

reaction.  

Table 4-1 Measured Reaction Rates and Experimental Conditions 

P (atm) T (K) Initial H2O2 (%) k1 (cm
3
mol

-1
s

-1
) k1*[Ar] (s-

1
) 

1.18 933.3 0.44 1.21E+06 1.86E+01 

1.15 1012.5 0.42 7.20E+06 9.93E+01 

1.13 1075.4 0.43 2.30E+07 2.94E+02 

1.08 1186.8 0.45 1.78E+08 1.97E+03 

1.03 1234.6 0.46 3.19E+08 3.23E+03 

2.25 940.5 0.44 1.41E+06 4.10E+01 

2.33 997.54 0.47 5.04E+06 1.43E+02 

2.31 1054.7 0.46 1.57E+07 4.18E+02 

2.37 1103.5 0.47 4.55E+07 1.19E+03 

2.35 1166.6 0.50 1.45E+08 3.55E+03 

2.29 1202.4 0.48 2.45E+08 5.67E+03 

10.17 952.9 0.46 1.40E+06 1.82E+02 

10.08 1032.6 0.45 6.89E+06 8.17E+02 

10.13 1093.3 0.48 2.03E+07 2.28E+03 

10.10 1127.4 0.46 3.80E+07 4.14E+03 

10.06 1194.2 0.45 9.02E+07 9.23E+03 

9.95 1227.6 0.48 1.55E+08 1.53E+04 

 



 

 

56 

 

The primary sources of uncertainty in our determination of the rate constant, k1, come 

from (i) the determination of the post-shock gas temperature; (ii) the H2O2 mole 

fraction in the initial mixture loaded in the shock tube and (iii) the fitting procedure of 

the measured H2O2 time histories. The uncertainty in the post-shock temperature 

varies from 0.65% at 1234 K to 0.75% at 933 K, as evaluated from the error in the 

velocity calculation, the extrapolation of velocity to the end-wall, and the temperature 

change due to dP5/dt. The longer times needed to fit the slow decay of H2O2 at low 

temperatures result in larger temperature uncertainty (0.75%). The temperature 

uncertainty results in 12% to 20% uncertainty in the rate constant measurement from 

high to low temperatures. The uncertainty in the calculation of post-shock pressure is 

about 2% and has very little effect on the rate calculation. The uncertainty in the 

initial mixture composition is estimated to be less than 10% which results in a nearly 

5% uncertainty in determination of the rate constant due to the changing importance 

of the secondary reactions in the H2/O2 mechanism. The error in the fitting procedure 

due to uncertainties in the rate constants of different reactions in the H2/O2 

mechanism results in an approximately 5% uncertainty in the rate constant. By 

combining all these uncertainties in a root-sum-squares (RSS) method, the overall 

uncertainty in the determination of the k1 reaction rate is estimated to be 14% at 1234 

K and 21% at 933 K.  

4.5 Conclusions 
 

In this study, we investigated the decomposition of H2O2 molecules in the presence of 

Ar bath gas behind reflected shock waves using quantum cascade laser absorption 

near 7.7 m. Reaction rates were measured in the temperature range of 930 to 1250 K 

and at three pressures of 1, 2 and 10 atm. Our results show that the rate constant for 
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H2O2 decomposition is within the low-pressure limit at 1 and 2 atm and is in the 

falloff regime at 10 atm. The measured data can be represented with the following 

Arrhenius equations: 

 k1 (1 and 2 atm) = 10
(16.29± 0.12)

 exp (-21993 ± 301/T) [cm
3
mol

-1
s

-1
]  

k1(10 atm)= 10
(15.24 ± 0.10)

 exp(-19955 ± 247/T) [cm
3
mol

-1
s

-1
].  

Further measurements at higher pressures are needed to ascertain better falloff curves 

and the high-pressure limit for this important decomposition reaction. 
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5. Chapter 5: Acetylene Spectroscopic 

Measurements 
 

5.1 Introduction 
 

Acetylene (C2H2) has been identified as an important species in a variety of 

applications. In combustion, acetylene is produced during the oxidation of 

hydrocarbon fuels and acts as a precursor for soot formation which has carcinogenic 

effects on human health [32, 70]. Quantitative measurements of acetylene in 

combustion processes are critical in evaluating the environmental impact of different 

fuels [71]. Acetylene is also present in earth’s atmosphere in trace quantities as it is 

formed by the burning of fossil fuels [34]. Furthermore, acetylene concentration in 

human breath has been identified as a biomarker for smoking [33]. Acetylene has 

been found as a trace constituent of the Titan atmosphere and in outer planetary 

atmospheres of Jupiter and Saturn [72, 73]. Accurate measurements of important 

spectroscopic parameters such as linestrengths, collisional broadening coefficients 

and their temperature dependencies are crucial for precise measurements of acetylene 

concentration in a variety of environments. 

Acetylene is a linear symmetric molecule and has five vibrational modes. Unlike 

other bands in near infra-red region, the combination band, located in mid infra-

red region, is fairly strong [74].  Rotational transitions in this combination band are 

separated sufficiently to be identified easily for the determination of individual 

spectroscopic parameters.  A number of studies have been performed in the past to 

determine linestrengths and collisional broadening coefficients for the acetylene 

spectral region 1240 – 1390 cm
-1

. Podolske et al. [75] used a diode laser spectrometer 
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to measure linestrengths for 17 transitions in the R– branch of the 4+5 combination 

band. In the same study, collisional broadening coefficients of acetylene perturbed by 

H2 and N2 were reported for three lines. From measurements made with tunable diode 

lasers, Devi et al. [76] derived N2– and air– broadening coefficients for a total of 29 

lines between 1250 and 1380 cm
-1 

in the P and R branches. Individual line intensities 

of acetylene in the P and R branches of the 4+5 combination band have been 

measured at room temperature using Fourier Transform Infrared (FTIR) Spectroscopy 

in a number of studies [77-80]. Among recent measurements of spectroscopic 

parameters of acetylene in the 4 + 5 combination band, one should note the studies 

performed by Lepère’s group [81-86]. Room temperature linestrengths and self-

broadening coefficients have been measured for 30 lines in P and R branches over 

1275 – 1390 cm
-1

 spectral region using a tunable diode laser spectrometer [81]. 

Temperature dependent exponents of self–broadening coefficients of 7 transitions was 

measured in the temperature range of 173 – 273 K [84]. Room temperature N2–

broadening coefficients were measured for 12 transitions in the R branch of 4 + 5 

band [85]. A similar study was carried out for 15 transitions in the temperature range 

of 173 – 273 K to determine temperature dependent exponents of N2–broadening 

coefficients [82, 83]. Room temperature CO2–broadening coefficients have also been 

reported for 24 transitions in the spectral range of 1270 – 1400 cm
-1 

[86]. 

The primary emphasis of the present study is to obtain precise linestrengths, N2–, Ar–, 

He– and self– broadening coefficients of C2H2 for a total of 25 lines, P(8) – P(33), in 

the 4+5 combination band. To our knowledge, the current study provides first 

measurement of Ar– and He– broadening coefficients for the selected transitions. In 

addition, we report measurements of the influence of gas temperature on N2– and Ar– 

broadening coefficients in the temperature range of 296 - 683 K for five transitions. 
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Studies were performed using continuous-wave external cavity quantum cascade laser 

(cw EC–QCL) operating over 1253 – 1310 cm
-1

 to cover the target transitions. 

Spectroscopic parameters are derived by fitting measured absorption spectra using 

Voigt, Galatry and Rautian profiles.  

5.2 Experimental Setup 
 

The cw-EC QCL used in this study has been described in Chapter # 3 of this thesis. 

 

 

Figure 5-1 Schematic diagram of the experimental setup 

Figure 5-1 shows the experimental setup used in the present work. The stainless steel 

gas cell (Reflex Inc.), mounted with parallel ZnSe windows, has a path length of 10 

cm and is designed to operate at relatively high pressure and temperature, up to 20 bar 

and 770 K, respectively. Temperature of the static gas cell was measured by recording 

the temperature distribution along the cell by using five equally positioned K-type 
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thermocouples. Gas pressure was measured by using two MKS 627D capacitance 

manometers with full scale pressure ranges of 100 Torr and 1000 Torr. Prior to each 

set of measurements, the cell was evacuated to less than 10
-3

 Torr and the overall leak 

rate in the setup was measured to be less than 0.1 Torr/min. Acetylene gas with a 

purity of 99.99 % was provided by AHG gas-supplier. Gas mixtures of 0.95% 

C2H2/Ar, 0.96% C2H2/N2 and 0.59% C2H2/He, prepared in a magnetically-stirred 

mixing tank, were used for measurements at 296 K. To obtain sufficient absorption, 

the compositions of the gas mixtures used for high-temperature measurements were 

2.98% C2H2/N2 and 3.1% C2H2/Ar.   

The highly collimated beam produced by the laser was split into two paths by using a 

ZnSe beam-splitter. One beam was directed through the gas sample present in static 

cell while other beam was passed through a solid Germanium etalon. Both beams 

were then directed to two separate thermoelectrically-cooled infrared photovoltaic 

detectors (Vigo PVI 3TE-10.6). Neutral density (ND) filters were placed before both 

detectors to avoid signal saturation of detectors and to ensure that their operation was 

within the dynamic range. The laser was scanned over the entire absorption feature of 

the transition being investigated. Transmitted intensities were recorded with a 2.5 

MS/s data acquisition system (NI PCI-6133). To increase the accuracy of the retrieved 

spectroscopic parameters, typically 9 – 11 measurements were conducted over a range 

of pressures (15 – 150 Torr) for each transition. At each pressure, 10 scans were 

recorded over the target absorption transition and the resulting spectroscopic 

parameters of each scan were averaged. The Germanium etalon was used to determine 

the relative laser frequency. The etalon has a length of 7.635 cm and a refractive 

index of 4.0069 near 7.83 m which corresponds to a free spectral range (FSR) of 
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0.0163 cm
-1

. We used the HITRAN 2012 database [74] to identify C2H2 transitions 

and their absolute frequencies.  

5.3 Data Analysis  

 

Experimentally measured absorption features are simulated using Voigt, Galatry and 

Rautian profiles to obtain integrated area and collisional width. These parameters are 

then used to calculate linestrength and collisional broadening coefficient, respectively. 

A Labview-based in-house peak fitting program was employed for the determination 

of spectroscopic parameters. The absorbance was calculated using Beer-Lambert law 

by taking the logarithmic of the ratio of the absorption signal (with sample) and 

background (under vacuum) signal. The peak fitting program simulates the absorption 

data with one of the three profiles (Voigt, Galatry, Rautian) using a Levenberg-

Marquardt nonlinear least square algorithm. In the case of Voigt profile, value of 

Gaussian width was fixed to the calculated value of Doppler width. The retrieval 

program then adjusts the peak absorbance, line center and collisional width to 

minimize the residual between the measured and simulated absorbance profiles. A 

floating value of collisional narrowing parameter () was used as input for the Galatry 

profile, while a fixed value of collisional narrowing parameter has been used for 

Rautian profile [87]. For the latter,  parameter is approximated from dynamic 

friction coefficient (Diff) inferred from diffusion coefficient D12 [88, 89]. We found 

good agreement between the theoretical dynamic friction and beta parameter obtained 

from Galatry profile. With Rautian profile, fixed value of beta results in lesser 

computational cost and more robust fitting. Bouanich et al. [87] showed that for 

Rautian profile, the broadening coefficients obtained with fixed beta and floating beta 

match each other within their uncertainty limits. Hence, we believe that results 
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obtained with fixed-beta methodology will be similar to results obtained when beta is 

kept floating in Rautian simulations.  

For each transition, the retrieval program outputs integrated absorbance, collisional 

half-width and narrowing parameter (in case of Galatry profile.  

The integrated absorbance, A [cm
-1

], for an isolated line transition is defined as:  

𝐴 = ∫ 𝛼𝜈
−∞

∞
 𝑑𝜈 = 𝑃𝐿 𝜒𝑎𝑏𝑠𝑆(𝑇)  (1) 

where 𝛼𝜈 is the spectral absorbance, P [atm] is the total gas pressure, L [cm] is optical 

path length of the absorbing medium, 𝜒𝑎𝑏𝑠 is the mole fraction of absorbing species 

and S [cm
-2

. atm
-1

] is the linestrength at temperature T [K]. Temperature dependence 

of the linestrength can be described by: 

𝑆(𝑇) =

𝑆(𝑇0)
𝑄(𝑇0)

𝑄(𝑇)
(

𝑇0

𝑇
) exp [−

ℎ𝑐𝐸″

𝑘
(

1

𝑇
−

1

𝑇0
)] [1 − 𝑒𝑥𝑝 (−

ℎ𝑐𝜈0

𝑘𝑇
)] [1 − 𝑒𝑥𝑝 (−

ℎ𝑐𝜈0

𝑘𝑇0
)]

−1
 (2) 

In the above equation,  T0 is the reference temperature, Q(T) is the partition function 

of absorbing molecule, E″ [cm
-1

] is the lower-state energy, v0 [cm
-1

] is the line center 

frequency of transition, h [J.s] is Plank’s constant, c [cm/s] is the speed of light and k 

[J/K] is Boltzmann’s constant.  

Collisional broadening, 𝛥𝜈𝐶, is defined as: 

𝛥𝑉𝐶 = 𝑃 ∑ 2𝛾𝑖 . 𝜒𝑖𝑖    (3) 

where 𝛾𝑖 [cm
-1

.atm
-1

] is the collisional broadening coefficient of absorbing species in 

the presence of i- perturber with 𝜒𝑖 mole fraction. 
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Temperature dependence of the collisional broadening coefficient is defined in terms 

of the temperature dependent exponent n, and is given by the power law: 

 𝛾𝑖(𝑇) = 𝛾𝑖  (𝑇0) (
𝑇0

𝑇
)

𝑛
    (4) 

The narrowing parameter, [cm
-1

.atm
-1

], can be compared with dynamic friction 

coefficient Diff [cm
-1

.atm
-1

], given by [3]: 

𝛽𝐷𝑖𝑓𝑓 =
𝑘𝑇

2𝜋𝑐𝑀1𝐷12
     (5) 

where M1 is the mass of absorbing molecule, c is the speed of light and D12 is the 

mass diffusion coefficient which can be calculated from Lennard-Jones potential 

parameters. 

Major sources of uncertainties in our measurements include mixture composition, 

optical path length, pressure, temperature, line profile fitting uncertainty and standard 

deviation of the measurements as a function of pressure. We estimate the maximum 

uncertainty in the measurement of linestrength and collisional broadening coefficients 

to be less than 5 %. 

5.4 Results and Discussion 
 

Results for room temperature measurements (296 K) of linestrengths, N2–, Ar–, He–, 

and self– broadening coefficients for acetylene in the 4+5 band are successively 

presented. Moreover, a polynomial representation of |m| (for P-branch, m = - J, where 

J is the rotational quantum number) which fits the measured collisional broadening 

coefficients is described and discussed. The derived temperature dependent exponents 

of the Ar– and N2– broadening coefficients obtained from high-temperature 
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absorption measurements between 296 and 683 K are reported for five transitions. 

The narrowing parameters are also presented and discussed.   

5.4.1 Linestrength Measurements 
 

Figure 5-2 shows a representative measured absorption transition of C2H2. The P (19) 

line, centered at 1284.506 cm
-1

, is fit with Voigt, Galatry and Rautian profiles. In this 

example, the gas mixture is 0.96% C2H2/N2 at a total pressure of 19.52 Torr and the 

gas temperature is 296 K. The residuals between the measurement and simulated line 

profiles are shown at the bottom of the figure. The residual is typically around 1% 

near the peak when using Voigt profile. Galatry and Rautian profiles produce much 

better fits and the residual is near the noise level i.e. less than 0.1 %. This 

improvement in line fitting clearly demonstrates the importance of the collisional 

narrowing effect incorporated in Galatry and Rautian profiles. The effect of 

collisional narrowing is dominant at low pressures and high temperatures where 

Doppler broadening is important.  



 

 

66 

 

 

Figure 5-2 Comparison of residual resulting from three different profiles. Residual from the Voigt fit shows 

characteristic gull-wing like shape around the peak of absorption feature. Galatry and Rautian profiles better 

model the measured lineshape. Conditions are P=19.52 Torr, T=296K, L=10cm, 0.96% C2H2/N2, line-center is 

1284.5062 cm-1 

 

Linestrength of each transition is obtained by plotting the integrated absorbance areas 

versus the total gas pressure; Fig. 5-3 shows an example of pressure dependence of 

the integrated area for P (21) line centered at 1280.0093 cm
-1

. As expected, the 

behavior is linear with zero-intercept and a high correlation coefficient of ~ 0.99 is 

obtained from the corresponding linear fit. The slope of the linear fit is used to 

determine the average value of the linestrength (S) at a particular temperature. In an 

analogous fashion, we have measured room-temperature (296 K) linestrengths for 25 

lines, 8 ≤ |m| ≤ 33, in the P-branch of 4+5 combination band of acetylene. Results 
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obtained by the three fitting methods are reported in the Table 5-1. The retrieved 

values from Galatry and Rautian profiles are larger by about 2% than those derived 

from Voigt profile. The present values are compared with values taken from previous 

measurements and agree well with Vander Auwera et al. [77] and Lepère et al. [81]. 

Both Voigt and Rautian profiles were used to obtain linestrength values by Lepère et 

al. [81]. Similar to our results, their linestrengths obtained by the Rautian profile are 

relatively larger than those obtained from Voigt profile. We have also compared our 

measurements with the values listed in HITRAN 2012 database. Good agreement is 

found and no systematic difference is observed. It should be noted that linestrength 

values for these transitions exhibit alternating pattern of weaker and stronger lines for 

even and odd rotational quantum numbers, respectively. 

 

Figure 5-3 Integrated area versus pressure for P (21) line of 4+5 band of C2H2 at 1280.0095 cm-1. Linestrength 
is calculated from the slope of linear fit. Conditions are:  T = 296 K, L = 10 cm, 0.96% C2H2 in N2. 
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Table 5-1 Linestrength values S [cm-2 atm-1] for P  branch of 4+5 band of C2H2 measured at 296 K and their 
comparison with measurements reported in literature. 

  This work 
HITRAN  

2012 

Vander 

Auwera et 

al. [77]  

T = 296 K 

Lepère et al.  

[81] 

T = 297 K 

|m| 

Line 

Position 

[cm
-1

] 

Voigt Galatry Rautian   Voigt Voigt Rautian 

8 1309.459 1.0656 1.0695 1.0678 1.0201 1.009 0.9907 0.9939 

9 1307.165 3.0663 3.0791 3.0797 3.105 

 

3.1302 3.1511 

10 1304.877 1.0316 1.0445 1.0437 1.0256 1.021 1.0032 1.0096 

11 1302.595 2.988 2.9943 2.9982 2.9831 

 

3.1138 3.1191 

12 1300.319 0.9568 0.9604 0.9643 0.9454 

 

0.931 0.9356 

13 1298.049 2.603 2.6175 2.6132 2.6472 

 

2.6923 2.7023 

14 1295.783 0.7622 0.7763 0.77873 0.8088 0.8001 0.8133 0.8224 

15 1293.521 2.1296 2.1401 2.1385 2.1879 

 

2.2324 2.2366 

16 1291.263 0.6089 0.6194 0.6123 0.6471 

 

0.6466 0.6511 

18 1286.756 0.4813 0.4918 0.4903 0.4862 

 

0.4969 0.5065 

19 1284.506 1.2316 1.2946 1.2788 1.2353 

 

1.3288 1.3474 

20 1282.258 0.3473 0.3586 0.3524 0.3441 0.3349 0.3393 0.3423 

21 1280.009 0.8458 0.8549 0.8496 0.8497 0.8357 0.8648 0.8685 

22 1277.761 0.2298 0.2364 0.2332 0.2299 0.2303 0.2254 0.2265 

23 1275.512 0.5458 0.5498 0.5567 0.5518 0.5708 

  24 1273.262 0.1463 0.1496 0.1485 0.1452 

   25 1271.01 0.3379 0.3382 0.3382 0.3394 0.3359 

  26 1268.755 0.0762 0.0774 0.0783 0.0869 0.0841 

  27 1266.497 0.1967 0.1983 0.1994 0.1976 0.1996 

  28 1264.235 0.0507 0.0517 0.0501 0.0493 0.0495 

  29 1261.969 0.1062 0.1093 0.1081 0.1091 0.1053 

  30 1259.699 0.0259 0.0268 0.0271 0.0265 0.0266 

  31 1257.423 0.0579 0.0586 0.0581 0.0572 0.0558 

  32 1255.142 0.0131 0.0142 0.0139 0.0135 0.0288 

  33 1252.855 0.0281 0.0288 0.0282 0.0285 0.0282     
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5.4.2 Collisional Broadening Measurements 
 

Collisional broadening coefficients for P-branch transitions of acetylene in the 4+5 

combination band are determined using the line profile analysis described in Chapter 

3. Broadening coefficients are measured in the presence of different foreign gases (N2, 

Ar and He) and as well as for pure acetylene.  

 

Figure 5-4 Collisional width versus pressure for P (21) line of 4+5 band of C2H2 at 1280.0095 cm-1. Broadening 
coefficient is calculated from the slope of linear fit. Conditions are:  T = 296 K, L = 10 cm, 0.96% C2H2 in N2. 

 

5.4.3 N2–, Ar– and He– Broadening Coefficients 
 

N2–, Ar– and He– broadening coefficients of acetylene at 296 K have been measured 

over 8 ≤ |m| ≤ 33 for the P branch of 4+5combination band. Figure 5-4 shows an 

example of the linear dependence of the collisional width on the total gas pressure for 



 

 

70 

 

the determination of N2– broadening coefficient of P (21) line at 296 K. Tables 5-2, 5-

3 and 5-4 list measured broadening coefficients (2C2H2-i) at 296 K obtained using 

Voigt, Galatry, and Rautian profiles for the 17 transitions of C2H2 in the presence of 

N2, Ar and He bath gases respectively. The self–broadening coefficients (2C2H2- C2H2) 

used to deduce foreign broadening coefficients have been obtained from HITRAN 

2012 database. Pressure broadening coefficients obtained from Galatry and Rautian 

profiles are larger by about 1 – 3% than those obtained from Voigt profile. This 

difference is observed for most of the transitions considered in this study and is 

independent of the bath gas.  

In Table 5-2, nitrogen-broadening coefficients (2C2H2-N2) are compared with the 

experimental data of Dhyne et al. [83]  who measured room temperature N2–

broadening coefficients in the 4+5vibrational band for a few P-branch transitions. 

Their data were also deduced from Voigt, Galatry and Rautian profiles. In all cases, 

our results agree well with Dhyne et al. [83] with a maximum difference of about 2%. 

We have also compared our results with Arteaga et al. [90] who reported N2–

broadening coefficients for 1+3band over the same rotational quantum numbers as 

our measurements in 4+5band. Arteaga et al. [90] measurements are also found to 

be in good agreement with our results.  
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Table 5-2. N2–broadening coefficients, 2γC2H2-N2 [cm-1atm-1], for P branch of 4+5 band of C2H2 measured at 296 
K and their comparison with previous studies. 

  This work 

𝟐𝜸𝑪𝟐𝑯𝟐−𝑨𝒊𝒓 

HITRAN 

2012 [74] 

Dhyne et al. [83] 

4+5  band 

T= 298 K 

Arteaga et al. 

[90]  

1+3 band 

 T=295 K 

|m| Voigt Galatry Rautian   Voigt Rautian Galatry Voigt  

8 0.1740 0.1771 0.1758 0.1668 0.1698 0.1714 0.1714 0.1723 
9 0.1675 0.1707 0.1696 0.1640 

 
  

0.1646 
10 0.1625 0.1660 0.1673 0.1616 0.1644 0.1674 0.1676 0.1682 
11 0.1645 0.1687 0.1659 0.1592 

 
  

0.1610 
12 0.1604 0.1624 0.1653 0.1574 0.1582 0.1612 0.1612 0.1648 
13 0.1591 0.1616 0.1627 0.1554 

 
  

0.1578 
14 0.1540 0.1555 0.1571 0.1536 0.1598 0.1668 0.1674 0.1591 
15 0.1565 0.1586 0.1586 0.1512 

 
  

0.1531 
16 0.1533 0.1556 0.1561 0.1492 0.1564 0.1614 0.1616 0.1613 

18 0.1511 0.1529 0.1537 0.1438 
 

  
0.1509 

19 0.1474 0.1500 0.1508 0.1408 
 

  
0.1477 

20 0.1408 0.1438 0.1426 0.1376 
 

  
0.1506 

21 0.1376 0.1401 0.1392 0.1342 0.1370 0.1390 0.1390 0.1431 
22 0.1371 0.1389 0.1384 0.1306 

 
  

0.1425 
23 0.1285 0.1299 0.1294 0.1270 0.1280 0.1332 0.1336 0.1343 
24 0.1291 0.1306 0.1298 0.1232 

 
  

0.1362 

25 0.1191 0.1209 0.1202 0.1194       0.1292 
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Table 5-3 Ar–broadening coefficients, 2γC2H2-Ar [cm-1atm-1], for P branch of 4+5 band of C2H2 measured at 296 
K and their comparison with previous studies for other bands of C2H2. 

  This work 

Bouanich et al. [87] Arteaga et al. [90] 

5 band, T=297 K
1+3 band, T=295 

K

|m| Voigt Galatry Rautian Voigt Rautian Calculation Voigt 

8 0.1138 0.1183 0.1187 0.1178 0.1200 0.1132 0.1144 

9 0.1090 0.1134 0.1128 0.1138 0.1150 0.1128 0.1098 

10 0.1075 0.1116 0.1106 
 

  

0.1076 

11 0.1072 0.1117 0.1101 0.1132 0.1154 0.1122 0.1038 

12 0.1035 0.1070 0.1074 0.1078 0.1092 0.1114 0.1025 

13 0.1034 0.1068 0.1072 
 

  

0.1004 

14 0.0978 0.1018 0.1023 0.1038 0.1064 0.1092 0.0990 

15 0.0980 0.1019 0.1015 0.1014 0.1084 0.1078 0.0993 

16 0.0971 0.1001 0.1004 
 

  

0.0945 

18 0.0930 0.0967 0.0967 
 

 

0.1040 0.0913 

19 0.0917 0.0955 0.0947 0.0936 0.0956 0.1020 0.0859 

20 0.0889 0.0925 0.0926 
 

  

0.0879 

21 0.0872 0.0906 0.0908 0.0876 0.0900 0.0950 0.0842 

22 0.0847 0.0881 0.0884 0.0874 0.0896 0.0926 0.0812 

23 0.0808 0.0839 0.0836 0.0836 0.0868 0.0900 0.0817 

24 0.0793 0.0821 0.0816 
 

  

0.0737 

25 0.0775 0.0804 0.0796 0.0768 0.079 0.0848 0.0733 

 

In Table 5-3, we report measurements of Ar–broadening coefficients (2C2H2-Ar) in the 

4+5 band at room temperature (296 K) deduced from Voigt, Galatry and Rautian 

profiles. To our knowledge, this study reports the first measurements of Ar–

broadening coefficients for 4+5 band of acetylene. Previous Ar-broadening studies 

performed in other spectral regions of acetylene include Bouanich et al. [87] for 5 

band and Arteaga et al. [90] for 1+3 band. These data are also presented in Table 5-

3 for comparison with our data. We find a good agreement confirming the weak 

vibrational dependence of the Ar–broadening coefficients.  
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Table 5-4 He–broadening coefficients, 2γC2H2-He [cm-1atm-1], for P branch of 4+5 band of C2H2 measured at 296 
K and their comparison with published literature data. 

 

  This work 

Arteaga et al. [90] Thibault [91] 

1+3 band,  

T=295 K

 Calculations, 

T=296 K 

|m| Voigt Galatry Rautian Voigt Calculations 

9 0.0873 0.0907 0.0904 0.0867 0.0882 

10 0.0871 0.0902 0.0903 0.0866 0.0882 

11 0.0868 0.0901 0.0900 0.0869 0.0883 

12 0.0866 0.0900 0.0901 0.0873 0.0884 

13 0.0872 0.0903 0.0902 0.0873 0.0884 

14 0.0868 0.0902 0.0901 0.0880 0.0884 

15 0.0870 0.0899 0.0900 0.0877 0.0883 

16 0.0861 0.0895 0.0896 0.0883 0.0881 

18 0.0859 0.0894 0.0895 0.0859 0.0874 

19 0.0874 0.0905 0.0904 0.0874 0.0871 

20 0.0861 0.0895 0.0895 0.0881 0.0868 

21 0.0867 0.0902 0.0901 0.0863 0.0865 

22 0.0864 0.0897 0.0898 0.0868 

 23 0.0863 0.0898 0.0898 0.0862 

 24 0.0857 0.0892 0.0893 0.0881 

 25 0.0850 0.0884 0.0883 0.0865   

 

Helium-broadening coefficients (2C2H2-He) measured at 296 K for the 4+5 band are 

listed in Table 5-4. Again, this work reports, to our knowledge, first measurements of 

He-broadening coefficients measured in the 4+5 band. Values obtained using 

Galatry and Rautian profiles are larger than the corresponding ones resulting from the 

Voigt profile by about 4%. Our measurements are compared in Table 5-4 with 

Arteaga et al. [90] data for 1+3 band and the calculations performed by Thibault 

[91]  for the R-branches of acetylene. Excellent agreement is seen among our 

measurements, Arteaga et al. [90] data and Thibault [91] calculations with a 

maximum difference of about 1.5%.  
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5.4.4 Self– Broadening Coefficients 
 

Self–broadening coefficients of acetylene are measured for |m| values between 26 and 

33 for the P–branch of 4+5 combination band at 296 K. The use of 100% acetylene 

sample saturated the signal for transitions with lower quantum numbers (|m|< 26). 

Thus self-broadening coefficients are not measured for these transitions. Measured 

self–broadening parameters are presented and compared with previously reported 

measurements and calculations in Table 5-5.  

 

Our measured values using Voigt profile differ from Galatry and Rautian profiles by 

less than 4%, while the Galatry and Rautian profiles agree with each other within 1%. 

We have compared our measured results with the listed self–broadening coefficients 

in HITRAN 2012 database [74], measurements of Jacquemart et al. [78] and 

theoretical calculations of Lepère et al. [81] The current data obtained by both Galatry 

and Rautian profiles generally agree very well with HITRAN 2012 [74]  values and 

the difference is less than 2%. Our results differ by as much as 7% from Jacquemart et 

al. [78] for the |m| = 26 transition but are in better agreement for other (|m| > 26) 

transitions. Lepère et al. [81]  calculated self–broadening coefficients by two different 

assumptions in the framework of a semi–classical formalism. Our experimental 

results are within the two limits defined by their theoretical calculations.   
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Table 5-5 Self– broadening coefficients, 2γC2H2- C2H2 [cm-1atm-1], for P branch of 4+5 band of C2H2 measured at 
296 K and its comparison with literature data. 

 
This work 

HITRAN 

2012 [74] 

Lepère et al. 

[81] 

Jacquemart et al. 

[78] 

|m| Voigt Galatry Rautian Calc-I Calc-II Voigt 

26 0.2210 0.2145 0.2139 0.2140 0.2040 0.2200 0.2055 

27 0.2100 0.2084 0.2073 0.2080 0.1974 0.2148 0.2026 

28 0.1981 0.2022 0.2035 0.2018 0.1901 0.2100 0.1949 

29 0.1983 0.1958 0.1979 0.1954 0.1846 0.2052 0.1911 

30 0.1859 0.1809 0.1887 0.1886 0.1784 0.2006 0.1852 

31 0.1868 0.1817 0.1812 0.1814 

  

0.1791 

32 0.1747 0.1743 0.1741 0.1740 

  

0.1731 

33 0.1708 0.1665 0.1671 0.1662     0.1693 

 

5.4.5 Empirical Representations of Broadening Coefficients 
 

Our measurements of collisional broadening coefficients of acetylene cover a large 

number of transitions (8 ≤ |m| ≤ 25). We used cubic polynomial to fit measured 

pressure broadening coefficients  [92]  and then interpolated the empirical fitting 

expression to predict broadening coefficients for transitions not covered in the current 

study. 

 (2C2H2-i)=a0 + a1 |m|+a2 |m|
2
+a3 |m|

3
  (6) 

where ai are the constants obtained by the empirical fitting. The measured N2– and 

Ar– broadening coefficients are plotted in Figure 5-5 along with the empirical 

representation. The above expression, Eq. (6), is also used to fit the data of Arteaga et 

al. [90] in the 1+3 band. The corresponding a0, a1, a2 and a3 constants are shown in 

Tables 5-6 and 5-7. It should be noted that the constant a0 corresponding to |m| = 0 

(offset) is deduced from the fitting of Arteaga et al. [90] data. The cubic polynomial 

expressions fit our measured data within 2%. In comparison with N2–broadening 

coefficients of Arteaga et al. ,[90] the empirical polynomial function of the current 
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work begins to deviate at higher |m| values (> 25). Therefore, we recommend using 

Eq. (6) and the polynomial coefficients of the current study over 1 ≤ |m| ≤ 35 and 1 ≤ 

|m| ≤ 25 for Ar– and N2– broadening coefficients, respectively. The measured He–

broadening coefficients do not systemically decrease with increasing |m|, and thus an 

empirical representation is not proposed here for He-broadening coefficients. 

 

Figure 5-5 Empirical representation of (a) Ar– and (b) N2– broadening coefficients of acetylene for 1 ≤ |m| ≤ 35. 

 

Table 5-6 Polynomial coefficients of Eq. (6) to represent Ar–broadening coefficients over 1 ≤ |m| ≤ 35. 

  a0 a1 a2 a3 

This work 

(Voigt) 
0.178 

-

0.01224 
6.56 E-4 -1.32 E-5 

Arteaga et al. 

[90] 
0.178 -0.0117 5.80 E-4 -1.11 E-5 
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Table 5-7 Polynomial coefficients of Eq. (6) to represent N2–broadening coefficients over 1 ≤ |m| ≤ 35. 

  a0 a1 a2 a3 

This work 

(Voigt) 
0.235 -0.01259 7.27 E-4 

-1.63 E-

5 

Arteaga et al. 

[90] 
0.235 -0.01156 5.69 E-4 

-1.06 E-

5 

     

 

5.4.6 Temperature Dependence of N2– and Ar– Broadening 

Coefficients 
 

The temperature dependence of N2– and Ar–broadened lines for different vibrational 

bands of acetylene has been reported by several researchers. All of those 

measurements were carried out for T < 298 K, which depict the temperature range for 

atmospheric and astrophysical applications of acetylene. In the present study, we 

report the first measurements of broadening coefficients of acetylene at temperatures 

higher than room temperature. The temperature dependence of N2– and Ar– 

broadening coefficients is reported for five transitions, P (8) to P (12), in the 4+5 

band. The measurements have been performed in over 296 – 683 K. N2- and Ar- 

broadening coefficients, obtained from Voigt, Galatry and Rautian profiles, are listed 

in Table 5-8. As expected, broadening coefficients decrease with increasing 

temperature since they scale in a manner similar to number density.  
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Figure 5-6  N2-broadening coefficients as function of temperature for P (8) line in the 4+5 band of C2H2. The 
temperature dependent exponent n of the broadening coefficient is obtained from the slope of the best-fit line 

on log-log scale. 

Temperature dependent exponent, n, is determined from the linear dependence of 

broadening coefficients versus gas temperature on a logarithmic plot; a representative 

case is shown in Figure 5-6 for N2– broadening coefficients.  It is worth noting that 

the correlation, Eq. (4), is based on the assumption that the parameter n remains 

independent of the temperature. However, this assumption may not be correct under 

all conditions and care must be exercised in extrapolating the temperature dependent 

exponent n outside the temperature range where it is measured. 

The obtained values of temperature dependent exponent n are plotted in Fig. 7 (a-b) 

for Ar– and N2– broadening coefficients, respectively. For Ar–broadening, the value 

of n varies between 0.77 and 0.86 for 8 ≤ |m| ≤ 12. The values of n are between 0.70 

and 0.80 for the case of N2–broadening. It is apparent that for all transitions, the value 

of n obtained from Voigt and Rautian/Galatry profiles are very close and no 

systematic pattern is observed. Our measured Ar-broadening temperature dependent 
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exponents are compared with Bouanich et al. [87] who reported values of n for Ar-

broadening in 5 band over 173.2 – 297 K. Nitrogen-broadening temperature 

dependent exponents are compared with Bouanich et al. [93] who reported values of n 

for N2-broadening in 5 band over 173.2 – 297 K and with Dhyne et al. [84] who 

measured n values for N2-broadening in the R branch of 4+5 band over 173.2 – 

298.2 K. Our Ar–broadening coefficients result in slightly larger values of n 

compared to earlier studies. This is probably due to the different temperature ranges 

used in our and previous studies.   
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Table 5-8 Measurements of 2γC2H2- N2 [cm-1atm-1] and 2γC2H2- Ar [cm-1atm-1] as a function of temperature. 

                  

 

m 

 

Temp 

[K] 

  

2  C2H2-N2   
2  C2H2-Ar 

Voigt Galatry Rautian 
 

Voigt Galatry Rautian 
  

8 296 0.1740 0.1771 0.1758 
 

0.1138 0.1183 0.1187 

 

364 0.1463 0.1508 0.1498 
 

0.0984 0.1031 0.1033 

 

455 0.1157 0.1197 0.1191 
 

0.0796 0.0834 0.0835 

 

546 0.1006 0.1045 0.1037 
 

0.0678 0.0714 0.0712 

 

683 0.0859 0.0899 0.0891 
 

0.0603 0.0640 0.0642 

         9 296 0.1675 0.1707 0.1696 
 

0.1090 0.1133 0.1128 

 

364 0.1374 0.1411 0.1417 
 

0.0903 0.0947 0.0944 

 

455 0.1132 0.1167 0.1159 
 

0.0792 0.0839 0.0837 

 

546 0.1001 0.1040 0.1047 
 

0.0647 0.0693 0.0691 

 

683 0.0874 0.0917 0.0912 
 

0.0584 0.0624 0.0622 

         10 296 0.1625 0.1660 0.1673 
 

0.1075 0.1117 0.1106 

 

364 0.1406 0.1433 0.1438 
 

0.0888 0.0935 0.0928 

 

455 0.1171 0.1204 0.1208 
 

0.0746 0.078 0.0782 

 

546 0.0975 0.1009 0.0996 
 

0.0634 0.0673 0.0677 

 

683 0.0863 0.0902 0.0905 
 

0.0559 0.0592 0.0594 

         11 296 0.1645 0.1687 0.1659 
 

0.1072 0.1116 0.1101 

 

364 0.1363 0.1405 0.1388 
 

0.0926 0.0969 0.0962 

 

455 0.1186 0.1215 0.1216 
 

0.0796 0.0846 0.0841 

 

546 0.0999 0.1047 0.1047 
 

0.0672 0.0721 0.0720 

 

683 0.0806 0.0839 0.0842 
 

0.0555 0.0591 0.0588 

         12 296 0.1604 0.1624 0.1653 
 

0.1035 0.1067 0.1074 

 

364 0.1325 0.1350 0.1345 
 

0.0894 0.0929 0.0933 

 

455 0.1151 0.1183 0.1191 
 

0.0720 0.0756 0.0758 

 

546 0.0959 0.1001 0.1013 
 

0.0610 0.0648 0.0652 

  683 0.0785 0.0811 0.0807   0.0546 0.0585 0.0589 
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Figure 5-7 Variation of temperature dependent exponent n with rotational quantum number m for (a) Ar- (b) 

N2- broadening coefficients of C2H2 in the P branch of 4+5 band. Bouanich et al. [35] reported values of n for 

Ar-broadening in 5 band for the temperature range of 173.2 – 297 K.  Bouanich et al. [93] reported values of n 

for N2-broadening in 5 band over 173.2 – 297 K . Dhyne et al.  [83] determined n for N2-broadening in the R 

branch of 4+5 band over 173.2 – 298.2 K. 

 

5.4.7 Collisional Narrowing Parameters 

 

Collisional narrowing effect is incorporated in Galatry and Rautian profiles by 

introducing collisional narrowing parameter. However, this parameter is very 

sensitive to baseline uncertainties and is, therefore, very difficult to measure 

accurately. We have determined the average value of collisional narrowing parameter 

and compared it with dynamic friction coefficient for different gas mixtures used in 

this study. The results are listed in Table 5-9. It can be observed that pure acetylene 

gas has the largest values of collisional narrowing coefficient (0.056 cm
-1

atm
-1

), while 
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C2H2-He measurements result in smallest value of  (0.026 cm
-1

atm
-1

). Collisional 

narrowing parameter and dynamic friction coefficient decrease with increase in 

temperature for both Ar- and N2- broadening cases; these values are summarized in 

Table 5-10. Collisional narrowing coefficients of C2H2-N2 and C2H2-Ar mixtures are 

not too different from each other. This can be attributed to the relatively large 

uncertainty (~ 20 %) in measuring collisional narrowing which does not allow 

deducing small differences in collisional narrowing coefficients. Furthermore, it 

should be noted that our present work is based on Galatry and Rautian line profiles, 

which do not account for speed dependent effects. It has been shown in some earlier 

studies that speed dependent effects are important and their inclusion in simulated line 

profiles results in better agreement with experimental measurements [15, 94, 95]. 

Therefore, we believe that the application of speed dependent soft and hard collisional 

models can help in more accurate determination of collisional narrowing parameters.  

Table 5-9 Average values of collisional narrowing coefficient (retrieved using Galatry profile) and theoretical 
values of dynamic friction coefficient for different gas mixture. T = 296 K. 

 

Mixture 

 

cm
-1

 atm
-1

]  

 

 Diff [cm
-1

 atm
-1

] 

C2H2-Ar 0.039 0.035 

C2H2-N2 0.045 0.036 

C2H2-He 0.026 0.020 

C2H2-

C2H2 
0.056 0.048 

 

Table 5-10 Average values of collisional narrowing coefficient (retrieved using Galatry profile) and theoretical 
values of dynamic friction coefficient as a function of temperature for C2H2-N2 and C2H2-Ar mixtures. 

T 

[K] 

C2H2-N2 mixture  C2H2-Ar mixture  

[cm
-1

 atm
-1

]   Diff [cm
-1

 atm
-1

]  cm
-1

 atm
-1
 

 Diff [cm
-1

 atm
-

1
]

296 0.042 0.036 0.041 0.035 

364 0.034 0.032 0.035 0.032 

455 0.031 0.029 0.031 0.028 

546 0.026 0.026 0.024 0.026 

683 0.023 0.024 0.021 0.023 
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5.5 Conclusions 
 

Linestrengths, N2–, Ar–, He– and self– broadening coefficients are measured for P-

branch transitions of the 4+5combination band of acetylene. Line parameters are 

obtained using Voigt, Galatry and Rautian profiles. Experimental line shapes are 

better modeled by Galatry and Rautian profiles which account for collisional 

narrowing effects. Measured data are compared with published literature for 

4+5band as well as for other bands of acetylene. Broadening coefficients show very 

weak vibrational dependence and compare quite well for different vibrational bands. 

Nitrogen- and argon- broadening coefficients decrease with increasing rotational 

quantum number, while helium- broadening coefficients exhibit slight dependence on 

rotational quantum numbers. Temperature dependent exponents are also measured in 

the temperature range of 296 K – 683 K for N2– and Ar– broadening of five lines. 

Measured temperature dependent exponent values in the current work compare quite 

well with those measured at temperatures lower than room temperature. Finally, 

collisional narrowing parameters are found to have similar magnitude as the 

calculated values of dynamic friction coefficients. 

 

  



6. Chapter 6: In-Situ Combustion Sensor for 

Methane and Acetylene  
 

6.1 Introduction 

 

Methane (CH4) and acetylene (C2H2) have been identified as important species in a 

number of scientific research areas. Methane is one of the most dominant greenhouse 

gases present in the earth’s atmosphere and increase in its concentration has been 

attributed to various anthropogenic activities [96]. It is a major component of natural 

gas which is used for power generation and as a fuel for spark ignition engines in 

various countries [97]. Methane is important in astrophysical applications as it is 

believed to be present in the atmosphere of different planets [98]. Human breath also 

contains trace quantities of methane and it can be used as biomarker for colonic 

fermentation and intestinal problems [24]. Acetylene is present in earth’s atmosphere 

and primarily originates from the combustion of hydrocarbon fuels [34]. It has been 

detected in human breath and increased acetylene levels in breath are found to be 

correlated to smoking habits [33]. During the oxidation of hydrocarbon fuels, 

acetylene leads to the formation of soot which has carcinogenic effect on human 

health and also contributes significantly towards greenhouse problems [32, 99]. Both 

methane and acetylene are important intermediate species formed during the 

combustion of hydrocarbon fuels [31].  

Recent developments in quantum cascade laser (QCL) technology have resulted in 

high power, high resolution, room-temperature operating pulsed and continuous wave 

(cw) lasers [17, 20]. These new light sources provide access to longer wavelengths (4 

- 17 m and beyond) [100] and enable the access to stronger fundamental and 
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combination bands of a variety of important species such as CO, CO2, C2H2, CH4, 

H2O, NO, H2O2, N2O, NH3, etc. [24, 25, 40, 101-103]. QCLs have been successfully 

employed to develop sensors for human breath analysis, trace species detection in the 

atmosphere and combustion applications. Due to their numerous advantages, the use 

QCLs is growing at a much rapid pace compared to the near-IR lasers or the 

cryogenic mid-IR sources.  

Several laser-based sensors have been developed for the detection of methane and 

acetylene in various gas sensing applications. Spectroscopic techniques such as 

direction absorption spectroscopy (DAS) and cavity ring down spectroscopy (CRDS) 

have been employed in the development of such sensors. These diagnostics have been 

developed both in near infra-red (NIR) and mid infra-red (MIR) wavelength regions 

and cover different vibrational bands of methane and acetylene. Mid-IR based sensors 

generally provide higher sensitivity as they exploit the stronger fundamental and 

combination bands located in the Mid-IR region compared to the weak overtone 

bands located in the near-IR region.  

Distributed feedback (DFB) diode lasers operating in the NIR region (~1.6 m) have 

previously been used to develop methane sensors for atmospheric applications. These 

include the diagnostics based on photoacoustic and direct absorption techniques [104-

107]. Furthermore, difference-frequency-generation based methane sensors operating 

near 3.3 m were reported for room-temperature gas sensing applications [108-112]. 

These sensors provided higher sensitivity compared to previously developed NIR 

sensors. Recently, with the availability of quantum cascade lasers (QCLs), methane 

sensors operating near 8 m have been reported [18, 29, 113, 114]. One of these 

sensors was used to make simultaneous measurements of CH4 and N2O [114, 115]. 
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Optically resonant cavity based methane sensor operating near 8 m was developed to 

achieve very low detection limit (2 x 10
9
 molecule/cm

3
) owing to the long effective 

pathlength [116]. One of the first laser based sensor for measuring methane in high-

temperature shock tube experiments has been reported recently [31]. This sensor 

utilized difference-frequency-generation laser operating near 3.4 m and differential 

absorption strategy to measure methane time-histories during the oxidation of 

hydrocarbon fuels [31].  

Relatively few studies have been reported for the measurement of acetylene in gas 

sensing applications. A sensor was developed for simultaneous measurements of 

acetylene and methane by using diode lasers operating near 1.66 m and 1.53 m 

[106]. Acetylene concentration in atmosphere and exhaled human breath was 

measured using cavity ring down spectroscopy (CRDS) based sensor operating near 

1.5 m [33, 34]. In combustion, polarization spectroscopy was used to measure 

acetylene in sooty flames by employing a laser operating near 3 m [117]. Acetylene 

was measured in laminar non-premixed CH4/air flames with the help of a diode laser 

emitting near 1.5 m [118, 119]. Pulsed-QCL operating near 8 m was used to 

measure acetylene concentration in a counter-flow diffusion flame [71]. In order to 

measure acetylene in high-temperature shock tube experiments, a sensor based on 

fixed-wavelength differential absorption strategy has been reported recently that uses 

a distributed feedback laser operating near 3 m [120]. 

The current work makes use of a continuous-wave external-cavity quantum cascade 

laser (cw-EC-QCL) operating near 8 m (1217-1328 cm
-1

). The laser has been 

employed to develop time-resolved, interference-free, fixed-wavelength, differential 

absorption based sensor for the detection of methane and acetylene at 1303.5 cm
-1

 and 
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1275.5 cm
-1

, respectively. Absorption cross sections of these species have been 

measured at their respective peaks and valleys and correlations are developed to 

describe the temperature and pressure dependences of these absorption cross sections. 

The diagnostics are then applied to measure time-histories of methane and acetylene 

during the pyrolysis of n-pentane. The experimentally measured species profiles are 

compared with predictions of an n-alkane mechanism [121]. To our knowledge, this 

work reports the first time-resolved high-temperature measurements of methane and 

acetylene in the mid-IR (~ 8 m) wavelength region.  

6.2 Experimental Setup 

 

cw EC QCL and shock tube used in this study has been described in Chapter # 3 and 

Chapter # 4 respectively. 

Figure 6-1 shows a schematic of the optical setup used in this study. The laser light 

generated by the cw EC-QCL was transmitted through GaAs windows located at an 

axial location 2 cm from the shock tube endwall. Laser intensity was measured with 

thermoelectrically cooled, optically immersed photovoltaic detectors (Vigo PVI 3TE-

10.6) with an estimated D* (detectivity) of about 1.5 x 10
9
 cmHz

1/2
/W near 8 m. To 

minimize beam steering effects, an iris was placed upstream of the shock tube to 

reduce the beam size. Broadband thermal emission originating from the shock tube 

was minimized by a downstream iris and by locating the photo-detector far from the 

shock tube. Although laser intensity fluctuations were quite small, their effect on the 

absorption signal was further minimized by using a reference detector. The emission 

frequency of the laser beam was measured with a wavelength meter (Bristol 

Instruments 721). The signals from the photo-detectors and pressure transducers were 
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recorded by a National Instruments data acquisition system (NI PCI-6133 DAQ) with 

a sampling rate of 2.5 MS/sec. A custom-built LabView program was used to record 

and analyze the data. 

 

Figure 6-1  Optical setup for the measurement of methane and acetylene in shock tube experiments 
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6.3 Differential Absorption Strategy 
 

Differential absorption or peak-minus-valley strategy is based on direct absorption 

theory and can be applied to measure absolute species concentration at wavelengths 

which encounter interference from larger molecules having broad and unstructured 

absorption features. Furthermore, this strategy eliminates the problems associated 

with laser intensity loss due to scattering and extinction. 

In the absence of scattering and extinction, the absorption of monochromatic light by 

a uniform gas mixture can be described by Beer-Lambert law [31]: 

− ln
𝐼

𝐼0
=  𝜎 (𝜐, 𝑇, 𝑃)

𝑃𝑡𝑜𝑡𝑎𝑙 𝜒 

𝑅𝑇
𝐿 = 𝛼 (𝜐, 𝑇, 𝑃)        (1) 

where I/I0 is the fractional transmission, 𝜐 is frequency in cm
-1

, T is temperature in K, 

Ptotal is the total gas pressure in atm, 𝜒  is mole fraction of absorbing species, 

𝜎 (𝜐, 𝑇, 𝑃) is the absorption cross section of absorbing species in m
2
/mol, 𝛼 (𝜐, 𝑇, 𝑃) is 

the absorbance and L is the laser pathlength in meters. If 𝛼 (𝜐, 𝑇, 𝑃), L, T, Ptotal and 

𝜎 (𝜐, 𝑇, 𝑃) are known, we can calculate the mole fraction (Xi) of the absorbing 

species. 

However, in certain situations, it is possible that the selected frequency (𝜐) suffers 

from interference absorption from other species and there may also be 

extinction/scattering of the laser light due to some particles such as soot. The above 

equation can then be modified to incorporate these effects: 

− ln
𝐼

𝐼0
=  𝛼 +  𝛼𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑛𝑐𝑒 +  𝜏𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛        (2) 
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where 𝛼 is the absorption due to the target species being measured (e.g. CH4), 

𝛼𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑛𝑐𝑒 is the total interference absorption from all other species absorbing at the 

selected wavelength and 𝜏𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 includes the effect of extinction (absorption and 

scattering) from particles such as aerosols and soot.  

Direct absorption based quantitative measurements of methane and acetylene require 

the identification of absorption transitions with minimal interference from other 

species present in the system under investigation. Differential absorption technique 

can be effectively applied when the interfering species do not have structurally 

resolved absorption features and their absorbance is same at the peak and valley of the 

absorption feature of the molecule being investigated. Hence, the effect of 

interference from large species with unresolved absorption spectra can be eliminated 

by measuring the absorbance at the peak and valley of the target transition. The 

absorption features of large hydrocarbons are discussed further in Section 4. Loss 

transmitted laser intensity due to extinction and scattering is wavelength dependent. 

However, these losses are almost constant over a small wavelength shift (~ 1 cm
-1

) 

and thus the differential absorption strategy can adequately remove the effect of these 

non-absorption based losses of laser light [31].  

In order to calculate the mole faction of the target species, we can apply equation (2) 

at both peak and valley of the absorption transition of the target species. After some 

simple algebraic manipulation, the following expression can be obtained: 

𝜒 =  
− ln(

𝐼(𝜐,𝑝𝑒𝑎𝑘)

𝐼0(𝜐,𝑝𝑒𝑎𝑘) 
 

𝐼(𝜐,𝑣𝑎𝑙𝑙𝑒𝑦)

𝐼0(𝜐,𝑣𝑎𝑙𝑙𝑒𝑦) 
)

𝑃𝑡𝑜𝑡𝑎𝑙 𝐿 (𝜎(𝜐,𝑝𝑒𝑎𝑘)− 𝜎(𝜐,𝑣𝑎𝑙𝑙𝑒𝑦) )

𝑅𝑇

       (3) 
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Therefore, the mole fraction of the target species, e.g. CH4 or C2H2, can be calculated 

by making measurements at peak and valley of the absorption transition while 

keeping the temperature and pressure constant. The peak and valley absorption cross 

sections are measured in separate non-reactive experiments of CH4 and C2H2 with 

known initial composition. 

6.4 Line Selection Methodology 

 

The mid-IR wavelength region near 1217 – 1328 cm
-1

 (7.5 – 8.2 m) contains 

fundamental and overtone bands of several molecules. These molecules include 

methane (CH4), acetylene (C2H2), hydrogen peroxide (H2O2), water (H2O) and nitrous 

oxide (N2O). The absorption strengths of these molecules are stronger in the 7.5 – 8.2 

m region compared to the commonly used near-IR region. Although some of these 

molecules (C2H2, H2O2, N2O) have strong bands in the far infra-red region (< 13 m), 

access to these bands is very challenging due to the limited availability of lasers and 

photo-detectors which can operate in that wavelength range.  

Here, we used HITAN 2012 [16] and PNNL [66] databases to select the optimum 

transitions for measuring methane and acetylene at high temperatures. Spectral 

simulations based on HITRAN 2012 database were performed to consider 

interference from small molecules which absorb in the target wavelength range. These 

simulations were performed in the wavelength range of 1215 – 1328 cm
-1

 for water, 

methane and acetylene under typical combustion conditions. This region covers 4 

band of methane and 4+5 band of acetylene. We have to consider the interference 

from CH4 when measuring C2H2 and vice versa. It should be noted that other small 

molecules, such as H2O2 and N2O, absorbing in this wavelength range are produced in 
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very small amounts during the target pyrolysis and oxidation experiments and hence 

the interference caused by these molecules can be neglected. Wavelength selection 

rules for species concentration measurements [31] were applied to analyze the results 

from spectral simulations. The wavelengths with maximum differential absorption 

cross section and minimum peak-to-valley wavelength spacing were selected. The 

optimal frequencies to measure methane (Figure 6-2) and acetylene (Figure 6-3) are 

identified to be at the line centers of Q12 (1303.56 cm
-1

) and P23 transitions (1275.50 

cm
-1

), respectively. 

 

Figure 6-2 Absorbance profiles of methane, acetylene and water near the wavelength selected for methane 
measurements. The peak and valley frequencies for the selected methane transition are at 1303.5608 cm-1 and 

1303.4517 cm-1, respectively. Simulations performed using HITRAN 2012 database. 

 

Large hydrocarbons, such as n-heptane and n-pentane, do not exhibit structurally 

resolved absorption features and their absorption cross sections remain almost 

constant over a small wavelength shift of 0.1 – 0.3 cm
-1

. Figure 6-4 shows the room 

temperature absorption cross sections of several molecules that can potentially cause 
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interference absorption in combustion pyrolysis and oxidation experiments; spectra 

are obtained from PNNL database [66]. As seen in Figure 5, these molecules possess 

structure-less absorption features and hence their absorption interference can be 

effectively eliminated by the application of differential absorption scheme.  

  

 

Figure 6-3 Absorbance profiles of methane, acetylene and water near the wavelength selected for acetylene 
measurements. The peak and valley frequencies for the selected acetylene transition are at 1275.5114 cm-1 

and 1275.4535 cm-1, respectively. Simulations performed using HITRAN 2012 database. 

  



 

 

94 

 

 

Figure 6-4 Room temperature absorption cross sections of various hydrocarbons; spectra plotted from PNNL 
database [45]. These species do not have well-resolved absorption features in this wavelength region. 

 

6.5 Results and Discussion 
 

Absorption cross sections of methane and acetylene are measured behind reflected 

shock waves by using their respective mixtures of known compositions. The results 

obtained from these measurements are used to develop correlations for differential 

absorption cross sections as a function of temperature and pressure. The diagnostics 

are then demonstrated by measuring methane and acetylene time-histories during the 

pyrolysis of n-pentane. 
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6.5.1 Absorption Cross Section Measurements of Methane and 

Acetylene 

 

Absorption cross sections of methane and acetylene were measured at peaks and 

valleys of their respective transitions: methane peak 1303.5608 cm
-1

 and valley 

1303.4517 cm
-1

, acetylene peak 1275.5114 cm
-1

 and valley 1275.4535 cm
-1

. 

Methane absorption cross sections were measured using 3% CH4/Ar mixture while 

acetylene cross sections were measured using 5% C2H2/Ar mixture. All measurements 

were performed behind reflective shock waves. The cross sections were measured 

over a temperature range of 1200 – 2200 K and pressures of 0.9 – 4.5 atm. 

Differential absorption cross sections were calculated by taking the difference 

between cross sections measured at peak and valley. The difference in temperatures 

for peak and valley measurements was less than 10 K. Figure 6-5 and Figure 6-6 show 

the peak, valley and differential cross sections of methane and acetylene, respectively, 

for measurements performed near atmospheric pressure. Similar measurements were 

repeated near nominal pressures of 2 and 4 atm to analyze the pressure dependence of 

the absorption cross sections. It can be seen that the differential absorption cross 

section of methane (Figure 6-7) shows strong pressure dependence while differential 

absorption cross section of acetylene (Figure 6-8) shows relatively weak pressure 

dependence. The relatively strong pressure dependence of methane absorption cross 

section is due to the merging of several lines at high pressures. For acetylene, there 

are primarily three nearby lines which merge together due to pressure broadening. 

Moreover, methane has larger differential absorption cross section compared to 

acetylene. This is because of the fact that methane has larger peak cross section and 

smaller valley cross section which result in larger differential absorption cross section. 
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The measured cross section data are used to formulate the temperature and pressure 

dependences of the differential absorption cross sections of methane and acetylene, 

which can be described by following correlations:  

For Methane:      𝜎 (𝑇, 𝑃) =  σ0 (
𝑇0

𝑇
)3.55(

𝑃0

𝑃
)0.49     

 (4) 

where σ0 = 7.61  m2
/mol, 𝑇0 = 1200 𝐾, 𝑃0 = 1 𝑎𝑡𝑚 

For Acetylene:      𝜎 (𝑇, 𝑃) =  σ0 (
𝑇0

𝑇
)2.50(

𝑃0

𝑃
)0.15     

 (5) 

where σ0 = 3.811 m
2
/mol,  𝑇0 = 1200 𝐾, 𝑃0 = 1 𝑎𝑡𝑚 

In order to determine the effect of interference, the absorption cross sections of 

methane were measured at peak and valley of acetylene and vice versa. The 

corresponding differential absorption cross section of the interfering species was 

found to be less than 1% of the absorption cross section of the target molecule. 
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Figure 6-5 Measured absorption cross sections of methane. The differential absorption cross section is 
obtained as the difference of peak (1303.5608 cm-1) and valley (1303.4517 cm-1) cross sections. Measurements 

were performed at pressures ranging 1.0 - 1.4 atm. 

 

 

 

Figure 6-6 Measured absorption cross sections of acetylene at its peak (1275.5114 cm-1) and valley (1275.4535 
cm-1). Measurements were performed at pressures ranging 0.95 - 1.5 atm. 



 

 

98 

 

 

Figure 6-7 Measured differential absorption cross section of methane as a function of temperature and 
pressure. 

 

 

Figure 6-8 Measured differential absorption cross section of acetylene as a function of temperature and 
pressure. 
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6.5.2 Methane and Acetylene Time Histories during n-Pentane 

Pyrolysis 

 

The interference-free, fixed-wavelength differential absorption strategy developed for 

the measurement of methane and acetylene is applied to n-pentane pyrolysis. 

Experimentally measured time-histories are compared with predictions from 

Lawrence Livermore National Laboratory (LLNL) n-alkane mechanism [121].  

Pyrolysis experiments were performed behind reflected shock waves by using 3% n-

pentane/Ar mixture. Differential absorbance profiles were obtained by running 

separate shocks at peak and valley of the particular CH4 / C2H2 transition; see Figure 

6-9. The difference between temperatures of on-line (peak) and off-line (valley) 

shocks was less than 10 K for all measurements. These measured differential 

absorbance profiles were converted into the mole fraction profiles by using the cross 

section correlations described in the previous section. Temperature and pressure drop 

resulting due to fuel pyrolysis were taken into account while calculating these species 

time histories (see Figure 6-10). 
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Figure 6-9 Absorbance profiles (peak, valley and peak - valley) of acetylene during the pyrolysis of 3 % n-
pentane / Ar mixture. Reflected shock conditions are T = 1805 K and P = 1.01 atm. 

 

Figure 6-10 Pressure and temperature drop during fuel pyrolysis experiment. LLNL n-alkane mechanism [77] 
has been used for the simulations under constant-UV constraint. 

 

Representative experimentally measured profiles of methane and acetylene during n-

pentane pyrolysis are shown in the Figure 6-11 and Figure 6-12 at reflected shock 
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temperatures of 1798 K and 1805 K, respectively. These experimentally measured 

methane and acetylene profiles are compared with predictions of the n-alkane kinetic 

mechanism [121]. The kinetic mechanism underpredicts both methane and acetylene 

yields. For example, at an elapsed time of 700 s, the simulation underpredicts the 

methane yield by nearly 30% and underestimates acetylene prediction by 

approximately 20%. 

It can be observed from these measured profiles that both methane and acetylene are 

formed gradually after the initiation of pyrolysis process. At high temperatures, such 

as 1700 K, the fuel (n-pentane) is decomposed nearly instantaneously, but the 

methane/acetylene mole fractions keep rising during the entire test time. This is 

because of the fact that the time-scales of the reactions responsible for the formation 

of methane and acetylene are different from the time-scale of fuel decomposition 

reactions. The diagnostics and the measurements described in this work can prove 

quite useful for understanding the pyrolysis and oxidation behavior of hydrocarbon 

fuels and in the improvement of predictive chemical mechanisms. These sensors can 

also be adapted for measuring methane and acetylene in environmental and 

atmospheric chemistry applications. 
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Figure 6-11 Measured and simulated methane time histories during the pyrolysis of 3 % n-pentane / Ar 
mixture. Reflected shock conditions are T = 1798 K and P = 1.12atm. 

 

Figure 6-12 Measured and simulated acetylene time histories during the pyrolysis of 3 % n-pentane / Ar 
mixture. Reflected shock conditions are T = 1805 K and P = 1.01 atm.  
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7. Chapter 7: CH4, C2H2 and C2H4 Time-history 

Measurements in Fuel Pyrolysis 
 

7.1 Introduction 
 

Reaction mechanisms for combustion applications are comprised of thousands of 

reactions and hundreds of species. These mechanisms are hierarchically developed for 

smaller to larger hydrocarbons. Reliable database of experimental measurements is 

critical for the validation of these mechanisms under various sets of conditions i.e. 

range of different temperatures, pressures and different equivalence ratios in the case 

of oxidation experiments. These data, primarily, include ignition delay time measured 

in shock tube and rapid compression machines, species distribution in flames and 

flow reactor stable species measurements. 

However, application of laser absorption measurements in shock tubes can be used to 

obtain other sets of important data i.e. reaction rate measurements for elementary 

reactions as well as measurements of concentration time histories during fuel 

oxidation and pyrolysis experiments. Shock tubes can be modeled as nearly constant 

volume, 0-D reactor and experiments can be carried out under nearly constant 

temperature and pressure conditions  [122]. These measurements are highly sensitive, 

non-intrusive, species specific and non-intrusive. Besides ignition delay, these 

datasets provide stringent targets which can be used to improve the reaction 

mechanisms significantly. Shock tube laser absorption measurements studies have 

been conducted for both UV and IR lasers and sensors have demonstrated for several 

stable and intermediate species. UV absorption measurements have been reported for 

CH3 [123] and OH [124] radicals. Diode lasers have been used to measure species 
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having vibrational bands present in near infra-red (IR) region i.e. H2O, CH4, C2H2 and 

CO2 [31, 39, 120, 125]. Recent advancement in quantum cascade laser (QCL) 

technology have provided access to various species present by covering their stronger 

vibrational bands located in the mid infra-red (MIR) region. Several species that have 

been measured in shock tube using MIR absorption include CO, CO2, H2O, CH4, 

C2H2 and H2O2 [40, 101, 102]. 

Kinetic mechanisms have been developed for variety of fuels i.e. from smaller (e.g. 

CH4) to large hydrocarbons (e.g. n-C16H34) [121]. Besides n-alkanes, mechanisms 

have also been developed for branched alkanes [126]  as well as for aromatics [127] . 

Recently, mechanisms for biofuels  [128] have been proposed. Furthermore, reaction 

mechanism targeted for fuel mixtures i.e. PRF and gasoline surrogates  [129, 130] 

have been proposed. These mechanisms are generally validated with ignition delay 

data as well as with jet stirred reactor data for species measurements. Shock tube 

species time histories data for different species have been available only for few fuels. 

Furthermore, it should be noted that all larger mechanisms have been built on 

mechanisms for smaller hydrocarbons and hence their predictive capabilities are 

dependent on the accuracy of mechanism developed for smaller hydrocarbons. Hence, 

measurements of species time histories during oxidation or pyrolysis of smaller 

hydrocarbons will provide important data for refinement of chemical kinetic models.  
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Figure 7-1 Major species produced during n-pentane pyrolysis. Conditions are: T = 1600 K, P = 1 atm, 3 % n-
pentane / Ar mixture.  Simulated using LLNL n-alkane mechanism 

 

N-pentane is the smallest straight chain alkane present in liquid phase at room 

temperature and atmospheric pressure. It also has two other isomers i.e. iso-pentane 

and neo-pentane which are liquid and gas respectively under room temperature and 

atmospheric pressure. Shock tube based ignition delay time measurements have been 

reported for n-pentane [131]. NUI has also developed chemical mechanism for 

pentane isomers [132]. Furthermore, pentane chemistry has also been included in 

larger mechanism e.g. gasoline surrogate [130] and n-alkane (C8-C16) mechanisms 

[121] developed by Lawrence Livermore National Laboratories (LLNL). 
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Figure 7-2 Comparison of species time histories obtained with LLNL n-alkane mechanism and NUI pentane 
mechanism. Conditions are those of Figure 7-1 

CH4, C2H2 and C2H4 are small hydrocarbon fuels as well as they are important 

intermediate species produced during fuel oxidation and pyrolysis. Figure 7-1 shows 

six major species produced during pyrolysis of n-pentane under shock tube 

conditions. It is evident from the plot hat these three species are among the most 

dominant intermediate species produced during fuel pyrolysis of n-pentane. Figure 7-

2 shows the comparison of species concentration time histories predicted by two 

different chemical mechanisms i.e. NUI pentane mechanism and LLNL n-heptane 

mechanism. It can be observed that there is significant difference between the results 

obtained from both mechanism and then there is need to measure these species 

profiles which can help in improving these mechanisms.  
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7.2 Experimental Procedure 

7.2.1 Shock Tube Facility:   

 

The shock tube used in this study has been described earlier in Chapter # 4. The 

schematic diagram of the experimental setup used in this study is shown in Figure 7-

3. 

 

 

Figure 7-3 Schematic diagram of the experimental setup 
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7.2.2 QCL Absorption for CH4 and C2H2:  

 

A cw external-cavity quantum cascade laser (cw EC-QCL) used in this study has been 

described earlier in Chapter # 3. 

Two-color technique was performed to eliminate the effect of absorption of larger 

hydrocarbon molecules that may cause interference at wavelengths selected for 

measuring CH4 and C2H2. On-line and off-line measurements for acetylene were 

performed at 1275.5114 cm
-1

 and 1275.4535 cm
-1

 respectively while methane 

measurements were carried out at 1303.5608 cm
-1

 and 1303.4517 cm
-1

 respectively. 

Further details of these diagnostics and measurements of absorption cross sections 

have been described earlier in Chapter # 6 of this thesis. 

7.2.3 CO2 Laser Absorption of C2H4:  
 

A tunable CO2 gas laser was used to measure C2H4 time histories using two-color 

technique by measuring laser absorption near peak of absorption feature of C2H4 at 

10.532 m (on-line) and away from peak at 10.675 m (off-line). This eliminates the 

effect of interference from other molecules that absorb at the peak of the C2H4 line. 

Further details of this C2H4 detection and measurements of absorption cross sections 

are available in previous studies [133, 134].  

Common-mode-rejection scheme was used to reduce the laser noise for both CH4 / 

C2H2 and C2H4 absorption measurements. Since, on-line and off-line measurements 

cannot be performed simultaneously; therefore, separate experiments were carried out 

to collect these data. The difference in post-reflected-shock temperature was less than 

10 K. 



 

 

109 
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7.2.4 Gas Dynamic Model: 

 

Since pyrolysis experiments are endothermic in nature, hence significant temperature 

and pressure drop can occur during these measurements which should be quantified 

and accounted in the calculations of species time histories. Figure 7-4 & 7-5 show that 

simulated temperature and pressure drop during typical pyrolysis experiments using 3 

% n-pentane / Ar mixture. A temperature drop of nearly 300 K can be observed. As 

absorption cross-sections of methane, acetylene and ethylene exhibit temperature and 

pressure dependences, hence, the temperature and pressure dependent absorption 

cross-sections should be used to accurately calculate the species mole fractions during 

these experiments.   

Shock tube measurements are generally believed to follow the simple constant 

volume (CV) reactor model. However, it has been shown in previous studies that 

shock tube is not an ideal constant volume reactor, particularly when the system 

undergoes endothermic changes similar to our experiments.  Hence, it is important to 

identify the suitable gas dynamic model which can be used to model the experiments. 

Constant volume (CV) and constant pressure (CP) are considered as two limiting 

cases of modeling the pyrolysis experiments performed in shock tubes. CV model 

assumes the shock tube as a reactor with rigid boundary and hence does not 

incorporate any expansion or constrain that may occur during the course of 

experiment. On the other hand, CP model allow modeling the shock tube with 

unconstrained boundary where expansion or contraction may occur to keep the 

pressure constant.  
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Figure 7-4 Simulated temperature drop using two different gas dynamic models. 

 

Figure 7-5 Comparison of measured pressure profile with simulated pressure profile obtained using two gas 
dynamic models. 

Figure 7-5 shows the pressure trace record during pyrolysis measurement. It can be 

observed that pressure measurement shows a significant pressure drop after the arrival 

of reflected shock wave. Hence, it can be assumed CV model better predicts the 
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pressure drop occurring during these pyrolysis experiments. It has also been shown 

previously in Figure 7-4 that simulated temperature drop by using both CV and CP 

models are similar. Hence we can conclude that temperature drop is insensitive to the 

gas dynamic model used and similar species time histories will be obtained using 

either CV or CP model. Since, the present study does not measure the temperature 

drop in the shock tube, therefore, we use simulated temperature drop obtained with 

CV model to calculate the species time histories. It has also been shown in previously 

[135] that CV simulations provides more realistic representation of the shock tube 

reactor hence it should be used to simulate temperature and species time histories. 

7.3 Results and Discussion 
 

Methane, acetylene and ethylene time-histories measured during pyrolysis of n-

pentane and iso-pentane are reported below. These experiments were performed using 

3 % n-pentane / Ar and 3 % iso-pentane / Ar mixtures. Measurements were performed 

in the temperature range of 1600 - 2100 K and near 1 atm pressure. Three traces have 

been separately provided for measured species, i.e. methane, acetylene and ethylene 

during pyrolysis of each fuel. These measured profiles have also been compared with 

predications of Westbrook et al. [121] mechanism.  

1.1. CH4 Concentration Time-histories  

Figure 7-6 represents the methane time-histories measurements for n-pentane 

pyrolysis. These results have been reported for temperature range of 1650 – 1950 K 

and at pressure near 1 atm. The results show that simulated profiles underpredict the 

methane formation at all temperatures reported in this study. For example, for the 

measurement at 1664 K, the difference between simulated and measured CH4 profile 
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was 23 % at 200 s while this difference is nearly 25 % at 600 s. Although, the 

mechanism does not accurately predict the amount of CH4 produced during the n-

pentane pyrolysis but both measured and simulated CH4 time-history profiles show 

similar trend for formation of methane. 

 

Figure 7-6 CH4 concentration time-histories measured during pyrolysis of 3 % n-pentane / Ar mixture. Dotted 
lines represent simulated profiles obtained with Webstbrook et al. [121]. 

 

Figure 7-7 CH4 concentration time-histories measured during pyrolysis of 3 % iso-pentane / Ar mixture. Dotted 
lines represent simulated profiles obtained with Westbrook et al.[121] 
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During iso-pentane pyrolysis, methane time-histories were measured in the 

temperature range of 1800- 2100 K and the results are shown in Figure 7-7. It can be 

observed that measurements for methane time-histories show more methane produced 

than predicted by mechanism simulations. For example, at 1822 K, the simulation 

underpredicts the methane formation by 25 % (at 500 s). Furthermore, Figure 7-9 

shows that iso-pentane produces more methane than n-pentane. However, our 

measured results show larger difference in methane yield than predictions made by 

the Westbrook et al. [121] mechanism.  

 

Figure 7-8 Comparison of CH produced (t = 500 s) during pyrolysis of n-pentane and iso-pentane. Solid lines 
show the measured data while dotted lines represent simulation predictions [121]. 

 

The results of sensitivity analysis for methane are shown in Figure 7-9. It is evident 

that for n-pentane pyrolysis, the methane concentration is most sensitive to C2H4 

chemistry. Furthermore, several reactions involving n-pentane also appear in the 

results but their effect is relatively small. For iso-pentane pyrolysis, methane 

concentration appears to be quite sensitive to the reactions involving iso-pentane. 

Moreover, for n-pentane and iso-pentane pyrolysis cases, the decomposition reaction 

of C2H6 appears in the sensitivity analysis. However the rate for this reaction is well 
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determined. Therefore, we may conclude that rates for the reactions involving C2H4 

and/or initial fuel chemistry may need to be revised to better capture the CH4 

formation profiles.  

 

Figure 7-9 Sensitivity analysis of CH4 for pyrolysis of n-pentane and iso-pentane. Conditions are T = 1600 K, P = 
1 atm, mixture = 3 % fuel / Ar. 

1.2. C2H2 Concentration Time-histories  

C2H2 concentration time-histories measurements performed during pyrolysis of n-

pentane were carried out in the temperature range of 1600 – 2000 K and the results 

are summarized in Figure 7-10.  It can be observed that simulated profiles 

underpredict the C2H2 formation for all the measurements. The measured profiles 

shows sharp rise C2H2 formation during initial 30 s while mechanism predicted 

gradual increase in C2H2 produced. The differences in measured and simulated 

profiles decrease later during the measurement e.g. 600 s. For example, it can be 

observed that for 1805 K measurement, the simulated profile underpredicts C2H2 

formation by over 33 % at 100 s but at later time e.g. 700 s, the difference reduces 
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to nearly 20 %.  However, the measured C2H2 mole fractions are always found to be 

greater than simulated predictions.  

 

Figure 7-10 C2H2 concentration time-histories measured during pyrolysis of 3 % n-pentane / Ar mixture. Dotted 
line represents simulated profiles obtained with Webstbrook et al.[121]. 

Results of acetylene time-histories measurements performed during iso-pentane 

pyrolysis are presented in Figure 7-11. The results show similar trend as observed 

during measurement of acetylene during pyrolysis of n-pentane. It can be observed 

that at 1811 K, the simulation underpredicts the methane formation by 19 % (at 600 

s).  
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Figure 7-11 C2H2 concentration time-histories measured during pyrolysis of 3 % iso-pentane / Ar mixture. 
Dotted lines represent simulated profiles obtained with Webstbrook et al.[121]. 

Figure 7-12 show the comparison of amount of acetylene produced during pyrolysis 

of n-pentane and iso-pentane. The simulated predations show that at temperature near 

1800 K, both isomers produce similar amounts of acetylene. However, at higher 

temperatures e.g. 1950 K, n-pentane produces significantly higher (~ 50 %) amount of 

acetylene as compared to iso-pentane. Our experimental data also shows similar 

trends for formation of acetylene. 
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Figure 7-12 Comparison of C2H2 produced (t = 500 s) during pyrolysis of n-pentane and iso-pentane. Solid lines 
show the measured data while dotted lines represent simulation predictions [121]. 

 

Figure 7-13 Sensitivity analysis of C2H2 for pyrolysis of n-pentane and iso-pentane. Conditions are T = 1600 K, P 
= 1 atm, mixture = 3 % fuel / Ar. 

Sensitivity analyses for acetylene are shown in Figure 7-13. During pyrolysis of n-

pentane, acetylene profile is most sensitive to ethylene and propene chemistry. Also, 

propene chemistry significantly influences the acetylene formation during iso-pentane 

pyrolysis. Reactions involving the initial fuel chemistry appear to be less influencing 

for acetylene formation. 
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1.3. C2H4 Concentration Time-histories  

Results for C2H4 measurements during n-pentane pyrolysis are shown in Figure 7-14.  

The measurements were performed in the temperature range of 1450 – 1800 K. 

Although, the experimental results shown that mechanism prediction does not 

accurately predict the amount of C2H4 produced but both simulated and measured 

profiles show similar trend for formation of C2H4. Moreover, the differences between 

measured and predicted C2H4 profiles are smaller than those observed for CH4 and 

C2H2 concentration time-histories measurements. At higher temperatures i.e. 1624 K, 

the amount of C2H4 profile reaches plateau at around 350 s. This trend agrees with 

the mechanism prediction, however, the mechanism shows lesser amount of C2H4 

produced. At lower temperatures e.g. 1461 K, the amount of C2H4 keeps on increasing 

throughout the recorded test time. 

 

Figure 7-14 C2H4 concentration time-histories measured during pyrolysis of 3 % n-pentane / Ar mixture. Dotted 
lines represent simulated profiles obtained with Webstbrook et al. [121]. 

The results for measurement of ethylene during iso-pentane pyrolysis also show more 

ethylene produced than predicted by the simulation predictions. This is evident from 

the results shown in Figure 7-15. However, the difference between experimental and 
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simulated results is relatively small as compared to those of methane and acetylene. 

For example, for measurement performed at 1715 K, this difference is around 10 % at 

700 s. 

 

Figure 7-15 C2H4 concentration time-histories measured during pyrolysis of 3 % iso-pentane / Ar mixture. 
Dotted lines represent simulated profiles obtained with Webstbrook et al.[121]. 

Figure 7-16 shows the comparison of ethylene produced during pyrolysis of n-pentane 

and iso-pentane. It is evident that n-pentane produced more acetylene over entire 

temperature range studied in this work. Moreover, as contrasted from methane and 

acetylene measurements, for ethylene both experimental and simulated measurements 

show better agreement with each other. 
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Figure 7-16 Comparison of C2H4 produced (t = 500 s) during pyrolysis of n-pentane and iso-pentane. Solid lines 
show the measured data while dotted lines represent simulation predictions [121]. 

 

The results for sensitivity analysis for formation of ethylene are shown in Figure 7-17. 

It can be observed that for both fuels, initial fuel chemistry significantly affects the 

formation profile of ethylene. Since our experimental measurements and simulated 

predictions for ethylene are relatively close to each other, therefore, we can assume 

that reaction rates for fuel reactions appears in the sensitivity analysis are reasonably 

well-estimated. Hence, it implies that other reactions appearing in sensitivity analyses 

for methane and acetylene may need to be revised. Those reactions primarily include 

ethylene and propene chemistry. Previous research work has also attributed 

discrepancies between experimental species profiles and mechanism predictions to 

propene sub-chemistry for larger fuels [136]. It has also been the subject of recent 

research to improve propene chemistry predictions [137, 138].  
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Figure 7-17 Sensitivity analysis of C2H4 for pyrolysis of n-pentane and iso-pentane. Conditions are T = 1600 K, P 
= 1 atm, mixture = 3 % fuel / Ar. 

 

1.4. Uncertainty Analysis 

Uncertainty in our measurements originates from several sources. The sources include 

the calculated post reflected shockwave temperature, absorption cross-section of 

species being measured, interference from other absorbing species and measured 

frequency of laser light. The overall uncertainty, obtained by combing these 

uncertainties is + 15 %, + 18% and + 10 % respectively for methane, acetylene and 

ethylene mole fractions.  
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8. Chapter 8 Summary and Future Work 
 

8.1 Summary of Results 

8.1.1 H2O2 Decomposition Rate Measurement 
 

Hydrogen peroxide is important intermediate specie produced during combustion. In 

the intermediate temperature range, its decomposition rate controls the overall 

reactivity of the combustion system. Measurement of its reaction rate under 

combustion relevant conditions is   critical in developing accurate chemical kinetics 

models. 

HITAN simulations were carried out to select the optimum transitions to measure 

H2O2 mole fraction during shock tube experiments. However, water vapors also 

strongly absorb in this wavelength region. Hence, it was important to select a 

wavelength which has strong H2O2 absorbance as well as minimum interference from 

water vapor absorption. Our simulation result shown that 1302.00 cm
-1

 was optimum 

frequency to measure H2O2.  

Since commercially available H2O2 is provided as aqueous solution with 30 % or 50 

% concentration, hence a new method was devised to concentrate the liquid solution 

before loading H2O2 in shock tube. Argon gas was continuously bubbled through the 

mixture which gradually increased the mixture concentration by removing more water 

than H2O2. Once, solution was concentrated, it was loaded into shock tube by 

bubbling argon through the liquid. The stream was further diluted with pure argon to 

achieved mixture composition. 
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Experiments were performed in the temperature range of 930 – 1230 K and at 

pressures of 1, 2 and 10 atm. Our measurements shown that reaction rate can be 

adequately expressed with Arrhenius equation. Furthermore, pressure dependence of 

this reaction rate was observed at 10 atm which shows that reaction was in the fall-off 

region. Our results were in good agreement with previous studies. 

8.1.2 C2H2 Spectroscopy 

 

The  combination band of acetylene is centered on 1320 cm
-1

.  The entire P – 

branch of this band (1248 – 1318 cm
-1

) can be accessed by the 8 m cw-QCL.  

Present study reported linestrengths, foreign gas broadening coefficients (in nitrogen, 

argon and helium as perturber gases) and self –broadening coefficients for total 25 

lines. Heated cell measurements were also performed to measure temperature 

dependence coefficient of argon and nitrogen broadening coefficients for five lines. 

A static test cell arrangement was used in these measurements. Scanned wavelength 

absorption technique was used to record spectrum of the desired acetylene transition. 

The laser was modulated by using piezo-driver which provided a scanning range of 

nearly 1 cm
-1

.  Test mixtures used in these measurements were prepared 

manometrically. Laser was tuned to any desired frequency through the control-box 

attached to the laser head. Germanium etalon was used for frequency calibration of 

the signal. Measurements were performed using C2H2 / Ar, C2H2 / N2 and C2H2 / He 

mixtures of varying composition. Spectra were recorded in the pressure range of 15 – 

200 Torr. The measured absorbance was fitted with three different line profiles i.e. 

Voigt, Galatry and Rautian profiles. Our results show that Galatry and Rautian 
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profiles which take into account collisional narrowing show better agreement with 

measured spectra. 

The results obtained in this study were compared with previous studies for acetylene 

spectroscopy. We observed that our measurements for broadening coefficients 

showed good agreements with other studies for broadening coefficients  band as 

well as for other bands of acetylene. This shows that these broadening coefficients 

shown weak vibrational dependence. This study reports first elevated temperature 

measurements for acetylene spectroscopy.  

8.1.3 CH4 / C2H2 Combustion Diagnostics and their 

Applications 
 

Methane and acetylene are important intermediate combustion species formed during 

pyrolysis and oxidation of larger hydrocarbon fuels. Measurements of these species 

concentration profiles provide valuable information to test and improve the predictive 

capability of kinetic mechanism. 

A new sensor to measure methane and acetylene was developed in this work. HITAN 

simulations were performed to identify the optimum wavelengths for measuring 

methane and acetylene in the wavelength region around 8 m.  1303.5 cm
-1

 and 

1275.5 cm
-1

 were identified as optimum wavelengths for measuring methane and 

acetylene respectively. A two color technique was used to eliminate the effect of 

interference from larger hydrocarbons absorbing in this wavelength range. 

Absorption cross sections of these species were measured at peaks and valleys. 

Experiments were performed in the temperature range of 1200 – 2100 K and at 

pressures near 1, 2 and 4 atm. These results were used to obtain correlations to 
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describe temperature and pressure dependences of these cross sections. Absorption 

cross sections of other potentially interfering species were also measured and found to 

be negligible at our wavelengths of interest.  

These diagnostics were used in the measurements of methane & acetylene (along with 

ethylene diagnostic at 10.6 m) concentration profiles during pyrolysis of n-pentane 

and iso-pentane. The experimentally measured profiles were compared with simulated 

profiles obtained with LLNL n-alkane mechanism. Our measurements show that 

mechanism underpredicts concentration profiles of these species. These results can be 

used to refine the model further. 

8.2 Recommendation for Future Work 
 

8.2.1 cw-CRDS Sensor  
 

Cavity Ring down Spectroscopy (CRDS) based sensors are capable of measuring 

trace gas species present in ppb – ppt levels. These sensors primarily consists of pair 

of highly reflective glasses e.g. reflectivity ~ 99.99 % and hence laser light reflects 

thousands of times before finally exiting the cavity. Therefore, the effective 

pathlength in these sensors can be up to several kilometers. These sensors can be 

successfully applied in environments where direct absorption (DA) or wavelength 

modulation spectroscopy (WMS) based sensors are not able to detect the traces gases 

to measured e.g. environmental research and human breath analysis. 

A typical cw-CRDS setup consists of a laser, a test cell with high reflectivity mirrors, 

acousto-optic modulator (AOM) and its driver, a detector and Wavemeter. Test cell 



 

 

127 

 

should be connected to baratrons and gas mixture source to supply the mixture up to 

required pressure value. 

HITAN based simulations should be performed to identify the transitions to perform 

room temperature measurements in the presence of different perturber which may in 

the mixture. Since the 8 m cw-QCL convers vibrational bands of several species 

(CH4, C2H2, N2O, H2O2, H2O etc.), hence, it is possible to use this device to detect 

various species.  
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8.2.2 H2O2 Concentration Measurements in Combustion 
 

H2O2 is an important combustion intermediate species. It is formed before ignition 

and its subsequent decomposition results in highly reactive OH radicals. Hence, H2O2 

controls the reactivity of a combustion system in the intermediate temperature range.  

Despite its critical importance, so far, no shock tube study has been reported to 

measure H2O2 during combustion. The 8 m cw-QCL can be used to measure H2O2 

formed before ignition of hydrocarbon combustion. However, due to relatively small 

absorption cross section of H2O2 at combustion conditions as well as due to low 

amount of H2O2 during combustion, H2O2 concentration is below the detection limit of 

H2O2 that can be achieved with direct absorption technique. 

However, it is possible to detect H2O2 in shock tube oxidation experiments by 

increasing the effective path length of laser light. This can be either accomplished by 

using multi-pass setup arrangement or by using cavity based techniques like CRDS 

and CEAS. Multi-pass setup can be used to achieve around 10-50 passes, however, 

CEAS can be applied to achieve hundreds of passes and hence able to achieve lower 

detection limits.  

A recent study conducted in our lab has successfully demonstrated the application of 

CRDS in shock tube for measuring ethylene with 10.5 m pulsed laser. This work 

further extended to apply similar cavity based technique for measuring other species 

e.g. H2O2. 

8.2.3 Spectroscopy Measurements  
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The usefulness of this cw-QCL has been demonstrated in measurement of 

spectroscopic parameters of acetylene for its 4+5 band. High resolution 

spectroscopic measurements for several molecules (CH4, C2H2, H2O2, H2O, N2O etc.) 

can be performed with this laser and static cell measurements. These measurements 

may include, linestrengths, self – broadening coefficients, foreign – gas broadening 

coefficients (in the presence of various perturber), temperature depended coefficients 

for broadening coefficients and collisional narrowing coefficients. 

These measurements can provide a valuable dataset for these spectroscopic 

parameters. The accurate measurements of these parameters are essential in 

developing sensors for measuring these molecules in variety of environments. 

Furthermore, the data obtained with measurements can be used to test and refine 

different line fitting profiles.  

8.2.4 Chemical Kinetics Measurements 
 

This thesis presents the studies describing the development of CH4 and C2H2 

combustion diagnostics and their application in measuring these species (along with 

ethylene diagnostic) during pyrolysis of n-pentane and iso-pentane. These diagnostics 

can also be used to measure CH4 and C2H2 during pyrolysis of other hydrocarbon 

fuels. Furthermore, simultaneous measurements of other species i.e. CO, CO2, H2O, 

OH etc. can provide valuable dataset for testing and refining chemical kinetic models 

for various different hydrocarbon fuels. 

Although, the usefulness of CH4 and C2H2 sensor has been demonstrated in shock 

tube only, however, these sensors can be used in other combustion systems e.g. rapid 

compression machine (RCM) and burners e.g. counter-flow burner.  
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